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TRANSMISSION
AND
DISTRIBUTION

'S (1) Electricity leaves the power plant, (2) Its
voltage is increased at a step-up transformer,
(3) The electricity travels along a transmission line
to the area where power is needed, (4) There, in
the substation, voltage is decreased with the help
of step-down transformer, (5) Again the transmis-
sion lines carry the electricity, (6) Electricity
reaches the final consumption points
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40.1. Transmission and Distribution of D.C. Power

By transmission and distribution of electric power is meant its conveyance from the central
station where it is generated to places, where it is demanded by the consumers like mills, factories,
residential and commercial buildings, pumping stations etc. Electric power may be transmitted by
two methods.

(i) Byoverhead systemor (ii) By underground system—thisbeing especially suited for densely-
populated areas though it is somewhat costlier than the first method. In over-head system, power is
conveyed by bare conductors of copper or aluminium which are strung between wooden or steel
poles erected at convenient distances along aroute. The bare copper or aluminium wireisfixed to an
insulator which isitself fixed onto a cross-arm on the pole. The number of cross-arms carried by a
pole depends on the number of wiresit hasto carry. Line supports consist of (i) pole structures and
(i) tower. Poles which are made of wood, reinforced concrete or steel are used up to 66 kV whereas
steel towers are used for higher voltages.

The underground system employs insulated cables which may be single, double or triple-core
etc.

A good system whether overhead or underground should fulfil the following requirements :

1. The voltage at the consumer’s premises must be maintained within = 4 or £ 6% of the

declared voltage, the actual value depending on the type of load*.

2. Theloss of power in the system itself should be a small percentage (about 10%) of the
power transmitted.

3. Thetransmission cost should not be unduly excessive.

4.  The maximum current passing through the conductor should be limited to such a value as
not to overheat the conductor or damage its insul ation.

5. Theinsulation resistance of the whole system should be very high so that there is no undue

leakage or danger to human life.

It may, however, be mentioned here that these days all production of power isasa.c. power and
nearly al d.c. power is obtained from large a.c. power systems by using converting machinery like
synchronousor rotary converters, solid-state converters and motor-generator setsetc. There are many
sound reasons for producing power in the form of alternating current rather than direct current.

(i) Itispossible, in practice, to construct large high-speed a.c. generators of capacities up to
500 MW. Such generators are economical both in the matter of cost per kWh of electric energy
produced aswell asin operation. Unfortunately, d.c. generators cannot be built of ratings higher than
5 MW because of commutation trouble. Moreover, since they must operate at |low speeds, it necessi-
tates large and heavy machines.

(if) A.C. voltage can be efficiently and conveniently raised or lowered for economic transmis-
sion and distribution of electric power respectively. On the other hand, d.c. power hasto be generated
at comparatively low voltagesby units of relatively low power ratings. Asyet, thereisno economical
method of raising the d.c. voltage for transmission and lowering it for distribution.

Fig. 40.1 shows atypical power system for obtaining d.c. power from a.c. power. Other details
such asinstruments, switches and circuit breakers etc. have been omitted.

Two 13.8kV alternatorsrunin parallel and supply power to the station bus-bars. Thevoltageis
stepped up by 3-phase transformersto 66 kV for transmission purposes** and is again stepped down
to 13.8 kV at the sub-station for distribution purposes. Fig. 40.1 shows only three methods com-
monly used for converting a.c. power to d.c. power at the sub-station.

*  According to Indian Electricity Rules, voltage fluctuations should not exceed + 5% of normal voltage for
L.T. supply and = 12% % for H.T. supply.
**  Transmission voltages of upto 400 kV are also used.
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(a) ab6-phasemercury-arcrectifier
gives 600 V d.c. power after
the voltage has been stepped
down to a proper value by the
transformers. This 600-V d.c.
power is generally used by
electric railways and for |
electrolytic processes.

(b) arotary converter gives230V
d.c. power.

(c) amotor-generator set converts
a.c. power to 500/250 d.c. The above figure shows a motor-generator set. Nowadays, we
power for 3-wire distribution use solid-state devices_, called rectifiers, to convert standard AC
systems. to DC C}’Jrrent. Back in the olden _days, they needed a “motor
. . . dynamo” set to make the conversion as shown above. An AC

In Fig. 40.2 is shown a schematic motor would turn a DC Generator, as pictured above

diagram of low tension distribution

system for d.c. power. Thewhole system consists of anetwork of cables or conductorswhich convey
power from central station to the consumer’s premises. The station bus-bars are fed by a number of
generators (only two showninthefigure) running in parallel. From the bus-bars, the power iscarried
by many feeders which radiate to various parts of acity or locality. These feeders deliver power at
certain points to a distributor which runs along the various streets. The points F-, as shown in the
figure, areknown asfeeding points. Power connectionsto the various consumersare given fromthis
distributor and not directly from the feeder. The wireswhich convey power from the distributor to
the consumer’spremisesareknown asservicemains(S). Sometimeswhen thereisonly one distributor
inalocality, several sub-distributors (SD) branching off from the distributor are employed and service
mains are now connected to them instead of distributor as shown in the figure.

Obviously, afeeder is designed on the basis of its current-carrying capacity whereas the design

of distributor is based on the voltage drop occurring init.
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40.2. Two-wire and Three-wire Systems

In d.c. systems, power may be fed and distributed either by (i) 2-wire system or (ii) 3-wire
system.
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Motor

Fig. 40.3
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In the 2-wire system, oneis the outgoing or positive wire and the other is the return or negative
wire. Inthe case of a2-wire distributor, lamps, motors and other electrical apparatus are connected
in parallel between thetwo wiresas shownin Fig. 40.3. Asseen, the potentia difference and current
have their maximum values at feeding points F, and F,. The standard voltage between the conductors
is220 V.

The 2-wire system when used for transmission purposes, has much lower efficiency and economy
as compared to the 3-wire system as shown | ater.

A 3-wire has not only ahigher efficiency of transmission (Fig. 40.4) but when used for distribu-
tion purposes, it makes available two voltages at the consumer’send (Fig. 40.5). This3-wiresystem
consists of two ‘outers’ and a middle or neutral wire which is earthed at the generator end. Its
potential ismidway between that of the outersi.e. if the p.d. between the outersis 460 V, then the p.d.
of positive outer is 230 V above the neutral and that of negative outer is 230 V below the neutral.
Motorsrequiring higher voltage are connected acrossthe outerswhereaslighting and heating circuits
requiring less voltage are connected between any one of the outers and the neutral.

Outer + VE

!
+ Neutral | + I £ 2v @
¥4 % Lo | B
l

=
—
=
A 4
S
S

VAN

Motor

A

Outer —VE
Fig. 40.4 Fig. 40.5

The addition of the middle wire is made possible by the connection diagram shown in Fig. 40.4.
G isthe main generator which supplies power to thewhole system. M, and M, aretwo identical shunt
machines coupled mechanically with their armatures and shunt field winding joined in series across
the outers. The junction of their armaturesis earthed and the neutral wire istaken out from there.

40.3 Voltage Drop and Transmission Efficiency

Consider the case of a2-wirefeeder (Fig. 40.6). ABisthesending end and CD thereceiving end.
Obviously, the p.d. at AB is higher than at CD. The difference in potential at the two ends is the

potential drop or ‘drop’ in the cable. Suppose the transmitting volt- A 10 A D
ageis 250 V, current in AC is 10 amperes, and resistance of each >
feeder conductor is0.5 Q, then drop in each feeder conductor is 10 x
0.5 =5volt and drop in both feeder conductor is5x2=10V. I I
O Pd. a Receivingend CD is = 250 -10=240V 250V 250V
Input powerat AB = 250 x 10 = 2,500 W
Output power at CD = 240 x 10 = 2,400 W l l
O powerlostintwo feeders = 2,500 - 2,400 = 100W <
The above power loss could also be found by using the formula B 10A ¢
Power loss = 21°R=2x10°x0.5=100W Fig. 40.6

The efficiency of transmission is defined, like any other efficiency, as the ratio of the output to
input
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power delivered by the line

power received by the line

Inthe present case, power delivered by thefeeder is= 2500 W and power received by it as 2400 W.
O n = 2400 x 100/2500 = 96%

In general, if V, isthe voltage at the sending end and V,, at the receiving end and | the current
delivered, then

O efficiency of transmission =

Input = V| tput = V,1 0O n Vol Y,
nput = , output = = grcv
1 2 vl Vv
Now V, = V,;—dropinboth conductors
=V, - IR, whereRistheresistance of both conductors
V; - IR IR .
= =1-—
O n v, v, @)
. O O
or %efficiency = 100 x %L—BD:lOO ‘DB X10(g
0 WO oV O

Now, (IR/V;) x 100 represents the voltage drop in both conductors expressed as a percentage of
the voltage at the sending end. It is known as percentage drop.

O %n = 100 - % drop
In the present case total drop is 10 volt which expressed as percentage becomes (10/250) x 100
=4%. Hence%n =100 -4 =96% ...asbefore

It isseen from equation (i) above that for agiven drop, transmission efficiency can be consider-
ably increased by increasing the voltage
at the transmitting end. i.e., V,. More-
over, the cross-section of copper in the
cables is decreased in proportion to the
increaseinvoltagewhich resultsinapro-
portionate reduction of the cost of cop-
per in the cables.

The calculation of drop in a feeder
is, asseen from above, quite easy because
of the fact that current is constant
throughout its length. But it isnot so in
the case of distributorswhich aretapped
off at various places along their entire
lengths. Hence, their different sections s
carry different currents over different A DC power distribution system consists of a network of cables
lengths. For calculating thetotal voltage or conductors which conveys ?ower frpm central station to the
drop along the entirelength of adistribu- CONSUMETS Premises.
tor, following information is necessary.

(i) vaueof current tapped at each load point.
(i) theresistance of each section of the distributor between tapped points.

Example 40.1. A DC 2-wire feeder supplies a constant load with a sending-end voltage of
220 V. Calculate the saving in copper if this voltage is doubled with power transmitted remaining
the same.

Solution. Let | = length of each conductor in metre
0 = current density in A/m?
P = power supplied in watts
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Current per feeder conductor |, = P/220
Areaof conductor required A; =1,/ =P/220 0
Volume of Cu required for both conductorsis

Pl _ Pl
) Vi = 2A40= %200 T 1100
(if) 440 V Supply P
T ow Pl _ P
Y%bage savingin Cu = VVV x 100 = %xmc = 5%
1

40.4. Methods of Feeding a Distributor
Different methods of feeding a distributor are given below :

1. feeding at oneend

2. feeding at both ends with equal voltages

3. feeding at both ends with unequal voltages

4. feeding at some intermediate point

In adding, the nature of loading also varies such as

(a) concentrated loading (b) uniformloading

Now, we will discuss some of the important cases separately.

40.5. D.C. Distributor Fed at One End

In Fig. 40.7 is shown one conductor
AB of a distributor with concentrated
loads and fed at one end.

Letiy,i,, i5etc. bethecurrentstapped
off at pointsC, D, Eand Fand I, I, |5
etc. the currents in the various sections

(c) combination of (a) and (b).

v

A

A

Ry

«——R—>

v

of thedistributor. Letr,, r,, 5 etc. bethe R —"
ohmic resistances of these various A 5 L 3
sections and R;, R,, R; etc. the total 7 C41)y—»| D413 E¢T4—>|F
resistance from the feeding end A to the l l l l
successive tapping points. i ) iy Iy
Then, total drop in the dlstrlbutor is Fig. 40.7
=l gl
Now I, = ig+iy+ig+ig+ o L= +ig+is+ .. Plg=igti g+
O :rl(i1+i2+i3+ ....... YA (i +ig+ig+ . ) +Hrg(ig+is+ ... )
:i1r1+i2(r1+r2)+i3(r1+r2+r3)+ ...... =R +ILR +HigRy+

= sum of the moments of each load current about feedmg point A.
1. Hence, the drop at the far end of a distributor fed at one end is given by the sum of the
moments of various tapped currents about the feeding pointi.e. v=%i R
2. It followsfrom thisthat the total voltage drop is the same as that produced by asingle load
equal to the sum of the various concentrated loads, acting at the centre of gravity of the load system.

3. Letusfindthedrop at any intermediate point like E. The value of thisdrop is
= R+ LR, + iR+ Ry(i, +ig+ig+....)*

The reader is advised to derive this expression himself.
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_[sum of moments]  [Jmoment of load beyond]
upto E H™H E assumed acti ng at EH

In general, the drop at any intermediate point is equal to the sum of moments of various tapped
currents upto that point plus the moment of all the load currents beyond that point assumed to be
acting at that point.

Thetotal drop over both conductors would, obviously, be twice the value cal culated above.

40.6. Uniformly Loaded Distributor

In Fig. 40.8 is shown one conductor AB of adistributor fed at one end A and uniformly loaded
withi amperes per unit length. Any convenient unit of length may be choseni.e. ametre or 10 metres
but at every such unit length, the load tapped is the same. Hence, let

i = current tapped off per unit length | = total length of the distributor
r = resistance per unit length of the distributor

Now, let us find the voltage drop at a point C (Fig. 40.9) which is at a distance of x units from

feedingend A. The current at point Cis (il —ix) =i (I — x).

] l |
A C B

TTTTTT =i

i 1 l I
Fig. 40.8 Fig. 40.9

Consider a small section of length dx near point C. Itsresistanceis (rdx). Hence, drop over
length dxis
dv =i (I =x) (rdx) = (ilr —ixr)dx
Thetotal drop up to point x is given by integrating the above quantity between proper limits.

v X . . 1. 2 . ﬁ x2|:|
0 d = - 0 = -= = -2
.[0 X .[0 (ilx — ixr) dx v o=ilrx 5 InC =ir Ox -0
The drop at point B can be obtained by putting x = | in the above expression.
, oo O 12O in® _(ixhx@xl) 1,5, .1
O drop a pointB = Irﬁ ZH_ 5 > —2IR—Ix2R
wherei x| =| —total current entering at point A; r x | = R-the total resistance of distributor AB.

Tota dropinthedistributor AB = %IR

(i) Itfollowsthat in auniformly loaded distributor, total drop is equal to that produced by the
whole of the load assumed concentrated at the middle point.

(if) Supposethat such adistributor isfed at both ends A and B with equal voltages. Inthat case,
the point of minimum potential isobviously themiddle point. We can thusimagine asif the distribu-
tor were cut into two at the middle point, giving us two uniformly-loaded distributors each fed at one
end with equal voltages. The resistance of each is R/2 and total current fed into each distributor is
1/2. Hence, drop at the middle point is

1 (I RY_1
= 2 S

It is 1/4th of that of adistributor fed at one end only. The advantage of feeding a distributor at

both ends, instead of at one end, is obvious.

The equation of drop at point C distant x unitsfrom feeding point A =irlx— % irx? showsthat the
diagram of drop of a uniformly-loaded distributor fed at one end is a parabola.
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Example 40.2. A uniform 2-wire d.c. distributor 200 metres long is loaded with 2 amperes/
metre. Resistance of single wire is 0.3 ohnvkilometre. Calculate the maximum voltage drop if the
distributor isfed (a) from one end (b) from both ends with equal voltages.

(Elect. Technology ; Bombay Univ.)

Solution. (a) Total resistance of the distributor is R = 0.3 x (200/1000) = 0.06 W

Total current entering the distributor is | =2 x 200 =400 A

Total drop on the whole length of the distributor is (Art. 40.6)

= % IR= % x 400 % 0.06 =12V
(b) Sincedistributor isfed from both ends, total voltage dropis
1 1
= g IR=3g x400x006=3V

Asexplained in Art. 40.6 the voltage drop in this case is one-fourth of that in case (a) above.

Example40.3. A2-wired.c. distributor AB is300 metreslong. It isfed at point A. The various
loads and their positions are given below :

At point distancefromAin metres concentrated load in A

C 40 30

D 100 40

E 150 100

F 250 50
If the maximum permissible voltage drop is hot to exceed 10 V, find the cross-sectional area of

the distributor. Take p= (1.78 x10°%) Q-m. (Electrical Power-1 ; Bombay Univ.)

Solution. The distributor along with its tapped currentsis shown in Fig. 40.10.

< 250 m >

< 150 m >

< 100 m >

\ « 40 m—>|

30A 40 A 100 A 50 A
Fig. 40.10

Let ‘A’ be cross sectional area of distributor
Asproved in Art. 40.5 total drop over the distributor is

v = iR +i,R+iR+ i, R, —for one conductor
= 24R +i,R, +isR; +i,R)) —for two conductors
where R, = resistance of AC = 1.78x 10°° x 40/A
R, = resistance of AD = 1.78 x 10™° x 100/A
R, = resistance of AE =1.78 x 10°° x 150/A
R, = resistance of AF = 1.78 x 10°° x 250/A
Since v = 10V, weget
10 = 2XL78X107 55, 40 4 40 %100 +100 <150 +50 x250)

A
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-8
_ ZX1.7i><1O x 32,700

O A = 356x327x10 ' m?=1,163 cm°

40.7. Distributor Fed at Both Ends with Equal Voltages

It should be noted that in such cases

(i) the maximum voltage drop must always occur at
one of the load points and

(i) if both feeding ends are at the same potential, then
the voltage drop between each end and this point must be
the same, which in other words, means that the sum of the
moments about ends must be equal. F, A, A, F,

InFig. 40.11 (8) isshown adistributor fed at two points
F, and F, with equal voltages. The potential of the conduc- (%

tor will gradually fall from F; onwards, reach a minimum v Vv ¥ xy v Y
value at one of the tapping, say, A and then rise again asthe h b 4 Is I
other feeding point F, is approached. All the currentstapped Fig. 40.11

off between points F, and A will be supplied from F, whilethose tapped off between F, and A will be
supplied from F,. The current tapped at point A itself will, in general, be partly supplied by F, and
partly by F,. Let the values of these currents be x and 'y respectively. If the distributor were actually
cut off into two at A—the point of minimum voltage, with x amperes tapped off from the left and y
amperestapped off from theright, then potential distribution would remain unchanged, showing that
we can regard the distributor as consisting of two separate distributors each fed from one end only, as
showninFig. 40.11 (b). Thedrop can be calculated by locating point A and then valuesof x and y can
be calculated.

This can be done with the help of the following pair of equations:

x+y =i, and drop from F, to A; = drop from F, to A,
Example 40.4. A 2-wire d.c. distributor F; F, 1000 metres long is loaded as under :
DistancefromF, (inmetres) : 100 250 500 600 700 800 850 920
Load in amperes: 20 80 50 70 40 30 10 15

The feeding points F, and F,, are maintained at the same potential. Find which point will have
the minimum potential and what will bethe drop at thispoint ? Take the cross-section of the conduc-
torsas 0.35 cni’ and specific resistance of copper as (1.764 x 10'6) Q-cm.

Solution. The distributor along with its tapped currentsis shown in Fig. 40.12. The numbers
along the distributor indicate length in metres.

F, Fz/
\\ 100, | 150 250 100 A 100,100, 50,70, 80,

ol

20 80 50 70 40 30 10 15
Fig. 40.12

The easiest method of locating the point of minimum potential is to take the moments about the
two ends and then by comparing the two sums make a guess at the possible point. Theway it isdone
isasfollows:

Itisfound that 4th point from F, isthe required point i.e. point of minimum potential. Using the
previous two equations, we have
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x+y =70 and 47,000 + 600x = 20,700 + 400y

Solving the two equations, weget x =1.7A,y=70-1.7=68.3A
Drop at A per conductor = 47,000 + 600 x 1.7 = 48,020 ampere-metre.

-8
Resistance/metre = 2 = %10_;1 =50.4 x 10 Q/m
A 035x10
Hence, drop per conductor = 48,020 x 50.4 x 10° =242V
Reckoning both conductors, thedrop at A is=48.4V

Moments about F, Sum Moments about F, Sum
in ampere-metres in ampere-metres
20 x 100 = 2,000 2,000 15 x 80 = 1,200 1,200
80 x 250 = 20,000 22,000 10 x 150 = 1,500 2,700
50 x 500 = 25,000 47,000 30 x 200 = 6,000 8,700
40 x 300 = 12,000 20,700
70 x 400 = 28,000 48,700

Alternative Solution

The aternative method isto take the total current fed at one end, say, F, asx and then to find the
current distribution as shown in Fig. 40.13 (a). The drop over the whole distributor is equal to the
sum of the products of currents in the various sections and their resistances. For adistributor fed at
both ends with equal voltages, this drop equals zero. In thisway, value of x can be found.

Resistance per metresingle=5.04 x 10* Q

Resistance per metre double = 10.08 x 10 Q

0 10.08 x 107 [100x + 150(x — 20) + 250 (x — 100) + 100 (x — 150) + 100 (x — 200) +
100(x — 260) + 50(x — 290) + 70(x — 300) + 80 (x - 315)] =0 or 1000x = 151,700

0 x = 151.7A

This gives a current distribution as shown in Fig. 40.13 (b). Obviously, point A isthe point of

100 150 250 100 100 | 100 |50 70 80
i A

minimum potential .

(x=315)

(a)

20 80 50

151.7

40A  30A 10A 15A

20A 80A S50A T0A
Fig. 40.13

Drop at A (considering both conductors) is
= 10.08 x 10 (100 x 151.7 + 150 x 131.7 + 250 x 51.7 + 100 x 1.7)

= 10.08 x 10™* x 48,020 = 48.4 —as before.

Example 40.5. The resistance of a cable is 0.1 Q per 1000 metre for both conductors. It is

loaded as shown in Fig. 40.14 (a). Find the current supplied at A and at B. If both the ends are
supplied at 200 V. (Electrical Technology-II, Gwalior Univ.)
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be as shown in Fig. 40.14 (b). ResiAStance

for both conductors = 0.1/2000=10" Q/m. 0

The total drop over the whole cable is zero |‘— 500 —pi&—700 B ='T'|4—
A

Solution. Let the current distribution \\ZOOV 200V
A

(@)

oy m m
becauseit isfed at both ends by equal volt- 50‘; Dhn A
ages.
0 107[500i + 700 (i - 50) + 300 oo 200V
(i — 150) + 250 (i — 300)] =0 \ i (i-50) (150)  (i-300)
i - 886A A »> z »> 5T > E »> B (b)
= oo |<— 500 —p4—— 700 —p{, 300 [ 250A|<—
This gives the current distribution as m 4 m v o $n
shown in Fig. 40.14 (c). 50 A 100A  150A

CurrentinAC = 88.6 A

CurrentinCD = (88.6 —50) =38.6 A

CurrentinDE = (38.6 —100) = - 614 A

CurrentinEB = (-61.4-150) =-211.4 A
Hence, current entering the cable at 50A 100A 1504

point Bis=211.4 A. Fig. 40.14

Example 40.6. The resistance of two conductors of a 2-conductor distributor shown in
Fig. 39.15is0.1 Q per 1000 mfor both conductors. Find (a) the current supplied at A (b) the current
supplied at B (c) the current in each section (d) the voltages at C, D and E. Both A and B are
maintained at 200 V. (Electrical Engg. Grad. | .E.T.E.)

Solution. Thedistributor along with its tapped currentsis shown in Fig. 40.15. Let the current
distribution be as shown. Resistance per metre doubleis=0.1/1000 = 10 Q.

Thetotal drop over the whole distributor is zero becauseit isfed at both ends by equal voltages.

200V
211.4A

61.4A

()

1
1 B
\é—SOOm—PC!— 700m —>»D<4300m—pE 250m /

) oL

S50A 100A 150A
Fig. 40.15
0 107 [500i + 700 (i — 50) + 300 (i — 150) + 250 (i — 300)] = 0
or 1750i = 155,000 or i =88.6A
This givesthe current distribution shown in Fig. 40.16.
IA\\ 88.6A 38.6A D 6l4A 211.4A/IB
A > l > l - l 4
50A 100A 150A
Fig. 40.16
(@) 1,=886A (b) 1;=-211.4A

(c) Currentinsection AC =88.6 A; Current in CD = (88.6 — 50) = 38.6 A
Current in section DE = (31.6 — 100) = - 61.4 A
CurrentinEB = (- 61.4-150) =-2114A
(d) Drop over AC =10 x 500 x 88.6 = 4.43 V; Drop over CD = 10 x 700 x 38.6 = 2.7 V/
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Drop over DE =10 x 300 x — 61.4=-1.84V O Voltageat C = 200 - 4.43 = 195.57 V/
Voltage at D = (195.57 - 2.7) = 192.87 V, Voltage at E = 192.87 - (-1.84) = 194.71V

Example40.7. A 200 mlong distributor is fed from both ends A and B at the same voltage of
250 V. The concentrated loads of 50, 40, 30 and 25 A are coming on the distributor at distances of
50, 75, 100 and 150 m respectively from end A. Determine the minimum potential and locate its
position. Also, determine the current in each section of the distributor. It is given that the resistance
of the distributor is 0.08 Q per 100 metres for go and return.

(Electric Power-l (Trans & Dist) Punjab Univ. 1993)

Solution. AsshowninFig. 40.17, let current fed at point A bei. Thecurrentsin various sections
are as shown. Resistance per metre of the distributor (go and return) is 0.08/100 = 0.0008 Q.

Since the distributor isfed at both ends with equal voltages, total drop over it is zero.
Hence, 0.0008 [50i + 25(i —50) + 25(i —90) + 50(i —120) +50(i —145)] =0
or 200i = 16,750 i =83.75A

laso)l(leo)l (i-120) l (i-145 B

S0A  40A 30A 25A
Fig. 40.17

€ D 15 IFi

AT 83I5A fﬁs;\laz‘ml 3625 A l 6125A

50A 40A 30A 25A

Fig 40.18

The actua current distribution is shown in Fig. 40.18. Obvioudly, point D is the point of mini-
mum potential.

Drop at point D is

0  minimum potential

0.0008(50 x 83.75 + 25 x 33.75) = 4.025 V
250 - 4.025 = 245.98 V

40.8. Distributor Fed at Both Ends with Unequal Voltages

This case can be dealt with either by taking moments (in amp-m) about the two ends and then
making a guess about the point of minimum potential or by assuming a current x fed at one end and
then finding the actual current distribution.

Consider the case aready discussed in Ex. 40.4. Suppose, there is a difference of v volts
between ends F, and F, with F, being at higher potential. Convert v voltsinto ampere-metres with
the help of known value of resistance/metre. SinceF, is at alower potential, these ampere-metres
appear in the coloumn for F, asinitial drop.

If, for example, v is 4 volts, then since resistance/metreis 5.04 x 10 Q, initial ampere-metres
for F, are

_4x10*
5.04
The table of respective momentswill be asfollows:

= 7,938 amp-metres
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Moments about F, Sum Moments about F, Sum

20 x 100 = 2000 2,000 initial = 7,938

80 x 250 = 20,000 22,000 15 x 80 = 1,200 9,138

50 x 500 = 25,000 47,000 10 x 150 = 1,500 10,638
30 x 200 = 6,000 16,638
40 x 300 = 12,000 28,638
70 x 400 = 28,000 56,638

As seen, the dividing point is the same as before.

0 Xx+y =70 and 47,000 + 600x = 28,638 + 400y

Solvingfor x andy, weget x = 9.64 A and y =60.36 A

After knowing the value of x, thedrop at A can be calculated as before.
The alternative method of solutionisillustrated in Ex. 40.12.

40.9. Uniform Loading with Distributor Fed at Both Ends

Consider adistributor PQ of length | units of length, having
resistance per unit length of r ohms and with loading per unit
length of i amperes. Let the difference in potentials of the two
feeding points be v volts with Q at the lower potential. The
procedurefor finding the point of minimum potential isasfollows:

L et usassumethat point of minimum potential M issituated
at a distance of x units from P. Then drop from P to M
is=irnd/2 volts (Art. 40.6)

Sincethedistance of M from Qis (I — x), the drop from Q to

. _ w2
M is= Mvolt.
Since potential of P isgreater than that of Q by v volts,
.2 . 2
irx _ ir(l—-x _|_+L
T 2tV o XEoT

h. . 2 P oy
A circuit-board as shown above
uses DC current

40.10. Concentrated and Uniform Loading with Distributor Fed at One End

Such cases are solved in two stages. First, the drop at any point due to concentrated loading is
found. To thisadd the voltage drop due to uniform loading as cal culated from the relation.

2
ir ax - X—E
0 20
Asanillustration of this method, please look up Ex. 40.9 and 40.13.
Example40.8. Each conductor of a 2-coredis-

tributor, 500 metres long has a cross-sectional area \A 150m o 200m  150mo /
of 2 cn. The feeding point A is supplied at 255 V > : 1;) : 28%
and the feeding point B at 250 V and load currents G (-280) T

of 120 A and 160 A are taken at points Cand D 2s5v VI20A ¥ I60A 250V
which are 150 metres and 350 metres respectively
from the feeding point A. Calculate the voltage at l l
each load. Specific resistance of copper is 1.7 x

10°0-cm.  (Elect. Technology-1, Bombay Univ.) Fig. 40.19
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1.7x10° Q-cm
1.7x10°%Qm

Solution. p

Resistance per metresingle = pI—A =1.7x10%2x10%=85%x10"m

Resistance per metredouble = 2x85x 10°=17x 10" Q
The dorp over the whole distributor = 255 - 250 =5V
0 17 x 107 [150i + 200 (i — 120) + 150 (i — 280)] =5

O i = 190.8A — (Fig. 40.19)
Current in section AC=190.8 A; Current in section CD = (190.8 - 120) = 70.8 A

Current in section DB = (190.8 — 280) = - 89.2 A (fromBto D)
Voltage at point C = 255-dropover AC

255 — (17 x 10~ x 150 x 190.8) = 250.13
250 — drop over BD
250 — (17 x 10™ x 150 x 89.2) = 247.72
Example40.9. A 2-wiredistributor 500 metreslongisfed at P at 250 V and |oads of 40A, 20A,
60A, 30A aretapped off frompoints A, B, C and D which are at distances of 100 metres, 150 metres,
300 metresand 400 metres from P respectively. The distributor isalso uniformly loaded at the rate of
0.1 A/m. If the resistance of the distributor per metre (go and return) is 0.0005 Q, calculate the
voltage at (i) point Q and (ii) point B.
Solution. First, consider drop due to concentrated load only.
Dropin PA =150 x (100 x 0.0005) = 7.5V
Dropin AB=110 x (50 x 0.0005) =2.75V

Voltage at point D

100 m A 50 m B150 m C100 mD 100 m/

DropinBC =90 x (150 x 0.0005) =6.75V P

Dropin CD =30 x (100 x 0.0005) =15V
00 total drop duetothisload = 185V 40A 20A 60A 30A
Now, let us consider drop due to uniform load only. Fig. 40.20

2
Drop over length| = ir% = 0.1 x 0.0005 x 500%/2 = 6.25 V

(i) O potentia of point Q =250 — (18.5 + 6.25) =225.25V

(if) Consider point B at the distance of 150 metresfrom P.

Drop due to concentrated loading = 7.5 + 2.75=10.25 V.

Drop due to uniform loading = ir (Ix — x2/2); Herel =500 m; x =150 m

20
0 drop = 0.1 x 0,0005 (500X 150 - %D =3.1875V
0 0
O potential of point P = 250 — (10.25 + 3.1875) = 13.44 V

Example 40.10. A distributor AB is fed from both ends. At feeding point A, the voltage is
maintained at 236 V and at B at 237 V. The total length of the distributor is 200 metresand loads are
tapped off as under :

(i) 20 Aat 50 metresfromA (if) 40 Aat 75 metresfromA

(iii) 25Aat 100 metresfromA (iv) 30 Aat 150 metresfromA

The resistance per kilometre of one conductor is 0.4Q. Calculate the currents in the various
sections of the distributor, the minimum voltage and the point at which it occurs.

(Electrical Technology, Calcutta Univ.)
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Solution. The distributor along with currentsin its various sections is shown in Fig. 40.21.
Resistance/metresingle = 0.4/1000=4 x 10 Q
Resistance/metredouble = 8 x 107 Q
Voltage drop on both conductors of 200-metre long distributor is
= 8x 107 [50i + 26 (i — 20) + 25(i — 60) + 50(i — 85) + 50(i — 115)]
= 8x 10™* (200i - 12,000) volt
Thisdrop must be equal to the potential
o

difference between A and B. 50m ¢ 2Sm p 25Sm E S50m g 50m B /

0 8x 10 (200i - 12,000) i (i-20) (i-60) (i-85) | (i-115)
= 236-237=-1 I
O i = 5375A 236V Y20A Y40A  Y25A  V30A L4y
Currentinsection AC = 53.75A
Currentinsection CD = 53.75-20 l l
= 33.75A
Currentin section DE = 53.75 - 60 Fig. 40.21
= -6.25A

Currentinsection EF = 53.75-85=-31.25A
Currentinsection FB = 53.75-115=-61.25 A
The actual current distribution is as shown in Fig. 40.22.
Obviously, minimum voltage occurs at point D i.e. 75 metre from point A (or 125 m from B)
Voltage drop across both conductors of the distributor over the length AD is
= 8x 107 (50 x 53.75 + 25 x 33.75) = 2.82 V/

O potential of point

D = 236-282

= 23318V

A 50m C 25m D 25m

20A 40A 25A 30A

Fig. 40.22
Example40.11. Adistributor cable ABisfed at its ends A and B. Loads of 12, 24, 72 and 48 A
aretaken fromthe cable at points C, D, E and F. The resistances of sections AC, CD, DE, EF and FB
of the cable are 8, 6, 4, 10 and 5 milliohm respectively (for the go and return conductors together).
Thep.d. at point Ais240V, the p.d. at theload F isalso to be 240 V. Calculate the voltage at the
feeding point B, the current supplied by each feeder and the p.d.s. at the loads C,D and E.
(Electrical Technology ; Utkal Univ.)

Solution. Let the current fed at the feeding point A bei. The current distribution in various
sections becomes as shown in Fig. 40.23.
Voltage drop on both sides of the distributor over the section AF is

= [8i + 6(i — 12) + 4(i — 36) + 10(i — 108)] x 10 = (28i — 1296) x 10°V
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\A 811:!2 C 61nQ D 41:1(2 E 10319 F STQ B/

P (i-12) (i-36) (;1 08) (i- 1?6) I
240V Yi2a V24 A Y72A 240V Vy48A v
Fig. 40.23
Since points A and F are at the same potential, the p.d. between A and F is zero.
O (281 - 1296) x 10° = 0 or i =46.29 A

Currentinsection AC = 46.29 A

Currentinsection CD = 46.29-12=3429 A
Currentin section DE 46.29 - 36 =10.29 A
Currentinsection EF = 46.29-108=-61.71A
Currentinsection FB = 46.29 — 156 = -109.71 A
The actual current distribution is as shown in Fig. 40.24.

L L >

« «

46.29 A 3429A 10.29 A 61.71 A 109.71 A

5y

12A 24 A A 48 A

Fig. 40.24
Current applied by feeder at point A is46.29 A and that supplied at point B is109.71 A.
Voltage at feeding point B = 240 — drop over FB =240 — (-5 x 107 x 109.71) = 240.55 V.
Voltageat point C = 240 - drop over AC = 240 - (8 x 1073 x 46.29) = 239.63 V
Voltageat point D = 239.63 — drop over CD =239.63 — (6 x 1073 x 34.29) = 239.42V
Voltageat point E = 239.42 — drop over DE = 239.42 - (4 x 107> x 10.29) = 239.38

Example40.12. A two-wire, d.c. distributor PQ, 800 metre long is loaded as under :

Distance from P (metres) : 100 250 500 600 700

Loads in amperes : 20 80 50 70 40

The feeding point at P is maintained at 248 V and that at Q at 245 V. The total resistance of the
distributor (lead and return) is0.1 Q. Find (a) the current supplied at P and Q and (b) the power
dissipated in the distributor.

Solution. As shown in Fig. 40.25 (a), let x be the current supplied from end P. The other
currents in the various sections of the distributor are as shown in the figure.

248 VY 100 150 250 100 100 100 245V

(@) Py x-20 x-100 150 [x220| x-260 Q

20 80 50 70 40
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P M Q

b) 143.75 | 123.75 43.75 6.25 |76.25| 146.25

20 80 50 70 40
Fig. 40.25

Now, the total drop over PQ should equal the potential difference between endsP and Q i.e,,
=248 -245=3.
Resistance/metre of both conductors = 0.1/800 = /8000 Q

0 5o 100X + 150(x - 20) + 250(x - 100) + 100(x - 150) + 100(x ~ 220) + 100(x - 246)] = 3

or 800x = 115,000 0 x=143.75A

The actual distribution is shown in Fig. 40.25 (b) from where it is seen that point M has the
minimum potential .

l, = 143.75A. lo=11625A
Power loss= 5 I°R = ﬁ [143.757 x 100 + 123.75% x 150 + 43.75% x 250 +

6.25° x 100 + 76.25° x 100 + 116.25° x 100] = 847.3 W
Example40.13. The two conductors of a d.c. distributor cable 1000 mlong have a total resis-
tance of 0.1 Q. Theends A and B arefed at 240 V. The cableisuniformly loaded at 0.5 A per metre
length and has concentrated loads of 120 A, 60 A, 100 A and 40 A at points distant 200, 400, 700 and
900 m respectively fromthe end A. Calculate (i) the point of minimum potential on the distributor
(i) the value of minimum potential and (iii) currents fed at the ends A and B.
(Power System-I, AMIE, Sec. B, 1993)
Solution. Concentrated |oads are shown in Fig. 40.26. Let usfind out the point of minimum
potential and currents at points A and B.

}4—— 200 m —»«+—200 m—p«—300 mghF 200 m—»«-100 m—b{

@ > c , D > E_ o
a » » » —»
A i (i-120) (i-180) (i-280) (i-320) B
v v v
120 A 60 A 100 A 40 A
(b) > Cc » D - E P F P /
A 166 A 46 A 14 A 114 A 154A B

120 A 60 A 100 A 40 A
Fig. 40.26



D.C.Transmission and Distribution 1587

It should be noted that location of point of minimum potential is not affected by the uniformly-
spread load of 0.5 A/m. In fact, let us, for the time being, imagine that it is just not there. Then,
assuming i to be theinput current at A, the different currentsin various sections are as shown. Since
points A and B arefed at equal voltages, total drop over the distributor is zero. Distributor resistance
per metre length (go and return) is 0.1/1000 = 10 Q.

0 107 [200i +200(i — 120) + 300(i — 180) + 200(i — 280) + 100(i — 320)] = 0

or 1000i = 166,000 O i=166A

Actual current distribution is shown in Fig. 40.26 (b) from where it is seen that point D is the
point of minimum potential. The uniform load of 0.5 A/m upto point D will be supplied from A and
the rest from point B.

Uniform load from A to D = 400 x 0.5=200 A. Hence, |, = 166 + 200 = 366 A.

Similarly, lg = 154+ (600 x 0.5) = 454 A.

Drop at D dueto concentrated load is= 107 (166 x 200 + 46 x 200) = 4.24 V.

Drop due to uniform load can be found by imagining that the distributor is cut into two at point
D so that AD can be looked upon as adistributor fed at one end and loaded uniformly. Inthat case, D
becomes the other end of the distributor.

O drop at D dueto uniform load (Art. 40.6)

= in%2=05x10"x 40072 =4V

O totaldropatD=424+4=824V [ potential of D=240-8.24=231.76V

Example40.14. Itis proposed to lay out a d.c. distribution system comprising three sections—
thefirst section consists of a cable from the sub-station to a point distant 800 metres from which two
cablesaretaken, one 350 metreslong supplying aload of 22 kW and the other 1.5 kilometrelong and
supplying a load of 44 kW. Calculate the cross-sectional area of each cable so that the total weight
of copper required shall be minimumif the maximum drop of voltage along the cableis not to exceed
5% of the normal voltage of 440 V at the consumer’s premises. Take specific resistance of copper at
working temperature equal to 2 L Q-cm.

Solution. Current taken from 350-m section is |, = 22,000/440 = 50 A

Current taken from 1.5 km section, |, = 44,000/440 = 100 A

O Currentinfirst section | = 100 + 50=150 A

Let V = voltage drop acrossfirst section ; R = resistance of thefirst section
A = cross-sectional area of thefirst section

Then R = V/I=V/150Q

Now, A = % = pl\l—/ = 80,000 x 2 x 10°® x 150/V = 24/\/cm?

Now, maximum allowable drop = 5% of 440 =22V
O voltage drop aong other sections = (22 - V) volt
Hence, cross-sectional area of 350-m sectionis
A, = 35000x%2x 107° x 50/(22 - V) = 3.5/(22 - V) cm?®
Also, cross-sectional area of 1500-m sectionis
A, = 150,000 x 2 x 107° x 100/(22 - V) = 30/(22 — V) cm?
Now, total weight of copper required is proportional to the total volume.
O W = K[(800 x 24/V) + 350 x 3.5/(22 - V) + 1500 x 30/(22 - V)]
= K[1.92/V +4.62/(22 - V)] x 10*
Weight of copper required would be minimum when dW/dV =0
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i O
0 aw _ 1.?2+ 4.62 X100
av AV?  (22-V)°H
or 192 _ 482 o (22-v)=24V
Y (22-V)
or V = 22/2.55 =863 volt 0  A=24/863=2781cm’
A, = 35/(22-863)=02618cm” A, =30/(22 - 8.63) = 2.246 cm”

Example 40.15. A d.c. two-wire distributor AB is 450 m long and is fed at both ends at
250 volts. Itisloaded asfollows: 20A at 60 mfrom A, 40A at 100mfrom A and a uniform|oading of
1.5 A/mfrom 200 to 450 mfrom A. The resistance of each conductor is0.05 Q/km. Find the point of
minimum potential and its potential. (Electrical Power-11, Bangalore Univ. 1993)

Solution. In Fig. 40.27, let D be the point of minimum potential and let i be the current in
distributor section CD. Then, current supplied toload D fromend B is (40 —i). If ristheresistance
of the distributor/metre (both go and return), then

61.7m
A (20+i) C i p (0-) E B 1.5 A/m
| 60m | 40m 100m 250 m _

v v
20A 40A

Fig. 40.27

Dropover AD = (20 +1i) x 60r + i x 40r
Drop over BD = drop due to concentrated load + drop due to distributed load
= (40— i) x 350r + 1.5 x r x 25042 —Art. 40.6
Since the two feeding points A and B are at the same potential of 250 V, the two drops must be
equal.
O (20+i) x 60r +i x 40r = (40—i)x350r + L5xrx 25042 O i=1326A
Since (40 — i) comes out to be negative, it means that D is not the point of minimum potential.
Therequired point is somewhat nearer the other end B. Let it be F. Obviously, current in section DF
=132.6 - 40 =92.6 A. Hence, distance of minimum potential point F fromend A is
= 60+40+ 100+ 92.6/1.5=261.7m
Total voltage drop over section AF is
=2 x 0.05x 107 (152.6 x 60 + 132.6 x 40 + 92.6 x 100 + 92.6 + 61.7/4) = 2.65 V
O potential of point F =250 — 2.65 = 247.35 V.
Example40.16. Atwo-wired.c. distributor AB, 1000 metreslong, is supplied from both ends,
240V at Aand 242V at B. Thereis a concentrated load of 200 A at a distance of 400 metre from A
and a uniformly distributed load of 1.0 A/m between the mid-point and end B. Determine (i) the

currentsfed at A and B (ii) the point of minimum potential and (iii) voltage at this point. Take cable
resistance as 0.005 Q per 100 metre each core.

Solution. The resistance per 100 metres of both cores = 0.005 x 2 =0.01 Q.
Let ustake 100 m asthe unit of length. Let current fed at end B be | ; as shown in Fig. 40.28.
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SV T R

T

1.0 A/m

Fig. 40.28

Consider any element dx anywhere within distance BD i.e. distance over which uniformly dis-
tributed load isapplied. Supposeit isat adistance of x units (of 100 metre each). The current through
dxisl = (Ig— 100 x 1.0 x x) = (I — 100x)

O voltage drop over dx = (Ig —100x) x 0.01 x dx

Voltage drop over distance BD

5 5
IO (I —100x) x0.01 xdx =0.01 IO (I —100x) dx

5
0.01‘ (I 3% - 500x°) ‘O = (0.051B-125)V

Voltage drop over DC = (I; —500) x 0.01 ; Voltage drop over CA= (I — 700) x 0.01 x 4
Since total drop over AB =242 — 240 = 2 volt

0 0051;-125+0.011;-5+0.0415-28=2 O lg=455A

Now, total current is= 500 + 200 = 700 A O 1,=700-455=245A

It is obvious that (245 — 200) = 45 A is fed into the distributed load at D. Hence, point of
minimum potential M will be45/1.0 = 45 metresfrom D. Itsdistancefrom B =500 — 45 = 455 metres
or 4.55 units of length.

4.55
Voltage drop upto this point fromend B = .[0 (455-100x) x0.01 xdx =10.35V
0 potential of M =242 - 10.35=231.65V

Tutorial Problem No. 40.1

1. A 2-wiredirect-current distributor PQ is 500 metres long. It is supplied by three feeders entering at
P, Q and R where R is midway between P and Q. The resistance of the distributor, go and return, is
0.05 Q per 100 metres. The distributor is loaded as follows :

Point A B
Distance from P (metres) 100 350
Load (ampere) 30 40

In addition, a distributed load of 0.5 A/metre exists from Pto Q. Calculate (a) the current supplied
by each feeder if P and R are maintained at 220 V while Q is at 215 V (b) the voltage at a point
between P and Q and 50 metres from P.
[@currentat P=18 A ;at Q=285A ; at R =985 A (b) voltage at stated point = 214.8 V]
2. A section of a 2-wire distributor network is 1,200 metres long and carries a uniformly distributed
load of 0.5 A/ metre. The section is supplied at each end by a feeder from a distribution centre at
which the voltage is maintained constant. One feeder is 900 and the other 600 metreslong and each
has a cross-sectiona area 50% greater than that of the distributor. Find the current in each feeder
cable and the distance from one end of the distributor at which p.d. isaminimum. (London Univ.)
[Current in 900 metres: 272.7 A; current in 600 metres: 327.3 A; 5455
metres from the 900 metre feeder point]
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3. A pair of distributing mains of uniform cross-section 1,000 metres in length having a resistance of
0.15 Q each, areloaded with currents of 50, 100, 57.5, 10 and 75 A at distances measured from one
end where the voltage between mainsis 211.6, of 100, 300, 540, 740 and 850 metres respectively. If
the voltage of the other end is maintained at 210, calculate the total current entering the system at
each end of the mains and the position of the point of minimum potential. (I.E.E. London)

[160.63 A and 131.87 A ; 540 metre load]

4. A 2-core distribution cable AB, 400 metre long, supplies a uniformly distributed lighting load of
1 A/m. There are concentrated loads of 120, 72, 48 and 120 A at 40, 120, 200 and 320 metres
respectively fromend A. Thiscablehasaresistance of 0.15 Q per 1,000 m run. Calculatethevoltage
and the position of the lowest run lamp when the cable is fed at 250 Volts (a) from both ends A and
B (b) fromend A only. [(8) 239.1 volt at 200 m (b) 207.6 volt at B]

5. A 2-wired.c. distributor AB, 300 m long, is fed at both ends A and B. The distributor supplies a
uniformly distributed load of 0.25 A per m together with concentrated loads of 40 A at C and 60 A at
D, AC and BD being 120 m each. A and B are maintained at 300 V, the loop resistance of the
distributor is 0.1 ohm/100 m. Determinethe current fed at A and B and also the potential of pointsC
and D. [85.5A,89.5A, 29154V, 291.06 V]

40.11. Ring Distributor

A ring distributor is a distributor which is arranged to form a closed circuit and which isfed at
one or morethan one points. For the purpose of calculating voltage distribution, it can belooked upon
asconsisting of aseriesof open distributorsfed at both ends. By using aring distributor fed properly,
great economy in copper can be affected.

If thering distributor isfed at one point then, for the purposes of calculation, itisequivalent toa
straight distributor fed at both ends with equal voltages (Ex. 40.17).

Example 40.17. A 400-metre ring distributor has loads as shown in Fig. 40.29 (a) where
distances are in metres. The resistance of each conductor is 0.2 Q per 1,000 metres and the
loads tapped off at points B, C and D are as shown. If the distributor isfed at A, find voltages at B,C
and D.

Solution. Let usassumeacurrent of | in section AD [Fig. 40.29 ()] and then find the total drop
which should be equated to zero.

0 701+90(1-50)+80(I -120)+60(1-220)=0 [ 3001=27,3000r1=91A

240V

(@) )
Fig. 40.29
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The current distribution becomes as shown in Fig. 40.29 (b) from where it is seen that C isthe
point of minimum potential.
DropinAD = 2(91 x 70 x 0.2/1,000) = 2.55V ; Dropin DC =2(41 x 90 x 0.2/1,000) = 1.48
DropinCB = 2(29 x 80 x 0.2/1,000) =0.93V ; DropinBA=2(129 x 60 x 0.2/1,000) =3.1V
Voltageat D = 240-255=237.45V ; Voltageat C = 237.45-1.48=235.97 V
Voltageat B =240-3.1=236.9V

Example40.18. Inadirect current ring main, a voltage of 400 V is maintained at A. At B, 500
metres away from A, aload of 150 A istaken and at C, 300 metres from B, a load of 200 A istaken.
The distance between A and C is 700 metres. The resistance of each conductor of the mains is
0.03 Q per 1,000 metres. Find the voltage at B and C and also find the current in the section BC.

(Elect. Technology, Kerala Univ.)

Solution. Let usassumeacurrent of | in section A B, then find thetotal drop round thering main
and equate it to zero. As seen from Fig. 40.30 ().

@ b)
Fig. 40.30
500 | + 300 (I — 150) + 700 (I — 350) = 0 0 1=1933A

The current distribution becomes as shown in Fig. 40.30 (b) from where it is seen that C isthe
point of minimum potential.

Dropover AB = 2(193.3 x 50 x 0.03/1,000) = 5.8 V/
Drop over BC = 2(43.3 x 300 x 0.03/1,000) = 0.78 V
Voltageat B = 400-5.8=394.2V ; Voltageat C = 394.2-0.78 =393.42 V

The current in section BC is as shown in Fig. 40.30 (b).

Example40.19. A d.c. ring main ABCDE isfed at point A from a 220-V supply and theresis-
tances (including both lead and return) of the various sections are as follows (in ohms) : AB= 0.1;
BC=0.05; CD = 0.01; DE = 0.025 and EA = 0.075. Themain suppliesloadsof 10 Aat B ; 20 A at
C; 30Aat D and 10 A at E. Find the magnitude and direction of the current flowing in each section
and the voltage at each load point.

If the points C and E are further linked together by a conductor of 0.05 Q resistance and the
output currents from the mains remain unchanged, find the new distribution of the current and volt-
age in the network. (London Univ.)
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Solution. Thering main isshown in Fig. 40.31.

70 A

10A

20 A 20 A
Fig. 40.31 Fig. 40.32

Let usassumeacurrent of | amperesin section AB and put the total drop round the ring equal to
zero.

O 0.11+0.05( -10) + 0.01(l —30) + 0.025(1 — 60) + 0.075(1 —70) =2 0or | =29.04 A

Current distribution now becomes as shown in Fig. 40.32.

DropinAB = 29.04x0.1=29YV, DropinBC = 19.04 x 0.05=0.95V
DropinED = 30.96 x 0.025 = 3.77V; DropinAE = 40.96 x 0.075=3.07V
0 Potentia of B = 217.1V, Potential of C = 216.15V
Potential of E = 216.93V, Potential of D = 216.16 V
Theinterconnector between points C and Eisshownin Fig.
40.31. It may benoted herethat the function of theinterconnector 0.05 0.1 0.075
isto reduce the drop of voltage in various sections. For finding
current in the interconnector, first p.d. acrossits ends is calcu- C E
lated. Then we calculate the resistance, viewed from points E 0.01 0.025
and C of the network composed resistances of the distribution YA AT
lines only, ignoring the load (Art, 2-22). Then current through Fig. 40.33

the interconnector is given by
p.d. between points E and C

resistance of distribution network + interconnector

PD. between points E and C = 216.93 - 216.15=0.78 V

To determine the resistance viewed from C and E, the network is drawn as shown in Fig. 40.33.
Since the two branches are in parallel, the combined resistance is

= 0.225 x 0.035/(0.225 + 0.035) = 0.03 Q

O currentininterconnector = 0.78/(0.03 + 0.05) =9.75 A from E to C.

The currentsin the other sections must be calculated again.

Let usassume a current |, and ED, then since the voltage round the closed mesh EDC is zero,
hence

-0.0251,-0.01(,-30)+0.05x9.75=0 or 00351,=0.7875 O [,=225A

Currentin AE = 10+225+9.75=4225A; Currentin AB=70-4225=27.75A

Dropin AB = 27.75x0.1= 2775V ; DropinBC =17.75x 0.05=0.888 V
Dropin ED = 32.25x0.025=0.806V ; Dropin AE =42.25x 0.075=3.169 V
Potential of B = 220 — 2.775=217.225 V; Potential of C=217.225 - 0.888 = 216.337 V
Potential of E = 220 — 3.169=216.83 V ; Potential of D = 216.83 — 0.806 = 216.024 VV
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Tutorial Problem No. 40.2

1. Four power loads B, C, D and E are connected in this order to a 2-core distributor cable, arranged as
aring main, and take currents of 20, 30, 25 and 30 A respectively. The ring is supplied from a
substation at the point A between B and E. Aninterconnector cablejoinsthe points C and E and from
apoint F on thisinter-connector cable a current of 20 A is taken.

The total resistance of the cable between the load pointsis: AB=0.04Q ; BC=0.03Q ; CD =
0.02Q;DE=0.03Q;EA=0.04Q; CF=0.02Q and EF =0.01 Q. Calculate the current in each
section of the ring and the interconnector. (London Univ.)
[AB=5394A;BC=3394A;CD=83A;ED=1665A;

AE=7106A; FC=442A ; EF =24.42 A]

2. A 2-corering feeder cable ABCDEA isconnected to asub-station at A and suppliesfeeding pointsto
adistribution network at B, C, D and E. The points C and E are connected by an inter-connecter CFE
and aload istaken at F. The total resistance in ohms of both conductors in the several sections is
AB=0.05;BC=04;CD=0.03; DE=0.04; EA=0.05; CF=0.02; FE=0.1. Thecurrentstaken
at theload pointsareB=12A ; C=15A;D=12A; E=15A and F = 10 A. Calculate the current
in each section of the cable and the p.d. at each load point, if the p.d. at A is maintained constant at
250 V. (City & Guilds, London)

[Currents: AB=277A; FC=33A;PD.satB=2486V ; C=248V ;
D=24787V ; E=24818V ; F=248V]

3. Adistributor cablein theform of aring main ABCDEA, suppliesloads of 20, 60, 30, and 40 A taken
at the points B, C, D and E respectively, the feeding point being at A. Theresistances of the sections
aeAB=01Q,BC=015Q,CD=0.1Q,DE=0.05Q and EA=0.1 Q. ThepointsE and C are
connected by a cable having a resistance of 0.3 Q. Calculate the current in each section of the
network. (City & Guilds, London)

[AtoB:60A;BtoC:40A;EtoC:10A;DtoC:10A;EtoD:40A; AtoE: 90A]

40.12. Current Loading and Load-point Voltages in a 3-wire System

Consider a 3-wire, 500/250-V distributor shown in Fig. 40.34. The motor requiring 500 V is
connected across the outers whereas other |oads requiring lower voltage of 250 V are connected on
both sides of the neutral.

150 A 130 A 100 A
outer +ive A C > D > . E
250V YV 20A V30A
10A 30A o 10A | 20A L Q
= P L s00v -
Q A\
250V 40 A 20 A
Motor
outer—ive B 160 A 120 A 100 A
Fig. 40.34

The current in positive outer AE flows from theleft to right and in negative outer FB from right
to left. The current through the various sections of the neutral wire NL may flow in either direction
depending on the load currents on the positive side and negative side but isindependent of the loads
connected between outers.
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Since 150 A entersthe +ve outer but 160 A comes out of the network, it means that a current of
10 A must flow into the neutral at point N. Once the direction and magnitude of current in NQ is
known, the directions and magnitudes of currentsin other sections of the neutral can be found very
easily. Since PH takes40 A, currents meeting at P should add upto 40 A. Asseen, 20 A of CQ and
10A of NQ flow towards P, the balance of 10 A flows from point M. Then, 30 A current of DM is
dividedinto two parts, 10 A flowing along MP and the other 20 A flowing along ML to feed the load
LG.

Knowing thevalues of currentsin the various conductors, voltage drops can be cal cul ated provided
resistances are known. After that, voltages at different load points can be calculated asillustrated in

Ex. 40.20. A X B
Example 40.20. In a 3-wire distribution system, the +4 0.05Q i
supply voltageis 250 V on each side. Theload ononeside 550y v, 30
is a 3 ohmresistance and on the other, a 4 ohm resistance. . v (x-y) il %C
The resistance of each of the 3 conductorsis 0.05 Q. Find ~+ T 0.05 0 T
the load voltages. 250V v, 4Q
(Elements of Elect. Engg-l, Bangalore Univ.) l 0.05 Q l
Solution. Let the assumed directions of unknown cur-  F § E

rentsin the three conductors be as shown in Fig. 40.35. Ap-
plying KVL (Art. 2.2) to closed circuit ABCDA, we have

-3.05x - 0.05(x—-y)+250 = 0
or 310x -5y = - 25,000 ...(i)
Similarly, circuit DCEFD yields
0.05(x-y)—-4.05y+250 = 0
or 5x —410y = -25,000 ...(ii)
From (i) and (ii), we get x =81.64 A, y = 61.97 A. Since both currents come out to be positive,
it means that their assumed directions of flow are correct.
O V, = 250-0.05x 81.64 - 0.05 (81.64 — 61.97) = 2449V
V, = 250+ 0.05(81.64 — 61.97) - 0.05 x 61.97 = 2479V

Example40.21. A 3-wired.c. distributor PQ, 250 metreslong, is supplied at end P at 500/250
V and is loaded as under :

Positive side: 20 A 150 metresfrom P ; 30 A 250 metresfrom P.
Negative side: 24 A 100 metresfromP ; 36 A 220 metres from P.

The resistance of each outer wireis 0.02 Q per 100 metres and the cross-section of the middie
wire is one-half that of the outer. Find the voltage across each load point.

Solution. The current loading is shown in Fig. 40.36.

Fig. 40.35

The current flowing into the positive sideis 30 + ple—150m —piale 100m—Q
20=50 A. Since current flowing out of the negative SOA 30 A
sideis 36 + 24 = 60 A, it means that 10 A must be
flowinginthe section NC of the neutral. To make up 24 250V y20A 30AY
Ainload CD. 10 A arecontributed by NC and 14 A by l
BC. Thebalance of 6 A flowsthrough BF and addsup 500 v 12 A c 14<A 6>A F o
with 30 A of KF to make up 36A through load FE. T 3 £

It is given that the resistance of outersis 0.02 Q 250V v24 A 36A y
per 100 m. Since neutral isof half the cross-section, its
resistance is 0.04 Q per 100 m. Knowing them, volt- Rl SO | 36AA E
age at load points can be determined as under. Let us h g 40‘36

see how wewill calculate voltage acrossload AB.
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Voltageat AB =250 —dropin PA —dropin BC + drop in CN.

It should be particularly noted that drop in CN has been added instead of being subtracted. The
reasonisthis: aswe start from P and go round PABCN, we go along the current over section PAi.e.
wego ‘downstream’ hence drop istaken negative, but along CN we go ‘ upstream’, hencethe drop as
taken as positive*. Proceeding in thisway, we tabulate the currents, resistances and voltage dropsin
various sections as given below :

Section Resistance (W) Current (A) Drop (V)
P 0.03 50 15
AQ 0.02 30 0.6
KF 0.012 30 0.36
BC 0.02 14 0.28
BF 0.028 6 0.168
NC 0.04 10 0.4
ED 0.024 36 0.864
DR 0.02 60 1.2

PD.acrossAB = 250-15-0.28+0.4 = 248.62V
PD. acrossQK = 248.62-0.6-0.36+0.168 = 247.83V
PD. acrossCD = 250-04-1.2 = 2484V

PD. acrossFE = 2484+ 0.28—-0.168—-0.864 = 247.65V

Tutorial Problem No. 40.3

1. A 3-wire system supplies three loads (a) 10 (b) 20 and (c) 30 amperes situated at distances of 100,
150 and 300 metres respectively from the supply point on the positive side of the neutral wire.
Connected between negative and neutral wires are two loads (d) 30 A and (€) 20A, situated 120 and
200 metres respectively from the supply point. Give adiagram showing the values and directions of
the currents in various parts of the neutral wire.

If the resistance of the outersis0.05 Q per 1000 metres and that of the neutral 0.1 Q per 1000 metres,
calculate the potential difference at theload points (b) and (€); the pressure at the supply point being
100 V between outers and neutral. [10A and 5A; Voltsat (b) =99.385V ; at (€) = 99.86 V]
2. A 3-wire d.c. distributor 400 metres long is fed at both ends at 235 volts between each outer and
neutral. Two loads P and Q are connected between the positive and neutral and two loads R and Sare
connected between the negative outer and the neutral. Theloads and their distancesfrom oneend (X)
of thedistributor are asfollows: Load P, 50 A, 100 metresfrom X ; Load Q, 70 A, 300 metres from
X; Load R, 60 A, 150 metres from X; Load S, 60 A,350 metres from X. Determine the p.d. at each
load point and the current at each feeding point. The resistance of each outer is 0.25 Q per 1000
metres and that of the neutral is0.5 W per 1000 metres.
[Current into the +ve outer at X =55 A ; other end Y = 65 A; Out from —ve outer at X = 45A;
otherendY =75A; PD.sat P=233.125V; Q =232.375V; R =232.812 V; S=233.812 V]

40.13. Three-wire System

As already mentioned briefly in Art. 40.2, it consists of the ‘outer’ conductors (between which
the voltage is twice the normal value for lighting) and the third wire which is called the middie or
neutral wire. It isof half the cross-section as compared to any one of the two outersand is earthed at
the generator end. The voltage of the neutral is thus approximately half way between that of the
outers.

*  Hence, sign convention in this: While going ‘ upstream’ take the drop as positive and while going ‘ down-
stream’ take the drop as negative. (Art. 2-3).
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If the total voltage between outersis 460 V,

then the positive outer is 230 V above the neutral : 20>A o+ i
and the negative outer 230 V below the neutral. T 10A VY 10A
Motor loads requiring higher voltage are con- 250V

nected acrossthe outersdirectly whereaslighting

and heating loads requiring lesser voltage of 230 i

V are connected between any one of the outers @ 500V J_ Neutral
and the neutral. If the loads on both sides of the = T 10A Y104
neutral are equal i.e. balanced as shown in Fig. 250V

40.37, then thereisno current in the middle wire

and the effect isasif the different loadswere con- _ l

nected in series across the outers. However, in 20A —Outer
practice, athough effort is made to distribute the Fig. 40.37

various|oads equally on thetwo sides of the neu-

tral, yet it is difficult to achieve exact balance, with the result that some out-of-balance current does
flow in the neutral as shown in Fig. 40.38. In the present case as viewed from generator end, theload
is equivalent to a resistance of 25/3 ohms in series with a resistance of 25/2 ohms (Fig. 40.39).
Obvioudly, the voltages across the two will becomes unequal. The voltage across the positive side

_S00x25/2  _ 200V and on the negative side, it will riseto _S00x25/3 300 V.
(25/2 + 25/3)

will fall to (25/2+ 25/3)

Thisdifficulty of unequal voltageswith unbalanced loadsisremoved by using bal ancers as discussed

below in Art. 40.14.

»-
>

:

8A —
253.Q
500V —1B
2A

Fig. 40.38

40.14. Balancers

In order to maintain p.d.son thetwo sides of neu-
tral equal to each other, a balancer set is used. The
commonest form of balancer consists of two identical
shunt-wound machines which are not only coupled
mechanically but have their armatures and field cir-
cuitsjoined in series across the outers. The neutral is
connected to the junction of the armatures as shown.
When the system isunloaded or when theloads on the
two sides are balanced, then

1. both machines run as unloaded motors and

2. sincetheir speedsand field currentsare equal,
their back em.fs. are the same.

When the two sides are unbal anced i.e. when the
load supplied by + ve outer is different from that

2512 Q

C

Fig. 40.39

A —~

Fig. 40.40
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supplied by negative outer, then out-of-balance current (I, — 1,) flows through the mid-wire to the
balancers where it dividesinto two halves each equal to (I, — 1,,)/2 as shown in Fig. 40.40.

If 1, isgreater than |, then +ve sideis more heavily loaded (than —ve side) hence the p.d. onthis
sidetendsto fall below thee.m.f. of the balancer onthisside so that B, runsasagenerator. However,
the p.d. onthelightly-loaded siderisesabovethe e.m.f. of the balancerson that side, hence B, runsas
amotor. Inthisway, energy istransferred through balancersfrom thelightly-loaded sideto the heavily-
loaded side. In Fig. 40.40, machine B, is running as amotor and driving machine B, as agenerator.

Let R, = armature resistance of each machine

Vg = terminal p.d. of machine running as agenerator i.e. B,

E, = inducedemif. of B;

V,, = terminal p.d. of motoring machinei.e. B,

E, = inducedem.f.of B,

I I, =1

then Vy, = E4- Iy 5 (ClalP R, and Vm:Em+¥Ra
O Vin=Vy = En—E)+( - 1) R, (i)
Since the speed and excitation of the two machines are equal,
O Ey = En 0 Vp=Vg=0;-HR, (i)

Hence, wefind that the dlfference of voltages between the two sc ides of the system isproportional
to—

(i) out of balance current (1, — 1) and (ii) armature resistance of the balancer.

For thisreason, R, iskept very small and effort is made to arrange theloads on the two sides such
that out-of-balance current is as small as possible.

Thevalue (V,, - V) can be still further reduced i.e. the voltages on the two sides can be more
closely balanced by cross-connecting the balancer fieldsas shownin Fig. 40.41. Inthisway, genera-
tor draws its excitation from the lightly-loaded side which is at a higher voltage, hence E is
increased. Themotoring machine drawsitsexcitation from the heavily loaded sidewhichisat alittle
lower voltage, hence E, is decreased. In this way, the difference (E;, - E,) is decreased and so is
(Vim— V). Further, regulation of the voltage can be accomplished by connecting an adjustable regu-
lator in series with the two balancer fields as shown in Fig. 40.42.

outer + ve

—

+ % B, + + B L >
L L g
outer — ve 12
Fig. 40.41 Fig. 40.42 Fig. 40.43

It should be noted that since machine B, is running as a generator and B, as amotor, the direc-
tions of currentsin B,, B, and the neutral are as shown in Fig. 40.40. If, however, B, runs as a
generator and B, as a motor i.e. if negative side is more heavily loaded than the +ve side, then
directions of currents through B,, B, and the neutral are as shown in Fig. 40.43. In particular, the
change in the direction of the current through midwire should be noted.

Example40.22. Ad.c. 3-wire systemwith 500-V between outer s haslighting load of 100 kW on
the positive and 50 kW on the negative side. If, at this loading, the balancer machines have each a
loss of 2.5 kW, cal culate the KW loading of each balancer machine and the total load on the system.

Solution. The connections are shown in Fig. 40.44.
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Total load on main generator = 100+ 50+ (2 % 2.5) 400 A
= 155 kW LA >
Output current of main generator = 155 x 1000/500 I B, 90 A 5
= 310A - Lzoo A ]S
Load current on +veside, 1, = 100 x 1000/250 500V <
= 400 A < s -
Load current on —veside, 1, = 50 x 1000/250 - l B,(J)M10A S
=200A 310 A
Out-of-balancecurrent = 400 — 200 = 200 A < 200 A
Since +ve side is more heavily loaded , B, isworking _
asagenerator and B,, as motor. Fig. 40.44
O currentof B, = 400-310=90A
currentof B, = 200-90=110A
Loading of B, = 250 x 90/1000 = 22.5 kW
Loadingof B, = 250 x 110/1000 = 27.5 kW

Example40.23. Ina500/250-V d.c. 3-wire system, thereisa current of 2000 A on the +ve side,
1600 A on the negative side and a load of 300 kW across the outers. The lossin each balancer setis

8 kW. Calculate the current in each armature of the 2432A 600 A
balancer set and total load on the main generator. L >
Solution. Connectionsare shownin Fig. 40.45. B, 68 A g
It should be noted that loading across ‘ outers + QOO A §l =
directly in no way determines the current in the - % =
neutral. J=— (‘ < &
+veloading = 2000 x 250/1000 - 500V~ B, 232 A Sl
= 500 kW l =
—-veloading = 1600 x 250/1000 < <
= 400 kW 2432 A 600 A
Total loading on main generator is Fig. 40.45
= 500 + 400 + 300 + (2 x 8) = 1216 kW
0 Current of main generator = 1216 x 1000/500 = 2,432 A
Out-of-balance current = 2000 — 1600 = 400 A
Current through B, = 2,600 — 2,432 = 168 A = 0=0 N L
Current through B, = 400 — 168 = 232 A 1000 A <
Example 40.24. Ona 3-wired.c. distribution system + B, g
with 500 V between outers, thereis aload of 1500 kW on _2000A|
the positive side and 2,000 kW on the negative side. - <
Calculate the current in the neutral and in each of the = B, TIOOO A l =
balancer armatures and the total current supplied by the &
7000 A
generator. Neglect |osses. , .
(Electrical Engineering ; Madras Univ.) _
Fig. 40.46

Solution. Since negative sideis more heavily loaded
than the positive side, machine B, runs as a generator and B, asamotor. The directions of current
through B, and B, are as shown in Fig. 40.46. Total loading on the main generator

= 2,000 + 1,500 = 3,500 kW
Current supplied by main generator = 3,500 x 1000/500 = 7,000 A
Current on +veside = 1500 x 1000/250 = 6,000 A
Currenton—veside = 2000 x 1000/250 = 8,000 A
Out-of-balancecurrent = 8,000 — 6000 = 2,000 A
Current through the armature of each machine = 1000 A
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Example 40.25. A 125/250 V, 3-wire distributor has an out-of-balance current of 50 A and
larger load of 500 A. The balancer set has a loss of 375 W in each machine. Calculate the current in
each of the balancer machines and output of main generator.

(Electrical Technology-II, Gwalior Univ.)

Solution. AsshowninFig. 40.47, letlarger load
current bel, =500 A. Since (I, - 1,) =50

478 A 1,=500 A
0 I, =450 A : :
Bl
+

Larger load = 500 x 125/1000 = 62.5 kW

Smaller load = 450 x 125/1000 = 56.25 kW oy 24 50A
Balancer loss = 2 x 375 =0.75 kW I (I 1)
Output of main generator o = (é A
= 62.5+56.25+ 0.75 = 119.5 kW ¢>
Current of main generator
= 119.5x 1000/250 = 478 A 478 A 450A
As seen from Fig. 40.47, current of Fig. 40.47

B, = (500-478)=22A
andcurrentof B, = (50-22) =28A
Example40.26. Theload onad.c. 3-wire systemwith 500 V between outer s consists of lighting
current of 1500 A on the positive side and 1300 A on the negative side while motor s connected across
the outers absorb 500 kW, Assuming that at this loading, the balancer machines have each a loss of
5 kW, calculate the load on the main generator and on each of the balancer machines.

(Electrical Engineering ; Madras Univ.)

Solution. Connections are shown in Fig. 40.48. 2420 A 2500 A 1000A
Positiveloading = 1500 x 250/1000 = 375 kW - -
Negativeloading = 1300 x 250/1000 = 325 kW
Total load on the main generator is + BlA %
= 375+ 325+ 500 + (2 x 5) = 1210 kW AT l%
Current supplied by the main generator is _l_ (‘0 A
- B, l

= 1210 x 1000/500 = 2,420 A

Out-of-balance current = 1500 — 1300 = 200 A 2420 A
2500 -2420=80 A P <
200-80=120A 1000A

Loading of B, = 80 x 250/1000 = 20 kW

Loading of B, = 120 x 250/1000= 30 kW

Example40.27. A d.c. 3-wire systemwith 480 V across outers supplies 1200 A on the positive
and 1000 A on the negative side. The balancer machines have each an armature resistance of 0.1W
and take 10 A on no-load. Find

(a) the voltage across each balancer and > >

(b) thetotal load on the main generator and the cur- 1H10A

rent loading of each balancer machine. B L
The balancer field windings are in series across the + ! @ 200A
outers. 480V
Solution. As shown in Fig. 40.49, B, is generating
and B, ismotoring. - Bz@ 110A
The out-of-balance current is (1200 — 1000) = 200 A.
Let current through the motoring machine be ., then that 11L0 A <

through the generating machineis (200-1.). LetV and
V,,, bep.ds. of the two machines.

Currentthrough B,
Currentthrough B,

Fig. 40.48

1200 A

1000 A

Fig. 40.49
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Since B, isdriving B, output of the motor supplies the losses in the set plus the output of the
generator. Total lossesin the set
no-load losses + Cu losses in two machines
480x10+0.11,%+(200-1,)°x 0.1

Vil = V4 (200 - 1) + total losses
V(200 - 1,) +4800+ 0.1 15+ (200~ 1,)?x 0.1
Now Vo = E+IR, and  V =E -1 R,
Now, back em.f. E, = (240-0.1x 10) =239V
0 V, = (239+0.11) and  V,=239-(200-1,)x0.1

0O (239+0.11,)1, = [239-(200—1,) x 0.1] (200 - Im)2 +4800 + 0.1 Im2
(200-1.)*x 0.1
O lm = 110A and 1,=200-110=90A
(@ O Vi = 239+0.1x110=250V and V =239-(0.1x90)=230V
(b) Load on main generator = 1200 - 90 = 1110 A
Example40.28. Ad.c. 3-wire systemwith 460 V between outers supplies 250 kW on the positive
and 400 kW on the negative side, the voltages being balanced. Cal cul ate the voltage on the positive
and negative sides respectively, if the neutral wire becomes disconnected from the balancer set.
(Electrical Power-111, Bangalore Univ.)
Solution. Before the disconnection of the mid-wire, voltages on both sides of the system are

equal i.e. 230 V. Theloadsare 250 kW on the +ve side and 400 kW onthe-veside. If R, and R, are
the resistances of the two loads, then

230°/R, = 250,000; R,=0.2116Q
Similarly, R, = 2302/400,000 =0.1322 Q

When the mid-wire is disconnected from the balancer set i.e. from the generator side, then the
two resistances R, and R, are put in series across 460 V as shown in Fig. 40.50 (b).

LI | 1 I O I 1 I VO | B |

+ +
| L I -
230V R, 1% \ R,
&
460 V l Neutral T Neutral l
il z | L !
=230V R, |13 = v, R,
} ) !
(@) (b)
Fig. 40.50
R _ 0.02116x460 _
H Vi = R¥R, 0% 02116 +01329) 2BV
R _0.1322x460 _ o
V. T RiR S 460 =—="7 o =177V (or V,=460- V)

Tutorial Problem No. 40.4

1. Inab00/250-V d.c. 3-wire system there is an out-of-balance load of 125 kW on the positive side. The
lossin each balancer machineis 7.5 kW and the current in the negative main is 1500 A. Calculate the
total load on the generator and the current in each armature of the balancer set.

[890 KW ; 220 A ; 280 A]
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2. A 460-V d.c. 2-wire supply is converted into 3-wire supply with the help of rotary balancer set, each
machine having a no-load loss of 2.3 kW. If the load on the positive side of 69 kW and on the
negative side 57.5 kW, cal culate the currents flowing in each of the balancer machines. [15A ; 35 A]

3. Inab500/250 volt 3-wire d.c. system there is an out-of-balance load of 200 kW on the positive side.
The loss in each balancer is 10 kW and the current in the negative main is 2800 A. Calculate the
current in each armature of the balancer set and the total load on the generators. (I.E.E. London)

[Motoring machine = 440 A; Generating machine = 360 A ; Total load = 1620 kW ]

40.15. Boosters l

A booster is a generator whose function isto
add to or inject into acircuit, a certain voltage that
is sufficient to compensate for the I drop in the
feeders etc.

Inad.c. system, it may sometimes happen that ®
acertain feeder ismuch longer ascompared to oth-
ers and the power supplied by it is also larger. In
that case, the voltage drop in this particul ar feeder
will exceed the allowable drop of 6% from the de-
clared voltage. This can be remedied in two ways b d
(i) by increasing the cross-section of the feeder, so
that its resistance and hence I drop is decreased
(i) or by increasing the voltage of the station bus-  + T_
bars.

The second method is not practicable because
itwill disturb thevoltage of other feeders, whereasthefirst method will involvealargeinitia investment
towards the cost of increased conductor material.

To avoid all these difficulties, the usual practiceisto install a booster in series with this longer
feeder asshownin Fig. 40.51. Sinceitisused for compensating drop in afeeder, itisknown asfeeder
booster. It isa(series) generator connected in serieswith the feeder and driven at a constant speed by
a shunt-motor working from the bus-bars. The drop in a feeder is proportional to the load current,
hencethe voltageinjected into the feeder by the booster must al so be proportional to theload current,
if exact compensation is required. In other words, the booster must work on the straight or linear
portion of its voltage characteristic.

Example40.29. A 2-wire system has the voltage at the supply end maintained at 500. The line
is3 kmlong. If the full-load current is 120 A, what must be the booster voltage and output in order
that the far end voltage may also be 500 V.

Take the resistance of the cable at the working temperature as 0.5 ohrmvkilometre.

(Elect. Machinery-I, Calcutta Univ.)

Solution. Total resistance of thelineis=0.5%x3=15Q

Full-load dropinthelineis=1.5x 120=180V

Hence, the termina potentia difference of the booster is 180 V (i.e. 180/120 = 1.5 volt per
ampere of line current).

Booster-output = 120 x 180/1000 = 21.6 kW

Shunt Motor

Feeder
Booster

Bus Bars

SE

Long Feeder

Fig. 40.51

40.16. Comparison of 2-wire and 3-wire Distribution Systems
We will now compare the 2-wire and 3-wire systems from the point of view of economy of
conductor material. For this comparison, it will be assumed that—

1. theamount of power transmitted is the samein both cases.
2. thedistance of transmission isthe same.
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3. theefficiency of transmission (and hence losses) is the same.

4. voltage at consumer’sterminalsisthe same.

5. the3-wire systemisbalanced and

6. inthe 3-wire system, the mid-wireisof half the cross-section of each outer.

Let W bethe transmitted power in wattsand V the voltage at the consumer'sterminals. Also, let

R, = resistancein ohms of each wire of 2-wire system.
R, = resistancein ohms of each outer in 3-wire system.

The current in 2-wire system is W/V and the losses are 2 (W/V)* R,

In the case of 3-wire system, voltage between outersis 2 V, so that current through outers is
(W/2V), becausethereisno current in the neutral according to our assumption (5) above. Total losses
inthe two outersare 2(W/2V)* R,

Since efficiencies are the same, it means the |osses are also the same.

0 2WNY’R, = 2W/2V)°xR, or % = ‘I‘
Since the cross-section and hence the volume of aconductor of given length, isinversely propor-
tional to itsresistance,

volume of each 3-wire conductor _ 1

volume of each 2-wire conductor 4
Let us represent the volume of copper in the 2-wire system by 100 so that volume of each
conductor is 50.
Then, volume of each outer in 3-wiresystem = 50/4 =125
volume of neutral wire ,, ,, 12.5/2 =6.25
O total volume of copper in 3-wire system 125+6.25+125=31.25

total coper vol. in 3-wirefeeder _ 31.25_5

total copper vol. in 2-wirefeeder =~ 100 6
Hence, a 3-wire system requires only 5/16th (or 31.25%) as much copper as a 2-wire system.

OBJECTIVE TESTS — 40

1. If in ad.c. 2-wire feeder, drop per feeder (b) both balancers run as generators
conductor is 2%, transmission efficiency of (c) balancer connected to heavily-loaded
the feeder is ... percent. side runs as a motor
(a) 98 (b) 94 (d) balancer connected to lightly-loaded
(© 9% (d) 99 _ side runs as a motor.

2. Transmitted power remaining the same, if 5. As compared to a dc 2-wire distributor, a
supply voltage of a dc 2-wire feeder is 3-wiredistributor with same maximum volt-
increased by 100 percent, saving in copper ageto earth uses only..........oueee.e. percent
[ percent. of copper.

(a) 50 (b) 25 (a) 66.7 (b) 333
(c) 100 @ 75 (c) 31.25 (d) 150

3. A uniformly-loaded d.c. distributor isfed at 6. Inad.c. 3-wiredistribution system, balancer
both endswith equal voltages. Ascompared fields are cross-connected in order to
to asimilar distributor fed at one end only, (@) make both machines run as unloaded
the drop at middle point is motors.

(a) one-half (b) one-fourth (b) equalize voltages on the positive and
(c) one-third (d) twice. negative outers

4. Inad.c. 3-wire distributor using balancers (¢) boost the generated voltage
and having unequal loads on the two sides (d) balance loads on both sides of the
(a) both balancers run as motors neutral

ANSWERS
1.(9 2. (3 3.() 4. (d) 5.(9) 6. (a)
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41.1. General Layout of the System

The conductor system by means of which electric power is conveyed from agenerating station to
the consumer’s premises may, in general, be divided into two distinct partsi.e. transmission system
and distribution system. Each part can again be sub-divided into two—primary transmission and
secondary transmission and similarly, primary distribution and secondary distribution and then
finally the system of supply to individual consumers. A typical layout of a generating, transmission
and distribution network of alarge system would be made up of elements as shown by asingle-line
diagram of Fig. 41.1 although it hasto be realized that one or more of these elements may be missing
in any particular system. For example, in a certain system, there may be no secondary transmission
and in another case, when the generating station is nearby, there may be no transmission and the
distribution system proper may begin at the generator bus-bars.

Now-a-days, generation and transmission isalmost exclusively three-phase. The secondary trans-
mission is aso 3-phase whereas the distribution to the ultimate customer may be 3-phase or single-
phase depending upon the requirements of the customers.

InFig. 41.1, C.S. representsthe central station where power is generated by 3-phase alternators
at 6.6 or 11 or 13.2 or even 32 kV. Thevoltageisthen stepped up by suitable 3-phase transformersfor
transmission purposes. Taking the generated voltage as 11 kV, the 3-phase transformers step it up to
132 kV asshown. Primary or high-voltage transmissioniscarried out at 132 kV*. Thetransmission
voltageis, to avery large extent, determined by economic considerations. High voltage transmission
requires conductors of smaller cross-section which resultsin economy of copper or aluminium. But
at the same time cost of insulating the line and other expenses areincreased. Hence, the economical
voltage of transmission is that for which the saving in copper or aluminium is not offset (i) by the
increased cost of insulating the line (ii) by the increased size of transmission-line structures and
(i) by theincreased size of generating stations and sub-stations. A rough basis of determining the
most economical transmission voltageisto use 650 volt per km of transmission line. For example, if
transmission line is 200 km, then the most economical transmission voltage will be 200 x 650
[0132,000 V or 132 kV.

The 3-phase, 3-wire overhead high-voltage transmission line next terminatesin step-down trans-
formersin asub-station known as Receiving Station (R.S.) which usually liesat the outskirts of acity
becauseit isnot safe to bring high-voltage overhead transmission linesinto thickly-popul ated areas.
Here, the voltage is stepped down to 33 kV. It may be noted here that for ensuring continuity of
service transmission is always by duplicate lines.

From the Receiving Station, power is next transmitted at 33 kV by underground cables (and
occasionally by overhead lines) to various sub-stations (SS) located at various strategic pointsin the
city. Thisisknown as secondary or low-voltage transmission. From now onwards startsthe primary
and secondary distribution.

At the sub-station (SS) voltage is reduced from 33kV to 3.3kV 3-wire for primary distribution.
Consumers whose demands exceeds 50 kVA are usually supplied from SS by special 3.3kV feeders.

The secondary distribution is done at 400/230 V for which purpose voltage is reduced from
3.3 kV to 400 V at the distribution sub-stations. Feeders radiating from distribution sub-station
supply power to distribution networksin their respective areas. |f the distribution network happensto
be at a great distance from sub-station, then they are supplied from the secondaries of distribution
transformerswhich are either pole-mounted or el se housed in kiosks at suitable points of the distribu-
tion networks. The most common system for secondary distribution is 400/230-V, 3-phase 4-wire
system. Thesingle-phaseresidential lighting load is connected between any one line and the neutral

*  Highvoltageslike 750 kV arein usein USSR (Konakovo-Moscow line) and 735 kV in Canada (Montreal -
Manicoagan Scheme).
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whereas 3-phase, 400-V motor load
is connected across 3-phase lines
directly.

It should be noted that low-voltage
distribution system is sub-divided
into feeders, distributors and service
A AAESISTep-TT mains. No consumer is given direct

/\
WAMT/WWM st connection from the feeders, instead

Central
Station

Generator

11/132kV

consumers are connected to
distribution network through their
MMM §ten-Down service mains. The a.c. distributors
132/1 lkV Transformer are, in many ways, similar to thed.c.
distributors as regards their
| | Receiving constructional detailsand restrictions
Striem (8 on drops in voltage.
Secondary Summarizing the above, we have
Transmission .
1. Generating voltage:

6.6, 11, 13.2 or 33 kV.
NN 2. Highvoltagetransmission:
33/3.3kV A Step-Down 220 kV, 132 kV, 66KV.

3. High voltage or primary
Sub Station (SS)] | distribution : 3.3, 6.6 kV.
4. Low-voltagedistribution:

A.C. 400/230, 3-phase, 4-wire

D.C. 400/230 ; 3-wire system
The standard frequency for a.c. work-
ingis50Hz or 60 Hz (asin U.S.A.).
Primary 3.3kVv For single-phase traction work,

Distributi frequenciesaslow as 25 or 16 2/3Hz
istribution AMMAVAAMAMA - Distribution &
are al'so used.

Primary
Transmission

MMM - Transformer

41.2. Power Systems and

Secondar
Distributi}(])n 440/230V System Networks

It is a common practice now-a-days

to interconnect many types of gener-
l l i l l ating stations (thermal and hydroelec-
Consrmars Conmasien tric etc.) by meansof acommon elec-
trical network and operate them all
inparallel.

This combination of generating stations forms what is known as power system. The various
elements of such a system like generating stations, transmission lines, the substations, feeders and
distributors etc. become tied into a whole by the integrated process of continuous generation and
consumption of electric energy.

A system network (or grid) isthe name given to that part of power system which consists of the
sub-stations and transmission lines of various voltage rating.

Fig. 41.2 shows single-line diagram representing the main connections of a power system con-
sisting of aheating and power central station (HCS), alarge-capacity hydro-electric station (HS) and

Fig. 41.1
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CS/_\

Central Generator
Station

AAAAAAAAAAAAAAAA _
11/132KV Step=1m

Transformer
Primary
Transmission

NN Step-Down

132711 kV M/\/\/\MQ//\/\/\M/\/\/\ Transformer

[ | Receiving
Station (RS)

Secondary
Transmission

ANNAANANANANNANAANANANANANNNNNANNANANANN
Step-Down

/\/\/\/\/\/\/\3//\/\/\/\/\/\/\/\ I'ransformer

Sub Station (SS) | ]

33/3.3 kV

Primary 3.3 kV

IDistribution - - -
ANAANANANAANANANAAANAANAANNAANAN Distribution
ANAANANANANANANAANA NAAANAAANANANAN T'ransformer

Secondary
Distribution 440/230V

LT

Consumer's Connection

Fig. 41.2

two regional thermal power stations (RTS1 and RTS-2). The stationsHS, RTS1 and RTS2 are
situated at large distances from the consumers, hence voltage of the electric power generated by them
has to be stepped up by suitable transformers before it is fed into the system transmission network.

Asshown in Fig. 41.2, HSis connected with the main 110-kV network of the system with the
help of (i) two-220kV transmissionlinesL-1 and (ii) main (regional) sub-station A which housestwo
220/110 kV, 2-winding transformersfor interconnecting the two transmission lines.

Transmission lines L-2, L-3 and L-4 constitute a high-voltage loop or ring mains. As seen,
disconnnection of any one of the lineswill not interrupt the connections between the elements of the
system. Station RT S-1 feeds directly into the 110-kV line loop whereas RT S-2 is connected to the
main network of the system by lines L-5 and L -6 through the buses of substations B and C. HCSis
interconnected with 110-kV system through the buses of substation A by means of 10/110-kV trans-
formersand lineL-7.

It may be pointed out here that the main substations of the system are A and B. Substation B
houses 3-winding transformers. The 35-kV supply is provided over quite large areas whereas
6-10 kV supply issupplied to consumerssituated with alimited radiusfrom the substations. Substations
C and D are equipped with 2-winding transformers which operate at voltages indicated in the diagram.
Substation C is known as a through substation whereas D is known as a spur or terminal substation.

Obviously, Fig. 41.2 shows only part of 220-kV and 110-kV lines and leaves out the 35, 10 and
6-kV circuits originating from the buses of the substations. Also, |eft out arelow-voltage circuitsfor
transmission and distribution (see Fig. 41.9).
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41.3. Systems of A.C. Distribution

As mentioned earlier, a.c. power
transmissionisawaysat high voltage and mostly
by 3-phase system. The use of single-phase
system is limited to single-phase electric
railways. Single-phase power transmission is
used only for short distances and for relatively
low voltages. Aswill be shown later, 3-phase
power transmission requires less copper
than either single-phase or 2-phase power
transmission.

Thedistribution system begins either at the
sub-station where power is delivered by over-
head transmission lines and stepped down by
transformers or in some cases at the generating
station itself. Where a large area is involved,
primary and secondary distributions may be used.

With respect to phases, the following
systems are available for the distribution of
a.c. power.

1. Single-phase, 2-wire system.
Single-phase, 3-wire system.
Two-phase, 3-wire system.
Two-phase, 4-wire system.
Three-phase, 3-wire system.
Three-phase, 4-wire system.

o 0k wN

41.4. Single-phase, 2-wire System

L e
The above figure shows an electrical substation.
A substation is a high-voltage electric system facility.
It is used to switch generators, equipment, and circuits
or lines in and out of a system. It is also used to
change AC voltages from one level to another, and/or
change alternating current to direct current or direct
current to alternating current. Some substations are
small with little more than a transformer and associated
switches.

Itisshownin Fig. 41.3 (a) and (b). InFig. 41.3 (a), one of the two wiresis earthed whereas in
Fig. 41.3 (b) mid-point of the phase winding is earthed.

41.5. Single-phase, 3-wire System

The 1-phase, 3-wire system isidentical in principle with the 3-wire d.c. system. As shown in
Fig. 41.4, thethird wire or neutral isconnected to the centre of thetransformer secondary and earthed
for protecting personnel from electric shock should the transformer insulation break down or the

secondary main contact high voltage wire.

T O
5

|||||—

(@) (b)

Fig. 41.3

Fig. 41.4
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41.6. Two-phase, 3-wire System

This system is still used at some places. The third wire is taken from the junction of the
two-phasewindings| and |1, whose voltages are in quadrature with each other asshownin Fig. 41.5.
If the voltage between the third or neutral wire and either of the two wiresis V, then the voltage
between the outer wiresis V asshown. Ascompared to 2-phase, 4-wire system, the 3-wire system
suffers from the defect that it produces voltage unbalance because of the unsymmetrical voltage
drop in the neutral.

T —0

e
D000

h—\
=

< —bt— < —>
— < —>

gk L

II
Fig. 41.5 Fig. 41.6

41.7. Two-phase, 4-wire System

As shown in Fig. 41.6, the four wires are taken from the ends of the two-phase windings and
the mid-points of the windings are connected together. Asbefore, the voltage of thetwowindingsare
in quadrature with each other and the junction point may or may not be earthed. If voltage between
the two wires of a phase winding be V, then the voltage between one wire of phase | and one wire of
phasell is0.707 V.

41.8. Three-phase, 3-wire System

Three-phase systems are used extensively. The 3-wire system may be delta-connected or star-
connected whose star point isusually earthed. Thevoltage between linesisV in delta-connection and

V3V in caseof star connection whereV isthevoltage of each phaseasshowninFig. 41.7 (a) and (b)
respectively.

ﬁ@@% )
I ) ( v A
o v o

(a) ()
Fig. 41.7 Fig. 41.8
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41.9. Three-phase, 4-wire System

The 4th or neutral wireistaken from the star point of the star-connection as shown in Fig. 41.8
and is of half the cross-section of the outers or line conductors. If V isthe voltage of each winding,
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then linevoltageis v/3 V. Usually, phasevoltagei.e. voltage between any outer and the neutral for a
symmetrical systemis 230V so that the voltage between any two lines or outersis /3 x 230 =400 V.

Single-phaseresidential lighting loads or single-phase motorswhich run on 230V are connected
between the neutral and any one of the line wires. Theseloads are connected symmetrically so that
line wires are loaded equally. Hence, the resultant current in the neutral wire is zero or at least
minimum. The three phase induction motors requiring higher voltages of 400 V or so are put across
thelinesdirectly.

41.10. Distribution

The distribution system may be divided into feeders, distributors, sub-distributors and service
mains. Asaready explained in Art. 41.1, feeders are the conductors which connect the sub-station (in
some cases the generating station) to the distributors serving acertain allotted area. From distributors
various tappings are taken. The connecting link between the distributors and the consumers' termi-
nalsaretheservicemains. Theessential difference between afeeder and adistributor isthat whereas
the current loading of a feeder is the same throughout its length, the distributor has a distributed
loading which resultsin variations of current along itsentirelength. In other words, no direct tappings
are taken from afeeder to a consumer’s premises.

Sub Station

Service Mains
Transformers

53 f ||

% Ring Main Distribution
&

S

§ S Sub L
—RMD Station E

R 2

é%/—éé
— s

Fig. 41.9 Fig. 41.10

In early days, radial distribution of tree-system type, as shown in Fig. 41.9, was used. In this
system, anumber of independent feeders branch out radially from acommon source of supply i.e. a
sub-station or generating station. The distribution transformers were connected to the taps along the
length of the feeders. One of the main disadvantages of this system was that the consumer had to
depend on one feeder only so that if afault or breakdown occurred in hisfeeder, his supply of power
was completely cut off till thefault wasrepaired. Hence, there was no absol ute guarantee of continu-
ous power supply.

For maintaining continuity of service, ring-main distributor (R.M.D.) system as shown in
Fig. 41.10, is employed almost universally. SS represents the sub-station from which two feeders
supply power to the ring-main distributor at feeding points F, and F,. The ring-main forms a com-
pleteloop and hasisolating switches provided at the poles at strategic pointsfor isolating aparticul ar
section in case of fault. In thisway, continuity of service can be maintained to other consumers on

Feeder

D'\sw'\\ﬁ“‘o(
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healthy sections of the ring-main. The number of feeders of the ring-main depends on (i) the nature
of loading—heavy or light (ii) the total length of the R.M.D. and (iii) on the permissible/allowable
drop of voltage. Service mains (S) are taken off at various points of the R.M.D. Sometimes sub-
distributors are also used. Since aloop or closed ring-main can be assumed to be equivalent to a
number of straight distributorsfed at both ends, the voltage drop is small which resultsin economy of
conductor material. The service mainsarethe connecting link between the consumer’sterminalsand
the R.M.D. or sub-distributor.

41.11. Effect of Voltage on Transmission Efficiency

L et us suppose that a power of W watt isto be delivered by a 3-phase transmissionline at aline
voltage of E and power factor cos .

. W
Theline current | = =———
V3 Ecosg
Let | = length of theline conductor ; ¢ = current density
p = specific resistance of conductor material, A = cross-section of conductor
| W
then A= —=——7F——
o J3Eo.cos@
~ p_I:«f3opI Ecosg
Now R = AT W
Lineloss = 3 xlossper conductor = 3 I°R
: w?  ~3opl cose_ V3oplw )
3E? cos’ @ w E cos¢
Lineintakeor input = output + losses= W + M =W % +@D
E cos @ 0 Ecos
O efficiency of transmission
output W 0  3opl O
= = = =- rox
input W E“ J3opl O El E cos (pgapp @
g Ecos @E
J3opl Ecos o W
i o [RE x =0
Voltage drop per line W JAEcoso dl (3)
Volume of copper = 3IA= it V3w ..(4)

J30E cosg OE cosg

For agiven value of transmitted power W, linelength |, current density o and specific resistance
p of the given conductor material, the effect of supply voltage on transmission can be seen as
follows:

1. From equation (1), linelossisinversely proportional to E. Itisalsoinversely proportional
to power factor, cos @.

2. Transmission efficiency increases with voltage of transmission and power factor as seen
from equation (2).

3. Asseenfrom equation (3) for agiven current density, the resistance drop per lineis constant
(since p and | have been assumed fixed in the present case). Hence, percentage drop is
decreased as E isincreased.

4. Thevolume of copper required for atransmission lineisinversely proportional to the volt-
age and the power factor as seen from equation (4).
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Itisclear from the above that for long distance transmission of a.c. power, high voltage and high
power factors are essential. But as pointed out earlier in Art. 41.1, economical upper limit of voltage
isreached when the savingin cost of copper or aluminium isoffset by theincreased cost of insulation
and increased cost of transformers and high-voltage switches etc. Usually, 650 volt per route kmis
taken asarough guide.

41.12. Comparison of Conductor Materials Required for Various Overhead
Systems
We will now calculate the amounts of conductor material required for various systems of
a.c. power transmission. To do it without prejudice to any system, we will make the following
assumptions :
Amount of power transmitted by each system isthe same.
Distance of transmission isthe samein each case.
Transmission efficiency isthe samei.e. the losses are the same in each case.
Loads are balanced in the case of 3-wire systems.
Cross-section of the neutral wireis half that of any outer.
Maximum voltage to earth isthe samein all cases.
By way of illustration afew cases will be compared, athough the reader is advised to attempt
othersaswell.
(i) Two-wire d.c. System and Three-phase, 3-wire System
Let in both cases, E be the maximum voltage between conductors and W the power transmitted.
Ind.c. system, let R, betheres stance of each conductor and |, thecurrent, then |, = (W/E), hence

lossesin thetwo conductorsare 2] R 2 (W/E)? R, ()
For a.c. system, let resistance per conductor be R and power factor cos @, then since E is the

maximum voltage, theR.M.S voltageis E/V2.
Currentin eachline, l, = W

o s wdhE

V3 (E/2) cos
Total losses in three conductors are,
312 . d R, = v, 1 R, (ii)
= BB /5 oo = X —=—.
2Ry D/é(E/\/_Pcosq% E oo

Since transmission efficiency and hence
and (ii), we get

osses are the same, therefore equating (i)

2WR _ 2w? 1 R_ 1
2 - 2 2 o ==—>%—
E E° cos” @ R, cos” @
Since area of cross-section isinversely proportional to the resistance.
0 area of onea.c. conductor _ 1
area of oned.c. conductor cos’ @
Now, for agiven length, volumes are directly proportional to the areas of cross-section.
0 volume of one a.c. conductor _ 1
volume of oned.c. conductor cos? ®

Keeping in mind the fact, that there are two conductors in d.c. system and three in a.c. system
under consideration, we have
total volumein 3-wirea.c.system _ 1
total volumein 2-wired.c.system ~ cos’ @
(if) Three-phase, 4-wire and 3-wire d.c. Systems
The neutral conductor of each systemisearthed. Let E be the maximum voltage to earth and W
the power to be transmitted in both cases.

_ 15
- 2
cos” @

3
2



1612 Electrical Technology

For d.c. 3-wire system, voltage between outersis 2E. If |, and R, arethe current in and resistance
of each conductor, then I, = W/2E. Assuming a balanced load (in which case there would be no
current flowing in the neutral conductor), the value of lossin two conductorsis

2ZR, = 2(WI2E)’R=W’R,/2E>

In the case of a.c. system, if E is the maximum voltage between any wire and neutral, then its

R.M.S. valueis E/+/2. Hence, thelinevoltage= /3. E/+/2. Thelinecurrentis

W
2 = J3x(3E/2) cos @

where cos @isthe power factor. If R, isthe resistance of each line, then total lossin 3 linesis
0 W f 2W2R

= 312, = 3x 0 xR, =——F——
2Ry %ﬁ (J3E/N2)cosqgq  ° 3E%cos @
For equal transmission efficiencies, the two losses should be the same.

WPR  2WR o Ro_ 4
2E2  3E’coff @ R, 3cos’ o
Sincevolumeisdirectly proportional to the areaof cross-section whichisitself inversely propor-
tional to the resistance, hence
volume of onea.c. conductor _ 4
volume of one d.c. conductor 3c0s” @
Assuming the neutral wires of each system to have half the cross-section of the outers, thereis
3.5 times the quantity of one conductor in a.c. and 2.5 timesin the d.c. system. Hence
total volumein theac.system _ 35 4 _ 1.867
total volumein thed.c. system 25 30032 (0} C032 (0}
In Table 41.1 are given the ratios of copper in any system as compared with that in the
corresponding d.c. 2-wire system which has been alloted a basic number of 100.

O

Table No. 41.1

System With same maximum With same maximum voltage

voltage to earth between conductors
D.C. 2-wire 100 100
D.C. 2-wire
Mid-point earthed 25 100
D.C. 3-wire
Neutral = %2 outer 31.25 125
D.C. 3-wire
Neutral =¥ outer 375 150
Single-phase, 2-wire 200/cos? @ 200/cos’ @
Single-phase, 2-wire
Mid-point earthed 50/cos? (0] 200/cos? ®
Single-phase, 3-wire
Neutral =¥ outer 62.5/cos” (0] 250/cos? (0]

Two-phase, 4-wire 50/cos” @ 200/cos” @
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Two-phase, 3-wire 146/cos’ ® 291/cos? (0]
Three-phase, 3-wire 50/cos? (0] 150/cos? (0]

Three-phase, 4-wire
Neutral = outer 67/cos’ (0] 200/cos? (0]

A comparison of costsfor underground systems employing multicore cables can a so be worked
out onsimilar lines. Inthese case, however, maximum voltage between the conductorsistaken asthe
criterion.

It would be clear from the above discussion, that for a.c. systems, the expression for volume
contains cos” @ in denominator. Obviously, reasonable economy in copper can be achieved only
when cos @ approaches unity as closely as possible. For equal line loss, the volume of copper
required for cos @ = 0.8 will be 1/0.8” = 1.6 times that required for cos @ = 1.

Sincethe cost of distribution system represents alarge percentage of thetotal capital investment
of power supply companies, it is quite reasonable that a consumer should be penalized for low power
factor of hisload. Thispointisfully dealt with in Chapt. 47.

Example41.1. A 3-phase, 4-wire systemis used for lighting. Compare the amount of copper
required with that needed for a 2-wire D.C. systemwith same line voltage. Assume the same losses
and balanced load. The neutral is one half the cross-section of one of the respective outers.

Solution. (a) Two-wire DC Let V= voltage between conductors

P = power delivered, R,= resistance/conductor
Current I, =PV
power loss = 2R, =2 PPR,/V?

(b) Three-phase, 4-wire

Let V bethe line-to-neutral voltage and R, resistance of each phase wire.

P =3VI,cosp=3VI, —ifcosp=1
Power loss = 3I7R,=3(P/3V)°R,=P’R,/3V°

Since power losses in both systems are equal

0 2PR/V? = PPRJ3V? or R/R,=1/6

If A; and A, arethe cross-sectional areas of conductorsin the two systems, then A,/A,=6. Be-
causeROI/A

O Cureqd. for 2-wiresystem = 2A||

Cureqd. for 3-, 4-wiresystem = (3A,l+A,l/2)

Cufor3-@systen _ 35Al 35 1 _
. Cufordc.system ~ 2Al 2 6 =0.292

Cufor 3-psystem = 0.292 x Cu for d.c. system.

Example41.2. Estimate the weight of copper required to supply a load of 100 MW at upf by a
3-phase, 380-kV system over a distance of 100 km. The neutral point is earthed. The resistance of
the conductor is 0.045 ohm/c?/km. The wei ght of copper is0.01 kg/cmg. The efficiency of trans-
mission can be assumed to be 90 percent. (Power Systems, AMIE, Sec. B, 1994)

Solution. Power lossin theline= (1 - 0.9) x 100 = 10 MW
Linecurrent = 100 x 10°//3 x 380 x 10° x 1 = 152 A
Since I°R lossin 3-conductorsis 10 x 106 W, loss per conductor is= 10 x 10%3=3.333x 10° W



1614  Electrical Technology

Resistance per conductor = 10 x 10%3 x 152% = 144.3 Q
Resistance per conductor per km = 144.3/100 = 1.443 Q
0 Conductor cross-section = 0.045/1.443 = 0.03 m°
VVolume of copper per meter run =0.03 x 100 = 3 cm®

Weight of copper for 3-conductor for 100 km length = 3 x (3 x 0.01) x 100 x 1000 = 9000 kg

Example41.3. Ad.c. 2-wiredistribution systemis converted
into a.c. 3-phase, 3-wire system by adding a third conductor of
the same size asthe two existing conductors. If voltage between
conductors and percentage power loss remain the same, calcu-
late the percentage additional balanced load which can now be
carried by the conductors at 0.95 p.f.

Solution. () DC 2-wire system [Fig. 40.11 (a)]
If R isthe resistance per conductor, then power transmitted (@) (b)
isP=VI, and power loss = 2I,2R. Percentage power loss

2

v :
R

e

2 Fig. 41.11

= 212Rx 100VI,

= 21,R x 100V
(b) as 3-phase, 3-wire syssem [Fig. 40.11 (b)]

P, = V3VI,cosq, power loss= 3I,°R
% power loss = 3I2RIP,=V3I,Rx 100V cos®
Since losses in the two cases are the same
O 21,Rx100/V = V3I,Rx100/V cosqor |,=2cosq@ x|,/V3
0 P, = V3V.2cos’px1,/V3=2VI, cos=2VI, (0.95°=1.8 VI,
Percentage additional power transmitted in a 3-phase, 3-wire system
%R 100 _18Vi, -V, x100 = 80%
1 1

Example 41.4. A 2-phase, 3-wire a.c. system has a middle conductor of same cross-sectional
area astheouter and suppliesaload of 20 MW. The systemis converted into 3-phase, 4-wire system
by running a neutral wire. Calculate the new power which can be supplied if voltage across con-
sumer terminal and percentage line losses remain the same. Assume balanced load.

Solution. Thetwo systemsare shown
inFig. 41.12. Let R bethe resistance per
conductor.

P, = 2VI, cos ¢; Cu loss,

w, =21,°R %

Percentage Cu loss

\ /o

= (W,/P,) x 100 I
= (21°R/2V1, cos @) x 100 00—
= 1,Rx100/V cos@ (@) )
P, = 3Vl,cos@ Fig. 41.12
W, = 3,°R
%lineloss = (W,/P,) x 100

(31,°R/3V1, cos ¢) x 100
I,Rx100/V cos@
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Since percentage line losses are the same in both cases

O I,Rx100/V cos@ = I,Rx100/V cos@ O L=
Now, P, = 2Vl cos=20MW; 0O VI;cos@=10MW
P, = 3VI,cosp=3VI,cosp=3x10=30MW

41.13. Constants of a Transmission Line

A transmission line not only has an ohmic resistance but also inductance and capacitance
between its conductors. These are known as the constants of atransmission line. While calculating
thedrop in a.c. transmission and distribution circuits, we will have to consider (i) resistive or ohmic
drop—in phase with the current (ii) inductive drop—Ieading the current by 90° and (iii) the capaci-
tive drop and charging current taken by the capacitance of the line. The capacitance and hence the
charging current isusually negligible for short transmission lines.

41.14. Reactance of an Isolated Single-Phase Transmission Line

InFig. 41.13 (&) are shown the cross-sections of two conductors of a single-phase line spaced D
from centre to centre.

Since currentsthrough the two conductorswill, at any time, alwaysbe flowing in oppositedirec-
tions, the fields surrounding them alwaysreinforce each other in the space between them as shownin
Fig. 41.13.

@))€

—> 1e——D———»| —>1e—— D ———
(@) (b)
Fig. 41.13

Thetwo parallel conductorsform arectangular loop of one turn through which flux is produced
by currents in the two conductors. Since this flux links the loop, the loop possesses inductance. It
might be thought that this inductance is negligible because the loop has only one turn and the entire
flux-path liesthrough air of high reluctance. But asthe cross-sectional areaof theloopislarge, from
1to 10 metrewide and several kmlong, even for asmall flux density, thetotal flux linking theloopis
large and so inductance is appreciable.

It can be proved that inductance per loop metre (when r < D) is (i)
_H Hi
L = - log, DIr + an henry/metre
where M = absolute permeability of the surrounding medium

W, = absolute permesbility of the conductor material
Now, W = g M, and W, = i, 1, where l, and |, are the relative permeabilities of the surrounding
medium and the conductor material. If surrounding mediumisair, then . = 1. Also, if conductor is
made of copper, then " = 1. Hence, the above expression becomes.

[y Ky Ho O
- logh DIr +7510

L =
T 41t

H/m
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= 5—1‘3[ (loghD/r + 1) H/m = 10”7 (2 +logh Dr) H/m

L oop reactance X = 2rfL ohm/metre
Obviougly, the inductance of each single conductor is half the above value*.
inductance/conductor = % (1+loghD/r) x 107 H/m (i)
reactance/conductor = 2 f x % (1+loghD/r) x 107 Q/m

41.15. Reactance of 3-phase Transmission Line

In 3-phase transmission, it is more convenient to consider the reactance of each conductor
instead of the looped line or of the entire circuit. Two cases will be considered for 3-phase lines.

(i) Symmetrical Spacing

In Fig. 41.14 (&) are shown the three conductors spaced symmetrically i.e. each conductor is at
the apex of the same

equilateral triangle A
ABC of side D. The
inductance per

conductor per metreis
found by using
equation (ii) in Art D D A

41.14 becauseit can be /v@y&
shown that inductance D
per km of one b, :
conductor of 3-phase D, 4%
circuit is the same as B D c B c
the inductance per (@) (b)
conductor per km of
single-phase circuit
with equivalent spacing.
(if) Unsymmetrical Spacing
InFig. 41.14 (b) isshown a 3-phase circuit with conductors placed unsymmetricaly. Inthiscase
aso, the inductance is given by equation (ii) of Art. 41.14 with the only modification that D is put

equal to J/(D, D, Ds) .

41.16. Capacitance of a Single-phase Transmission Line

Fig. 41.14

We know that any two conductors which are separated by an insulating medium constitute a
capacitor. When apotential differenceisestablished acrosstwo such conductors, the current flowsin
at one conductor and out at the other so long as that p.d. ismaintained. The conductors of an over-
head transmission line fulfil these conditions, hence when an aternating potential difference is
applied across atransmission line, it draws aleading current even when it isunloaded. Thisleading
current is in quadrature with the applied voltage and is known as the charging current. Its value
depends upon voltage, the capacitance of the line and the frequency of alternating current.

As shown in Art 5.10, the capacitance between conductors of a single-phase line is approxi-
mately given by

* |t may be noted that standard conductors have a slightly higher inductance.
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__no___mgp, 001210,
€ = oghDir ~ 23l0g,, Dir Fim =1og,, pir HE/KM

Here, D is the distance between conductor centres and r the radius of each conductor, both
expressed in the same units (Fig. 41.15).

A 0 B A Cn=2C
I I |

@ 1] Q @ 1] i
Fig. 41.15 Fig. 41.16

As shown in Fig. 41.16, the capacitance to neutral C,, = 2C where point O is the neutral of the
system. Obviously, thetotal capacitance between conductors A and B isgiven by finding the resultant
of two capacitances each of value C, joined in series, the resultant, obviously, being equal to C.

It isimportant to remember that if capacitance to neutral is used for calculating the charging
current, then voltage to neutral must al so be used.

_ _ 2nQ .
O C, = 2C_IogeD/r F/m (i)
. . _ VvV _ VvV _
O line charging current = _Xc —1/(2T[fC) =2nfCV A/m

where V isthe voltage to neutral.

However, it may be noted that ground effect has been neglected while deriving the above expres-
sion. Thisamountsto the tacit assumption that height h of the conductorsisvery large as compared
totheir spacing ‘d’. In case ground effect isto be taken into account, the expression for capacitance

becomes.

C = e F/m (Ex. 41.7)

Iogh*
ry1+d%/4n

Example 41.5. What is the inductance per loop metre of two parallel conductors of a single
phase system if each has a diameter of 1 cm and their axes are 5 cm apart when conductors have a
relative permeability of (a) unity and (b) 100. The relative permeability of the surrounding medium
is unity in both cases. End effects may be neglected and the current may be assumed uniformly
distributed over cross-section of the wires.

Solution. (a) Here, M = Hp=4m x107 H/m; M=1

-7
O L = w (Iog h°/0.5+ %) =1.02 pH/m
(b) Here, M = Hp=4m x107 K = 100 py

L = @(l gh5/05+100) 10.9 pH/m

Example41.6. A 20-km single-phase transmission line having 0.823 cm diameter has two line
conductors separated by 1.5 metre. The conductor has a resistance of 0.311 ohm per kilometre.
Find the loop impedance of thisline at 50 Hz. (Gen. Trans. & Dist. Bombay Univ. 1992)

Solution. Looplength = 20 km=2 x 10* m

Tota loopinductanceis L = 2x10° % log, D/r + Z—'TE henry

Here, D = 15m;r=0.8232=0412cm=412x10"m
Assuming . = 1 for copper conductors since they are non-magnetic and also taking 1, = 1 for air,
we have
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_ 4 WO 2x 10* x 41t x10”~’ 15/412x10° 1
L=2x10 %IogeDlr+4—;_H_ log, *3 H
= 8x107°(5.89+0.25)=49.12x 10° H
Reactance X = 21 x50x 49.12 x 10°=1544Q ; Loop resistance =2 x 20 x 0.311 = 12.44 Q

Loop impedance = /12.44° +15.44% = 19.86 Q

Example41.7. The conductorsin a single-phasetransmission lineare 6 mabove ground. Each
conductor has a diameter of 1.5 cm and the two conductors are spaced 3 m apart. Calculate the
capacitance per km of theline (i) excluding ground effect and (ii) including the ground effect.

Solution. The line conductors are shown in Fig. 41.17.

-12
0 c = 2mh _ 211 x8.854 x10 _ Em @ d=3m @
" loghdr |ogh3/0.75x10 STl
= 9.27 x 102 F/m = 9.27 x 10°° pF/km ' —{ |+
(i) Inthiscase, .9 e 1.5 cm
Cn = ZT[Q():I F/m
logh

rL+ d%/an? h=6m
21 x8.854 x10
3
0.75x10™2 |1+ 3%/4 x6?
= 033x 10 FmM=933x10°mFkm  VV VLV LUV VUV T TT Y

It is seen that line capacitance when considering ground Fig. 41.17
effect ismore (by about 0.64% in the present case).

logh

41.17. Capacitance of a Three-phase Transmission Line

In Fig. 41.18 (a) are shown three conductors spaced symmetrically and having a capacitance of
C between each pair. The value of C i.e. line-to-line capacitance is the same as given by equation
(i) in Art. 41.16.

Considering the two conductors A and B, their line capacitance C can be regarded as consisting
of two line-to-neutral capacitances connected in series, so that for theline-to-neutral capacitance of A
with respect to neutral plane 1, asin Art. 41.16, we have

20
Cm = log, D/r

Neutral
Plane-1

(a) (b)
Fig. 41.18
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Similarly, line-to-neutral capacitance of conductor A with respect to neutral plane 3is
2
log, DIr
The vector sum of these capacitancesis equal to either because their phase angleis 120°i.e. the
phase angle of the voltages which cut across them.
Hence, the capacitance to neutral per metre of one conductor of a 3-phase transmission lineis
2
n = log, D/r F/m
In case the conductors are placed
asymmetrically, the distance used isD = 3/(D,D,D,).

Cis =

41.18. Short Single-phase Line Calculations

Single-phasecircuits are always short and work at relatively low voltages. 1n such cases, theline
constants can beregarded as ‘ lumped’ instead of being distributed and capacitance can be neglected.

Let E; = voltageat sendingend; E;, = voltageat receiving end
I = linecurrent cos@, = power factor at receiving end
R = resistance of both conductors; X = reactance of both conductors = wL
Then, the equivalent circuit of a short single-phase lineisas shown in Fig. 41.19.
Resistivedrop = IR —in phasewith |
Reactivedrop = IX —in quadrature with |

The vector diagramis shown in Fig. 41.20. From theright-angled triangle OM A, we get
OM? = OA%+AM?=(OK+KA)?+ (AC +CM)>?

E = \/[(ER COS @ +1R)? +(Eg Sin @ +1X)?]
An approximate expression for the voltage drop isasfollows:

R X
T—vawv DH0000
ES

Fig. 41.19 Fig. 41.20

Draw thevariousdottedlinesasin Fig. 41.20. Here, ML is(1OF, CL is||OF andCD isOOF. As
seen

OM = OF (approximately).
= OD +DF = OB + BD + DF
or E; = Eg+BD+DF=Eg;+BD +CL=Eg+IRcos@; + IXsing,
or Es—Er = IRcos@z +I1Xsing; O drop=1(Rcos; + X sin@g) (approx.)

Voltageregn. of line = [(Eq—Eg)/Eg] x 100
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Solution in Complex Notation

Let ustake Ej, as reference vector as shown in Fig.
41.21 sothat Eg = (Eg +]o)

Asseenfrom A OAB, Egisequal to the vector sum

of EgandIZor Eg=Eg +1Z 0
Now, I = 10-@g=1(cos@z—jsingy)
Similarly, Z =2Z0® =(R+jX) I
0 Eg = ER+|Z[B_(|)R Fig. 41.21
or Eg = Ex+l(cos@y—jsingg) (R+jX)

En+ (IRCOS @+ 1X sin@y) +j (IX cos @ - I Sin @g)°
O Es = \/(ER+IRcosch +1X sin @,)° HIXsin @ 4Rsin @°
If the p.f. isleading, then
I = 10p g=1(cosq@s+jsing)
0 Eg = ER+1Z0 +@z=Ez+I(cosqz+jsingg) (R+jX)
It may be noted that the sending end power factor angleis ¢, = (@5 + ).

Example41.8. A single-phase line has an impedance of 5.7 60° and supplies a load of 120 A,
3,300 V at 0.8 p.f. lagging. Calculate the sending-end voltage and draw a vector diagram.

(City & Guides, London)
Solution. The vector diagram is similar to that shown in Fig. 41.21. Here

E, = 33000 0°, Z=5060°
Since @, = cos'(0.8)=36°52, [ |=1200+ 36°52
Voltage drop = 1Z =120 x 50 60° - 36°52
= 600 [ 23°8' = 600 (0.9196 + j0.3928) = 551.8 +j 235.7
O Ec = (3,300+]y) + (551.8 +235.7) = 3,851.8 + ] 235.7
Es = 4/3851.8% + 235.7% =3,860 V

Example 40.9. An overhead, single-phase transmission line delivers 1100 kW at 33 kV at
0.8 p.f. lagging. Thetotal resistance of thelineis 10 Q and total inductive reactanceis 15 Q. Deter-
mine (i) sending-end voltage (ii) sending-end p.f. and (iii) transmission efficiency.

(Electrical Technology-I, Bombay Univ.)
Solution. Full-load line current is| =1100/33 x 0.8 =41.7 A
Lineloss = I’R=41.7°x 10 = 17,390 W = 17.39 kW

output _ 1100x100
output + losses 1100 +17.39
|Z =41.7(0.8 -] 0.6) (10 +j 15) = 709 + ) 250

= 98.5%

(iii) Transmissionefficiency =

(i) Linevoltage drop
Sending-end voltageis
Es = Ex+1,=(33,000+0) + (709 +j 250)
= 33,709 +j 250 = 33,710 J25°
Hence, sending-end voltage is 33.71 kV o

o <5 ——7/——D
(i) AsseenfromFig. 41.22, a= 0°25 ¢ Ex33,000V
Sending-end p.f. angleis : E

O+0 = 36°52 +0°25 = 37°17'
0 pf. = cos37°17' = 0.795 (lag). Fig. 41.22
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Note. Asseenfrom Fig. 41.22, approximate line drop is

= I(Rcos@; + X singg) =41.7 (10 % 0.8 + 15 x 0.6) = 709 V
0 Es 33,000 + 709 = 33,709V —as above
Example 41.10. What is the maximum length in km for a 1-phase transmission line having
copper conductors of 0.775 cm? cross-section over which 200 KW at unity power factor and at

3300V can be delivered ? The efficiency of transmission is 90 per cent. Take specific resistance as
(2.725 10‘8) Q-m. (Electrical Technology, Bombay Univ.)

Solution. Since transmission efficiency is 90 per cent, sending-end power is 200/0.9 kW.

Lineloss (200/0.9 — 200) = 22.22 kW = 22,220 W
Linecurrent 200,000/3300 x 1 = 60.6 A
If Ristheresistance of one conductor, then
2°R = lineloss or 2%x6062xR=22220 or R=3.03W

Now, R= p% 0 3.03=1725x10°x1/0.775x 10 [ | = 13,600, m = 13.6 km

Example41.11. Anindustrial load consisting of a group of induction motors which aggregate
500 kw at 0.6 power factor lagging is supplied by a distribution feeder having an equivalent imped-
ance of (0.15 + j0.6) ohm. The voltage at the load end of the feeder is 2300 volts.

(a) Determine the load current.
(b) Find the power, reactive power and voltampere supplied to the sending end of the feeder.
(c) Find the voltage at the sending end of the feeder.

(Electrical Technology, Vikram Univ., Ujjain)

Solution. (@) I = 500 x 103/v3=209 A
(c) Let Vi = (2300+j0); 1=209(0.6-]j0.8)
Voltage drop = 1Z2=209(0.6—j 0.8) (0.15+j 0.6) =119 +j50

Vs

Vge+1Z2=2300+119+j50=2419+j 50 =24200 1.2'

(b) Sending power /3% 2420 x 209 x0.5835 = 511.17 kW

Sending-end reactivepower = /3 x 2420x 209 x0.8121 = 711.42 kVAR

Sending-end volt amperekVA = /3% 2420x209 = 876 kVA

or kVA

JKW? + kVAR? = [511.17% +711.427 =876

41.19. Short Three-phase Transmission Line Constants

Three-phase calculations are made in the same way as single-phase calculations because a
3-phase unit can be regarded as consisting of 3 single-phase units each transmitting one-third of the
total power. InFig. 41.23isshown a3-phase system in which each conductor has aresistance of RQ
and inductance of XQ. Inthe case of a3-phase system, it isadvantageousto work in phaseinstead of
inline-to-linevalues. InFig. 41.24, one phaseisshown separately. Sinceinabalanced load, thereis
no current in the neutral wire hence no current flows through the ground.

The resistive and reactive drops are calculated as before. By adding these drops vectorially to
thereceiving-end voltage, the sending-end voltage can be calculated. Thelinevoltage at the sending-

end can be found by multiplying thisvalue by /3 .
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Fig. 41.23 Fig. 41.24

In the figure, astar-connected load isassumed. But if it isadelta-connected load then it can be
replaced by an equivalent star-connected load.

Example41.12. A 33-kV, 3-phase generating station isto supply 10 MW load at 31 kV and 0.9
power factor lagging over a 3-phase transmission line 3 kmlong. For the efficiency of the line to be
96% , what must be the resistance and reactance of the line?

(Electrical Power-111, Bangalore Univ.)

Solution. Power output = 10 MW ; n = 0.96 ; Power input = 10/0.96 = 10.417 MW
Tota loss = 0.417 MW
Now, | = 10x 106/v3x 31 x 103 x 0.9 =207 A

If Ristheresistance per phase, then3x 2072xR=0417x106 0O R=324Q
Now, Vg per phase = 33/¥3=19.052kV and V, per phase = 31/v3=17.898 kV
Using the approximate relation of Art. 36-18, we get
Vg = Vig+I(Rcos@z+ Xsingg)
19,052 = 17,898 + 207(3.24 x 0.9 + X x 0.4368) [0 X = 6.1 Q/phase.
Example41.13. A balanced Y-connected load of (300 + j100) Q is supplied by a 3-phase line
40 km long with an impedance of (0.6 + j0.7) Q per km (line-to-neutral). Find the voltage at the
receiving end when the voltage at the sending end is 66 kV. What is the phase angle between these
voltages? Also, find the transmission efficiency of theline.
(Elect. Power Systems, Gujarat Univ.)
Solution. The circuit connections are shown in Fig. 41.25.
Resistance for 40 km conductor length = 40 x 0.6 =24 Q
Reactance for 40 km conductor length = 40 x 0.7 =28 Q
Total resistance/phase =300+24=324Q
Total reactance/phase 100 +28=128 Q

3247 + 1287 =3480Q

66,000/v3 _ 38,100
348 348

Now, tan @, 00/300 ; @, =18.4" ; cos @5 = 0.949, sin ¢, = 0.316
Voltage drop in conductor resistance 110 x 24 = 2640 V
Voltage drop in conductor reactance = 110 x 28 = 3080 V

Total impedance/phase

Linecurrent = =110A
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(@)

It isseen from Art. 41.18 that
Vg = (Vg+IRcos@z +1Xsingg) +j (IXcos@z—IRsin @)
= (Vg + 2640 % 0.949 + 3080 x 0.316) + (3080 x 0.949 — 2640 x 0.316)
(Vg + 3475) + 2075
66000/~/3 =38,100 V
(Vg + 3475)° + 2075°, V_=34,585V
Line voltage across load = 34,585 x V3 =59.88 kV
0 Vg = (34,585 + 3475) +j 2075 = 38,060 +j 2075 = 38,100 J 3.1°
Obvioudly, VgleadsV, by 3.1° asshownin Fig. 41.25 (b).
Power delivered to the load/phase = 110% x 300 W

Now, Vg
O 38,1007

Power transmitted/phase

(b

Fig. 41.25

= 110° x 324 W

O transmissionefficiency n = (300/324) x 100 = 92.6%

Example41.14. Define ‘regulation’ and ‘efficiency’ of a short transmission line.

A 3-phase, 50-Hz, transmission line having resistance of 5Q per phase and inductance of 30 mH
per phase supplies a load of 1000 kW at 0.8 lagging and 11 kV at the receiving end. Find.

(a) sending end voltage and power factor (b) transmission efficiency (c) regulation.

Solution. VR per phase
Linecurrent,

O drop per conductor

(a
Sending-end line voltage

X

Vs

(Electrical Engineering-111. Poona Univ. 1990)

11,000/v3 = 6,350 V

1000 x 10°/V3 x 11,000 x 0.8 = 65.6 A

2mx50x30x10° =94Q,R=5Q;Z,=(5+]9.4)Q
65.6 (0.8 - 0.6) (5+j 9.4) = 632 +j 296

6350 + (632 + j 296) = 6,982 + | 296 = 6,988 [12.4°

6,988 x V3=12,100 V = 12.1 kV

As seen from Fig. 41.25 (b), a = 2.4°, Now, cos @ = 0.8, ¢z = 36.9°

(b) Total power loss
Input power

&

= 36.9° + 2.4° = 39.3°, cos ¢ = 0.774 (lag).
31°R =3 x 65.62 x 5= 64,550 W = 64.55 kW
1000 + 64.55 = 1064.55 kW
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0 powertransmission 1 = 1000/1064.55 = 0.9394 or 93.94%

(c) Now, line regulation is defined as the rise in voltage when full-load is thrown off the line
divided by voltage at the load end.

Electrical Technology

(12.1-11)
11
Example 41.15. A short 3-¢ line with an impedance of (6 + j8) Q per line has sending and

receiving end line voltages of 120 and 110 kV respectively for some receiving-end load at a p.f. of
0.9. Find the active power and the reactive power at the receiving end.

(Transmission and Distribution, Madras Univ.)

O %regn. = x 100 = 1%

Solution. Asseen from Art. 41.18, considering phase values, we have
Vs = Vg+I(RcosgR+ X singR)

Now, Vgperphase = 120/3 = 69,280 V
Similarly, Vg perphase = 110/V3 = 63,507 V
O 69,280 = 63,507 + 1 (6 x 0.9 + 8 x 0.435)

O Linecurrent I 5,773/8.88 = 650 A

Active power at receivingend = V3V, I, cos@=V3x 110 x 650 x 0.9 = 111,400 kW

Reactive power at receivingend =v3V | sin@=+v3x 110 x 650 x 0.435 = 53,870 k VAR

Example41.16. A 3-phase, 20 kmline deliversaload of 10 MW at 11 kV having a lagging p.f.
of 0.707 at the receiving end. The line has a resistance of 0.02 Q/km phase and an inductive reac-

tanceof 0.07 Q/knVphase. Calculatethe regulation and efficiency of theline. If, now, thereceiving-
end p.f. is raised to 0.9 by using static capacitors, calculate the new value of regulation and

efficiency. (Electrical Engg. ; Bombay Univ.)
Solution. (i) When pf. = 0.707 (lag)
Linecurrent = 10 x 1053 x 11,000 x 0.707 = 743 A
V per phase = 11,000/V3=6,352V

Total resistance/phase for 20 km =20 x 0.02=0.4 W

Total reactance/phase for 20 km =20x 0.07 =14 W

0 Total impedance/phase= (0.4 +j 1.4) Q

If V istaken asthe reference vector, then drop per phase

743 (0.707 —j 0.707) (0.4 +j 1.4) = (945 + j 525)

O Vg = 6,352+ 945 + | 525 = 7,297 + ] 525
or Vg = /7297% +5257 =7,315V

. 7,315 - 6,352 _
O % regulation = WXlOO =151%
Total lineloss = 31°R=3x 7432 x 0.4 = 662 kW
Total output = 10+0.662=10.662MW [ n =10x 100/10.662 = 9%
(it) When p.f. = 0.9 (lag)
Linecurrent = 10'/V3x 11,000 x 0.9 = 583 A
Drop/phase = 583(0.9-j 0.435) (0.4 +j 1.4) =565+ 633
Vg = 6,352 + (565 +j 633) = 6,917 + j 633
0 Vg = /6,917%+ 633° = 6947V
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. 6,947 - 6,352
0 %regulation = WMOO = 9.37%
Total line loss = 3x 5832 % 0.4=408 kW ; Tota output = 10.408 MW
O n = 10 x 100/10.408 = 96.1%

Example41.17. Aload of 1,000 kw at 0.8 p.f. lagging is received at the end of a 3-phase line
10 kmlong. The resistance and inductance of each conductor per km are 0.531 W and 1.76 mH
respectively. The voltage at thereceiving end is 11 kV at 50 Hz. Find the sending-end voltage and
the power loss in the line. What would be the reduction in the line loss if the p.f. of the load were
improved to unity? (Elect. Power Systems, Gujarat Univ.)

Solution. Linecurrent = 1,000 x 1,000/v3 x 11 x 1,000 x 0.8 = 65.6 A
Voltage/phase = 11,000/V3 = 6,352 V
X =2mx50%x 176 x 10v¥3x 10=553Q;R=0531x10=531Q O Z=(5.31+]5.53)
Voltage drop/phase = 65.6(0.8-j0.6) (5.31+)5.53)=496.4+) 81.2
0 Vg=6,352+496.4+81.2=6,848 + 81 =6,848 V numerically (approx.)
O lineto-line sending-end voltage = 6,848 x V3= 11,860V = 11.86 kV
Total loss = 3x5.31 x 65.62 = 68,550 W = 68.55 kW
Line current for unity p.f. 1,000/11 x V3 =52.49 A
O New losses 3 x 531 x 52.492 = 43.89 kW
O reduction 68.55 — 43.89 = 24.66 kW
Example 41.18. Estimate the distance over which a load of 15,000 kW at 0.85 p.f. can be

delivered by a 3-phase transmission line having conductors of steel-cored aluminium each of resis-
tance 0.905 W per kilometre. The voltage at the receiving end is to be 132 kV and the loss in

transmission is to be 7.5% of the load. (Transmisson and Digribution, Madras Univ.)
Solution. Linecurrent = 15,000/132 x V3 x 0.85=77.2A
Total loss = 7.5% of 15,000 = 1,125 kW

If Ristheresistance of one conductor, then

3I1°R = 1,125000 or 3x(77.2>xR=1,125000; R=62.94Q
Length of theline = 62.94/0.905 = 69.55 km.
Example 41.19. A 3-@ line has a resistance of 5.31Q and inductance of 0.0176 H. Power is

transmitted at 33 kV, 50-Hz from one end and the load at the receiving end is 3,600 kW at 0.8 p.f.
lagging. Find thelinecurrent, receiving-end voltage, sending-end p.f. and efficiency of transmisson.

(Transmission and Distribution-l, Madras Univ.)

Solution. Vg = Vgt Igcos@y+ 1 Xsin @ approximately
Now, power delivered/phase = Vilcosgy
0 1,200x1,000 = VR.I.x08 O [1=15%x105/V,
Also, Vgperphase = 33,000/vV3= 19,050 V

R = 531Q;X=00176x314=554Q

5 5
O 19,050 = Vp+ X100 i 531%08+ %19 x554 %06
R R

0 VZ-19050V, + 11,358,000 = Oor V= o002 ThE0 36860 _ 4g 450y

18,430 x V3= 32kV
15 x 105/18,430 = 81.5 A

Linevoltage at the receiving end
I
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Now, Vg = Vg+l(cos@;—jsingg) (R+]X)
= 18,430+ 81.5(0.8—j 0.6) (5.31+]j 5.54)
= 18,430 + 615 +j 100 = 19,050 J 0.3°

@, = cos'(0.8)=36°52;

@, = 36°52' + 18 =37°10
0 sending-end p.f. = C0s@g=c0s37°10'=0.797 A
Power lost inline = 31°R=3x8152x 531 =106 kW
Power at sending end = 3,600 + 106 = 3,706 kW
transmission n = 3,600 x 100/3,706 = 97.2%

Example 41.20. A 3-phase short transmission line has resistance and reactance per phase of
15Q and 20 Q respectively. If the sending-end voltage is 33 kV and the regulation of the lineis not
to exceed 10%, find the maximum power in KW which can betransmitted over theline. Find alsothe
k VAR supplied by the line when delivering the maxi mum power.

Solution. Asseen from Art. 41.18

VS = (Vp+lgcos@e+1Xsingg)’+ (1Xcos @y - Ig @)
= V7, 21Vg(Reos g+ X sin @) + 1% (RP+X?)

real power/phase, P = Vglcos gy; reactive power/ phase, Q =V | sin @q
O P+Q* = V12 or 1P=(P+Q) IV
Substituting this value above, we get
2 2 P2+Q2 2 2
Vg = VR™+2PR+20QX+ >— (R™+X9)
R
2 2 P2 +Q2 2 2 .
or Vg = Vg'—2PR-2QX- —— (R°+X9)=0 (i)
V,

R
To find the maximum power transmitted by theline, differentiate the above equationwir.t. Q and
put dP/dQ = O (treating V g and V ; as constants).

R+X)dP

0 —2rIP oy _op R+ X%

2q R+ X)

=0
dQ Vi VR
_\/2 2
Since dP/dQ = 00 2% ZQ(R;ZX): 0o & ZVsz— VR2X
Ve R® + X z
Putting this value of Q in Eq. (i) above we have
2 2
P°Z%  opr-v2 +vE -2 X g
R Z
20
or Pf +2PR vs+vRE1—X—ZD ~ 0
R O Z°0
2.2 2+ 2
or P% +2PR+VS Vi -Vs =0
V,
R
Ve Vs 0
' = atts/phase
Solvingfor P,weget P, = -2 é&v REW p
In the present case, Vg = 33,000/V3=19,050V ; Sinceregulation islimited to 10%,

O Vgp+10%Vg= Vg or 1.1V, =19,050; V,=17,320V ; Z= 157+ 20F =25Q
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17.320\? 19,050 .0 6
= (2228 5 x 22 22F 1556 x10° W = 6 MW
. Prna Per phase ( 25 )ﬁlemzo H=0x
Total maximum power = 3x 6= 18 MW
V2 X 2 i}
KVAR suppliediphaseQ = -2 :—17’32222"20 x107% =0,508

Total kVAR supplie = 3 x 9,598 = 28,794.
Example41.21. A 3- ¢, 50-Hz generating station supplies aload of 9,900 kw at 0.866 p.f. (lag)

through a short overhead transmission line. Deter mine the sending-end voltage if the receiving-end
voltageis 66 kV and also the efficiency of transmission. The resistance per kmis4Q and inductance
40 mH. What is the maximum power in kVA that can be transmitted through the line if both the
sending and receiving-end voltages are kept at 66 kV and resistance of the lineis negligible.

Solution. R = 4Q;X:40><10_3><314:12.56Q
Linecurrent I 9,900/v3 x 66 x 0.866 = 100 A
Vy = 66,000/V3=38,100V ; cos ¢, =0.866;sin @ =0.5
Vs=Vg+I(Rcos@ + X sin @) =38,100 + 100(4 x 0.866 + 12.56 x 0.5) = 39,075V
Line value of sending-end voltage = 39,075 x V3 = 67.5kV
Total lineloss = 3I°R = 3 x 100° x 4 = 120 kW

O n = 9,900/(9,900 + 120) = 0.988 or 98.8%
2
Max, value of Q for 3-phases = 3'\2'? X
Z
Now, Vs = Vg =38,100V andresistanceis negligible.
3.V .o 5
O Max. value of Q = = - X 107 =3 x 3,810 x 107°/12.56 = 3,48,000 kVA

Example41.22. A 3-phase load of 2,000 KVA, 1

0.8 p.f. is supplied at 6.6 kV, 50-Hz by means of a

transformer. Theresistance per kmof each conductor
is 0.4 Q and reactance 0.5Q. The resistance and

13.2 Q, whilst the resistanceof the secondary is
0.35 Q and reactance 0.65 Q. Find the voltage
necessary at the sending end of transformission line
when 6.6 kV is maintained at the load-end and find
the sending-end power factor. Determine also the

5:
33kV % % 6.6 kV
33 kV transmission line 20 kmlong and a 5 : 1 N
20 km % %
Generator

reactance of the transformer primary are 7.5 Q and |::|
LOAD

efficiency of transmission. Fig. 41.26

Solution. One phase of the systemis shown in Fig. 41.26. Impedance per phase of high voltage

line=(8+] 10)

Impedance of the transformer primary
= (7.5+j 13.2) ohm
Total impedance on the high-tension side
= (8+j10)+(7.5+j13.2) =155+j 23.2
Thisimpedance can be transferred to secondary side by using the relation given in Art. 30.12.
Hence, impedance as referred to secondary sideis
= (15.5+j 23.2)/52=0.62 +] 0.928



1628  Electrical Technology

Adding to them the impedance of the transformer secondary, we get the total impedance as
referred to low-voltage side

(0.62 +j 0.928) + (0.35+j 0.65) = 0.97 +] 1.578
2,000/3.0 = 667
6.6/ /3 =3.81kV

Now, kVA load per phase
Receiving-end voltage/phase

O currentintheline = 667/3.81=175A
Drop per conductor = I(Rcos@+ X sing) =175(0.97 x 0.8+ 1.578 x 0.6) =302V
Now, Es = Egx+I(Rcos@+ Xsin @)

Hence, sending-end voltage (phase to neutral as referred to the lower voltage side) is 3,810 +
302 =4,112 V. Asreferred to high-voltage side, itsvalue= 4,112 x 5= 20,560 V

Linevoltage = 20,560 x ,/3/1000 = 35.6 kV
If @gisthe power factor angle at the sending-end, then
sn@ +(IX/Eg) _ 0.6 + (175 x1.578/3810)

= = =0.7
©NGs = s +(IRE,) 08 +(75x0.97/310) ' °
O Qg = tan_l(0.796) =38°31 00 cos@s=cos38°31' =0.782
Power loss/phase = 1752 x 0.97/1000 = 29.7 kW
Power at the receiving end/phase = 2000 x 0.8/3 = 533.3 kW
.. . 533.3x100

0 f = —— — — =9ATY%

transmission efficiency 5333+ 597 0

Tutorial Problem No. 41.1

1. 500 kW at 11kV are received from 3-phase transmission line each wire of which has a resistance of
1.2 Q and areactance of 1 Q. Calculate the supply pressure when the power factor of the load is

(i) unity and (ii) 0.5 leading. [(i) 11,055 V (ii) 10,988 V]

2. What load can be delivered by a 3-phase overhead line 5 km long with a pressure drop of 10%.
Given that the station voltage is 11 kV, resistance per km of each line 0.09 Q, reactance per km 0.08

Q and the power factor of the load 0.8 lagging. [14,520 kW]
3. Estimate the distance over which aload of 15,000 kW at 0.85 power factor can be delivered by a
3-phase transmission line having conductors of steel-cored auminium each of resistance 0.56 Q per

km. The p.d. at the receiving end isto be 132 kV and the loss in transmission is not to exceed 7.5%
[121.9 km] (I.E.E. London)

4. A d.c. 2-wire system isto be converted into 3-phase, 3-wire a.c. system by adding a third conductor
of the same size as the two existing conductors. Calculate the percentage additional balanced |oad
that can now be carried by the conductorsat 0.96 p.f. lagging. Assume the same voltage between the

conductors and the same percentage power |oss. [84%]
5. A 3-phase short transmission line of resistance 8 Q and reactance 11 Q per phase is supplied with a
voltage of 11 kV. Attheend of thelineisabalanced load of PkW per phase at ap.f. of 0.8 leading.

For what value of Pis the voltage regulation of the line zero?

[210 kW] (Electrical Technology, M.S. Univ. Baroda)
6. A 3-ph, 50-Hz transmission line 10 km long delivers 2,500 kVA at 10 kV. Thep.f. of theload is 0.8
(lag). Theresistance of each conductor is 0.3 W/km and the inductance 1.82 mH/km. Find (a) the
voltage and p.f. at the sending end (b) the efficiency of transmission and (c) the percentage regulation

of theline. [(a) 11.48 kV ; 0.763 (b) 91.4% (c) 14.8%]
7. The conductors in a single-phase transmission line are 6 m above the ground. Each conductor has
1.5 cm diameter and the conductors are spaced 3 m apart. Starting from the fundamental's, determine

the capacitance per kilometre of the line first including and then excluding the effect of ground.
What do you conclude ? [4.60 x 10 pF/km ; 4.63 x 10~ pF/km] (Ranchi Univ.)




A.C.Transmission and Distribution 1629

41.20. Effect of Capacitance

So far we have neglected the effect of capacitance on the line regulation because the capaci-
tances of short lines transmitting at relatively low voltages (up to 20 kV) are negligible. But asthe
voltage and length of the transmission line increase, the capacitance gradually becomes of greater
importance. Similarly, the leakage across insulators also assumes greater importance. Hence, exact
calculations of regulation for long linestakeinto consideration the capacitance and | eakage reactance
of thelinesand are quite el aborate, the amount of elaboration depending on the transmitting voltage.

(i) Inthe case of short lines, ordinarily, the capacitance is negligible. But if in a problem, the
line capacitanceisgiven and if thelineislessthan 80 km, then the line capacitance can be lumped at
the receiving or load end as shown in Fig. 41.27 (@) athough this method of localizing the line
capacitance at the load end over-estimates the effect of capacitance. Inthat case, thelinecurrent | gis
the vector sum of theload current | ; and the charging current | - of the capacitance. Hence, Ig= I + | .

A\
D

Wi
P 4

ez
@)
|
[
LOAD

L |
«— 7 —p

R I B
< ,{ IC
(@) ®)
Fig. 41.27
Now, charging current lc = jJwCE; O Ig=Ilg(cos@—jsingg)
O lg=lgcos@z—jlgsingg+]j CER =1z COs@R +j(—Ig Sin @ + WCER)

Linedrop = I(R+jX) O Eg=Ez+Is(R+J)
The vector diagram is shown in Fig. 41.27 (b).
(if) Inthe case of lines with voltages up to 100 kV and 150 km in length,satisfactory solutions
can be obtained by the so-called T-method and 1-or pi method as described bel ow.

Example 41.23. A (medium) single-phase transmission line 50 km long has the following
constants :

resistancelkm =05 Q; reactancelkm= 1.6 Q
susceptance/lkm =28 x10° § receiving-end line voltage = 66,000 V
Assuming that total capacitance of the line is located at receiving end alone, determine the

sending-end voltage, the sending-end current and regulation. The line is delivering 15,000 kW at
0.8 p.f. lagging. Draw a vector diagram to illustrate your answer.

Solution. Let Eq and E be sending-end and receiving-end voltages respectively as shown in
Fig. 41.28.
Load current at the receiving-end is |, = 15 x 10766 x 10° x 0.8 = 284 A
Total resistance = 0.5x50=25Q; Total resistance= 1.6 x 50 =380 Q
SusceptanceB = 28 x 10° x 50 = 14 x 10™* Siemens
Capacitive admittance Y = B=14x10"* Siemens
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As seen from vector diagram of Fig. 41.29, sending-end current |4 is the vector sum of load
current |, and capacitive current | ..
Now, |, = E; Y=66,000 x 14 x 10=92A
Let Ex = (66,000 +j 0)
Il = 284(0.8-j0.6) =227 -j190; | .= 92
lg = Ig+1.=(227-j190+] 92) = 240 [+ 18°57';Z=25+)80=84 1 72°36'
Linedrop = |Z =240 18°57' x 84 0 72°36' = 20,160 [ 53°39" = 11,950 + j 16,240
Es = Eg +15Z=66,000 + (11,950 + j 16,240) = 79,500 (]11°44'

) Es - Eg 79,500 - 66,000
— 1 e
Regulation E. %100 66,000

x100 = 20.5%

mrn
|
Ila
LOAD
el
=

Fig. 41.28 Fig. 41.29

41.21. “Nominal” T-method

In this T-method, also known as mid-capacitor method, the whole of the line capacitance is
assumed to be concentrated at the middle point of the line and half the line resistance and reactance
are lumped on its either side as shown in Fig. 41.30.

Itis seen that E, = Egx+I1rZgc Knowing E,;, we can find | - as under.
lc = jwCg O Ig=l+1y
Obviously, current through portion ABis|g; hencevoltagedrop =157,

O Es = EitlsZag
ZAB ZBC

Ig R2 X2 I Lk R2 x2
E

Fig. 41.30
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Fig. 41.31

The vector diagram is shown in Fig. 41.31. Receiving-end voltage E, is taken as the reference
vector. It may be pointed out herethat all values are phase valuesi.e. lineto neutral values. | isthe
load current lagging Eg by @, CD =I1.R/2and pardlel tol ;. BD =1, X/2 and perpendicular tol,. OB
represents E, i.e. the voltage across the middle capacitor. BE represents | R/2 and isparallel to | ..
Similarly, EA = 14. X/2 and perpendicular to 1. OA represents the voltage at the sending end.

It may be noted that if leakage is appreciable, then leakage conductance G can be assumed to be
concentrated at the middle point of the line and can be represented by non-inductive conductance G

shunting the middle capacitor as shown in Fig. 41.32.

ZAB ZBC
— —

m B oy g oC
. >

Y1, R2 X2 : R2 X2 1
IC

C
Eq E, —— §G E,

v \/ v
vy _ . e

Neutral

Fig. 41.32
Example 41.24. A 3-phase, 50-Hz overhead transmission line 100 km long with 132 kV
between lines at the receiving end has the following constants :
resistance/lkm/phase = 0.15 Q; inductance/km/phase = 1.20 mH

capacitance/km/phase = 0.01 mF

Determine, using an approximate method of allowing for capacitance, the voltage, current and
p.f. at the sending end when the load at the receiving end is 72 MW at 0.8 p.f. lagging. Draw vector
diagram for the circuit assumed. (Electrical Power System ; Gujarat Univ.)

Solution. For a 100-km length of the line,
R = 015x100=150Q ;XL:314><1.2><10'3><100:37.7Q

Xc = 106/314 x 0.01 x 100 = 3187 Q
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Using the nominal T-method, the equivalent circuit isshown in Fig. 41.33 (a)

V, = 132W3=76.23kV = 76,230 V. Hence, V= 76,230 +] 0
Load current, |, = 72x 1023 x 132 x 103 x 0.8 =394 A
O I, = 394(0.8-j0.6)=315-] 236 A ; Z,. = (7.5+] 18.85) W
Drop/phase over BC = 1.7,.= (315 j 236) (7.5 + ] 18.85) = 6802 + j 4180

V, = VR+1.Z,. = (76,230 +j0) + ( 6802 + ] 4180) = 83,030 + j 4180

V, _ 83030+ j 4180 .
o Y S0 A 3142
= X, ~j3187 31+ 26

lg =l +13=(-131+] 26) + (315-j 236) = (313.7 —j 210) = 377.3[F 33.9°
Drop/phaseover AB = 1.Z,;=(313.7—-j 210) (7.5 +j 18.85) = 6320 + j 4345

0 Vg=V,+1Z,,=(83,030+j 4180) + (6320 + j 4345) = 89,350 + j 8525 = 89,750 [J 5.4°
Line value of sending-end voltage = V3 x 89,750 x 103=155.7kV

le

Neutral

(@)

Fig. 41.33
Phase difference between Vg and I = 33.9° + 5.4° = 39.3° with current lagging as shown in
Fig. 41.33 (b) cos @ = c0s 39.3° = 0.774 (lag)

Example 41.25. A 3-phase, 50-Hz transmission line, 100 km long delivers 20 MW at 0.9 p.f.
lagging and at 110 kV. The resistance and reactance of the line per phase per km are 0.2 Q and
0.4 Q respectively while the capacitive admittanceis 2.5 x 10°s per km. Calculate (a) the voltage
and current at the sending end and (b) the efficiency of transmission. Use the nominal T-method.

(Electrical Power-1, M.S. Univ. Baroda)
Solution. Resistancefor 100km =0.2x 100=20Q
Reactance for 100 km = 0.4 x 100 =40 Q
Capacitive admittance for 100 km=25x 10°x 100=25x10*S
L et ustake the receiving-end voltage E asreference vector.
Erx = 110/V3=63.5kV ;|5 =20 x 106/v3 x 110 x 103 x 0.9 = 116.6 A
cos@y = 0.9; sin @, = 0.435 (from tables)
With reference to Fig. 41.34, we have
Er=(635+]0)kV ;1;=116.6(0.9-j 0.435) =105 - 50.7 ; Z5- = (10 +j 20)
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Fig. 41.34

Voltage drop between pointsB and Cis
Vge = 1Zgc=(105-]50.7) (10 +j 20) = (2,064 +j 1,593) V
E + 1375 = (63,500 + 2,064 + j 1,593) = 65,564 +j 1,593
E,Y = (65,564 +] 1,593) x j 2.5 x 107 = (0.4 +j 16.4) A
ln+1.=(105-50.7) + (-0.4 +j 16.4) = (104.6 — j 34.3) = 110.1 [118°9
Drop between pointsA and B is
Vag = 1eZag=(104.6 -] 34.3) (10 +j 20) = 1,732 +) 1,749
Eq = E, +V,5=(65564+] 1593) + (1,732 + 1,749) = 67,296 + j 3,342 = 67,380 J2° 51
(a) Sending-end voltage (line value) is 67,380 x V3 = 116,700 V = 116.7 kV
Sending-end current = 110.1 A

m
iy
I

Note. Phase difference between Eg and | gis(-18°9 — 2°51) = — 21°with current lagging. Hence,
p.f. at sending-end is cos @ 4 = cos 21° = 0.934 (lag).
(b) Copper lossfor three phases between points B and C (Fig. 41.32) is
= 3x116.6” x 10 = 0.408 MW
Copper loss for three phases between points A and B is= 3 x 110.1° x 10 = 0.363 MW
Total Cu lossfor 100 km of line length = 0.408 + 0.363 = 0.771 MW
Transmission n = 20 x 100/20.771 = 96.27 %

Note. Linelosses could also be computed by finding the line input which = V3 Eq.l5 cos ¢

41.22. “Nominal” T-method

In this method, the line-to-neutral capacitance is divided into two halves ; one half being
concentrated or localized at the sending-end and the other half at the receiving-end as shown in
Fig. 41.35 (a). The capacitance at the sending or generating end has no effect on line drop or line
regulation but its charging current must be added to the line current in order to obtain the total
sending-end current |,

Itisobviousthat |5isthe vector sumof |, and |, where |, isthevector sumof I, andI;. The
vector diagram is shown in Fig. 41.35 (b). E; istaken asthe reference vector. Current |, is vector
sumof Iz and I -, (whichisahead of E; by 90°). Thedrop AB=1 Risin phasewithvector for |, and
reactivedrop BC = 1| X isin quadraturewith I . OC represents the sending-end voltage. The send-
ing-end current | sisthevector sumof I, and |, (whichitself isahead of Egby 90°). It may be noted that
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Neutral

(@)

if leakage reactance is
not negligible, then leak-
age conductance G can
also be divided into two
equal halves and put at
both endsin parallel with
the capacitors as shown
inFig. 41.36.

41.23. Ferranti
Effect

A long or medium
transmission linehascon-
siderable capacitanceand
so draws leading charg-

Fig. 41.35
Z
—
Ig Iy
o—p AWW—p—/ TN > o)
A R I X A
Eq Cr2—— G/2 G/2 —C2 Ey
ley Ie;
. 3
Neutral
Fig. 41.36

ing current from the generating-end even when unloaded. Moreover, receiving-end voltage V , under
no-load conditionisfound to be greater than sending-end voltage V4. This phenomenonisknown as

Ferranti effect.

«— S —»

(b)

Fig. 41.37

Fig. 41.37 (a) showsthe distributed parameters of such aline. It may be replaced by the circuit
of Fig, 41.37 (b) where these distributed parameters have been lumped. As shown in the phasor
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diagram of Fig. 41.38, the charging current | . leadsV; | A
by 90° and produces a phase voltagedrop=1-Z =1, (R ¢
+j X))
Obviously, V< Vg Now, I =V{wC I
Asseen from Fig. 41.38 Vi N
VIS
Vs = Vg~ I X)2 +(Ig R O
If Risnegligible, then Vi g
Vs = (Vg—IcX)orVg=Vg+Ic X Fig. 41.38

41.24. Charging Current and Line Loss of an Unloaded Transmission Line

Fig. 41.39 shows the distribution of capacitance in along transmission line of length |. Obvi-
ously, charging current | . has maximum value at the sending end and linearly falls to zero at the
receiving end. Accordingly, value of charging current at distance x from the sending end is propor-

tionally equal to I - (I —x)/I. The RMSvaluel of thiscurrent is given by

1 120-%7° 12/

1? = i O%.dle—gﬁ)(lz+x2—21x)dx
2 3 2
= I_g%%(+x_—|ng :I_C
g 3 g 3

O I =1./3
If Ristheresistance of the line per phase, then total power lossinthelineis
2
= 3l R—3a\/—§a R=IZR.
Example 41.26. A 3-phase transmission line,

100 kmlong hasfollowing constants: resistance per le

km per phase = 0.28 Q; inductive reactance per km
per phase = 0.63 Q. Capacitive susceptance per
km per phase = 4 x 10° siemens. If the load at the
receivingendis75 MVA at 0.8 p.f. laggingwith 132y, == == =L
kV between lines calculate sending-end voltage,

current and p.f. Use nominal-7rmethod. l

(Power System-I, AMIE, Sec. B. 1994)

«—— < —»

Solution. For aline of length 100 km,
resistance/phase = 0.28 x 100=28 Q ;

inductive reactance/phase = 0.63 x 100 =63 Q ;
Capacitive susceptance/phase = 4 x 10°° x 100 C(
=4x10"S

Capacitive susceptanceat eachend=2x 107 S
V, = 132x10%,/3 =76,230V ; V= (76,230

+j0); 1,=75%x10% /3 x 132x 10° x 0.8 = 410 e 1 )

410(0.8-j 0.6) =328 - 246
j2x10°S;1,=V,. Yy
76,230 xj 2% 104 =j 1525 A

I

Fig. 41.39
YCl



1636  Electrical Technology

I, = Iq+1,,=328-j231A
Drop per conductor =1, . Z, = (328 —j 231) (28 +j 63) = 23,737 + j 14,196
Vg = Vi+1 Z =76,230 + 23,737 + ] 14,196 = 99,967 + j 14,196 = 100,970 [18.1°
Line value of sending-end voltage = 100,970 x 10° x /3 = 1749 kW
lc = YgY,=100,970 08.1°x 2 x 107 090° = 20.19 098.1°= —2.84 +j 20
ls = IC2 +1, =(-2.84+)20)+(328-j231) =325.2-j 211 =388 [3 33°
Angle between Vg and Ig=8.1°+ 33°=41.4°; cos ¢ = 0.877 (lag)

Neutral

(a)

Fig. 41.40

Example 41.27. A 100-km long, three-phase, 50-Hz transmission line has resistance/phase/
km= 0.1 Q; reactance/phase/lkm = 0.5 Q ; susceptance/phase/km = 10 x 10° siemens.

If theline suppliesaload of 20 MW at 0.9 p.f. lagging at 66 kV at the receiving end, calculate by
nominal ‘p’ method, the regulation and efficiency of the line. Neglect |eakage.
(Electrical Power-1, Bombay Univ. 1991)
Solution. For a 100 km line
resistance/phase = 0.1 x 100 = 10 Q ; inductive reactance/phase = 0.5 x 100 = 50 Q
Capacitive susceptance/phase = 10 x 10 * x 100 = 10 x 10™* siemens
Susceptance at each end = 5 x 10 siemens
Vi = 66x10%./3 =38,100V 0 V,=(38100+]0)
g = 20x% 106/@ x 66 x 10°x 0.9=195A ; g =195(0.9-j0.435)=176-) 85
le, = 38100%)5x10*=j19.1A ;I =l +I.,=176-] 66
drop/conductor = |, Z, = (176 - j 66) (10 + j 50) = 5060 + j 8140
Vg = Vg +1, Z, =38,100 + 5060 + j 8140 = 43,160 + j 8140 = 43,920 [110.7°
Linevalue = 43,920 x 107° x /3 = 76 kV
ley = VoY =43920010.7°x 5x 10 [ 90°= 21.96 (J 100.7°= — 4.1 + | 21.6
lg = I+ 1 =172-]44.4=1776F 14.5°; ;= 145°+ 10.7°=25.2°
cos@g = 0.905 (lag)
76 - 66

0) % regulation = x100 = 15.15%
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(i) lineinput = /3 x 76 x 103 x 177.6 x 0.905 = 21.5 x 10° Q = 21.15 MW
0 transmission n = 20 x 100/21.15 = 94.56%

Example 41.28. (a) A 50-Hz, 3-phase, 100-km long line delivers a load of 40 MVA at 110 kV
and 0.7 p.f. lag. The line constants (line to neutral) are : resistance of 11 ohms, inductive reactance
of 38 ohms and capacitive susceptance of 3 x 10~ siemens. Find the sendi ng-end voltage, current,
power factor and efficiency of power transmission.

(b) draw the vector diagram.
(c) If the sending-end voltageisheld constant and load is removed, cal culate the receiving-end
voltage and current. (Electrical Power-Il, Bangalore Univ.)
Solution. (a) Nominal T=method will be used to solvethis problem. Capacitive susceptance (or
admittance) at each end = Y/2 =3 x 1042 = 1.5 x 10 siemens as shown in Fig. 41.41.
Vg =110/ /3 =635kV/phase; |, =40x 10°V3 x 110 x 10°= 210 A
Let Vg =(63,500+j0) ; I, =210(0.7 - 0.714) = (147 - j 150)
Yo =15x 107 siemens; ley = VY, = 63500 %j1.5x 10 =j 9.5 A
Asseen from Fig. 41.36
I, = I+l = (147 -] 1405) A

Voltage drop/phase = | Z, = (147 —] 140.5) (11 +j 38) = 6956 + j 4041
Vg = Vi +1,Z =63500+ 6,956 +j4041 = 70,456 + j4041 = 70,570 (013.2°
Linevalue of sending-end voltage I R X, .

= V3x 70,570 =122.2 kV =

lei = VsYe, . —»la T
= (70,570 +j 4041) x j 1.5 x 107 ©
= ~06+]10.6=10.6 193.2° v L s [:] Ve

lg = I, +1; -

= (-0.6 + 10.6) + (147 — j 140.5)
= 146.4-j129.9=195.7 & 41.6°

AnglebetweenV and | =41.6°+ 3.2°=44.8°

COS (5 = €05 44.8° = 0.71 (lag) Fig. 41.41
Power input =3 x 122.2 x 10° x 195.7 x 0.7 = 29.41 MW
Power output = 40 x 0.7 = 28 MW

0 power transmission n = 28/29.41 = 0.952 or 95.2%

(b) vector diagram is similar to that shown in Fig. 41.35 (b).

(c) Asseenfrom Fig. 41.41 under no-load condition, current in the conductor is

=g, =j95A

lc, 2= j9.5(11+)38) =-361+j 105
63,500 + (361 +j 105) = 63,140 + j 105 = 63,140 [10.1°
(63,140 +j 105) x j 1.5 x 10™* = (- 0.016 + j 9.47) A
=g, +lg, =j95-0.016 +j 9.47=(-0.016 +j 18.97) A

Drop/phase

<
n
1

Tutorial Problem No. 41.2

1. A 50-Hz, 3-phase line 100 km long delivers aload of 40,000 kVA at 110 kV and a lagging power
factor of 0.7. The line constants (line-to-neutral) are : resistance 11 Q ; inductive reactance 38 Q;
capacitive susceptance 3 x 10™* S (half at each end), leakage negligible. Find the sending-end volt-
age, current, power factor and power input. [122 kV ; 1958 A ; 0.715; 29.675 kW]
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2. A 50-Hz, 3-phase transmission line has the following constants (line-to-neutral). Resistance 11 Q,
reactance 38 Q; susceptance 3 x 10™s, leakage negligible. The capacitance can be assumed located
half at each end of the line. Calculate the sending-end voltage, the line current and the efficiency of
transmission when the load at the end of the line is 40,000 kVA at 110 kV power factor 0.7 lagging.

[122 kV ; 203.35 A ; 95.5%]

3. A 3-phase transmission line has the following constants (line-to-neutral) ; R = 10 Q ; inductive
reactance =20 Q, capacitivereactance= 2.5k Q. Using the nominal T-method, calculate thevoltage,
line current and power factor at sending-end and the efficiency of transmission when the transmis-
sion line supplies a balanced load of 10 MW at 66 kV and power factor 0.8 lagging.

[69.5KV ; 100 A ; 0.85 lag ; 96.8 %] (Electrical Technology ; M.S. Univ. Baroda)

4. A 3-phaseline hasaresistance of 5.31 ohmsand inductance of 0.0176 henry. Power istransmitted at
33 kV, 50 Hz from one end and the load at the receiving end is 3600 kW at 80 per cent power factor.
Find the line current, receiving-end voltage, sending-end power factor and the efficiency of trans-
mission. [81.5 A, 319 kV, 0.796, 97.2%] (U.PS.C)

5. Cdculatethe % regulation of 6.6 kV single-phase A.C. transmission line delivering 40 amps current
at 0.8 lagging power factor. Thetotal resistance and reactance of theline are 4.0 ohm and 5.0 ohm per
phase respectively. [3.76%]

6. A-3phaseload of 2,000 kVA at 0.8 power factor is supplied at 6.6 kV, 50 Hz by means of a 33 kV
transmission line, 32 km long in association with a33/6.6 kV step-down transformer. The resistance
and reactance of each conductor per km are 0.4 ohm and 0.5 ohm respectively. The resistance and
reactance of the transformer primary are 7.5 ohm and 13.2 ohm while those of secondary are 0.35
ohm and 0.65 Q respectively. Find the voltage necessary at the sending end of the transmission line
when thevoltageismaintained at 6.6 kV at the receiving end. Determine a so the sending-end power
and efficiency of transmission. [35.4 kV, 1,689.5 kW, 94.7%]

7. Thegeneralised A and B constants of atransmission line are 0.96 [11° and 120 [J80° respectively. If
the line to line voltages at the sending and receiving ends are both 110 kV and the phase angle
between them is 30°, find the receiving-end power factor and the current.

With the sending-end voltage maintained at 110 kV, if the load is suddenly thrown off, find the
corresponding receiving-end voltage. [0.868 (lead), 326 A,114.5 kV]

8. A 3-phase, 50-Hz, 150 km line has aresistance, inductive reactance and capacitive shunt admittance
of 0.1Q,0.5Q and 3 x 10° siemens/km/phase. If the line delivers50 MW at 110kV and 0.8 p f. lag,
determine the sending-end voltage and current. Assume a nominal Tecircuit for the line.

[143.7 kV, 306.3 A]

41.25. Generalised Circuit Constants of a Transmission Line

For any 4-terminal network i.e. one having two input and two output terminals (like atransmis-
sion line) the sending-end voltage per phase and the currents at the receiving and sending-end can be
expressed by the following two equations :

Vg = AVg+Bly (i)
lg = CVp+Dlg (i)
where A, B, C and D are the constants known as ‘ generalized circuit constants of the transmission

line. Their values depend on the particular method adopted for solving the transmission network. Let
us consider the following cases.

(i) Short Line. In the case of lines up to 50 km, the effect of capacitance on the line perfor-
manceis negligible. Hence, such aline can be represented as shown in Fig. 41.42 (a).

Here, lg =1 and  Vg=Vg+IZ
Comparing these with Eq. (i) and (ii) above, we get that
A =1; B=Z C=0 and D=1
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Incidentaly, it may be noted that AD -BC =1
(i) Medium Line-Nominal-T Method
Thecircuit isshownin Fig. 41.42 (b).

Itisseenthat, Vg =V, +15Z/2 (i)
Also V, = Vg+IgZ/2 (iv)
Now, le = lg=1g=V,Y =Y (Vg +15Z/2)
YZ
O lg = VRY +1g (l+2) (V)
IS 1 IR
Z
Vs L

(@) () (©
Fig. 41.42
Eliminating V, from Eq. (iii) and (iv) we get
1 Z

Vg = Vip+ 57 +% (Vi)

Substituting the value of |, we get
_ YZ yz*0 .

Vg = (1+T)VR+%+ E'r (Vi)
Comparing Eq. (vii) and (v) with Eq. (i) and (ii) respectively, it isfound that

A =D= 1+Y—ZZ;B: (1+Y42) andC=Y

It can again be proved that AD —BC = 1.
(iif) Medium Line-Nominal- Tt Method
Thecircuit isshown in Fig. 41.42 (c). Here, seriesimpedance per phase = (R +j X) and admit-
tanceisY =jwC.

As seen, g = I+1,=1+VgY/2 ..(viii)
Also I =l +1g=lg+VgY/2 o(iX)
Vi Y
Now, VS:VR+|Z:VR+Z§R+ YL
2 H
- (1+Y22) Va+7l g (%)
Eliminating | from Eq. (viii) and (ix), we get
VoY V.Y
lg = I+ R2 + Z

Now, substituting the value of Vo, we have
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VY Y YZ 0
IS = IR+ F\é +§ 1+T)VR+ZIRE
YZ YZ .
or |S = Y(1+4)VR +(1+2)|R ...(Xl)
Comparing Eq. (x) and (ii) with Eq. (i) and (xi) above, we get,

A = D:(1+YZZ) B=Z C= Y(lﬂf)

Again, it can be shownthat AD -BC =1
Example 41.29. Find the following for a single-circuit transmission line delivering a load of
50 MVA at 110 kV and p.f. 0.8 lagging :
(i) sending-end voltage, (ii) sending-end current, (iii) sending-end power, (iv) efficiency of
transmission. (Given A= D = 0.98 [73°, B = 110 [J75° ohm, C = 0.0005 [/80° ohm)
(Power Systems, AMIE, Sec. B, 1993)

Solution. Receiving-end voltage, Vi, = 110/+/3 = 63.5kV
Taking this voltage as reference voltage, we have
Vg = (63500+]j0)
I, = 50x10%43 x110x 10°=262.4 A
I, = 262.40cos 0.8=2624(0.8-j0.6)=(210-]157.5 A
AVLp = 0.98[03°x 63,500 [0° = 62,230 J3° = (62145 + j 3260) V
Bl = 110075°x 262.4[136.86°= 28,865 [1111.8°=(-10,720 +j 26,800) V
(@) Vs = AV, +Bly=51,425+] 30,060 = 59,565, [130.3°V
CV, = 0.0005[080°x 63,500 00°=31.75080°= (5.5+j 3L.3) A

Line 1 Line 2
Iz 1 Ir
Vs A1,B1,Cp. Dy Ag, By, C2. Dy VR
N I
Fig. 41.43
DI, = 0.9803°x 262.4 [136.86° = 257.75 [139.86° = 197.4 + j 164.8
(ii) lg = CVg+ DIy, =203+j 196 = 282 [144°A

(iii) Sending-end power = 3V g I cos @ = 3 x 59.565 x 282 x cos [144.30° - 30.3°= 48.96 MW
Receiving end power = 50 x 0.8 = 40 MW
(iv) Transmission n = 40 x 100/48.96 = 81.7%
Example41.30. A 150 km, 3-¢ 110-V, 50-Hz transmission linetransmitsaload of 40,000 kW at
0.8 p.f. lag at receiving end.
resistance/km/phase = 0.15 Q, reactance/km/phase = 0.6 Q ; susceptance/km/phase = 10°'S
(a) determinethe A, B, C and D constants of the line (b) find regulation of the line.
(Power System-1, AMIE, 1993)
Solution. We will use the nominal-rtmethod to solve the problem. For alength of 150 km :
R = 015x150=225Q ;X =0.6x150=90Q ;Y =150x10°S=15x10"S
Z = (R+]X)=(225+]90)=92.8075°0hm; Y =15x 10 090° S
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. -4
(3 A =D= (1+YZZ) =1+ % (22.5+] 90) = (0.9675 + ] 0.01688)
= 0.968 0 1.0°
B =27=928075;C=Y (l+ Yf) =j15x 107 é,+%1.j15><10‘4 (22.5 + jQO)E

—0.00001266 + j 0.00145 = 0.00145 [J90.5°

(b) Now, theregulation at the receiving-end isdefined asthe changein voltagewhenfull-load is
thrown off, the sending-end voltage being held constant.

Now, when load is thrown off, | ; = 0. Hence, putting thisvaluein Vo = AV, + Bl 5, we get

V — —

Vg = AVpgorVeo=—= 0 %regn. = Veo “Ve x 100= VATVR) 109
A A A

Now, Vg = 100/./3 kV = 63,520 V—at load
Il = 40x10% /3 x 110x 10’ x 0.8 =263 A ; |, = 263 (0.8 — ] 0.6) = (210 - j 158)
Vg = AV, +BI, = 63,520 (0.9675 +j 0.01688) + (22.5 + | 90) (210 - j 158)
= 80,450 + | 16,410 = 82,110 011.5°
Vg/A = 82,110/0.968 = 84,800 ; regn. = % x 100 = 335%

Example41.31. A 132-kV, 50-Hz, 3-phasetransmission linedeliversaload of 50 MW at 0.8 p.f.
lagging at receiving-end.
The generalised constants of the transmission line are
A=D=095[14°; B=96[]7.8°; C= 0.0015 [790°
Find the regulation of the line and the charging current. Use nominal T-method.
(Electrical Power-I, Bombay Univ.)
= 50x10% /3 x 132 x 10° x 0.8 = 273 A
= 273(0.8-j0.6) =218-j164=273F 36.9°
Vi = 132,000/,/3 =76,230;V,=76,230+j 0
Vg = AVi + Bly=76,230 00° x 0.95 J1.4° + 96 0J78°. 273 00 —36.9°
= 72,418 0 1.4 + 26,208 [141.1° = 89,000 +j 21,510 = 92,150 [(113°
lg=CV,+ DI, = 76,230 x 0.0015 090° + 0.95 [0 1.4°. 273 (3 36.9°
= j114+259.3[F 355°=211-j 36
Veo=VJA = 92,150/0.95 = 97,000 ; % regn = %2372230
lc=lg—1g = (211-j36) - (218 —j 164) = -7 +] 128 =128.2 0 93.1°
Example41.32. A 3-phase transmission line consists of two lines 1 and 2 connected in series,
line 1 being at the sending end and 2 at the receiving end. The respective auxiliary constants of the
twolinesare: A;, B, C;,D, andA,, B,, C,, D,. FindtheA, B, C, D constants of the whole line which
is equivalent to two series-connected lines.

Solution.

=271

Solution. The two series-connected lines along with their constants as shown in Fig. 41.43.

For lineNo. 1

Vg = AV +Bl : ls = C,V +D|l ()
For line No. 2

V = AVg+B,l, | = CVg+D,l, (i)

Substituting the values of VV and | from Eq. (ii) into Eq. (i), we get
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Vs = AL(AVr*B,lg) +B1(C Vg + D,lg) = (A1A, + B,C, )V +(AB, + BD, g

and I = Cy(A,Vr+B,lg)+D,(C,Vg+D,lg)=(C,A,+D,C,)Vg+(C,B,+D,D,)l5
Hence, the two lines connected in series have equivalent auxiliary constants of

A = AA,+B,C, B = AB,+B,D,

C =CA,+DC, and D = CB,+D,D,

41.26. Corona

When an alternating potential differenceisapplied acrosstwo conductorswhose spacing islarge
as compared to their diameter, there is no apparent change in the condition of the atmospheric air
surrounding the wiresiif voltageislow. However, when the p.d. isincreased, then a point isreached
when afaint luminous glow of bluish colour appears along the lengths of conductors and at the same
timeahissing sound isheard. Thisbluish dischargeisknown ascorona. Coronaisawaysaccompa:
nied by the production of ozone which isreadily detected because of its characteristic odour. If the
p.d. isfurther increased, then the glow and hissing both increasein intensity till aspark-over between
the conductors takes place due to the break-down of air insulation. If the conductors are smooth and
polished, the corona glow is uniform aong their length but if there is any roughness, they will be
picked up by relatively brighter illumination. In the case of conductors with a spacing shorter as
compared to their diameters, sparking may take place without any visible glow. If the p.d. between
wiresis direct instead of alternating, there is a difference in the appearance of the two wires. The
positive wire has a smooth glow about it whereas the glow about the negative wire is spotty.

Corona occurs when the electrostatic stress in the air around the conductors exceeds 30 kVA
(maximum)/cmor 21.1kV (r.m.s.)/cm. Theeffectivedisruptivecritical voltageto neutral isgiven by
therelation.

Ve = myg, o rlogh D/r kV/phase = 2.3 myg, & r log,, D/r kV/phase
where  m, = irregularity factor which takesinto account the surface conditions of the conductor.
D = distance between conductorsin cm.
r = radiusof the conductor in cm or the radius of the circumscribing circlein astranded
cable.
0, = breakdown strength or disruptive gradient of air at 76 cm of mercury and 25°C
= 30KkV (max.)/lcm =21.1kV (r.m.s.)/cm
O = air density factor
Substituting the value of g,, we have
Ve =21.1m,drlogh D/r kV/phase =21.1 my & r x 2.3 10g,, D/r kV/phase
= 48.8 my & r log,, D/r kV/phase
3.92b
273+t
where b = barometric pressurein cm of Hg and t = temp. in degrees centigrade.

whenb =76cmandt=25°,Cd=1

The irregularity factor m, depends on the shape of cross-section of the wire and the state of its
surface. Itsvalueisunity for an absolutely smooth wire of one strand of circular section and lessthan
unity for wires roughened due to weathering as shown below :

Irregularity Factor

Thevalue of disgivenby &=

Polished wires 1.0
Wesathered wires 0.93t0 0.98
7-strand cables, concentric lay 0.83t00.87

Cableswith morethan 7-strands ... 0.80t0 0.85
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41.27. Visual Critical Voltage

This voltage is higher than the disruptive critical voltage V.. It isthe voltage at which corona
appears al aong the line. The effective or r.m.s. value of visual critical voltage is given by the
following empirical relation.

0 0
V, = m,g,or EH %Elogh D/r kV/phase

O o30
21.1m,dr EH fﬁ x 2.3 log,, D/r kV/phase
or

488m & %+ 0'3§| DIr kV/ph
8m,3r Jor 09,, D/r kV/phase
or

where m, is another irregul arity factor having avalue of 1.0 for smooth conductors and 0.72 to 0.82
for rough conductors.

41.28. Corona Power

Formation of coronais always accompanied by dissipation of energy. Thislosswill have some
effect on efficiency of thelinebut will not have any appreciable effect onthelineregulation. Thisloss
is affected both by atmospheric and line conditions. Soon after the critical voltage is reached, the
coronalossincreases asthe square of the excessvoltage. Thelossfor voltage of V kilovolt to neutral
isgiven by thefollowing empirical relation.

p = 241@ \/([r))(v ~V,)? %10 kW/km/phase

wheref isthe frequency of theac. in Hz.
Obvioudly, total loss equals 3 times the above.

41.29. Disadvantages of Corona

1. Thereisadefinite dissipation of power although it is not so important except under abnor-
mal weather conditions like storms etc.

2. Corrosion due to ozone formation.

3. Thecurrent drawn by the line due to corona losses is non-sinusoidal in character, hence it
causesnon-sinusoidal drop in the linewhich may cause someinterference with neighbouring
communication circuits due to el ectromagnetic and el ectrostatic induction. Such a shape of
corona current tends to introduce alarge third harmonic component.

However, it has been found that coronaworks as a safety valve for surges.

4. Particularly intense corona effects are observed at a working voltage of 35 kV or higher.
Hence, designs have to be made to avoid any corona on the bus-bars of substations rated for
35kV and higher voltages during their normal operation. Corona discharge round bus-bars
isextremely undesirable because the intenseioni zation of theair reducesitsdielectric strength,
makes it easier for the flashover to occur in the insulators and between phases particularly
when the surfaces concerned are dirty or soiled with other deposits. The ozone produced
dueto coronadischarge aggressively attacksthe metallic componentsin the substations and
switchgear, covering them with oxides. Moreover, the crackling sound of the corona
discharge in a substation masks other sounds like light crackling noise due to arcing in a
loose contact, the sound of an impending breakdown or creepage discharge in the equip-
ment, the rattling noise due to the loosening of steel in atransformer core etc. The timely
detection of such soundsis very important if any serious breakdown is to be avoided.
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Example 41.33. Find the disruptive critical voltage for a transmission line having :

conductor spacing = 1m; conductor (stranded) radius= 1 cm

barometric pressure= 76 cmof Hg ; temperature = 40°C

Air break-down potential gradient (at 76 cm of Hg and at 25°C) = 21.1 kV (r.m.s.)/cm.
(Electric Power Systems-|, Gujarat Univ.)

Solution. Ve = 23myg,rlog,, D/r kV/phase
Here, gy = 21.1kV (rm.s)/cm; m,=0.85 (assumed)

d = 3.92x 76/(273 + 40) = 0.952 ; log,, D/r = 109,,100/1 = 2
0 V, = 23x0.85%21.1x0.952%x1x2=7854KkV (r.m.s.)/phase

Linevalue = 78.54 x V3 =136 kV (r.m.s)/phase

Example 41.34. Find the disruptive critical and visual corona voltage of a grid-line operating
at 132 kV.

conductor dia = 19cm ; conductor spacing =381lm
temperature = 44°C ; barometric pressure = 73.7cm
conductor surface factor :

fine weather = 08 ; rough weather = 0.66.

(Electrical Power Systems-|11, Gujarat Univ.)

Solution. V., = 48.8m,drlog,, D/r kV/phase
Here, m, = 0.8;0=392x73.7/(273 + 44) = 0.91
log,, 381/1.9 = log,, 200.4 = 2.302
O V, = 48.8x0.8x0.91 x 1.9 x 2302 = 155.3 kV/phase
0 o330
V, = 488m,dr ﬁu FE log,, D/r kV/phase
r
Here, m, = 0.66;5=091; /5r =,/0.91x1.9 =1314
0 V, = 488x 0.66x 0.91x 1.9 (1+ 1%?4) 2.302 = 157.5 kV/phase

Example 41.35. A certain 3-phase eqguilateral transmission line has a total corona loss of
53 kW at 106 kV and a loss of 98 kW at 110.9 kV. What is the disruptive critical voltage between
lines? What is the corona loss at 113 kV? (Electrical Power Systems- I, Gujarat Univ.)

Solution. Asseen from Art. 41.28, the total coronaloss for three phasesis given by

p = 3XM.\/% V -V,)2 x10™° kwikm
Other things being equal, P (V - V)

o6, )
O 53 O B——V J(®12-v —14t case
\/é CB ( ()
(109 ., Cf 2
98 [ B__V 0(4-Vv — 2nd case
\/§ CB ( ()
64-V.)?
O B - (—C)z or V. =542kV/km
53 (61.2-V.)
Similarly, wo s O

(5 Ve D(652-V)



w _ (652-V,)° _(652-54.2)°

98
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0O W=1234kwW

(64-V.)*  (64-54.2)°

Example41.36. A 3-phase, 50-Hz, 220-kV transmission line consists of conductors of 1.2 cm
radius spaced 2 metres at the corners of an equilateral triangle. Calculate the corona power 10ss per
km of the line at a temperature of 20°C and barometric pressure of 72.2 cm. Take the surface factors

of the conductor as 0.96.

(Electrical Power-11, Bangalore Univ.)

Solution. As seen from Art. 41.28, coronaloss per phase is

P

Here, d =

O

f+2 _
241 { 5 5)\/(r/ D) . (V -V, )*x 10" kW/km/phase
392b _392x722 _
273+t 213+20 0960
_ 200
48.8my 8 logy, DIr = 48.8 % 0.96 x 0.966 x 1.2 x 10g,, T

120.66 kV/phase
220/ \/3 =127 kV/phase

75 12 2 5
2 = -120. =0.579 kW/km/ph
241 % 0,966 x (200) x (127 —-120.66)" x10 0.579 kW/km/phase

Total loss for 3 phase = 3 x 0.579 = 1.737 kW/km

41.30. Underground Cables

Underground cables
are used where overhead
lines are not possible as
inlarge cities despitethe
fact that in their case,
cost per kW per km is
much more as compared
to overhead transmission
lines. Another advantage
of overhead system for
distributors is that tap-
ping can be made at any
time  without any dis-
turbance, which is of
great importance in rap-
idly developing areas.
However, underground
cablesare more advanta-

Underground cables are used where overhead transmission is difficult

geousfor feeders which are not likely to be disturbed for tapping purposes because, being lessliable
to damage through storms or lighting or even wilful damage, they offer a safer guarantee of supply.
But this advantage may be offset by the cost of trenching and expensive jointing necessary in case of

repairs.

However, cables score over overhead linesin cases where voltage regulation is more important,
because, due to very small spacing of their conductors, they have a very low inductance and hence

low inductive drops.
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Cables may be classified in two ways according to Ll
(i) the type of insulating material used in their manu- Sheath
factureor (ii) thevoltage at which they transmit power.
The latter method of classification is, however, more Core

generally used according to which cables are divided
into three groups :

1. Low-tension cables—up to 1000 V

2. High-tension cables—up to 23,000 V

3. Super-tension cables—-from 66 kV to 132 kV

For all cables, the conductor is tinned stranded
copper of high conductivity. Stranding isdoneto secure
flexibility and the number of conductors in a core is Fig. 41.44
generally 3, 7, 19 and 37 etc. Except for 3-strand, all
numbers have acentrally-disposed conductor with al otherssurroundingit. A cable may haveoneor
more than one core depending on the type of servicefor whichitisintended. It may be (i) single-core
(i) two-core (iii) three-core and (iv) four-core etc.

In Fig. 41.44 is shown a section through a twin-cored, high-tension lead-covered underground
cable sheathed with a continuous tube of pure lead whereas Fig. 41.45 shows a section of atypical
concentric type 2-core cable used for single-phase distribution. The cores are arranged concentri-
cally. Theouter coreisarranged intheform of hollow tubing. Both coresare of stranded copper and
paper-insulated and are protected by alead-sheath.

In Fig. 41.46 is shown a section through a 3-core extra-high-tension paper-insulated lead-
covered and steel-wire armoured cable.

The cores are surrounded by insulation or impregnated paper, varnished cambric or vulcanised
bitumen.

Theinsulationis, inturn, surrounded by a metal sheath made of lead or alead aloy and prevents
the entry of moistureinto theinner parts. On the sheath is applied the bedding which consists of two
compounded paper tapes along with suitable compounded fibrous materials.

Next comes‘armouring’ whichisplaced over the bedding and consists of either galvanized steel
wires or two layers of steel tape. Armouring may not be done in the case of some cables.

Next comes ‘ serving' which consists of compounded fibrous material (jute etc.) placed over the
armouring in the case of armoured cables or over the metal sheath in the case of unarmoured cables-
in which case serving consists of two layers of compounded paper tapes and a final covering of
compounded fibrous material.

Paper Tarred Jute
Insulation /_ Lead Servings
Sheath
Steel Wire
Outer Armour
Core
>
Lead
Sheath
Inner
Core

Fig. 41.45 Fig. 41.46
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41.31. Insulation Resistance of a Single-core Cable

The expression for the insulation resistance of such acable, asderived in Art. 5.14.

23p r
= ﬁlleOr_i ohm

The value of specific resistance for paper is approximately 500 Q-m.

41.32. Capacitance and Dielectric Stress
This has already been dealt with in Art. 5.9 and 5.13.

41.33. Capacitance of 3-core Belted Cables

The capacitance of acableis much moreimportant than of the overhead wires of the samelength
becausein cables (i) conductors are nearer to each other and the sheath and (ii) they are separated by
adielectric medium of higher permittivity ascomparedtoair. Fig. 41.47 showsasystem of capacitances

(a) ) (©)
Fig. 41.47

in a belted 3-core cable used for 3-phase system. It can be regarded as equivalent to three-phase
cables having acommon sheath. Sincethereisap.d. between pairs of conductors and between each
conductor and sheath, there exist el ectrostatic fields as shown in Fig. 41.47 (a) which shows average
distribution of electrostatic flux, though, actualy, the distribution would be continually changing
because of changing potential difference
between conductors themselves and
between conductors and sheath. Because

of the existence of this electrostatic

coupling, there exist six capacitances as C,=3C,

shown in Fig. 41.47 (b). The three RS /C‘

capacitances between three cores are S C,=3C,
delta-connected whereas the other three O/\ /\0
between each core and the sheath are i C,=3C,
star-connected, the sheath forming the C,

star-point [Fig. 41.47 (c)].

The three delta-connected capaci- @ ®
tances each of value C, can be converted Fig. 41.48
into equival ent star-capacitance C, which
will be three times the delta-capacitances C, as shown in Fig. 41.48.

The two star capacitances can now be combined as shown in Fig. 41.49 (8). In this way, the
whole cable is equivalent to three star-connected capacitors each of capacitance C, = 3C; + Cg as
shownin Fig. 41.49 (b).
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A
Cs G,
Cy=C+3C,
C=C.+3C
Cs c, N=&S 1
o/\ CN=CS%O
B Cz CS C
b
@) ()
Fig. 41.49

If Vp isthe phase voltage, then the charging current is given by
lc = Vp(Cg+3C)w=V,wC,

41.34. Tests for Three-phase Cable Capacitance

The following three tests may be used for the measurement of C, and Cg:

(i) Inthefirsttest, al the three cores are bunched together and then capacitanceis measured by
usual methods between these bunched cores and the earthed sheath. Thisgives3 Cgbecausethethree
capacitances arein parallel.

(if) In the second method, two cores are bunched with the sheath and capacitance is measured
between these and the third core. It gives 2C, + C5. From thisvalue, C; and Cq can be found.

(iii) Inthethird method, the capacitance C, between two coresor linesismeasured withthethird
core free or shorted to earth. Thisgives

G GO 1 C
i T § —_—
% 2 "2H 7 3BGrCI =5

Hence, C, istwice the measured valuei.e. C, = 2C,

Therefore, charging current | - = wVC, = 52N wV,C,

V3
where V| isthelinevoltage (not phase voltage).
Example 41.37. A single-core lead-covered cable is to be designed for 66-kV to earth. Its
conductor radiusis 1.0 cmand itsthree insulating materials A, B, C have permittivities of 5.4 and 3

respectively with corresponding maximum safe working stressof 38 kV per cm(r.m.s. value), 26-kV
per cmand 20-kV per cmrespectively. Find the minimum diameter of the lead sheath.

lution. =_Q = Q
Solution O1rmax P o1 or 38 B% B 1 ()
_ . Q . Q .

Pomax = 2_,_[@ on or 26 TQDXO 4T, (1)

_ Q - Q

e = =———— Of 200=———— (il

’ 2nLpl sty X 20X, 3 1y i

From (i) and (ii), we get, 38/26 = 4r,/5, r; = 1.83 cm
Similarly, from (i) and (ii),
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38/20 = 3r,/5;r,=3.17¢cm
Vi = Oy X T X 23100, 1/r

= 38x 1x 23109,y 12> =22.0kV

I3

I.
V, = Qo X1 X 2.3 Ioglor—2
1
= 26 x 1.83 x 2.3 log,, i_é;
= 26.1kV '

I.
V3 = Ogmax X 2 X 2.310g;, r_3
2
= 20x3.17x23log,,_"3_
317

- 3

= 145.82log,, 317
Now, V =V +V,+V,

_ s
0 66 = 22.9+26.1+145.82l0g,, 317
O r, = 415cm

O diameter of thesheath = 2r,=2x4.15=8.3cm

Example 41.38. The capacitances per kilometer of a 3-phase cable are 0.63 puF between the
three cores bunched and the sheath and 0.37 pF between one core and the other two connected to
sheath. Calculate the charging current taken by eight kilometres of this cable when connected to a
3-phase, 50-Hz, 6,600-V supply.

Solution. AsshowninArt. 40.33,0.63=3C5y O Cg=0.21puF/km

Fig. 41.50

From the second test,
037 = 2C,+C,=2C,+021 O C,=0.08pF/km
O Cgfor8km = 021x8=168uF;C,for8km=0.08x8=0.64uF
C, = C4+3C,=168+(3x0.64)=36uF
Now, V, = (6,600//3); w=314rad/s

wV,C, = (6,600V3) x 3.6 x 10~° x 314 = 431 ampere

Example 41.39. A 3-core, 3-phase belted cable tested for capacitance between a pair of cores
on single phase with the third core earthed, gave a capacitance of 0.4 mF per km. Calculate the
charging current for 1.5 km length of this cable when connected to 22 kV, 3-phase, 50-Hz supply.

Solution. C_ = 04pF V, =22000V, w=3l4rads
2 2 IS
lc = “= wV,C =-=x22,000%0.4x10" x314 =32 A
\/é L-L \/§

Charging current for 15 km 32x15=48A

Example 41.40. A 3-core, 3-phase metal-sheathed cable has (i) capacitance of 1 uF between
shorted conductors and sheath and (ii) capacitance between two conductors shorted with the sheath
and the third conductor 0.6 uF. Find the capacitance (a) between any two conductors (b) between
any two shorted conductors and the third conductor. (Power Systems-|, AMIE, Sec. B, 1993)

Solution. (&) The capacitance between two cores or lines when the third coreis free or shorted
to earthisgiven by 1/2 (3C, + Cg)
Now, (i) wehave3Cq = 1IuForC,=1/3uF=0333uF
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From (i) weget,2C,+Cg = 0.6 F,2C, =0.6-0.333=0.267 i F,

O C, = 0133uF
(b) The capacitance between two shorted conductors and the other is given by
2CsxCs _ 2~ _ 2 _
2C, +3—CS = 2C; + 3 Cg=2x0.133+ 3 x0.333=0488mF

41.35. A.C. Distributor Calculations

These calculations are similar to those for d.c. distributor but with the following differences :

1. The loads tapped off will be at different power factors. Each power factor is taken with
respect to the voltage at the feeding point which is regarded as a reference vector.

2. The currentsin the sections of the distributor will be given by the vector sum of load cur-
rentsand not by their arithmetic sum asinad.c. distributor. Currentscan be added algebra-
ically only when they are expressed in the complex notation.

3. Thevoltage drop, inthe case of a.c. circuits, isnot only due to ohmic resistance but due to
inductive reactance as well (neglecting capacitive reactance if any).

It has already been shown that voltage drop in an inductive circuit is given by
I (Rcos@+ X sin )
Thetotal drop will begivenby X1 (Rcos@+ X sin ).
Questions on a.c. distributors may be solved in the following three ways:

1. Expressvoltages, currentsand impedancesin complex notation and then proceed exactly as
ind.c. distributors.

2. Split the various currents into their active and reactive components. Now, the drop in the
case of active componentswill be dueto resistance only and in the case of reactive compo-
nents due to reactance only. Find out these two drops and then add the two to find the total
drop.

3. Incaseswhere approximate sol utions are sufficient, quick results can be obtained by finding
the “distribution centre” or centre of gravity of theload.

All these three methods areillustrated by Ex. 41.42 given on the next page :
Example41.41. A2-wirea.c. feeder 1 kmlong suppliesaload of 100 A at 0.8 p.f. lag 200 volts
atitsfar end and aload of 60 A at 0.9 p.f. lag at itsmid-point. The resistance and reactance per km

(lead and return) are 0.06 ohm and 0.08 ohm respectively. Calculate the voltage drop along the
distributor from sending end to mid-point and from mid-point to far end.

(Power Systems-|, AMIE, Sec. B, 1993)

Solution. Fig. 41.51 shows the feeder AC 1 km long having B as its mid-point and A as its
sending-end point.

A B ©
200 £0°V
60 A 100 A
0.9 lag 0.8 Lag
Fig. 41.51

L et the voltage of point C be taken as reference voltage.
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Ve = 200 +j,, |- =100(0.8—-j 0.6) = (80— 60) A
L oop impedance of feeder BC (lead and return) = (0.06 + j 0.08)/2 = (0.03 + j 0.04) ohm

Voltagedrop in BC = (80-j60) (0.03+0.04) =(48+j1L4)V

O Vg = 200+48+j14=(2048+j14)V

Current lg = 60(0.9-j0.4357)=(54-j26.14) A
Currentinfeeder ABi.e. l,g = Io+15=(80—] 60) + (54— 26.14) = (134 - j 86.14) A
Drop in section AB = (134-86.14) (0.03+j0.04) =(7.46+] 2.78) V

Voltage drop from point A to point B = (7.46 +] 2.78) V
Example 41.42. A single-phase a.c. distributor 500 m long has a total impedance of (0.02 +
j0.04) Q and isfed from one end at 250V. It isloaded asunder :
(i) 50 Aat unity power factor 200 m from feeding point.
(if) 100 A at 0.8 p.f. lagging 300 m from feeding point.
(iif) 50 Aat 0.6 p.f. lagging at the far end.
Calculate the total voltage drop and voltage at the far end.  (Power System-I, AMIE, 1994)
Solution. First Method

Currentinsection AD (Fig. 41.52) isthe vec-
tor sum of the three load currents. \\Ak—200 m—| 100 m|«— 200—»| g
O currentinAD D @
= 50+100(0.8-j0.6) +50(0.6—) 0.8) l l
=160 -j100 50A 100 A 50 A

Impedance of section AD UPF. 0.8 Lag 0.6 Lag

= (200/500) (0.02 +j 0.04) Fig. 41.52

= (0.008 +j 0.016) W
Voltagedrop in section AD = (160 —j 100) x (0.008 +j 0.016) = (2.88 +j 1.76)V
Current in section DC = (160 -j100) - 50 = (110 —j100) A

Impedance of DC = (0.004 +j 0.008) Q

Dropin CD = (100 -j100) (0.004 +j 0.008) = (1.24 + 0.48) V

Currentin CB = 50(0.6-j0.8)=(30—j 40) A

Impedence of CB = (0.008 +j 0.016) Q

O dropin CB = (30-j40) (0.008 +j0.016) = (0.88 +0.16) V

Total drop = (2.88+)1.76) +(1.24+)0.48) + (0.88+j 0.16) = (5+j 2.4) V
Voltage at far end = (250+j0) - (5+j2.4)=245— 2.4 volt

Itsmagnitudeis

\245% + 2.4> =245V (approx)
Second Method

Wewill split the currentsinto their active and reactive components as under :
50x1 = 50A; 100x0.8=80A; 50x0.6=30A
These are shown in Fig. 41.51 (a). The reactive or wattless components are
50x0 = 0; 100x0.6=60A; 50x0.8=40A
Theseare shown in Fig. 41.53 (b). The resistances and reactances are shown in their respective
figures.
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Fig. 41.53

Drops due to active components of currents are given by taking moments
= 50 x 0.008 + 80 x 0.012 + 30 x 0.02=1.96 V
Drops due to reactive components = 60 x 0.024 + 40 x 0.04 = 3.04

Total drop =196+3.04=5V
Thisis approximately the same as before.
Third Method

The centre of gravity (C.G.) of theload is at the following distance from the feeding end
50 x 200 +100 %300 +50 x500
200

Value of resistance upto C.G.

Value of reactance upto C.G.

=325m

325 x 0.02/500 = 0.013 Q.
325 x 0.04/500 = 0.026 Q.

50x1+100 % 0.8 +50 x0.6 _
Averagep.f. = 500 =08

cosg, = 08;sn ¢,=06
Drop 200(0.013 x 0.8 + 0.026 x 0.6) =5.2V
Thisis approximately the same as before.

Example 41.43. A single-phase distributor, one km long has resistance and reactance per
conductor of 0.2 Q and 0.3 Q respectively. At the far end, the voltage Vg = 240V and the current is
100 A at a power factor of 0.8 lag. At the mid-point A of the distributor current of 100 A istapped at
a power factor of 0.6 lag with reference to the voltage V,, at the mid-point. Calculate the supply
voltage V¢ for the distributor and the phase angle between Vg and V.

Solution. Asshown in Fig. 41.54 (a), let SB be the distributor with A as the mid point. Total
impedance of the distributor is= (0.4 +j 0.6) Q.

Let the voltage Vg at point B be taken as the reference voltage.

O Vg = (240+jy)V ;1;=100(0.8-j0.6) =80—-j 60 A

Drop in section AB = (80-j60) (0.2+j0.3)=(34+j12) V

V, = Vg+dropover AB=(240+j0) +(34+)12) = (274+j12) V

The phase difference betweenV , and Vg is= tan ™t (12/274) = 2°30'

The load current 1, has lagging power factor of 0.6 with respectto V. It lagsV, by an angle
@=cos '(0.6) =53°8..

Hence, it lags behind V; by an angle of (53°8' — 2°30") = 50°38' as shown in the vector diagram
of Fig. 41.54 (b).
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Iy

le—(02+j03)Q —>|Ale—(02 +j 0.3)Q—>B

S
I,=100A I, =100 A

Fig. 41.54
|, = 100 (cos50°38 —jsin50°38") = (63.4 —-j77.3) A
| = 1,+1;=(80-)60)+(63.4—j77.3)=(143.4-]j137.3) A
Drop in section S, = (143.4-j137.3) (0.2 +) 0.3) = (69.87 +j 15.56)
Vg = V,+dropinsectionS,
= (274+]12) +(69.87 +)15.56) =343.9 +] 27.6 = 345 [15°28' V
Hence, supply voltageis 345V and lead Vg by 5°28'

Example41.44. A 1-phasering distributor ABC isfed at A. Theloadsat B and C are 20 A at
0.8 p.f. lagging and 15 A at 0.6 p.f. lagging respectively, both expressed with reference to voltage
at A. The total impedances of the sections AB, BC and CA are (1 + j1), (1 + j2) and (1 + j3) ohm
respectively. Find the total current fed at A and the current in each section.

(Transmission and Distribution-l1, Madras Univ.)

Solution. Thevenin'stheorem will be used to solve this problem. Thering distributor is shown
in Fig. 41.55 (a). Imagine feeder BC to be removed [Fig. 41.55 (b)].

Currentin AB=20(0.8-j0.6) = (16 —j12) A Currentin section AC = 15(0.6—j0.8) = (9 -j12)A
Dropover AB =(16-j12)(1+j1)=(28+j4) V Dropover AC=(9-j12)(1+j3) =(45+j15)V

Obvioudly, point C isat alower potential as compared to point B.
p.d. betweenBand C= (45+j15) - (28+j4)=(17+j11)V

Impedance of the network aslooked into from pointsBand Cis=(1+j1) +(1+)3)=(2+j4)Q..
The equivalent Thevenin’s sourceis shown in Fig. 41.55 (c) with feeder BC connected acrossiit.

17+ j11
2+j4)+@1+j2
CurrentinAB (16 -j12) + (26 -j1.53) =18.6 —-j 13.53=23F 36° A
CurrentinBC = (9-j12) -(26-j153) =6.4-j115=132F 60.9°A
Total current fed at point A = (16-j12) + (9-j12)=25-j24=346 3 43.8°A.

CurrentinBC =(26-j153) A
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Example41.45. A 2-wirering distributor ABC issupplied at A at 400 V. Point loads of 20 A at
ap.f. of 0.8 lagging and 30 A at ap.f. 0.6 lagging are tapped off at B and C respectively. Both the
power factorsrefer tothevoltage at A. Therespective go-and-returnimpedances of sections AB,BC
and CAare(1+ j2) ohm, (2 + j3) ohmand (1 + j3) ohm. Calculate the current flowing through each
section and the potentials at B and C. Use Superposition theorem.

(Power Systems-, M.S. Univ. Baroda 1992)

Solution. The distributor circuit is shown in Fig. 41.56 (). Currentsin various sections are as
shown. First, consider theload at point B acting aloneasin Fig. 41.56 (b). Theinput current at point
A dividesin theinverseratio of theimpedances of the two paths AB and ACB.

Let the currentsbe |," and |,/

PSP (3 - RY R )

e B+ij6) _., .
=(16 - j12) x—4+j8 =12 -j9 A

@+ j3)(2+j3)+(@1+j3
) = (16-j12)-(12-j9)=(4-]j3)A
Now, consider the load at point C to act alone as shown in Fig. 40.56 (c). Let the currents now
bel,” and I,".

(16-j12) A

(b) (©)

Fig. 41.56

1" = (18 - j24) xi:‘jz =75-j7.5; 1, =(18-]24) - (7.5-j7.5)= (10.5-]16.5) A
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As per Superposition theorem, the current |, in section AB isthe vector sumof I," and I,".
o 1, =1/+1,"=(12-j9 +(75-j75) =(195-j16.5 A

L +1,"=(4-j3)+(105-)16.5) = (145-j195 A

"= 1,=(75-j75-(4-j3)=(35-j45 A

P

E

Potential of B = 400-—drop over AB
= 400- (19.5-j16.5)(1 +j2) =347.5-j225=348 [+ 3.7°V
Potential of C = 400-(145-j195)(1+j3)=327-j24=328[3 4.2°V

Example41.46. A 3-phasering main ABCD, fed fromend A, suppliesbalanced |oads of 50 A at
0.8 p.f. lagging at B, 120 Aat u.p.f. at Cand 70 Aat 0.866 p.f. lagging at D, theload currents being
referred to the voltage at point A.

The impedance per phase of the various line sections are :
section AB = (1+j0.6) Q ; sectionBC=(1.2+j0.9) Q
sectionCD = (0.8+j0.5) Q ; sectionDA=(3+)2) Q
Determine the currents in the various sections. (Electrical Power-I, Bombay Univ.)

Solution. One phase of the ring main is shown in Fig. 41.57. Let the current in section
AB=(x+jy)A.

50 A; 0.8 p.f.
1,
(1+j0.6)Q «— (2+j09 —» €
—» >
120 A
A B+2Q > 0.8+j0.5Q uwpf
T
70 A; 0.866 p.f.
Fig. 41.57

Currentin BC = (x +jy) — 50(0.8 —j0.6) = (x — 40) +j(y + 30)
Currentin CD = (x — 40) + j(y + 30) — (120 +j0) = (x — 160) + j(y + 30)
CurrentinDA = (x — 160) + j(y + 30) — 70(0.866 — j0.5) = (x — 220.6) + j(y + 65)
Applying Kirchhoff’svoltage law to the closed loop ABCDA, we have

(1+j0.6)(x +jy) + (1.2+0.9)

[(x = 40) +j(y + 30)] + (0.8 +j0.5)

[(x—160) +j(y +30)] + (3+]2)

[(x —220.6) +j(y +65)] =0
or (6x —4y+1009.8) +j(4x + 6y —302.2) =0
Since thereal (or active) and imaginary (or reactive) parts have to be separately zero.
O 6x—4y +1009.8 = 0 and 4x+6y—-3022=0
Solving for x and y, we get

x = 139.7andy =—-42.8

O Currentinsection AB = (139.7-j42.8) A

Currentinsection  BC = (139.7-40) +j(-42.8+30) =(99.7 -j12.8) A
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Currentinsection CD = (139.7-160) +j(-42.8+30) =(-20.3-j12.8) A
Currentinsection DA = (139.7 —220.6) +j (- 42.8 +65) = (- 80.9+j22.2) A

41.36. Load Division Between Parallel Lines

It is common practice to work two or more cables or overhead linesin parallel when continuity
of supply isessential. Inthe case of afault developing in oneline of cable, the other lines or cables
carry thetotal load till the fault isrectified.”

Let ustakethe case of twolinesin parallel and having impedancesof Z, and Z,,. Their combined
impedanceis
Z,XZ,

Zl + ZZ
If | isthe current delivered to both lines, then total drop =1Z = | x

/ =
ZlZZ
Z,+7Z,

If I, and |, are the respective currents flowing in the two lines, then
_ voltegedrop _ 1Z, = _. . _lz,
I, = 2 =Z.+2, Similarly, |, = Z,+2,

It may be noted that in the case of two impedances in parallel, it is convenient to take voltage
vector as the reference vector.

Example41.47. Atotal load of 12,000 kW at a power factor of 0.8 lagging is transmitted to a
substation by two overhead three-phase lines connected in parallel. One line has a conductor resis-
tance of 2 Q per conductor and reactance (lineto neutral) of 1.5 Q, the corresponding values for the
other linebeing 1.5 and 1.2 Q respectively. Calculate the power transmitted by each overhead line.

(London Univ.)

Solution. Let us assume aline voltage of 1000 kV for convenience.

Z, = (2+j15);Z,=(15+j1.2)Q
Total load current | = 12,000/v3 x 1000 x 0.8 = 8.66 A
Taking voltage along reference vector, we have | = 8.66 (0.8 —j0.6)
8.66(08-j06 @.5+j12) _ 4.437(6.882 - 5.39) A

T TRy j15a5+]12)
O power transmitted by 1st lineis
_ V3 _
W, = 10°x Toog <4437 x6.882 = 5,280 kW

8.66 (0.8 j 0.6) (2+ j 1.5)
(2+]15 (L5+12)

Similarly I, = = 4.437(8.75 - j6.75) A

= 10° x 1£o x 4.437 x8.75 = 6,720 kW

5,280 + 6,720 = 12,000 kW

=
[

Asacheck, total power

41.37. Suspension Insulators

Suspension insulators are used when transmission voltage is high. A number of them are con-
nected in seriesto form a chain and the line conductor is carried by the bottom most insulator.

AsshowninFig. 41.58 a‘cap’ type suspension insulator consists of a single disc-shaped piece
of porcelain grooved on the under surface to increase the surface leakage path. A galvanized cast
iron cap is cemented at the top of the insulator. In the hollow cavity of the insulator is cemented a
galvanized forged steel pin, the lower enlarged end of which fitsinto the cavity of the steel cap of the
lower suspension insulator and forms aball and socket connection.



A string of suspension insulators con-
sistsof many units, the number of unitsde-
pending on the value of the transmission
voltage. There exists mutual capacitance
between different units and, in addition,
thereis capacitance to ground of each unit
because of the nearness of the tower, the
cross-arm and theline. Dueto this capaci-
tanceto ground, thetotal system voltageis
not equally distributed over the different
units of the string. The unit nearest to the
line conductor carries the maximum per-
centage of voltage, thefigure progressively
decreasing as the unit nearest to the tower
is approached. The inequality of voltage
distribution between individual units be-
comes more pronounced as the number of
insulatorsincreases and it also depends on
the ratio (capacitance of insulator/capaci-
tance of earth).

String Efficiency
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ap,

Fig. 41.58

If there are n unitsin the string, then its efficiency is given by

total voltage across the string X100

%stringn =

n x voltage across unit adjacent the line

41.38. Calculation of Voltage Distribution along Different Units
Let, C = capacitance to ground
kC = mutual capacitance between units
The current and voltage distribution is as shown in Fig. 41.59. It isseen that

! v,
L= T = WKCVy; Similarly iy = 37 = = wCV,
Now, l,=1,+i;=wCV, (1+k)and V, = Ikzc_\@

Thecurrent i, is produced by the voltage combination of (V, +V.)

1+ kO O

Now, V,+V, = V4 @ =V,
At junction B, we have
3= 1,+i,= ooCV{ 1+k
@+ 3k +k?)
k

weV,

However, 1;= wkCVj;; O V,;=

1+2K] . . 1+ 2k
LR DiFe Oup 235G

a+ 2k)]
k

V(1+3k+k2)_ 3 10
P B el

Thecurrent i is produced by the voltage combination of (V, +V, + V)
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Now, V,;+V, +V .
g 1, ]
-\, g+ @1+Kk) (1+3k2+k )D .
5 K kK B M
kC -
O + 4k +3k?0 | g
0 i, = WCV,
i T
At junction C, we have C v,
I, = I +is= 0CV, o T
%{1+3k+k)+(1+4k+3k)g |
T R o
Now, = WKCV,, C v,
E{1+3k +k%)  (L+4k +3K3)0 kCo T
= + g I .
4
=V, §+g + 2 c v,
ep kC i T
For thefifthinsulator from thetop, we have 3 l

10,15 , 7 10
V=B e e
and so on.
If the string has n units, the total voltageis
given by
V=V +Vyo+Va+V,+ +V,)

O—

Line

Conductor

Fig. 41.59

Example 41.48. For a string insulator with four discs, the capacitance of the disc is ten times
the capacitance between the pin and earth. Calculate the voltage across each disc when used on a

66-kV line. Also, calculate the string efficiency.

(Power Systems-|, AMIE Sec. B, 1994)

Solution. Let C be the self-capacitance of each disc and kC the capacitance between each link

pin and earth. We are given that k = 10
Asseen from Art. 41.38,

Vv, = S2v=y
_ 3,10_131
V, = + 2 4 ==
3 Vl% k T 207100
6,5, 10_1561,,
= + =+ +
Va Vl% k k2 3H 100
131,, , 1561,, _ 4971
V= Vi#VaRVorVEVos oV e+ 1o =00
_, 1000 _ 66 1000
0 Vi = Voen= 3 em 7.66 kV
_ o1, 11, _
V, = v =1lx766 8.426 kV
v, = 18y =18,766 = 1003kv

100 100



A.C.Transmission and Distribution 1659

v, = 156l _1561, ;46 = 11.96kV

1000 1 1000

V 66 x100
——%x100=———= 7965 %
4%V, J3x4x11.96 ’

Example41.49. Explain what is meant by string efficiency and how it can beimproved. Each
line of a 3-phase, 33-kV systemis suspended by a string of 3 identical insulator discs. The capaci-
tance of each disc is 9 times the capacitance to ground. Find voltage distribution across each
insulator and the string efficiency. Suggest a method for improving the string efficiency.

(Power Systems-l, AMIE, Sec. B, 1993)

Solution. Let C be the self-capacitance of each disc and kC the mutual capacitance between the
units. Wearegiventhatk =9.

String n

V, =V, (1+kk) =DV
Total voltage, V = V1+V2+V3:V1+%V1+%V1:% A
0 % = %vl; 0 \e \/3;:‘20:5.51kv

V, = (10/9) V,=6.12KkV ; V, = (L09/8L)V, = 741KV
String efficiency = 3>\</v3 x100 = gi/7f1 x100 = 8%

The string efficiency can beimproved by providing aguard ring surrounding thelower-most unit
which is connected to the metal work at the bottom. Thisring increases the capacitance between the
metal work and theline and hel psin equalising the voltage distribution along the different units. The
efficiency can also be improved by grading the insulators and by making the ratio (capacitance to
earth/capacitance per insulator) as small as possible.

41.39. Interconnectors

An interconnector is atieline which enables two generating stations to operate in paralel. It
facilitates the flow of electric power in either direction between the two stations.

41.40. Voltage Drop Over the Interconnector

Let station 1 supply acurrent of 1 to station 2 along an interconnector having aresistance of RW
and reactance of XTW per phaseasshowninFig. 41.60(a). If thereceiving end p.f. iscos@lagging,
then the vector diagram will be as shown in Fig. 41.60 (b).

Voltage drop over the interconnector

| (cos@ —jsin@) (R+jX)

I (Rcos@+ X sin@) +jl (Xcos@—Rsing)

Ol (Rcos@ +X sin ¢ +jl (X cos @ Rsin ;%

[t

0 E 0

Letl cosp=Il and I sing=1 " where | and | qarethein-phase and quadrature components.

+ + =

_ %(IdR X))+ (1gX IqR)%><

B E

x100

% voltage drop =

O voltage drop 100
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) (I4R+14X)
O in-phase voltage drop = ————x100
2
(14X*=1R)
and quadraturevoltagedrop = ——————x100
2
I lequ
d IR
R X
@ yy—, ., @
Gen. Gen.
Load Load
@ (b)
Fig. 41.60

Example 41.50. The bus-bar voltages of two stations A and B are 33 kV and are in phase. If
station A sends 8.5 MW power at u.p.f. to station B through an interconnector having an impedance
of (3 + j4)Q, determine the bus-bar voltage of station A and the phase angle shift between the bus-
bar voltages.

Solution. With reference to Fig. 41.61,

Voltage of station B, Vg = 33,000/v3 = 19,050 V/phase

Since power transferred to station B is8.5 M W, current in the interconnector is

| = 85x10°V3=148.7 A
Taking Vg asthe reference vector, I 3 Ja
Vi = Vgtl(cosg-jsng R+X)  (a) i (8)
19,050 + 148.7 (1 —j0) (3+j4)
19,496 + j595 = 19,502 J1.75°

The line-to-line bus-bar voltage of station ]
Ais Fig. 41.61

= 19,502 x /3 =33.78kV

The phase-shift angle between bus-bar voltagesis 1.75°

Stn Stn

41.41. Sag and Stress Analysis

The conductors of a transmission line are attached to suitable insulators carried on supports of
wood, iron, steel or reinforced concrete. Obviously, the supports must be strong enough to withstand
not only the dead weight of the conductors themselves but also theloads duetoice and sleet that may
adhere to them and to wind pressure. Moreover, the minimum factor of safety for the conductors
should be 2.0 based on ultimate strength.

Sag and stresses vary with temperature on account of thermal expansion and contraction of the

line conductors. The value of sag aswell as tension of a conductor would now be calculated when
(i) supports are at equal levels and (ii) supports are at unequal levels.

41.42. Sag and Tension with Supports at Equal Levels

Fig. 41.62 shows aspan of awire with the two supports at the same elevation and separated by a
horizontal distance 2. It can be proved that the conductor AB formsacatenary with the lowest point
O forming the mid-point (where the curve is straight).



Let W betheweight of the
wire per unit length and let
point O be chosen as the
reference point for measuring
the co-ordinates of different
pointson the wire. Consider a
point P having co-ordinates of
xandy. ThetensionT at point
P can be resolved into two
rectangular components. T,

2 2
and T, sothat T = JT +T,.

If Sisthelength of thearc OP,
thenitsweight isWSwhich acts
vertically downward through
the centre of gravity of OP.
Therearefour forces acting on
OP—two vertical and two
horizontal. Since OP is in
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;l

N

Fig. 41.62

equilibrium, the net force is zero. Equating the horizontal and vertical components, we have,

To = T,andT,=Wg

It may be noted that the horizontal component of tension is constant throughout the length of the

wire:

Since line PT istangential

-
to the curve OB at point P, tan 6 = %
X

It is also seen from the elementary piece PP’ of the line that tan 6 = dy/dx

T
O dy/dx = tanf= T—yor dy/dx=WS/T, (i)
If PP' = dS thendS= ,/(dx)? +(dy )2 =dx /1 + (dy/dX)?

or

Integrating both sides, we

as ,,1+ [Idy /
dx DW SZEI

[T, 0

have x = EWHsi nh™ [WSD+ C

DTo 0

where C isthe constant of integration.

Now, when

O

x = 0,S=0. Puttingthesevaluesabove we find that C = 0.

EWHsmh - [ngor S= m snhDT\A—b% (i)
U lold

Substituting thisvalue of Sin Eq. (i),we get

dy = sinh %&E or dy:sinh%_l_\/\—b%dx

dx 0T O 0 Tol
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O
O = [sinh D—Ddx coshD—D +D
| OTo O EW H
where D isalso the constant of integration. At theoriginpoint O, x=0 and y =0. Hence, the above

equation becomes
T

0r,0 D\IA% 0
= + + - 0
0 ENHCOSh 0+D +H D O D= W

Substituting this value of D in the above equation, we get

MO, OGwd T, T, 0 Owd [
= COSh =—[— =, == [Coshg—+] -1 (il
YT BWHT L W W ST HTH S w

Thisis the equation of the curve known as catenary. Hence, when awire is hung between two
supports, it forms a catenary
(a) Thetension at point P (X, y) isgiven by

.o O
T = Tx2+Ty2=T02+W282: Toz * Toz SiNN aﬁa —from Eq. (iii)
2> O 20 _
= 02 d.+5|"lh Hﬁ% T —2cosh H_OH OT= T COSIE ?E ...(IV)
(b) Tension at points A and Bwherex =+ lisgivenby T =T, cosh (W, /T,) (V)

(c) The maximum sag is represented by the value of y at either of the two points A and B for
which x =+1 and x = — | respectively. Writingy =d, ., and putting x = | in Eq. (iii), we get,

T, 0 , OGO O

d. . = 2 m@osh=—1-1O ..(vi)
m T Wi HLH B
(d) Thelength of thewire or conductor in ahalf span isas seen from Eq. (ii) above,
S = O sinh DT—D

Approximate Formulae
The hyperbolic sine and cosine functions can be expanded into the following series

3 5 _7 2 A b
. z .72,z zZ .z
snhz= Z+37+ 57437+ and cosh z 1+§ *ate Y
Using the above, the approximate values of T d and Spointsat A and B may befound asfollows:
_ GMO_ 1 5 +w | -
(@) T = T,cosh DT_E_ oﬁl E—neglectmg higher powers
W~ ik WEE
= Ty+ aT,
o¥ 2TO 2T

0 T=T,—i.e tensionat the supportsis very approximately equal to the horlzontal tension
acting at any point on the wire.

T,0 omo O 1,8 wy2z 0 O
i d = -2 eosh =[-17=-2 +.0-10
" Wgr oo o W 12 ﬁ g
W _W? W2
= =" O =
It should be noted that W and T should be in the same unitsi.e. kg-wt or newton.
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T, . o T, wid O WEE N

(iii) S= 2sinh + DT—D:—O +—+..0d=l + —neglecting higher terms.
W 'o [ 0 6Tos E 6Toz

w32

31-2

Thetotal length of thewireaongthecurveisL =2S= 2| +

Thislength consists of the unstertched length L, and the stretch or extension.
O unstretchedlength L , = L —extension A L

_ TIA _2AT
Now, = A or Al EA
Substituting the value of T from therelationd = WIZ/2T, we have
_o2 WP _we Y
A=t 2dead - ¥ F Ead
O GOwd O T8 way O U
. - 2 mosh =0-10=2 + +..0-10
) Y= wg  oho DW% Pirs ﬁ g
2
or y = i —the equation of a parabola

It shows that the catenary curve formed by the sagging is very approximately like aparabolain
shape.

The above formulae are sufficiently accurate for al practical purposes provided sag islessthan
10% of the span.

Overhead cables are economical and easy to maintain, which are usually made of bare copper or aluminum
wires

41.43. Sag and Tension with Supports at Unequal Levels

Fig. 41.63 shows a span between two supports A and B whose elevations differ by n, their
horizontal spacing being 2| as before. Such spans are generally met with in a hilly country. Let O
be the lowest point of the catenary AOB. Obviously, OA is a catenary of half-span x, and OB of
half-span x,.



1664  Electrical Technology

B
T 4
T, h
A L
T _____________________ d,
d i
Moo~ |
(0]
«— X #I: Xy P>
Fig. 41.63
The equations derived in Art. 41.42 also apply to this case.
(i) Asseenfrom Eq. (vi) of Art. 41.42.
Ty [lem 0 .
= —= g: =010 —putting | = x
towg o0 0O '
T, O EWXZD 0 .
d, = 2 gosh =20-1 —putting | = x
> wWg H%hOf ’
; DWW, O DWW, O
(i) T, = T,cosh G—pand T, =T,cosh
1 0 T, o 2= 1o DD_TO E

It is obvious that maximum tension occurs at the higher support B.

- . DN, O
0 max. permissibletension = T, cosh DT—ZD
o

Approximate Formulae

Isisobvious that
To O DA, O
d,-d, = 2 gosh G=2[- coshDV\—b(%D hand x +x, =
> P WgE T g o o Ton 2
Using approximations similar to thosein Art. 41.42, we get

g, = Wa oW anddz\’\’—x2
0

21, 2T
(it has been assumed, as before, that T =T)

N
_|‘NN

W W W
O dy-d; = h:E (X22_X12): T (X2+X1)(X2_X1):? (% =%y)
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X,=Xy = CVI_T; Now, x, = x; = hT/Wl and x, + x, = 2|

= 1-T and x, =1+

hT ,
X; W

M

Having found x, and x,, values of d, and d, can be easily calculated. It isworth noting that in
some cases, X, may be negative which means that there may be no horizontal point (like point O) in
the span. Such athingisvery likely to happen when the line runs up a steep mountain side.

41.44. Effect of Wind and Ice

Intheformulae derived
sofar, effect of iceand wind
loading has not been taken
into account. Itisfound that
under favourable atmo-
spheric conditions, quite an
appreciable thickness of ice
is formed on transmission
lines. Theweight of iceacts
vertically downwardsi.e. in
the same direction as the
weight of the conductor it-
self as shown in Fig. 41.64.
In addition, there may be
high wind which exerts con-
siderable force on the con-
ductor. This force is sup-
posed to act in a horizontal
direction. If W; istheweight
of ice per unit length of the

:
N —
TN

[ | i
L

-r.

i
i
L]

Effects of wind, ice and snow are important considerations while
designing electric cables

conductor and W, the force per unit Iength exerted by thewind, then total weight of the conductor per

Ice Covering

N

(a)

unitlengthis

Conduct W,
onductor Wt = (W+W,)2+W‘,5

Itisobviousthat inall equa-
tions derived in Art. 41.42 and
41.43, W should bereplaced by
Wt. AsseenfromFig. 41.64 (b),
the conductor sets itself in a
plane at an angle of B = tan™*

wew) T [W/W + W)] to the vertical
' but keeps the shape of a cat-
(b) .
enary (or a parabola approxi-
Fig. 41.64 mately).

Note. (i) If Pisthe wind pressure per unit projected area of the conductor, then wind load or
force per unit length of the ice-covered conductor is

W, = Px(D+2R)xI=PxD —if conductor is without ice

*  If weput h=0i.e. assume supports at the same level, then as expected x, = x, =|



1666  Electrical Technology

(i) Iceisintheform of ahollow cylinder of inner diameter = D and outer diameter = (D + 2R).
Hence, volume per unit length of such acylinder is

= %[(D+2R)2—D2] x1= %‘ (4DR+4R%) =TR(D + R)

If pistheice density, then weight of ice per unit length of the conductor is
W =pxvolume=TipR(D + R)
When ice and wind |oads are taken into account, then the approximate formulae derived in Art.
41.42 become

r’ 2T
Here ‘d’ represents the slant sag in a direction making an angle of 6 with the vertical. The
vertical sag would be = d cos 6.
Similarly, formulae givenin Art. 41.43 become

2
W.x . WX hT

- = 0 =1-—— andx, =1+

ar 2T AT T T T T

Example41.51. Atransmission line conductor at ariver crossing is supported from two towers
at heights of 70 mabove water level. The horizontal distance between towersis300 m. If thetension
in conductor is 1,500 kg, find the clearance at a point mi dwasy between the towers. The size of
conductor is0.9 cn’. Density of conductor material is8.9 g/cm” and suspension length of the string
iS2 metres.

Solution. Sag, d = WI%2T
| =150m, W=1Ap=2x (0.9 x 10%) x (8.9 x 10%) = 0.8 kg wt; T = 1500 kg wt
d=WI%2T = 0.8 x 150%/2 x 1500 = 6 m
Clearance between conductor and water at mid-way between the towers
= 70-6-2=62m
Example 41.52. The effective diameter of a lineis 1.96 cm and it weighs 90 kg per 100 metre
length. What would be the additional loading dueto ice of radial thickness 1.25 cmand a horizontal

wind pressure of 30 kg/n” of projected area? Also, find the total weight per metre run of the line.
Density of iceis 920 kg/m”.

2 23 2
g = M s:1+\’\4?'2 and y="0C

hT

d

Solution. It should be noted that weights of the conductor and ice act vertically downwards
whereas wind pressure is supposed to act horizontally. Hence, the total force on one metre length of
the conductor is found by adding the horizontal and vertical forces vectorially.

0 total weight w, = 4/(\N+v\4)2 +W2, W, =mpR(D+R)

Here p = 920kg/m®, R=0.0125m; D =0.0196m
W,,=P(D + 2R) = 30(0.0196 + 2 x 0.0125) = 1.34 kg wt/m; W = 90/100 = 0.9 kg wt/m

O W = 71 x920 x 0.0125(0.0196 + 0.0125) = 1.16 kg wt/m

O W = Jw +W)? +WE =09 +1.16)° +1.34° = 2.46kgwi/m

Example 41.53. A transmission line has a span of 150 metres between supports, the supports
being at the same level. The conductor has a cross-sectional area of 2 cn. The ultimate strength is
5,000 kg/cmz. The specific gravity of the material is8.9. If thewind pressureis 1.5 kg/mlength of
the conductor, calculate the sag at the centre of the conductor if factor of safety is 5.

(Electrical Technology-I, Bombay Univ.)
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breaking or ultimate stress
working stress
0  working stress = 5,000/5 10° kg/cmz; Working tension, T = 10% x 2 = 2,000 kg wt.
Vol. of one metre length of conductor = 2 x 100 = 200 cm?®
Wt. of 1 mof material = 8.9 x 200 g or W = 8.9 x 200/1,000 = 1.98 kg-wt.

Solution. Safety factor

Total Wt. per metre \/Wz +WV§ = \/1.982 +15% =2.48kg-wt
Now d = WIZ2T = 2.48 x (150/2)%/2 x 2,000 = 35 metre

Example 41.54. A transmission line has a span of 200 metres between level supports. The
conductor has a cross-sectional area of 1.29 cn?, weighs 1,170 kg/km and has a breaking stress of
4,218 kg/cm’. Calculate the sag for a factor of safety of 5 allowing awind pressure of 122 kg per m?
of projected area. What is the vertical sag?

(Transmission and Distribution-I1, Kerala Univ.)

breaking or ultimate stress

working stress
4,218/5 = 843.6 kg/cm?
Working tension T = 843.6 x 1.29 = 1,088 kg.wt
O W = 1,170 kg/lkm = 1.17 kg.wt/metre
Let us now find diameter of the conductor from the equation

w4 = 129 o d=128cm

0 Projected areaof the conductor per metre lengthis=1.28 x 102 x 1 = 1.28 x 102 m*

Solution. Safety factor =

working stress

W, = 122 x 1.28x 10 = 1.56 kg-wt/m
0 W, = W2 +w? =117% +156> =195 kg-wt/m
Slant sag d = W/J%/2T = 1.95 x 100°/2 x 1088 = 8.96 m
Now, tan® = W, /W=156/1.17=1333;6=53.2°

O vertical sag = d cos53.2° =8.96 x 0.599 =53 m

Example 41.55. A transmission line has a span of 214 metres. The line conductor has a cross-
section of 3.225 cn” and has an ultimate breaking strengh of 2,540 kg/cn®. Assuming that the line
is covered with ice and provides a combined copper and ice load of 1.125 kg/m while the wind
pressure is 1.5 kg/m run (i) calculate the maximum sag produced. Take a factor of safety of 3

(i) also determine the vertical sag. (Electrical Power Systems, Gujarat Univ.)
Solution. (i) Maximum sag in adirection making an angle of 6 (Fig. 41.64) isd = WtI2/2T
Here, W+Wi = 1.125kg-wt/m; Ww =1.5kg-wt/m

W, = \[1.125° +15° = 1.874 kg-wt/m; | = 214/2 = 107 m

_ultimate breaking stress
- working stress

2,540/3 = 847 kg-wt/cm?

Safety factor

O working stress

Permissibletension T = 847 x 3.225 = 2,720 kg-wt
O d = 1.874x 10742 % 2,720=3.95m
(i) Now tan® = W, /(W +W)=15/1.125=0.126;6=53.2° ; cos® =0.599

dcosB® =3.95x0599=235m

O vertical sag
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Example 41.56. Two towers of height 30 and 90 m respectively support a transmission line
conductor at water crossing. The horizontal distance between the towersis 500 m. If thetensionin
the conductor is 1,600 kg, find the minimum clearance of the conductor and the clearance of the
conductor mid-way between the supports. Weight of the conductor is 1.5 kg/m. Bases of the towers

2T " 2x1600 '™ ToToToToToToToToIoToToToToToToToToToTonos

As seen from Fig. 41.65, clearance of the Fig. 41.65
lowest point O from the water level
=30-7=23m
The horizontal distance of mid-point P from the reference point O isx = (250 — 122) = 128m*.
The height of the point P above Ois

4. = W _15x128% o
mid 2T 2x1600

Hence, clearance of mid-point above water level is23 + 7.68 = 30.68 m

can be considered to be at the water level. (Electrical Power-1, Bombay Univ.)
. hT
Solution. X, = | ———
1 I ZIVI
Here, | = 500/2=250m
h =90-30=60m
T = 1,600 kg-wt ;
W = 1.5kg-wt/m
_ _ 60x1,600
O x = 20 5% 250
= 250-128=122m
X, = 250+128=378m
Wj _15x122° _

d, =

Example41.57. Anoverheadtransmission lineat ariver crossing is supported fromtwo towers
at heights of 50 mand 100 m above the water level, the horizontal distance between the towersbeing
400 m. If the maximum allowable tension is 1,800 kg and the conductor weighs 1 kg/m, find the
clearance between the conductor and water at a point mid-way between the towers.

(Power System-I, AMIE, Sec. B, 1994)

Solution. Here,h= 100-50=50m;

| =400/2 =200 m 2
T = 1800 kg-wt T
W = 1kg-wt/m p d,
hT
Xl = =5 A dmid L
e o__-—--4  _ _ v _____ |
_ _ 50x1800
= 200 %200 S
— —25m —>x; =25 m¢—
X, =425 m——p
_ hT
X = |+m 200 + 225
- 425m e

1 . 1
5 (x,—x)). Inthiscase, x = 5 (378 -122) =128 m
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Since x, turns out to be negative, point A lies on the same side of O as B (Fig. 41.66). Distance
of mid-point Pfrom Oisx = (425 + 25) = 225 m. Hence, height of P above Ois

Wi 1x 2252
o W 1x225° g,
dva = T T2x1800
WS 1x 4257
_ W _1X4% 5o
Now, d = 57 T2x1800

Hence, P is (50.2-14) = 36.2 m below point B. It means that mid-point P is (100 — 36.2)
= 63.8 m above water level.

Example41.58. A conductor isstrung acrossariver, being supported at the two ends at heights
of 20 mand 16 mrespectively, fromthe bed of theriver. The distance between the supportsis375m
and the weight of the conductor = 1.2 kg/m.

If the clearance of the conductor from the river bed be 9 m, find the horizontal tension in the
conductor. Assume a parabolic configuration and that there is no wind or ice loading.

(Electrical Power-I, Bombay Univ.)

Solution. Here, | = 375/2=1875m; h=20-16=4m; W =1.2kg-wt/m; T=7?
_hT _ _ 4xT _ _ T
x = 1~ TS o waers 80 Tiizs
or X, = (187.5-m) where m=T/1125
2
Also, d,+9 =16 or d1:7:\/\?b(1

_1.2(1875-m)? o _
O 7 = e m (v 2T =2mx 112.5 = 225 m)
or 12m’- 2,025m +42,180= 0 or m = 1,677 or 10.83
Rejecting the bigger value which is absurd, we have

m = 10.83 or T/1125=10.83 or T =1,215kg-wt/m

Tutorial Problem No. 41.3

1.  Show diagrammatically thedistribution of electrostatic capacitancein a3-core, 3-phase |ead-shesthed
cable.
The capacitance of such a cable measured between any two of the conductors, the sheathing being
earthed, is 0.3 pF per km. Find the equivalent star-connected capacitance and the kVA required to
keep 10 km of the cable charged when connected to 20,000-V, 50 Hz bus-bars. [0-6 p F; 754 kVA]
2. The 3-phase output from a hydro-electric station is transmitted to a distributing centre by two over-
head lines connected in parallel but following different routes. Find how atotal load of 5,000 kKW at
ap.f. of 0.8lagging would divide between the two routesif the respectivelineresistancesare 1.5 and
1.0 Q and their reactances at 25 Hz are 1.25 and 1.2 Q.
[2,612 kW ; 2,388 kW](City & Guilds, London)
3. Two 3-phase cables connected in parallel supply a6,600-V, 1,000-kW load at alagging power factor
of 0.8. The current in one of the cablesis 70 A and it delivers 600 kW. Calculate its reactance and
resistance, given that the other cable has reactance of 2.6 Q and aresistance of 2 Q.
[R=.795Q; X = 1.7 Q] (London Univ.)
4. A concentric cable has aconductor diameter of 1 cm and an insulation thickness of 1.5 cm. Find the
maximum field strength when the cableis subjected to atest pressure of 33 kV.
[47.6 kV/ecm (r.m.s) or 67.2 kV/cm (peak)] (London Univ.)
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A single-phasering distributor XYZ isfedat X. Theloadsat Y and Z are20 A at 0.8 p.f. lagging and
15 A at 0.6 pf. lagging respectively, both expressed with reference to voltage at X. The total
impedances of thethree sections X Y, YZand ZX are(1+j1), (1 +j2) and (1 +j3) ohmsrespectively.
Find thetotal current fed at X and the current in each section with respect to suply voltage at X.
(Allahabad Univ.)
[34.6 0 438°A; AXY=2313 32°A,AXZ=131EF 60.8°. YZ=301EF 305°A]
A single-phase distributor has a resistance of 0.2 ohm and reactance 0.3 ohm. At the far end, the
voltage Vg = 240 volts, the current is 100 A and the power factor is0.8. At the mid point A, current
of 100 A is supplied at a power factor 0.6 with reference to voltage V, at point A. Find supply
voltage V g and the phase angle between Vg and Vg. [292 'V, 2.69
Estimate the corona loss for a 3-phase 110-kV, 50-Hz, 150-km long transmission line consisting of
three conductors, each of 10 mm diameter and spaced 2.5 metre apart in an equilateral triangle
formation. Thetemperature of air is 30°C and the atmospheric pressureis 750 mm of mercury. Take
theirregularity factor as 0.85. [385 kW](AMIE)
A transmission line conductor at ariver crossing is supported from two towers at heights of 20 m and
60 m above water level. The horizontal distance between the towersis 300 m. If thetension in the
conductor is 1800 kg and the conductor weighs 1.0 kg per metre, find the clearance between the
conductor and the water level at a point mid-way between the towers. Use approximate method.
(18.75 m) (AMIE)
Show that the positive and negative sequence impedances of transmission lines are same where
as its zero sequence impedance is higher than positive sequence impedance.
(Nagpur University, Summer 2004)
A 132 kV, 3 phase, 50 Hz overhead line of 100 km length has a capacitance to earth of each line
of 0.01 pF/km. Determine inductance and kVA rating of the arc suppression coil suitable for this
system. (Nagpur University, Summer 2004)

OBJECTIVE TESTS —41

. With same maximum voltage between conduc-
tors, the ratio of copper volumesin 3-phase, 3-
wire system and 1-phase, 2-wire systemis
(a) 4/3 (b) 3/4
(c) 5/3 (d) 35

. Thevolumeof copper required for anac. trans-
mission lineisinversely proportional to
(a) current (b) voltage
(c) power factor (d) both (b) and (c)
(e) both (a) and (c).

. For ac. transmission lines lessthan 80 kmin
length, it is usual to lump the line capacitance
at

(a) thereceiving end
(b) the sending end
(c) the mid-point
(d) any convenient point.
. Coronaoccurs between two transmission wires
when they
(a) areclosely-spaced
(b) arewidely-spaced
(c) havehigh potential difference

(d) carry d.c. power.

. Theonly advantage of coronaisthat it

(a) makesline current non-sinusoidal

(b) works as a safety-valve for surges
(c) betraysits presence by hissing sound
(d) produces a pleasing luminous glow.

. The sag produced in the conductor of atrans-

mission wire depends on

(a) weight of the conductor per unit length
(b) tension in the conductor

(c) length of the conductor

(d) al of the above

(e) none of the above.

. Suspension insulators are used when transmis-

sion voltageis
(@) high (b) low
(c) fluctuating (d) steady

. The string efficiency of suspension insulators

can be increased by
(a) providing aguard ring
(b) grading the insulators
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(c) using identical insulator disc

(d) both (a) & (b).

Aninterconnector between two generating sta-
tionsfacilitates to

(a) keep their voltage constant

(b) runthemin paralel

(c) transfer power in either direction

(d) both (b) & (c)

The effective disruptive critical voltage of a
transmission line does NOT depend on

(@) irregularity factor

(b) conductor radius

(c) distance between conductors
(d) material of the conductors.

By which of the following systems electric

power may be transmitted?

(a) Overhead system

(b) Underground system

(c) Both (&) and (b)

(d) None of the above

....... are the conductors, which cannect the
consumer's terminals to the distribution

(a) Distributors

(b) Service mains

(c) Feeders

(d) None of the above

The underground system cannot be operated

above

(a) 440V (b) 11 kv

() 33kV (d) 66 kv

Overhead system can be designed for

operation upto

(@) 11 kv (b) 33 kv

(c) 66 kV (d) 400 kv

If variable part of annual cost on account of

interest and depreciation on the capital outlay

isequal to the annual cost of electrical energy

wasted in the conductors, the total annual cost

will be minimum and the corresponding size

of conductor will be most economical. This

statement is known as

(a) Kelvin's law (b) Ohm's law

(c) Kirchhoff'slaw (d) Faraday's law

(e) none of the above

The wooden poles well impregnated with

creositeoil or any preservative compound have

life

(a) from 2 to 5 years

(b) 10 to 15 years

() 25to 30 years

(d) 60 to 70 years

Which of the following materials is not used

18.

19.

20.

21.

22.

23.
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for transmission and distribution of electrical
power?

(a) Copper

(b) Aluminium

(c) Sted

(d) Tungsten

Galvanised steel wire is generaly used as
(a) stay wire

(b) earth wire

(c) structura components

(d) dl of the above

The usua spans with R.C.C. poles are

(a) 40-50 metres

(b) 60-100 metres

(c) 80-100 metres

(d) 300-500 metres

The coronais considerably affected by which
of the following?

(a) Size of the conductor

(b) Shape of the conductor

(c) Surface condition of the conductor

(d) All of the above

Which of thefollowing are the constants of the
transmission lines?

(a) Resistance

(b) Inductance

(c) Capacitance

(d) All of the above

%age regulation of atransmission lineisgiven

by

Vg = Vs

(a) x 100

VR2
VASIVA
VR

(b) x 100

Ve - Vi
Vs

(© x 100

Vs —Vr

(d) x 100

VR2

where Vg and Vi are the voltages at the
sending end and receiving and respectively.
The phenomenon of rise in voltage at the
receiving end of the open-circuited or lightly
loaded line is called the

(a) Seeback effect

(b) Ferranti effect

() Raman effect

(d) none of the above
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The square root of the ratio of line impedance

and shunt admittance is called the

(a) surge impedance of the line

(b) conductance of the line

(c) regulation of the line

(d) none of the above

Which of the following is the demerit of a

‘constant voltage transmission system’?

(a) Increase of short-circuit current of the
system

(b) Availahility of steady voltage at al loads
a the line terminals

(c) Possihility of better protection for theline
due to possible use of higher terminal
reactances

(d) Improvement of power factor at times of
moderate and heavy loads

(e) Possibility of carrying increased power
for agiven conductor sizein case of long-
distance heavy power transmission

Low voltage cables are meant for use up to

(@ 11kVv

(b) 3.3 kV

(c) 6.6 kv

(d) 11 kv

The operating voltage of high voltage cables

is upto

(@ 11kVv

(b) 3.3 kV

(c) 6.6 kv

(d) 11 kv

The operating voltage of supertension cables

is upto

(a) 3.3 kV

(b) 6.6 kV

(o 11 kv

(d) 33 kV

The operating voltage of extra high tension

cables is upto

(a) 6.6 kv

(b) 11 kV

(c) 33kV

(d) 66 kv

(e) 132 kV

Which of the following methods is used for

laying of underground cables?

(a) Direct laying

(b) Draw-in-system

(c) Solid system

(d) All of the above

Which of the following is the source of heat

generation in the cables?

(a) Dielectric losses in cable insulation

(b) 12R losses in the conductor

(c) Losses in the metallic sheathings and
armourings

32.

33.

35.

36.

37.

38.

39.

(d) All of the above

Due to which of the following reasons the

cables should not be operated too hot?

(@) Theoil may looseits viscosity and it may
start drawing off from higher levels

(b) Expansion of the il may cause the sheath
to burst

() Unequal expansion may create voids in
theinsulation which will lead toionization

(d) The thermal instability may rise due to
the rapid increase of dielectric losses with
temperature

Which of the following D.C. distribution

system isthe simplest and lowest in first cost?

(a) Radial system

(b) Ring system

(c) Inter-connected system

(d) Non of the above

A booster is a

(a) series wound generator

(b) shunt wound generator

(c) synchronous generator

(d) none of the above

Besides a method of trial and error, which of

the following methods is employed for

solution of network problemsin interconnected

system?

(a) Circulating current method

(b) Thevenin's theorem

(c) Superposition of currents

(d) direct application of Kirchhoff's laws

(e) All of the above

Which of the following faultsis most likely to

occur in cables?

(a) Cross or short-circuit fault

(b) Open circuit fault

(c) Breakdown of cable insulation

(d) dl of the above

The cause of damage to the lead sheath of a

cable is

(a) crystallisation of the lead through
vibration

(b) chemical action on the lead when

() mechanica damage

(d) dl of the above

The voltage of the single phase supply to

residential consumers is

(a) 110 V

(b) 210 V

(c) 230V

(d) 400 Vv

Most of the high voltage transmission linesin

India are

(a) underground

(b) overhead
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(c) either of the above

(d) none of the above

The distributors for residential areas are
(a) single phase

(b) three-phase three wire

(c) three-phase four wire

(d) non of the above

The conductors of the overhead lines are
(a) solid

(b) stranded

(¢) both solid and stranded

(d) none of the above

High voltage transmission lines use

(a) suspension insulators

(b) pin insulators

(c) both (a) and (b)

(d) none of the above

Multicore cables generally use

(a) sguare conductors

(b) circular conductors

(c) rectangular conductors

(d) sector-shaped conductors

(e) none of the above

Distributio lines in India generaly use
(a) wooden poles

(b) R.C.C. poles

(c) steel towers

(d) none of the above

The material commonly used for insulation in
high voltage cables is

(a) lead

(b) paper

(c) rubber

(d) none of the above

Theloadson distributors systems are generally
(a) balanced

(b) unbalanced

(c) either of the above

(d) none of the above

The power factor of industrial loads is
generdly

() unity

(b) lagging

(c) leading

(d) zero

Overhead lines generaly use

(a) copper conductors

(b) al aluminium conductors

(¢) A.C.SR. conductors

(d) none of these

In transmission lines the cross-arms are made
of

(a) copper

(b) wood

(o0 R.C.C.
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(d) sted

Thematerial generally used for armour of high

voltage cables is

(a) auminium

(b) sted

(c) brass

(d) copper

Transmission line insulators are made of

(a) glass

(b) porcelain

(¢) iron

(d) PV.C.

The material commonly used for sheaths of

underground cables is

(a) lead

(b) rubber

(c) copper

(d) iron

The minimum clearance between the ground

and a 220 kV line is about

(@) 43 m

(b) 55 m

(0 7.0m

(d) 105 m

The spacing between phase conductors of a

220 kV line is approximately equal to

(@ 2m

(b) 35 m

(c) 6m

(d 85m

Large industrial consumers are supplied

electrical energy at

(a) 400 VvV

(b) 11 kv

(c) 66 kV

(d) 400 kv

InaD.C. 3-wire distribution system, balancer

fields are cross-connected in order to

(a) boost the generated voltage

(b) balance loads on both sides of the neutral

() make both machines run as unloaded
motors

(d) equalize voltages on the positive and
negative outers

In a D.C. 3-wire distributor using balancers

and having unequal loads on the two sides

(a) both balancers run as generators

(b) both balancers run as motors

(c) balancer connected to lightly-loaded side
runs as a motor

(d) balancer connected to heavily-loaded side
runs as a motor

Transmitted power remaining the same, if

supply voltae of a D.C. 2-wire feeder is

increased 100 percent, saving in copper is



1674

59.

60.

61.

62.

63.

65.

66.

Electrical Technology

(a) 25 percent

(b) 50 percent

(c) 75 percent

(d) 100 percent

A uniformly-loaded D.C. distributor is fed at
both ends with equa voltages. As compared
to asimilar distributor fed at one end only, the
drop at a middle point is

(a) one-fourth

(b) one-third

(c) one-half

(d) twice

(e) none of the above

As compared to a 2-wire D.C. distributor, a
3-wire distributor with same maximum
voltage to earth uses only

(a) 31.25 percent of copper

(b) 33.3 percent of copper

(c) 66.7 percent of copper

(d) 125 percent of copper

Which of the following is usually not the
generating voltage?

(a) 6.6 kV

(b) 8.8 kV

(o 11 kv

(d) 13.2 kV

For an overhead line, the surge impedance is
teken as

(a) 2040 ohms

(b) 70-80 ohms

() 100-200 ohms

(d) 500-1000 ohms

(e) none of the above

The presence of ozone due to corona is
harmful because it

(a) reduces power factor

(b) corrodes the material

(c) gives odour

(d) transfer energy to the ground

(e) none of the above

A feeder, in atransmission system, feeds power
to

(a) distributors

(b) generating stations

(c) service mains

(d) dl of the above

The power transmitted will be maximum when
(a) corona losses are minimum

(b) reactance is high

(c) sending end voltage is more

(d) receiving end voltage is more

A 3-phase 4 wire system is commonly used on
(a) primary transmission

(b) secondary transmission

(c) primary distribution
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Which of the following materials is used for
overhead transmission lines?

(a) Steel cored auminium

(b) Galvanised steel

(c) Cadmium copper

(d) Any of the above

Which of the following is not a constituent for
making porcelain insulators?

(a) Quartz

(b) Kaolin

(c) Felspar

(d) Silica

There is a greater possibility of occurence of
corona during

(a) dry weather

(b) winter

() summer heat

(d) humid weather

(e) none of the above

Which of the following relaysis used on long
transmission lines?

(a) Impedance reay

(b) Mho's relay

(c) Reactance relay

(d) None of the above

The steel used in steel cored conductors is
usually

(a) dloy sted

(b) stainless steel

(c) mild steel

(d) high speed steel

(e) dl of the above

Which of the following distribution system is
more reliable?

(a) Radial system

(b) Tree system

() Ring main system

(d) All are equally reliable

Which of the followin characteristics should
theline supportsfor transmission lines possess?
(a) Low cost

(b) High mechanical strength

(¢) Longer life

(d) All of the above

Transmission voltage of 11 kV is normally
used for distance upto

(@) 2025 km

(b) 40-50 km

(c) 60-70 km

(d) 80-100 km

which of the following regulations is
considered best?

(a) 50%

(b) 20%
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(o) 10%

(d) 2%

Skin effect is proportiona to

(a) (conductor diameter)®

(b) (conductor diameter)3

(c) (conductor diameter)?

(d) (conductor diameter)Y2

(e) none of the above

A conductor, due to sag between two supports,

takes the form of

(a) semi-circle

(b) triangle

(c) elipse

(d) catenary

InA.C.S.R. conductors, theinsulation between

auminium and steel conductors is

(a) insulin

(b) bitumen

(¢) varnish

(d) no insulation is required

Which of the following bus-bar schemes has

the lowest cost?

(a) Ring bus-bar scheme

(b) Single bus-bar scheme

(c) Breaker and a hlaf scheme

(d) Main and transfer scheme

Owing to skin effect

(a) current flows through the half cross-
section of the conductor

(b) portion of the conductor near the surface
carries more current and core of the
conductor carries less current

(c) portion of the conductor near the surface
carries less current and core of the
conductor carries more current

(d) none of the above

By which of the following methods string

efficiency can be improved?

(a) Using a guard ring

(b) Grading the insulator

(c) Using long cross arm

(d) Any of the above

() None of the above

In aluminium conductors, steel core is

provided to

(a) compensate for skin effect

(b) neutralise proximity effect

(c) reduce line inductance

(d) increase the tensile strength

By which of the following a bus-bar is rated?

(@) Current only

(b) Current and voltage

(c) Current, voltage and frequency

(d) Current, voltage, frequency and short time

current
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A circuit is disconnected by isolators when
(@) line is energize

(b) there is no current in the line

(c) lineison full load

(d) circuit breaker is not open

For which of the following equipment current
rating is not necessary?

(a) Circuit breakers

(b) Isolators

(c) Load break switch

(d) Circuit breakers and load break switches
In a substation the following equipment is not
installed

(a) exciters

(b) series capacitors

(c) shunt reactors

(d) voltage transformers

Corona usuall occurs when the electrostatic
stress in air around the conductor exceeds
(a) 6.6 kV (r.m.s. value)/cm

(b) 11 kV (r.m.s. value)lcm

() 22 kV (maximum value)/cm

(d) 30 kV (maximum value)/cm

The voltage drop, for constant voltage
transmission is compensated by installing
(a) inductors

(b) capacitors

(c) synchronous motors

(d) al of above

(e) none of the above

The use of strain typeinsulatorsis made where
the conductors are

(a) dead ended

(b) at intermediate anchor towers

(c) any of the above

(d) none of the above

The current drawn by the line due to corona
losses is

(@) non-sinusoidal

(b) sinusoidal

(c) triangular

(d) square

Pin type insulators are generally not used for
voltages beyond

(@ 1kv

(b) 11 kv

(0 22 kv

(d) 33 kV

Aluminium has a specific gravity of

(8 15

(b) 2.7

(o 4.2

(d) 7.8

For transmission of power over a distance of
200 km, the transmission voltage should be
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(a) 132 kv

(b) 66 kV

() 33kV

(d) 11 kv

For aluminium, as compared to copper, all the

following factors have higher values except

(a) specific volume

(b) electrical conductivity

(c) co-efficient of linear expansion

(d) resistance per unit length for same cross-
section

Which of the following equipment, for

regulating the voltage in distribution feeder,

will be most economical?

(a) Static condenser

(b) Synchronous condenser

(c) The changing transformer

(d) Booster transformer

In atap changing transformer, the tappings are

provided on

(&) primary winding

(b) secondary winding

(¢) high voltage winding

(d) any of the above

Constant voltage transmission entails the

following disadvantage

(a) large conductor areais required for same
power transmission

(b) short-circuit current of the system is
increased

(c) either of the above

(d) none of the above

On which of the following factors skin effect

depends?

(a) Frequency of the current

(b) Size of the conductor

(c) Resistivity of the conductor material

(d) All of the above

The effect of corona can be detected by

(a) presence of zone detected by odour

(b) hissing sound

(c) faint luminous glow of bluish colour

(d) dl of the above

for transmission of power over a distance of

500 km, the transmission voltage should bein

the range

(a) 150 to 220 kV

(b) 100 to 120 kV

(c) 60 to 100 kV

(d) 20 to 50 kv

In the analysis of which of the following lines

shunt capacitance is neglected?

(@) Short transmission lines

(b) Medium transmission lines

(c) Long transmission lines

102.

103.

104.

105.

106.

107.

108.

109.

(d) Modium aswell aslong transmission lines

When the interconnector between two stations

has large reactance

(a) thetransfer of power will take place with

voltage fluctuation and noise

(b) thetransfer of power will take place with
least loss

(c) the stations will fall out of step because
of large angular displacement between the
stations

(d) none of the above

Thefrequency of voltage generated, in case of

generators, can be increased by

(a) using reactors

(b) increasing the load

(c) adjusting the governor

(d) reducing the terminal voltage

(e) none of the above

When an aternator connected to the bus-bar

is shut down the bus-bar voltage will

(a) fall

(b) rise

(c) remain uncharged

(d) none of the above

The angular displacement between two

interconnected stations is mainly due to

(a) armature reactance of both alternators

(b) reactance of the interconnector

(c) synchronous reactance of both the
dternators

(d) dl of the above

Electro-mechanical voltage regulators are

generaly used in

(a) reactors

(b) generators

(c) transformers

(d) dl of the above

Series capacitors on transmission lines are of

little use when the load VAR requirement is

(a) large

(b) small

(c) fluctuating

(d) any of the above

The voltage regulation in magnetic amplifier

type voltage regulator is effected by

(a) electromagnetic induction

(b) varying the resistance

(c) varying the reactance

(d) variable transformer

when a conductor carries more current on the

surface as compared to core, it is due to

(a) permeability variation

(b) corona

(c) skin effect

(d) unsymmetrical fault



110.

111.

12.

13

114.

115.

116.

117.

18.

A.C.Transmission and Distribution

() none of the above

The following system is not generally used

(a) 1-phase 3 wire

(b) 1-phase 4 wire

(c) 3-phase 3 wire

(d) 3-phase 4 wire

The skin effect of a conductor will reduce as

the

(a) resigtivity of conductor material increases

(b) permeability of conductor material
incresses

(c) diameter increases

(d) frequency increases

When alive conductor of public electric wupply

breaks down and touches the earth which of

the following will happen?

(@) Current will flow to earth

(b) Supply voltage will drop

(c) Supply voltage will increase

(d) No current will flow in the conductor

310 km line is considered as

(a) along line

(b) a medium line

(¢) ashort line

(d) any of the above

The conductors are bundled primarily to

(a) increase reactance

(b) reduce reactance

(c) reduce ratio interference

(d) none of the above

The surge impedance in a transmission line

having negligible resistance is given as

@ Jic
0 Juc
© JuLc
@ JL+c

(e) none of the above

The top most conductor in a high transmission
line is

(a) earth conductor

(b) R-phase conductor

(¢) Y-phase conductor

(d) B-phase conductor

In A.C.S.R. conductor the function of steel is
to

(a) provide additional mechanical strength
(b) prevent corona

(c) take care of surges

(d) reduce inductance and subsequently
improve power factor

In transmission and distribution system the
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permissible voltage variation is

(a) 1 percent

(b) + 10 percent

(c) * 20 percent

(d) + 30 percent

(e) none of the above

By which of the following methods voltage of

transmission can be regulated?

(a) use of series capacitors to neutralies
the effect of series reactance

(b) Switching in shunt capacitors at the
receiving end during have loads

(c) Use of tap changing transformers

(d) Any of the above methods

Which of the following distribution systemsis

the most economical?

(@) A.C. 1-phase system

(b) A.C. 3-phase 3 wire system

() A.C. 3-phase 4 wire system

(d) Direct current system

Which of the following is the main advantage

of A.C. transmission system over D.C.

transmission system?

(a) Less instability problem

(b) Less insulation problems

(c) Easy transformation

(d) Less losses in transmission over long
distances

A tap changing transformer is used to

(a) supply low voltage current for instruments

(b) step up the voltage

(c) step down the voltage

(d) step up as well as step down the voltage

Which of the following bar schemes is the

most expensive?

(a) Double bus-bar double breaker

(b) Ringbus-bar scheme

(c) Single bus-bar scheme

(d) Main and transfer scheme

By which of the following methods the

protection agains direct lightning strokes and

high voltage sweep waves is provided?

(a) Lightening arresters

(b) Ground wire

(c) Lightening arresters and ground wires

(d) Earthing of neutral

(d) None of the above

In which of the following voltage regulators

the effect of dead zero is found?

(a) Electromagnetic type

(b) Magnetic amplifier

(c) Electronic type using integrated circuits

(e) dl of the above

Corona results in
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(a) radio interference

(b) power factor improvement

(c) better regulation

(d) none of the above

Which of the following has least effect on

corona?

(a) Atmospheric temperature

(b) Number of ions

(c) Size and charge per ion

(d) Mean free path

In context of corona, if the conductors are

polished and smooth, which of the following

statements is correct?

(a) Hissing sound will be more intense

(b) Power loss will be least

(c) Corona glow will be uniform along the
length of the conductor

(d) Corona glow will not occur

Power loss due to corona is not directly

proportional to

(a) spacing between conductors

(b) supply voltage frequency

(c) phase-neutral voltage

(d) dl of the above

Poles which carry transformers are usually

(a) circular

(b) I-type

(c) A-type

(d) H-type

(e) none of the above

Out of the following which type of poles are

bulky?

(a) Transmission towers

(b) Concrete poles

(c) Tubular steel poles

(d) Wooden poles

The effect of ice on transmission line

conductors is to increase the

(a) transmission losses

(b) weight of the conductor

(c) tendency for corona

(d) resistance to flow of current

If the height of transmission tower isincreased

(a) theline capacitance will decrease but line
inductance will remain uncharged

(b) the line capacitance and inductance will
not change

(c) theline capacitance will increase but line
inductance will decrease

(d) theline capacitance will decrease and line
inductance will increase

If staring efficiency is 100 percent it means

that

(a) potentia across each disc is zero

(b) potentia across each disc is same
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(c) one of the insulator discs is shorted

(d) none of the above

In a 70/6 A.C.S.R. conductor there are

(@) 35 auminium conductors and 3 steel
conductors

(b) 70 a@uminium conductors and 6 steel
conductors

(c) 70 steel conductors and 6 aluminium
conductors

(d) none of the above

On which of the following does the size of a

feeder depend?

(a) Voltage drop

(b) Voltage

(c) Frequency

(d) Current carrying capacity

Which of the following are connected by the

service mains?

(@) Transformer and earth

(b) Distributor and relay system

(c) Distributor and consumer terminals

(d) Distributor and transformer

In the design of a distributor which of the

following is the major consideration?

(a) Voltage drop

(b) Current carrying capacity

(c) Frequency

(d) kVA of system

(e) None of the above

In a distribution system major cost is that of

(a) earthing system

(b) distribution transformer

(c) conductors

(d) meters

A booster is connected in

(@) paralel with earth connection

(b) paralel with the feeder

(c) series with the feeder

(d) series with earth connection

With which of the following are step-up

substations associated?

(@) Concentrated load

(b) Consumer location

(c) Distributors

(d) Generating stations

(e) None of the above

Which of the following equipment should be

installed by the consumers having low power

factor?

(@) Synchronous condensers

(b) Capacitor bank

(c) Tap changing transformer

(d) Any of the above

(e) None of the above

Which of the following equipment is used to
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limit short-circuit current level in asubstation?
(a) Isolator

(b) Lightning switch

(c) Coupling capacitor

(d) Series reactor

Steepness of the travelling waves is alternated
by .......... of the line

(a) capacitance

(b) inductance

(c) resistance

(d) dl of the above

The limit of distance of transmission line may
be increased by the use of

(a) series resistances

(b) shunt capacitors and series reactors

(c) series capacitors and shunt reactors

(d) synchronous condensers

(e) none of the above

By which of the following feactors is the sag
of atransmission line least affected?

(a) Current through the conductor

(b) Ice deposited on the conductor

(c) Sef weight of conductor

(d) Temperature of surrounding air

() None of the above

Which of the following cause transient
disturbances?

(a) Faults

(b) Load variations

(c) Switching operations

(d) Any of the above

A gay wire

(a) protectsconductorsagainst shortcircuiting
(b) provides emergency earth route

(c) provides protection against surges

(d) supports the pole

Which of the following is neglected in the
analysis of short transmission lines?

(a) Series impedance

(b) Shunt admittance

(©) I°R loss

(d) None of the above

(e) All of the above

Basically the boosters are

(a) synchronous motors

(b) capacitors

(c) inductors

(d) transformers

Which of the following is a static exciter?
(a) Rectifier

(b) Rotorol

() Amplidyne

(d) D.C. separately excited generator

For exact compensation of voltage drop in the
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feeder the booster

(@) must be earthed

(b) must work on line voltage

(c) must work on linear portion of its
V-I characteristics

(d) must work on non-linear portion of its
V-I characteristics

The purpose of using a booster is to

(a) increase current

(b) reduce current

(c) reduce voltage drop

(d) compensate for voltage drop

(e) none of the above

Induction regulators are used for voltage

control in

(a) dternators

(b) primary distribution

(c) secondary distribution

(d) none of the above

A synchronous condenser isgenerally installed

a the ........ of the transmission line

(a) receiving end

(b) sending end

(c) middle

(d) none of the above

The area of cross-section of the neutral in a

3-wire D.C. system is generdly ........ the area

of cross-section of main conductor

(a) same as

(b) one-fourth

(c) one haf

(d) double

For which of the following, the excitation

control method is satisfactory?

(@) Low voltage lines

(b) High voltage lines

(c) Short lines

(d) Long lines

In which of the following cases shunt

capacitance is negligible?

(a) Short transmission lines

(b) Medium transmission lines

(c) Long transmission lines

(d) All transmission lines

A lightning arrester is usually located nearer

to

(a) transformer

(b) isolator

(c) bushar

(d) circuit breaker

(e) none of the above

The material used for the manufacture of

grounding wires is

(a) cast iron

(b) @uminium
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(c) stainlesssteel

(d) galvanised steel

Surge absorbers protect against

oscillations

(a) high voltage high frequency

(b) high voltage low frequency

(¢) low voltage high frequency

(d) low voltage low frequency

Skin effect is noticeable only at

frequencies

() audio

(b) low

(c) high

(d) dl

Per system stability is least affected by

(a) reactance of generator

(b) input torque

(c) losses

(d) reactance of transmission line

When the load at the receiving end of along

transmission line is removed, the sending end

voltage is less than the receiving end voltage.

This effect is known as

(a) Ferranti effect

(b) Proximity effect

(c) Kelvin effect

(d) Faraday effect

(e) Skin effect

In medium transmission lines the shunt

capacitance is taken into account in

(@) T-method

(b) TEmMethod

(c) steinmetz method

(d) dl of the above

System grounding is done so that

(a) inductive interference between power and
communication circuits can be controlled

(b) thefloating potentia on the lower voltage
winding for atransformer isbrought down
to an insignificant value

(c) thearcing faultsto earth would not set up
dangerously high voltage on healthy phases

(d) for al above reasons

Which of the following can be used for

bus-bars?

(@) Tubes

(b) Rods

(c) Bars

(d) Any of the above

If the height of transmission tower isincreased,

which of the following parametersis likely to

change?

(a) Capacitance

(b) Inductance

(c) Resistance
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(d) All of the above

() None of the above

A.C.S.R. conductor having 7 steel stands

surrounded by 25 aluminium conductors will

be specified as

(a) 257

(b) 50/15

(c) 7/25

(d) 15/50

Impedance relay isused on ....... transmission

lines

(a) short

(b) medium

(¢) long

(d) dl

Corona is likely to occur maximum in

(a) transmission lines

(b) distribution lines

(c) domestic wiring

(d) dl of the above

The effect of wind pressure is more

predominant on

(a) supporting towers

(b) neutral wires

(c) transmission lines

(d) insulators

As compared to cables, the disadvantages of

transmission lines is

(a) inductive interference between power and
communication circuits

(b) exposure to lightning

(c) exposure to atmospheric hazards like
smoke, ice, etc.

(d) dl of the above

In overhead transmission lines the effect of

capacitance cand be neglected when the length

of line is less than

(a) 80 km

(b) 110km

(c) 150 km

(d) 210 km

The effective resistance of a conductor will be

the same as ‘ohmic resistance’ when

(a) power factor is unity

(b) current is uniformly distributed in the
conductor cross-section

(c) voltage is low

(d) current isin true sine wave from

Conductorsfor high voltage transmission lines

are suspended from towers to

(a) increase clearance from ground

(b) reduce clearance from ground

(c) take care of extension in length during
summer

(d) reduce wind and snow loads
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(e) none of the above

To increase the capacity of atransmission line
for transmitting power which of the following
must be decreased?

(a) Capacitance

(b) Line inductance

(c) Voltage

(d) All of the above

By using bundled conductors which of the
following is reduced?

(a) Power loss due to corona

(b) Capacitance of the circuit

(¢) Inductance of the circuit

(d) None of the above

(e) All of the above

Which of the following short-circuits is most
dangerous?

(a) Dead short-circuit

(b) Line to ground short-circuit

(c) Line to line short-circuit

(d) Line to line and ground short-circuit

(e) dl of the above

Due to which of the following reasons
aluminium is being favoured as busbar
material?

(a) Low density

(b) Low cost

(c) Ease of fabrication

(d) None of the above

In case of transmission line conductors with
the increase in atmospheric temperature

(a) length decreases but stress increases

(b) length increases but stress decreases

(c) both the length and stress increases

(d) both the length and stress decrease
Skin effect exists only in

(@) ac. transmission

(b) high voltage d.c. overhead transmission
(c) low voltage d.c. overhead transmission
(d) cables carrying d.c. current

Floating neutral, in 3-phase supply, is
undesirable because it causes

(a) low voltage across the load

(b) high voltage across the load

(c) unequal line voltages across the load
(d) none of the above

The surge resistance of cables is

(a) 20 ohms

(b) 50 ohms

(c) 200 ohms

(d) 300 ohms

The electrostatic stress in underground cables
is

(a) zero at the conductor as well as on the

186.

187.

188.

189.

190.

191.

192.

193.
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sheath

(b) same at the conductor and sheath

() minimum at the conductor and minimum
at the sheath

(d) maximum at the conductor and minimum
at the sheath

The ground ring transmission lines are used to

(a) reduce the transmission losses

(b) reduce the earth capacitance of the lowest
unit

(c) increasetheearth capacitance of thelowest
unit

(d) none of the above

The string efficiency of an insulator can be

increased by

(a) correct grading of insulators of various
capacitances

(b) reducing the number of strings

(c) increasing the number of strings in the
insulator

(d) none of the above

High voltages for transmitting power is

economically available from

(a) d.c. currents

(b) ac. currents

(c) carrier currents

(d) none of the above

High voltage is primarily used, for long

distance power transmission, to

(a) reduce the time of transmission

(b) reduce the transmission losses

() make the system reliable

(d) none of the above

By using bundle conductors, the critical

voltage for the formation of corona will

(a) remain same

(b) decrease

(c) increase

(d) not occur

If the voltage is increased X times, the size of

the conductor would be

(a) reduced to 1/x? times

(b) reduced to 1/x times

(c) increased x times

(d) increased to x? times

() none of the above

The colour of the neutral of three-core flexible

cable is

(a) blue

(b) brown

(©) red

(d) black

In the cablessheaths are used to

(a) prevent the moisture from entering the
cable
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(b) provide strength to the cable
(c) provide proper insulation
(d) none of the above

198.

194. The charging current in the cables
(a) leads the voltage by 180°
(b) leads the voltageby 90°
(c) lags the voltage by 90°
(d) lags the voltage by 180° 199.
195. Ground wire is used to
(a) avoid overloading
(b) give the support to the tower
(c) give good regulation
(d) connect a circuit conductor or other  200.
device to an earth-plate
196. Earthingisnecessary to give protection against
(a) danger of electric shock
(b) voltage fluctuation
(c) overloading
(d) high temperature of the conductors
197. Resistance grounding isused for voltage
between
(a) 3.3kV to 11 kV
(b) 11 kV to 33 kV
ANSWERS
1L 2d 3@ 4@ 50 6@
11. (¢) 12. (b) 13.(d 14.(d) 15 (@) 16. (¢
21. (d) 22.(b) 23.(b) 24. (@) 25 (& 26.(c)
31.(d 32.(e) 33 (@ 34.(@ 35 (e 36.(
41. (b) 42. (@ 43.(d) 44. (b) 45. (b) 46. (b)
51. (b) 52. (@ 53.(c) 54.(c) 55 (c) 56.(d)
61. (b) 62.(c) 63.(b) 64 (@) 65 (c) 66.(d)
71.(c) 72.(c) 73.(d 74.(@ 75 (b) 76.(c
8l.(d 82 (d 83.(d 84 (b) 85 (b 86 (a
91. (d) 92.(b) 93. (@ 94.(b) 95 (d) 96. (b
101. (a) 102. () 103.(c) 104. (c) 105. (b) 106. (b)
111. (8) 112. (@) 113. () 114. (b) 115. (b) 116. (a)
121. (d) 122. (d) 123. (@ 124.(c) 125. (a) 126. (a)
131. (b) 132. (b) 133. (@ 134. (b) 135. (b) 136. (d)
141. (d) 142. (b) 143. (d) 144. (c) 145. (c) 146. (a)
151. (a) 152. () 153. (d) 154. (b) 155. (8 156. (c)
161. (c) 162. (c) 163. (c) 164. (a) 165. (d) 166. (d)
171. (8) 172. (@) 173.(d) 174. (@) 175. (b) 176. (a)
181. (b) 182. (&) 183.(c) 184. (b) 185. (d) 186. (b)
191. (a) 192. (@) 193. (@ 194. (b) 195. (d) 196. (a)

(c) 33kV to 66 kV

(d) none of the above

Solid grounding is adopted for voltages below

(a) 100 vV

(b) 200 V

(c) 400V

(d) 660 Vv

The size of the earth wire is determined by

(a) the atmospheric conditions

(b) the voltage of the service wires

(c) the ampere capacity of the service wires

(d) none of the above

Transmission lines link

(a) generating station to receiving and
station

(b) receiving and station to distribution
transformer

(c) distribution transformer to consumer
premises

(d) service points to consumer premises

(e) none of the above

7.(8)
17. (d)
27. (d)
37. (d)
47. (b)
57. (¢)
67. (d)
77. (d)
87. (d) 88. ()
97. (b) 98. (d)

107. (b) 108. (c)
117. (a) 118. (b)
127. (a) 128. (c)
137. (c) 138. (a)
147. (d) 148. (d)
157. (c) 158. (a)
167. (d) 168. (a)
177. (b) 178. ()
187. (a) 188. (b)
197. (a) 198. (d)

8. (d)
18. (d)
28. (d)
38. (0
48. (¢
58. (b)
68. (d)
78. (d)

9. (d)
19. (c)
29. (d)
39. (b)
49. (d)
59. (a)
69. (d)
79. (b)
89. (¢)
99. (d)
109. (c)
119. (d)

129. (a)
139. (b)
149. (b)
159. (a)
169. (a)
179. (a)
189. (b)
199. (c)

10. (d)

20. (d)
30. (d)
40. (¢)
50. (b)
60. (a)
70. (b)
80. (b)
90. (3
100. (a)
110. (b)
120. (d)
130. (d)
140. (c)
150. (d)
160. (d)
170. (b)
180. (b)
190. ()
200. (a)

o FIRST
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42.1. Introduction

The power industry may seem to lack competition. This thought arises because each power
company operates in a geographic region not served by other companies. Favorable electric rates
are acompelling factor in the location of an industry, although this factor is much lessimportant in
times when costs are rising rapidly and rates charged for power are uncertain than in periods of
stable economic conditions. Regulation of ratesby State Electricity Boards, however, places constant
pressure on companies to achieve maximum economy and earn a reasonable profit in the face of
advancing costs of production.

Power shortage in India is endemic. Despite heavy investments in the power sector and
additional power generation every year, there appears to be no chance of the shortage syndrome
easing-up in the near future. Barring one or two small States with hydro-potential, all other States
and Union Territories have perpetual power deficits. There seemsto be no respite from these crippling
deficits as seen from the figures that are being published from time to time.

I'n power sector, it hasalmost become aritual to insistently clamor for more generation. This
school of thought which is predominant majority, believesin classical concept of load management
which emphasi zes continuous and copious supply of energy to all sectors of consumersat all times.
Thisideal proposition could be achieved, only if unlimited resources at our command are available.
But in actual practice, these resources are not only limited but scarce. These scarce resources areto
be distributed throughout the country uniformly and called for immediate attention. A demand based
energy management would therefore only result in shortage syndrome repeating itself endlessly
since the ever-growing ‘demand’ could never be met fully and satisfactorily. A better alternative
would be to replace the Demand Based Energy Management with a Need Based one.

42.2. Need Based Energy Management (NBEM)

In power sector, there is a distinct difference between ‘demand’ and ‘need’. Consumers of
electric power could be classified into five broad categories. theindustrial users, agricultural sector,
commercial organizations, domestic consumers and essential services. Industrial users could be
further sub-divided as shift based industries and continuous process industries. Agricultural sector
would includeirrigation tubewells and rural industries. Out of these several groups and sub-groups,
only three - viz - continuous process industries, domestic consumers and essential services need
power round the clock, others may demand power for 24 hours of the day, but they don’t need it.

A Need Based Energy Management would :

(i) Identify the needs of various consumers

(ii) Forecast the generation requirement based on the need

(iii)  Plan power generation as per forecast

(iv) Laydown asuitable transmission and distribution network
(v) Regulate distribution as per need

(vi) Monitor matching of need with supply

The greatest bugbear of NBEM isdistribution network. Consumers cannot be supplied power
as per their need since the distribution network is not designed for that purpose. Present day power
distribution network isfull of constraints and is clumsy to the core. Theills of the system are many
—poor reliability, high linelosses, low voltage profiles, overloading of transformers, poor maintenance,
absence of conservation measures, stealing of power, haphazard layouts, whimsical |oad connections,
inadequate clearances etc. With asingle feeder connected to all types of consumers, thereisno load
disciplineand thedistribution network is exposed to several malpracticesand distortions. Generation
of power also suffers and as a result, engineers incharge of power generation in state electricity
boards are not enthusiastic about optimizing power generation becausethey feel that their effortsare
wasted due to the chaotic and sub-optimal distribution system. So if power problem isto be solved,
distribution holdsthe key.
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Figure 42.1 shows utility system with SCADA (Supervisory Control and Data Acquisition)
and Distribution Automation.

(0 -

Generation Transmission Substation Distribution system/customers

A
v
A

SCADA Distribution Automation ~——p

\ //

DAS Communication and Control Computer Network

Ly L7
|Rates| |Operat10ns | Customer Accounnng |Rates || Plannlng| |Dlstr1but10n Information

Fig. 42.1 Utility systems with SCADA and Distribution Automation

42.2.1. Advantages of NBEM

The distinct advantages of NBEM are:

(1) Itensureshighreliability of supply to consumers meeting the specific demand effectively
for periods of actual requirements.

(2) The system losses can be substantially reduced since line and equipment does not get
overloaded at any point of time.

(3) Thevoltage profile at al levelsisimproved thus safeguarding the customer’s equipment
from losing their efficiency and performance at low voltage.

(4) Theschemefacilitatesthe adoption of energy conservation schemesand energy audit policy.

(5) Power cuts are reduced and quality of power improves leading to better industrial and
agricultural health and productivity.

42.3. Conventional Distribution Network

The power system network, which generally concerns (or which isin close proximity of) the
common man, is the distribution network of 11 KV lines or feeders downstream of the 33 KV
substation. Each 11 KV feeder, which emanates from the 33 KV substation branches further into
several subsidiary 11 KV feeders to carry power close to the load points, where it is further step-
down to either 230 V or 415 V.

The present structure of the distribution feeders doesn’t support quick fault detection, isolation
of faulty region and restoration of supply to the maximum outage area, which is healthy. In the
absence of switchesat different pointsin the distribution network, it isnot possibletoisolate certain
loads for load shedding as and when required. The only option available in the present distribution
network is the circuit breaker (one each for every main 11 KV feeder) at the 33 KV substation.
However, these circuit breakers are actually provided asameans of protection to completely isolate
the downstream network in the event of a fault. Using this as a tool for load management is not
desirable, asit disconnectsthe power supply to avery large segment of consumers. Clearly, thereis
aneed to put in place a system that can achieve afiner resolution in load management.
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In the event of afault on any feeder section downstream, the circuit breaker at the 33 KV
substation trips (opens). As a result, there is a blackout over a large section of the distribution
network. If the faulty segment could be precisely identified, it would be possible to substantially
reducethe blackout area, by re-routing the power to the healthy feeder segmentsthrough the operation
of sectionalizing switches, placed at strategic locationsin various feeder segments.

Thus, lack of information at the base station (33 KV sub-station) of the loading and health
status of the 11 KV/ 415V distribution transformers and associated feedersis one primary cause of
inefficient power distribution. Also, due to absence of monitoring, overloading occurs, which results
in low voltage at the customer end and increases the risk of frequent breakdowns of transformers
and feeders.

42.4. Automated System

Theinefficient operation of the conventional distribution system can be mainly attributed to
the frequent occurrence of faults and the uncertainty in detecting them. To enhance the electrical
power distribution reliability, sectionalizing switches are provided along the way of primary feeders.
Thus, by adding fault detecting relays to the sectionalizing switches along with circuit breaker and
protective relaysat the distribution substations, the system is capabl e to determine fault sections. To
reduce the service disruption areain case of power failure, normally open (NO) sectionalizing switches
called asroute (tie) switchesare used for supply restoration process. The operation of these switches
is controlled from the control center through the Remote Terminal Units (RTU’S).

Communication & Control System

! B!

Distribution - Interface Automation Automation and
Equipment Equipment ¢ Equipment 4 Control

v

A

A

Fig. 42.2. Interconnection of distribution, control and communication system.

In distribution automation (DA) system, the various quantities (e.g., voltage, current, switch
status, temperature and oil level, etc.) are recorded in the field at the distribution transformers and
feeders, using adataacquisition device called Remote Terminal Unit. These quantitiesare transmitted
on-line to the base station through a communication media. The acquired data is processed at the
base station for display at multiple computers through a Graphic user interface (GUI). In the event
of asystem quantity crossing a pre-defined threshold, an alarm isgenerated for operator intervention.
Any control action, for opening or closing of the switch or circuit breaker, isinitiated by the operator
and transmitted from the 33 KV base station through the communication channel to the remote
terminal unit associated with the corresponding switch or CB. The desired switching takes place and
the action is acknowledged back to the operator.

Interconnection of distribution, control and communication system isshown in Figure 42.2.

All the above mentioned functions of data collection, data transmission, data monitoring,
data processing, man-machine interface, etc. are realized using an integrated distribution SCADA
(Supervisory Control And Data Acquisition) system.

The implementation of SCADA system in the electric utility involves the installation of
following units:

1. Sectionalizing Switches
2. Remote Terminal Unit

3. DataAcquisition System
4. Communication Interface
5. Control Computer
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42.5. Sectionalizing Switches

These sectionalizing switches are basically either air-brake switchesor Load Break Switches
(LBS) or Moulded Case Circuit Breaker (MCCB). These are remotely operable switches designed
specifically for 11 KV and 415V feeders. However, switches of appropriate rating corresponding to
the rated feeder current can also be chosen.

Generally, 11 KV Vacuum break line sectionalizers are installed away from the substation
and on the pole. A fault-indicating device is provided for location of fault at any section. To avoid
opening of switches due to transient voltage drop or any other mal-operation, generaly, 1.5 - 3
seconds delay is provided. Benefits obtained from installing these sectionalizing switchesinclude:

1. Immediate isolation with indication of faulty section
Immediate restoration of supply to the healthy section
No down time for transient faults
Improvement of revenue due to lesser outage of section and low down time
Requires |ess man-power in the system and
Better Reliability of power supply

SESLIE N

42.6. Remote Terminal Units (RTU’s)

A typical SCADA system consists of remote terminal units, to record ad check, measured
values and meter readings, before transmitting them to control station and in the opposite direction,

to transmit commands, set point values and other signals to the switchgear and actuator.
The functions of RTU’s can be given asfollowing :
(a) Acquisition of information such as measured values, signals, meter readings, etc.
(b) Transmit commands or instructions (binary plus type or continuous), set points, control
variables, etc. including their monitoring as afunction of time.
(c) Recognition of changes in signal input states plus time data allocation and sequential
recording of events by the master control station.
(d) Processing of information transmitted to and from the telecommunication equipment such
as data compression, coding and protection.
(e)  Communication with master control station.
A typical architecture RTU interfacingisshownin Fig 42.3.
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Fig. 42.3. Typical Architecture of RTU Interfacing

42.7. Data Acquisition System (DAS)

The data regarding the compl ete network consists of electrical and mechanical variables, on/
off states, anal og quantities, digital quantities, changes of state, sequence of events, time of occurrence
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and several other data, which the control room operators will like to know.

Data is acquired by means of current transformers (CTs), potential transformers (PTs),
transducers and other forms of collecting information. Transducers convert the datainto electrical
form to enable easy measurement and transmission. Datamay be collected at low level or highlevel.
Then it is amplified in signal amplifier and conditioned in data signal conditioner. The data is
transmitted from the process location to the control room and from the control room to the control
center.

The large number of electrical, mechanical and other data are scanned at required interval,
recorded and displayed as per the requirement. Some of the datais converted from analog to digital
form through A/D (Analogueto Digital) converters.

The dataloggers perform the following functions:
1. Input Scanning

2. Signal Amplification and A/D Conversion

3. Display, Recording and Processing

Theinput scanner isgenerally amulti-way device, which selectsinput signalsat regular periodic
intervals in a sequence decided by the rate of change of input data. Slow varying quantities are
scanned with alower period of time-intervals. Output of scanner isgiven to A/D converter. Digital
signalsare obtained through DSP by micro-controllersor the control computer. Thisacquired signal
can be displayed, recorded and processed for appropriate actions to be performed later.

42.8. Communication Interface

A good data communication system to transmit the control commands and data between
Distribution Control Centre (DCC) and alarge number of device remotely located on the distribution
network isapre-requisite for the good performance of Distribution Automation System (DAS). The
communication regquirements of each DASis unique, depending upon the Distribution Automation
functions selected for theimplementation. A wide range of communication technologiesare available
to perform the tasks of DAS. The choice of communication technology a so has abig impact on the
cost of DAS.

RTU’scommunicate with the control room through acommunication interface, which could be
any of thefollowing :

(a) Power line carrier communication (PLCC) :

Each end of the transmission lineis provided with identical carrier equipment in the frequency
range of 30to 500 kHz. The high frequency signals are transmitted through power lines. The carrier
current equipment compromises the coupling capacitor and the tuning circuit.

(b) Fibre optics data communication :

Application of fibre optic communication is presently in infant stage and has avast scope due
to freedom from el ectromagnetic interference and enormous data handling capacity of asingle pair
of optical fibre. The information is exchanged in the form of digitised light signals transmitted
through optical fibres.

Fibre optics, with its explicit downward cost trend in terms of product as well as installation
and mai ntenance costs has become awidely accepted choice, asit offersboth technical and commercia
advantages over conventional systemsthat use metallic cables and radio links. The communication
basically consists of a transmitter and a receiver for information signals coming from the user’s
device which is connected through copper wire to the switching center or exchange, where it is
changed into a digital signal like 1s or O s for easy handling. The signal is then transferred to the
transmitter. In the transmitter, the information signal which is electrical, drives an optical source:
Laser or alight emitting diode (LED), which in turn, optically modulates the information signal,
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which gets coupled into the optical fibre. Thereceiver located at the other side of thelink detectsthe
original signal and demodulates or converts back the optical signal to the original information signal
(Electrical). Thesignal isthen connected through copper wiresto the switching device or exchange
for selection and connection to the proper user or user device. This has advantage of high datarate
(9600 bitsand much more) and immunity from
noise.

(c) Radio communication :

Radio communication utilizesfrequency
bands between 85 MHz to 13 GHz, Point to
point radio links, Multi terminal radio
communication facility, Limited area radio
scheme, Mobile radio sets, Emergency radio
communication etc. are the types of radio
communication facilities used in electrical
power systems.

(d) Public telephone communication :

Dial-up and dedicated leased telephone
lines are often used for Distribution
Automation. Thedial-up linesare suitablefor
infrequent datatrans-mission. Theleased line
aresuitablefor continuous communication but
are expensive. The reliability of
communication variesgreatly and is dependent
upon the telephone company. Telephone
communication service through packet
switching network, cellular radio are viable
and may have the advantages of providing =
servicesin other-wise inaccessible places.

[ ] - Jed .
Nowadays even telephone connections are via wireless
systems. The figure shows the transmission tower from
(e) Satellite communication : where radio waves can be transmitted to other stations

. . . . and satellites
A satellite communi-cation system using

very small apertureterminal (V SAT) issuitablefor DAS. VSAT isapoint to multi-point star network
like TDMA. It consistsof onesingle Hub
and number of remote Personal Earth
Stations (PES). The communication

between transponder and Hub is TDM
access and between Hub and PES is A/' \

TDMA access. The communi-cation
system between Hub remote PES is l |C"ns“mer Data Center

through two separateradio links. Thelink

from remote PESto Hub iscalled inroute

and from Hub to theremote PESiscalled VSAT Hub
as outroute. No end user transmission
either originates or terminates at the
satellite. In Indiaextended ‘' C' band with  |Network Interface
up link in the 6.15/ 6.815 and down link ~ [Unit
inthe4.09/ 4.59 KHz rangeisused. Fig.

42.4 shows schematic diagram of VSAT
network.

Fig. 42.4 Schematic diagram of VSAT network
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(f) Palling scheme :

SCADA systemsintended for electric system
operationsalmost universally useapolling scheme
between the central master and individual RTUs.

The master station controlsall activitiesand
RTUs respond only to polling requests. Fig. 42.5
illustrates the most common communication
arrangement. Multiple two or four wire telephone
grade circuits radiate from the master. The media
for these circuits may be leased telephone circuits
from a common carrier, private microwave, fibre
optic cable systems, two-way cable TV, power line
carrier, or even satellite. Polling and command
requests and RTU responses are time multiplexed
on each circuit. Each circuit terminating at the
master station is independently serviced on an
asynchronous basis by the master station. The most
commonly used information ratesis 1200 bits/sec.
using asynchronous byte-oriented message
formats.

A satellite helps to develop instant communication
links with the stations spread across the globe

Master Station

Fig. 42.5. Typical multidrop communication system

42.9. Distribution SCADA

Distribution SCADA involves collecting and analyzing information to take decisions,
implementing the appropriate decisions and then verifying whether the desired results are achieved.
Fig 42.6 givesflow diagram of the SCADA functions.

Data acquisition in an electric utility SCADA system concentrates on the power system
performance quantities like bus line volts, transformer currents, real and reactive power flow, C.B.
status (circuit breaker status), isolator status and secondary quantities such astransformer temperature,
insulating gaspressure, tank oil levels, flow levelsetc. Often transformer tap positions, usua positions
or other multiple position quantities are also transmitted in analog format.

The usual reason for installing supervisory control is to provide the system with sufficient
information and control to operate the power system or some part of it in asafe, secure and economic
manner.
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Fig. 42.6. SCADA functions
42.10. Man - Machine Interface @
The implementation of SCADA system in an electric utility requires ]
the installation of remote termina units. RTU’s are designed to acquire Communication
data and transfer the same to the master station through a communication Equipment
link. They collect data from transducers, transmitters, connect input from ]
equipment/ instruments, meter readings etc., performs analogue/ digital = "
conversions, check data scaling and corrections (typically at 1/0 levels) “;;3‘83?1;‘;{’ "
performs preprocessing tasks and send/ receive messages from/ to master Equipment

stations viainterfaces. Fig 42.7 shows the flow diagram for man-machine
interface.

Man-Machine Interface (MMI) is the interface between man and
technology for control of the technical process. The computer system at
master control centre or central control room integrateswith RTU over the
communication link with its transmission protocol, acquires the remote
substation or distribution transformer/ feeder data and transfers the same
to the computer system for man-machine interface.

42.11. A Typical SCADA System

RTU's/Transducers
Actuators

Power Network
Process

Fig. 42.7. Man -
Machine Interface

A typical SCADA system may therefore comprises hardware and the software.

The hardware may include :

1. User friendly man-machine interface
2. Work station

3. Service having a particular function
4. Communication sub system

5. RTU’s

All the above components communicate with each other through alocal area network (LAN)
with international ly standardised protocols. A flexible redundancy is provided, assigning hot standby
server to any server fulfilling time critical functions.
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A software must offer the following features:

1. Useof highlevel programming language

2. Modular structure with clear and standardised interfaces between software modules and
the database

3. Inter module communication only viaa'soft bus’ independent of their computer residency

4.  Easy addition of further application programs

5. Comfortable on-line diagnostics, devel opment tools and file editors.

Artificial Intelligence (Al) plays a pivota role in the development of software, rule based
experts systems, logic based systemslike fuzzy logic, neural networks etc. fall under this category.
Few applications of the recent times are stated on the next page :

1. Application of expert system to power system restoration using flow control rules,
energisation rules, line switching rules, load shedding rules, voltage correction rules etc.

2. Knowledge-based expert systems for fault location and diagnosis on electric power
distribution feeders.

3. Fuzzy based logic for reconfiguration of distribution networks.

The application of model based expert system results in an intelligent power distribution
system with learning self organizing and diagnostic capabilities. In addition, it advises the control
center operationsin cases of emergency. Distribution automated systems can therefore be operated
in two operational modes: Online and Off-line. The Online operation permits faulty equipment
identification, restoration planning, network maintenance scheduling and emergency operations.
The Off-line simulator mode allowsthe user to verify the validity of acquired knowledge by setting
animaginary fault on the system and providesaconvenient way of training theinexperienced operator.

42.12. Distribution Automation

Distribution Automation functions provide a means to more effectively manage minute by
minute continuous operation of a distribution system. Distribution Automation provides a tool to
achieve a maximum utilization of the utility’s physical plant and to provide the highest quality of
servicetoitscustomers. Obviously, both the utility and its customers are beneficiaries of successful
Distribution Automation.

Distribution Automation systems are modular, hence they may be implemented in stages,
commencing from amodest degree of capability and complexity and growing as hecessary to achieve
finally implement a complete

tangible and intangible economic

benefits. For example, a utility may

start with alimited capability SCADA Distribution

SCADA
Operation Job Management
Management & Remote Metering

integration of automation functions.

Systems implemented in this fashion DMS
must be designed to accommodate
Load Flow
Calculations Outage Management
(G
functions of DMS are shown in Fig
42.8. Asinany other SCADA system,

System for sub station monitoring and
future expansion.
Distribution SCADA involves Fig. 42.8. Functions of distributed management system

control, extend thisto the feeders and

Distribution Automation System
offers an integrated ‘Distributed
Management System’ (DMS). The
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collecting and analyzing information to take decisions, implementing the appropriate decisions and
then verifying that the desired results are achieved. Operation management supportsthe analysis of
distribution network. It modelstheload profile to present state of the network. Load flow calculations
estimate voltage levels and power flows at each feeder. Job management makes switching order
handling easier and work protection tagging ensures the safety of repair crew on duty. Outage
management and servicerestoration facilitatesto reduce outage timethereby increasing thereliability
of the supply. Remote metering provides for the appropriate selection of energy registers where
time-of-use rates are in effect, thus improving energy metering services to be more accurate and
more frequent.

42.13. Load Management in DMS

Thisinvolves controlling system loads by remote control of individual customer loads. Control
includes suppressing or biasing automatic control of cyclic loads, aswell asload switching. Load
Management can also be effected by inducing customers to suppress loads during utility selected
daily periods by means of time-of-day rateincentives. Distribution Automation providesthe control
and monitoring ability required for both the load management scenarios -viz - direct control of
customers loads and the monitoring necessary to verify that programmed levels are achieved.
Execution of load management provides several possible benefits to the utility and its customers.
Maximum utilization of the existing distribution system can lead to deferral s of capital expenditure.
Thisisachieved by :

(i) Shaping the daily (or monthly, annual) load characteristic by suppressing loads at peak
times and encouraging energy consumption at off-peak times.

(if)  Minimizing the requirement for more costly generation or power purchases by suppressing
loads.

(iif) Relieving the consequences of significant loss of generation or similar emergency

situations by suppressing load.

(iv) Reducing cold load pick-up during re-energization of circuits using devices with cold

load pick-up features.

The effectiveness of direct control of customer loads is obviously enhanced by selecting the
larger and more significant customer loads. These include electric space and water heating, air
conditioning, washing machines, dryers and others of comparable magnitude.

More sophisticated customer’s activated load management strategies are under study, taking
advantage of the capabilities of Distribution Automation and of customersinstalled load control PC.
With such an arrangement, the utility could vary ratesthroughout the day, reflecting actual generation
costs and any system supply capability constraints and broadcast thisinformation to all customer’s
PC. Each PC could then control it'sloadsto confirm to acustomer selected cost bias. Thisissometimes
called as ‘ spot pricing'.

42.14. Automated Distribution System

In the conventional distribution system the abnormal conditions are detected manually which
costs lots of time and money to both consumers and power industry. In order to maintain high
service quality and reliability and minimize loss in revenues, automation is required. Automation
may be applied to the power distribution system so that problems on the distribution network may be
detected and operated upon so as to minimize the outage time.

The equipments (either fixed wired or /and programmable), which are used for distribution
automation, include:

1. Datacollection equipment

2. Datatransmission (telemetering) equipment
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3. Datamonitoring equipment

4. Dataprocessing equipment

5. Man-Machineinterface.

All the above equipments are integrated through distribution SCADA system.

Distribution SCADA involves collecting and analyzing information to take decisions and then
implementing them and finally verifying whether desired results are achieved .

Theimplementation of SCADA system intheelectric utility involvestheinstallation of following
units:

(a) Data acquigtion unit : The basic variables (data) required for control, monitoring and
protection include current, voltage, frequency, time, power factor, reactive power and real power.
The datamay be tapped in analog or digital form asrequired. For data collection purpose CT’s and
PT’s are used. Transducers may be needed to convert the data into electrical form to enable easy
measurement and transmission .The data is amplified in signal amplifier and conditioned in data
signal conditioner. The dataisthen transmitted from the process|ocation to the transmission room.
In the control room data processing and data logging are performed which includes input scanning
at required intervals, recording, programming and display by microprocessor, PLC, PC etc.

(b) Remoteterminal unit (RTU) : RTU isused to record and check signals, measured values
and meter readings before transmitting them to control station and in the opposite direction to transmit
commands, set point values and other signals to the switchgear and actuator.

(c) Communicationunit: A good datacommunication system to transmit the control command
and data between distribution control centre and large number of remotely located devices is a
prerequisite for agood performance of DA system. Wide range of communication technologies are
available to perform the task of DA system which include public telephone communication (leased
or dedicated line), power line carrier communication (PLCC), UHF MARS (ultra high frequency
multi address radio system) and VHF Radio, as discussed earlier.
Distribution Automation can be broadly classified as :

1. Substation Automation.

2. Feeder Automation.
3. Consumer side Automation

42.15. Substation Automation

Substation automation isthe cutting edge technology in electrical engineering. It meanshaving
an intelligent, interactive power distribution network including :

1. Increased performance and reliability of electrical protection.

2. Advanced disturbance and event recording capabilities, aiding in detailed el ectrical fault
anaysis.

3. Display of real time substation information in acontrol center.

4. Remote switching and advanced supervisory control.

5. Increased integrity and safety of the electrical power network including advanced
interlocking functions.

6. Advanced automation functionslike intelligent load-shedding.

42.15.1 Requirements

Thegeneral requirementsfor selecting an automation system while designing anew substation
are:
1. The system should be adaptable to any vendor’s hardware.
2. It should incorporate distributed architecture to minimize wiring.
3. It should be flexible and easily set up by the user.
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4. The substation unit should include acomputer to store dataand pre-processinformation.

42.15.2. Functioning

Busvoltages and frequencies, lineloading, transformer loading, power factor, real and reactive
power flow, temperature, etc. are the basic variables related with substation control and
instrumentation. The various supervision, control and protection functions are performed in the
substation control room. The relays, protection and control panels are installed in the controlled
room. These panelsalong with PC aidsin automatic operation of variouscircuit breakers, tap changers,
autoreclosers, sectionalizing switches and other devices during faults and abnormal conditions. Thus,
primary control in substation is of two categories.

1. Normal routine operation by operator’s command with the aid of analog and digital control
system.
2. Automatic operation by action of protective relays, control systems and PC.

The automated substation functioning can be treated as integration of two subsystems, as

discussed below :

(a) Control System : The task of control system in a substation includes data collection,
scanning, event reporting and recording; voltage control, power control, frequency control, other
automatic and semiautomatic controls etc. The various switching actionslike auto reclosing of line
circuit breakers, operation of sectionalizing switches, on-load tap changers are performed by remote
command from control room. The other sequential operations like load transfer from one bus to
another, load shedding etc. are also taken care by control center.

(b) Protective System : The task of protective system includes sensing abnormal condition,
annunciation of abnormal condition, alarm, automatic tripping, back-up protection, protective
signaling.

The above two systemswork in close co-operation with each other. Most of the above functions
i.e. automatic switching sequences, sequential event recording, compiling of energy and other reports,
etc. areintegrated in softwarein the substation computer. This softwareis of modular design, which
facilitates addition of new functions.

The communication between circuit breakers, autoreclosers and sectionalizing switchesin the
primary and secondary distribution circuitslocated in the field and the PC in distribution substation
control room is through radio telecontrol or fibre optic channel or power line carrier channel asis
feasible.

42.16. Feeder Automation

Automating the fault diagnosis and supply restoration process significantly reducesthe duration
of service interruptions. The key objective behind automating the service restoration processis to
restore supply to maximum loads in out-of-service zones. This is achieved by reconfiguring the
network such that the constraints of the system are not violated. Providing timely restoration of
supply to outage areas of the feeder enhances the value of service to customers and retains the
revenue for the power industry.

The system data consisting of the status signals and electrical analog quantities are obtained
using asuitable Data A cquisition System and processed by the control computer for typical functions
of fault detection, isolation and network reconfiguration for supply restoration. The equipments
normally required in Feeder Automation are discussed below :

(a) Distribution equipment :

Thisincludestransformers, breakers, load break switches and motor operators, power reclosures,
voltage regulators, capacitor banks etc.
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(b) Interface equipment :

Interface equipment is required for the purpose of data acquisition and control. Potential
transformers, current transformer, watt, var meter and voltage transducers, relays are some exampl es.
(c) Automation equipment :

Automation Equipment includesa DA S, communi cation equi pment, substation remoteterminal
units (RTU) and distribution feeder RTU, current-to-voltage converters, etc.

42.17. Consumer Side Automation

Consumer side automation is very important for a distribution company as almost 80% of all
the losses are taking place on distribution side alone. It is needed to evaluate the performance of a
specific areain the distribution system and judge the overall losses.

42.17.1. Energy Auditing

Energy audit has a very wide range of applicationsin the electrical systems. It means overall
accounting of energy generated, transmitted and distributed. Asfar asdistribution sideis concerned
energy audit would mean overall accounting of energy supplied to and utilized by the consumers.
Energy audit can also be used for rethinking about billing strategy, usefulness of an individua
subscriber, loading of a given feeder etc.

Remote metering is used in energy auditing in which the energy used by a consumer is billed
from aremote (distant) location without actually going to the place. In remote metering, the concept
of TOD (time of day) metering can beintroduced wherein the el ectronic meters at consumer’s service
entrance point are programmed to read the following meter readings on monthly basis.

1. KW hrs. consumed during calendar month by the consumer during low tariff and high tariff

hours.

2. KVA maximum demand by the consumer during the calendar month (based on maximum

demand lasting for 30 minutes duration).

3. Low tariff for off peak hour consumption.

These readings aretelemetered to the control room for the purpose of monthly billing and cash
collection through the various modes of communication available (- viz - Telephonic and wireless
communication) depending on theload condition of the consumer. Tampering of energy - meters (if
done) is also telemetered for taking action/penalty and disconnection of service.

Thus energy audit, though a very cumbersome and tedious job, can make a non-profitable
business of distribution into a highly profitable one.

42.18. Advantages of Distribution Automation

More and more electric utilities are looking to distribution automation as an answer to the
three mgjor economic challenges facing the industry : the rising cost of adding generating capacity,
increased saturation of existing distribution networks and greater sensitivity to customer service.
Therefore, utilitiesthat employ distribution automation expect both cost and service benefits. These
benefits accumulate in areas that are related to investments, interruptions and customer service, as
well asin areasrelated to operational cost savings, as given below :

(a) Reduced line loss :

Thedistribution substation isthe el ectrical hub for the distribution network. A close coordination
between the substation equipment, distribution feeders and associated equipment is necessary to
increase system reliability. Volt/VAR control isaddressed through expert a gorithmswhich monitors
and controls substation voltage devices in coordination with down-line voltage devices to reduce
lineloss and increase line throughout.

(b) Power quality :

Mitigation equipment is essential to maintain power quality over distribution feeders. The
substation RTU in conjunction with power monitoring equipment on the feeders monitors, detects,
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and corrects power-related problems before they occur, providing a greater level of customer
satisfaction.

(c) Deferred capital expenses:

A preventive mai ntenance algorithm may beintegrated into the system. Theresulting ability to
schedule maintenance, reduces labour costs, optimizes equipment use and extends equipment life.

(d) Energy cost reduction :

Real-time monitoring of power usage throughout the distribution feeder provides dataallowing
the end user to track his energy consumption patterns, allocate usage and assign accountability to
first line supervisors and daily operating personnel to reduce overall costs.

(e) Optimal energy use:

Real-time control, as part of afully-integrated, automated power management system, provides
the ability to perform calculations to reduce demand charges. It also offers a load-shedding/
preservation algorithm to optimize utility and multiple power sources, integrating cost of power into
theagorithm.

(f) Economic benefits :

Investment related benefits of distribution automation came from a more effective use of the
system. Utilities are able to operate closer to the edge to the physical limits of their systems.
Distribution automation makes this possible by providing increased availability of better data for
planning, engineering and maintenance. Investment related benefits can be achieved by deferring
addition of generation capacity, releasing transmission capacity and deferring the addition,
replacement of distribution substation equipment. Features such as voltage/VAR control, data
monitoring and logging and load management contribute to capital deferred benefits.

Distribution automation can provide a balance of both quantitative and qualitative benefitsin
the areas of interruption and customer service by automatically locating feeder faults, decreasing the
time required to restore service to unfaulted feeder sections, and reducing costs associated with
customer complaints.

(g) Improved reliability :

On the qualitative side, improved reliability adds perceived value for customer and reduce the
number of complaints. Distribution automation featuresthat provideinterruption and customer service
related benefitsinclude load shedding and other automatic control functions.

Lower operating costs are another major benefits of distribution automation. Operating cost
reduction are achieved through improved voltage profiles, controlled VAR flow, repairs and
mai ntenance savings, generation fuel savingsfrom reduced substation transformer load | osses, reduced
feeder primary and distribution transformer losses, |oad management and reduced spinning reserve
requirements. In addition, data acquisition and processing and remote metering functions play a
large role in reducing operating costs and should be considered an integral part of any distribution
automation system.

Through real time operation, the control computer can locate the faults much faster and control
the switchesand reclosuresto quickly reroute power and minimizethetotal time-out, thusincreasing
the systemreliability.

(h) Compatibility :

Distribution automation spans many functional and product areasincluding computer systems,
application software, RTUs, communication systems and metering products. No single vendor
providesall the pieces. Therefore, in order to be ableto supply autility with acomplete and integrated
system, it isimportant for the supplier to have alliances and agreements with other vendors.

An effective distribution automation system combines complementary function and capabilities
and require an architecture that is flexible or “open” so that it can accommodate products from
different vendors. In addition, adistribution automation system often requiresinterfaceswith existing
system in order to allow migration and integration, still monitoring network security.
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Tutorial Problem No. 42.1

1. Why we need Transmission System Interconnection?

2. Describe different distribution automation methods and their advantages and disadvantages.

(Nagpur University, Summer 2004)

OBJECTIVE TESTS — 42

Need based energy management is better than
demand based energy management

(b) man —machine interface
(c) dataarchiving

(a) true (b) false (d) all of the above
2. Round the clock power is required to 12. Now - a- daysthetrend istowards —
(a) agricultural uses (@) manned substation
(b) shift based industries (b) unmanned substation
(c) commercial organisations 13. Artificia Intelligence plays a pivotal data in
(d) essential services distribution automation
3. Need based energy management would include (@ true (b) false
(a) plan power generation as per forecast 14. Distribution Automation means —
(b) monitor matching of need with supply (a) substation Automation
(c) identify the needs of various consumers (b) feeder Automation
(d) all of the above (c) consumer side Automation
4. Existing Distribution systems are (d) all of the above
(a) properly designed 15. Distribution Automotive system are modular
(b) chaotic (a) true (b) false
(c) optimally operated 16. Existing distribution systems are controlled
(d) automated (a) automatically
5. Distribution systems are not radial (b) manually
(@ true (o) false 17. Distribution Automotive systems operate in
6. Themajor aim of distribution automation isto real time
keep minimum areain dark for aminimumtime (a) true (b) false
(@ true (o) false 18. Until recent years, much of theinvestment and
7. Distribution automation is used for technical exploitation was donein —
(a) electrical quantities only (a) generation
(b) physical quantities only (b) transmission
(c) both of the above (c) generation and transmission
8. Sectionalizing switches are circuit breakers (d) distribution
(@ true (o) false 19. Demand supply gap in power sector isexpected
9. RTUisa- togrow by - - - - percent every year.
(a) transmitter (b) receiver @ 5 (b) 10
(c) trans-receiver (c) 15 (d) 20
10. Themain probleminimplanting Distri-bution 20. Major revenue losses in distribution system
Automation in metrosis - oceur in—
(8 RTUs (b) communication (a) domestic sector
(c) DAS. (d) control computers (b) industrial sector
11. Distribution SCADA means — (c) agricultural sector
(a) dataacquisition (d) commercial sector
ANSWERS
1. (8 2 (d 3. () 4 () 5 (b 6 (@ 7.(© 8 () 9. () 10. (b)

11. (d) 12. (b) 13. (a) 14. (d) 15. (&) 16. (b) 17. (8) 18. (c) 19. (d) 20. (c)
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43.1. General

By electric traction is meant locomotion in which thedriving (or tractive) forceis obtained from
electric motors. It is used in electric trains, tramcars, trolley buses and diesel-electric vehicles etc.
Electric traction has many advantages as compared to other non-electrical systemsof traction includ-
ing steam traction.

43.2. Traction Systems
Broadly speaking, al traction systems may be classified into two categories:
(a) non-electrictraction systems

They do not involvethe use of electrical energy at any stage. Examplesare: steam engine drive
used in railways and internal -combustion-engine drive used for road transport.

The above picture shows a diesel train engine. These engines are now being
rapidly replaced by electric engines

(b) electrictraction systems

They involve the use of electric energy at some stage or the other. They may be further sub-

divided into two groups :

1. Firstgroup consistsof self-contained vehiclesor locomotives. Examplesare: battery-elec-
tric drive and diesel-electric drive etc.

2. Second group consists of vehicleswhich receive electric power from adistribution network
fed at suitable points from either central power stations or suitably-spaced sub-stations.
Examplesare: railway electric locomotive fed from overhead ac supply and tramways and
trolly buses supplied with dc supply.

43.3. Direct Steam Engine Drive

Though losing ground gradually dueto variousreasons, steam locomotiveisstill themost widely-
adopted means of propulsion for railway work. Invariably, the reciprocating engine is employed
because

1. itisinherently simple.

2. connection between its cylinders and the driving wheelsissimple.

3. itsspeed can be controlled very easily.



Electric Traction 1701

However, the steam locomotive suffers from the following disadvantages :

1. sinceitisdifficult to install a condenser on alocomotive, the steam engine runs non-con-
densing and, therefore, has avery low thermal efficiency of about 6-8 percent.

2. ithasstrictly limited overload capacity.

3. itisavailablefor hauling work for about 60% of itsworking days, the remaining 40% being
spent in preparing for service, in maintenance and overhaul.

43.4. Diesel-electric Drive

It is a self-contained motive power unit which employs a diesel engine for direct drive of adc
generator. Thisgenerator supplies current to traction motors which are geared to the driving axles.

In India, diesel locomotiveswereintroduced in 1945 for shunting service on broad-guage (BG)
sectionsand in 1956 for high-speed main-line operations on metre-guage (MG) sections. It wasonly
in 1958 that Indian Railwayswent in for extensive main-line dieselisation.*

Diesel-€electric traction has the following advantages :

1. nomodification of existing tracksis required while converting from steam to diesel-electric

traction.

2. it providesgreater tractive effort as compared to steam engine which resultsin higher start-

ing acceleration.

3. itisavailablefor hauling for about 90% of its working days.
4. diesel-electric locomotive is more efficient than a steam locomotive (though less efficient

than an electric locomotive).
Disadvantages

1. for same power, diesel-electric locomotiveis costlier than either the steam or electric loco-

motive.

2. overload capacity islimited because diesel engineis aconstant-kW output prime mover.
3. lifeof adiesel engineiscomparatively shorter.

4. diesel-electric locomotive is heavier than plain electric locomotive because it carries the
main engine, generator and traction motors etc.

5. regenerative braking cannot be employed though rheostatic braking can be.

43.5. Battery-electric Drive

In this case, the vehicle carries secondary
batteries which supply current to dc motors used
for driving thevehicle. Suchadriveiswell-suited
for shuntinginrailway yards, for tractionin mines,
forlocal delivery of goodsinlargetownsand large
industrial plants. They havelow maintenance cost
and are free from smoke. However, the scope of
such vehicles is limited because of the small
capacity of the batteries and the necessity of
charging them frequently.

43.6. Advantages of Electric Traction
Ascompared to steam traction, electric trac-

The above picture shows a battery run car. Battery
run vehicles are seen as alternatives for future
transport due to their pollution-free locomotion

*  The Diesel Locomotive Works at Varanasi turns out 140 locomotives of 2700 hp (2015 kW) annually.
Soon it will be producing new generation diesel engines of 4000 hp (2985 kW).
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tion has the following advantages :

1. Cleanliness. Since it does not produce any smoke or corrosive fumes, electric traction is
most suited for underground and tube railways. Also, it causes no damage to the buildings and other
apparatus due to the absence of smoke and flue gases.

2. Maintenance Cost. The maintenance cost of an electric locomotive is nearly 50% of that
for asteam locomotive. Moreover, the maintenance timeis also much less.

3. Starting Time. An electriclocomotive can be started at amoment's notice whereasa steam
locomotive requires about two hoursto heat up.

4. High Starting Torque. Themotorsused in electric traction have avery high starting torque.
Hence, it is possible to achieve higher accelerations of 1.5to0 2.5 km/h/s as against 0.6 to 0.8 km/h/s
in steam traction. Asaresult, we are able to get the following additional advantages:

(i) high schedule speed

(i) increased traffic handling capacity

(i) becauseof (i) and (ii) above, lessterminal spaceisrequired—afactor of great importancein
urban areas.

5. Braking. Itispossibleto useregenerative brakingin electric traction system. It leadsto the
following advantages:

() about 80% of the energy taken from the supply during ascent is returned to it during descent.

(if) goods traffic on gradients becomes safer and speedier.

(iif) sincemechanical brakesare used to avery small extent, maintenance of brake shoes, wheels,
tyres and track railsis considerably reduced because of less wear and tear.

6. SavinginHigh GradeCoal. Steam locomotivesuse costly high-grade coa whichisnot so
abundant. But electric locomotives can be fed either from hydroel ectric stations or pit-head thermal
power stationswhich use cheap low-grade coal. Inthisway, high-grade coal can be saved for metal-
lurgical purposes.

7. Lower Centreof Gravity. Since height of an electric locomotiveis much less than that of
asteam locomotive, its centre of gravity iscomparatively low. Thisfact enables an electric locomo-
tive to negotiate curves at higher speeds quite safely.

8. Absenceof Unbalanced Forces. Electric traction has higher coefficient of adhesion since
there are no unbalanced forces produced by reciprocating masses asisthe case in steam traction. It
not only reduces the weight/kW ratio of an electric locomotive but also improvesitsriding quality in
addition to reducing the wear and tear of the track rails.

43.7. Disadvantages of Electric Traction

1. Themost vital factor against electric traction isthe initial high cost of laying out overhead
electric supply system. Unless the traffic to be handled is heavy, electric traction becomes uneco-
nomical.

2. Power failurefor few minutes can cause traffic dislocation for hours.

3. Communication lineswhich usually run parallel to the power supply lines suffer from elec-
trical interference. Hence, these communication lines have either to be removed away from the rail
track or else underground cables have to be used for the purpose which makes the entire system till
more expensive.

4. Electric traction can be used only on those routes which have been electrified. Obviously,
this restriction does not apply to steam traction.

5. Provision of anegative booster is essential in the case of electric traction. By avoiding the
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flow of return currentsthrough earth, it curtails corrosion of underground pipework and interference
with telegraph and telephone circuits.

43.8. Systems of Railway Electrification

Presently, following four types of track electrification systemsare available:
1. Direct current system—600 V, 750 V, 1500 V, 3000 V

2. Single-phase ac system—15-25kV, 16% , 25 and 50 Hz
3. Threephase ac system—3000-3500 V at 16% Hz
4

Composite system—involving conversion of single-phase ac into 3-phase ac or dc.

43.9. Direct Current System

Direct current at 600-750 V is universally employed for tramways in urban areas and for many
suburban railways while 1500-3000 V dc is used for main line railways. The current collection is
from third rail (or conductor rail) up to 750 V, where large currents are involved and from overhead
wirefor 1500 V and 3000 V, where small currentsareinvolved. Sincein majority of cases, track (or
running) rails are used as the return conductor, only one conductor rail is required. Both of these
contact systems are fed from substations which are spaced 3 to 5 km for heavy suburban traffic and
40-50 km for main lines operating at higher voltages of 1500 V to 3000 V. These sub-stations
themselves receive power from 110/132 kV, 3-phase network (or grid). At these substations, this
high-voltage 3-phase supply is converted into low-voltage 1-phase supply with the help of Scott-
connected or V-connected 3-phase transformers (Art. 31.9). Next, thislow ac voltage is converted
into the required dc voltage by using suitablerectifiers or converters (like rotary converter, mercury-
arc, metal or semiconductor rectifiers). These substations are usually automatic and are remote-
controlled.

The dc supply so obtained is fed via suitable contact system to the traction motors which are
either dc series motors for electric locomotive or compound motors for tramway and trolley buses
where regenerative braking is desired.

It may be noted that for heavy suburban service, low voltage dc system is undoubtedly superior
to 1-phase ac system due to the following reasons :

1. dc motors are better suited for frequent and rapid acceleration of heavy trains than ac mo-

tors.

2. dctrain equipment islighter, less costly and more efficient than similar ac equipment.

3. when operating under similar service conditions, dc train consumes less energy than a
1-phase ac train.

4. theconductor rail for dec distribution system isless costly, both initially and in maintenance
than the high-voltage overhead ac distribution system.

5. dc system causes no electrical interference with overhead communication lines.

The only disadvantage of dc system is the necessity of locating ac/dc conversion sub-stations at
relatively short distances apart.

43.10. Single-Phase Low-frequency AC System

In this system, ac voltages from 11 to 15 kV at 16% or 25 Hz are used. If supply is from a
generating station exclusively meant for the traction system, thereis no difficulty in getting the elec-
tric supply of 16% or 25 Hz. If, however, electric supply istaken from the high voltage transmission
linesat 50 Hz, then in addition to step-down transformer, the substation is provided with afrequency
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converter. Thefrequency converter equipment consists of a 3-phase synchronous motor which drives
al-phase alternator having or 25 Hz frequency.

The 15 kV 162 or 25 Hz supply is fed to the electric locomotor via a single over-head wire
(running rail providing the return path).

A step-down transformer carried by the locomotive reduces the 15-kV voltage to 300-400 V for
feeding the ac series motors. Speed regulation of ac series motorsis achieved by applying variable
voltage from the tapped secondary of the above transformer.

Low-frequency ac supply is used because apart from improving the commutation properties of
ac motors, it increases their efficiency and power factor. Moreover, at low frequency, line reactance
isless so that line impedance drop and hence line voltage drop is reduced. Because of this reduced
line drop, it isfeasible to space the substations 50 to 80 km apart. Another advantage of employing
low frequency isthat it reduces telephonic interference.

41.11. Three-phase Low-frequency AC System

It uses 3-phase induction motorswhich work on a3.3kV, 162 Hz supply. Sub-stationsreceive

power at a very high voltage from 3-phase transmission lines at the usual industrial frequency of
50 Hz. Thishigh voltage is stepped down to 3.3 kV by transformers whereas frequency is reduced

from50Hz to 16% Hz by frequency convertersinstalled at the sub-stations. Obvioudly, this system
employs two overhead contact wires, the track rail forming the third phase (of course, this leads to
insulation difficulties at the junctions).

Induction motors used in the system are quite simple and robust and give trouble-free operation.
They possess the merits of high efficiency and of operating as a generator when driven at speeds
above the synchronous speed. Hence, they have the property of automatic regenerative braking
during the descent on gradients. However, it may be noted that despite all its advantages, this system
has not found much favour and has, in fact, become obsol ete because of its certain inherent limita-
tions given below :

1. theoverhead contact wire system becomes complicated at crossings and junctions.

2. constant-speed characteristics of induction motors are not suitable for traction work.

3. induction motors have speed/torque characteristics similar to dc shunt motors. Hence, they

arenot suitablefor parallel operation because, even withlittle differencein rotational speeds
caused by unequal diameters of the wheels, motors will becomes loaded very unevenly.

43.12. Composite System

Such asystem incorporates good points of two systemswhileignoring their bad points. Two such
composite systems presently in use are :

1. 1-phaseto 3-phase system also called Kando system

2. 1-phaseto dc system.

43.13. Kando System

In this system, single-phase 16-kV, 50 Hz supply from the sub-station is picked up by the loco-
motive through the single overhead contact wire. It is then converted into 3-phase ac supply at the
same frequency by means of phase converter equipment carried on the locomotives. This 3-phase
supply isthen fed to the 3-phase induction motors.
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As seen, the complicated overhead two contact wire arrangement of ordinary 3-phase systemis
replaced by asingle wire system. By using silicon controlled rectifier asinverter, it is possible to get
variable-frequency 3-phase supply at 1/2 to 9 Hz frequency. At this low frequency, 3-phase motors
develop high starting torque without taking excessive current. In view of the above, Kando systemis
likely to be developed further.

43.14. Single-phase AC to DC System

This system combinesthe advantages of high-voltage ac distribution at industrial frequency with
thedc seriesmotorstraction. It employsoverhead 25-kV, 50-Hz supply which is stepped down by the
transformer installed in the locomotive itself. The low-voltage ac supply is then converted into dc
supply by the rectifier which is also carried on the locomotive. This dc supply is finally fed to dc
series traction motor fitted between the wheels. The system of traction employing 25-kV, 50-Hz,
1-phase ac supply has been adopted for all future track electrification in India.

43.15. Advantages of 25-kV, 50-Hz AC System

Advantages of this system of track electrification over other systems particularly the dc system
areasunder :
1. Light Overhead Catenary

Since voltage is high (25 kV), line current for a given traction demand is less. Hence, cross-
section of the overhead conductorsisreduced. Since these small-sized conductors are light, support-
ing structures and foundations are also light and simple. Of course, high voltage needs higher insula-
tion which increases the cost of overhead egquipment (OHE) but the reduction in the size of conduc-
tors has an overriding effect.

2. LessNumber of Substations

Since in the 25-kV system, line current is less, line voltage drop which is mainly due to the
resistance of thelineiscorrespondingly less. Itimprovesthe voltage regulation of thelinewhich fact
makes larger spacing of 50-80 km between sub-stations possible as against 5-15 km with 1500 V dc
system and 15-30 kmwith 3000 V dc sysem. Since the required number of substationsalong thetrack
is considerably reduced, it leads to substantial saving in the capital expenditure on track electrifica-
tion.

3. Flexibility in the L ocation of Substations

Larger spacing of substations leads to greater flexibility in the selection of site for their proper
location. These substations can be located near the national high-voltage grid which, in our country,
fortunately runs close to the main railway routes. The substations are fed from this grid thereby
saving the railway administration lot of expenditure for erecting special transmission lines for their
substations. On the other hand, in view of closer spacing of dc substationsand their far away location,
railway administration hasto erect its own transmission linesfor taking feed from the national gridto
the substations which consequently increases theinitial cost of electrification.

4. Simplicity of Substation Design

In ac systems, the substations are simplein design and layout because they do not haveto install
and maintain rotary convertersor rectifiersasin dc systems. They only consist of static transformers
aongwith their associated switchgear and take their power directly from the high-voltage national
grid running over the length and breadth of our country. Since such sub-stations are remotely con-
trolled, they have few attending personnel or even may be unattended.
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5. Lower Cost of Fixed I nstallations

Thecost of fixed installationsismuch lessfor 25 kV ac system as compared to dc system. Infact,
cost isin ascending order for 25 kV ac, 3000 V dc and 1500 V dc systems. Consequently, traffic
densities for which these systems are economical are also in the ascending order.

6. Higher Coefficient of Adhesion

The straight dc locomotive has a coefficient of adhesion of about 27% whereas its value for ac
rectifier locomotiveisnearly 45%. For thisreason, alighter ac locomotive can haul the sameload as
a heavier straight dc locomotive. Consequently, ac locomotives are capable of achieving higher
speeds in coping with heavier traffic.

7. Higher Starting Efficiency

An ac locomotive has higher starting efficiency than a straight dc locomotive. In dclocomotive
supply voltage at starting isreduced by means of ohmic resistors but by on-load primary or secondary
tap-changer in ac locomotives.

43.16. Disadvantages of 25-kV AC System

1. Single-phase ac system produces both current and voltage unbalancing effect on the supply.

2. It producesinterferencein telecommunication circuits. Fortunately, itispossibleat least to
minimize both these undesirabl e effects.

Different track electrification systems are summarised below :

Track Electrification Systems

\
[ \ \

DC Systems AC Systems Composite System
|
| | |
Both Running Both Power-received
lines rail acting lines on from I-phase ac
overhead as return ground supply and
conductor but converted to dc
insulated supply
Trolley I \ ]
Bus at 1500 V 2400V 3000V
600 V
[ \
Tramcar Main line Single phase Three phase
at 600 V traction
1500V ‘
Two OH contact
] ‘ \ wires, running
15kV 11 kV Kando 25 kV rail as third phase
162 Hz 25Hz System 50 Hz 3600V, 162Hz

43.17. Block Diagram of an AC Locomotive

The various components of an ac locomotive running on single-phase 25-kV, 50-Hz ac supply
arenumbered in Fig. 43.1.

1. OH contact wire
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on-load tap-changers () >
transformer # IJ_DEI
rectifier
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|
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As seen, power at 25 KV is taken via a !
pantograph from the overhead contact wireand |
fed to the step-down transformer in the loco-
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|
|
verted into pulsating dc voltage by means of Lo O ©° ]l Lo ,/1©l\ o,

motive. Thelow ac voltage so obtainediscon- /\,_|| Jﬁ

. o =S\
the rectifier. The pulsations in the dc voltage - - - -
are then removed by the smoothing choke be-

foreitisfedto dc seriestraction motorswhich
are mounted between the wheels.

Thefunction of circuit breakersisto immediately disconnect the locomotive from the overhead
supply in case of any fault in its electrical system. The on-load tap-changer is used to change the
voltage across the motors and hence regul ate their speed.

Fig. 43.1

43.18. The Tramways

It is the most economical means of transport for very dense traffic in the congested streets of
largecities. It receives power through abow collector or agrooved wheel from an overhead conduc-
tor at about 600 V dc, the running rail forming the return conductor. It is provided with at least two
driving axles in order to (i) secure necessary adhesion (ii) start it from either end and (iii) use two
motorswith series-parallel control. Two drum-type controllers, one at each end, are used for control-
ling the tramcar. Though these controllers are connected in parallel, they have suitable interlocking
arrangement meant to prevent their being used simultaneously.

Tramcars are being replaced by trolley-buses and internal-combustion-engined omnibuses be-
cause of the following reasons:

1. tramcarslack flexibility of operation in congested
aress.

2. the track constitutes a source of danger to other
road users.

43.19. The Trolleybus

It is an electrically-operated pneumatic-tyred vehicle
which needsno track in the roadway. It receivesits power
at 600 V dc from two overhead contact wires. Since adhe-
sion between arubber-tyred wheel and ground issufficiently
high, only asingledriving axle and, hence, asinglemotor is
used. Thetrolleybus can manoeuvre through traffic ametre
or two on each side of the centre line of the trolley wires.

43.20. Overhead Equipment (OHE)

Broadly speaking, there are two systems of current col-
lection by atraction unit : Trolley Bus
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(i) third rail system and (ii) overhead wire system.

It has been found that current collection from overhead wireisfar superior to that from the third
rail. Moreover, insulation of third rail at high voltage becomes an impracticable proposition and
endangers the safety of the working personnel.

The simplest type of OHE consists of asingle contact wire of hard drawn copper or silico-bronze
supported either by bracket or an overhead span. To facilitate connection to the supports, thewireis
grooved as shown in Fig. 43.2. Because there is appreciable sag of the wire between supports, it
limitsthe speed of the traction unit to about 30 km/h. Hence, single contact wire system issuitablefor
tramwaysand in complicated yards and terminal stationswhere speeds
are low and simplicity of layout isdesirable.

For collection of current by high-speed trains, the contact (or trol-
ley) wire has to be kept level without any abrupt changesin its height
between the supporting structures. It can be done by using the single
catenary system which consists of one catenary or messenger wire of
steel with high sag and the trolley (or contact) wire supported from
messenger wire by means of droppers clipped to both wires as shown
inFig. 43.3.

Fig. 43.2

43.21. Collector Gear for OHE

The most essential requirement of a collector Catenary
isthat it should keep continuous contact with trol- - [ Droppers
ley wire at all speeds. Three types of gear are in u

common use:
1. trolley collector 2. bow collector | ‘
and 3. pantograph collector. RO Contact
To ensure even pressure on OHE, the gear Wire

equipment must, beflexiblein order to follow varia-

tions in the sag of the contact wire. Also, reason- || RallReads |

able precautions must be taken to prevent the col-

lector from leaving the overhead wire at pointsand

Crossings. — —
Fig. 43.3

43.22. The Trolley Collector

This collector is employed on tramways and trolley buses and is mounted on the roof of the
vehicle. Contact with the OH wire is made by means of either a grooved wheel or a sliding shoe
carried at the end of alight trolley pole attached to the top of the vehicle and held in contact with OH
wire by means of aspring. The pole is hinged to a swivelling base so that it may be reversed for
reverse running thereby making it unnecessary for thetrolley wireto be accurately maintained above
the centre of thetrack. Trolley collectors always operate in the trailing position.

Thetrolley collector is suitable for low speeds upto 32 km/h beyond which thereisarisk of its
jumping off the OH contact wire particularly at points and crossing.

43.23. The Bow Collector

It can be used for higher speeds. Asshown in Fig. 43.4, it consists of two roof-mounted trolley
poles at the ends of which is placed a light metal strip (or bow) about one metre long for current
collection. The collection strip is purposely made of soft material (copper, auminium or carbon) in
order that most of the wear may occur on it rather than on the trolley wire. The bow collector also
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operates in the trailing position. Hence, it requires
provision of either duplicate bows or an arrangement
for reversing the bow for running in the reverse di-
rection. Bow collector is not suitable for railway
work where speeds up to 120 km/h and currentsup to
3000 A are encountered. It is so because theinertia /
of the bow collector istoo high to ensure satisfactory
current collection.

Coﬂtaq ‘ere

43.24. The Pantograph Collector ‘ (G ool ‘

Itsfunctionisto maintain link between overhead
contact wire and power circuit of the electric loco-
motive at different speeds under all wind conditionsand Fig. 43.4
stiffness of OHE. It means that positive pressure has to be
maintained at all times to avoid loss of contact and sparking Pan
but the pressure must be as low as possible in order to mini-
mize wear of OH contact wire.

A ‘diamond’ type single-pan pantographisshownin Fig.
43.5. It consists of a pentagonal framework of high-tensile
aloy-steel tubing. The contact portion consists of a pressed
steel pan fitted with renewable copper wearing strips which
areforced against the OH contact wire by the upward action of
pantograph springs. The pantograph can be raised or lowered
from cabin by air cylinders.

Spring

43.25. Conductor Rail Equipment

The conductor rails may be divided into three classes de-
pending on the position of the contact surface which may belocated at the top, bottom or side of the
rail. Thetop contact rail is adopted universally for 600 V dc electrification. The side contact rail is
used for 1200 V dc supply. The under contact rail has the advantage of being protected from snow,
sleetandice.

Fig. 43.6 showsthe casewhen elec-
tric supply is collected from the top of
an insulated conductor rail C (of special
high-conductivity steel) running paral-
lel to thetrack at adistanceof 0.3t00.4
mfromthe running rail (R) whichforms
thereturn path. L istheinsulator and W
isthewooden protection used at stations
and crossings.

The current is collected from top
surface of the rail by flat steel shoes
(200 mm x 75 mm), the necessary con-
tact pressure being obtained by gravity. = :
Since it is not always possible to pro- The pantograph mechanism helps to maintain a link between
vide conductor rail on the same side of the overhead contact wire and power circuit of the electric
the track, shoes are provided on both locomotive
sides of the locomotive or train. Moreover two shoes are provided on each side in order to avoid
current interruption at points and crossings where there are gapsin the running rail.

Fig. 43.5
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L VA

Fig. 43.6 Fig. 43.7
Fig. 43.7 shows the side contact rail and the method of the mounting. The conductor rail (C)
rests upon awooden block recessed into the top of the procelaininsulator L. Current is collected by
steel shoes (S) which arekept pressed on the contact rail by springs. E and F arethe guardswhich rest
upon ledges on the insulator.

43.26. Types of Railway Services

There are three types of passenger services offered by therailways:

1. City or Urban Service. Inthis case, there are frequent stops, the distance between stops
being nearly 1 km or less. Hence, high acceleration and retardation are essential to achieve moder-
ately high schedul e speed between the stations.

2. Suburban Service. Inthiscase, the distance between stops averagesfrom 3to 5 km over a
distance of 25 to 30 km from the city terminus. Here, aso, high rates of accel eration and retardation
are necessary.

3. Main Line Service. It involves operation over long routes where stops are infrequent.
Here, operating speed is high and accelerating and braking periods are relatively unimportant.

On goodstraffic side also, there are three types of services (i) main-line freight service (ii) local
or pick-up freight service and (iii) shunting service.

43.27. Train Movement

The movement of trains and their energy consumption can be conveniently studied by means of
speed/time and speed/distance curves. As their names indicate, former gives speed of the train at
varioustimes after the start of the run and the later gives speed at various distancesfrom the starting
point. Out of the two, speed/time curve is more important because

1. itsslope gives acceleration or retardation as the case may be.

2. areabetween it and the horizontal (i.e. time) axis represents the distance travelled.

3. energy required for propulsion can be calculated if resistance to the motion of trainisknown.

43.28. Typical Speed/Time Curve

Typical speed/time curve for electric trains operating on passenger services is shown in
Fig. 43.8. It may be divided into the following five parts:

1. Constant Acceleration Period (Otot,)

It isalso called notching-up or starting period because during this period, starting resistance of
the motors is gradually cut out so that the motor current (and hence, tractive effort) is maintained
nearly constant which produces constant accel eration aternatively called ‘ rheostatic acceleration’ or
“accel eration while notching’ .
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2. Acceleration on Speed Curve

(t,tot) Free Running
This acceleration commences after —
. ) C g
the starting resistance has been al cut- B /
out at point t; and full supply voltage has 4 |
been applied to the motors. During this A Acceleration b

period, the motor current and torque de- R

|
|
|
crease as train speed increases. Hence, | | I
|
|
|
|
|

— Speed

acceleration gradually decreases till |
torque devel oped by motors exactly bal- | Rheostatic

Acceleration

|

|
Braking ']/'

|

ances that due to resistance to the train | |

|
motion. The shape of the portion AB of | !

| E
the speed/time curve depends primarily 0 b 2 Y ts
on thetorque/speed characteristics of the

traction motors. Fig. 43.8

3. Freerunning Period (t, tot,)

The train continues to run at the speed reached at point t,. It is represented by portion BC in
Fig. 43.8 and is a constant-speed period which occurs on level tracks.

4. Coasting (t;tot,)

Power to the motors is cut off at point t, so that the train runs under its momentum, the speed
gradually falling due to friction, windage etc. (portion CD). During this period, retardation remains
practically constant. Coasting is desirable because it utilizes some of the kinetic energy of thetrain
which would, otherwise, bewasted during braking. Hence, it helpsto reduce the energy consumption
of thetrain.

5. Braking(t,toty)

At point t,, brakes are applied and the train is brought to rest at point t..

It may be noted that coasting and braking are governed by train resistance and allowableretarda-
tion respectively.

43.29. Speed/Time Curves for Different Services

Fig. 43.9 (a) is representative of city service where relative values of acceleration and retarda-
tion are high in order to achieve moderately high average speed between stops. Due to short

B
B B -
ko] hel
@z | A C @ | A n
f ! .
D D E
2 — Time 0 —> Time 0 — b Time

Fig. 43.9
distances between stops, thereis no possibility of free-running period though a short coasting period
isincluded to save on energy consumption.

In suburban services[Fig. 43.9 (b)], again there is no free-running period but there is compara-
tively longer coasting period because of longer distances between stops. In this case a so, relatively



1712  Electrical Technology

high values of acceleration and retardation are required in order to make the service as attractive as
possible.

For main-line service [Fig. 43.9 (c)], there are long periods of free-running at high speeds. The
accelerating and retardation periods are relatively unimportant.

43.30. Simplified Speed/Time Curve

For the purpose of comparative performance for agiven service, the actual speed/time curve of
Fig. 43.8 isreplaced by asimplified speed/time curve which does not invol ve the knowledge of motor
characteristics. Such a curve has simple geometric shape so that simple mathematics can be used to
find the rel ation between accel eration, retradation, average speed and distance etc. Thesimplecurve
would be fairly accurate provided it (i) retains the same acceleration and retardation and (ii) has
the same area as the actual speed/time curve. The simplified speed/time curve can have either of
the two shapes:

(i) trapezoidal shape OA,B,C of Fig. 43.10 where speed-curve running and coasting periods of
the actual speed/time curve have been replaced by aconstant-
speed period.

(ii) quadrilateral shape OA,B,C where the same two N
periods are replaced by the extensions of initial constnat
acceleration and coasting periods.

Itisfound that trapezodial diagram OA,B,C givessimpler
relationships between the principal quantitiesinvolvedintrain
movement and also gives closer approximation of actual
energy consumed during main-lineserviceon level track. On
the other hand, quadrilateral diagram approximates more ¢
closely to theactual conditionsin city and suburban services. — Time

Fig. 43.10

—» Speed
/

43.31. Average and Schedule Speed

While considering train movement, the following three speeds are of importance :
1. Crest Speed. Itisthe maximum speed (V,,) attained by atrain during the run.
distance between stops
actua timeof run
In this case, only running timeis considered but not the stop time.
_ distance between stops

3. ScheduleSpeed = actual time of run + stop time

Obviously, schedule speed can be obtained from average speed by including the duration of
stops. For agiven distance between stations, higher values of acceleration and retardation will mean
lesser running timeand, consequently, higher schedule speed. Similarly, for agiven distance between
stations and for fixed values of acceleration and retardation, higher crest speed will result in higher
schedule speed. For the same value of average speed, increase in duration of stops decreases the
schedule speed.

2. Average Speed

43.32. Sl Units in Traction Mechanics

In describing various quantities involved in the mechanics of train movement, only the latest S
systemwill beused. Since Sl systemisan ‘absolute system’, only absolute unitswill be used while
gravitational units (used hitherto) will be discarded.

1. Force. It is measured in newton (N)

2. Mass. Itsunit iskilogram (kg). Commonly used bigger unitsistonne (t), 1 tonne =

1000 kg
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3. Energy. Its basic unit is joule (J). Other units often employed are watt-hour (Wh)
and kilowatt-hour (kWh).

1Wh :1§X36OOS=3600J:3.GKJ
1kWh = 1OOOX1§><36OOS =36x10°J=3.6MJ

4. Work. Its unit isthe same as that of energy.

5. Power. Its unit is watt (W) which equals 1 J/s. Other units are kilowatt (kW) and
megawatt (MW).

6. Distance. Itsunit ismetre. Other unit often used is kilometre (km).

7. Velocity. Its absolute unit is metre per second (m/s). If velocity isgivenin km/h (or

km.ph), it can be easily converted into the Sl unit of m/s by multiplying it
with a factor of (1000/3600) = 5/18 = 0.2778. For example, 72 km.ph =
72 x 5/18 =72 x 0.2778 = 20 m/s.

8. Acceleration. Itsunit is metre/second’” (m/s”). If acceleration is given in km/h/s (or km-
ph.ps), then it can be converted into m/s? by simply multiplying it by the
factor (1000/3600) = 5/18 = 0.2778 i.e. the same factor as for velocity.

For example, 1.8 km.ph.ps= 1.8 x 5/18 = 1.8 x 0.2778 = 0.5 /s’

43.33. Confusion Regarding Weight and Mass of a Train

Many students often get confused regarding the correct meaning of theterms‘weight’ and ‘ mass
and their unitswhile solving numerical s on train movement particularly when they are not expressed
clearly and consistently in their absolute units. It isprimarily due to the mixing up of absolute units
with gravitational units. There would be no confusion at al if we are consistent in using only
absolute units asrequired by the S| system of units which disallows the use of gravitational units.

Though this topic was briefly discussed earlier, it isworth repeating here.
1. Mass(M). Itisthe quantity of matter contained in abody.
Its absolute unit is kilogram (kg). Other multiple in common useistonne.
2. Weight (W). Itistheforcewith which earth pulls abody downwards.
The weight of abody can be expressed in (i) the absolute unit of newton (N) or (ii) the gravita-
tional unit of kilogram-weight (kg. wt) which is often writing as‘kgf’ in engineering literature.
Another still bigger gravitational unit commonly used in traction work istonne-weight (t-wt)
1t-wt = 1000 kg-wt = 1000 x 9.8 N = 9800 N
(i) Absolute Unit of Weight
It iscalled newton (N) whose definition may be obtained from Newton's Second Law of Motion.
Commonly used multiple iskilo-newton (KN). Obviously, 1 kN = 1000 N = 10°N.

For example, if amass of 200 kg has to be given an acceleration of 2.5 m/s?, force required is
F =200 % 25=500 N.

If atrain of mass 500 tonne has to be given an acceleration of 0.6 m/s’, force required is
F = ma= (500 x 1000) x 0.6 = 300,000 N = 300 kN
(if) Gravitational Unit of Weight
Itis‘g’ timesbigger than newton. Itis called kilogram-weight (kg.wt.)
lkgwt = gnewton=9.81N J9.8N

Unfortunately, the word ‘wt’ is usually omitted from kg-wt when expressing the weight of the
body on the assumption that it can be understood or inferred from the language used.

Takethe statement “abody hasaweight of 100kg”. It looksasif theweight of the body has been
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expressed in terms of the mass unit ‘kg’. To avoid this confusion, statement should be ‘abody hasa
weight of 100 kg. wt.” But thefirst statement isjustified by the writers on the ground that since the
word ‘weight’ has already been used in the statement, it should be automatically understood by the
readersthat ‘kg' isnot the kg’ of massbut iskg-wt. It would be masskg if the statement is*‘abody
hasamassof 100kg’. Oftenkg-wtiswrittenas‘kgf’ where'f’ isthefirst letter of theword force and
is added to distinguish it from kg of mass.

Now, consider the statement “a body weighing 500 kg travels with a speed of 36 km/h..........

Now, weight of the body W = 500 kg.wt. = 500 x 9.8 N

Since we know the weight of the body, we can find its mass from the relation W= mg. But while
using this equation, it is essential that we must consistently use the absolute units only. In this
equation, W must be in newton (not in kg. wt), min kg and g in m/s’.

O 500x9.8=mx9.8; O m=500kg

It means that a body which weighs 500 kg (wt) has a mass of 500 kg.

Asapractical rule, weight of abody in gravitational unitsis numerically equal to its massin
absolute units. Thissimple fact must be clearly understood to avoid any confusion between weight
and mass of a body.

A train which weighs 500 tonne has a mass of 500 tonne as proved below :

trainweight, W = 500 tonne-wt = 500 x 1000 kg-wt = 500 x 1000 x 9.8 N

Now, W = mg; 0 500x 1000%9.8=mx9.8

O m = 500 x 1000 kg = 500 x 1000/1000 = 500 tonne

To avoid thisunfortunate confusion, it would be helpful to change our terminology. For example,

instead of saying “atrain weighing 500 tonneis........ " it isbetter to say “a500-t trainis......... or“a
train having amassof 500tis............. ”

In order to removethisconfusion, Sl system of units hasdisallowed the use of gravitational units.
There will be no confusion if we consistently use only absolute units.

43.34. Quantities Involved in Traction Mechanics
Following principal quantities areinvolved in train movement :

D = distance between stops M = dead mass of thetrain
M, = effective massof thetrain W = dead weight of thetrain
W, = effective weight of thetrain o = accelaration during starting period
B, = retardation during coasting B = retardation during braking
V, = average speed V,, = maximum (or crest) speed.
t = total timefor therun t, = timeof acceleration
t, = timeof freerunning =t — (t; +1t) t; = timeof braking
F, = tractiveeffort T = torque

43.35. Relationship Between Principal Quantities in Trapezoidal Diagram
Asseen from Fig. 43.11.

a =V, or t,=V,/a
B =V, or t;=V,,/B
Aswe know, total distance D between the two stopsis given by the area of trapezium OABC.
O D = areaOABC
= area OAD + area ABED + area BCE
1

1
2 Vil + Vil + 2 Vinls
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of K in the above equation, we get N ‘ >
D =V (t—KVm) .—leme
or KV2Z-V t+D=0 Q) Flg. 43.11
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0 vo= ti«/tZK 4KD

Rejecting the positive sign which givesimpracticable value, we get

v = [EytP-4KD

m 2K
From Eq. (i) above, we get
t _D_D t
KVZ2 =V, t-D o K= ———2=—2(vm.——1)
Vi, (VA Vi D
Now, va:% 0 K= %%—1&
V, Va O
Obviously, if V., V, and D are given, then value of K and hence of o and B can be found

(Ex. 43.2).

43.36. Relationship Between Principal Quantities in Quadrilateral Diagram

ThediagramisshowninFig. 43.12. Let 3. represent the retardation during coasting period. As
before,

t, = Vi/a,t,=(V,-V)/B.and t; = V,/B
D = areaOABC
= area OAD + area ABED + area BCE
+V,0, 1

= 1V1t1+t B—H+ =Vit,

= v L+t)+ 5 v+t

—> Speed

= V(t—t3)+ v,a-t)

_ '[,l Vt

=5 t(V +V,) - > 2 < t >
1 — Time

= S tVp+Vy) - VV2 B& BB Fig. 43.12

= E t(V, +V,) =~ KV,V,
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_ 101 10_o+p _ V. -V,)
where = 2$+BB 208 Also, B, —tz
O V, =V, - B, =V, - B, (t- 3)

gy EE wai

B.O _ _Vl—BC (t -Vy/a)
or VZE“EB ‘Vl‘Bcﬁ‘alﬁ I V2 =T a-pip

Example 43.1. A suburban train runs with an average speed of 36 km/h between two stations
2 km apart. Values of acceleration and retardation are 1.8 kmvh/s and 3.6 knvh/s.

Compute the maximum speed of the train assuming trapezoidal speed/time curve.
(Electric Traction, Punjab Univ. 1994)

Solution. Now, V, = 36 km/h =36 x 5/18 = 10 m/s

a = 1.8km/h/s=1.8x5/18=0.5m/s’, = 3.6 km/h/s= 3.6 x 5/18 = 1.0 m/s*

t = D/V,=2000/10=200s; K = (a + B)/2ap = (0.5+1.0)/2x05%x 1=15

v, = Loy -akD _ 200 ~\[200? -4 x1.5 x2000
2K 2x15

11 m/s=11x18/5
=39.6 km/h

Example43.2. Atrainisrequired
to run between two stations 1.5 kmapart
at a schedule speed of 36 knvh, the du-
ration of stops being 25 seconds. The
braking retardation is 3 knvh/s. Assum-
ing a trapezoidal speed/time curve, cal-
culate the acceleration if the ratio of
maximum speed to average speed is to
be 1.25

(Elect. Power, Bombay Univ. 1980)

Solution. Here, D = 1500 m;

— _ _ Electric traction provides high starting torque and low
SCthUIESpeed =36km/h=36x5/18= maintenance costs making it the best choice for trains

10m/s
B = 3km/h/s=3x 5/18 = 5/6 m/s’
Scheduletimeof run =1500/10=150s; Actual timeof run=150-25=125s
O V, = 1500/125—12 m/s; V,=125x12=15m/s
O 1500
Now, K = ZEV 1,3 1.25 - ])——
101, 10 5_1 6

Al K== + = Tl =+=

. sGa o 573(ad)
O o = 047m/s° =047 x 18/5=1.7 km/h/s

Example 43.3. Find the schedule speed of an electric train for a run of 1.5 kmiif the ratio of
its maximum to average speed is 1.25. It has a braking retardation of 3.6 km/h/s, acceleration of
1.8 kmyh/s and stop time of 21 second. Assume trapezoidal speed/time curve.
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Solution. o = 1.8x5/18=05m/s% B =3.6x5/18 = 1.0 m/s?
D = 15km=1500m

1(1 ,1)_3 D OV, .0
K = —(—+—)—— Now, K= 2 m-17
2\05 1) 2 v B, H
> _ DOV, 0O 2 _ 1500 P N —
or Vo= RGETH 0 Va=Tgp 025-1=250;V,=158ms

V, =V, /125=15.8/1.25=12.6 m/s
Actual time of run 1500/12.6 = 119 seconds
119 + 21 = 140 second

Scheduletime
O Schedule speed 1500/140 = 10.7 m/s=38.5 km/h

Example43.4. Atrain runs between two stations 1.6 km apart at an average speed of 36 km/h.
If the maximum speed isto be limited to 72 knvh, acceleration to 2.7 knvh/s, coasting retardation to
0.18 knvh/s and braking retardation to 3.2 kmvh/s, compute the duration of acceleration, coasting
and braking periods.

Assume a simplified speed/time curve.

Solution. Given: D = 1.6km=1600 m, V, =36 km/h =10 m/s
V, = 72km/h=20m/s; o = 2.7 km/h/s=0.75 m/s’
B. = 0.18km/h/s=0.05m/s”; B=3.6km/hs=10m/s

With reference to Fig. 43.12, we have
Duration of acceleration, t; =V,/a =20/0.75=27s
Actual timeof run,t = 1600/10 = 160 s
Duration of braking, t; = V,/1.0 =V, second
Duration of coasting, t, = (V; = V,)/B, = (20 - V,)/ 0.05 = (400 - 20 V,) second
Now, t =t +t,+t; or 160=27+(400-20V,)+V, O V,=14m/s
0 t, = (20-14)/0.05=120s;t,=14/1.0=14s

43.37. Tractive Effort for Propulsion of a Train

Thetractive effort (F,) isthe force devel oped by the traction unit at the rim of the driving wheels
for moving the unit itself and itstrain (trailingload). Thetractive effort required for train propulsion
onalevel trackis

F, = F,+F,
If gradients are involved, the above expression becomes
Fo = Fa+Fy+F — for ascending gradient
= =y — for descending gradient
where F, = forcerequired for giving linear acceleration to the train
Fy = forcerequired to overcome the effect of gravity
F, = forcerequired to overcome resistance to train motion.

(a) Vvalueof F,
If M isthe dead (or stationary) mass of the train and aits linear acceleration, then
F, = Ma
Since atrain hasrotating partslike wheels, axles, motor armatures and gearing etc., its effective
(or accelerating) mass M, is more (about 8 — 15%) than its stationary mass. These parts have to be
given angular acceleration at the same time as the whole train is accelerated in the linear direction.
Hence, F,= M a
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(i) IfM.isinkgandain m/s”, then F,=M,anewton
(ii) If Myisintonneand a in km/h/s, then converting them into absolute units, we have
F, = (1000 M,) x (1000/3600) a = 277.8 M, a newton
(b) Valueof Fq
Asseen from Fig. 43.13, F;=Wsin8=Mgsin6
Inrailway practice, gradient is expressed asthe rise (in metres) atrack distance of 100 mandis
called percentage gradient.

BC  _100BC _.on.
Aci100 ‘%A =100sn6

Substituting the value of sin 8 in the above equation, we
get

O %G =

F, = Mg G/100=9.8 x 10> MG
(i) WhenM isinkg, F,= 9.8 x 10> MG newton
(if) When M isgiven in tonne, then
Fg = 9.8x 1072 (1000 M) G = 98 MG newton Fig. 43.13

(c) valueof F,

Train resistance comprises al those forces which oppose its motion. It consists of mechanical
resistance and wind resistance. Mechanica resistance itself is made up of internal and externa
resistances. Theinternal resistance comprisesfriction at journals, axles, guides and buffersetc. The
external resistance consists of friction between wheels and rails and flange friction etc. Mechanical
resistance is almost independent of train speed but depends on its weight. The wind friction varies
directly asthe square of the train speed.

If r is specific resistance of the train i.e. resistance offered per unit mass of the train, then
F,=M.r.

(i) If risinnewton per kg of train mass and M isthetrain massin kg, then
F, = M.r newton
(if) If risin newton per tonne train mass (N/t) and M isin tonne (t), then
F, = Mtonnexr =M, newton*
Hence, expression for total tractive effort becomes
F, = FyxFy+F =(277.8 a M+ 98 MG + Mr) newton

Please remember that here M isin tonne, a in km/h/s, G isin metres per 100 m of track length

(i.e. % G) and r isin newton/tonne (N/t) of train mass.

The positive sign for F is taken when motion is along an ascending gradient and negative sign
when motion is along a descending gradient.

43.38. Power Output from Driving Axles

If F,isthetractive effort and v is the train velocity, then
output power = F XV
(i) If Fisinnewtonand v inm/s, then
output power = F, x v watt
(ii) If F isinnewtonand v isin km/h, then converting v into m/s, we have

*Ifrisinkg (wt) per tonne train mass and M isin tonne, then F, = M tonne x (r x 9.8) newton/tonne = 9.8
Mr newton.
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Armature Drive

Gear Shaft
\ \ /H nion
Field
(Fixed —the
o~ Stator) Plan View
Axle— Cross Section
Armature
(Rotating — the
Rotor)
Traction Motor
Case—
End View
Armature Drive Cross Section

Shaft

Armature Field
(Rotating)  (Fixed)

Diagram Shows how a DC motor drives the axle
through a pinion and gearwheel

Traction motor schematic diagram

_ 1000 _hkv
output power = F x (_3600) v watt = 3600 kw
If n isthe efficiency of transmission gear, then power output of motorsis
= F,.v/n watt —vinm/s
F v ,
= kW — km/h
36007 v inkm/

43.39. Energy Output from Driving Axles

Energy (likework) is given by the product of power and time.
E = (Fpxv)xt=Fx(vxt)=F xD
where D isthe distance travelled in the direction of tractive effort.
Total energy output from driving axlesfor therunis
E = energy during acceleration + energy during free run
Asseenfrom Fig. 43.11

E =F, xaeaOAD +F, x area ABED = F, x % Vot +F/ X % Vot

where F, is the tractive effort during accelerating period and F,' that during free-running period.
Incidentally, F, will consist of all thethree componentsgivenin Art. 43.37 whereas F, will consist of
(98 MG + Mr) provided there is an ascending gradient.

43.40. Specific Energy Output
It isthe energy output of the driving wheel expressed in watt-hour (Wh) per tonne-km (t-km) of
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the train. It can be found by first converting the energy output into Wh and then dividing it by the
mass of the train in tonne and route distance in km.

Hence, unit of specific energy output generally used in railway work is : Wh/tonne-km
(Wh/t-km).

43.41. Evaluation of Specific Energy Output

Wewill first calculate thetotal energy output of the driving axlesand then divideit by train mass
in tonne and route length in km to find the specific energy output. It will be presumed that :

(i) thereisagradient of G throughout the run and

(if) power remains ON upto the end of freerun in the case of trapezoidal curve (Fig. 43.11) and
upto the accelerating period in the case of quadrilateral curve (Fig. 43.12).

Now, output of the driving axlesis used for the following purposes:

1. foracceleratingthetrain 2. for overcoming the gradient
3. for overcoming train resistance.

(a) Energy required for train acceleration (E,)

As seen from trapezoidal diagram of Fig. 43.11,

E, = F, x distance OAD = 277.8 a M_ % V_t, joules

a

Vi, — YmU
277.8 MGX%VmX—mJOUI% EF _FmH

o L Vi X100 V[0
27780 M . joules
B 300 ap

It will be seen that since V,,,isin km/h, it has been converted into m/s by multiplying it with the
conversion factor of (1000/3600). In the case of (V,, /t), conversion factors for V,,, and a being the
same, they cancel out. Since 1 Wh = 3600 J.

2

(h V., %1000 lej _ Vi
O E, = 277.8a M, @ 3600 o H Wh = 0.01072 M_e Wh
(b) Energy required for over coming gradient (Eg)

E, = F,xD'
where ‘D’’ is the total distance %ver W?wich power remains ON. Its maximum value equals the
distance represented by the area OABE in Fig. 43.11 i.e. from the start to the end of free-running
period in the case of trapezoidal curve [as per assumption (i) above].
Substituting the value of Fq from Art. 43.37, we get
E, = 98 MG. (1000 D) joules = 98,000 MGD' joules
It has been assumed that D' isin km.

When expressed in Wh, it becomes

E, = 98,000 MGD' ﬁ) Wh = 27.25 MGD' Wh
(c) Energy required for overcoming resistance (E,)
E, = F,xD'=M.r x(1000D’) joules —D'inkm
1000 Mr D' ) .
= WWh:0.2778MI’DWh —D"inkm

00 total energy output of the driving axlesis
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E=E+E+ Er
= (0. 01072 V.M, + 27.25 MGD' + 0.2778 Mr D' Wh
Specific energy output
- _E Y
Ego = M <D D isthetotal runlength
= 5301072 —£+27.25 G D'+ o2778¢ —EWh/t km

It may be noted that if thereisno gradlent then

5301072 Vm '\'\/l/le +0.2778r —ﬁWh/t -km

Alternative M ethod

As before, we will consider the trapezoidal speed/time curve. Now, we will calculate energy
output not for ce-wise but period-wise.

(i) Energy output during accelerating period
E, = F, xdistancetravelled during accelerating period

= F, x area OAD —Fig. 43.11
= th%vmtl:;ﬁ.vm.\%

= %.Ft (%.Vm).\% joules

= %.Ft (%. m).\%.ﬁ Wh

Substituting the value of F, , we get

E, = 10002 Vm (277.8 a M, + 98 MG + Mr) Wh
(3600)° 2a

It must be remembered that during this period, all the three forces are at work (Art. 43.37)

(if) Energy output during free-running period

Here, work isrequired only against two forcesi.e. gravity and resistance (as mentioned earlier).
Energy E, = F/ xaea ABED —Fig. 43.11

1 _ 1 1 1
F/ x (Vi xt) =F/x (3288\/ ) .t,joules

m

, {1000 1 1000 1
_ 1000 h Wh
I:tx(3eoovm)xt2 3600 (3600)F Vint2 - 3500
_ {1000\ ., 1000
- (3600) F/xD, Wh = (3600)(98MG+Mr) D, Wh

where Dy, isthe distance in km travelled during the free-running period*
Total energy required isthe sum of the above two energies.

0 E=E+E,
_ 1000 Vi (27780 . M_+ 98 MG + Mr) + 1288 (98 MG + Mr) D, Wh
(3600)% 20 3
« D, = veodityinkmhxtimeinhous

=V, x(t,/ 3600) because times are always taken in seconds.
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2 2
_ 1000 Vq 1000 Vi
= (3600)2 20 277.8a M+ (3600)2 T (98 MG + Mr) + 3600 (98 MG+ Mr) . D, Wh

1000 0 Va
0.01072V.2. M_+ 3600 (98 MG +Mr) B5-—rs

Vrﬁ 10V IZIVm_lDVD
2ax3600 2 E560 Ha 24 60@
distance travelled during accelerating periodi.e. D,

0.01072V;2 . M, + 2000 (98 MG + Mr) (D, + D) Wh

0.01072 sz .M.+ (27.25 MG + 0.2778 Mr) D' Wh
It isthe same expression as found above.

0
. DfﬁWh

Now,

O
m
Il

43.42. Energy Consumption

It equalsthe total energy input to the traction motors from the supply. Itisusualy expressedin
Whwhich equals 3600 J. It can befound by dividing the energy output of the driving wheelswith the
combined efficiency of transmission gear and motor.
output of driving axles

O energy consumption =
r]motor x r1gear
43.43. Specific Energy Consumption

It isthe energy consumed (in Wh) per tonne mass of the train per km length of the run.
Specific energy consumption,

_ total energy consumed in Wh _ specific energy output
Ese train mass in tonne x run length in km n
where n = overal efficiency of transmission gear and motor = g, X Ny

Asseen from Art. 43.41, specific energy consumptionis

s
D = whit-km
o]

01072 e+27 25G D' 402778t .
n' D n

If no gradient isinvolved, then specmc enrgy consumption is

g) 01072 e +02778 L _E Whi/t-km

The specific energy consumption of atrain running at a given schedule speed isinfluenced by

1. Distancebetweenstops 2. Acceleration 3. Retardation 4. Maximumspeed 5. Type
of train and equipment 6. Track configuration.

43.44. Adhesive Weight

Itis given by the total weight carried on the driving wheels. ItsvalueisW, = x W, where Wis
dead weight and x is afraction varying from 0.6 to 0.8.

43.45. Coefficient of Adhesion

Adhesion between two bodies is due to interlocking of the irregularities of their surfaces in
contact. The adhesive weight of atrain is equal to the total weight to be carried on the driving
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wheels. Itislessthan the dead weight by about 20 to 40%.
adhesive weight, W,

If X = dead waight W then, W,=xW
Let, F, = tractive effort to slip the wheels
or
= maximum tractive effort possible without wheel slip

Coefficient of adhesion, = F /W,
O Fo = B, W, = 1, XW =, xMg
If Misin tonne, then

=
o
|

F, = 1000 x 9.8 x i, M = 9800 |, X M newton

It has been found that tractive effort can be increased by increasing the motor torque but only
upto a certain point. Beyond this point, any increase in motor torque does not increase the tractive
effort but merely causesthedrivingwheelsto dlip. Itis C
seen fromthe aboverelation that for increasing F,, itis
not enough to increase the kW rating of the traction
motors alone but the weight on the driving wheels has
also to beincreased.

Adhesion also plays an important role in braking.
If braking effort exceedsthe adhesive weight of theve-
hicle, skidding takes place.

43.46. Mechanism of Train Movement

Theessentials of driving mechanisminan electric
vehicle are illustrated in Fig. 43.14. The armature of
the driving motor has a pinion which meshes with the
gear wheel keyed to the axle of the driving wheel. In
this way, motor torque is transferred to the wheel Fig. 43.14
through the gear.

Let, T = torque exerted by the motor
F, = tractiveeffort at the pinion
F, = tractiveeffort at the wheel
gear ratio
, = diameters of the pinion and gear wheel respectively
D = diameter of the driving wheel
n = efficiency of power transmission from the motor to driving axle
Now, T = F,xd,/2 or F,=2T/d;
Tractive effort transferred to the driving wheel is

0d, 0 2rad 2\0d,0
F. = nF20=n.5 %ﬂ]T(— z
N ol B D/ o,
For obtaining motion of the train without slipping, F, < p, W, where |, is the coefficient of

adhesion (Art. 43.45) and W, is the adhesive weight.

Example 43.5. The peripheral speed of a railway traction motor cannot be allowed to exceed
44 /s, If gear ratio is 18/75, motor armature diameter 42 cm and wheel diameter 91 cm, calculate
the limiting value of the train speed.

Solution. Maximum number of revolutions per second made by armature

o
<< ~
[l

Here, d,,

p
2vn5
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amaturevelocity  _ 44 -100 o
armature circumference 0421 3 ps.

Maximum number of revolutions per second made by the driving wheel
_ 100,18 _
= 3 x 75 8 rps.
Maximum distance travelled by the driving wheel in one second
= 8x 091 mm/s=22.88 m/s
Hence, limiting value of train speed
= 22.88 m/s=22.88 x 18/5 =82 km/h
Example 43.6. A 250-tonne motor coach driven by four motors takes 20 seconds to attain a
speed of 42 knvh, starting from rest on an ascending gradient of 1 in 80. The gear ratio is 3.5, gear
efficiency 92%, wheel diameter 92 cmtrain resistance 40 N/t and rotational inertia 10 percent of the
dead weight. Find the torque devel oped by each motor.
Solution. F, = (277.8 x Ma+ 98 MG + Mr) newton

Now, a =V, /t;=42/20=2.1km/h/sSincegradientis1in 80, it becomes 1.25in
100. Hence, percentage gradient G = 1.25. Also, M, = 1.1 M. The
tractive effort at the driving wheel is

F, =277.8x (1.1x250) x 2.1+ 98 x 250 x 1.25 + 250 x 40
= 160,430 + 30,625 + 10,000 = 201,055 N
Now, F, =2ynT/D or 201,055=2x35x092xT/0.92 [ T=28744N-m
Torque developed by each motor = 28,744/4 = 7,186 N—m
Example43.7. A 250-tonne motor coach having 4 motors, each devel oping a torque of 8000 N-m
during acceleration, starts fromrest. If up-gradient is 30 in 1000, gear ratio 3.5, gear transmission

efficiency 90%, wheel diameter 90 cm, train resistance 50 N/t, rotational inertia effect 10%, compute
the time taken by the coach to attain a speed of 80 kim/h.

If supply voltage is 3000 V and motor efficiency 85%, calculate the current taken during the
acceleration period.

Solution. Tractive effort (Art. 43.46) at the wheel

= 2y nT/D =2 x 3.5x 0.9 x (8000 x 4)/0.9 = 224,000 N
Also, F, = (277.8 aM,+ 98 MG + Mr) newton

= (277.8x(1.1x250) xa+ 98 x 250 x 3+ 250 x 50 N

= (76,395 a + 86,000) N
Equating the two expression for tractive effort, we get

224,000 = 76,395a + 86,000 ; a = 1.8 km/h/s
Time taken to achieve a speed of 80 km/his
t, = V,,/a=80/1.8=44.4 second

Power taken by motors (Art. 41.36) is

Foxv _RxV, _ F _(1000)_\5 watt
n n 3600

22,000 x 0.2778 x 80/0.85 = 58.56 x 10° W

55.56 x 10°/3000 = 1952 A

1952/4 = 488 A.

Total current drawn
Current drawn/motor
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Example43.8. A goodstrain weighing 500 tonneisto be hauled by alocomotive up an ascend-
ing gradient of 2% with an acceleration of 1 kmvh/s. If coefficient of adhesion is 0.25, train resis-
tance 40 N/t and effect of rotational inertia 10%, find the weight of locomotive and number of axles
if load is not to increase beyond 21 tonne/axie.

Solution. It should be clearly understood that a train weighing 500 tonne has a mass of 500
(Art. 43.33).

Tractive effort required is

M O
F, = (277.8aM,_+ 98 MG + Mr) newton= M %77-8a-ve +98G +rg newton

M (277.8%x 1 x 1.1+ 98 x 2 + 40) = 541.6 M newton
If M, isthe mass of the locomotive, then
F, = 541.6 (M + M) = 541.6 (500 + M, ) newton
Maximum tractive effort (Art. 43.45) is given by
F, = 1000 p, M, .g=1000x 0.25M, x 9.8 —x=1
O 541.6 (500 + M) = 1000 x 0.25M, x 9.8 0 M, =142tonne

Hence, weight of the locomotiveis 142 tonne. Since, weight per axle is not to exceed 21 tonne,
the number of axlesrequired is= 142/21 = 7.

Example 43.9. An electric locomotive weighing 100 tonne can just accelerate a train of 500
tonne (trailing weight) with an acceleration of 1 knvh/s on an up-gradient of 0.1%. Train resistance

is45 N/t and rotational inertiais 10%. If thislocomotiveis helped by another locomotive of weight
120 tonne, find :

(i) thetrailing weight that can now be hauled up the same gradient under the same conditions.
(i) the maximum gradient, if the trailing hauled load remains unchanged.

Assume adhesive weight expressed as percentage of total dead weight as 0.8 for both locomo-
tives. (Utilization of Elect. Power ; AMIE, Summer)

Solution. Dead weight of the train and locomotive combined = (100 + 500) = 600 tonne. Same
isthe value of the dead mass.

0 F, = (277.8aM_+ 98 MG + Mr) newton

= 277.8 x 1 x (1.1 x 600) + 98 x 600 x 0.1 + 600 x 45 = 216,228 N
Maximum tractive effort (Art. 43.45) of thefirst locomotive

= 9800x LM, = 9800 x 0.8 x |1, x 1000 = 784,000 {1,

O 784,000, = 216,288 ; u, =0.276
With two locomotive, M, " = (100 + 120) = 220 tonne
O F, = 9800 x pM," =9800 x 0.8 x 0.276 x 220 = 476,045 N

(i) Let trailing load which the two combined locomotives can haul be M tonne. In that case,
total dead mass becomes M = (100 + 120 + M) = (220 + M) tonne. Tractive effort required is

= (277.8 M. + 98 M'G + M'r) newton

= M (277.8x1x 1.1+ 98 x 0.1 + 45) = 360.4 M' newton
O 3604 M' = 476,045, M' =1321tonne [ trailingload, M = 1321 - 220 = 1101 tonne
(if) Total hauled load = 500 + 100 + 120 = 720 tonne
Let G be the value of maximum percentage gradient. Then

M
F, = (277.8aM,+ 98MG + Mr) newton = M %77.8ave +98G + rE newton
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= 720 (277.8 x 1 x 1.1 + 98G + 45) newton = (252,418 + 70,560 G) newton
Equating it with the combined tractive effort of the two locomotive as cal culated above, we have,
476,045 = 252,418 + 70,560 G .. G=3.17 percent
Example43.10. The average distance between stops on a level section of arailway is1.25 km.
Motor-coach train weighing 200 tonne has a schedul e speed of 30 knvh, the duration of stops being
30 seconds. The acceleration is 1.9 km/h/s and the braking retardation is 3.2 knvh/s. Train resis-
tance to traction is 45 N/t. Allowance for rotational inertia is 10%. Calculate the specific energy
output in Wh/t-km. Assume a trapezoidal speed/time curve. (Elect. Power, Bombay Univ.)
Solution. o = 19x5/18=9518m/s’: P = 3.2x5/18=8/9 m/s’
K = (a+B)2ap=15; D = 1.25km=1250 m
Scheduletime = 1.25x 3600/30 =150 s. Running time=150-30=120s
t—t?—4KD 120- 1207 - 4x1.5x1250
m = 5K = 5x15 =10.4m/s=37.4km/h
Brakmg distance D =V /26 10.42/2 x (8/9) = 0.06 km
D’ = D -braking distance=1.25-0.06 = 1.19 km

2 ’
001072 Y~ Me | 50778, D
D M D

Y/

Specific energy output

2
0.01072 x 37.4 119 Wh/t-km
105 x 1.1+ 0.2778x 50 108

16.5+ 13.2=29.7 Wh/t-km
Example. 43.11. A 300-tonne EMU is started with a uniform accel eration and reaches a speed
of 40 knvh in 24 seconds on a level track. Assuming trapezoidal speed/time curve, find specific
energy consumption if rotational inertia is 8%, retardation is 3 knvh/s, distance between stops is
3 km, motor efficiency is 0.9 and train resistance is 40 N/tonne.
(Elect. Traction, AMIE Summer)
Solution. First of al, let us find D’ — the distance upto which energy is consumed from the
supply. It isthe distance travelled upto the end of free-running period. It isequal to thetotal distance
minus the distance travelled during braking.
Braking time, t, = V,/ B =40/3=13.33 second
Distance travelled during braking period
1 _1 13.33
= Vmla =5 40x (3600
D’ = D —braking distance = 3—- 0.074 = 2.926 km
Since, MJ/M = 1.08, using the relation derived in Art. 43.43, we get the value of specific energy
consumption as

) 0.074 km

2
0.01072 1 Vin
nb

M,
V +0. 2778 T] ] Wh/t-km

40° 49 2926 ) _
. 1.08+ 0.2778x 22 y £:920 | = 21 6 \Wh/t-km.
(001072X0.9><3X + XO.QX 3 J

Example 43.12. An electric train accelerates uniformly from rest to a speed of 50 kmvh in 25
seconds. It then coasts for 70 seconds against a constant resistance of 60 N/t and is then braked to
rest with uniform retardation of 3.0 knvh/sin 12 seconds. Compute

(i) uniform acceleration (if) coasting retardation
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(iii) schedule speed if station stops are of 20-second duration

Allow 10% for rotational inertia. How will the schedul e speed be affected if duration of stopsis
reduced to 15 seconds, other factors remaining the same ?

Solution. (i) Asseenfrom Fig. 43.15, a = V,/t; = 50/25 = 2 km/h/s
(if) The speeds at points B and C are connected by the relation
0 =V,+Bt; or 0=V,+(-3)x12 0O V,=36kmh
Coasting retardation, .= (V, — V,)/t,= (36 - 50)/70 = = 0.2 km/h/s
(iii) Distancetravelled during acceleration
EVl'[l:%XSOkTmX%h 50_;:%55_—3— 70s 12s 4—
= 0.174km

Distance travelled during coasting can be
found from the relation

V-V, = 2B.D or
D = (362-502)/2x 0.2 %3600
= 0.836 km 0 C
Distance covered during braking [Cue—— ¥ & [
1 1 Kkm 12 — Time-seconds
2Y27 2% 3600 " Fig. 4315
0.06 km
Total distance travelled from start to stop
= 0.174 + 0.836 + 0.06 = 1.07 km
Total time taken including stop time
= 25+ 70+ 12 + 20 = 127 second
Schedule speed = 1.07 x 3600/127 = 30.3 km/s
Schedule speed with a stop of 15 sis=1.07 x 3600/122 = 31.6 km/h
Example 43.13. A 350-tonne electric train runs up an ascending gradient of 1% with the
following speed/time curves :
1. uniformacceleration of 1.6 knvh/s for 25 seconds
2. constant speed for 50 seconds 3. coasting for 30 seconds
4. braking at 2.56 km/h/s to rest.

Compute the specific energy consumption
iftrain regi stance?g 50 N/t, eﬁggt of rotatiponal 4_255_’|'_505_’|'_3OS 10s
inertia 10%, overall efficiency of transmission 40V, A
gear and motor, 75%.

Solution. AsseenfromFig.43.16,V, =qa
.1, =1.6x25=40km/h

Tractive force during coasting is

F, = (98 MG+ Mur)

M (98 x 1 + 50) 0 D
= 148 M newton |<— t1—>|<—tz—>|<— t3—>| by |<—

Also, F, = 277.8 M, B, during coasting. — Time
Equating the two expressions, we get 277.8 M, Fig. 43.16

— Speed km / h

N W
wn
|

R e F——C

20—

—» Speed km / h
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.B,=148M
B .= 148 M _ 148 1 .
€ 2778 M 2778 11°
B, 048km/h/s
Now, V, = Vi+ Bt
40 + (-0.48) x 30
25.6 km/h
V/B—256/256—10%Cond

t4
h =0.139km

km 25
Distance travelled during acceleration period = = x 40 e X 3600

Distance travelled during constant speed perlod is=V,; xt, =40 x 50/3600 = 0.555 km
+V, D _40+256 _ 30
Distance travelled during coasting = E > H ty = 5 * 3600

Distance travelled during braking = E Vi, = % x 25.6 x 33380 =0.035km

Total distance between stops = 0.139 + 0.555 + 0.273 + 0.035 = 1.002 km
Distance travelled during acceleration and free-running period is

D' = 0.139+0.555=0.694 km
Specific energy consumption (Art. 43.43) is

=0.273km

D V2 M G Dl D
_ 0.01072-m e 427258 P 4102778~
_ 0 40° . 0.694 50 ,0.694 694D
= [0.01072x — ___x1.1+27.25 +0.2778 x

01072 G5 x 002 *0.75 " 1.002 0.75 1.0023

25.1+252+12.8=63.1 Wh/t-km

Example43.14. Anore-carrying train weighing 5000 tonneisto be hauled down a gradient of
1: 50 at a maximum speed of 30 knvh and started on a level track at an acceleration of 0.29 km/h/s.
How many locomotives, each weighing 75 tonne, will have to be employed ?
Train resistance during starting = 29.4 N/t, Train resistance at 30 kmvh = 49 N/t
Coefficient of adhesion = 0.3, Rotational inertia = 10%
(Utilization of Elect. Power, AMIE)

Solution. Downward force due to gravity
= Mg sin 6 = (5000 x 1000) x 9.8 x 1/50 = 980,000 N
Trainresistance = 49 x 5000 = 245,000 N

Braking force to be supplied by brakes = 980,000 — 245,000 = 735,000 N
Max. braking force which one locomotive can provide

1000 p,Mgnewton —M intonne

1000 x 0.3 x 75 x 9.8 = 220,500 N

No. of locomotives required for braking = 735,000/220,500 = 3.33
Since fraction ismeaningless, it means that 4 locomotives are needed.

Tractive effort required to haul the train on level track
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(277.8 a M, + Mr) newton
277.8 x (5000 x 1.1) x 0.29 + 5000 x 29.4 = 590,090 N

No. of locomotives required = 590,090/220,500 = 2.68 [ 3

It meansthat 4 locomotives are enough to look after braking as well as starting.

Example43.15. A 200-tonneeélectric train runsaccording to the following quadrilateral speed/
time curve:

1. uniformacceleration fromrest at 2 knvh/s for 30 seconds

2. coasting for 50 seconds

3. duration of braking : 15 seconds

If up-gradient is = 1%, train resistance = 40 N/t, rotational inertia effect = 10%, duration of
stops = 15 sand overall efficiency of gear and motor = 75%, find

(i) schedule speed (ii) specific energy consumption (iii) how will the value of specific energy
consumption change if there is a down-gradient of 1% rather than the up-gradient ?
(Electric Traction Punjab Univ. 1993)
Solution. V, = a.t;=2x30=60km/h/s
During coasting, gravity component and train resistance will cause coasting retardation 3.
Retarding force = (98 MG + Mr) newton = (98 x 200 x 1.0 + 200 x 40) = 27,600 N
Asper Art, 43.37, 277.8 M. B,=27,600 or 277.8x (200 x 1.1) x 3. = 27,600
0 B. = 0.45km/h/s
Now, V, =V, + B.t, or V,=60+ (-0.45)x50=375km/h
Braking retardation B = V./t;=37.5/15= 2.5 km/h/s
Distance travelled during accel eration (area OAD in Fig. 43.17)

1 30\
1t1 X 60 x (3600) =0.25km

Distancetravelled during coasting

B +Vo0  _[60+37.50 50 _
= area ABED = B—H =300 = 0677 km

Distancetravelled during braking

:areaBCE— Voty = ; 375x3é00—0078km

Total distance travelled, D = 0.25 + 0.677 + 0.078 = 1.005 km
Total scheduletime =30+50+15+15=110s

1.005
110/3600
(if) Asper Art. 43.43, specific energy consumption

O V2 M G D r DID
- 0.01072 0 —& +2725= .= +0.2778.—. _
=f DM N D n " DH Whitkm

(i) O Schedule speed = =32.9km/h

2
60" 1142725 x-L x025 02778 x40 0255\ ym

0.75%x1.005 075 1005 0.75 1 0050

(iii) the speed/time curvefor thiscaseisshowninFig. 43.18. Asbefore, V, = 60km/h. Here, we
will take G = -1%

0
= [.01072x
0
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= 60-V,— — A 695 (V- — — — — — — — B
< [ = A
g I ~ 604V,—— |
2 g
5] W, e = = = L)
2 2 I S 40 [ I
%) | | 2 | |

| | T 20 | |

| | | |

0 D |E C 0 |D |E C
|<—t1—>|<—t2 —>|<-t3—>| |4—t1—5|4—t2—’| t |‘_
—p Time-seconds —pTime-seconds
Fig. 43.17 Fig. 43.18

0 Retarding force = (98 MG + Mr) newton = 98 x 200 x (-1.0) + 200 x 40 = -11,600 N

The negative sign indicates that instead of being a retarding force, it is, in fact, an accelerating
force. If a_isthe acceleration produced, then

11,600 = 277.8x (200 x 1.1) x a
o, = 0.19km/h/s

Also, V, =V, + agt,=60+0.19 x 50 = 69.5 km/h
B = V,/t;=69.5/15 = 4.63 km/h/s
Distance travelled during acceleration = 0.25 km —as before
: , _60+695_ 50
Distance travelled during coasting = > x 3600 — 0.9 km
. . o1 15 _
Distance travelled during braking = 5 % 69.5 x 3600 ° 0.145 km
O D = 0.25+09+0.145=1.295 km
Hence, specific energy consumptionis
O 60 1,025 40 0250
= 0.01072%X ————x1.1-27.25 +0.2778 x—— x=== -
01072 75 <125 “0.75 1295 *0.75 12050 VNtkm

43.7 - 7.01 + 2.86 = 39.55 Wh/t-km
As seen, energy consumption has decreased from 69 to 39.55 Wh/t-km.

Example 43.16. An electric train has an average speed of 45 kmph on a level track between
stops 1500 mapart. It isaccelerated at 1.8 kmphps and is braked at 3 kmphps. Draw the speed - time
curve for the run.

Solution.
Acceleration o = 1.8 kmphps
Retardation B = 3.0 kmphps
Distanceof run S = 1.5km
Averagespeed  V, = 45kmph

S

—
1

_15 _
v x 3600 = 45 x 3600 = 120 seconds.

a

_ T _|T? _3600S
m 2K\ 4k ? K

Time of run,

Using equation 'V



Where

0 Maximum speed,

O

Acceleration period,

Braking period,

Free running period,

—>

Speed in Km per hour
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1.1 1 1

_— 4+ =" 4+
20 2B 2x1.8 2x3.0

V., =52.0241
kmph

|

[t Pl 1, =86.2945
28.9022

—bl— 1, >
17.3414

Time in seconds ———»

Fig. 43.19
v - 120 _ (120>  3600x15
m 2x0.4444 \(2x04444)° 04444
V,, = 52.0241 kmph
t, = Ym-520241 _ 589025 seconds
a 1.8
t, = Vim _ 52,0241 _ 173414 seconds
B 30

T-(t, +t;) =120 — (28.9622 + 17.3414) = 86.2945 seconds

Example43.17. Atrain has schedule speed of 60 km per hour between the stopswhich are 9 km
apart. Determine the crest speed over the run, assuming trapezoidal speed —time curve. The train
accelerates at 3 kmphps and retards at 4.5 kmphps. Duration of stopsis 75 seconds.

Solution.
Acceleration
Retardation
Distance of run,
Schedule speed, V, =

Scheduletime, T.

S

a
B:
S =

Actua timeof run, T =
Using the equation

where

0 Maximum speed, V, =

3 kmphps
4.5 kmphps
9km

60 kmph
\% x 3,600 seconds = %
T, — Time of stop = 540 — 75 = 465 seconds

x 3,600 = 540 seconds

T _ | T* _3600S
2K 4K 2 K
1 1_1,1
— + —=—==+= =
20 "B 69 0.2777
465 | (465°  3600%x9
2x02777 \ 4ax(0.2777)> 0.2777
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\Y/ 837 — /700569 —116640

O V., = 72.8475kmph

Example 43.18. An electric train is to have acceleration and braking retardation of 1.2 km/
hour/sec and 4.8 km/hour/sec respectively. If the ratio of maximum to average speed is 1.6 and time
for stops 35 seconds, find schedule speed for a run of 3 km. Assume simplified trapezoidal speed-
time curve.

m

Solution.

Acceleration a = 1.2kmphps
Retardation B = 4.8kmphps
Distance of run, S = 3km

L et the actual time of run be T seconds
3,600S _ 3,600x 3 _ 10800

Average speed, Vv, = T T T kmph
Maximumspeed, V., = 16 X@ =17.|2_ﬁ kmph
! 201 10
+—0-V, T+3600S=0
Since V,, BZ_G ZBB '
17280
2 _ V,T-3600S_~ | ~3600x3
O v, = - =
1.1 1, 1
20 2B 2x12 2x48
or V., = 111.5419 kmph
and v, = Ym 1115419 _ 7/ 3613 kmph
15 15
: _ 3600S_3600%x3 _
Actual timeof run T = A = 43613 - 145.2369 seconds
Scheduletime, T, = Actual timeof run + Time of stop = 145.2369 + 35] 180 seconds
0 Schedulespeed, V, = Sx?’ 600 _ 3"12200 =60 kmph

S

Example 43.19. An electric train has a schedule speed of 25 kmph between stations 800 m
apart. The duration of stop is 20 seconds, the maximum speed is 20 percent higher than the average
running speed and the braking retardation is 3 kmphps. Calculate the rate of acceleration required
to operate this service.

Solution.

Schedule speed, V., = 25kmph

Distance of run, = 800 metres=0.8 km

Retardation, = 3 kmphps

Schedule time of run, = 36019 xS = 3603; 0.8 =115.2 seconds

T, — duration of stop = 115.2 - 20 = 95.2 seconds

3,600xS _ 3600x0.8
T %52

1.2 V,=1.2x30.25=36.3 kmph

Average speed,

s
S
B
TS
Actual time of run, T
V, =30.25 kmphs

Vm

Maximum speed,
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Since sz(z—t+%)—VmT+3\6OOS =0

i.,.i _ V,T-3600S

20 B A
or i + 2%3 _ 36.3><95(.§6—3§,2600><0.8 — 0.4369
or o = 185 kmphpé

Example 43.20. A suburban electric train has a maximum speed of 80 kmph. The schedule
speed including a station stop of 35 seconds is 50 kmph. If the acceleration is 1.5 kmphps, find the
value of retardation when the average distance between stopsis 5 km.

Solution.
Schedule speed, V, = 50kmph
Distance of run, S = 5km
Acceleration, o = 1.5 kmphps
M aximum speed, V,, = 80kmph
Duration of stop = 35 seconds
Schedule time of run, T, = 3,600x S _3600x5 _ 360 seconds
\A 50
T, — duration of stop
Actual time of run, T = V2 = 360 — 30 = 330 seconds

m

Since v2(1+1) ~V_T+3600S=0

m| 2 aﬁ
or 1.1y T_asoos=80><330_3600><5 =1.3125
20 P m (80)
1 _1_ N
or % " 1.3125 %0 1.3125 5% 15 =0.9792
_ 1 -
or p = 5% 09790 0.51064 kmphps

Example 43.21. A train is required to run between two stations 1.6 km apart at the average
speed of 40 kmph. The run isto be made to a simplified quadrilateral speed-time curve. If the maxi-
mum speed isto be limited to 64 kmph, acceleration to 2.0 kmphps and coasting and braking retar-
dation to 0.16 kmphps and 3.2 kmphps respectively, deter mine the duration of acceleration, coasting
and braking periods.

Solution.

Distance of run, S =16 km
Average speed, V, = 40kmph
Maximum speed, V., = 64kmph
Acceleration, o = 2.0 kmphps
Coasting retardation, Bc = 0.16 kmphps
Braking retardation, B = 3.2kmphps

. . V
Duration of acceleration, t; = Em = % = 32 seconds
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3600S _3600x1.6

Actual time of run, T = v, 20 = 144 seconds
L et the speed before applying brakes be V,
then duration of coasting, t, = “m V2 - %4V, d
en duration of coasting, t, = B, =015 Seconds
Duration of braking, t; = V—é:% seconds
Sinceactua timeof run, T = t;+t,+1,
144 = 32+ %V Vo
016 3.2
V. (i—i) = 32 + 400- 144
or 2 \016 32/ ~ -
288
V, = — 222 ___ =485kmph
o 2 = §25-03125  (ookmp
_ . V-V, 64-485
Duration of coasting, t, = B. =7 016 = 96.85 seconds
Duration of braking, t, = E:@ =15.15 seconds
3 B 32

43.47. General Features of Traction Motor

Electric Features
- High starting torque
- Series Speed - Torque characteristic
Simple speed control
Possibility of dynamic/ regenerative braking
- Good commutation under rapid fluctuations of supply voltage.
Mechanical Features
- Robustness and ability to withstand continuous vibrations.
- Minimum weight and overall dimensions
- Protection against dirt and dust

No type of motor completely fulfills all these requirements. Motors, which have been found
satisfactory are D.C. seriesfor D.C. systemsand A.C. seriesfor A.C. systems. Whileusing A.C. three
phase motorsare used. With the advent of Power Electronicsit isvery easy to convert single phase
A.C. supply drawn from pantograph to three phase A.C.

43.48. Speed - Torque Characteristic of D.C. Motor
V = E+I,R,
V.l = .1, + 1°R,
where E; |, = Power input to armature = Electrical power converted into mechanical power at the
shaft of motor.

Mechanical Power =T.m = Tx 27N
2nNT ] _60E, I, E, I,
50 = E, .l T= 5m N =955 N
® ZNP

But %= 60a
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@ZNP I, _ @ZP |,
9.55—60A N 9.55—60 A

1,0
0.1592 x @ x AE P Nw-m

O TorqueT = 0.1592 x flux per pole x armature amp. conductors x Number of poles
Also speed ‘N’ can be calculated as:

_ QZNP _ &)
B = “6oa . N‘<|>ZP60A
(V-I1,R)60A V-1, R
N = ©ZP O NO 0
I
But T=9.55 <p6_ZOP 7? from the equation of torque
T 9559zP 0 9551, 60A . ) )
.= 60A T ©ZP Put this value in the above equation of N
0 N = V-1,R)*x9551,
T
955V -1, R)
Speed N = #

Thetorque - current and speed - torque curves for D.C. motors are shown in Fig. 43.20 (a) and
(b) respectively.

A ’ A
&0 \ Shunt
%QA // &
z N
! i !
Torque Speed
Series
Armature Current ——> Torque ——
(@) (b)
Fig. 43.20

43.49. Parallel Operation of Series Motors
with Unequal Wheel Diameter

An electric locomotive uses more than one mo- Nyfp====---
tor. Each motor drivesdifferent set of axlesand wheels. Ny F=mmm - F=
Due to wear and tear the diameter of wheels become
different, after along service. But the linear speed of T
locomotive and wheels will be the same. Therefore,
motor speedswill be different due to differencein di-
ameter of wheels driven by them as shown in Fig.
43.21. Therefore, when the motors are connected in
paralel they will not share the torques equally, asthe
current shared by them will be different.

Fig. 43.21
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Let themotor wheelsratiois1.04 : 1i.e. speed of rotation of motor-1is1.04 timesthat of motor-
2, asshownin Fig. 43.21.

Let motor 1 drives whee! with 100 c.m. dia. and motor 2 drives wheel with 104 c.m. dia. Then

104 _ 1 04 timesthat of 2i.e. N, = 1.04N,, for agiven speed

speed of rotation of motor -1 will be 100

of locomotive.

43.50. Series operation of Series Motor with unequal wheel diameter

Let the motors ‘A’ and ‘B’ be identical having armature resistance R in series, as shown in
Fig. 43.22.

Since they arein series, the same current ‘1’ will flow through both. But due to unequal wheel
diameter; they deliver different loadsi.e. voltage across each will be different

Vo=V +V, and NOV-IR
0 Na _ VaZIR
Ns  Vg-IR

N
0  V,-IR = N—BA(\/B—IR)
N
V, = N—BA(\/B—IR)+IR

N
V, = N—:(\/—VA—IR)HR

Na

NA
= —~V-IR+IR- \Y)
Vy NB(V ) Ng A
N N
Vo+ 2V, = A (V-IR+IR
A NB A NB ( )
N
Vit Nag = A (V-IR)+IR
0 NsO B Series operation of series motors
Na v - IR +IR Fig. 43.22
v, = N
A
1+&
B
Similarly,
Moy i eie T
Vg = —A ‘A
N
1+ B
NA
\Y% S R —
43.51. Series Operation of Shunt
Motors with Unequal Vg
Wheel Diameter
It issimilar to the case of series opera-

tion of series motors, and hence the same

equation holds good. Fig. 43.23
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43.52. Parallel Operation of Shunt Motors with Unequal Wheel Diameter

As seen from the Fig. 43.24, a small difference in speeds of two motors, causes motors to be
loaded very unequally dueto flat speed current curve of D.C. shunt motor.

A

Speed

—————————

I, —
Fig. 43.24
Example 43.22. The torque-armature current characteristics of a series traction motor are
given as:
Armature Current (amp) : 5 10 15 20 25 30 35 40
Torque (N-m) : 20 50 100 155 215 290 360 430

The motor resistanceis0.3Q. If thismotor is connected across 230V, deduce the speed arma-
ture current characteristics.

Solution.
Supply voltage, V = 230 V.
Total Resistance of seriessmotor R = R, +R_= 0.3Q.

Armature current,

I, in amperes 5 10 15 20 25 30 35 40
Torque, T in N-m 20 50 100 155 215 290 360 430
Backemf., E =

(V-1,R,) involts 2285 | 2270 | 2255 | 2240 | 2225 | 2210 | 2195 218.0
Speed, N,

9B5( — & e,)

&

in R.RPM.

c. 545 434 323 276 247 218 204 194

The deduced speed-armature current characteristic is shown in Fig. 43.25.

Example 43.23. The following figures give the magnetization curve of d.c. series motor when
working as a separately excited generator at 600 rpm.:

Field Current (amperes) : 20 40 60 80

E.M.F. (volts) : 215 381 485 550

The total resistance of the motor is 0.8 ohm. Deduce the speed — torque curve for this motor
when operating at a constant voltage of 600 volts.

Solution.

Voltage applied across the motor, V = 600 volts
Resistance of the motor, R, = (R,+R,) = 0.8Q
Speed, N, = 600 r.p.m.
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Field Current (amperes) 20 40 60 80

Back em.f., E; (Volts) at speed N;
(600 r.p.m.) = em.f. generated by
the armature (given)

215 381 485 550

Back em.f., E (Volts) at speed N
(to be determined) =V -1, R,

Speed, N (to be determined in
rp.m.)=N/E, x(V-1,R)

584 568 552 536

1,630 895 683 585

955(V — | I
Torque, T = % N-m 68.4 240 462 700

The deduced speed-torque curve for the motor is shown in Fig. 43.26.
700

600

500

400

300

2,000

1,600

1,200

SpeedinRPM. ——————

800

200

N

Speed in RPM. —»

400

100

0 10 20 30 40 0 200 400

Armature current, I in amps —

600

—— Torque T in N-m ——

800

Fig. 43.25 Fig. 43.26

Example 43.24. Two d.c. traction motors run at a speed of 900 r.p.m. and 950 r.p.m. respec-
tively when each takes a current of 50 A from 500 V mains. Each motor has an effective resistance of
0.3 W. Calculate the speed and voltage across each machine when mechanically coupled and elec-

trically connected in series and taking a current of 50 A from 500 V mains, the resistance of each
motor being unchanged.

Solution.

L et the two motors be A and B of speed N, = 900 rpm. And Ng = 950 r.p.m. respectively.
Resistance of each motor R, = 0.3 Q
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Applied voltage across each motor, V =500 V.
Back em.f. of motor A when taking a current of 50 A

B, =v-lI R,=500-50x0.3=485V

A

Back em.f. of motor B when taking a current of 50 A
B, =v-i R,=500-50x0.3=485V

When the machines are mechanically coupled and connected in series, the speed of each motor
will be same, say N, current will be same and equal to 50 A (given) and the sum of voltage acrossthe
two motors will be equal to 500 V.

L et the voltage across motors A and B be V, and V respectively

Now V, + Vg = 500 (i)
Back em.f.of motor A, By = B, x N _485, N
A A N, 900
_ _ 485 _ 485
Voltageacrossmotor A, V, = By +IR = 900 X N+50x 03=g57 xN+15
Back emf.of motor B, By, = Ep x N =485
Ng 950
Voltageacrossmotor B, Vg = By, + IR = 3?88 N +15
- 485 485 , o
Substituting V= g0 N +15 and v, = 950 N +15 inexpression (i) we get
485 485 -
- —= = 500
900 N +15+950 N +15
or (4_85+4_85)N = 470
900 950
1 1 470
N[|— + —— = ¥
o (900 950) 485
O N = 447.87r.p.m.
. 485N
PD. acrossmachineA, V, = 900 +15=256.35V
485N

P.D. across machine B, Vg = 950 +15=24365V

Example 43.25. Atram car isequipped with two motors which are operating in parallel. Cal-
culate the current drawn from the supply main at 500 volts when the car isrunning at a steady speed
of 50 kmph and each motor is devel oping a tractive effort of 2100 N. The resistance of each motor is
0.4 ohm. The friction, windage and other losses may be assumed as 3500 watts per motor.

Solution.

Voltage across each motor, V = 500 volts
Maximum speed, V., = 50kmph
Tractive effort, F, = 2100 Newtons
Motor resistance, R, = 04W
Losses per motor = 3500 waetts
F xV,, x1000

Power output of each motor = watts

3600
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2100 x 50 x1000
= 30 watts = 29166.67 watts.

Constant losses = 3500 watts
Copper losses = I°R_=0.41°
Where | isthe current drawn from supply mains
Input to motor = Motor output + constant losses + copper |osses

VI = 2916667 + 3500 + 0.41°
0.41%-500 | + 32666.67 = 0
. 500+ |/ (500)7 — 4 x 0.4 x 32666.67
- 2x0.4
| = 6916A  or 118084 A

Current drawn by each motor = 69.16A
(E 1180.84 A being unreasonably high can not be accepted
Total current drawn from supply mains = 69.16 x 2 = 138.32 A

Example 43.26. Amotor coach isbeing driven by two identical d.c. series motors. First motor
isgeared to driving wheel having diameter of 90 cm and other motor to driving wheel having diam-
eter of 86 cm. The speed of the first motor is 500 r.p.m. when connected in parallel with the other
across 600 V supply. Find the motor speeds when connected in series across the same supply.
Assume armature current to remain same and armature voltage drop of 10% at this current.

Solution.
Speed of first motor, N, = 500r.p.m.
Back emf., E, = 600- 19 x600 v,
100
= 540 volts.
When the motors are connected in series across 600 V supply, V=600
asshownin Fig. 43.27. Volts
Let the supply voltage across motors | and Il be V, and V,
voltsand speed N] and N, respectively. v,
Since speed, N O V;(le
Current through the motors remains the same, therefore flux =
produced by it a'so remainsthe sameand N O (V - IR) Fig. 43.27
- 10
. N V- IR _ V17400 %600 v, -60 0
N V,-IR 10 V., —60
Andaso N, D, = N',D, = N',D,
. N, _ D,_86
N_’2 - D 90
V,-60 _ 86 Y . .
v, ~60 = 90 (if) Since peripheral speed isequal
or 0V,-5400 = 86V, -5,160
or 90V, -86V, = 5400 - 5,160 = 240 . (iii)

and dso V,+V, = 600V (i)
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V, = 29455V
And V, = 30545V
Now the speeds of the motors can be calculated as follows :

N, e

N, T 7,

B, 294,55 - 60
or N1 = leFbZSOO x—600—60 =217 r.p.m
' oDy _ 90

and N, = leﬁi—ﬂ?x%:z??r.p.m

Example 43.27. Two similar seriestype motors are used to drive a locomotive. The supply fed
to their parallel connectionis650 V. If thefirst motor ‘A’ isgeared to drive wheels of radius 45 cms.
and other motor ‘B’ to 43 cms. And if the speed of first motor ‘A" when connected in parallel to 2"
motor ‘B’ across the main supply lines is 400 rpm., find voltages and speeds of motors when con-
nected in series. Assume |, to be constant and armature voltage drop of 10% at this current.

Solution.

N OV -IR asflux @isconstant, sincel, is constant

N,=V,-IR Ng=Vz;-IR  Also V=V, +V,
A Ny
ssume Ng - p
V. = p(V-IR) +IR
A 1+p
Armature voltage drop = 10% of 650 V 0O IR=65
Na _ Ig_43_
But Ny rA—45—p
_ 43/45(650 - 65) +65 _
Vi = 1+43/45 =320V
Vg = V-V,=650-320=330 V

Speed N, of motor A is 400 rpm with asupply of 650 V.
O Speed N', of motor A with supply voltage of 320 V will be

Na

NA
0 N,
Na

NB
N'g

43.53. Control of D.C. Motors

320- IR _320-65 _ 255
650- IR 650-65 585
255 \ =255

LR, =2
585 A 585

x400 = 175r.p.m.

45
43

=45175 - 184 r.p.m.

Na=23

The starting current of motor islimited to itsnormal rated current by starter during starting. At
the instant of switching on the motor, back em.f. E;=0

O Supply voltage = V = IR + Voltage drop across R,
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At any other instant during starting
V = IR + Voltage across R, + E,
At the end of accelerating period, when total R, is cut-off

V = E+IR

_________ Ll B C_ —— e ——

| . t :

Voltage Vis | Vis !
I 1

|

g/ : !
-8 !

& ! v v

3 Full E, I |

& i l !

E, I : E, L

1 o8 I I )

AeT >
(a) Voltage during starting of D.C. motor (b) Voltage during starting neglecting IR drop
Fig. 43.28

If Tisthetimein sec. for starting and neglecting IR drop, total energy supplied = V.I.T. watt-sec

From Fig. 43.28 (b) Energy wasted in R, = Areaof triangle ABC x | =% T.V.l. watt - sec. =¥%2
VIT watt - sec. But total energy supplied = V.I.T watt - sec.

O Half theenergy iswasted in starting

O n starting =50%

43.54. Series - Parallel Starting

With a 2 motor equipment %2 the normal voltage will be applied to each motor at starting as
shown in Fig. 43.29 (a) (Series connection) and they will run upto approximate ¥z speed, at which
instant they are switched on to parallel and full voltageis applied to each motor. R, isgradually cut-
out, with motorsin series connection and then reinserted when the motors are connected in parallel,
and again gradually cut-out.

—— — W e e MWW ’
oL - + 20 -

Rg Rg

1
(a) Motors in series (b) Motors in parallel

Fig. 43.29
In traction work, 2 or more similar motors are employed. Consider 2 series motors started by
series parallel method, which resultsin saving of energy.

(a) Seriesoperation. The2motors, arestarted in serieswith the help of R. The current during
starting is limited to normal rated current ‘I’ per motor. During series operation, current ‘1’ isdrawn



Electric Traction 1743

from supply. Attheinstant of starting OA = AB = IRdrop in each motor. OK = Supply voltage'V'.

The back em.fs. of 2 motorsjointly develop along OM as shown in Fig. 43.30 (a). At point. E,

supply voltage V = Back em.fsof 2 motors+ IRdrops of 2 motor. Any point on theline BC represents

the sum of Back em.fs. of 2motors+ IR drops of 2 motors + Voltage across resistance R, of 2 motors
OE = timetakenfor seriesrunning.

At pt ‘E’ at the end of series running period, each motor has developed a back e.m.f.

-V _
=5 -IR
EL = ED-LD

(b) Parallel operation. The motors are switched on in parallel at the instant ‘E’, with R,
reinserted as shown in Fig. 43.29 (b). Current drawn is 2l from supply. Back em.f. across each
motor = EL. Sothe back em.f. now developsaong LG. At point ‘H’ when the motorsarein full
parallel, (R, = 0 and both the motors are running at rated speed)

Supply voltage = V = HF = HG + GF
= Normal Back em.f. of each motor + IR drop in each motor.

43.55. To find t,, t; and n of starting

The values of time t, during which the motors remain in series and t during which they arein
parallel can be determined from Fig. 43.30 (@), (c). From Fig. 43.30 (a), triangles OLE and OGH are
similar

OE _LE .t DE-DL Y5-IR

el == [ &=
. OH GH T FH-FG V-IR
1LV - 2IR0O
= = T
. = 2Bv-IrRH
T- h OV - 2IRO
tp_T_ts_ % V -IR 0
10V - 2IRO
t = T%l—— 0
b g 2HV-IRH g
K C
F
// M G T
/77
/7
/7
/7
//// D
/77
v ol a f
/7 7/
V72 ///// L 1
14 ]
H
(0] E (0]
——re— (—> —t—re— >
(a) Voltage built-up in series-parallel starting (b) Variation of current in series-parallel starting

Fig. 43.30
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To calculate n of starting, neglect IR drop in armature circuit.

This modifies Fig. 43.30 (a) to Fig. 43.30 (c). ‘D’ is midpoint of CE and back e.m.f. develops
along DF in parallel combination. KC = CF i.e. timefor series combination = timefor parallel com-
bination

ie t = ty = t and average starting current = | per motor.

Energy lost in R, = Areaunder triangle OKC + Areaunder triangle CDF

_ (1 1V —
= (EVI)xt+(EEZI)xt = VIt -
But total energy supplied
=1Vt + 21Vt
(Series) (Paralel)

Vv
= 3VIt _T_

VIt - VIt
Vit

= % = 66.6%

0 n isincreased by 16.66% as com- < T e

pared to pervious case. If thereare 4 motors (¢) Efficiency of starting by series-parallel method
then Nging = 73%. Sothereissaving of en-
ergy lost inR,, during starting period as com-
pared with starting by both motorsin parallel.

0 n of starting =

Fig. 43.30

Example 43.28. Two motors of a motor coach are started on series - parallel system, the cur-
rent per motor being 350 A (Considered as being maintained constant) during the starting period
which is 18 sec. If the acceleration during starting period is uniform, the line voltage is 600 V and
resistance of each motor is 0.1 W. Find (a) the time during which the motors are operated in series.
(b) the energy lossin the rheostat during starting period. [Nagpur University, Summer 2002]

Solution.

Time during which motors arein seriesis given by

_ 10v-21 RO, _10600-2x350 x0.1]
s~ 2HV-1TRH ~2H e00-350x01H
t, = 8.44 sec.
Time during which motors arein parallel.
t, = T-T,=18-844=9.56sec.
Back em.f. E, of each motor, in series operation (from Fig. 43.30a)

E, = Y-1R=5%9_350(00) =265V.

t

s T 2 2
When 2 motors arein series,
Total E, = 265+ 265=530V
By, = V-I1R=600-350(0.1) = 565 V

Energy lost when motors are connected in series
= 1€, 11,=2 x530x350
Energy lost when motors are connected in parallel

1E, 1,565 9.56
5 2t = X757 x2x350x 3554

8.44

3600 - 217 watt - hours

= 262.5 watt - hour
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j 263 watt - hours
O Tota energy lost = (217 + 263) watt - hours = 480 watt - hours

43.56. Series Parallel Control by Shunt Transition Method

The various stages involved in this method of series— parallel control are shown in Fig. 43.31

Insteps1, 2, 3, 4themotorsarein seriesand are accel erated by cutting out the R in steps. Instep
4, motorsarein full series. During transition from seriesto parallel, R isreinserted in circuit—step 5.
One of the motors is bypassed -step 6 and disconnected from main circuit — step 7. It is then con-
nected in parallel with other motor -step 8, giving 1% parallel position. R,is again cut-out in steps
completely and the motors are placed in full parallel.

1W@—m—©—\

3 Series

; Positions

6 W@}m@l
¢ Shunt

Transition

8 First
Parallel/
‘ shunt

Position

Fig. 43.31

The main difficulty with series parallel control isto obtain a satisfactory method of transition
from seriesto parallel without interrupting the torque or allowing any heavy rushes of current.
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In shunt transition method, one motor is short circuited and the total torque is reduced by about
50% during transition period, causing a noticeable jerk in the motion of vehicle.

The Bridge transition is more complicated, but the resistances which are connected in parallel
with or ‘bridged’ across the motors are of such avalue that current through the motorsis not altered
in magnitude and the total torque is therefore held constant and hence it is normally used for rail-
ways. Sointhismethod it is seen that, both motors remain in circuit through-out the transition. Thus
the jerks will not be experienced if this method is employed.

43.57. Series Parallel Control by Bridge Transition
(a) Atstarting, motorsarein serieswith R;i.e. link P in position = AA'
(b) Motorsinfull serieswith link P in position = BB' (No R;in the circuit)
The motor and R, are connected in the form of Wheatstone Bridge. Initially motors arein series

with full R;asshownin Fig. 43.32 (a). Aand A’ are moved in direction of arrow heads. In position
BB’ motorsarein full series, as shown in Fig. 43.32 (b), with no R, present in the circuit.

B

Ar

+ Starting position -
A of link P
B B
(@)
AI
* Link P —
A
Transition Step First Parallel
position
B/
) (c)

Fig. 43.32
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Intransition step the R, is reinserted.

In1¥ parallel step, link P is removed and motors are connected in parallel with full R, as shown
in Fig. 43.32 (c). Advantage of this method isthat the normal acceleration torque is available from
both the motors, through - out starting period. Therefore acceleration is smoother, without any jerks,
which isvery much desirable for traction motors.

43.58. Braking in Traction

Both electrical and mechanical braking is used. Mechanical braking provides holding torque.
Electric Braking reduces wear on mechanical brakes, provides higher retardation, thus bringing a
vehicle quickly to rest. Different types of electrical braking used in traction are discussed.

43.59. Rheostatic Braking

(a) Equalizer Connection (b) CrossConnection
(a) Equalizer Connection

For traction work, where 2 or more motors are employed, these are connected in paralel for
braking, because series connection would produce too high voltage. K.E. of the vehicleisutilized in
driving the machines as generators, which is dissipated in braking resistancein the form of heat.

To ensurethat the 2 machines share theload equally, an equalizer connectionisused asshownin
Fig. 43.33 (a). If itisnot used, the machine whose acceleration builts-up first would send a current
through the 2™ machine in opposite direction, causing it to excite with reverse voltage. So that the
2 machines would be short circuited on themselves. The current would be dangerously high. Equal-
izer prevents such conditions. Hence Equalizer connection isimportant during braking in traction.

:Q): OO O—
Field-1
@ OSSO @ T
Field-2
R R
— AMWW———— L AMWWW—————
(a) (b)

Fig. 43.33
(b) CrossConnection

In cross connection the field of machine 2 is connected in serieswith armature of machine 1 and
thefield of machine 1 is connected in series with armature of machine 2 as shown in Fig. 43.33 (b).
Supposethe voltage of machine 1isgreater than that of 2. Soit will send greater current through field
of machine 2, causing it to excite to higher voltage. At the same time machine 1 excitation is low,
because of lower voltage of machine 2. Hence machine 2 will produce more voltage and machine
1 voltage will be reduced. Thus automatic compensation is provided and the 2 machines operate
satisfactorily.

Because of cross - connection during braking of traction motors, current in any of the motor will
not go to avery high value.
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43.60. Regenerative Braking with D.C. Motors

In order to achieve the regenerative braking, it is essential that (i) the voltage generated by the
machine should exceed the supply voltage and (ii) the voltage should bez kept at thisvalue, irrespec-
tive of machine speed. Fig. 43.34 (a) shows the case of 4 series motors connected in parallel during
normal running i.e. motoring.

One method of connection during regenerative barking, is to arrange the machines as shunt
machines, with series fields of 3 machines connected across the supply in series with suitable resis-
tance. One of thefield winding isstill kept in seriesacrossthe 4 parallel armaturesas shown infigure
43.34 (b).

The machine acts as a compound generator. (with slight differential compounding) Such an ar-
rangement isquiet stable; any changein line voltage produces a change in excitation which produces
corresponding change in em.f. of motors, so that inherent compensation is provided e.g. let theline
voltage tends to increase beyond the em.f. of generators. The increased voltage across the shunt
circuit increases the excitation thereby increasing the generated voltage. Vice-versaisalsotrue. The
arrangement istherefore self compensating.

+

Trolley wire

+

Trolley wire

TITTTTTITITITITITT TITTTTTITITITITITT
Motoring Generating
(a) (®)

Fig. 43.34

D.C. series motor can't be used for regenerative braking without modification for obvious rea-
sons. During regeneration current through armature reverses; and excitation has to be maintained.
Hence field connection must be reversed.
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Example43.29. Two 750V D.C. series motors each having a resistance of 0.1 W are started on
series - parallel system. Mean current through - out the starting period is 300 A. Starting period is
15 sec. and train speed at the end of this period is 25 kmvhr. Calculate

(i) Rheostatic losses during series and parallel combination of motors

(if) Energy lost in motor

(iif) Motor output
(iv) Sartingn

(v) Train speed at which transition from seriesto parallel must be made.

[Nagpur University, Summer 2000]

Solution.
0 (= 1V-21R0.
s~ 2Hv-TRH
_ 1[750-2(300) 010, _
t. = = 15 =7.1875 rec.
s~ 2H750-(300)0.1H 5
0 t, = T—t,=7.8125sc,
. _ 1 1 Eb
Energy lostin Rheostat = 5 By I+ ETP 21t

%%x%—l%l L +2IV -IR/Z 2 8,

- % x 5&20 300 (0.1)%300 x7.1875 +% gwg x2(300) x7.1825
— 743006.25 + 843750

= 1587656.25 watt — Sec.

_ 1587656.25

3600 = 441.00 watt - hrs.

(ii) Total Energy supplied = VI.t,+21.V .t
750 x 300 (7.1875) + 2 (300) 750 (7.8125)
1617187.5 + 3515625
5132812.5 watt-sec = 1425.7812 watt — hrs.
Energy lostin 2 Motors = (I % x R) x2x15
= (300" x 0.1) x 2 x 15 = 270000 watt - sec. = 75 watt - hrs.
(iif) Motor O/P = Total Energy supplied — Energy lost in Rheostat — Energy lost in armature
1425.7812 — 441 - 75
909.7812 watt — hrs.
Tota Energy Supplied — Energy lost in Rheostat
Tota Energy Supplied
_ 14257812 -441.00
1425.7812
= 69.0605%
(V) Accelerationisuniform during starting period of 15 sec. Therefore speed after which series
to parallel transition must be madeis given as—
_ Speed after starting period xt
Total starting period s

(iv) n starting =

100
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_ 2
= 15><7.1875

= 11.9791 km/hr.

Example 43.30. Two 600-V motors each having a resistance of 0.1Q are started on the series-
parallel system, the mean current per motor throughtout the starting period being 300A. The starting
period is 20 seconds and the train speed at the end of this period is 30 km per hour. Calculate (i) the
rheostatic losses (in kwh) during (a) the series and (b) the parallel combinations of motors (ii) the
train speed at which transition from series to parallel must be made.

Solution.

Number of motors operating = 2
Linevoltage, V = 600 volts
Current per motor, | = 300 amperes
Starting period, T, = 20 seconds
Motor resistance, R =01Q

M aximum speed, V,, = 30kmph.

Back em.f. of each motor in full series position,

B, = %— IR:%0 —- 300 x 0.1 = 270 volts.

Back em.f. of each motor in full parallel position,

E, = V-1R-300x0.1=570volts

p
Assuming smooth acceleration, back em.f. will be built up at constant rate.

Since motors take 20 seconds to build up 570 volts, therefore time taken to build up 270 volts
em.f. will be:

Tewies = 20 % % = 9.4737 seconds
Tparalle| = 20 - 9.4737 = 10.5263 seconds

(i) (&) Voltage drop in the starting rheostat in series combination at the starting instant
= V-2IR=600 -2 x 300 x 0.1 = 540 volts,

which reducesto zero in full series position

Energy dissipated in starting resistance during series combination

_V-2IR+0 | Tries 54040 o0 94737
2 3600 2 3600
= 213.1579 watt - hours
(b) Voltage drop across the starting resistance in first parallel position is equal to V/2 i.e
300 volts which gradually reduces to zero.
Energy dissipated in starting resistance during parallel combination
Y 600
—+0 T =+
2 paalld _ 2 10.5263
7 XX gg00 T 20T
263.1579 watt — hours
Maximum speed _ V., _ 30

(if) Acceleration, a = W = T_ —2—0 = 1.5 kmphps.

S

Speed at the end of seriesperiod = o T;=1.5x9.4737 = 14.21 km/hour

Example 43.31. Two d.c. series motors of a motor coach have resistance of 0.1 W each. These
motors draw a current of 500 A from 600 V mains during series — parallel starting period of
25 seconds. If the acceleration during starting period remains uniform, determine:




Electric Traction 1751

(i) time during which the motors operate in (a) series (b) parallel.
(i) the speed at which the series connections are to be changed if the speed just after starting
period is 80 kmph.

Solution.
Number of motors operating = 2
Linevoltage, V = 600V
Current per motor, I = 500A
Motor resistance, R =01Q
Maximum speed, V., = 80kmph.
Back em.f. of each motor in full series position.
&, = %—I :% ~500x 0.1=250V

Back em.f. each motor in full parallel operation,

E, = V-IR=600-500x0.1=550V

p

Since motors take 25 seconds to build up 550 V, therefore, time taken to build up 250 V, will be;
(assuming smooth acceleration and building up of em.f. at constant rate.)

(i) Period of seriesoperation, T =25 X% % = 11.3636 seconds

Period of parallel operation,T, =T-T,=25-11.3636 = 13.6363 seconds

parallel

(i) Speed at which the series connections are to be changed

= O Toies ™ \% Tegries = g—g x 11.3636 = 36.3636 kmph

Example 43.32. The following figures refer to the speed-current and torque — current charac-
teristics of a 600 V d.c. series traction motor.

Current, amperes : 50 100 150 200 250
Speed, kmph : 73.6 43 41.1 37.3 35.2
Torque, N-m: 150 525 930 1,335 1,750

Determine the braking torque at a speed of 48 kmph when operating as self excited d.c. genera-
tor. Assume resistance of motor and braking rheostat to be 0.6Q and 3.0 Q respectively.

Solution.

Asmotor :

Terminal voltage, V = 600 volts.

The motor current at a speed of 48 kmph (from speed-current characteristic curve),

| = 100A

Back e.m.f. developed by the motor, E,=V —IR_=600-100 x 0.6 =540 V

AsGenerator:

At the instant of applying rheostatic braking at speed of 48 kmph, the terminal voltage of
machine will be equal to em.f. devel oped by the machinei.e. 540 volts.

Total resistanceinthe circuit = R + Ry 44 =0.6+3=3.6Q

Current delivered by the machine, | = % = 150 amps
The braking torque (the torque corresponding to 150 amperes from torque-current curve)

= 930 N-m
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10.

1.

12.

Tutorial Problem No. 43.1

A train weighs 500 tonnes. What isits massin (i) tonnes and (ii) kilograms.
[(i) 500 (ii) 500,000 kg]
A train has amass of 200 tonnes. What isitsweight in (i) newtons and (ii) kg-wt (iii) tonnes-wt.
[(i) 19.6 x 10° N (ii) 200,000 kg. wt (iii) 200 t-wt )]
A train has a speed of 100 km/h. What isits valuein m/s ? [27.78 m/g]
A certain express train has an acceleration of 3.6 km/h/s. What isitsvalueinm/s®?  [1.0 m/s’]
If there is an ascending gradient of 15 min atrack length of 1 km, what is the value of percentage
gradient ? [1.5%]
A train runs at an average speed of 45 km per hour between stations 2.5 km apart. The train acceler-
atesat 2 km/h/s and retards at 3 km/h/s. Find its maximum speed assuming atrapezoidal speed/time
curve. Calculate also the distance travelled by it before the brakes are applied.
[50.263 km/h, 2.383 km] (Elect. Traction and Utilization B.H.U. )
The schedule speed with a 200 tonne train on an electric railway with stations 777 metres apart is
27.3 km/h and the maximum speed is 20 percent higher than the average running speed. The braking
rateis 3.22 km/h/s and the duration of stopsis 20 seconds. Find the acceleration required. Assume a
simplified speed-time curve with free running at the maximum speed.
[2.73 km/h/s] (Traction and Utilization of Elect. Power, Agra Univ.)
A suburban electric train has amaximum speed of 65 km/h.. The schedule speed including a station
stop of 30 secondsis43.5 km/h. If the acceleration is 1.3 km/h/s, find the value of retardation when
the average distance between stopsis 3 km.
[B =1.21 km/h/s] (Utilization of Elect. Power and Traction, Gorakhpur Univ.,)
An electric train is accelerated uniformly from rest to a speed of 40 km/h, the period of acceleration
being 20 seconds. If it coasts for 60 seconds against a constant resistance of 50 N/t and is brought to
rest in afurther period of 10 seconds by braking, determine :
(i) theacceleration (ii) the coasting retardation (iii) the braking retardation (iv) distance travelled
and (V) schedule speed with station stops of 10 seconds duration.
Allow 10 percent for rotational inertia. (Elect. Traction, Punjab Univ.)
[a =2km/h/s, B,=0.1636 km/h/s, B =3 km/h/s, D =0.736 km., V = 27.5 km/h]
The speed-time curve of an electric train on a uniform rising gradient of 1 in 100 comprises :
(i) uniform acceleration from rest at 2 km/h/s/ for 30 seconds.
(if) coasting with power off for 70 seconds.
(iif) braking at 3 km/h/sto a standstill.
The weight of thetrain is 250 tonnes, the train resistance on level track being 49 N/tonne and allow-
ance for rotary inertia 1%.
Cal culate the maximum power devel oped by traction motors and total distancetravelled by thetrain.
Assume transmission efficiency as 97%.
[3,3258 kW, 1.12 km] (Traction and Utilization of Elect. Power, Agra Univ.)
A 400-tonne goods train is to be hauled by alocomotive up agradient of 2% with an acceleration of
1 km/h/s. Co-€fficient of adhesion is 20%, track resistance 40 N/tonne and effective rotating masses
10% of the dead weight. Find the weight of the locomotive and number of axlesif the axleload is not
increased beyond 22 tonnes.[152.6 tonnes, 7] (Traction and Utilization of Elect. Power, Agra Univ.)
A 500-tonne goodstrain isto be hauled by alocomotive up agradient of 20% with an accel eration of
1.2 km/h/s. Co-efficient of adhesion is 25%, track resistance 40 N/ tonne and effective rotating
masses 10% of dead weight. Find the weight of thelocomotive and number of axlesif axleload isnot
to exceed 20 tonnes. [160 tonnes, 8] (Utilization of Elect. Power, A.M.|.E. Winter)
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Determine the maximum adhesive weight of aloco required to start a 2340 tonne weight (inclusive
of loco) on 1 : 150 gradient and accelerateit at 0.1 km/h/s. Assume co-efficient of adhesion as 0.25,
train resistance 39.2 N/tonne and rotary inertia as 8%. [128.5 tonnes]
(Elect. Traction, A.M.1.E., May)
Ore carrying trains weighing 5000 tonne each are to be hauled down a gradient of 1 in 60 at a
maximum speed of 40 km/h and started on alevel track at an acceleration of 0.1 m/s”. How many
locomotives, each weighing 75 tonne, will have to be employed ?
Trainresistance during starting = 29.4 N/tonne
Train resistance at 40 km/h 56.1 kg/tonne
Co-efficient of adhesion 1/3 ; Rotationa inertia= 1/10
[3 Loco] (Engg. Service Examination U.RS.C.)
A locomotive accelerates a 400-tonne train up a gradient of 1 in 100 at 0.8 km/h/s. Assuming the
coefficient of adhesion to be 0.25, determine the minimum adhesive weight of the locomotive.
Assume train resistance of 60 N/tonne and allow 10% for the effect of rotational inertia.
[65.7 t] (Elect. Traction and Utilization, Nagpur Univ.)
Calculate the specific energy consumption if amaximum speed of 12.20 metres/sec and for a given
run of 1525 m an acceleration of 0.366 m/s” are desired. Train resistance during acceleration is52.6
N/1000 kg and during coasting is 6.12 N/1000 kg, 10% being alowable for rotational inertia. The
efficiency of the equipment during the acceleration period is 50%. Assume a quadrilateral speed-
time curve. [3.38 Wh/kg-m] (Util. of Elect. Power, A.M.I.E. Sec. B)
An electric locomotive of 100 tonne can just accelerate atrain of 500 tonne (trailing weight) with an
acceleration of 1 km/h/s on an upgradient of 1/1000. Tractive resistance of thetrack is45 N per tonne
and the rotational inertiais 10%. If thislocomotive is helpled by another locomotive of 120 tonnes,
find, (i) the trailing weight that can be hauled up the same gradient under the same conditions and
(ii) the maximum gradient, the trailing weight hauled remaining unchanged.
Assume adhesive weight expressed as percentage of total dead weight to be the same for both the
locomotive. [(i) 11201 (ii) 3.15%] (Util. of Elect. Power, A.M.I.E. Sec. B.)
An electric train has quadrilateral speed-time curve asfollows:
(i) uniform acceleration from rest at 2 km/h/s for 30 sec,
(i) coasting for 50 sec.
(iii) uniform braking to rest for 20 seconds.
If the train is moving uniform upgradient of a 10/1000, train resistance is 40 N/tonne, rotational
inertia effect 10% of dead weight and duration of stop 30 seconds, find the schedul e speed.
[28.4 km/h] (Util. of Elect. Power, A.M.I.E. Sec. B.)
The schedule speed with a 200 tonne train on an electric railway with stations 777 metres apart is
27.3 km/h and the maximum speed is 20% higher than the average running speed. The braking rate
is 3.22 km/h/s and the duration of stops is 20 seconds. Find the acceleration required. Assume a
simplified speed-time curve with the free running at the maximum speed.
[2.73 km/h/s] (Traction & Util. of Elect. Power, Agra Univ.)
An electric train has an average speed of 42 km/h on alevel track between stops 1,400 metre apart. It
is accelerated at 1.7 km/h/s and is braked at 3.3 km/h/s. Draw the speed-time curve for the run.
Estimate the sp. energy consumption. Assume tractive resistance as 50 N/t and allow 10% for rota-
tiond inertia. [39.48 Whit-km] (Util. of Elect. Power, A.M.| .E. Sec. B.)
An electric train weighing 200 tonne has eight motors geared to driving wheels, each wheel is90 cm
diameter. Determine the torque devel oped by each motor to accel erate the train to a speed of 48 km/
h in 30 seconds up a gradient of 1 in 200. The tractive resistance is 50 N/t, the effect of rotational
inertiais 10% of the train weight, the gear ratio is 4 to 1 and gearing efficiency is 80%.
[2,067 N-m] (Traction & Util. of Elect. Power, Agra Univ.)
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An electric train accelerates uniformly from rest to a speed of 48 km/h in 24 seconds. It then coasts
for 69 seconds against a constant resistance of 58 N/t and is braked to rest at 3.3 km/h/s in 11
seconds.
Calculate (i) the acceleration (i) coasting retardation and (iii) the schedul e speed, if the station stops
are of 20 seconds duration. What would be the effect on schedul e speed of reducing the station stops
to 15 second duration, other conditions remaining the same? Allow 10% for the rotational inertia.
[(i) 2 km/h/s (i) 0.19 km/h/s (iii) 30.25 km/h]
(Util. of Elect. Power, AM.I.E. Sec. B.)
An electric train accelerates uniformly from rest to a speed of 50 km/h in 25 seconds. It then coasts
for 1 minute 10 seconds against a constant resistance of 70 N/t and isbraked to rest at 4 km/h/sin 10
seconds. Calculate the schedul e speed, if the station stops are of 15 second duration.
[31.125 km/h] (Util. of Elect. Power, A.M.I.E. Sec. B)
An electric train has a quadrilatural speed-time curve asfollows:
(i) uniform acceleration from rest at 2.5 km/h/s for 25 second
(if) coasting for 50 second (iii) duration of braking 25 second.
If the train is moving along a uniform upgradient of 1 in 100 with a tractive resistance of 45 N/t,
rotational inertia 10% of dead weight, duration of stops at stations 20 second and overall efficiency
of transmission gear and motor 80%, cal culate the schedule speed and specific energy consumption
of run. [69 km/h, 26.61 Wh/t-km] (Util. of Elect. Power, A.M.I.E. Sec. B)
An ore-carrying train weighing 5000 tonneisto be hauled down agradient of 1 in 50 at a maximum
speed of 30 km/h and started on alevel track at an acceleration of 0.08 m/s’. How many locomotives,
each weighing 75 tonne, will have to be employed ?
Train resistance during starting =3 kg/t
Train resistance at 30 km/h = 5 kg/t
Co-efficient of adhesion = 0.3, Rotational inertia= 10%.
[41oco] (Util. of Elect. Power, AM.1.E. Sec. B.)

A train with an electric locomotive weighing 300 tonneisisto be accelerated up agradient of 1in 33
at an acceleration of 1 km/h/s. If the train resistance, co-efficient of adhesion and effect of rotational
inertiaare 80 N/t, 0.25 and 12.5% of the dead weight respectively, determine the minimum adhesive
weight of the locomotive. [88t] (Util. of Elect. Power, A.M.I.E. Sec. B.)
A train weighing 400 tonne has speed reduced by regenerative braking from 40 to 20 km/h over a
distance of 2 km at a down gradient of 20%. Calculate the electrical energy and average power
returned to theline. Tractiveresistanceis40 N/t and allow rotational inertiaof 10% and efficiency of
conversion 75%. [324 kW/h, 4860 kW] (Util. & Traction Power, Agra Univ.)

A 250-tonne motor coach having 4 motors, each developing 5,000 N-m torque acceleration, starts
from rest. If upgradient is 25 in 1000, gear ratio 5, gear transmission efficiency 88%, wheel radius
44 cm, train resistance 50 N/t addition of rotational inertia 10%, calculate the time taken to reach a
speed of 45 km/h.

If the supply voltagewere 1500 V d.c. and efficiency of motor is83.4%, determinethe current drawn
per motor during notching period. [27.25 s, 500 A] (Util. of Elect. Power, A.M.|.E. Sec. B.)

An electric train weighing 100 tonne has a rotationa inertia of 10%. This train while running be-
tween two stations which are 2.5 km apart has an average speed of 50 km/h. The acceleration and
retardation during braking are respectively 1 km/h/s and 2 km/h/s. The percentage gradient between
these two stationsis 1% and the train isto move up the incline. The track resistance is 40 N/t. If the
combined efficiency of the electric train is 60%, determine (i) maximum power at driving axle (ii)
total energy consumption and (iii) specific energy consumption. Assume that journey estimation is
being made in simplified trapezoidal speed-time curve.

[(i) 875 kW (ii) 23.65 kW/h (iii) 94.6 Wh/t-km] (Util. of Elect. Power, A.M.I .E. Sec. B.)
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A 500-tonne goodstrain isto be hauled by alocomotive up agradient of 1in 40 with an acceleration
of 1.5 km/h/s. Determine the weight of the locomotive and number of axles, if axle load is not to
exceed 24 tonne. Co-efficient of adhesion is 0.31, track resistance 45 N/t and effective rotating
masses 10% of dead weight. [7] (Util. of Elect. Power, A.M.I.E. Sec. B.)

Two d.c. series motors of amotor coach have resistance of 0.1 W each. These motorsdraw acurrent
of 500 A from 600V mains during series-parallel starting period of 20 seconds. If the acceleration
during starting period remains uniform, determine :

(i) time during which motor operatesin (a) series, (b) parallel
(i) the speed at which the series connections are to be changed if the speed just after starting period
is 70 km/h.
[(i) 9.098, 10.971 Sec. (ii) 31.82 km/h] (Utili. of Elect. Power and Traction, Agra Univ.)

Explain how series motors are ideally suited for traction service.
(Nagpur University, Summer 2004)
Explain any one method for regenerative braking of D.C. motor for traction.
(Nagpur University, Summer 2004)
Discuss the effect of unequal wheel diameters on the parallel operation of traction motors.
(Nagpur University, Summer 2004)
Explain the various modes of operation in traction services with neat speed-time curve.
(Nagpur University, Summer 2004)
A 100 tonne motor coach is driven by 4 motors, each developing a torque of 5000 N-m during
acceleration. If up-gradient is 50 in 1000, gear ratio a = 0.25, gear transmission efficiency 98%,
wheel radius 0.54 M, train resistance 25 N/tonne, effective mass on account of rotational inertia
is 10% higher, calculate the time taken to attain a speed of 100 kmph.
(Nagpur University, Summer 2004)
What are the requirements of an ideal traction system?
(J.N. University, Hyderabad, November 2003)
What are the advantages and disadvantages of electric traction?
(J.N. University, Hyderabad, November 2003)
Write abrief note on the single phase a.c. series motor and comment upon it's suitability for traction
services. How does it compare in performance with the d.c. Services motor.
(J-N. University, Hyderabad, November 2003)
Draw the speed-time curve of a main line service and explain.
(J.N. University, Hyderabad, November 2003)
A train hs a scheduled speed of 40 km/hr between two stops, which are 4 kms apart. etermine
the crest speed over the run, if the duration of stops is 60 sec and acceleration and retardation
both are 2 km/hr/sec each. Assume simplified trapezoidal speed-time curve.
(J.N. University, Hyderabad, November 2003)
What are the various electric traction systems in India? Compare them.
(J.N. University, Hyderabad, November 2003)
Give the features of various motors used in electric traction.
(J.N. University, Hyderabad, November 2003)
Draw the speed-time curve of a suburban service train and explain.
(J.N. University, Hyderabad, November 2003)
A train accelerates to a speed of 48 km/hr in 24 sec. then it coasts for 69 sec under a constant
resistance of 58 newton/tonne and brakes are applied at 3.3 km/hr/sec in 11 sec. Calculate (i) the
acceleration (ii) the coasting retardation (iii) the scheduled speed if station stoppage is 20 secs.
What is theeffect of scheduled speed if station stoppage is reduced to 15 sec duration, other
conditions remaining same. Allow 10% for rotational inertia.
(J.N. University, Hyderabad, November 2003)
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Derive an expression for specific energy output on level track using a simplified speed-time curve.
What purpose is achieved by this quantity?  (J.N. University, Hyderabad, November 2003)
A 400 tonne goods train is to be hauled by a locomotive up a gradient of 2% with acceleration
of 1 km/hr/sec, coefficient of adhesion 20%, track resistance 40 newtons/tonne and effective rotating
masses 10% of the dead weight. Find the weight of the locomotive and the number of axles if the
axle load is not to increase beyond 22 tonnes.
(J.N. University, Hyderabad, November 2003)
A motor has the following load cycle :
Accelerating period 0-15 sec Load rising uniformly from 0 to 1000 h.p.
Full speed period 15-85 sec Load constant at 600 h.p.
Decelerating period 85-100 sec h.p. returned to line fals uniformly from 200 to zero
Decking period 100-120 sec Motor stationary. Estimate the size of the motor.
(J.N. University, Hyderabad, November 2003)

Explain the characteristics of series motorsand also explain how they are suitable of electric traction
work? (J:N. University, Hyderabad, November 2003)
For a trapezoidal speed-time curve of a electric train, derive expression for maximum speed and
distance between stops. (J:N. University, Hyderabad, November 2003)
A mail isto berun between two stations 5 kms apart at an average speed of 50 kmv/hr. If the maximum
speed is to be limited to 70 km/hr, acceleration to 2 km/hr/sec, braking retardation to 4 km/hr/sec
and coasting retardation to 0.1 km/hr/sec, determine the speed at the end of coasting, duration of
coasting period and braking period. (J:N. University, Hyderabad, November 2003)
Discuss the merits and demerits of the D.C. and 1—p A.C. systems for the main and suburban line
electrification of the railways. (J.N. University, Hyderabad, April 2003)
Which system do you consider to be the best for the suburban railways in the vicinity of large
cities? Given reasons for your answer. (J.N. University, Hyderabad, April 2003)
Derive expression for the tractive effort for a train on a level track.

(J.N. University, Hyderabad, April 2003)
The maximum speed of a suburbanelectric train is 60 km/hr. Its scheduled speed is 40 km/hr and
duration of stopsis 30 sec. If the acceleration is 2 km/hr/sec and distance between stops is 2 kms,
determine the retardation. (J:N. University, Hyderabad, April 2003)
What are various types of traction motors? (J:N. University, Hyderabad, April 2003)
What are the advantages of series parallel control of D.C. motors?

(J.N. University, Hyderabad, April 2003)
Describe about duplication of railway transmission lines.

(J.N. University, Hyderabad, April 2003)
Write a note on feeding and distributing system on A.C. Traction and for d.c. tram ways.

(J.N. University, Hyderabad, April 2003)
For a quadrilateral speed-time curve of a electric train, derive expression for the distance between
stops and speed at the end of the coasting period. (J.N. University, Hyderabad, April 2003)
A train is required to run between stations 1.6 kms apart at an average speed of 40 km/hr. The
runisto be made from aquadilateral speed-time curve. The acceleration is 2 km/hr/sec. The coasting
and braking retardations are 0.16 km/hr/sec and 3.2 km/hr/sec respectively. Determine the duration
of acceleration, coasting and braking and the distance covered in each period.

(J.N. University, Hyderabad, April 2003)
Explain the characteristics of D.C. compound motors and explain its advantage over the series
motor. (J.N. University, Hyderabad, April 2003)
What are the requirements to be satisfied by an ideal traction system?

(J.N. University, Hyderabad, April 2003)
What are the advantages and disdvantages of electrification of track?

(J.N. University, Hyderabad, April 2003)
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Discuss why a D.C. series motor is ideally suited for traction services.

(J.N. University, Hyderabad, April 2003)
An electric locomotive of 100 tonnes can just accelerate a train of 500 tonnes (trailing weight)
with an acceleration of 1 km/hr/sec on an up gradient 1 in 1000. Tractive resistance of the track
is 45 newtonsg/tonne and the rotational inertia is 10%. If this locomotive is helped by another
locomotive of 120 tonnes, find (i) the trailing weight that can be hauled up the same gradient, under
the same condition (ii) the maximum gradient, the trailing hauled load remaining unchanged.
Assume adhesive weight expressed as percentage of total dead weight to be same for both the

locomotives. (J.N. University, Hyderabad, April 2003)
Explain how electric regeneration braking is obtained with a D.C. locomotive. How is the braking
torque varied? (J.N. University, Hyderabad, April 2003)

Explain why a series motor is preferred for the electric traction.
(J.N. University, Hyderabad, April 2003)
The characteristics of a series motor at 525 — V are as follows :
Current (A) 50 100 150 200
Speed (RPM) 1200 952 840 745
Determine the current when working as a generator at 1000 R.PM. and loaded with a resistance
of 3 ohms. The resistance of the motor is 0.5 ohms. (J.N. University, Hyderabad, April 2003)
Briefly explain the a.c. motors used in traction. (J.N. University, Hyderabad, April 2003)
The scheduled speed of atrolley service is to be 53 km/hr. The distance between stops is 2.8 km.
Thetrack is level and each stop is of 30 sec duration. Using simplified speed-time curve, calculate
the maximum speed, assuming the acceleration to be 2 km/hr/sec, retardation 3.2 km/hr/sec, the
dead weight of the car as 16 tonnes, rotational inertia as 10% of the dead weight and track resistance
as 40 newtong/tonne. If the overall efficiency is 80%, calculate (i) the maximum power output from
the driving axles (ii) the specific energy consumption in watt-hr/tonne-km.
(J.N. University, Hyderabad, April 2003)

Discuss various traction systems you know of ?

(J.N. University, Hyderabad, December 2002/January 2003)
Explain the requirementsfor ideal traction and show which drive satisfiesalmost all the requirements.

(J.N. University, Hyderabad, December 2002/January 2003)
Define the adhesive weight of a locomotive which accelerates up a gradient of 1 in 100 at 0.8
kmphps. The self weight of locomotive is 350 Tonnes. Coefficient of adhesion is 0.25. Assume
a trainresistance of 45 N—m/Tonne and allow 10% for the effect of rotational inertia.

(J:N. University, Hyderabad, December 2002/January 2003)
State Factors affecting specific energy consumption.

(J:N. University, Hyderabad, December 2002/January 2003)
Explain with the help of a diagram, the four quadrant speed-torque characteristic of an induction
motor when running in (i) forward direction (ii) reverse direction.

(J:N. University, Hyderabad, December 2002/January 2003)
Explain the general features of traction motors.

(J:N. University, Hyderabad, December 2002/January 2003)
A 250 tonne electric train maintains a scheduled speed of 30 kmph between stations situated 5
km apart, with station stops of 30 sec. The acceleration is 1.8 kmph ps and the braking retardation
is 3 kmph ps. Assuming a trapezoidal speed-time curve, calculate (i) maximum speed of the train
(ii) energy output of the motors if the tractive resistance is 40 NW per tonne.

(J:N. University, Hyderabad, December 2002/January 2003)
Discuss the relative merits of electric traction and the factors on which the choice of traction system
depends. (J:N. University, Hyderabad, December 2002/January 2003)
Explain the terms (i) tractiveeffort (ii) coefficient of adhesion (iii) specific energy consumption of
train (iv) tractive resistance. (J:N. University, Hyderabad, December 2002/January 2003)
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Existing traction systems in India.(J.N. University, Hyderabad, December 2002/January 2003)
Explain the terms tractive effort, coefficient of adhesion, train resistance and specific energy
consumption of train. (J.N. University, Hyderabad, December 2002/January 2003)
An electric train maintains a scheduled speed of 40 kmph between stations situated at 1.5 km apart.
If is accelerated at 1.7 kmph.ps and is braked at 3.2 kmph.ps. Draw the speed-time curve for the
run. Estimate the energy consumption at the axle of the train. Assume tractive resistance constants
at 50 NW per tonne and allow 10% for the effect of rotation inertia

(J.N. University, Hyderabad, December 2002/January 2003)
Explain the advantages of series parallel control of starting as compared to the rheostatic starting
for a pair of dc traction motors. (J.N. University, Hyderabad, December 2002/January 2003)
Discuss the main features of various train services. What type of services correspond to trapezoidal
and quadrilateral speed-time curves.(J.N. University, Hyderabad, December 2002/January 2003)
Existing electric traction system in India.

(J.N. University, Hyderabad, December 2002/January 2003)
Briefly explain the controlling of D.C. Motor. (Anna Univ., Chennai 2003)

OBJECTIVE TESTS —43

. Diesel electric traction has comparatively lim-
ited overload capacity because

(a) diesel eectriclocomotiveisheavier thana
plain electric locomotive

(b) diesel engine has shorter life span
(c) diesel engine is a constant-kW output
prime mover

(d) regenerative braking cannot be employed.

. The most vital factor against electric traction

is the

(a) necessity of providing a negative booster

(b) possibility of electric supply failure

(c) high cost of its maintenance

(d) high initial cost of laying out overhead
electric supply system.

. The direct current system used for tramways

has a voltage of about ............. volt.

(@) 750

(b) 1500

(c) 3000

(d) 2400

. In electric traction if contact voltage exceeds

1500 V, current collection is invariably via a

(a) contact rail

(b) overhead wire

(c) thirdrall

(d) conductor rail.

. For the single-phase ac system of track

electrification, low frequency is desirable

because of the following advantages

(a) it improves commutation properties of ac

motors
(b) it increases ac motor efficiency
(c) itincreases ac motor power factor
(d) &l of the above.

. In Kando system of track electrification,

.................. is converted into .............
(a) 1-phaseac, dc

(b) 3-phase ac, 1-phase ac

(c) 1-phaseac, 3-phase ac

(d) 3-phase ac, dc.

. The main reason for choosing the composite

1-phase ac-to-dc system for al future track

electrification in India is that it

(a) needsless number of sub-stations

(b) combines the advantages of high-voltage
ac distribution at 50 Hz with dc seriestrac-
tion motors

(c) providesflexibility in the location of sub-
stations

(d) requireslight overhead catenary.

. Ordinary, tramway is the most economical

means of transport for

(a) very densetraffic of large city
(b) medium traffic densities

(c) rura services

(d) suburban services.

. Unlike a tramway, a trolleybus requires no

(a) overhead contact wire
(b) driving axles
(c) hand brakes
(d) running rail.
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The current collector which can be used at
different speeds under all wind conditions and
stiffness of OHE is called ..............c.......
collector.

(a) trolley

(b) bow

(c) pantograph

(d) messenger.

The speed/time curve for city service has
916 S period.

(a) coasting

(b) free-running

(c) acceleration

(d) braking.
For the same value of average speed, increase
in the duration of stops............. Speed.

(a) increasesthe schedule

(b) increasesthe crest

(c) decreasesthe crest

(d) decreases the schedule.

A train weighing 490 tonne and running at 90
km/h has a mass of ............. kg and a speed
(o] NS m/s.

(& 50,000, 25

(b) 490,000, 25

(c) 490, 25

(d) 50, 324.

A train has a mass of 500 tonne. Its weight is
(a) 500 t.wt

(b) 500,000 kg-wt

(c) 4,900,000 newton

(d) dl of the above

(e) none of the above.

The free-running speed of a train does NOT
depend on the

(a) duration of stops

(b) distance between stops

(¢) running time

(d) acceleration.

A motor coach weighing 100 tonnes is to be
given an acceleration of 1.0 km/h/s on an
ascending gradient of 1 percent. Neglecting
rotational inertia and train resistance, the
tractive force required is .........c...... newton.
(a) 109,800

(b) 37,580

(c) 28,760

(d) 125,780.
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In a train, the energy output of the driving

axles in used for

(a) accelerating thetrain

(b) overcoming the gradient

(c) overcoming train resistance

(d) 4l of the above.

Longer coasting period for a train results in

(a) higher acceleration

(b) higher retardation

(c) lower specific energy consumption

(d) higher schedule speed.

Tractive effort of an electric locomotive can be

increased by

(a) increasing the supply voltage

(b) using high kW motors

(c) increasing dead weight over the driving
axles

(d) both (b) and (c) (e)both (a) and (b).

Skidding of a vehicle aways occurs when

(a) braking effort exceedsits adhesive weight

(b) it negotiatesacurve

(c) it passes over points and crossings

(d) brakeisapplied suddenly.

Which of the following is an advantage of

electrictraction over other methods of traction?

(a) Faster acceleration

(b) No pollution problems

(c) Better braking action

(d) All of the above

Which of the following is the voltage for

single phase A.C. system?

(@ 22V

(b) 440V

(o 5kv

(d) 15kVv

(e) None of the above

Long distance railways use which of the

following?

() 200V D.C.

(b) 25KV single phase A.C.

() 25kV two phace A.C.

(d) 25kV three phase A.C.

The speed of a locomotive is controlled by

(@ flywheel

(b) gear box

(¢) applying brakes

(d) regulating steam flow to engine
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Main traction system used in India are, those
using

(a) electriclocomotives

(b) diesel enginelocomotives

(c) steam engine locomotives

(d) diesel electric locomotives

(e) all of theabove

In India diesel locomotives are manufactured
at

(@ Ajmer

(b) Varanas

(c) Bangalore

(d) Jamalpur
For diesel
horsepower is
() 50to 200
(b) 500 to 1000

(c) 1500 to 2500

(d) 3000 to 5000

....... locomotive has the highest operational
availability.

(a) Electric

(b) Diesel

(c) Steam

The horsepower of steam locomotives is

(a) upto 1500

(b) 1500 to 2000

(c) 2000 to 3000

(d) 3000 to 4000

The overall efficiency of steam locomotive is
around

(a) 5to 10 percent

(b) 15to 20 percent

(c) 25to 35 percent

(d) 35to 45 percent

In tramways which of the following motorsis
used?

(a) D.C. shunt motor

(b) D.C. series motor

(c) A.C. three phase motor

(d) A.C.single phase capacitor start motor

In a steam locomotive electric power is
provided through

(a) overhead wire

(b) battery system

(c) small turbo-generator

(d) diesel engine generator

locomotives the range of

33.

35.
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Which of the following drives is suitable for

mines where explosive gas exists?

(a) Steamengine

(b) Diesel engine

(c) Battery locomotive

(d) Any of the above

In case of locomotives the tractive power is

provided by

(@) single cylinder double acting steam
engine

(b) double cylinder, single acting steam
engine

(c) double cylinder, double acting steam
engine

(d) single stage steam turbine

Overload capacity of diesel enginesisusualy

restricted to

(a) 2 percent

(b) 10 percent

(c) 20 percent

(d) 40 percent

In case of steam engines the steam pressure is

(@) 1to4 kgficm?

(b) 5to 8 kgf/cm?

(©) 10to 15 kgf/cm?

(d) 25to 35 kgf/cm?

The steam engine provided on steam

locomotives is

(a) single acting condensing type

(b) single acting non-condensing type

(c) double acting condensing type

(d) double acting non-condensing type

Electriclocomotivesin Indiaare manufactured

at

(&) Jamalpur

(b) Bangalore

(c) Chittranjan

(d) Gorakhpur

Thewheelsof atrain, engine aswell asbogies,

are dightly tapered to

(a) reducefriction

(b) increasefriction

(c) facilitate braking

(d) facilitatein taking turns

Automatic signalling is used for which of the

following trains?
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(8) Mail and expresstrains

(b) Superfast trains

(c) Suburban and Urban electric trains

(¢) Alltrains

The efficiency of diesel locomotivesis nearly

(a) 20to 25 percent

(b) 30 to 40 percent

(c) 45to 55 percent

(d) 60 to 70 percent

The speed of a superfast train is

(&) 60 kmph

(b) 75 kmph

(¢) 100 kmph

(d) morethan 100 kmph

The number of passenger coaches that can be

attached to a diesel engine locomotive on

broad gauge is usually restricted to

@ 5

(b) 10

(0 14

(d) 17

Which of the following state capitalsis not on

broad gauge track?

(@) lucknow

(b) Bhopal

(c) Jaipur

(d) Chandigarh

Which of the following is the advantage of

electric braking?

(a) It avoids wear of track

(b) Motor continues to remain loaded during
braking

(o) Itisinstantaneous

(d) More heat is generated during braking

Which of the following braking systemson the

locomotives in costly?

(a) Regenerative braking on electric locomo-
tives

(b) Vacuum braking on diesel locomotives

(c) Vacuum braking on steam locomotives

(d) All braking systems are equally costly

Tractive effort is required to

(a) overcome the gravity component of train
mass

(b) overcome friction, windage and curve
resistance

(c) acceleratethetrain mass

48.

49.

50.
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(d) dodl of the above

For given maximum axle load tractive efforts

of A.C. locomotive will be

(a) lessthan that of D.C. locomotive

(b) more than that of D.C. locomotive

(c) equal tothat of D.C. locomotive

(d) none of the above

Co-efficient of adhesion reduces due to the

presence of which of the following?

(8 Sandonrails

(b) Dew onrails

(c) Oil ontherails

(d) both (b) and (c)

Due to which of the following co-efficient of

adhesion improves?

(@) Rustontherails

(b) Dust on therails

() Sandontherails

(d) All of the above

Quadrilateral speed-time curve pertains to

which of the following services?

(@ Mainlineservice

(b) Urban service

(c) Sub-urban service

(d) Urban and sub-urban service

Which of the following is the disadvantage of

electric traction over other systemsof traction?

(a) Corrosion problems in the underground
pip work

(b) Short time power failure interrupts traffic
for hours

(c) High capital outlay in fixed installations
beside route limitation

(d) Interference with communication lines

(e) All of the above

Co-efficient of adhesion is

(a) highin case of D.C. traction than in the
case of A.C. traction

(b) low in case of D.C. traction that in the
case of A.C. traction

(c) equal inboth A.C. and D.C. traction

(d) any of the above

Speed-time curve of main line service differs
from thoseof urban and suburban services on
following account

() it haslonger free running period

(b) it haslonger coasting period
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(c) accelerating and braking periods are
comparatively smaller

(d) 4l of the above

The rate of acceleration on suburban or urban
services is restricted by the consideration of
(a) engine power

(b) track curves

(c) passanger discomfort

(d) track size

The specific energy consumption of a train
depends on which of the following?

(a) Acceleration and retardation

(b) Gradient

(c) Distance covered

(d) 4l of the above

The friction at the track is proportional to
() L/speed

(b) V(speed)®

(c) speed

(d) none of the above

The air resistance to the movement of thetrain
is proportional to

(a) speed

(b) (speed)’®

() (speed)®

(d) 1/speed

The normal value of adhesion friction is

(@) 0.12

(b) 0.25

(c) 0.40

(d) 0.75

The pulsating torque exerted by steam
locomotives causes which of the following?
(a) Jolting and skidding

(b) Hammer blow

(c) Pitching

(d) All of the above

Which of the following braking systems is
used on steam locomotives?

(a) Hydraulic system

(b) Pneumatic system

(c) Vacuum system

(d) None of the above

Vacuum is created by which of the following?
(&) Vacuum pump

(b) Ejector
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() Any of the above

(d) None of the above

The resistance encountered by a train in
motion is on account of

(a) resistance offered by air

(b) friction at the track

(c) frictionat variouspartsof therolling stock

(d) 4l of the above

Battery operated trucks are used in

(a) stee mills

(b) power stations

(c) narrow gauge traction

(d) factoriesfor materia transportation

....... method can bring the locomotive todead

stop.

(8 Plugging braking

(b) Rheostatic braking

(c) Regenerative braking

(d) None of the above

The value of co-efficient of adhesion will be

high when rails are

(a) greased

(b) wet

(c) sprayed with ail

(d) cleaned with sand

The voltage used for suburban trains in D.C.

system is usualy

(@ 12V

(b) 24V

(0 220V

(d) 600 to 750V

For three-phase induction motors which of the

following istheleast efficient method of speed

control?

(a) Cascade control

(b) Pole changing

(c) Rheostatic control

(d) Combination of cascade and pole
changing

Specific energy consumption becomes

(a) more on steeper gradient

(b) morewith high train resistance

(c) lessif distance between stopsis more

(d) 4l of the above

In main line service as compared to urban and

suburban service
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(a) distance between the stopsis more

(b) maximum speed reached is high

(c) acceleration and retardation rates are low
(d) 4l of the above

Locomotive having monomotor bogies

(a) has better co-efficient of adhesion

(b) are suited both for passanger as well as
freight service

(c) has better riding qualities due to the
reduction of lateral forces

(d) hasal above qualities

Series motor is not suited for traction duty due
to which of the following account?

(a) Lesscurrent drain onthe heavy load torque

(b) Current surges after temporary switching
off supply

(c) self relieving property

(d) Commutating property at heavy load

When a bogie negotiates a curve, reduction in

adhesion occurs resulting in sliding. Thus

dliding is acute when

(a) wheel base of axlesismore

(b) degree of curvatureismore

(¢) both (a) and (b)

(c) none of the above

Energy consumption in propelling the train is

required for which of the following?

() Work against the resistance to motion

(b) Work against gravity while moving up
the gradient

(¢) Acceleration

(d) All of the above

An ideal traction system should have ........

(a) easy speed control

(b) high starting tractive effort

(¢) equipment capable of with standing large
temporary loads

(d) 4l of the above

....... have maximum unbalanced forces

(a) Diesel shunters

(b) Steam locomotives

(c) Electric locomotives

(d) Diesel locomotives

Specific energy consumption is affected by
which of the following factors?

(a) Regardation and acceleration values

(b) Gradient
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(c) Distance between stops

(d) All of the above

In case of ... free running and coasting

periods are generaly long.

(8 main-lineservice

(b) urbanwervice

(c) sub-urban service

(d) 4l of the above

Overhead lines for power supply to tramcars

are at a minimum height of

(@ 3m

(b) 6m

(¢ 10m

(d) 20m

The return circuit for tram carsisthrough .......

(&) neutral wire

(b) rails

(c) cables

(d) common earthing

Specific energy consumption is least in ........

service.

(@ mainline

(b) urban

(c) suburban

Locomotives with monometer bogies have

(a) uneven distribution of tractive effect

(b) suitability for passanger as well as freight
service

(c) lot of skidding

(d) low co-efficient of adhesion

....... wasthefirst city in Indiato adopt electric

traction.

(a) Delhi

(b) Madras

(c) Calcutta

(d) Bombay

....... frequency is not common in low

frequency traction system

(@) 40Hz

(b) 25Hz

(c) 16Hz

For 25 kV single phase system power supply

frequency is .......

(@) 60Hz

(b) 50 Hz

(©) 25Hz

2
(@) 16 SHz
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Power for lighting in passenger coach, in a
long distance electric train, is provided
(a) directly through overhead electric

(b) through individual generator of bogie and
batteries

(c) through rails

(d) through locomotive

In India, eectrification of railway track was

done for the first time in which of the

following years?

(a) 1820-1825

(b) 1880-1885

(c) 1925-1932

(d) 1947-1954

Suri transmission is .......

(a) electrical-pneumatic

(b) mechanical-electrical

(c) hydro-mechanical

(d) hydro-pneumatic

In case of a steam engine an average coat

consumption per km is nearly

(a) 150to 175 kg

(b) 100 to 120 kg

(c) 60to 80 kg

(d) 28to30kg

Which of the following happens in Kando

system?

(&) Threephase A.C. isconverted into D.C.

(b) Single phase A.C. is converted into D.C.

(c) Single phase supply isconverted into three
phase system

(d) None of the above

For which of the following locomotives the

maintenance requirements are the least?

(a) Steam locomotives

(b) Diesel locomotives

(c) Electric locomotives

(d) Equal in all of the above

Which of the following methods is used to

control speed of 25 kV, 50 Hz single phase

traction?

() Reduced current method

(b) Tapchanging control of transformer

(c) Seriesparallel operation of motors

(d) All of the above

If the co-efficient of adhesion on dry railsis

0.26, which of thefollowing could bethevalue

for wet rails?

94,
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(@) 0.3

(b) 0.26

() 0.225

(d) 0.16

....... watt-hours per tonne km is usualy the
specific energy consumption for suburban
services.

() 1520

(b) 50-75

() 120-150

(d) 160-200

The braking retardation is usualy in the range
(@) 0.15to 0.30 km phps

(b) 0.30to 0.6 km phps

(¢) 0.6to 2.4 km phps

(d) 3to5km phps

() 10to 15 km phps

The rate of acceleration on suburban or urban
service is in the range

(@) 0.2t0 0.5 km phps

(b) 1.6t0 4.0 km phps

() 5to 10 km phps

(d) 15to 25 km phps

The coasting retardation is around

(a) 0.16 km phps

(b) 1.6 km phps

(¢) 16 km phps

(d) 40 km phps

which of the following track is electrified
(a) Delhi-Bombay

(b) Delhi-Madras

() Dehi—Howrah

(d) Delhi—-Ahmedabad

....... is the method of braking in which motor
armature remains connected to the supply and
draws power from it producing torque
opposite to the direction of motion.

(@) Rheostatic braking

(b) Regerative braking

(c) Plugging

For 600 V D.C. line for tramcars, brack is
connected to .......

(a) positive of the supply

(b) negative of the supply

(c) mid voltage of 300 V

(d) none of the above
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44.1. Advantages of Electric Drive
Almost al modern industrial and commercial undertakings employ electric drive in preference
to mechanical drive because it possesses the following advantages :
1. Itissimplein construction and has|ess maintenance cost
Its speed control is easy and smooth
It is neat, clean and free from any smoke or flue gases
It can be installed at any desired convenient place thus affording more flexibility in the
layout
It can be remotely controlled
Being compact, it requires less space
It can be started immediately without any loss of time
. It has comparatively longer life.
However, electric drive system hastwo inherent disadvantages :
1. It comesto stop as soon asthereisfailure of electric supply and
2. It cannot be used at far off places which are not served by electric supply.

However, the above two disadvantages can be overcome by installing diesel-driven dc genera-
torsand turbine-driven 3-phase alternators which can be used either in the absence of or onthefailure
of normal electric supply.

WD

© N OO

44.2. Classification of Electric Drives

Electric drivesmay be grouped into three categories: group drive, individua drive and multimotor
drive.

In group drive, asingle motor drives anumber of machines through belts from acommon shaft.
Itisalso called line shaft drive. Inthe case of anindvidual drive, each machineisdriven by itsown
separate motor with the help of gears, pulley etc. In multi-motor drives separate motors are provided
for actuating different parts of the driven mechanism. For example, in travelling cranes, three motors
are used : one for hoisting, another for long travel motion and the third for cross travel motion.
Multimotor drives are commonly used in paper mills, rolling mills, rotary printing presses and metal
working machines etc.

Each type of electric drive has its own advantages and disadvantages. The group drive has
following advantages:

1. Itleadsto savingininitia cost because one 150-kW motor costs much less than ten 15-kW

motors needed for driving 10 separate machines.

2. Since all ten motors will seldomly be required to work simultaneously, a single motor of
even 100-kW will be sufficient to drive the main shaft. This diversity in load reduces the
initial cost still further.

3. Since asingle large motor will always run at full-load, it will have higher efficiency and
power factor in caseit is an induction motor.

4. Group drive can be used with advantage in those industrial processes where there is a
sequence of continuity in the operation and where it is desirable to stop these processes
simultaneously asin aflour mill.

However, group drive is seldom used these days due to the following disadvantages :

1. Any fault in the driving motor renders al the driven equipment idle. Hence, this systemis
unreliable.

2. If dl the machines driven by the line shaft do not work together, the main motor runs at
reduced load. Consequently, it runswith low efficiency and with poor power factor.
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3. Considerable amount of power islost in the energy transmitting mechanism.

4. Dlexibility of layout of different machinesislost since they have to be so located as to suit
the position of the line shaft.

5. Theuseof lineshaft, pulleysand belts etc. makesthe drive look quite untidy and less safeto
operate.

6. It cannot be used where constant speed isrequired asin paper and textile industry.

7. Noiselevel at theworksiteis quite high.

44.3. Advantages of Individual Drive
It has the following advantages :
1. Since each machineis driven by a separate motor, it can be run and stopped as desired.
2. Machines not required can be shut down and also replaced with aminimum of dislocation.
3. Thereisflexibility in the installation of different machines.
4. Inthecaseof motor fault, only its connected machinewill stop whereas otherswill continue

working undisturbed.

5. The absence of belts and line shafts greatly reduces the risk of accidents to the operating
personnel.

6. Ach operator has full control of the machine which can be quickly stopped if an accident
occurs.

7. Maintenance of line shafts, bearings, pulleys and belts etc. is eliminated. Similarly thereis
no danger of oil falling on articles being manufactured—something very important in textile
industry.

The only disadvantage of individua driveisitsinitia high cost (Ex 44.1). However, the use of
individual drives and multimotor drives has led to the introduction of automation in production
processes which, apart from increasing the productivity of various undertakings, has increased the
reliability and safety of operation.

Example 44.1. A motor costing Rs. 10,000/- is used for group drive in a certain installation.
How will its total annual cost compare with the case where four individual motors each costing
Rs. 4000/- were used ? Wth group drive, the energy consumption is 50 MWh whereasit is 45 MWh for
individual drive. The cost of electric energy is 20 paise/lkWh. Assume depreciation, maintenance and
other fixed charges at 10% in the case of group drive and 15 per cent in the case of individual drive.

Solution. Group Drive

Capital cost = Rs. 10,000/-

Annual depreciation, maintenance

and other fixed charges = 10% of Rs. 10,000 = Rs. 1,000/-
Annual cost of energy = Rs. 50 x 10° x (20/100) = Rs. 10,000/-
Total annual cost = Rs. 1,000 + Rs. 10,000 = Rs. 11,000/-
Individual Drive

Capital cost = 4 x Rs. 4000 = Rs. 16,000/-

Annual depreciation, maintenance

and other fixed charges = 15% of Rs. 16,000 = Rs. 2400/-
Annual cost of energy = Rs. 45 x 10° x (20/100) = Rs. 9000/-
Total annual cost = Rs. 9000 + Rs. 2400= Rs. 11,400/-

It is seen from the above example that individual driveis costlier than the group drive.
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44.4. Selection of a Motor

The selection of a driving motor depends primarily on the conditions under which it has to
operate and the type of load it hasto handle. Main guiding factorsfor such aselection areasfollows:

(a) Electrical characteristics

1. Starting characteristics 2. Running characteristics
3. Speed control 4. Braking
(b) Mechanical considerations
1. Typeof enclosure 2. Type of bearings
3. Method of power transmission 4. Typeof cooling

5. Noiselevel
(c) Size and rating of motors
1. Requirement for continuous, intermittent or variableload cycle
2. Overload capacity
(d) Cost
1. Capital cost 2. Running cost

In addition to the above factors, one has to take into consideration the type of current available
whether alternating or direct. However, the basic problem is one of matching the mechanical output
of the motor with the load requirement i.e. to select amotor with the correct speed/torque character-
istics as demanded by the load. In fact, the complete selection process requires the analysis and
synthesis of not only theload and the proposed motor but the compl ete drive assembly and the control
equipment which may include rectification or frequency changing.

44.5. Electrical Characteristics

Electrical characteristics of different electric drives have been discussed in Vol. | of this book
entitled “A.C. and D.C. Machines’.

44.6. Types of Enclosures

The main function of an enclosureisto provide protection not only to the working personnel but
also to themotor itself against the harmful ingress of dirt, abrasive dust, vapoursand liquids and solid
foreign bodies such as aspanner or screw driver etc. At the sametime, it should not adversely affect
the proper cooling of the motor. Hence, different types of enclosures are used for different motors
depending upon the environmental conditions. Some of the commonly used motor enclosures are as
under :

1. OpenType. Inthiscase, the machineisopen at both endswith its rotor being supported on
pedestal bearings or end brackets. There isfree ventilation since the stator and rotor ends arein free
contact with the surrounding air. Such, machines are housed in a separate neat and clean room. This
type of enclosure is used for large machines such as d.c. motors and generators.

2. Screen Protected Type. In this case, the enclosure has large openings for free ventilation.
However, these openings are fitted with screen covers which safeguard against accidental contacts
and rats entering the machine but afford no protection from dirt, dust and falling water. Screen-
protected type motors areinstalled where dry and neat conditions prevail without any gases or fumes.

3. Drip Proof Type. This enclosure is used in very damp conditions. i.e. for pumping sets.
Since motor openings are protected by over-hanging cowls, verticaly falling water and dust are not
able to enter the machine.
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4. Splash-proof Type. In such machines, the ventilating openings are so designed that liquid
or dust particlesat an angle between vertical and 100° from it cannot enter the machine. Such type of
motors can be safely used in rain.

5. Totally Enclosed (TE) Type. In this case, the motor is completely enclosed and no open-
ings are | eft for ventilation. All the heat generated due to losses is dissipated from the outer surface
whichisfinned to increasethe cooling area. Such motorsare used for dusty atmospherei.e. sawmills,
coa -handling plants and stone-crushing quar-
ries etc.

6. Totally-enclosed Fan-cooled
(TEFC) Type. In this case, afan is mounted
on the shaft external to the totally enclosed
casing and air is blown over the ribbed outer
surfaces of the stator and endshields (Fig. 44.1).
Such motorsare commonly used in flour mills,
cement works and sawmills etc. They require
little maintenance apart from lubrication and
are capable of giving years of useful service
without any interruption of production.

7. Pipe-ventilated Type. Such an
enclosureisused for very dusty surroundings. Fig. 44.1. A three-phase motor
Themotor istotally enclosed but is cooled by neat and clean air brought through a separate pipe from
outside the dust-laden area. The extracost of the piping is offset by the use of asmaller size motor on
account of better cooling.

8. Flame-proof (FLP) Type. Such motors are employed in atmospheres which contain in-
flammable gases and vapoursi.e. in coal mines and chemical plants. They are totally enclosed but
their enclosures are so constructed that any explosion within the motor due to any spark does not
ignitethe gases outside. The maximum operating temperature at the surface of the motor ismuch less
than the ignition temperature of the surrounding gases.

44.7. Bearings
These are used for supporting the rotating parts of the
machines and are of two types:
1. Ball orroller bearings 2. Sleeveor bush bearings
(a) Ball Bearings
Upto about 75kW motors, ball bearings are preferred to
other bearings because of their following advantages:
1. They havelow friction loss
2. They occupy less space
3. They require less maintenance

4. Their usealows much smaller air-gap between the
stator and rotor of an induction motor

5. Their lifeislong.

Their main disadvantages are with regard to cost and
noise particularly at high motor speeds.

(b) Sleeve Bearings
These arein theform of self-aligning pourous bronze bushesfor fractional KW motorsandin the

A ball-bearing
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form of journal bearings for larger motors. Since they run very silently,
they arefitted on super-silent motorsused for driving fansand liftsin offices
or other applicationswhere noise must be reduced to the absol ute minimum.

44.8. Transmission of Power

There are many ways of transmitting mechanical power devel oped by
amotor to the driven machine.

1. Direct Drive. Inthiscase, motor iscoupled directly to the driven
machinewith the hel p of solid or flexible coupling. Flexible coupling helps
in protecting the motor from sudden jerks. Direct drive is nearly 100%
efficient and requires minimum space but is used only when speed of the
driven machine equal s the motor speed.

2. Bdt Drive. Flat belts are extensively used for line-shaft drives 5 SEEE 22ETTY)
and can transmit a maximum power of about 250 kW. Where possible, the
minimum distance between the pulley centres should be 4 timesthe diameter of thelarger pulley with
amaximum ratio between pulley diametersof 6 : 1. The power transmitted by aflat belt increasesin
proportion to its width and varies greatly with its quality and thickness. Thereisaslip of 3 to 4 per
cent in the belt drive.

3. RopeDrive. Inthisdrive, anumber of ropes are run in V-grooves over the pulleys. It has
negligible slip and is used when the power to be transmit-
ted is beyond the scope of belt drive.

4. Chain Drive. Though somewhat more expensive, it
is more efficient and is capable of transmitting larger
amounts of power. It is noiseless, dipless and smooth in
operation.

5. Gear Drive. Itisused when ahigh-speed motor is
to drive a low-speed machine. The coupling between the
two isthrough a suitable ratio gear box. In fact motors for
|ow-speed drives are manufactured with the reduction gear

Fig. 44.2. Geared Motor Unit incorporated in the unit itself. Fig. 44.2 shows such a unit
consisting of aflange motor bolted to a high-efficiency gear box whichisusually equipped with feet,
the motor being overhung.

44.9. Noise

The noise produced by a motor could be magnetic noise, windage noise and mechanical noise.
Noise level must be kept to the minimum in order to avoid fatigue to the workers in a workshop.
Similarly, motors used for domestic and hospital appliances and in offices and theatres must be
amost noiseless. Tranmission of noise from the building where the motor is installed to another
building can be reduced if motor foundation isflexiblei.e. has rubber pads and springs.

44.10. Motors for Different Industrial Drives
1. D.C.SeriesMotor. Sinceit hashigh starting torque and variable speed, it isused for heavy
duty applications such as electric locomotives, steel rolling mills, hoists, lifts and cranes.

2. D.C. Shunt Motor. It has medium starting torque and a nearly constant speed. Hence, it is
used for driving constant-speed line shafts, lathes, vacuum cleaners, wood-working machines, laundry
washing machines, elevators, conveyors, grinders and small printing presses etc.

3. Cumulative Compound Moator. It isa varying-speed motor with high starting torque and
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isused for driving compressors, variable-head centifugal pumps,
rotary presses, circular saws, shearing machines, elevators and
continuous conveyors etc.

4. Three-phase SynchronousMotor. Because its speed
remains constant under varying loads, it isused for driving con-
tinuously-operating equipment at constant speed such as am-
monia and air compressors, motor-generator sets, continuous
rolling mills, paper and cement industries.

5. Squirre Cagelnduction Motor.  This motor is quite
simple but rugged and possesses high over-load capacity. It has
a nearly constant speed and poor starting torque. Hence, it is
used for low and medium power drives where speed control is Heavy duty hydraulic motor for high

. . . torque and low speeds
not required asfor water pumps, tubewells, lathes, drills, grind-
ers, polishers, wood planers, fans, blowers, laundary washing machines and compressors etc.

6. Double Squirrel Cage Motor. It has high starting torque, large overload capacity and a
nearly constant speed. Hence, it is used for driving loads which require high starting torque such as
COMPIressor pumps, reciprocating pumps, largerefrigerators, crushers, boring mills, textile machinery,
cranes, punches and lathes etc.

7. Slip-ring Induction Motor. It has high starting torque and large overload capacity. Its
speed can be changed upto 50% of its normal speed. Hence, it is used for those industrial drives
which require high starting torque and speed control such aslifts, pumps, winding machines, printing
presses, line shafts, elevators and compressors etc.

8. Single-phase SynchronousMotor. Because of its constant speed, it is used in teleprinters,
clocks, all kinds of timing devices, recording instruments, sound recording and reproducing systems.

9. Single-phaseSeriesMotor. It possesses high starting torque and its speed can be controlled
over awide range. It is used for driving small domestic appliances like refrigerators and vacuum
cleanersetc.

10. Repulson Motor. It has high starting torque and is capable of wide speed control. More-
over, it has high speed at high loads. Hence, it is used for drives which require large starting torque
and adjustable but constant speed asin coil winding machines.

11. Capacitor-gart Induction-run Motor. It has fairly constant speed and moderately high
starting torque. Speed control is not possible. It is used for compressors, refrigerators and small
portable hoists.

12. Capaditor-gart-and-run Motor. Itsoperating characteristics are similar to the above motor
except that it has better power factor and higher efficiency. Hence, it isused for drivesrequiring quiet
operations.

44.11. Advantages of Electrical Braking Over Mechanical Braking

1. Inmechanical braking; dueto excessive wear on brake drum, liner etc. it needsfrequent and
costly replacement. Thisisnot needed in electrical braking and so electrical brakingismore
economical than mechanical braking.

2. Due to wear and tear of brake liner frequent adjustments are needed thereby making the
maintenance costly.

3. Mechanical braking produces metal dust, which can damage bearings. Electrical braking
has no such problems.

4. 1f mechanical brakesare not correctly adjusted it may result in shock loading of machine or
machine partsin case of lift, trains which may result in discomfort to the occupants.

5. Electrical braking is smooth.
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6. In mechanical braking the heat is produced at brake liner or brake drum, which may be a
source of failure of the brake. In electric braking the heat is produced at convenient place,
which in noway is harmful to abraking system.

7. In regenerative braking electrical energy can be returned back to the supply which is not
possiblein mechanical braking.

8. Noise produced isvery high in mechanical braking.

Only disadvantage in electrical braking isthat it isineffectivein applying holding torque.

44.12. Types of Electric Braking

There are three types of electric braking as applicable to electric motors in addition to eddy-
current braking. These have already been discussed briefly in Art. 44.7.

1. Plugging or reverse-current braking.

2. Rheostatic or dynamic braking.

3. Regenerativebraking.

In many cases, provision of an arrangement for stopping amotor and itsdriven load isasimpor-
tant as starting it. For example, a planing machine must be quickly stopped at the end of its strokein
order to achieve ahigh rate of production. In other cases, rapid stops are essentia for preventing any
danger to operator or damage to the product being manufactured. Similarly, in the case of lifts and
hoists, effective braking must be provided for their proper functioning.

44.13. Plugging Applied to D.C. Motors

Asdiscussed earlier in Art. 42.7, in this case, armature connections are reversed whereas field
winding connectionsremainsunchanged. With reversed armature connections, the motor develops
atorque in the opposite direction. When speed reduces to zero, motor will accelerate in the opposite
direction. Hence, the arrangement is made to disconnect the motor from the supply as soon as it
comesto rest. Fig. 44.3 shows running and reversed connections for shunt motorswhereas Fig. 44.4
shows similar conditions for series motors.

< O
+
v L EZR
[
> o
Fig. 44.3
I=1,=1I
<«
— 000000 ——-o +
Eb |4  /

Fig. 44.4
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Since with reversed connection, V and E, are in the same direction, voltage across the armature
isalmost doubleof itsnormal value. In order to avoid excessive current through the armature, additional
resistance R is connected in series with armature.

This method of braking iswasteful because in addition to wasting kinetic energy of the moving
parts, it draws additional energy from the supply during braking.

Braking Torque. The electric braking torqueis given by

TgO®l, = k@l Now, I,=(V +E)/R

0 T, = Klqn.V;Eb:qu:V”;me (- E, 00 N)
2
- Klanv ¥ k1k2§ N ok, o +k, N
Shunt Motor
Sinceinthe case, ® ispractically constant, Ty =k + kg N.
Series Motor
Ty = ko® + kN = kgl + kNI, o0l

Thevalue of braking torque can be found with the help of magnetisation curve of aseries motor.
Example44.2. A 40-kW, 440-V, d.c. shunt motor is braked by plugging. Calculate (i) the value
of resistance that must be placed in serieswith the armature circuit to limit theinitial braking current
to 150 A (ii) the braking torque and (iii) the torque when motor speed falls to 360 rpm.
Armature resistance R, = 0.1W full-load I, = 100 A, full-load speed = 600 rpm.
(Electric Drives & Util. Punjab Univ. : 1994)

Solution. Full-load E; = 440 - 100 x 0.1 =430 V

Voltage across the armature at the start of braking =V + E, =440+ 430=870V

(i) Sinceinitial braking currentislimited to 150 A, total armature circuit resistance requiredis
R = 870/150=58Q O R=R-R,=58-01=57Q

(i) Forashunt motor, T, O ® 1,01, O @ isconstant
Now initial braking torque _ initial braking current
' full-load toruge full-load current

Full-load torque = 40 x 103/ 211 (600/60) = 636.6 N-m
O initial braking torque = 636.6 x 150 / 100 = 955 N-m
(iii) The decreasein E, isdirectly proportional to the decrease in motor speed.

0 E, at 360 rpm = 430 x 360/600 = 258 V
|,at 360 rpm = (440 + 258)/5.8=120 A
Tgat360rpm = 636.6 x 120/100 = 764 N-m

44.14. Plugging of Induction Motors

This method of braking is applied to an induction motor by transposing any of itstwo line leads
as shown in Fig. 44.5. It reverses the direction of rotation of the synchronously-rotating magnetic
field which produces atorque in the reverse direction, thus applying braking on the motor. Hence, at
thefirstinstant after plugging, the rotor isrunning in adirection opposite to that of the stator field. It
means that speed of the rotor relative to the magnetic field is (N + N) 02N, as shownin Fig. 44.6.

In Fig 44.6. ordinate BC represents the braking torque at the instant of plugging. As seen, this
torque gradually increases as motor approaches standstill condition after which motor is disconnected
from the supply (otherwiseit will start up again in the reverse direction).
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Ascompared to squirrel cage motors, slip-ring motors are more suitable for plugging because, in
their case, externa resistance can be added to get the desired braking torque.

Example 44.3. A 30-kW, 400-V, 3-phase, 4-pole, 50-Hz induction motor has full-load slip of
5%. If the ratio of standstill reactance to resistance per motor phase is 4, estimate the plugging
torque at full speed. (Utilisation of Elect. Energy, Punjab Univ.)

Solution. N, = 120f/P =120 x 50/4 = 1500 rpm
Full-load speed, N, = N, (1-s) = 1500 ( 1 - 0.05) = 1425 rpm
_ 30x10°
Full-load torque, T, = m—ZOON-m
. REI T, SREIR+s X))
Since, TO =55 0U0== 5 3
R+s°X; T sRE/R +s X;)
SR *S X3) |5 1+5 (X/R)°
SR+ X5) 81+ (X/R)
s 1+16s° OX, 0O
= =, —= =4
S 1+165§E’§ ]
Slip, S =2-005=195

1.95 1+16x(0.05)°
- . - xT
005" 1+16(1.95)

1.04 _
=131 N-m.
6L x200=13 m

0 plugging torque, Tp f

= 39x

44.15. Rheostatic Braking

In this method of electric braking, motor is
disconnected from the supply though its field continues
to be energised in the same direction. The motor starts
working as a generator and al the kinetic energy of the
equipment to be braked is converted into el ectrical energy
andisfurther dissipated inthe variable external resistance
R connected across the motor during the braking period.
This external resistance must be less than the critical
resistance otherwise there will not be enough current for
generator excitation (Art. 44.3).

-Rheostat
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D.C. and synchronous motors can be braked thisway but induction motors require separate d.c.
source for field excitation.

This method has advantage over plugging because, in this case, no power is drawn from the
supply during braking.

44.16. Rheostatic Braking of D.C. Motors

Fig. 44.7 shows connections for a d.c. shunt motor. For applying rheostatic braking armature
is disconnected from the supply and connected to a variable external resistance R while the
field remains on the supply. The motor starts working as agenerator whose induced emf E,_ depends
upon its speed. At the start of braking, when speed is high, E, islarge, hence | islarge. As speed
decreases, E, decreases, hence |, decreases. Since T, O ® |, it will be high at high speeds but low
at low speeds. By gradually cutting out R, |, and, hence, T can be kept constant throughout. Value
ofI,=E (R+R).

L5 4

Motor Generator Motor Generator
Fig. 44.7 Fig. 44.8

Fig. 44.8 shows running and braking conditions for a d.c. series motor. In this case also, for
rheostatic braking, the armature is disconnected from the supply and, at the sametime, is connected
across R. However, connections are so made that current keepsflowing through the seriesfieldin the
same direction otherwise no braking torque would be produced. The motor startsworking asaseries
generator provided R islessthan the critical resistance.

44.17. Rheostatic Braking Torque
ToO®I,. Now, |, = E/(R+R)=E/Rt
SinceE, 0 ®N, 1,0 ®N/RO Ty 0 ®*N/R, =k,®*N
1. For D.C. shunt motors and synchronous motors, @ is constant. Hence
Ts = kN
2. Inthe case of series motors, flux depends on current. Hence, braking torque can be found
from its magnetisation curve.

When rheostatic braking is to be applied to the series motors used for traction work, they are
connected in parallel (Fig. 44.9) rather than in series because series connection produces excessive
voltage across the loading rheostats.

However, it is essential to achieve electrical stability in parallel operation of two series genera-
tors. It can be achieved either by equalizing the exciting currentsi.e. by connecting the two fieldsin
parallel [Fig. 44.9 (a)] or by cross-connection [Fig. 44.9 (b)] wherefield of one machineisexcited by
the armature current of the other. If equalizer isnot used, then the machine which happensto build up
first will send current through the other in the opposite direction thereby exciting it with reverse

voltage. Consequently, the two machineswould be short-circuited upon themsel ves and may burn out
on account of excessive voltage and, hence, current.
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Inthe cross-connection of Fig. 44.9 (b), supposethe voltage of machineNo. 1 isgrester than that
of No. 2. It would send alarger current through F, , thereby exciting it to ahigher voltage. Thisresults
in stability of their parallel operation because stronger machine always hel ps the weaker one.

R <<€¢—

(a) ®)
Fig. 44.9

The cross-connection method has one special advantage over equalizer-connection method. If
dueto any reason (say, arun-back on agradient) direction of rotation of the generatorsisreversed, no
braking effect would be produced with connections of Fig. 44.9 (a) since the machines will fail to
excite. However, with cross-excited fields, the machines will build up in series and being short-
circuited upon themselves, will provide an emergency braking and would not alow the coach/car to
run back on agradient.

44.18. Rheostatic Braking of Induction Motors

If an induction motor is disconnected from the supply for rheostatic braking, there would be no
magnetic flux and, hence, no generated emf in the rotor and no braking torque. However, if after
disconnection, direct current is passed through the stator, steady flux would be set up in the air-gap
which will induce current, in the short-circuited rotor. This current which is proportional to the rotor
speed, will produce the required braking torque whose value can be regulated by either controlling
d.c. excitation or varying the rotor resistance.

44.19. Regenerative Braking

In this method of braking, motor is not disconnected from the supply but is made to run as a
generator by utilizing the kinetic energy of the mov-
ing train. Electrical energy isfed back to the supply.
The magnetic drag produced on account of genera- ‘*:_ =y j
tor action offers the braking torque. It is the most
efficient method of braking. Takethe case of ashunt £
motor. It will run as agenerator whenever its E, be- -,,-
comes greater than V. Now, E, can exceed V intwo
ways:

1. byincreasingfield excitation

2. by increasing motor speed beyond its nor- DC Shunt Motor
mal value, field current remaining the same. It hap-
penswhen load on the motor has overhauling characteristics asin the lowering of the cage or ahoist
or the down-gradient movement of an electric train.

Regenerative braking can be easily applied to d.c. shunt motors though not down to very low
speeds becauseit is not possible to increase field current sufficiently.

In the case of d.c. series motors, reversal of current necessary to produce regeneration would
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causereversal of thefield and hence of E,. Consequently, modifications are necessary if regenerative
braking isto be employed with d.c. series motors used in electric traction.

It may, however, be clearly understood that regenerative braking cannot be used for stopping a
motor. Its main advantages are (i) reduced energy consumption particularly on main-line railways
having long gradients and mountain railways (ii) reduced wear of brake shoes and wheel tyres and
(iii) lower maintenance cost for these items.

44.20. Energy Saving in Regenerative Braking

Wewill now compute the amount of energy recuperated between any two pointson alevel track
during which regenerative braking is employed. The amount of energy thus recovered and then
returned to the supply lines depends on :

(i) initial and final velocities of the train during braking

(i) efficiency of the system and (i) train resistance.

Suppose regenerative braking is applied when train velocity isV, km/h and ceaseswhenitisV,
km/h. If M tonne is the effective mass of thetrain, then

[1000V,
M A (1000 M) x WH joules

[1000V, [f

2 3 1000 M o B 3600 H 3600

M
0.01072 M_V,? Wh = 0.01072 Vevf Whitonne

K.E. of thetrainat  V,

M
K.E.atV, = 0.01072 V‘?vz2 Whitonne

M
Hence, energy available for recovery is=0.01072 - (V> - V,?) Whitonne

If r N/t isthe specific resistance of the train, then total resistance = rM newton.
If d km isthe distance travelled during braking, then

energy spent = rM x (1000 d) joules=rMd O éggg Wh = 0.2778 rd Wh/tonne

Hence, net energy recuperated during regenerative braking is

M
= 001072 ¢ (V,>=V,?) - 0.2778 rd Whitonne

Gradient. If thereis a descending gradient of G per cent over the same distance of d km, then
downward forceis= 98 MG newton

Energy provided during braking
= 98 MG % (1000 d) joules =98 MG d (1000 / 3600) Wh = 27.25 Gd Wh/tonne
Hence, net energy recuperated in this caseis

@01072 Me V2 -v2) -027781d +2725 Gd% Whitonne

0.01072 Me (\/1 ~V7) +d (27.75G -0.2778 r) Whitonne

If n isthe system eff|C|ency, net energy returned to thelineis
(i) leve track

M O
=N %101072 Ve (V- V,) - 02778 rdH Whitonne
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(if) descending gradient
=N %}.01072% V- V7) +d (27.25G -0.2778 r)@ Whitonne

Example 44.4. A 500-t electric trains travels down a descending gradient of 1 in 80 for
90 seconds during which period its speed is reduced from 100 knvh to 60 km/h by regenerative
braking. Compute the energy returned to the lines of kWh if tractive resistance = 50 N/t; allowance
for rotational inertia = 10% ; overall efficiency of the system = 75 %.

Solution. HereG=1x100/80=1.25% MJ/M =11
) D/l+vzm><t _[100+600] 90
d=F 2 B"'"H 2 H" 360
Hence, energy returned to the supply line
0.75 [(0.01072 x 1.1 (1002 - 602) + 2 (27.25 x 1.25 - 0.2778 x 50)] Whit
0.75[75.5 + 2 (34 — 13.9)] = 86.77 Whit
86.77 x 500 Wh = 86.77 x 500 x 10" kWh = 43.4 kWh

Example44.5. A 350-t electric train hasits speed reduced by regenerative braking from 60 to
40 knmvh over a distance of 2 km along down gradient of 1.5%. Caculate (i) electrical energy and
(i) average power returned to the line. Assume specific train resistance = 50 N/t ; rotational inertia
effect = 10% ; conversion efficiency of the system = 75%. (Elect. Power, Bombay Univ.)

=2km

Solution . (i) Energy returned to thelineis
= 0.75[0.01072 x 1.1 (607 — 40%) + 2 (27.25 x 1.5 - 0.2778 x 50)] Wh/t
58.2 Whit =58.2 x 350 x 10> = 20.4 kWh
(60 + 40)/2 =50 km/h ; timetaken =2/50h = 1/25 h
20.4 kWh
1/25h

Example 44.6. If in Example 42.4, regenerative braking is applied in such a way that train
speed on down gradient remains constant at 60 knvh, what would be the power fed into the line?

(if) Average speed

O power returned = =510kw

Solution : Since no acceleration is involved, the down-gradient tractive effort which drives the
motors as generatorsis

F, = (98 MG — Mr) newton = (98 x 350 x 1.5 — 350 x 50) = 33,950 N
Power that can be recuperated is
= F,x (%) V = 02778 F, V wait = 0.2778 x 33,950 x 60 = 565,878 W

0.75, the power that is actually returned to thelineis
0.75 x 565,878 x 10> = 424.4 kW

Example44.7. Atrain weighing 500 tonne is going down a gradient of 20 in 1000. It isdesired
to maintain train speed at 40 knvh by regenerative braking. Calculate the power fed into the line.
Tractive resistance is 40 N/t and allow rotational intertia of 10% and efficiency of conversion of
75%. (Util. of Elect. Power, A.M.I.E. Sec. B.)

Solution. Down-gradient tractive effort which drives the motors as generatorsis

F, = (98 MG — Mr) = (98,000 x 500 x 2 — 500 x 40) = 78,000 N
Power that can be recuperated is= 0.2778 FV = 0.2778 x 78,000 x 40 = 866,736 W
Since n = 0.75, the power that is actually fed into thelinesis
= 0.75 x 866,736 x 107> = 650 kW.

Since n
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Example44.8. A 250-V d.c. shunt motor, taking an armature current of 150 A and running at

550r.p.m. is braked by reversing the connections to the armature and inserting additional resistance
in serieswith it. Calculate :

(a) thevalue of seriesresistance required to limit the initial current to 240 A.
(b) theinitial value of braking torque.
(c) thevalue of braking torque when the speed has fallen to 200 r.p.m.
The armature resistance is 0.09 Q. Neglect winding friction and iron losses.
(Traction and Util. of Elect. Power, Agra Univ.)
Solution. Induced emf at full-load, E, = 250 - 150 x 0.09 = 236.5 V
Voltage across the armature at braking instant =V + E, = 250 + 236.5 = 486.5 V
(a) Resistance required in the armature circuit to limit theinitial current to 240 A

_ 4865 _
= S =2027Q

Resistance to be added in the armature circuit = 2.027 — 0.09 = 1.937 Q
(b) F.L.Torque, T, =VI/211(N/60) = 250 x (550/60) = 650 N-m
initial braking current _ 650 x 240

Initial braking torque = T fuldoad cumrent — 180 - 1040 N-m
() When speed fallsto 200 r.p.m., back emf also fallsin the same proportion as the speed.
0 E, = E, x200/550 = 236.5 x 200.550 = 94.6 V

O current drawn = (250 + 94.6)/2.027 = 170 A
0 braking torque = 650 x 170/150= 737 N-m

Example44.9. A400V 3-ph squirrel cageinduction motor hasa full load slip of 4%. A stand-

till impedance of 1.540Q and thefull load current = 30A. The maximum starting current which may
be taken fromlineis 75A. What taping must be provided on an auto-transformer starter to limit the
current to this value and what would be the starting torque available in terms of full load torque ?

[Nagpur University, Winter 1994]
V2

Il
Solution. v, T 1,
or Vilp = Vi, = X
I, = 75A
v, = % =231V and I, = 1,X
V.
I, = 72X L =75A
le
= —=X
ly 1.54 T
L= X?%x231 v
1T 154 lz
_ X2%x231
0 5= e
0 2 = 75%x1.54 Fig. 44.10
To23
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T
_S — X2 %I_Sazxgip(ﬁ_)
Te Oe O
_ I 75
2 = 1= " o708 106 A
s, = 004  1,=106A I, =30A.
T, _ 2(106)2
0 —s = (0.700%|=2] x0.04
ToL 07097 { 39
O T, = 025 T,

Example44.10. A 220V, 10 H.P. shunt motor hasfield and armature resistances of 122W and
0.3W. respectively. Cal culate the resistance to be inserted in the armature circuit to reduce the speed
to 80% assuming motor 1 at full load to be 80%.

(a) When torqueisto remain constant.
(b) When torque is proportional to square of the speed. [Nagpur University, Winter 1994]
220 _

Solution. i = 112 =1.8 Amp. I I
Motor O/P = 10 x 746 = 7460 W « 1 «
f
O Motor I/P = %0 =9300 W
Linecurrent I, = 923—208 =42.2 Amp. Q 220V
O I, = 422-18=404A
0 B, = 220-404x0.3=208V
N2 EbZ .

Now Wl = Eb1 " (@ Isconstant Fig. 44.11

E, E,

08 = Ebz 008 508 O Ep,=1664V

(a) - Torque remains constant and @ is constant
0 1, at reduced speed will also remain same

O B, =V - l, R whereRistotal resistance
220-166.4
166.4 = 220-404xR 0O R= 200 =134Q
0 Additional resistancein armature circuit = 1.34-0.3=1.04Q
T, ON,f
® T C BN

TOI, dso TOp I,
TOI (- @ isconstant)

a

T
T = (087=064
1
! !
T ] %2
0 T =, 0064 5% 0O I, =253A
2
E, = 220 - 253xR
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166.4 = 220 -25.5936 xR
O R = 2.0943 Q

0 Additional resistance 2.0943-0.3=1.7943Q

Example44.11. A 37.5H.P., 220V D.C. shunt motor with a full load speed of 535 r.p.m. isto
be braked by plugging. Estimate the value of resistance which should be placed in series with it to
limit the initial braking current to 200 amps. What would be the initial value of the electric braking
torque and the value when the speed had fallen to half its full load value? Armature resistance of
motor is 0.086 2 and full load armature current is 140 amps.

Solution. E =V-IR,

Back e.m.f. of motor E =220 - 140 x 0.086 =220 - 12 =208 Volts.

Total voltageduring breking = E+V
= 220+ 208 =428V
R=Y
Resistance required = ;’—(2)3 =214Q

Thereisaready 0.086 Q present in aramature.
0 Resistancetobeadded = 2.14-0.086=2.0540Q

Torque L@ | or Torqued | (- @ isconstant for shunt motor)
Initial braking torque F.L.toruge
Initial braking current = E | current

Power = Torque X w
w = N ragsec.

60
375x746 = Tx 22
’ B 60
Full load torque = 499.33 Nw-m.
Initial braking torque = 499.33 % = 713.328 Nw-m.
— At half — speed back em.f. fallsto half its original value = 208/2 = 104 V
220+104 _
Current = 1 151 Amps.
. . 1 151
Electric braking torque at 5 speed = 499.33 x 140 - 538.56 Nw-m.

Example44.12. A 500 V series motor having armature and field resistances of 0.2 and 0.3 Q,
runs at 500 r.p.m. when taking 70 Amps. Assuming unsaturated field find out its speed when field
diverter of 0.684 Q isused for following load whose torque

(a) remains constant

(b) varies as square of speed.

Solution. When no diverter connected, B, = 500-70(0.2 + 0.3) =465V

(a) If 1, bethearmature current when diverter is used, then current flowing through
0.684

fleld = |f2:|azxm:0'695laz
L oad torque is constant
s g = 1o, @ (Coaly
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_ lag _ 70
l, (06991, 01= &

I —
. s @ 4, J0.695 +/0.695

O Field current lt, =0.695 I, =0.695x84=584A

. . o _ 0.3x0.684 _
Resistance of field with diverter = 0370684 =0.208 Q

Total field and armature resistance = 0.2 + 0.208 = 0.408 Q

B, = 500-84 (0.408) =465.8V
& _ _1x&
N, B, @
500 _ 465 [ 584 \._
N_2 = 265870 O Nz 600 r.p.m
Tl EINlDz..Lzlal(p‘L: Ial.lal
(0) 7, T BLE T T e T, <0891,
DN1D2 Ial.lal 0 NZL Ial — 70
0 Og 0 = 122 x 0695 NS
HN, la, x 0.695 2 1, /0895 I, 0695
& _ _1x&
N, = Eb2 @
70 465 06951,

I, V0695 = 500-1, (02)0208 70
2 aZ

2
Iy, +7.42 Iaz -9093 = 0

O la, = 9L7A " negative valueis absurd.
N _ 70 500 70
N_2 ~ 1, /0695 N, 91.7./0.695
2
O N, = 546 r.p.m.

Example 44.13. A 200 V series motor runs at 1000 r.p.m. and takes 20 Amps. Armature and
field resistanceis 0.4 W. Calculate the resistance to be inserted in series so as to reduce the speed
to 800 r.p.m., assuming torque to vary as cube of the speed and unsaturated field.

3

Solution. % = %%83:(%) :%

2 0N20

T, la, @ _ 20x 20 -
O T_2 = |a2<|)2 |a2x|a2 - @ Ul for series motor.

20°

% = 1 o le =143AMD

E, = 200-20x0.4=192V.

BN

Eb2 N, @
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192 1000, 20
B, = 800  14.3
B, = 10v; B =v-IR

110 = 200-143 xR ; RZEZBBQ

14.3
6.3-04 =590Q

Example44.14. A 220V, 500 r.p.m. D.C. shunt motor with an armature resistance of 0.08Q and
full load armature current of 150 Amp. isto be braked by plugging. Estimate the value of resistance
which isto be placed in series with the armature to limit initial braking current to 200 Amps. What
would be the speed at which the electric braking torque is 75% of itsinitial value.

Solution.  Back em.f.of motor = B, =V -1 R,

= 220-150% 0.08=208V
Voltage across armature when braking starts

= 220 + 208 = 428 V
Initial braking current to be limited to 200 A.

Additional resistance required

0 Resistancein armature circuit = g—gg =214Q

0 External resistancerequired = 2.14-0.08=2.06 Q

Sincefield Flux @isconstant therefore 75% torque will be produced when armature current is
75% of 200 Amp. i.e. 150Amp.

Let N, be the speed in r.p.m. at which 75% braking torque is produced. At this speed generated
em.f.inamature

SN 28 s0 g, = 2By
= N, B TN, 500 2
Voltage across armature when braking starts
_ 208
150x 214 = (220+%N2) Volts

O N, = 243 r.p.m.

Example44.15. AD.C. seriesmotor operating at 250V D.C. mainsand draws 25 A and runs
at1200rp.m R, = 01Q and R, = 03 Q.

Aresistance of 25 Q isplaced in parallel with the armature of motor. Determine:

(i) The speed of motor with the shunted armature connection, if the magnetic circuit remains
unsaturated and the load torque remains constant.

(if) No load speed of motor. [Nagpur University Winter 1995]
: N B, o
Solution. —2 = —2x*
N B @ Ty I, 030Q
, ! « /05500
Voltage across diverter = 250 - 0.3 1, 4
250-0.3l, la,
lay = 25
250-0.3
|a = |2 - Y2
2 25 25Q 250V
= 1012 1,-10
As Tisconstant O @, la = @, |5
2_
0 12=1,(1a,)

(25)°=1, (1.0121,-10) Fig. 44.12
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1.0121,°-10x1, - 625

0 U 1, =30.27A (neglecting negative value)

(25)° = (30.27) la, O 1a, =20.65A
By, = V-la (R, + Ry)=250-25(0.4) = 240 Volts
By =V -1,(Ry) ~ 15 (R) = 250-30.27(0.3) - 0.1(20.65) = 238.85 V.
N, B, @
N T & @
N,  23885_ 25 B
1200 - 240 ‘2027 D NF 96rpm.

(if) Seriesmotor on no load.

Series motor can't be started on no load. When flux is zero, motor triesto run at infinite speed,
which is not possible. So in the process, it tries to draw very high current from supply and fuse
blows-out.

Example 44.16. A 4 pole, 50Hz, slip ring Induction Motor has rotor resistance and stand still
reactance referred to stator of 0.2 Q and 1 Q per phase respectively. At full load, it runs at 1440
r.p.m. Determine the value of resistance to be inserted in rotor in ochnm/ph to operate at a speed of
1200r.p.m., if:

(i) Load torqueremains constant. (ii) Load torque varies as square of the speed.

Neglect rtator resistance and leakage reactance.

Solution. (i) Load torque constant

o T D% N, = 1500 rpm
S S
O T,0= T, O
TR 27 (R+1)
1500 - 1400 _ _1500-1240 _
S = ~1E0 —0.0452——1500 =0.2
S5__%5
As T =T, O RTR+r
004 _ 02
02 = 02+r
0 r =08Q
(i) Load torque varies as square of the speed.
T _ OND _a400f
2 = = =" =144
T, ~ HN,H " B2008
RS 0.2x0.04
T qme RFEX)T _ 02°+(004x1)’
T, (R,+r)s, (0.02+r) (0.2
(R, +1)? +(s, X,)?  (02+71)” +(0.2x1)°
Substituting R,+r =R
_ 0.1923
144 = 02R
R? +0.04
0 0.1923 R?-0.288 R +0.007652 =0
U] R = 147 and 0.0272, But R >02 0 R=147Q

O R =02+r; 147=02+r 0 r=127Q
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Tutorial Problem No. 44.1

The characteristics of a series traction motor at 525V are as follows :

current : 50 70 80 90 A
Speed : 338 26.9 251 237 km/h
Gross torque : 217 352 423 502 N-m

Determine the gross braking torque at a speed of 25.7 km/h when operating as self-excited series
generator and loaded with an external resistance of 6 Q. Resistance of motor = 0.5 Q.

[382.4 N-m] (London Univ.)
The characteristics of a series motor at 525 V are asfollows :

current 75 125 175 225 A

speed 1200 950 840 745 r.p.m.

Calculate the current when operating as a generator at 1000 r.p.m. and loaded on arheostat having a
resistance of 3.25 Q. The resistance of motor is3.5 Q. [150 A] (London Univ.)

A train weighing 400 tonne travels a distance of 10 km down a gradient of 2%, getting its speed
reduced from 40 to 20 km/h, the train resistance is = 50 N/t, allowance for rotational inertia= 10%
and overall efficiency = 72%. Estimate (i) power and (ii) energy returned to the line.
[(i) 363 kW (ii) 121 kWh] (Elect. Power, Bombay Univ.)
A 400-tonne train travels down a gradient of in 100 for 20 seconds during which period its speed is
reduced from 80 km/h to 50 km/h by regenerative braking. Find the energy returned to thelinesif the
tractiveresistanceis49 N/t and allowance for rotational inertiais 7.5%. Overall efficiency of motors
is 75%. [28.2 kWh] (A.M.I.E.)
A 400-tonne train travels down a gradient of 1 in 70 for 120 seconds during which period its speed
isreduced from 80 km/h to 50 km/h by regenerative braking. Find the energy returned to the lineif
tractiveresistanceis49 N/t and allowance for rotational inertiais 7.5%. Overall efficiency of motors
is 75%. [30.12 kWh] (AM.I.E.)
A train weighing 500 tonne is going down a gradient of 20 in 1000. It is desired to maintain train
speed at 40 km/h by regenerative braking. Calcul ate the power fed into theline. Tractiveresistanceis
40 N/t and allow rotational inertia of 10% and efficiency of conversion of 75%.
[650 kW] (Utilization of Elect. Power, AM.I.E.)
A 18.65 kW, 220-V D.C. shunt motor whith a full-load speed of 600 r.p.m. is to be braked by
plugging. Estimate the value of the resistance which should be placed in series with it to limit the
current to 130A. What would be theinitial value of the electric braking torque and val ue when speed
has fallen to half of its full-load vlaue ? Armature resistance of motor is 0.1 W. Full-load armature
currentis95 A. [3.211 Q, 400.5 N-m, 302.57 N-m] (Util of Elect. Power, A.M.|.E. Sec. B.)
A 400-tonne train travels down a gradient of 1 in 70 for 120 seconds during which period its speed
is reduced from 80 km/h to 50 km/h by regenerative braking. Find the energy returned to the linesif
tractive resistanceis 5 kg / tonne and allowance for rotational inertiais 7.5 %. Overall efficiency of

motor is 75%. [30.64%]
What are the advantages of Electrical Drive over other Drives? What are the mainfeatures of Group
Drive and an Individual Drive? (Nagpur University, Summer 2004)

What are the essential requirements of starting of any motor? With the help of neat diagram explain
‘open circuit transition” and ‘closed circuit transition” in Auto transformer starting of Induction

Motor. (Nagpur University, Summer 2004)
What is the principle of speed control of D.C. motors for, below the base speed and above the
base speed.Explain with neat N-T characteristics. (Nagpur University, Summer 2004)

A 400 V, 25 h.p., 450 rpm, D.C. shunt motor is braked by plugging when running on full load.
Determine the braking resistance necessary if the maximum braking current is not to exceed twice
the full load current. Determine also the maximum braking torque and the braking torque when
the motor is just reaching zero speed. The efficiency of the motor is 74.6% and the armature
resistance is 0.2 Q. (Nagpur University, Summer 2004)
Mention the Advantage of PLC over conventional motor control.

(Nagpur University, Summer 2004)
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Suggest the motors required for following Drives :-
(i) Rolling mills (ii) Marine drive (iii) Home appliances (iv) Pump
(v) Refrigeration and air-conditioning (vi) Lifts. (Nagpur University, Summer 2004)
Explain with neat block diagram the digital control of Electrical Drives.
(Nagpur University, Summer 2004)

Explain Series parallel control of traction motor. (Nagpur University, Summer 2004)
Write short Notes on Speed reversal by contactor and relay. (Nagpur University, Summer 2004)
Write short Notes on Ratings of contactors. (Nagpur University, Summer 2004)
Write short Notes on Magnetic time-delay relay. (Nagpur University, Summer 2004)
Discuss the advantages and disadvantages of electric drive over other drives.

(J.N. University, Hyderabad, November 2003)
Though a.c. is superior to d.c. for electric drives, sometimes d.c. is preferred. Give the reasons
and mention some of the applications. (J:N. University, Hyderabad, November 2003)
A d.c. series motor drives aload, the torque of which varies as the square of the speed. The motor
takes current of 30 amps, when the speed is 600 r.p.m. Determine the speed and current when
the field winding is shunted by a diverter, the resistance of which is 1.5 times that of the field
winding. The losses may be neglected. (J.N. University, Hyderabad, November 2003)
State the condition under which regenerative braking with d.c. services motor is possible and with
the aid of diagrams of connection, explain the various methods of providing regeneration.

(J.N. University, Hyderabad, November 2003)
Explain what you mean by “Individual drive” and *“Group drive’’. Discuss their relative merits
and demerits. (J:N. University, Hyderabad, November 2003)
A 500 V d.c. series motor runs at 500 r.p.m. and takes 60 amps. The resistances of the field and
the armature are 0.3 and 0.2 Ohms, respectively. Calculate the value of the resistance to be shunted
with the series field winding in order that the speed may be increased to 600 r.p.m., if the torque
were to remain constant. Saturation may be neglected.

(J.N. University, Hyderabad, November 2003)
A motor has the following duty cycle :
Load rising from 200 to 400 h.p. — 4 minutes
Uniform load 300 h.p. — 2 minutes
Regenerative braking h.p. Returned to supply from 50 to zero — 1 minute.
Remains idle for 1 minute.
Estimate the h.p. of the motor. (J:N. University, Hyderabad, November 2003)
What are various types of electric braking used?(J.N. University, Hyderabad, November 2003)
Explain how rheostatic braking is done in D.C. shunt motors and series motors.

(J.N. University, Hyderabad, November 2003)
Describe how plegging, rheostics braking and regenerative braking are employed with D.C. series
motor. (J:N. University, Hyderabad, November 2003)
Where is the use of Individual drive recommended and why?

(J.N. University, Hyderabad, November 2003)
The speed of a 15 h.p. (Metric) 400 V d.c. shunt motor is to be reduced by 25% by the use of
a controller. The field current is 2.5 amps and the armature resistance is 0.5 Ohm. Calculate the
resistance of the controller, if the torque remains constant and the efficiency is 82%.

(J.N. University, Hyderabad, November 2003)

Explain regenerative braking of electric motors. (J.N. University, Hyderabad, November 2003)
“If ahigh degree of speed control isrequired, d.c. is perferableto a.c. for an electric drive’ . Justify.
(J.N. University, Hyderabad, April 2003)

A 200 V shunt motor has an armature resistance of 0.5 ohm. It takes a current of 16 amps on full
load and runs at 600 r.p.m. If aresistance of 0.5 ohm is placed in the armature circuit, find the
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ratio of the stalling torque to the full load torque.  (J.N. University, Hyderabad, April 2003)
35. What are the requirements of good electric braking? (J.N. University, Hyderabad, April 2003)

36. Explain the method of rheostatic braking. (J.N. University, Hyderabad, April 2003;

Anna University, Chennai 2003)
37. Mean horizontal Candlepower (J.N. University, Hyderabad, April 2003)
38. Mean hemispherical Candlepower (J.N. University, Hyderabad, April 2003)
39. Luminous flux. (J.N. University, Hyderabad, April 2003)

40. Define : (i) Luminous intensity (ii) Point source (iii) Lumen and (iv) Uniform point source.
(J.N. University, Hyderabad, April 2003)
41. Prove that Luminous intensity of a point source is equal to the luminous flux per unit solid angle.
(J.N. University, Hyderabad, April 2003)
42. Discuss the various factors that govern the choice of a motor for a given service.
(J.N. University, Hyderabad, April 2003)
43. A 6 pole, 50 Hz dlip ring induction motor with a rotor resistance per phase of 0.2 ohm and a stand
still reactance of 1.0 ohm per phase runs at 960 r.p.m. at full load. Calculate the resistance to be
inserted in the rotor circuit to reduce the speed to 800 r.p.m., if the torque remains unaltered.
(J.N. University, Hyderabad, April 2003)
44. Compare the features of individual and group drives. (J.N. University, Hyderabad, April 2003)
45. What is an electric drive? Classify various types of electric drives and discuss their merits and
demerits. (J.N. University, Hyderabad, December 2002/January 2003)
46. Suggest, with reasons the electric drive used for the following applications. (i) Rolling mills (ii)
Textilemills (iii) Cement mills (iv) Paper mills (v) Coal mining (vi) Lift, Cranes, Lathes and pumps.
(J.N. University, Hyderabad, December 2002/January 2003)
47. A 100 hp, 500 rpm d.c. shunt motor is driving agrinding mill through gears. The moment of inertia
of the mill is 1265 kgm?. If the current taken by the motor must not exceed twice full load current
during starting, estimate the minimum time taken to run the mill upto full speed.
(J.N. University, Hyderabad, December 2002/January 2003)
48. Explain the different methods of electric braking of a 3 phase induction motor.
(J.N. University, Hyderabad, December 2002/January 2003)
49. A 50 hp, 400V, 750 rpm synchronous motor has amoment of inertia 20 kgm? and employs rheostatic
braking for obtaining rapid stopping in case of emergency when the motor is running at full load,
star connected braking resistor of 2 ohm per phase is switched on. Determine the time taken and
the number of revolutions made before the motor is stopped. Assume as efficiency of 90% and
a full load power factor of 0.95. (J.N. University, Hyderabad, December 2002/January 2003)
50. Explain regenerative braking of induction motor.
(J.N. University, Hyderabad, December 2002/January 2003)
51. What is dynamic braking? (Anna University, Chenni, Summer 2003)
52. What is regenerative braking? (Anna University, Chenni, Summer 2003)
53. What are braking systems applicable to a DC shunt motor?
(Anna University, Chenni, Summer 2003)
54. What for Series motor Regenerative Braking is not suited?
(Anna University, Chenni, Summer 2003)
55. What are the important stages in controlling an electrical drive.
(Anna University, Chenni, Summer 2003)
56. Explain rheostatic braking of D.C. motors. (Anna University, Chennai 2003)

OBJECTIVE TESTS — 44

1. A steed mill requires a motor having high (c) d.c. series motor
starting torque, wide speed range and precise (d) slip-ring induction motor.
speed control. Which one of the following 2. Heavy-duty steel-works cranes which have
motors will you choose ? wide load variations are equipped with
(® dc.suntmotor motor.

(b) synchronous motor (a) double squirrel-cage
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(b) d.c. series

(c) dlip-ring induction

(d) cumulative compound.

A reciprocating pump which is required to

start under load will need ......... motor.

(@) repulsion

(b) squirrel-cage induction

(c) synchronous

(d) double squirrel-cage induction.

Motors used in wood-working industry have

................. enclosure.

(a) screen protected (b) drip proof

(o) TEFC d) TE

Single-phase synchronous motors are used in

teleprinters, clocks and al kinds of timing

devices becasue of their

(@) low starting torque

(b) high power factor

(c) constant speed

(d) over-load capacity.

Which motor isgenerally used in rolling mills,

paper and cement industries ?

(@) d.c. shunt motor

(b) double squirrel-cage motor

(¢) dlip-ring induction motor

(d) three-phase synchronous motor

Direct drive is used for power transmission

only when

(a) negligibleslipisrequired

(b) large amount of power isinvlioved

(c) speed of the driven machine equals the
motor speed

(d) high-speed motor is to drive a low-speed
machine.

Which type of enclosure will be most suitable

for motorsemployed in atmospheres containing

inflammable gases and vapours ?

(a) pipe-ventilated

(b) totally enclosed, fan-cool

(c) flame proof

(d) screen-protected.

While plugging d.c. motors, .................

connections are reversed

(a) supply

(b) armature

(o) fied

(d) both armature and field

During rheostatic braking of a d.c., motor,

(a) itsfield isdisconnected from the supply

(b) itsarmatureisreverse-connected

(c) itworksasad.c. generator

1.

12.

13.

14.

15.

16.

17.

18.

(d) direction of itsfield current is reversed.

Rheostatic braking may be applied to an

induction motor provided

(a) separate d.c. source for field excitation is
available

(b) itisasquirrel cagetype

(o) itisdlip-ringtype

(d) variable external resistanceis available

During regenerative braking of electric motors,

they are

(a) disconnected from the supply

(b) reverse-connected to the supply

(c) madeto run as generators

(d) madeto stop.

Regenerative braking

(a) can be used for stopping a motor

(b) cannot be easily applied to d.c. series
motors

(c) canbeeasily applied to d.c. shunt motors

(d) cannot be used wen motor load has over-
hauling characteristics

Net energy saved during regenerative braking

of an electric train

(a) increases with increase in specific
resistance

(b) ishigh with high down gradient

(c) decreaseswith reductionintrain speed due
to braking

(d) isindependent of the train weight.

The selection of an electric motor for any

application depends on which of the following

factors?

(a) Electrical characteristics

(b) Mechanical characteristics

(c) Sizeand reating of motors

(d) cost

(e) All of teh above

For a particular application the type of electric

and control gear are determined by which of

the following considerations?

(a) Starting torque

(b) Conditions of environment

(c) Limitation on starting current

(d) Speed control range and its nature

(e) all of the above

Which of the following motorsis preferred for

traction work?

(@) Universal motor

(b) D.C. series motor

(c) Synchronous motor

(d) three-phase induction motor

Which of the following motors always starts
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on load?

(@) Conveyor motor (b) Floor mill motor
(c) Fan motor (d) All of the above
....... is preferred for automatic drives.

(@) Squirrel cage induction motor

(b) Synchronous motors

() Ward-Leonard controlled D.C. motors
(d) Any of the above

When the load is above ........ a synchronous
motor is found to be more economical.

(@ 2kw (b) 20kwW

(c) 50kw (d) 100 kw

The load cycle for a motor driving a power
press will be .......

(@) variableload

(b) continuous

(c) continuous but periodical

(d) intermittent and variable load

Light duty cranes are used in which of the
following?

(@) Power houses

(b) Pumping station

(c) Automobile workshops

(d) 4l of the above

While selecting an electric motor for a floor
mill, which electrical characteristicswill be of
least significance?

(@) Running characteristics

(b) Starting charasteristics

(c) Efficiency

(d) Braking

Which of the following motors are preferred
for overhead travelling cranes?

(@) Slow speed motors

(b) Continuous duty motors

(c) Short time rated motors

(d) None of the above

....... is preferred for synthetic fibre mills.
(@) Synchronous motor

(b) Reluctance motor

(c) Series motor

(d) Shunt motor

Ward-Leonard controlled D.C. drives are
generaly used for ....... excavators.

(a) Light duty (b) Medium duty

() Heavy duty (d) All of the above
Which of the following motors is used for
elevators?

(@) Induction motor

(b) Synchronous motor

(c) Capacitor start single phase motor

28.

29.

30.

31

32.

33.

35.

36.

37.

1791

(d) Any of theabove

Which part of amotor needs maximum attention
for maintenance?

(@) Frame (b) Bearing

() Stator winding (d) Rotor winding
....... need frequent starting and stopping of
electric motors.

(a) Paper mills

(b) Grinding mills

(c) Air-conditioners

(d) Liftsand hoists

Which feature, while selecting a motor for
centrifugal pump, will be of least significance?
(a) Starting characteristics

(b) Operating speed

(c) Horse power

(d) Speed control

...... motor is a constant speed motor.

(@) Synchronous motor

(b) Schrage motor

(¢) Induction motor

(d) Universal motor

Thestarting torqueiscase of centrifugal pumps
is generaly

(a) lessthan running torque

(b) same as running torque

(c) dlightly more than running torque

(d) double the running torque

Which of the following motors are best for the
rolling mills?

(@) Single phase motors

(b) Squirrel cage induction motors

(c) Slipring induction motors

(d) D.C. motors

....... is not a part of ball bearing?

(8 Innerrace (b) Outer race

(c) Cage (d) Bush

The starting torque of a D.C. motor is
independent of which of the following?

(a8 Flux

(b) Armature current

(c) Flux and armature current

(d) Speed

Rotor of a motor is usually supported on .......
bearings.

(@) bal orroller (b) needle

(¢) bush (d) thrust

For which of the following applications D.C.
motors are still preferred?

(@) High efficiency operation

(b) Reversibility
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(c) Variable speed drive

(d) High starting torque

In apaper mill where constant speedisrequired
(@) synchronous motors are preferred

(b) A.C. motorsare preferred

(c) individual driveis preferred

(d) group driveis preferred

A reluctance motor ......

(a) isprovided with slip rings

(b) requires starting gear

(c) has high cost

(d) iscompact

The size of an excavator is usually expressed
in terms of

(a) ‘crowd motion (b) angleof swing

(c) cubic metres (d) travel in metres
For blowers which of the following motorsin
preferred?

(@) d.C. series motor

(b) D.C. shunt motor

(c) Squirrel cage induction motor

(d) Wound rotor induction motor

Belted slip ring induction motor is almost
invariably used for

(@) water pumps

(b) jaw crushers

(c) centrifugal blowers

(d) none of the above

Which of the following is essentially needed
while selecting a motor?

(@) Pulley (b) Starter

(¢) Foundation pedal (d) Bearings
Reluctance motor is a ........

(a) variable torque motor

(b) low torque variable speed motor

(c) self starting type synchronous motor

(d) low noise, slow speed motor

....... method of starting athree phaseinduction
motor needs six terminals.

(@) Star-delta

(b) Resistance starting

(c) Auto-transformer

(d) None of the above

In.... method of starting three phaseinduction
motors the starting voltage is not reduced.
(a) auto-transformer

(b) star-delta

(¢) dlipring

(d) any of the above

Injaw crushersamotor hasto often start against
...... load.

48.
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(@) heavy (b) medium

(c) normal (d) low

For a motor-generator set which of the
following motors will be preferred?

(@) Synchronous motor

(b) Slip ring induction motor

(c) Pole changing induction motor

(d) Squirrel cage induction motor

Which of the following motors is usually
preferred for kiln drives?

(a) Cascade controlled A.C. motor

(b) dlip ring induction motor

(c) three phase shunt would commutator motor
(d) Any of the above

Heat control switches are used in ........

(@) transformers

(b) cooling ranges

(c) three phase induction motors

(d) single phase

........ hasrelatively wider range of speed control
(@) Synchronous motor

(b) Ship ring induction motor

(c) Squirrel cage induction motor

(d) D.C. shunt motor

In squirrel cage induction motors which of the
following methods of starting cannot be used?
(@) Resistancein rotor circuit

(b) Resistancein stator circuit

(c) Auto-transformer starting

(d) Star-deltastarting

Inwhich of the following applications the load
on motor changes in cyclic order?

(a) Electric shovels

(b) Cranes

(¢) Ralling mills

(d) All of the above

Flame proof motors are used in

(a) paper mills

(b) steel mills

(c) moist atmospheres

(d) explosive atmospheres

Which of the following machines has heavy
fluctuation of load?

(a) Printing machine

(b) Punching machine

(c) Planer

(d) Lathe

For derriesand wincheswhich of thefollowing
drives can be used?

(@) Pole changing squirrel cage motors

(b) D.C. motors with Ward-leonard control
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() A.C. slip ring motors with variable
resistance

(d) Any of the above

Battery operated scooter for braking uses

(a) plugging

(b) mechanical braking

(c) regenerative braking

(d) rheostatic braking

....... has least range of speed control.

(&) Slip ring induction motor

(b) Synchronous motor

() D.C. shunt motor

(d) Schrage motor

....... has the least value of starting torque to

full load torque ratio.

(a) D.C. shunt motor

(b) D.C. series motor

(¢) Squirrel cage induction motor

(d) Slip ring induction motor

Incaseof ....... speed control by injectinge.m.f.

in the rotor circuit is possible.

(@) d.c. shunt motor

(b) schrage motor

(c) synchronous motor

(d) dlip ring induction motor

A pony motor is used for the starting which

of the following motors?

(@) Squirel cage induction motor

(b) Schrage motor

(c) Synchronous motor

(d) None of the above

In ... the speed can be varied by changing

the position of brushes.

(a) dlip ring motor

(b) schrage motor

(c) induction motor

(d) repulsion motor

Inwhich of thefollowing applicationsvariable

speed operation is preferred?

(@) Exhaust fan

(b) Ceiling fan

(c) Refrigerator

(d) Water pump

Heavy duty cranes are used in

(a) orehandling plants

(b) steel plants

(¢) heavy engineering workshops

(d) dl of the above

the travelling speed of cranes varies from

(@) 20to30m/s

(b) 10to15m/s
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(c) 5to10m/s

(d) 1to25m/s

Besides a constant speed a synchronous rotor
possesses which of the following advantages?
(@) Lower cost

(b) Batter efficiency

(c) High power factor

(d) All of the above

By the use of which of the following D.C. can
be obtained from A.C.?

(a) Silicon diodes

(b) Mercury arerectifier

(c) Motor generator set

(d) any of the above

Which of the following motors is preferred
when quick speed reversal is the main
consideration?

(@) Squirrel cage induction motor

(b) Wound rotor induction motor

(c) Synchronous motor

(d) D.C. motor

Which of the following motors is preferred
when smooth and precise speed control over
a wide range is desired?

(a) D.C. motor

(b) Squirrel cage induction motor

() Wound rotor induction motor

(d) Synchronous motor

For cranetravel which of thefollowing motors
is normally used?

(@) Synchronous motor

(b) D.C. differentially compound motor

(c) Ward-Leonard controlled D.C. shunt motor
(d) A.C. dlip ring motor

The capacity of a crane is expressed in terms
of

(@) typeof drive

(b) span

(c) tonnes

(d) any of the above

the characteristics of drive for crane hoisting
and lowering are which of the following?
(@) Precise control

(b) Smooth movement

(c) Fast speed control

(d) All of the above

Which of the following motorsis preferred for
boom hoist of a travelling crane?

(@) Single phase motor

(b) Synchronous motor

() A.C.dlipring motor
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74.

75.

76.

77.

78.

79.
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(d) Ward-Leonard controlled D.C. shunt
motor

A wound rotor induction motor is preferred,

as compared to squirrel cage induction motor,

when magjor consideration is

(a) slop speed operation

(b) high starting torque

(¢) low windage losses

(d) 4l of the above

Which of the following motors has series

characteristics?

(@) Shadel pole motor

(b) Repulsion motor

(c) Capacitor start motor

(d) None of the above

80.

81.

Which of the following happens when star-

delta starter is used? a2.
(a) Starting voltageis reduced

(b) Starting current is reduced

(c) Both (a) and (b)

(d) None of the above

For aD.C. shunt motor which of the following

is incorrect? 83.
(a) Unsuitable for heavy duty starting

(b) Torque varies as armature current

(c) Torque-armature current is a straight line

(d) Torqueiszero for zero armature current

For which of the following applications motor

has to start with high acceleration?

(@) Qil expeller

(b) Floor mill

(c) Liftsand hoists

(d) centrifugal pump 84.
Which of the following types of motor
enclosure is safest?

(a) totaly enclosed

(b) Totally enclosed fan cooled

ANSWERS

1. (¢ 2 (b) 3. (d 4. () 5 (o) 6. (d
11. (@ 12. (¢) 13. (¢) 14. (b) 15 (e) 16. (e
21. (d) 22. (d) 23. (d) 24. () 25. (b) 26. (¢)
31. (@) 32. (@) 33. (d) 34. (d) 35 (d) 36. (a)
41. (c) 42. (b) 43. (b) 44. (c) 45. (a) 46. (¢
51. (d) 52. (a) 53. (d) 54. (d) 55. (b) 56. (d)
61. (c) 62. (b) 63. (b) 64. (d) 65. (d) 66. (¢
71. (¢) 72. (d) 73. (¢) 74. (b) 75. (b) 76. (¢)
8l. () 82. (a) 83. (a) 84. (d)

(c) Opentype

(d) Semi closed

While selecting motor for an air conditioner
which of the following characteristics is of
great importance?

(@) Type of bearings

(b) Type of enclosure

(c) Noise

(d) Arrangement for power transmission

(e) None of the above

The diameter of the rotor shaft for an electric
motor depends on which of the following?
(& r.p.m.only

(b) Horse power only

(c) Horse power and r.p.m.

(d) Horse power, r.p.m. and power factor
Which of the following alternatives will be
cheaper?

(@) A 100 H.P. A.C. three phase motor

(b) Four motors of 25 H.P. each

(c) Five motorsof 20 H.P. each

(d) Ten motors of 10 H.P. each

The cost of an induction motor will increase
as

@)
(b)
(©
(d)

horsepower rating increases but r.p.m.
decreases

horsepower rating decreases but r.p.m.
incresses

horsepower rating and operating speed
incresses

horsepower rating and operating speed
decreases

in seriesmotor which of the following methods
can be used for changing the flux per pole?
(a) Tapped field control

(b) Diverter field control

(c) Series-paralel control

(d) Any of the above

7. (¢ 8.
17. (b) 18.
27. (a) 28.
37. (9 38
47. (a) 48.
57. (b) 58.
67. (d) 68.
77. (8 78.

(0 o
(d) 19
(b) 29.
(0 39
(&) 49.
(b) 59.
(o 69.
(o 79

10.
20.
30.
40.
50.
60.
70.
80.

(b)
(©
(d)
(d)
(d)
(©
€Y
(b)

(©
(d)
(d)
©
(b)
(d)
(d)
(©

Q To FIRST
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45.1. Size and Rating

Thefactorswhich govern the size and rating of motor for any particular service areits maximum
temperature rise under given load conditions and the maximum torque required. It is found that a
motor which is satisfactory from the point of view of maximum temperature rise usually satisfiesthe
requirement of maximum torque aswell. For class-A insulation, maximum permissible temperature
riseis40°C whereasfor class—B insulation, it is50°C. Thistemperature rise depends on whether the
motor hasto run continuously, intermittently or on variable load.

Different ratings for electrical motors are as under:

1. Continuous Rating. It is based on the maximum load which a motor can deliver for an
indefinite period without itstemperature exceeding the specified limits and al so possesing the ability
to take 25% overload for a period of time not exceeding two hours under the same conditions.

For example, if a motor is rated continuous 10 KW, it means that it is capable of giving an
output of 10 KW continuously for an indefinite period of time and 12.5 KW for a period of two
hours without its temperature exceeding the specified limits.

2. Continuous Maximum Rating. Itistheload capacity as given above but without overload
capacity. Hence, these motors are alittle bit inferior to the continuous-rated motors.

3. Intermittent Rating. It is based on the output which a motor can deliver for a specified
period, say one hour or %2 hour or ¥ hour without exceeding the temperature rise.

This rating indicates the maximum load of the motor for the specified time followed by a no-
load period during which the machine cools down to its original temperature.

45.2. Estimation of Motor Rating

Since primary limitation for the operation of an electric motor is its temperature rise, hence
motor rating is cal culated on the basis of its average temperature rise. The average temperature rise
depends on the average heating which itself is proportional to the square of the current and the time
for which the load persists.

For example, if amotor carriesaload L, for timet, and load L, for time t, and so on, then

Averageheating O L7t + L3ty + ... + L2t,

Infact, heating is proportional to square of the current but since load can be expressed in terms
of the current drawn, the proportionality can be taken for load instead of the current.

Lt + Loty + . + L2t
f§ + b+ ot

O size of the motor = \/

Generally, load on amotor isexpressed by itsload cycle. Usualy, there are periods of no-load
inthe cycle. When motor runson no-load, heat generated issmall although heat dissi pation continues
at the same rate as long as the machine is running. Hence, there is a difference in the heating of a
motor running at no-load and when at rest. It iscommonly followed practice in Americato consider
the period at rest as one—third while cal cul ating the size of motor. It resultsin giving ahigher motor
rating which is advantageous and safe.

Example45.1 An electric motor operatesat full-load of 100 KW for 10 minutes, at % full |oad
for the next 10 minutes and at ¥2load for next 20 minutes, no-load for the next 20 minutes and this
cycle repeats continuously. Find the continuous rating of the suitable motor.

Solution.

100? x10+ 757 x10 +50° x20 +0 x20
10+10+20+20

Size of the motor required :\/

= 61 KW
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According to American practice, we will consider the period of rest as (20/3) minutes. In that
case, the motors sizeis

_[100? x10+75% x10 +50% x20 +0 x20
10+10+20+(20/3)

= 66 KW
Example45.2. An electric motor hasto be selected for aload which rises uniformly from zero
to 200 KWin 10 minutes after which it remains constant at 200 KW for the next 10 minutes, foll owed
by a no-load period of 15 minutes before the cycle repeats itself. Estimate a suitable size of
continuously rated motor.

Solution.

" ~_ |(200/2)?x10+(200)% x10 +0 x15
otor size 10+10+(15x1/3)

= 140 KW
According to American practice, no-load has been taken as one third.

Example 45.3. A certain motor has to perform the following duty cycle:
100 KW for 10 minutes No-load for 5 minutes
50 KW for 8 minutes No-load for 4 minutes
The duty cycle is repeated indefinitely. Draw the curve for the load cycle. Assuming that the
heating is proportional to the sguare of the load, determine suitable size of a continuously-rated
motor. [Utilisation of Electric Power A.M.l1.E.]

Solution.
Asexplained above, heatingis prorortional to
the square of the current and hence, to the square of

KW
A

the load.
g : : O size of the continuously-rated motor
75 100” x10+50° x8

: : 10+5+8 +4
50 = 66,67 kW

Hence, the motor of 70 KW would be
: : adequate. The curve of the load cycle is shown in
25 : : Fig. 45.1
; : The ultimate usefulness of the abovefactorsis
to select a motor of as small a size as possible
compatible with temperature rise and to ensure that
the motor has ample overload torque to cater for
Fig. 45.1 maximum-load conditions. Obviously, over-motoring
of any industrial drivewill result in awaste of electrical energy, alow power factor and unnecessarily
high capital cost for the motor and control gear.

v

0

10 20 30 40
—— Time (Minutes)

45.3. Different Types of Industrial Loads

The three different types of industrial 1oads under which electric motors are required to work
are as under:

(i) continuousload (ii) intermittent load and (iii) variable or fluctuating load.

The size of the motor depends on two factors. Firstly, on the temperature rise which, in turn,
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will depend on whether the motor is to operate on
continuous, intermittent or variableload. Secondly,
it will depend on the maximum torque to be
developed by the motor. Keeping in mind the load
torque requirements, the rating of the motor will be
decided by the load conditions as described bel ow.

(i) Continuous Load. In such cases, the
calculation of motor sizeissimpler becausetheloads
like pumps and fans require a constant power input
to keep them operating. However, it is essential to
calculate the KW rating of the motor correctly. If
the KW rating of the motor is less than what is
required, the motor will overheat and consequently
burn out. If, on the other hand, KW rating is more
than what is needed by the load, the motor will
remain cool but will operate at lower efficiency and
power.

(i) Intermittent Loads. Such loads can be
of thefollowing two types:

(@) In this type of load, motor isloaded for a

short time and then shut of for a sufficient by long st N

time, allowing the motor to cool down to room
temperature as shown in Fig. 45.2. In such cases, a
motor with ashort timerating isused asin akitchen
mixie.

Load

Elect Loss

Temperature

Fig. 45.2

Torque motors are designed to provide maximum
torque at locked rotor or near stalled conditions.
Their applications are in servo and positioning sys-
tems, tension reels, automatic door openers, and
filament winding equipment.

Load

Elect Loss

Temperature

Fig. 45.3


dtp9


Rating and Service Capacity 1799

(b) Inthistype of load, motor isloaded for ashort time and then it is shut off for ashort time.
The shut off timeis so short that the motor cannot cool down to the room temperature as shown in
Fig.45.3. In such cases, a suitable continuous or short-time rated motor is chosen which, when
operating on agiven load cycle, will not exceed the specified temperature limit.

(iii) Variable L oads. In the case of such loads, the most accurate method of selecting a suitable
motor isto draw the heating and cooling curves as per the load fluctuations for a number of motors.
The smallest size motor which does not exceed the permitted temperature rise when operating on the
particular load cycle should be chosen for the purpose.

However, asimpler but sufficiently accurate method of selection of asuitablerating of amotor
isto assumethat heating is proportional to the square of the current and hence the square of theload.
The suitable continuous rating of the motor would equal the r.m.s. value of the load current.

Example45.4. A motor has to perform the following duty cycle

100 H.P. For 10 min

No Load ! 5min

60 H.P. § 8min

No Load ! 4min

which isrepeated infinitely. Determine the suitable size of continuously rated motor.
Solution.

100 F----
80 : |
. :
T 60- E I
H.P L
40— | [
. :
20 | !
0 1
. I

10 20 30 40 50
—> time

Fig. 45.4

0 1 0 5
= HPdt
RM.S.H.P \/%Timefor onecyclq%.r

1

O zHPZXtime 2

RM.S. HP = &= 0
Eﬂ mefor onecycl eE

100? x10+50? x8
= =69.07 H.P

10+5+8 +4
=~ 75 H.P. motor can be used.
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Example 45.5. A motor working in a coal mine has to exert power starting from zero and
rising uniformly to 100 H.P. in 5 min after which it works at a constant rate of 50 H.P. for 10 min.
Then, ano load period of 3 min. The cycle is repeated indefinitely, estimate suitable size of motor.

Solution.
(a) For time period : 0 - 5 min

[Nagpur University Summer 2000]

= y=nmx +c 100 i
II
(100-0) 1 o
Slope= s o
I [ |
m = 20 HP/min S0EE ! :
y=20Xx+0 25 - , |
y=20x i :
1 1

(b) For total time period : 0 - 18 min L

5 1015 20 25 30 35 40

RM.S. HP? — > time

.. H.P2x18=

5
=ﬂf y2 dx} + 502><10+02><3}/18
0

Fig. 45.5

5 3 5
= H.P.les{ f (20 x)%lx}r 25000:{400’( } +25000
0 0
4OO><125+ 25000
@z%.ﬂH.R: 50 H.P. motor can used
Same problem can be solved by Simpson's 1/3 Rule of Integration
L1007 x5+502 x10
H.P. =43
18
H.P = 4811 HP; H.P. ~ 50 H.P.
Example 45.6. A motor has following duty cycle
Load rising from 200 to 400 H.P. - 4 min.
Uniform load 300 H. P. - 2 min.
Regenerative braking - H.P. returned to
supply from 50 to zero - 1 min.
Remaining idle for - 1 min.

Estimate suitable H. P. rating of the motor. motor can be used.
[Nagpur University Winter 1994]
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400

H.P 200_

4 7 8 t —»
6
Fig. 45.6
Solution.
}(H12+H1H2+H22)t1+H2t2+}H§t3
H. P = 4|3 °*° 3

8

%(2002 +200x400 +400?) x4 +300% X2 % 50% 4

8

1662500
24
Note. During regenerative braking, even though H.P. is returned to line, machine will be carrying
current. Sofar heating isconcerned, it isimmaterial whether machineistaking current from or giving current
to line.
This problem can be solved by another method as follows:-
(a) Fortimeperiod: 0-4min
4 4
R J'(50x+200)2 dx:J'(250x2 +20000 x +40000) dx
0 0

=263H.P

4 4

BY Ox3]
=2500F— + 20000[— + 40000x
030, 020,
430 0440
=2500F— + 200000—f + 40000 x4 =373333.3 H.P.
030 020
(b) For time period : 4 - 6 min
~ (300)? x 2= 180000 H.P.
(©) For time period : 6 - 7 min
- [0 2 dx = 250020 =20 _g33331p
035, 3
0
0 RMS HP = \/373333.33 + 120000 +83333_ 01,

(]

300 H.P. motor will be suitable
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Example 45.7. The load cycle of a motor for 15 min. in driving some equipment is as
follows:

0 - 5min - 30H.P.
5- 9 min - No Load
9 - 12min - 45 H. P.
12 - 15min - No Load
The load cycle is repeated indefinitely. Suggest a suitable size of continuously rated motor.
Solution.
1
[B0?x 5 + 452 x3[2
RM.S. HP = {]
O 15 O
= 26.55 H.P

O RM.S. H.P =~ 30 H.P. motor will be suitable.
Example 45.8. A motor driving a colliery winder has the following acceleration period

load cycle 0- 15 sec. : Load rising uniformly from O - 1000 H.P.
Full speed period : 15 - 85 sec. Load const. at 600 H.P.
Decceleration period : 85 to 95 sec. regenerative braking the H. P.
returned uniformly from200to O H. P.
95 - 120 sec. : Motor stationary.
Estimate the size of continuously rated motor.
Solution.
1
%(1000)2 x 15 + 6007 x70 +§(200)2 10
RM.S H.P = 0 120 %
B E

502 H. P,
0 505 H.P. motor can be used.

45.4. Heating of Motor or Temperature Rise

Theriseintemperature of amotor resultsfrom the heat generated by thelossesand an expression
for this temperature rise is obtained by equating the rate at which heat is being generated by these
losses to the rate at which heat is being absorbed by the motor for raising the temperature of motor
and in dissipation from the surfaces exposed to cooling media.

So long as the temperature of machine rises, the generated heat will be stored in body and the
rest will be dissipated to cooling medium depending upon the temperature difference. Thisiscalled
as unstable or transient situation.

If the temperature of body rises, it has to store heat. The amount of heat i.e. stored depends
upon the heat capacity of the body. If the temperature of the machine remains constanti.e. it doesn’t
rise, then no further storage of heat takes place and all the heat i.e. generated must be dissipated. So
rate of heat generation in motor equals rate of heat dissipation from the cooling surface. Thisis
called a stable situation.

45.5. Equation for Heating of Motor

Let,
w Heat generated in motor due to powerlossin watts.
G - Weight of motor (kg)
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S - Average specific heat in (Watt - Sec.) to raise the temperature of unit weight
through 1°C.
GxS - Heat required to raise the temperature of motor through 1°C (Watt - Sec.)
- Temperature rise above cooling mediumin °C.
- Final temperaturerisein °C.
Cooling surface area of motor.
- Rate of heat dissipation from the cooling surface.
[(Watts/Unit area/°C rise in temperature.) above cooling medium]
AN o Rate of heat dissipation in Watts /°C rise in temperature for a motor.

> > Do
l

Assumptions

1. Loss‘W’ remains constant during temperaturerise.
2. Heat dissipation is proportional to the temperature difference between motor and cooling
medium.
3. Temperature of cooling medium remains constant.
{Rate of heat generation in motor}
= {Rate of heat absorption by the motor} + {Rate of heat dissipation from cooling surface}

- W= GS(:j—6+AA6
or W—AAG = GS(:j—e
W _,.Gsdo
AA A dt
do__dt
OW _ g GS
Hax 0 A
By integrating,
ow O M
IOge BM_ 6 :_G—St +C (2)

At t=0, ©=6, [Initiad temperaturerisei.e. difference between thetemperature of cooling
medium and temperature of motor, during starting]

If starting from cold position, 8, = 0

Substituting the values of t and 6 in above equation.

CZIOQE%_G@

aow 6

DF ED M
-6,

% 1E§

Oow

S -y

by taking antilog, D\N—_e

a0

0 @0 loge Bt =



1804  Electrical Technology

AA
W oW 0 —cat
O & XA-' BKA' HIHG G (3)

When, thefinal temperaturerise of 8, isreached, all the heat generated is dissipated from the
cooling surface so that,

W
equation (1) becomes W =AM 6 or B¢ =
And ™ Heating time constant

g M1
GS T

Then equation (3) becomes;
-t
0=0; (6 —q)eT
If starting from cold, then 6, = 0

-t

O g 6,@ eT)

45.6. Heating Time Constant

Heating time constant of motor is defined as the time required to heat up the motor upto
0.633 timesitsfinal temperature rise.

0 = (1-e'T)

Att=T, 0 =0.6336,

After time t=T ® reachesto 63.3% of 6
t=2T 6 reachesto 86.5%of 6,
t=3T 0 reachesto 95%of 6,
t=4T 0 reachesto98.2%of 6,
t=5T 0 reachesto99.3%of 6,

T =Heating time constant.
= 90 min for motors upto 20 H.P.
= 300 min for larger motors.

45.7. Equation for Cooling of Motor or Temperature Fall

If rate of heat generation is lessthan rate of heat dissipation, cooling will take place.
0 {Rate of heat generation in motor} +{ Rate of heat absorption by motor}={ Rate of heat
dissipation from cooling surface}

de .
W +GSE =AN8 whereN’ = Rateof heat dissipation during cooling surface

w-A16=-6s22 oW e S50
dt A A dt

p. W _GSdg _ _do_

MMt g_ W GS

M A
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do . dt
b w es
AX AN

WO AX
lo -——[-—t +C
ge% AmH  Gs
Att = 0 Let 6 = 6, Difference of temperature between cooling medium and motor
(Temperature rise at which cooling starts.)

W O . ) .
0o & |09e% o avH Put thisvalue of Cin the abve equation.

oW
AN__ AN
0O loge—=5=— —=t
Bo—ﬂ, GS
A\

If 6, " is final temperature drop (above that of cooling medium), then at this temperature
whatever heat is generated will be dissipated.

0O W A® (06 :f'%

0 log ED—Ee_efﬂ—i Where T is cooling ti ©
eDeo_efE T ere 1S cooling time constant = A
0-6,' v B N
0 W e/T 0O 9-(9 f—)e(_@ f)eT
-t
6=6," +(& -§)e"

If motor is disconnected from supply, there will be no losses taking place and so final
temperature reached will be ambient temperature. Hence 6, = 0 (- W = 0)
=t
0O & 6,e”
8o

©=03686, ; (B =0368 6

Ift=T' then 6=0,.€" [ 6=

45.8. Cooling Time Constant

Cooling time constant is defined as the time required to cool machine downto 0.368 times
theinitial temperature rise above ambient temperature.

By putting different valuesof T' in  g=g. e_%"
T B hasfallento  36.8% of 8
2T Ohasfalento  13.5%of 6
3T’ Bhasfalento 5% of 6,

O After timet
t
t
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t = 4T° 0 hasfalento  1.8% of 90
t = 5T 0 hasfallento  0.7% of 90

45.9. Heating and Cooling Curves
(8 Motor continuously worked on Full Load.

Motor Shut Off
ef _____________ <

&
S
)

1

t—»

Fig. 45.7

M aximum permissible temperature rise.
Motor reachesfinal temperature rise and then cooling is carried out to ambient temperature.

(b) Motor Run for short time

ef _____________________________________
Temperature rise is less
than maximum permissible
T value and the motor cooled

to ambient temperature.

—> time
Fig. 45.8
(c) Cooaling period not sufficient to cool down the motor to its ambient temperature.

Maximum Permissible temperature rise
e ____________________________________
;

—» time
Fig. 45.9

* For intermittent |oads, amotor of smaller rating can be used without exceeding maximum permissible
temperature rise.
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Example 45.9. A 40 KW motor when run continuously on full load, attains a temper ature of
35°C, above the surrounding air. Its heating time constant is 90 min. What would be the 1/2 hour
rating of the motor for this temperature rise? Assume that the machine cools down completely
between each load period and that the losses are proportional to square of the load,

Solution.
Let ‘P" KW bethe % hour rating of the motor
0, — Final temperatureriseat PK W
6, — Final temperature rise at 40 KW
Lossesat PKW o P?
Lossesat 40 KW o 407
0¢ _Losssa PKW (P} o :Eze,
0 Lossesa 40KW (40) o (40] f
As the machine cools down completely, for ‘P’ KW the equation will be

1 2
T P
9=9f 1-el h 0. = — | X35
( J wnere f 20
P —
= 35:[40) ><35(1—e 15} : o P = 7513KW
Example 45.10. Determine the one - hour rating of a 15 H.P. motor having heting time
constant of 2 hours. The motor attains the temperature rise of 40°C on continuous run at full load.

Assume that the losses are proportional to square of the load and the motor is allowed to cool down
to the ambient temperature before being loaded again. [Nagpur University Summer 2001]

Solution.
Let ‘P H. P beone- hour rating of the motor

2
P
Lossesat thisload = Original losses X(15) .

Let 6, bethefinal temperaturerise at PH.P. and 6, at 15H P

0; LossesaPH.P. (P Y
0;" Original Losses | 15

2 2
Bf :Gf, E :40 E
15 15
-t
0=06, (1—eT]
2 -1
15

P = 2396 H.P.
P 24 H.P.

I
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Example 45.11. The heating and cooling time constants of a motor are 1 hour and 2 hours
respectively. Final temperature rise attained is 100°C. This motor runs at full load for 30 miniutes
and then kept idle for 12 min. and the cycle isrepeated indefinitely. Determine the temperaturerise
of motor after one cycle. [Nagpur University Winter 1997]

-t

oot
:9f ﬁ_e T

0o =200
:100ﬁ1—e 60 ﬁ:39.34°

3»}

Solution.

I o

t -12
8=6e T =39.34e10 =356°C
= Temperature rise of motor after 1 cycle.

Example 45.12. Calculate the maximum overload that can be carried by a 20 KW output
motor, if the temperature rise is not to exceed 50°C after one hour on overload. The temperature
rise on full load, after 1 hour is 30°C and after 2 hours is 40°C. Assume losses proportional to
square of load.

-t
Solution. 6=6; Sl—e?g
g O
0o -0 O _-20
30=6; ﬁl—eTﬁ and  40=6; ﬁl—e Tﬁ
=2
1-eT 40 -1
1730 Put x=eT
1-eT
. 1-x* 4 (1-Xx) @+x) 4
1-x 3 1-x) 3
0 4 x f
3
1 -
U x ;‘ e% 0 T =091hrs

O -0 1
Tofindef D 30:6f ﬁl—eTﬁ 0 366 f% éﬁP =f 45 C

10
A 50=6 ﬁl——
fter 1 hr. f eTH

10
50=0; [1-= O 6 75C
f @ 35 -
L et the maximum overload capacity of 20 KW motor is P KW

6; LosssatPKW QP[]
6 Original Losses %H
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75 OPCf B
E %B 0 P=258 kW

Example 45.13. In atransformer the temperature riseis 25°C after 1 hour and 37.5°C after
2 hours, starting from cold conditions. Calculate its final steady temperature rise and the heating
time constant. If the transformer temperature falls from the final steady value to 40°C in 1.5 hours
when disconnected, calculate its cooling time constant. Ambient temperature is 30°C.
0o 10
Solution. ©=6; ﬁl—e T ﬁ

o -0 0 il
25=6; ﬁl—eT ﬁ and 375=0;01-e 70
z 1
_eT 1
375 1-e’ Pt s o7
25 1
1-eT
2
- - +
15=1"% 15=070A+%)
1-x (1-x)
15=1+ X O X=05
1
0 ei 05 O T = 144hrs
o -0 o 70
25:9f ﬁ_eTﬁ |:| 259 fHE]: 6144|:||:|9 :f SOOC

Cooling : Temperaturerise after 1.5 hours above ambient temperature =40—-30 = 10°C.
-t

.+ The transformer is disconnected 6=6,e"

-15
10=506 T O T = 0.932hrs

Example 45.14. The initial temperature of machine is 45°C. Calculate the temperature of
machine after 1.2 hours, if itsfinal steady temperatureriseis85°C and the heating time constant is
2.4 hours. Ambient temperatureis 25°C

Solution.

0=6 (8 -q)e T 0= 85 — (85 — 20) ¢ %
0 = 4554°C - Temperature rise above cooling medium
00 Temperature of machine after 1.2 hoursis= 45.54 + 25 = 70 .54°C
Example45.15. Thefollowing riseswere observed in atemperaturerisetest on a D.C. machine
at full loads.
After 1 hour — 15°C
After 2 hours — 25°C
Find out (i) Final steady temperature rise and time constant.
(if) The steady temperature rise after 1 hour at 50% overload, from cold.
Assume that the final temperature rise on 50% overload is 90°C.
[Nagpur University Summer 1998]
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-t

Solution. §=6, (1-eT) , asmotor is starting from cold.

-1

15=6; (1-eT) and 25=0; (1-e T)
0 ‘%E
9f ﬁl_e
n = C
15 O 10
0; @l—eT ﬁ
-1 -1
- = 2
15 3
0 ;D
0T = 2.466 hours, 15=6; ﬁl‘e ﬁ
by putting valueof T,
O 10
15=9, él—ez“ﬁﬁD
O 6 = 45C
(i) On 50% overload 6, = 90°C
-t
O Final temperature rise after 1 hour at 50% overload is g=g, (1-eT)
0 10
0=90r1-e2%50=30"C
0 a

45.10. Load Equalization

If theload fluctuates between widelimitsin
space of few seconds, then large peak demands of
current will be taken from supply and produce
heavy voltage drops in the system. Large size of
conductor isalso required for this.

Process of smoothing out these fluctuating
loadsiscommonly referred to asload equalization
and involves storage of energy during light load
periods which can be given out during the peak
load period, so that demand from supply is
approximately constant. Tariff is also affected as
itisbased on M.D. (Maximum Demand)

For example, in steel rolling mill, when the
billetisin betweentherollsitisapeak load period
and when it comes out it is a light load period,
when the motor hasto supply only thefriction and
internal losses, as shown in figure 45.10.

e N/ /[

flywheel

500

H.P
250+

10

20 30 40 50
——> time (sec.)

Fig. 45.10



Rating and Service Capacity 1811

45.11. Use Of Flywheels

Themethod of L oad Eqalization most commonly employed isby means of aflywheel. During
peak load period, the flywheel deccelarates and gives up its stored kinetic energy, thus reducing the
|oad demanded from the supply. During light load periods, energy istaken from supply to accelerate
flywheel, and replenish its stored energy ready for the next peak. Flywheel is mounted on the motor
shaft near the motor. The motor must have drooping speed characteristics, that is, there should be a
drop in speed as the load comes to enable flywheel to give up its stored energy. When the Ward -
Leonard system is used with aflywheel, then it is called as Ward - Leonard IIgner control.

45.12. Flywheel Calculations
The behaviour of flywheel may be determined asfollows.
Fly wheel Decelerating :- (or Load increasing)

Let T - L oad torque assumed constant during the time for which
load is applied in kg-m
T - Torque supplied by flywheel in kg-m
T - Torque required on no load to overcome friction
internal losses etc., in kg-m
T - Torque supplied by the motor at any instant, in kg-m
W, - No Load speed of motor in rad/sec.
w - Speed of motor at any instant in rad/sec.
S - motor slip speed (w, - w) in rad/sec.
I - Moment of inertia of flywheel in kg-n?
g - Acceleration due to gravity in m/sec?
t - timein sec.
When the flywheel deacelerates, it gives up its stored energy.
= T =T -T, oo T =T +T .. Q)

Energy stored by flywheel when running at speed ‘w' is 1/2 [w?/g.
If speed is reduced from w, to w.
The energy given up by flywheel is

11
“5q (@-S)
11
=§§(% +<*)) (g ~9 (2
0wy + 1] . i
BTB = mean speed. Assuming speed drop of not morethan 10%., thismay be assumed
equal to w.
o Hwptod

BTH:@ Also (W - =s

O From equation (2), Energy given up - ws
g

Power givenup = ! wd—s
g dt
Power

w

but Torque =
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O Torque supplied by flywheel.

=1 s
f g dt
| ds
[ From equation (1) , Tm=Te g
For values of slip speed upto 10% of No - load speed, slip is proportional to Torque
or s = KT
m
O Tz T- Lk Mm
g dt
de
This equation is similar to the equation for heating of the motor W — AN = G.S. s
ie (TL—Tm)ZI—K% O ggt: AT
g dt K (T, -T,)

By integrating both sides.

t
~In(T, —Tm)zl—i +C,

At t = 0, when load startsincreasing fromno loadi.e T = T,
Hence, at t =0 T =T,
oc =-In(T -T)

(3

t
By substituting the value of C, above, in equation (3) —in (T, T :I_i -In (T, -Tp)

or, -T,0 tg or -T,0 -9
O Ing—Ds- —= 0 L™ Imo o ik
B -TB K <7,
~tg -g
0 (Tf Tm% (Tf TO) eW 0 Trﬁ TL_ (TL_ TO) elk
O il
If the Load torque fallsto zero between each rolling period, then Tm =T —ﬁl—e K ﬁ(ﬂ T5 0)

45.13. Load Removed (Flywheel Accelerating)

ds
Slip speed is decreasing and therefore —- is negative

dt

| ds | dT
T,=To+T; =T,—— O Ty T/ —K—1
m 0 f 0 gdt 0 m dt
gadt __dT,
K To-Ty

After integrating both sides,

t
—In (To=Ty) =% +C At t=0,T =T, " motor torque at theinstant, when load is removed
0cCc=- In(TO—Tm' ) Putting thisvalue of C in the above equation

—In(Ty-T,) :It_i_ln (To -T)



Rating and Service Capacity 1813

O

mDTO_TmEJ -1g ) -tg
OT-Tm O IK O To T (T Tn)e'

-9
O Tz T (T To)e'X

Where T_' = the motor torque, at the instant the load is removed.

Speed with flywheel
Speed
e T LY
without 1 I
flywheel i !
I
1 1 1 1 1
Energy given up by | i i | | Load. T ot
% flywheel during peak T IT o I I /oa orque — T,
load period Torque m
Motor-Torque T,
7 Energy stored by ?
%
//A flywheel during light load | A/
period T,
—» time

Fig. 45.11. Rolling mill drive with Flywheel

45.14. Choice of Flywheel

Therearetwo choicesleft for selecting
a flywheel to give up its maximum
stored energy:

1. Largedropinspeed and small flywheel
(But with thisthe quality of production
will suffer, since a speed drop of 10to
15% for maximum load is usually
employed).

2. Small dropin speed and largeflywhed!.
(This is expensive and creates
additional friction losses. Also design
of shaft and bearing of motor isto be
modified.) So compromise is made
between thetwo and aproper flywheel

The above figure shows the flywheel of a motor
as a separate part

is chosen.
Example45.16. Thefollowing datareferstoa500 H.P. rolling mill, induction motor equipped
with a flywheel.
No load speed = 40r.p.m.
Sip at full load (torque) - 12%
Load torque during actual rolling - 41500 kg - m
Duration of each rolling period = 10 sec.

Determineinertia of flywheel required in the above case to limit motor torque to twiceits
full load value. Neglect no - load losses and assume that the rolling mill torque fallsto zero between
each rolling period. Assume motor slip proportional to full load torque.

[Nagpur University Summer 1996]
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2N  27x40
w= =

i - = =4.189rad/sec
Solution. 60 60
. -9
given, T,=0 T, =T, —(T_-T,)e
t = 10 sec.
T, = 41500kg-m
T = 2%T fil Load
500x735.5
T = N-m. - s=12%
Now Full Load 0.88<4.189 ()
(1-s) = 0.88
= 99765 N-m
= 10169.7 kg-m
T = 2x10169.7
= 20339.5kg
S= W,—®
2r
=—(Ny,—-N
60( 0o—N)
2r
=—(40-0.88(40
60( (40))
2r
=—(4.8) =
60( ) = 0.503 rad/ sec.
s=KT,
0.503 =K (10169.7) = K =4.91x10-5
ﬂ
T =T, —(T_ -Tp) e'¥
-tg
= Tp=0 Tm:TL(l—e IK J

20339.5=41500[1- ~10x981 J

o1x4.91x107°
1= 29663 x 10° kg - m?

Example 45.17. A6 pole, 50 Hz Induction Motor has a flywheel of 1200 kg-m? as moment of
inertia. Load torque is 100 kg - m. for 10 sec. No load period is long enough for the flywheel, to
regain its full speed. Motor has a slip of 6% at a torque of 50 kg-m. Calculate

(i) Maximum torque exerted by motor.
(i1) Speed at the end of deaceleration period. [Nagpur University Winter 1996]

. . -9
Solution. (i) T, =T, —(T.-Ty)e K

ﬁ
Assume Tp=0, — T,=T (1-e'X)

T,=100kg—m, t=10sec, g= 9.81m/sec?, |=1200kg—m?> s=0,—®
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s=KT .. slipspeed:s:%(No—N)
_120f 120x50

S
p
N =0.94 x 1000 = 940 rpm.

=1000 rpm=Ng

2N _ 27 x1000x0.06
60 60
s=2r=6.283 rad/sec

S:%(1000—940):27r rad/sec or s=

K :Ezﬁ_ 0.047 =0.125
T 50
—tg ~10x9.81
Tm :TL (1_em) — 1_ e 1200x0.047

T = 47.83kg-m

(i) Slipspeed = 0.04 mx 47.8rad / sec

S = KTm
s= 0.125 (47.83)
s = 5.98 rad/sec

s:5.98% rpm=>57.5rpm=slipspeed

~. Actual speed = 1000 —57.5=942.5 rpm

Example 45.18. An Induction Motor equipped with a flywheel is driving a rolling mill which
requiresa Load Torque of 1900 N - m for 10 sec. followed by 250 N - m for 30 sec. Thiscycle being
repeated indefinitely. The synchronous speed of motor is 750 r.p.m and it has a slip of 10% when
delivering 1400 N-m Torque. The total Moment of Inertia of the flywheel and other rotating partsis
2100 kg-n?. Draw the curves showing the torque exerted by the motor and the speed for five complete

cycles, assuming that initial torqueis zero. [Nagpur University Summer 1998]
Solution.
T, =1900N-m for 10 sec. Ns =750 r.p.m.
T, = 250N-m for 30 sec. s = 10%
T, = 0 (assumed) | = 2100Kg-m?, T_=1400N-m

0

Slip= 10% at 1400 N —m torque
Slip= 750%x 0.1= 75 r.p.m.

_ 7527 - 785 rad/
0o - rad/sec.
S 785
s= KT ; K_T—_—_0.0056

m
(i) During 1st cycle:
(a) Flywheel de-acelerating:
—t
Tn=T —(TL-To) elk
- After 10 sec

[When torqueistakenin N - m.]
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T,, =1900—(1900-0) e 0910 .. IiK=0-085
T = 1088 N-m

Slip= 0.0056 x 1088 = 6.08 rad/sec

Slip = 58 rp.m.

Speed = 750 —58 = 692 r.p.m.

T =To +(Tw —To)e K i
T, = Noload torque =280 N-m
T, = 108§ N-.m (T, at the beginning s
of the period i.e. the motor torque at

the instant when load is removed ) Flywheel
After 30 sec.,

T, =280+ (1088 —280) g0085%30

T,,=343 N-m

0 SlipatthisT =0.0056 x 343 = 1.92 rad/ sec = 18.34r.p.m
O Speed = (750—18.34) r.p.m.=7316 r.p.m.
(if) During 2nd cycle:
(@ Flywheel deacelerating T, = 343 N-m.
T, = 1900 — (1900 — 343) ¢ 0:085x30
= 1235 N-m.
U SlipatthisT_=0.0056 x 1235 = 6.92 rad/ sec
=66 r.p.m.
- speed = 750—66 = 684 r.p.m.
(b) Off Load Period:

T., =280+ (1235 -280) g 2085
=354.6 N-m.
0 SlipatthisT,_ = 0.0056 x 354.6 = 1.99 rad/sec
= 19r.p.m.
speed =750-19= 731.0r.p.m.
(iii) During 3rd Cycle:
(@ OnLoad period : T,_can be found as above.
T,=1263N-m
Speed = 683.6r.p.m.
(b) Off Load period
T, =3546N-m
speed = 731L.0r.p.m.
Initial condition at the beginning of the 3" peak |oad are thus practically the same asthat at the

beginning of 2™. Therefore Motor Torque in this and all succeeding load cycles will follow a
similar curve to that in second period.
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731
Speed W\/
(r.p.m.)

1900 N-m

T, (N-m)

0 10 40 50 80 90 120

time (Sec.)

Fig. 45.12

Example 45.19. Amotor fitted with a flywheel suppliesaload torque of 150 kg-m for 15 sec.
During the no-load period, the flywheel regainsits original speed. The motor torqueisrequired to
belimited to 85 kg-m. Determine moment of inertia of flywheel. The no - load speed of motor is 500

r.p.m. and it has a slip of 10% on full load.

Solution.
-tg
Tm =T|_ _(TL —To)elK
ﬂ
Tm=TL[1_e|KJ’ = Tp=Okg—m
T, =85 kg-m, T, =150kg-m, T,=0 kg-m, t=15sec, | = ?, g=9.81 m/sec?
s=KT,, where s= 0,—®
22 (B00)x01_ a5y K =0.0617
60
—-15%x9.81
Car Ix 0627
o 85_150[1—6 * ]; . | = 2884 kg-m?

Example 45.20. A 3— ¢, 50 KW, 6 pole, 960 r.p.m. induction motor has a constant load
torque of 300 N-m and at wide intervals additional torque of 1500 N-m for 10 sec. Calculate
(a) Themoment of inertia of the flywheel used for load equalization, if the motor torqueis not

to exceed twice the rated torque.
(b) Time taken after removal of additional load, before the motor torque becomes 700 N-m.

Solution.
(@) P=Txw s T=Plo
50x10°
E.L. :m:49736N'm
60

T, =2xTp, =2x497.36=994.72N - m
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T, = 1500 + 300 = 1800 N-m

NS:120f

=1000r.p.m.

F.L. slip=1000—-960 =40 rpm =40r.p.m. = 4%
s=K TF.L.
z”égo)z K x497.36 o K=842x107°

—t
Tm=T. —(T_-Ty)e!K astorqueisinN-m
o
994.72=1800- (1800—-300)x e x8.42x107°
| = 1909 kg—m?
-t
v Tn=To+(Ty ~To)el
.t
700=300+(994.72—300) 1909x842x10°°
t= 8.87 sec.

Example45.21. A 3-phase, 8 pole, 50 c.p.s. Induction Motor equipped with a flywheel supplies
a constant load torque of 100 N-m and at wide intervals an additional load torque of 300 N-m for
6 sec. Themotor runsat 735 r.p.m., at 100 N-mtorque. Find moment of inertia of the flywheel, if the
motor torque is not to exceed 250 N-m.

Solution.
To=100N-m .. T =100+300=400N-m

stlzof :@:750rpm.
P P
Slip at 100 N-m torque = 750—-735=15r.p.m.
s=K T
2 15)=K (100) - K=00157 - =
60 o . ’ Tm=TL_(TL _TO)eIK

-6
250=400-(400-100) e' ©057)
. 1=552kg-m?

Example45.22. A6 pole, 50Hz, 3 - ¢ wound rotor Induction Motor has a flywheel coupled
to its shaft. The total moment of inertia is 1000 kg-m? Load torque is 1000 N-m for
10 sec. followed by a no load period which is long enough for the motor to reach its no — load
speed. Motor hasa slip of 5% at a torque of 500 N-m. Find

(a) Maximum torque developed by motor
(b) Speed at the end of deaceleration period. [Nagpur University Winter 1996]

Solution. L
(@) T=T, [1— e'KJ
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120 f
s=KT, But Ng = 0

=1000r.p.m.

21
50 (1000 x 0.05) = K(500) ; K=6.2x10"°

o __ 10 O
_ 1000 6.2x102
T =100001-e E . T, =79639N-m

(b) S=KTg .

%(100— N)=6.2x10"° x790.39

O N = 9522 r.p.m.

Example45.23. A motor fitted with a flywheel suppliesaload torque of 1000 N-m. for 2 sec.
During no load period, the flywheel regainsitsoriginal speed. The motor torqueisto belimited to
500 N-m. Find moment of inertia of the flywheel. No load speed of the motor is 500 r.p.m. and its
full load slip is 10%.

Solution.
S= K TF.L.

O g
2T — 1K
£ (500%0.1) =K 500 - . T,=Tod-e'g
60( ) . K=0.0104; m=LE .

-2 H
500=1000 %— g 00104

;1 =277.44 kg- m?
B &

Tutorial Problem No. 45.1

1. A motor driving acolliery winding equipment hasto deliver aload rising uniformly from zeroto a
maximum of 1500 KW in 20 sec. during the accelerating period, 750 KW for 40 sec. during the full
speed period and during the deceleration period of 10 sec., when regenerative braking is taking
place from an initial value of 250 KW to zero and then a no load period of 20 sec. Estimate

remittable KW rating of the motor. [648 KW]
2. A constant speed drive has the following duty cycle:
Load rising from O to 400 KW - 5 minutes
Uniform load of 400 KW - 5 minutes
Regenerative power of 400 KW
returned to supply - 4 minutes
Remainsidle for - 2 minutes
Estimate power rating of motor. [380H.P]

[Nagpur University Winter 96]

3. Determinetherated current of atransformer for the following duty cycle:

- 500 A for 3 minutes

- Sharp increase to 1000 A and constant at this value for 1 minute

- Gradually decreasing to 200 A. for 2 minutes

- Constant at this value for 2 minutes

- Gradually increasing to 500 A during 2 minutes repeated indefinitely. [540 A]
4. Aninduction motor hasto perform the following duty cycle:

75 KW for 10 miniutes, No load for 5 minutes

45 KW for 8 minutes, No load for 4 minutes
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which is repeated indefinitely.
Determine suitable capacity of a continuously rated motor. [70H. P]
A 25 H.P. motor has heating time constant of 90 min. and when run continuously on full load
attains atemperature of 45°C. above the surrounding air. What would be the half hour rating of the
motor for this temperature rise, assuming that it cools down completely between each load period
and that the losses are proportional to square of the load. [47 H.P]
At full load of 10 H.P, temperature rise of amotor is 25° C. after 1 hr. and 40°C after 2 hrs. Find
(8) Heating time constant of motor, (b) Final temperature rise on full load.
[T=196hrs, 6 =625C]
A totally enclosed motor has atemperature rise of 20°C after half an hour and 35°C after one hour
on full load. Determine temperature rise after 2 hours on full load. [54.68°C]
A 25 H.P, 3-¢, 10 pole, 50 c.p.s. induction motor provided with a flywheel has to supply a load
torque of 800 N-m for 10 sec, followed by ano load period, during which the flywheel regainsits
full speed. Full load slip of motor is 4% and torque-speed curve may be assumed linear over the
working range. Find moment of inertia of flywheel, if the motor torque is not to exceed twice the
full load torque. Assume efficiency = 90%. [718 kg-m?]
A motor fitted with aflywheel hasto supply aload torque of 200 kg-m for 10 sec, followed by ano
load period. During the no load period, the motor regainsits speed. It is desired to limit the motor
torque to 100 kg-m. What should be the moment of inertia of flywheel. No load speed of motor is
500 r.p.m. and has a slip of 10% at a torque of 100 kg-m. . [I = 2703 kg-m?]
A 50 Hz., 3-@, 10 pole, 25H.P, induction motor has a constant load torque of 20 kg-m and at wide
intervals additional torque of 100 kg-m for 10 sec. Full load slip of the motor is4% and its efficiency
is 88%. Find -
(8) Moment of inertial of flywheel , if motor torque not to exceed twice full load torque.
(b) Time taken after removal of additional load, before motor torque is 45 kg- m.
[1=1926 kg-m?, t = 9.99 sec]
Define the following terms regarding the ratings of motor :-
(i) Continuous rating (ii) short time rating (iii) Intermittent rating.
(Nagpur University, Summer 2004)
With the help of heating and cooling curves define and explain the terms :

(i) Heating time constant (ii) Cooling time constant. (Nagpur University, Summer 2004)
What do you mean by ‘load-equilisation’ it is possible to apply this scheme for reversible drive?
Why? (Nagpur University, Summer 2004)

A motor is equipped with the flywheel has to supply a load torque of 600 N-m for 10 seconds,
followed by no load period long enought for flywheel to regain its full speed. It is desired to limit
the motor torque of 450 N-m. What should be moment of inertia of the flywheel? the no load speed
of the motor is 600 rpm and has 8% dlip at a torque of 450 N-m. The speed-torque characteristics
of the motor can be assumed to be a straight line in the region of interest.
(Nagpur University, Summer 2004)

A motor has the following load cycle :
Accelerating period 0-15 sec Load rising uniformly from O to 1000 h.p.
Full speed period 15-85 sec Load constant at 600 h.p.
Decelerating period 85-100 sec h.p. returned to line falls uniformly 200 to zero
Decking period 100-120 sec Motor stationary. Estimate the size the motor.

(J.N. University, Hyderabad, November 2003)
A motor driving aload has to deliver aload rising uniformly from zero to maximum of 2000 h.p.
in 20 sec during the acceleration period, 1000 h.p. for 40 sec during the full speed period and
during the deceleration period of 10 sec when regenerating braking taking place the h.p. returned
to the supply falls from 330 to zero. The interval for decking before the next load cycle starts is
20 sec. Estimate the h.p. Rating of the motor. (J.N. University, Hyderabad, November 2003)

Draw and explain the output vs. time characteristics of any three types of loads.
(J.N. University, Hyderabad, November 2003)
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Discuss series and parallel operation of series and shunt motors with unequal wheeldiameters.
Comment on the load sharing in each case. (J:N. University, Hyderabad, November 2003)
Discuss the various factors that govern the size and the rating of a motor for a particular service.

(J.N. University, Hyderabad, April 2003)
A motor has to deliver aload rising uniformly from zero to a maximum of 1500 Kw in 20 sec
during the acceleration period, 1,000 Kw for 50 sec during the full load period and during the
deceleration period of 10 sec when regenerative braking takes place the Kw returned to the supply
falls from an initia value of 500 to zero uniformly. The interval for decking before the next load
cycle starts is 20 sec. Estimate the rating of the motor. (J.N. University, Hyderabad, April 2003)
Derive an expression for the temperature rise of an equipment in terms of the heating time constant.

(J.N. University, Hyderabad, April 2003)
At full load of 10 h.p., the temperature rise of amotor is 25 degree C after one hour, and 40 degree
C after 2 hours. Find the final temperature rise on full load. Assume that the iron losses are 80%
of full load copper losses. (J.N. University, Hyderabad, April 2003)
Explain what you mean by Lord Equalization and how it is accomplished.

(J.N. University, Hyderabad, April 2003)
A motor fitted with a flywheel supplies aload torque of 150 kg-m for 15 sec. During the no load
period the flywheel regains its originaspeed. The motor torque is required to be limited to 85 kg-
m. Determine the moments of inertia of the flywheel. The no load speed of the motor is 500 r.p.m.
and it has a dlip of 10% on full load. (JN. University, Hyderabad, April 2003)
Discuss the various losses that occur in magnetic conductors which cause the temperature rise in
any electrical apparatus and suggest how they can be reduced.

(J.N. University, Hyderabad, April 2003)
The outside of a 12 h.p. (metric) motor is equivalent to a cylinder of 65 cms diameter and 1 meter
length. The motor weighs 400 Kg and has a specific heat of 700 Joules per kg per degree C. The
outer surface is capable of heat dissipation of 12 W per meter square per degree C. Find the final
temperature rise and thermal constant of the motor when operating at full load with an effciency
of 90%. (J.N. University, Hyderabad, April 2003)
“A flywheel is not used with a synchronous motor for load equalization”. Discuss.

(J.N. University, Hyderabad, April 2003)
A 25 h.p. 3-phase 10 pole, 50 Hz induction motor fitted with flywheel has to supply aload torque
of 750 Nw-m for 12 sec followed by ano load period during which the flywheel regainsits original
speed. Full load dlip of the motor is 4% and the torque-speed curve is linear. Find the moment
of inertia of the flywheel if the motor torque is not to exceed 2 times the full load torque.

(J.N. University, Hyderabad, April 2003)
Explain what do you mean by Load Equalization and how it is accomplished.

(J.N. University, Hyderabad, April 2003)
A motor fitted with a flywheel supplies a load torque of 150 kg-m for 15 sec. During the no load
period the flywheel regains its original speed. The motor torque is required to be limited to 85
kg-m. Determine the moments of inertia of the flywheel. The no load speed of the motor is 500
r.p.m. and it has aslip of 10% on full load. (J.N. University, Hyderabad, April 2003)
A 100 hp motor has atemperature rise of 50°C when running continuously on full load. It has a
time constant of 90 minutes. Determine 1/2 hr rating of the motor for same temperature rise. Assume
that the losses are proportional to the square of the load and motor cools completely between each
load period. (J.N. University, Hyderabad, December 2002/January 2003)
Explain ‘load equalisation’. How this can be achieved in industrial drives.

(J.N. University, Hyderabad, December 2002/January 2003)
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33. Obtain the expression for temperature rise of a electrical machine. State the assumptions made if
any. (J.N. University, Hyderabad, December 2002/January 2003)
34. A 75 kW, 500 rpm dc shunt motor is used to drive machinery for which the stored energy per kW
is 5400 Joules. Estimate the time taken to start the motor, if the load torque is equal to full load
torque during the starting period and the current is limited to 1 1/2 times the full load current.

(J.N. University, Hyderabad, December 2002/January 2003)

OBJECTIVE TESTS — 45

. Heat dissipation is assumed proportional to

(c) fluctuates widely within short intervals

(a) Temperaturedifference of t_ime
(b) Temperature difference between motor (d) varies
and cooling medium 9. Size of motor is decided by
(c) Temperature of cooling medium (a) load
. Temperature of cooling medium is assumed (b) current _
(a) constant (b) variable (c) heat produced in motor
. When the motor reachesfinal temperaturerise (d) torque
its temperature remains 10. Tariff is affected by sudden load drawn by
(a) constant motor
(b) falls (a) true (b) false
(©) rises. 11. Flywheel helpsin smoothing only
. For intermittent load, amotor of smaller rating (8) speed fluctuations
can be used (b) current fluctuations
(@) true (b) false (c) both of the above
. If motor is disconnected from supply, final 12. To use flywheel, motor should have
temperature reached will be the ambient (@) constant speed characteristics
temperature (b) drooping speed characteristics
(@ true (o) false (c) variable speed characteristics
. Final temperatureriseistheoretically attained 13. During light load period
only after (a) flywheel absorbs energy
(a) fixedtime (b) flywheel gives up energy
(b) variabletime (c) flywheel does nothing
(c) infinitetime 14. During peak load periods
. Motor is derated when taken at altitude (a) flywheel absorbs energy
(@ Yes (b) No (b) flywheel gives up energy
. Therolling mill load (c) flywheel does nothing
(a) isconstant 15. Largesize of flywheel
(b) fluctuateswidely withinlongintervals of (a) can be used practically
time (b) can’t be used practically
ANSWERS
1. (b) 2(ad 3@ 4@ 5@ 6 7@ 8() 9() 103
11.(c) 12.(b) 13.(a 14.(b) 15.(b)

o FIRST



CONTENTS

CHAPTER46

Learning Objectives

>

>

Classes of Electronic AC E L E CT R O N I C

Drives

Variable Frequency Speed

covoorason —— (CONTROL OF
Variable Voltage Speed

Control of a SCIM A C M T

Chopper Speed Control of = = O O R S
a WRIM . g n - .

Electronic Speed Control
of Synchronous Motors

S T -

a3 o = L1
Speed Control by Current- B
fed D.C. Link -
Synchronous Motor and
Cycloconverter

'S Efficient control of motors becomes critical
where high precision, accuracy, flexibility,
reliability and faster response are of para-

mount importance. Electronic and digital
controls are employed in such conditions

CONTENTS



1824  Electrical Technology

46.1. Classes of Electronic A.C. Drives

AC motors, particularly, the squirrel-cage and wound-rotor induction motors as well as
synchronous motors lend themselves well to electronic control of their speed and torque. Such a
control isusually exercised by varying voltage and frequency. Magjority of the electronic a.c. drives
can be grouped under the following broad classes :

1. daticfrequency changerslike cyclo-converterswhich convertincoming high line frequency
directly into the desired low load frequency. Cyclo-convertersare used both for synchronous
and squirrel-cage induction motors.

2. variable-voltage controller swhich control the speed and torque by varying the a.c. voltage
with the help of SCRs and gate turn-off thyristors (GTOs).

3. rectifier-inverter systems with natural commutation.

4. rectifier-inverter systems with self-commutation.

3-Phase
Supply
Limit
Settlng | W=l | "] | W] | W] |
Ll Ll Ll Ll Ll
Positive
S Pt P +R P Pt +Y Pt Pt } CimiEi
I | P Pk B P P Pt +B
Control l |
Gate Gate
. Triggerin Pulses S 4
Setting | progessor » ' » ' » ' Negative
| o S¢-{-R | Y e o Gt
! ' T b1 1
L —— —| Cycloconverter Cycloconverter Cycloconverter
ﬁ Phase R Phase Y Phase B

1
External Z
Inputs

4_

1. Actual Speed

2. Slip

3. Stator Volts

4. Stator Current
etc.,

Fig. 46.1

46.2. Variable-frequency Speed Control of a SCIM

Fig. 46.1 shows a 3-phase SCIM connected to the outputs of three 3-phase cycloconverters. As
seen, each cyclo-converter consists of two 3-phase thyristor bridges, each fed by the same 3-phase,
50-Hz line. The +R bridge generates the positive half-cycle for R-phase whereas —R generates the
negative half. The frequency of the cycloconverter output can be reduced to any value (even upto
zero) by controlling the application of firing pulsesto the thyristor gates. Thislow frequency permits
excellent speed control. For example, the speed of a4-pole induction motor can be varied from zero
to 1200 rpm on a 50-Hz line by varying the output frequency of the cycloconverter from zero to

40 Hz. The stator voltage is adjusted in proportion to the frequency in order to maintain a constant
flux in the motor.



Electronic Control of A.C. Motors

1825

This arrangement provides excellent torque/speed characteristics in all 4-quadrants including
regenerative braking. However, such cycloconverter-fed motors run about 10°C hotter than normal
and hence require adequate cooling. A small part of the reactive power required by SCIM isprovided
by the cycloconverter, therest being supplied by the 3-phase line. Consequently, power factor ispoor
which makes cycloconverter drives feasible only on small and medium power induction motors.

46.3. Variable Voltage Speed Control of a SCIM

In thismethod, the speed of aSCIM isvaried by varying the stator voltage with the help of three
sets of SCRs connected back-to back (Fig. 46.2). The stator voltageis reduced by delaying thefiring
(or triggering) of thethyristors. If we delay thefiring pulsesby 100°, the voltage obtained isabout 50%

of the rated voltage which decreases the motor speed considerably.

IRl
—>
L
o———
e
44—
I
2
[5)
£
. —
2
£ o—]
o
R R
—
o———
e
~— ﬁ_ ~ | «—— Control
External | Gate Setting
Triggering
Inputs | | o
Processor <— Limit
——————— l Setting
Fig. 46.2

Induction
Motor

Unfortunately, | ’R losses are considerable due to distortion in voltage. Moreover, p.f.isaso
low dueto large lag between the current and voltage. Hence, this electronic speed control method

isfeasible for motors rated below 15 kW but is quite suitable for
small hoistswhich get enough timeto cool off because of intermit-
tent working. Of course, p.f. can be improved by using special thy-
ristors called gate turn-off thyristors (GTOs) which forcethe current to
flow amogt in phase with the voltage (or even lead it).

46.4. Speed Control of a SCIM with Rectifier-
Inverter System

A rectifier-inverter systemwith ad.c. link isused to control the
speed of aSCIM. Theinverter used isaself-commuted type (differ-
ent from a naturally commutated type) which converts d.c. power
into a.c. power at a frequency determined by the frequency of the

FARES FREES R

LLRUTTRTT

A commonly used electronic
power inverter
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pulses applied to the thyristor gates. Therectifier is connected to the 3-phase supply line whereasthe
inverter is connected to the stator of the SCIM.
Two types of links are used :
1. constant-current d.c. link —for speed control of individual motors.
2. constant-voltaged.c. link —for speed control of several motors.
Asshown in Fig. 46.3, the constant-current link supplies constant current to the inverter which
then feedsit sequentially (through proper switching sequence) to the three phases of the motor. Simi-
larly, the constant-voltage dc link (Fig. 46.4) provides a constant voltage to the inverter which is
switched from one phase of the motor to the next in a proper sequence.

o f Self

3-Phase O—— Ve, Vi Commutated

Supply o0—! 2 Inverter
=

Converter-1 L Converter-2 SCIM

—
\ =
—b

| e
| ate ettings
Eﬁltglrl?: | ’l Triggering :
| Processor <4—— Limit
_______ | Settings

Fig. 46.3

The arrangement of Fig. 46.3 gives speed control with high efficiency in al 4 quadrants in
addition to the facility of regenerative braking. Heavy inertia loads can be quickly accelerated
because motor develops full breask-down torque right from the start. The output frequency of the
inverter varies over arange of 20 : 1 with atop frequency of about 1 kHz. The a.c. voltage supplied
by the inverter is changed in proportion to the frequency so as to maintain the stator flux constant.

Converter-1 L Converter-2 SCIM

> T
O—% T c T Self

Commutated
3-Phase O— Vdc, — Vdcz Inverter

Tt
! T

Ll

S |
External | Gate |
Inputs | peser |
T |

Fig. 46.4

Consequently, d.c. link voltage V 4, hasto be reduced as the motor speeds up. Thisis accomplished
by increasing the firing angle of the thyristorsin converter 1. Unfortunately, thisleadsto increasein
the reactive power drawn from the 3-phase line which resultsin poor power factor. To improve the
p.f., use of capacitors is necessary. The direction of rotation can be changed by altering the phase
sequence of the pulsesthat trigger the gates of converter 2.
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The voltage-fed frequency converter of Fig. 46.4 consists of arectifier and a self-commutated
inverter connected by ad.c. link and is often used for group e
drivesin textile mills. The 3-phase bridge rectifier produces
d.c. voltage V., which is smoothened up by the LC filter
before being applied to theinverter. Theinverter successively
switches its output ac voltage V. to the three phases of the
motor. Thisvoltageisvaried in proportion to the frequency
S0 asto maintain constant flux inthe motor. Since, V. depends
on V., which itself depends on V, it is V,, which is
changed asfrequency varies. In thissystem, motor speed can
be controlled from zero to maximum while developing full : =
breakdown torque. A simple electronic control system

46.5. Chopper Speed Control of a WRIM

Asdiscussedin Art. 30.18 (d), the speed of aWRIM can be controlled by inserting three variable
resistors in the rotor circuit. The all-electronic control of speed can be achieved by connecting a
3-phase bridge rectifier across the rotor terminals and then feed the rotor output to a single fixed
resistor or R, viaachopper (Fig. 46.5).

h
3-Phase ,_C_O ;Eer_
Supply Rectifier Tac | .| L
> | =l T ’UWUO‘—
Stator L—— |
Vdc -C DA RO %

[l
Ll

WRIM

Fig. 46.5

The capacitor C suppliesthe high current pulses drawn by the chopper. Theinductor L and free-
wheeling diode D serve the same purpose asdiscused in Art. 28.14. By varying the chopper on-time
TON, the apparent resistance R, across the bri dge rectifier can be made either high or low. Thevalue
of apparent resistanceis given by R, = RO/f2 Touwheref isthe OFF/ON switching frequency of the
chopper. The resulting torque/speed characteristic is similar to the one obtained with a 3-phase
rheostat.

Example 46.1. The wound-rotor induction motor of Fig.43.5 is rated at 30-kW, 975 rpm,
440-V, 50 Hz. The open-circuit line voltage is 400 V and the load resistance is 0.5 Q. If chopper
frequency is200 Hz, calculate Ty, so that the motor devel opsa grosstorque of 200 N-mat 750 rpm.
Also, calculate the magnitude of the current pulses drawn from the capacitor.

Solution. Obviously, Ng = 1000 rpm. Hence, slip at 750 rpm is = (1000 — 750)/1000 = 0.25.
The rotor line voltage at 750 rpm is = sE, = 0.25 x 400 = 100 V.

The d.c. voltage of 3-phase bridge rectifierisV  =1.35V =1.35x 100 = 135 V.

Now, T, = PY/2itNg; P?= T, x 2itN = 200 x 21t x(1000/60) = 20,950 W

Part of P* dissipated as heat = $?° = 0.25 x 20,950 = 5,238 W

The power isactually dissipated in R, and is, obviously, equal to the rectifier output V ..l .

O V- lge = 5238 or 1,,=5238/135=38.8A
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The apparent resistance at the input to the chopper is
R, = V4 /14 =135/388=35Q
Now, R, = Ryf* & o Toy = R/ 2R, =4/0.5/200? x35 =1.9ms
Current in R, can be found from the relation
IZR, = 5238 or  1,=+/5238/05 =102 A
As seen, capacitor delivers current pulses of magnitude 602 A and apulsewidth of 1.9 msat the
rate of 200 pulses/second. However, the rectifier continuously charges C with a current of 38.8 A.

46.6. Electronic Speed Control of Synchronous Motors

The speed of such motors may be controlled efficiently by using (i) current-fet delink and
(i) cycloconverter as discussed below :

46.7. Speed Control by Current-fed DC Link

AsshowninFig. 46.6, thetypical circuit consistsof three converterstwo of which are connected
between thethree-phase source and the synchronous motor whereasthethird converter (bridge rectifier)
suppliesdcfield excitation for therotor. Converter-1 (C-1) actsasacontrolled rectifier and feedsd.c.
power to converter-2 (C-2). The converter-2 behaves as a haturally commutated inverter whose a.c.
voltage and frequency are established by the motor. The function of the smoothing inductor L isto
maintain aripple-freecurrent in thed.c. link between the two converters. Converter-1 actsasacurrent
source and controls|.

Converter-1 L Converter-2 Sycth)ct)g;)us Converter-3
Yy,
» 1 v
£
—O% =
Y =3
V a
B.__F_ —©
0, 6,
F T T ___lq—Control
Gate Gate | Setti
| Triggering : EI):]IS;?:I — Triggering e
| Processor | Processor | Limit
____________ Setting

Fig. 46.6

The converter-2 is naturally commutated by voltage V induced across motor terminals by its
revolving magnetic flux. The revolving flux which depends on the stator currents and the d.c. field
exciting current 1, isusually kept constant. Consequently, V is proportional to motor speed.

Asregards various controls, information picked off from various pointsis processed in the gate-
triggering processors which then send out appropriate gate firing pulses to converters 1 and 2. The
processors receive information about the desired rotor speed, its actual speed, instantaneous rotor
position, field current, stator voltage and current etc. The processors check whether these inputs
represent normal or abnormal conditions and send appropriate gate firing pul ses either to correct the
situation or meet a specific demand.

Gate triggering of C-1 isdone at line frequency (50 Hz) whereas that of C-2 is done at motor
frequency. In fact, gate pulses of C-2 are controlled by rotor position which is sensed by position
transducers mounted at the end of the shaft. The motor speed can be increased by increasing either
d.c. link current | or exciting current I..

Now, Vi = 135V cosa; and V,,=135V_ cosa,

where V4o = d.c.voltage generated by C-2, V 4, = d.c. voltage supplied by C-1
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Special features of A C Synchronous motors: 1. Bi-directional, 2. Instantaneous Start, Stop and Reverse,
3. Identical Starting and Running Currents, 4. Residual Torque always present, 5. No damage due to stalling,
6. Low speed of 60 rpm. Applications of AC Synchronous Motors are found in: 1. Actuators, 2. Remote control
of switches 3. Winding machines, 4. Machine tool applications, 6. Valve controls, 6. Printing machines,
7. Automatic welding machines, 8. Medical equipment, 9. Conveyor systems, 10. Paper feeders

a, = firingangleof C-2; a,=firingangleof C-1
Thefiring angle a, is automatically controlled and supplies | which is sufficient to develop the
required torque. This method of speed control is applied to motors ranging from 1 kW to severa
MW. Permanent-magnet synchronous motors used in textile industry and brushless synchronous mo-
torsfor nuclear reactor pumps are controlled by this method.

46.8. Synchronous Motor and Cycloconverter
Asshown in Fig. 46.7, the arrangement consists of three cycloconverters connected to the three
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o 0O O o O O o 0O O
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)
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Fig. 46.7
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one phases of the synchronous motor and one controlled rectifier for supplying field exciting current
I to the rotor. Each cycloconverter is composed of two three-phase bridges and supplies a single-
phase output. Asiswell known, acycloconverter can directly convert a.c. power at higher frequency
tooneat alower frequency. With aline frequency of 50 Hz, the cycloconverter output frequency can
be varied from zero to 10 Hz.

The cycloconverters and the controlled rectifier function as current sources. The air-gap flux is
kept constant by controlling the magnitude of the stator currents and exciting current |. By proper
timing of gate pulses, motor can be made to operate at unity power factor.

The speed of cycloconverter-driven large slow-speed synchronous motors can be continuously
varied from zero to 15 rpm. Such low speeds permit direct drive of the ball mill without using agear
reducer. Such high-power low-speed systems are also being introduced as propeller drives on board
the ships.

46.9. Digital Control of Electric Motors
Advantages of Digital Control

=

High precision and accuracy

Better speed regulation

Faster response

Flexibility

Better time response

Improved performance

Economical

Easy software control

Reliahility

The greatest advantage of thedigital control isthat by changing the program, desired control
technique can be implemented without any change in the hardware.

The speed information can be fed into microcomputer using a D.C. Tacho (Speed encoder) and
A/D converter (Speed I/P module). The motor current datais usually fed into the computer through a
fast A/D converter. A synchronizing circuit interface (Line synchronizing circuit) is required so that
the micro-computer can synchronize the generation of the firing pulse data with the supply line
frequency. The gate pulse generator is shown asreceiving afiring signal from microcomputer.

A set of instruction (Program) is stored in memory and those are executed by computer for
proper functioning of adrive. A typical program flow - chart for this drive system is shown in figure
(46.9). The sequence of instructions allows the computer to process datafor speed regulation, current
regulation and reversal operation.

©CON U A~ WD

=
©

46.10. Application of Digital Control

The above operations can be clearly understood by considering one of the applications of Digital
Control system, such as Digital Control System for Speed Control of D.C. drives using a Micro-
computer :

Various components and their operations shown in Fig. 46.8 are discussed below :

(i) Thyristor Converter

PC based control systems can be built where a phase-controlled rectifier suppliesaD.C. motor.
The main control to be handled isto turn on & off SCRs. Thyristor power converter in thiscaseisa
dual converter —one for forward and other for reverse direction.

(if) Gate Pulse Generator and Amplifier

PCisusedfor firing angle control of dual converter. It can be programmed using suitable software
to perform the function of firing range selection, firing pulse generation, etc. The firing pulses so
obtained are amplified, if needed to turn ON the SCR reliably. Changeover signal decideswhether to
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Fig. 46.8
switch ON forward or reverse group of SCRs. Thegate pulse
generator is shown as receiving afiring signal from PC.

(iii) Speed Encoder and Input Module

The speed information can be fed to PC through speed
input module. The speed measurement isdone digitally by
means of speed/shaft encoder. It consistsof adisc with defi-
nite number of holes drilled on it. This disc is fixed on to e
the shaft. Using alight source and a phototransistor; a se-
ries of pulsesis obtained, as the shaft rotates. This pulse
trainisprocessed and shaped. These optically coded pulses
are counted to get actual speed of motor. e ——

(ivy A/D Converter and Transducer and current ref.

Themotor current drawn from supply is stepped down
with the help of current transformer. Itisconvertedto D.C.
voltage output with the help of current transducer. As PC
can't process analog signals, this analog current signa is
fedto A/D converter to obtain digital signal whichisfedto

Changeover
sequence

PC. Read motor
(v) Line Synchronizing Circuit Cuneimr
Thisisrequired so that PC can synchronize the gen- Compute
eration of firing pulse data, with supply line frequency. °“"“’i“"°‘
(vi) 1/0 Cards Compute firing angle
Input/ Output cards are required to interface PC with SR
the outside world. Fig. 46.9. Program flow chart for digital

control of motor.
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OBJECTIVE TESTS — 46

1. Thefunction of acycloconverter isto convert 4. In the chopper speed control method for a
(a) ac power into d.c. power WRIM, the motor speed inversely depends on
(b) direct current into alternating current (a) fixed resistor across the rectifier
(c) high ac frequency directly to low ac (b) chopper switching frequency

frequency (c) chopper ON time TON
(d) asinewaveinto arectangular wave. (d) both (b) and (c).
. Magjor disadvantage of using three setsof SCRs 5. Inthe synchronous motor drive using current-
for variable-voltage speed control of a SCIM fed dc link
isthe (a) converter-2 functions as a self-
(a) considerable I°R loss commutated inverter
(b) poor power factor (b) converter-1 works as an uncontrolled
(c) long delay of thyristor firing pulses rectifier
(d) necessity of using a processor. (c) converter-3isacontrolled rectifier
. In the current-fed frequency converter (d) gate triggering of converter-2 is done at
arrangement for controlling the speed of an motor frequency.
individual SCIM, the direction of rotation can 6. In the three cycloconverter drive of a
be reversed by synchronous motor
(a) changing the output frequency of the (a) each cycloconverter produces a 3-phase
inverter output
(b) atering the phase sequence of pulses that (b) al cycloconverters act as voltage sources
trigger converter-2 (c) a3-phase controlled rectifier provides
(c) interchanging any two line leads field exciting current.
(d) reversing thed.c. link current. (d) air-gap flux iskept constant by controlling
stator currents only.
ANSWERS
1@ 2@ 3(® 4(@d 5(d 6()

To FIRST
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47.1. Introduction

Electric heating is extensively used both for domestic and industrial applications. Domestic
applications include (i) room heaters (ii) immersion heaters for water heating (iii) hot plates for
cooking (iv) electric kettles (v) electric irons (vi) pop-corn plants (vii) electric ovens for bakeries
and (viii) electric toasters etc.

Industrial applications of electric heating include (i) melting of metals (ii) heat treatment of
metals like annealing, tempering, soldering and brazing etc. (iii) moulding of glass (iv) baking of
insulators (v) enamelling of copper wires etc.

47.2. Advantages of Electric Heating

As compared to other methods of heating using gas, coa and fire etc., electric heating is far
superior for the following reasons:

(i)

(i)

(iii)

@iv)

v

(Vi)

(vii)

(viii)

(ix)
x)

Cleanliness. Since neither dust nor ash is produced in electric heating, it isaclean system
of heating requiring minimum cost of cleaning. Moreover, the material to be heated does
not get contaminated.

No Pollution. Since no flue gases are produced in electric heating, no provision hasto be
made for their exit.

Economical. Electric heating is economical because electric furnaces are cheaper in their
initial cost aswell as maintenance cost since they do not require big space for installation
or for storage of coal and wood. Moreover, thereis no need to construct any chimney or to
provide extra heat installation.

Ease of Contral. It is easy to control and regulate the temperature of an electric furnace
with the help of manual or automatic devices. Temperature can be controlled within £ 5°C
which is not possible in any other form of heating.

Special Heating Requirement. Special heating requirements such as uniform heating of a
material or heating one particular portion of the job without affecting its other parts or
heating with no oxidation can be met only by electric heating.

Higher Efficiency. Heat produced electrically does not go away waste through the chim-
ney and other by products. Consequently, most of the heat produced is utilised for heating
the material itself. Hence, el ectric heating has higher efficiency as compared to other types
of heating.

Better Working Conditions. Since electric heating produces no irritating noises and also
the radiation losses are low, it results in low ambient temperature. Hence, working with
electric furnacesis convenient and cool.

Heating of Bad Conductors. Bad conductors of heat and electricity like wood, plastic and
bakery items can be uniformly and suitably heated with dielectric heating process.

Safety. Electric heating is quite safe because it responds quickly to the controlled signals.
Lower Attention and Maintenance Cost. Electric heating equipment generally will not
require much attention and supervision and their maintenance cost is aimost negligible.
Hence, labour charges are negligibly small as compared to other forms of heating.

47.3. Different Methods of Heat Transfer
The different methods by which heat is transferred from a hot body to a cold body are as

under:

1.

Conduction

In this mode of heat transfer, one molecule of the body gets heated and transfers some of the

4’7
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heat to the adjacent molecule and so on. Thereisatemperature gradient between the two ends of the
body being heated.

Consider asolid material of cross-section A sg.m. and thicknessx metreasshowninFig. 47.1.
If T,andT,arethetemperatures of thetwo sidesof theslabin °K, then heat conducted between the
two opposite facesin timet secondsis given by:

_KA(T, -T))t

X
where K isthermal conductivity of the material.

H

2. Convection T, T,

In this process, heat istransferred by theflow  ———— ———»H
of hot and cold air currents. This processis applied
inthe heating of water by immersion heater or heating
of buildings. The quantity of heat absorbed by the
body by convection process depends mainly on the
temperature of the heating element above the
surroundings and upon the size of the surface of the
heater. It al so depends, to some extent, on the position
of the heater. The amount of heat dissipated isgiven
by Fig. 47.1

H=a(T,-T,), whereaand b are constants and T, and T, are the temperatures of the heating
surface and the fluid in °K respectively.

In electric furnaces, heat transferred by convection isnegligible.

3. Radiation

Itisthetransfer of heat from ahot body to a cold body in astraight line without affecting the
intervening medium. The rate of heat emission is given by Stefan’s law according to which

4 4|:|
Tl |:| |:| T2D DW/mZ
B

where K isradiating efficiency and e is known as emissivity of the heating element.
If disthe diameter of the heating wire and | its total length, then its surface area from which

heat isradiated = 7rxd x| . If H isthe power radiated per m? of the heating surface, then total power
radiated asheat = H xrd | . If Pistheelectrical power
input to the heating element, then P=7rdl xH.

Heat dissipated, H =5.72eK

47.4. Methods of Electric Heating

Basically, heat is produced due to the circulation
of current through aresistance. The current may circulate
directly dueto the application of potential differenceor
it may be due to induced eddy currents. Similarly, in
magnetic materials, hysteresis|osses are used to create
heat. In dielectric heating, molecular frictionisemployed
for heating the substance. An arc established between
an electrode and the material to be heated can be made
asource of heat. Bombarding the surface of material by
high energy particles can be used to heat the body.

Room heater is a familiar appliance where
electric heating is employed
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Different methods of producing heat for genera industrial and domestic purposes may be
classified below :

47.5. Resistance Heating

It isbased on the 2R effect. When current is passed through aresistance element IR losstakes
place which produces heat. There are two methods of resistance heating.

(a) Direct Resistance Heating. In this method the material (or charge) to be heated is treated
asaresistance and current is passed through it. The charge may bein the form of powder, small solid
pieces or liquid. The two electrodes are inserted in the charge and connected to either a.c. or d.c.

Electric Heating
Power Frequency High Frequency
Heating eating

Inducting Dielectric Infrared

Heating Heating Heating
Resistance Arc Heating Dire|ct Core- |
Heating Type Induction Coreless Type

eating Induction
Heating

Direct Indirect  Direct Arc  Indirect
Resistance Resistance Heating Arc Heating

Heating Heating

supply (Fig. 47.2). Obviously, two o
electrodeswill berequired inthe case Electric
of d.c. or single-phase a.c. supply but o Sueply
therewould bethree electrodesin the
case of 3-phase supply. When the
chargeisintheform of small pieces,
apowder of high resistivity material
is sprinkled over the surface of the
charge to avoid direct short circuit. ~ Electrode
Heat isproduced when current passes

. . i High Resistance
throughit. Thismethod of heating has l Powder
high efficiency because the heat is RS RESERE REE
produced in the charge itself. it O ERPFCUPLE B R
(b) Indirect Resistance %)
Heating. In this method of heating, ¢ Furnace
electric current is passed through a o°O (%

resistance element whichisplacedin o O
an electric oven. Heat produced is c% OO@E%& Charge
proportional to I2R losses in the C%?Q—;o&
heating element. The heat so
Fig. 47.2
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produced isdelivered to the charge either by radiation or convection or by acombination of thetwo.

Sometimes, resistance is placed in a cylinder which is surrounded by the charge placed in the
jacket asshownintheFig. 47.3. Thisarrangement provides uniform temperature. Moreover, automatic
temperature control can also be provided.

O
Electric
Supply
O

A

Cylinder

A

Heating

Element

M -

Fig. 47.3

AV

47.6. Requirement of a Good Heating Element

Indirect resistance furnaces use many different types of heating elementsfor producing heat. A
good heating element should have the following properties:

(1) High Specific Resistance.When specific resistance of the materia of the wire is high,
only short length of it will be required for a particular resistance (and hence heat) or for the same
length of the wire and the currrent, heat produced will be more.

(2) High Mélting Temperature. If the melting temperature of the heating element is high, it
would be possible to obtain higher operating temperatures.

(3) Low Temperature Coefficient of Resistance. In case the material has low temperature
coefficient of resistance, there would be only small variationsin itsresistance over itsnormal range
of temperature. Hence, the current drawn by the heating element when cold (i.e., at start) would be
practically the sasme when it is hot.

(4) High Oxidising Temperature. Oxidisation temperature of the heating element should be
high in order to ensure longer life.

(5) Positive Temperature Coefficient of Resistance. If the temperature coefficient of the
resistance of heating element is negative, its resistance will decrease with risein temperature and it
will draw more current which will produce more wattage and hence heat. With more heat, theresistance
will decrease further resulting in instability of operation.

(6) Ductile. Since the material of the heating elements has to have convenient shapes and
sizes, it should have high ductility and flexibility.

(7) Mechanical Strength. The material of the heating element should posses high mechanical
strength of itsown. Usually, different types of alloysare used to get different operating temperatures.
For example maximum working temperature of constant an (45% Ni, 55% Cu) is 400°C, that of
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nichrome (50%, Ni 20% Cr) is 1150°C, that of Kantha (70% Fe, 25% Cr, 5% Al) is 1200° C and
that of silicon carbide is 1450°C.

With the passage of time, every heating element breaks open and becomes unserviceable.
Some of the factorsresponsible for itsfailure are:

(1) Formation of hot spots which shine brighter during operation, (2) Oxidation (3) Corrosion
(4) Mechanical failure.

47.7. Resistance Furnaces or Ovens

These are suitably-insulated closed chambers with a provision for ventilation and are used for
awide variety of purposes including heat treatment of metals like annealing and hardening etc.,
stoving of enamelled wares, drying and baking of potteries, vulcanizing and hardening of synthetic
materials and for commercial and domestic heating. Temperatures upto 1000°C can be obtained by
using heating elements made of nickel, chromium and iron. Ovens using heating elements made of
graphite can produce temperatures upto 3000°C. Heating elements may consist of circular wires or
rectangular ribbons. The ovens are usually made of ametal framework having an internal lining of
fire bricks. The heating element may be located on the top, bottom or sides of the oven. The nature
of theinsulating material is determined by the maximum temperature required in the oven.

An enclosure for charge which is heated by radiation or convection or both is called aheating
chamber.

47.8. Temperature Control of Resistance Furnaces

The temperature of a resistance
furnace can be changed by controlling
thel?Ror V2/R losses.

Following different methods are used for
the above purpose :

(1) Intermittent Switching. In this
case, thefurnace voltageis switched ON
and OFF intermittently. When the
voltage supply is switched off, heat
production within the surface is stalled
and hence its temperature is reduced.
When the supply is restored, heat
production starts and the furnace
temperature begins to increase. Hence,
by this simple method, the furnace
temperature can be limited between two
limits. Electric resistance furnace

(2) By Changing the Number of
Heating Elements. In this case, the number of heating elementsis changed without cutting off the
supply to the entire furnace. Smaller the number of heating elements, lesser the heat produced.

In the case of a 3-phase circuit, equal number of heating elements is switched off from each
phasein order to maintain a balanced load condition.

(3) Variation in Circuit Configuration. In the case of 3-phase secondary load, the heating
elements give less heat when connected in a star than when connected in delta because in the two
cases, voltages across the elements is different (Fig. 47.4). In single-phase circuits, series and
parallel grouping of the heating elements causes change in power dissipation resulting in change of
furnace temperature.
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Asshownin Fig. 47.5 heat produced ismorewhen
al these elements are connected in parallel than when
they are connected in series or series-parallel.

(4) Change of Applied Voltage. (a) Obviously,
lesser the magnitude of the voltage applied to the load,
lesser the power dissipated and hence, lesser the tem-
perature produced. In the case of afurnace transformer
having high voltage primary, the tapping control iskept
in the primary winding because the magnitude of the
primary current isless. Consider the multi-tap step-down < e s
transformer shown in Fig. 47.6. Resistance heating tube furnace

AAAAA

AAAAA
YWW

vvvvv

Fig. 47.4 Fig. 47.5

Let the four tappings on the primary winding have 100%, 80%, 60% and 50%. When 100%
primary turns are used, secondary voltageisgiven by V,=(N,/N,)V, where V, istheinput voltage.
When 50% tapping is used, the number of primary turnsinvolved isN,/2. Hence, available second-
ary voltage V, = (2N,/N,)V;. By selecting a suitable primary tapping, secondary voltage can be
increased or decreased causing a change of temperature in the furnace.

]

7z
(i8]
Furnace

Ey

(B, - Ey)

O

(b)
Fig. 47.6 Fig. 47.7

(b) Bucking-Boosting the Secondary Voltage. In this method, the transformer secondary is
wound in two sections having unequal number of turns. If the two sections are connected in series-
aiding, the secondary voltage is boosted i.e., increased to (E, + E3) asshown in Fig. 47.7 ().

When the two sections are connected in series-opposing [Fig. 47.7 (b)] the secondary voltage
isreduced i.e., thereisbucking effect. Consequently, furnace voltage becomes (E, - E5) and, hence,
furnace temperature is reduced.

(c) Autotransformer Control. Fig. 47.8 shows the use of tapped autotransformer used for
decreasing the furnace voltage and, hence, temperature of small electric furnaces. The required
voltage can be selected with the help of a voltage selector.
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Reactor
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Fig. 47.8 Fig. 47.9

(d) Series Reactor Voltage. In this case, a heavy-duty core-wounded coil is placed in series
with the furnace as and when desired. Due to drop in voltage across the impedence of the coil, the
voltage available across the furnace is reduced. With the help of D.P.D.T. switch, high/low, two-
mode temperature control can be obtained as shown in the Fig. 47.9. Since the addition of seriescoil
reduces the power factor, a power capacitor is simultaneously introduced in the circuit for keeping
the p.f. nearly unity. As seen, theinductor is connected in series, whereas the capacitor isin parallel
with the furnace.

47.9. Design of Heating Element

Normally, wiresof circular cross-section or rectangular conducting ribbons are used as heating
elements. Under steady-state conditions, a heating element dissipates as much heat from its surface
asit receivesthe power from the electric supply. If P isthe power input and H isthe heat dissipated
by radiation, then P = H under steady-state conditions.

Asper Stefan’s law of radiation, heat radiated by a hot body is given by

4 4
H=5.72eK lj - lj W/ m?
100 100

where T, isthe temperature of hot body in °K and T, that of the cold body (or cold surroundings) in °K

V2 | | 4pl
Now, P=—, and R=p—=p——=—""—
R pA pnd2/4 nd?

V2 nd?Vv? | 7v?

4ol /nd 4pl dc 4dp

(i)
Total surface area of the wire of the element = (nd) x |
If H isthe heat dissipated by radiation per second per unit surface area of the wire, then heat
radiated per second
= (nd) x| x H (i)
Equating (i) and (ii), we have

P=(rd)xIxH or 4pV =(zd)x Hor —= ... (iii)

We can find thevalues of | andd from Eq. (i) and (iii) given above.
Ribbon Type Element
If w isthe width of the ribbon and t its thickness, then
vz oov? V2 owv/? t V2 _
= = = = o —=— ..(iv)
R pl/A pl/Twt ol wt pP
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Heat lost from ribbon surface = 2wl H (neglecting the side area 2t )

wtV? t 2pH
=2wlH or —=

Values of | and w for a given ribbon of thickness t can be found from Egn. (iv) and (v) given
above.

Example 47.1. A resistance oven employing nichrome wire is to be operated from 220 V
single-phase supply and isto be rated at 16 kW, If the temperature of the element isto be limited to
1,170°C and average temperature of the charge is 500°C, find the diameter and length of the
element wire.

Radiating efficiency = 0.57, Emmissivity=0.9, Specific resistance of nichrome= (109 x 1079

ohm-m. (Utili. of Elect. Energy, Punjab Univ.)
Solution. P =16 kW = 16,000 W
| mv? 1% (220)?
i —= = =2,179,660 i
From Article 47.9, 42 40P 4x109x10 ® x 16,000 .. (i)

4 4 4 4
Now H=5.72&K (Tl) —(Bj W /m?=5.72x0.9x 0.57 (1443} _(773)
, 100/ (100 100 100

= 116,752 W/nv?
Now, total heat dissipated/s = electrical power input
(rd)xIx116,752=16,000; .. dI=0.0436
or d212=0.0019 ..(ii)
From Eqgn. (i) and (ii), 13 = 2,179,660 x 0.0019 = 4141
: I =16.05m
d = 0.0436/16.05=2.716 x 10 3m=2.716 mm
Example 47.2. A 30-kW, 3-¢, 400-V resistance oven is to employ nickel-chrome strip
0.254 mm thick for the three star-connected heating elements. If the wire temperature is to be
1,100°C and that of the charge to be 700°C, estimate a suitable width for the strip. Assume emissiv-
ity = 0.9 and radiating efficiency to be 0.5 and resistivity of the strip material is101.6 x 108.Q-m.
What would be the temperature of the wire if the charge were cold ?
(Utili. of Elect. Power A.M.I.E. Sec. B)

Solution. Power/phase = 30 x 1000/3 = 10,000 W, V;, = 400/ J3=231V
If Risthe resistance of the strip, R= V5, /P =231%/10,000 = 5.34Q

| 5.34x0.245x107°

pl
Resistance of the strip, R:H oW 1016510 8 =1335 (i)

Heat dissipated from surface of the strip,

100

Surface area of the strip = 2wl; Total heat dissipated = 2wl x H
68,400 x 2 x wl =10,000 or wl =0.0731 (i)
From Eqgn. (i) and (ii), weget w = 0.0731/13350r w = 7.4mm

1373)* _( 973)4

H =5.72x0.9x0.5 ] 21 1=68,400 W/m?
100
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Example47.3. A cubic water tank has surface area of 6.0 m? and is filled to 90% capacity six
times daily. The water is heated from 20°C to 65°C. Thelosses per square metre of tank surface per
1°Ctemperature difference are 6.3 W. Find theloading in kW and the efficiency of the tank. Assume

specific heat of water = 4,200 J/kg/°C and one kWh = 3.6 MJ. (A.M.l.E. Sec. B)
Solution. If | isthe side of the tank, then total surface area of the tank = 612
0 612=6 or | =6/6=1m2

Volume of thetank = I3 = 1m3
Volume of water to be heated daily = 6 x (1 x 0.9) =5.4m3
Since 1m?3 of water weighs 1000 kg, mass of water to be heated daily = 5.4 x 1000 = 5400 kg

Heat required to rai se the temperature of water = 5400 x 4200 (65 —20) = 1020 MJ = 1020/3.6
=283.3kWh

Daily loss from the surface of the tank = 6.3 x 6 x (65— 20) x 24/1000 = 40.8 kWh
Energy supplied per day = 283.3 + 40.8 = 324.1 kWh

Loading in KW = 324.1/24 = 3.5 kW

Efficiency of the tank = 283.3 x 100/324.1 = 87.4%

47.10. Arc Furnaces

If a sufficiently high voltage is applied across an air-gap, the air becomes ionized and starts
conducting intheform of acontinuous spark or arc thereby producing intense heat. When electrodes
are made of carbon/graphite, the temperature obtained is in the range of 3000°C-3500C. The high
voltage required for striking the arc can be obtained by using a step-up transformer fed from a
variable a.c. supply as shown in Fig. 47.10 ().

A.C. _P(_Jtential Electrodes
Divider in contact
’ //é\\\ > > =
@ LT'% H.T'l\ " 1 : ; /I (7% U 'é‘: g L.T. @) E H.T.%
\?/ <z <3
@ &
Fig. 47.10

An arc can a'so be obtained by using low voltage acrosstwo electrodesinitially in contact with
each other as shownin Fig. 47.10 (b). The low voltage required for this purpose can be obtained by
using a step-down transformer. Initially, the low voltage is applied, when the two electrodes are in
contact with each other. Next, when the two electrodes are gradually separated from each other, an
arc is established between the two.

Arc furnaces can be of the following two types:

1. Direct Arc Furnace

Inthiscase, arcisformed between the two el ectrodes and the charge in such away that electric
current passes through the body of the charge as shown in Fig. 47.11 (a). Such furnaces produce
very high temperatures.
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2. Indirect Arc Furnace

Inthis case, arc is formed between the two el ectrodes and the heat thus produced is passed on
to the charge by radiation as shown in Fig. 47.11 (b).

Electrodes

Arc Arc
Charge
(@) (b)

Fig. 47.11

47.11. Direct Arc Furnace

It could be either of conducting-bottom type [Fig. 47.12 (a)] or non-conducting bottom type
[Fig. 47.12 (b)].

As seen from Fig. 47.12 (&), bottom of the furnace forms part of the electric circuit so that
current passes through the body of the charge which offersvery low resistance. Hence, it is possible

Refractory ‘
Lining

LV

EVAANIRVEANARVER

HV
e Ly

[ o
‘ - ‘ Step-Down

Steel Transformer

Bottom Non-Conducting
Bottom
(@) (®)
Fig. 47.12

to obtain high temperaturesin such furnaces. Moreover, it produces uniform heating of charge with-
out stirring it mechanically. In Fig. 47.12 (b), no current passes through the body of the furnace.
Most common application of these furnacesisin the production of steel because of the ease
with which the composition of the final product can be controlled during refining.
Most of thefurnacesin general use are of non-conducting bottom type dueto insulation problem
faced in case of conducting bottom.
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47.12. Indirect Arc
Furnace

Fig. 47.13 shows a
single-phase indirect arc
furnace  which is
cylindrical in shape. The
arc is struck by short-
circuiting the electrodes
manually or automatically
for a moment and then,
withdrawing them apart.
The heat from the arc and
the hot refractory lining is
transferred to thetop layer
of the charge by radiation.
The heat from the hot top
layer of the charge is

Electrical Technology
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Schematic view of an indirect electric arc furnace

further transferred to other parts of the charge by conduction.
Since no current passes through the body of the charge, thereis no inherent stirring action due
to electro-magnetic forces set up by the current. Hence, such furnaces haveto be rocked continuously

Packing
Wheels

Fig. 47.13

in order to distribute heat uniformly by
exposing different layers of the charge
to the heat of the arc. An electric motor
is used to operate suitable grinders and
rollers to impart rocking motion to the
furnace. Rocking action provides not
only thorough mixing of the charge, it
also increases the furnace efficiency in
addition to increasing the life of the
refractory lining material. Since in this
furnace, charge is heated by radiation
only, its temperature is lower than that
obtainable in a direct arc furnace. Such
furnacesaremainly used for melting non-
ferrous metal s although they can be used
inironfoundarieswhere small quantities
of iron arerequired frequently.

Example 47.4. A 4-phase electric arc furnace has the following data :
Current drawn = 5000 A ;

Arc voltage
Resistance of transformer referred to secondary
Resistance of transformer referred to secondary

=50V
= 0.002 Q
= 0.004 Q

(i) Calculate the power factor and kW drawn from the supply.

(i) If the overall efficiency of the furnace is 65%, find the time required to melt 2 tonnes of
steel if latent heat of steel = 8.89 kcal/kg, specific heat of steel = 0.12, melting point of
steel = 1370°C and initial temperature of steel = 20°C.

(Utilisation of Elect. Power, A.M.I.E. Sec. B)

Solution. Voltage drop due to transformer resistance = 5000 x 0.002 =10V
Voltage drop due to transformer reactance = 5000 x 0.004 =20 V.
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Since arc voltage drop is resistive in nature, it is vectorially added to the transformer resistance
drop.

Open circuit transformer secondary voltage/phase = ,/(50+10)? +20? =63.25V

(i) Supply p.f.= (50 + 10)/63.25 =0.9487

Power drawn/phase by the secondary = 5000 x 63.25 x 0.9487 = 300,000 W = 300 kW

Total power drawn from the supply =3 x 300 = 900 kW

(ii) Energy required to melt 2 tonnes of steel = ms (t,—t;) + mL = 2000 x 0.12 x (1370 - 20)
+ 2000 x 8.89 = 341,780 kcal .= 341,780/860 = 397.4 kWh

Power actually utilised = 900 x 0.65 = 585 kW

Time required for melting steel = 397.4/585 = 0.679 hours = 40 minutes 46 seconds.

Example. 47.5. If a 3-phase arc furnace is to melt 10 tonne steel in 2 hours, estimate the
average input to the furnace if overall efficiency is 50%. If the current input is 9,000 A with the
above kW input and the resistance and reactance of furnace leads (including transformer) are
0.003 Q2 and 0.005 Q respectively, estimate the arc voltage and total kVA taken from the supply
Specific heat of steel = 444 J kg l°Cc1

Latent heat of fusion of steel = 37.25 kJ/kg

Melting point of steel =1,370°C (Utilisation of Elect. Energy, Punjab Univ. 1989.)

Solution. Energy required to melt 10 tonnes of steel = 10,000 x 444 (1370 — 20) + 10,000 x
37,250 = 6366.5 x 106 J= 1768.5 kWh

It has been assumed in the above calculation that the initial melting temperature of steel is
20°C.

Since time taken is two hours, average output power = 1768.5/2 = 884.25 kW

Average input power = 884.25/0.5=1768.5 kW

Voltage drop dueto theresistance of thefurnaceleads (including transformer) = 9000 x 0.003=27 V
Voltage drop due to reactance of the furnace leads (including transformer) = 9000 x 0.005 = 45V
If VA isthe arc drop (which is assumed resistive in nature) then

O.D. secondary voltage/phase =,/(V,, +27)% +452
oV +27
(VA +27) +(45)°
Total power input = 3 x power drawn/phase

0 17685 x 103=3 x 9000 +/(V, +27)% +(35)% x(V, +27)/+/(V, +27)% +(45)?

O Vp+ 27=655 or V,=655-27=385V

0O.C. secondary voltage/phase = \/(VA +27)? + (45)? =79.5V
Total kVA taken from supply line = 3 x 9000 x 79.5 x 1073 = 2145 kVA.

47.13. Induction Heating

This heating process makes use of the currents induced by the electro-magnetic action in the
chargeto be heated. In fact, induction heating is based on the principle of transformer working. The
primary winding which is supplied from an a.c. source is magnetically coupled to the charge which
acts as a short circuited secondary of single turn. When an a.c. voltage is applied to the primary, it
induces voltage in the secondary i.e. charge. The secondary current heats up the charge in the same
way asany electric current doeswhile passing through aresistance. If V isthe voltageinduced in the
charge and R is the charge resistance, then heat produced = VZ/R. The value of current
induced in the charge depends on (i) magnitude of the primary current (ii) turn ratio of the transformer



1846  Electrical Technology

(iii) co-efficient of magnetic
coupling.

Low-frequency induction
furnaces are used for melting and
refining of different metals.
However, for other processeslike
case hardenning and soldering
etc., high-frequency eddy-current
heating is employed. Low-
frequency induction furnaces
employed for the melting of
metals are of the following two
types: (@) (b)

Inside views of an induction furnaces: (&) Rammed induction
whi Cffii)ecrg{;;épl?kizwvicin; furnace and (b) bricked induétiZm furnace
ing transformer. These can be further sub-divided into (i) Direct core-type furnaces (ii) Vertica
core-type furnaces and (iii) Indirect core-type furnaces.

(b) Coréesstype Furnaces — in which an inductively-heated element is made to transfer
heat to the charge by radiation.

47.14. Core Type Induction Furnace

ItisshowninFig. 47.14 and isessentially atransformer in which the chargeto be heated forms
asingle-turn short-circuited secondary and is magnetically coupled to the primary by aniron core.
The furnace consists of a circular hearth which contains the charge to be melted in the form of an
annular ring. When there is no molten metal in the ring, the secondary becomes open-circuited
there-by cutting off the secondary current. Hence, to start the furnace, molted metal hasto be poured
in the annular hearth. Since, magnetic coupling between the primary and secondary is very poor, it
results in high leakage and low power factor. In order to nullify the effect of increased leakage
reactance, low primary frequency of the order of 10 Hzisused. If the transformer secondary current
density exceeds 500 A/cm? then, due to the interaction of secondary current with the alternating
magnetic field, the molten metal is squeezed to the extent that secondary circuit isinterrupted. This
effect isknown as “pinch effect”.

(®)
A

o

imary
inding

Supply
=

A.C

Iron Core

Fig. 47.14
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Thisfurnace suffers from the following drawbacks :

1. It hasto berun onlow-frequency supply which entail s extraexpenditure on motor-generator
set or frequency convertor.

2. It suffersfrom pinching effect.
3. The crucible for charge is of odd shape and is very inconvenient for tapping the molten
charge.
4. 1t does not function if there is no molten metal in the hearth i.e. when the secondary is
open. Every time molten metal has to be poured to start the furnace.
5. Itisnot suitable for intermittent service.
However, in thisfurnace, melting is rapid and clean and temperature can be controlled easily.
Moreover, inherent stirring action of the charge by electro-magnetic forces ensures greater uniformity
of the end product.

47.15. Vertical Core-Type Induction Furnace

It is aso known as Ajax-Wyatt furnace and represents an improvement over the core-type
furnace discussed above. Asshownin Fig. 47.15, it hasvertical channel (instead of ahorizontal one)
for the charge, so that the crucible used isalso vertical which isconvenient from metallurgical point
of view. In thisfurnace, magnetic coupling is comparatively better and power factor ishigh. Hence,
it can be operated from normal frequency supply. The circulation of the molten metal is kept up
round the Vee portion by convection currents as shown in Fig. 47.15.

As Vee channel is narrow, even asmall quantity of charge is sufficient to keep the secondary
circuit closed. However, Vee channel
must be kept full of charge in order to

.. L . . Door for
maintain continuity of secondary circuit. ! / i
Thisfact makesthisfurnace suitablefor ' Furnace
continuous operation. The tendency of l—| f
the secondary circuit to rupture due to _J
pinch-effect is counteracted by the

weight of the chargein the crucible.
The choice of material for inner

lining of the furnace depends on thetype

of charge used. Clay lining is used for e M

.~ Charge

yellow brass. For red brass and bronze, L1
an alloy of magnetia and alumina or S
corundum isused. Thetop of thefurnace
iscovered with aninsulated cover which
can be removed for charging. The
furnace can be tilted by the suitable
hydraulic arrangement for taking out the

molten metal.

This furnace is widely used for
melting and refining of brass and other
non-ferrous metals. As said earlier, it is Primary
suitable for continuous operation. It has Winding Refractory
ap.f. of 0.8-0.85. With normal supply i Lining
frequency, its efficiency is about '

75% and its standard size varies from
60-300 kW, all single-phase. Fig. 47.15

Core
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47.16. Indirect Core-Type Induction Furnace

Inthisfurnace, asuitable element isheated by induction which, in turn, transfersthe heat to the
charge by radiation. Sofar asthe chargeis concerned, the conditionsare similar to thosein aresistance
oven.

Asshownin Fig. 47.16, the secondary consists of ametal container which forms the walls of
the furnace proper. The primary winding is magnetically coupled to this secondary by an iron core.
When primary winding is connected to a.c. supply, secondary current isinduced in the metal container
by transformer action which heats up the container. The metal container transfers this heat to the
charge. A special advantage of this furnace is that its temperature can be automatically controlled
without the use of an external equipment. The part AB of the magnetic circuit situated inside the
oven chamber consistsof aspecia alloy which losesits magnetic propertiesat aparticular temperature
but regains them when cooled back to the same temperature. As soon as the chamber attains the
critical temperature, reluctance of the magnetic circuit increases manifold thereby cutting off the

Primary
/_ Winding

Sec. Winding

el
4 Core

Fig. 47.16

heat supply. The bar AB is detachable and can be replaced by other bars having different critical
temperatures.

47.17. Coreless Induction Furnace

Asshown in Fig. 47.17, the three main parts of the furnace are (i) primary coil (ii) aceramic
crucible containing charge which forms the secondary and (iii) the frame which includes supports
and tilting mechanism. The distinctive feature of thisfurnaceisthat it contains no heavy iron core
with the result that there is no continuous path for the magnetic flux. The crucible and the coil are
relatively light in construction and can be conveniently tilted for pouring.

The chargeis put into the crucible and primary winding is connected to a high-frequency a.c.
supply. The flux produce by the primary sets up eddy-currents in the charge and heats it up to the
melting point. The charge need not be in the molten state at the start as was required by core-type
furnaces. The eddy- currents also set up electromotive forceswhich produce stirring action whichis
essential for obtaining uniforms quality of metal. Sinceflux density islow (dueto the absence of the
magntic core) high frequency supply hasto be used because eddy-current loss W, [J B2f 2 However,
this high frequency increases the resistance of the primary winding due to skin effect, thereby in-
creasing primary Cu losses. Hence, the primary winding is not made of Cu wire but consists of
hollow Cu tubes which are cooled by water circulating through them.

Since magnetic coupling between the primary and secondary windingsis low, the furnace p.f.
lies between 0.1 and 0.3. Hence, static capacitors areinvariably used in parallel with the furnaceto
improveitsp.f.



Such furnaces are commonly used for steel
production and for melting of non-ferrous metals
likebrass, bronze, copper and aluminum etc., along
with various alloys of these elements. Special
application of these furnaces include vacuum
melting, melting in a controlled atmosphere and
melting for precision casting where high frequency
induction heating isused. It also findswide usein
electronicindustry andin other industrial activities
like soldering, brazing hardening and annealing and
sterilizing surgical instruments etc.

Some of the advantages of corelessinduction
furnaces are asfollows:

(1) They arefast in operation.

(2) They produce most uniform quality
of product.

(3) They can be operated intermittenly.

Primary Winding
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O

O
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(4) Their operation isfree from smoke, dirt, dust and noises.
(5) They can be used for al industrial applications requiring heating and melting.
(6) They have low erection and operating costs.

(7) Their charging and pouring issimple.

47.18. High Frequency Eddy-current Heating

For heating an article by eddy-currents, it is placed inside ahigh frequency a.c. current-carrying
coil (Fig. 47.18). The alternating magnetic field produced by the coil sets up eddy-currentsin the
article which, consequently, gets heated up. Such acoil isknown as heater coil or work coil and the
material to be heated is known as charge or load. Primarily, it is the eddy-current loss which is
responsiblefor the production of heat although hysteresisloss also contributesto some extent in the

case of non-magnetic materials.

Il ———H-_T=<
o IR
/7 \
\ /]
\\{\ =
\\ —————— //
Fig. 47.18

The eddy-current loss W, 0 B2 f 2. Hence, this loss can be controlled by controlling flux
density B and the supply frequency f. Thislossis greatest on the surface of the material but de-
creases as we go deep inside. The depth of the material upto which the eddy-current loss penetrates

isgiven by
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4= px10°
2\ Y. f
where P =resistivity of the molten metal
f = supply frequency
K, = relative permeability of the charge

Advantages of Eddy-current Heating

(1) There is negligible wastage of heat because
the heat is produced in the body to be heated.

(2) It can take place in vacuum or other special
environs where other types of heating are not
possible.

(3) Heat can be made to penetrate any depth of | i
the body by selecting proper supply frequently. Eddy Current Heater

Applications of Eddy-current Heating

(1) Surface Hardening. The bar whose surface is to be hardened by heat treatment is placed
within the working coil which is connected to an a.c. supply of high frequency. The depth upto
which the surface isto be hardened can be obtained by the proper selection of frequency of the coil
current. After afew seconds, when surface has reached the proper temperature, a.c. supply is cut off
and the bar is at once dipped in water.

(2) Annealing. Normally, annealing process takes long time resulting in scaling of the metal
which is undesirable. However, in eddy-current heating, time taken is much less so that no scale
formation takes place.

(3) Soldering. Eddy-current heating iseconomical for precise high-temperature soldering where
silver, copper and their aloys are used as solders.

Example. 47.6. Determine the efficiency of a high-frequency induction furnace which takes
10 minutes to melt 2 kg of a aluminiuminitially at a temperature of 20°C. The power drawn by the
furnace is 5 kW, specific heat of aluminium = 0.212, melting point of alumimium = 660° C and
latent heat of fusion of alumimium. = 77 kcal/kg.

Solution. Heat required to melt aluminium = 2 x 77 = 154 kcal
Heat required to raise the temperature of auminium from 20°C to 660°C
=2x0.212x (660—20) = 2x0.212 x 640 = 271.4 kca

Total heat required = 154+ 2714 =425.4kcd

Heat required per hour = 425.4 x 60/10 = 2552.4 kcal

Power delivered to aluminium = 2552.4/860 = 2.96 kW

O efficiency = output/input = 2.97/5 = 0594 or 59.4%

Example 47.7. A low-frequency induction furnace has a secondary voltage of 20V and takes
600 kW at 0.6 p.f. when the hearth is full. If the secondary voltage is kept constant, determine the
power absorbed and the p.f. when the hearth ishalf-full. Assume that the resi stance of the secondary
circuit is doubled but the reactance remains the same.

Solution. Secondary current = 600 x 103/20 x 0.6 =5 x 10* A

If this current is taken as the reference quantity, then secondary voltage is

V,=20(0.6 +j 0.8) =(12 + j16)V
Hence, secondary impedence, Z, = (12 +j 16)/5 x 10% = (2.4 +j 3.2) x 10 ~#ohm
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Now, if the secondary resistanceisdouble, then total impedence when the hearth is half-full is
=Z,=(4.8+j3.2) x 10~“#ohm

Now, secondary current |, = 20/(4.8 + j3.2) x 104
= 20/5.77 [0 33.7° x 10* =3.466 0 -33.7° x 10 A

Now p.f. = cos 33.7° = 0.832

Hence, power absorbed = 20 x 3.466 x 10% x 0.832 x 10 ~3= 580 kW

Example 47.8. Estimate the energy required to melt 0.5 tonne of brass in a single-phase

induction furnace. If the melt isto be carried out in 0.5 hour, what must be the average power input
to the furnace?

Specific heat of brass = 0.094
Latent heat of fusion of brass = 30 kilocal/kg
Melting point of brass = 920°C

Furnace efficiency = 60.2%
The temperature of the cold charge may be taken as 20°C
Solution. Total amount of heat required to melt 0.5 kg of brass.
= (0.5 x 1000) x 39 + 500 x 0.094 x (920 — 20)
= 61,800 kcal = 61,800/860 = 71.86 kWh
Total furnace input = 71.86/0.602 = 119.4 kWh
Example 47.9. A low-frequency induction furnace whose secondary voltage is maintained
constant at 10 V, takes 400 kW at 0.6 p.f. when the hearth is full. Assuming the resistance of the
secondary circuit to vary inversely as the height of the charge and reactance to remain constant,
find the height upto which the hearth should be filled to obtain maximum heat.
(Utili. of Elect. Power and Traction, Gorakhpur Univ.)
Solution. Secondary current I,,= P/V, cos ¢
= 400 x 10%/10 x 0.6 = 6.667 x 10* A
Impedence of the secondary circuit when hearth isfull
Z,=V,/l,=10/6.667 x 10*=1.5x 104 Q
Secondary resistance when hearth isfull, R, =Z, cos @
=15x10%x06=09%x10% Q
Reactance of the secondary circuit, X,=Z,sin @
=15%x10%x08=12x10% Q
In the second, let the height of the charge be x times of the full hearthi.e. h=xH
Since resistance variesinversely as the height of the charge
=R,=R,/x=09x10%x Q
Power drawn and hence heat produced will be maximum where secondary resistance equalsits
reactance.
0 09x10%x=12x10"% or x=3/4
Hence, maximum heat would be produced in the charge when its height is three-fourth the
height of the hearth.

47.19. Dielectric Heating

It is also called high-frequency capacitative heating and is used for heating insulators like
wood, plasticsand ceramics etc. which cannot be heated easily and uniformly by other methods. The
supply frequency required for dielectric heating is between 10-50 MHz and the applied voltage is
upto 20 kV. The overall efficiency of dielectric heating is about 50%.
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47.20. Dielectric Loss

When a practical capacitor is connected across an a.c. supply, it draws a current which leads
the voltage by an angle ¢, whichis alittle less than 90° or falls short of 90° by an angle . It means
that there is a certain component of the current which isin phase with the voltage and hence pro-
duces someloss called dielectric loss. At the normal supply frequency of 50 Hz, thislossisnegligi-
bly small but at higher frequencies of 50 MHz or so, thisloss becomes so large that it issufficient to
heat the dielectricin which it takes place. Theinsulating material to be heated is placed between two
conducting platesin order to form a parallel-plate capacitor as shownin Fig. 47.19 (a).
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Fig. 47.19

Fig. 47.19 (b) shows the equivalent circuit of the capacitor and Fig. 47.19 (c) givesits vector
diagram.

Power drawn from supply = VI cos ¢
Now, I,=1=VIX,  =2nfcv
P = V(2rnfCV ) cos ¢ = 2rfCV 2 cos ¢
Now, ¢ =(90-5),cosp=cos(90-38)=sind =tand =9§

where § isvery small and is expressed in radians.
P = 2rfCV 2§ watts

A
Here, C= € & q where d isthe thickness and A is the surface area of the dielectric slab.

This power is converted into heat. Since for a given insulator material, C and § are constant,
the dielectric loss is directly proportional to V 2. That is why high-frequency voltage is used in
dielectric heating. Generally, a.c. voltage of about 20 kV at afrequency of 10-30 MHz is used.

47.21. Advantages of Dielectric Heating

1. Since heat is generated within the dielectric medium itself, it resultsin uniform heating.
Heating becomes faster with increasing frequency.

It isthe only method for heating bad conductors of heat.

Heating is fastest in this method of heating.

Since no naked flame appearsin the process, inflammabl e articleslike plastics and wooden
products etc., can be heated safely.
6. Heating can be stopped immediately as and when desired.

ok wn
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47.22. Applications of Dielectric Heating

Since cost of dielectric heating is very
high, it is employed where other methods are
not possible or are too slow. Some of the
applications of dielectric heating are as under :

1. For gluing of multilayer plywood

boards.
2. For baking of sand cores which are
used in the moulding process. . —
3. For preheating of plastic compounds
before sending them to the moulding Dielectric heating
section.

4. For drying of tobacco after glycerine has been mixed with it for making cigarattes.
For baking of biscuits and cakes etc. in bakeries with the help of automatic machines.
For electronic sewing of plastic garmentslike raincoats etc. with the help of cold rollersfed
with high-frequency supply.
For dehydration of food which isthen sealed in air-tight containers.
For removal of moisturesfrom oil emulsions.
In diathermy for relieving pain in different parts of the human body.
10. For quick drying of glue used for book binding purposes.

Example. 47.10. A slab of insulating material 150 cm?in area and 1 cmthick is to be heated
by dielectric heating. The power required is400 W at 30 MHz. Material has relative per mittivity of
5 and p.f. of 0.05. Determine the necessary voltage. Absolute permittivity = 8.854 x 10 ~12 F/m.

(Utilisation of Elect. Energy, Punjab Univ.)

Solution. P =400 W, p.f. =0.05, f =30x 106Hz

C=€,6, Ad=8854x10"12x5x 150 x 10741 x 102= 66.4x 10~ 12F

Now, P=2nfCV2 cosp or 400=2mx30x105x66.4x10-12xV2 x 0.050r V=800V

Example. 47.11. An insulating material 2 cm thick and 200 cn? in area is to be heated by
dielectric heating. The material has relative permitivity of 5 and power factor of 0.05. Power
required is400 W and frequency of 40 MHzisto be used. Determine the necessary voltage and the
current that will flow through the material. If the voltage were to be limited to 700 V, what will be
the frequency to get the same |oss? (A.M.l.E. Sec. B)

Solution. C = 8.854 x 10712 x 5 x 200 x 10742 x 102 = 44.27 x 10°12F

o o

© © N

P=271CV? cOs ¢ Or V=4/400/27x40x10°x44.27x10 *x0.05 =848V

Current flowing through the material,
| =P/Vcos¢ =400/848 x 0.05=9.48 A
Heat produced o< V2 f
V2t = V2 or = £ (V;/V,)?= 40 x 10°(848/700)% = 58.7 M Hz

Example 47.12. A plywood board of 0.5 x 0.25 x 0.02 metreisto be heated from 25 to 125°C
in 10 minutes by dielectric heating employing a frequency of 30 MHz. Determine the power
required in this heating process. Assume specific heat of wood 1500/J/kg/°C; weight of wood
600 kg/m? and efficiency of process 50%. (Utilisation of Traction, B.H.U.)

Solution. Volume of plywood to be heated = 0.5 x 0.25 x 0.02 = 0.0025 m3
Weight of plywood = 0.0025 x 600 = 1.5 kg
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Heat required to raise the temperature of plywood board from 25° to 125°
=1.5x 1500 (125—-25) =2,25,0000 or W-s
or H = 2,25,000/60 x 60 = 62.5 Wh
Since heating isto be done in 10 minutes, power required = 62.5/(10/60) = 375 W
Since efficiency is 50%, power input = 375/0.5 = 700 W

47.23. Choice of Frequency

The selection of frequency for heating isimportant because it has a great bearing on the work
to be heated and the method of its heating whether by induction heating or dielectric heating. Furnaces
running on power frequency of 50 Hz can be of 1 MW capacity whereas those running on medium
frequencies (500 Hz to 1000 Hz) have a capacity of 50 kW and those running on high frequency
(1 MHz to 2 MHz) have capacities ranging from 200 kW to 500 kW.

1. Induction Heating. While choosing frequency for induction heating, the following factors
are considered :

(a) Thicknessof thesurfaceto be heated. Higher the frequency, thinner the surface that will get

heated.

(b) Thetime of continuous heating. Longer the duration of heating, deeper the penetration of
heat in the work due to conduction.

(c) Thetemperatureto be obtained. Higher thetemperature, higher the capacity of the generator
required.

2. Dielectric Heating. The power consumed during dielectric heating, P = 2nfCV2 cos @. As
seen, P O f x Cx V2 x cos . Hence, rate of heat production can beincreased by increasing voltage
or voltage across any specimen islimited by itsthickness or because of the consideration of potential
gradient, breakdown voltage and safety etc., Voltages ranging from 600 V to 3000 V are used for
dielectric heating, although voltages of 20 kV or so are also used sometimes.

Rate of heat production can also be increased by applying high potential but it isalso limited
because of the following considerations :

(a) Possibility of formation of standing waves between the surface of two electrodes having
wavelength nearly equal to or more than one quarter of the wavelength of the particular
frequency used.

(b) Necessity of employing special matching circuit at higher frequencies due to the fact that
maximum power transfer takes place when the oscillator impedence equals the load
impedence.

(c) At higher frequencies it is difficult for tuning inductance to resonate with the charge
capacitance.

(d) At higher frequencies, it is almost impossible to get uniform voltage distribution.

(e) Since higher frequencies disturb near-by radio station services, special arrangement hasto
be made to stop radiations from the high-frequency generator used for the purpose.

47.24. Infrared Heating

When tungsten filament |lamps are operated at about 2300°C (instead of 3000°C), they produce
plenty of heat radiations called infrared radiations. With the help of suitablereflectors, theseinfrared
radiations are focused on the surface to be heated. Thelamps so employed have ratingsvarying from
250 W to 1000 W operating at 115 W. Lower voltageresultsin robust filaments. With thisarrangement,
the charge temperature obtain is between 200°C and 300°C. The heat emission intensity obtained is
about 7000 W/m? as compared to 1500 W/m? obtained with ordinary resistance furnaces. In this
type of heating, heat absorption remainspractically constant whatever the charge temperature whereas
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it fallsrapidly asthe temperature of charge risesin the ordinary resistance furnace.
Infrared heating is used for paint drying and for drying foundary moulds, for low temperature
heating of plastics and for various dehydration and other processes.

10.

Tutorial Problem No. 47.1

A slab of insulating material 150 cm2in areaand 1 cm. thick is to be heated by dielectric heating.
The power required is400W at 30 MHz. Material has permitivity of 5 and p.f. 0.05. Determine the
voltage necessary. Absolute permittivity = 8.854 x 10-12 F/m.

[800 V] (Utilisation of Elect. Energy, Punjab Univ.)

A 20-kW, 1-phase, 220-V resistance oven employs circular nickel chrome wire for its heating

elements. If the wire temperature is not to exceed 1107° C and the temperature of the chargeisto

be 500°C, calculate the length and size of wire required. Assume aradiating efficiency of 0.6 and

the specific resistance of nickel chrome as 100 x 10° Q cm and emissivity 0.9.

[ =17.1 m, d = 0.3 cm] (Utilisation of Elect. Power, A.M.I.E.)

An electric toaster consists of two resistance elements each of 190 ohm. Cal culate the power drawn

from 250 V a.c. single-phase supply, when the elements are connected in (i) parallel and (ii) series.

[(i) 658 W (ii) 164.5 W]

A 15-kW, 220-V, single-phase resistance oven employs nickel-chrome wire for its heating ele-

ments. If the wire temperature is not to exceed 1,000°C and the temperature of the chargeisto be

600°C, calculate the diameter and length of the wire. Assume radiating efficiency to be 0.6 and

emissivity as 0.9. For nickel chrome resistivity is 1.016 x 1076 Q-m. [3.11 mm, 24.24 m]

(Utili. of Elect. Power, A.M.|.E. Sec. B)

A 30-kW, 3-phase, 400-V resistance oven isto employ nickel-chrome strip 0.025 cm thick for the

3-phase star-connected heating elements. If the wire temperatureisto be 1100°C and that of charge

is to be 700°C, estimate a suitable width for the strip. Assume radiating efficiency as 0.6 and
emissivity as 0.90. The specific resistance of the nichromealloy is 1.03 x 106 Q-m. State any

assumptions made. [6.86 mm] (Utili. of Elect. Power, A.M.I.E. Sec. B.)

Estimate the efficiency of a high-frequency induction furnace which takes 10 minutesto melt 1.8

kg of aauminium, the input to the furnace being 5 kW and initial temperature 15°C. Given :

Specific heat of aluminium = 880 Jkg/°C

Melting point of aluminium = 660°C

Latent heat of fusion of aluminium = 32 kJ/kg and 1J= 2.78 x 10~ kWh.

[36 %] (Elect. Drives and Util. of Elect. Energy, Punjab Univ.)

A 3-phase electric arc furnace has the following data :

Current drawn = 5,000 A ; Arc voltage =50 V

Resistance of transformer referred to primary =0.002 Q

Resistance of transformer referred to secondary=0.004 Q

(i) Calculate the power factor and kW drawn from the supply.

(i) If the overall efficiency of furnaceis 65%, find the time required to melt 2 tonnes of steel when
latent heat of steel = 8.89 kcal/kg. Specific heat of steel = 0.12, melting point of steel = 1370°C
and initial temperature of steel = 20°C.

[(i) 0.9847; 900 kW, (ii) 40 min. 46 s] (Utili. of Elect. Power, A.M.I.E. Sec. B.)

Dielectric heating is to be employed to heat a slab of insulating material 20 mm thick and 1530

mm? in area. Power required is 200 W and a frequency of 3 MHz isto be used. The material hasa

permitivity of 5 and p.f. of 0.05. Determine the voltage necessary and the current which will flow

through the material. [8000 V ; 0.5 A] (Elect. Drives and Utili of Elect. Energy, Punjab Univ.)

What are the advantages of electrically produced heat? What are the properties to be possessed by

the element used in resistance oven? (J.N. University, Hyderabad, November 2003)

A 20kW single-phase, 220 V resistance oven employscircular nichromewirefor its heating element,

if the wire temperature is not to exceed 1227° and the temperature of the charge is to be 427°C,

calculate the size and length of the wire required. Assume emissivity = 0.9, radiating efficiency =

0.6 and specific resistance of wire = 1.09 x 10°8Q-m.

(J.N. University, Hyderabad, November 2003)
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Electrical Technology

Discuss the various modes of heat dissipation.  (J.N. University, Hyderabad, November 2003)
Explainin brief how heating is done in the following cases?
(i) Resistance heating, (ii) Induction heating, (iii) Dielectric heating.
(J.N. University, Hyderabad, November 2003)
90 Kg of tin isto smelt during an hour in smelting furnace. Determine the suitable rating of teh
furnace, if melting temperature = 230°C, specific heat = 0.055, latent heat of liquidificationis 13.3
Kcal/kg. Take the initial temperature of the metal as 35°C.
(J.N. University, Hyderabad, November 2003)
Explain the principle of Induction heating, What are the applications ofinduction heating.
(J.N. University, Hyderabad, November 2003)
With a neat sketch explain the working principle of coreless type induction furnace.
(J.N. University, Hyderabad, November 2003)
Explain with a neat sketch the principle of coreless type induction furnace.
(J.N. University, Hyderabad, November 2003)
100 kg of tinisto smelt in one hour in asmelting furnance. Determine the suitable rating of furnace
if smelting temperature of tin is 235°C; specific heat is 0.055, latent heat of liquidification 13.3
Kcal/kg. Take initial temperature of metal as 35°C.(J.N. University, Hyderabad, November 2003)
A low freguency Induction Furnace whose secondary voltage is maintained constant at 12 Volts
takes 300 Kw at 0.65 p.f. when the head of the charge and reactance to remain constant, find the
height upto which the hearth should be filled to obtain maximum heat.
(J.N. University, Hyderabad, November 2003)
Give relative advantages and disadvantages of direct and indirect electric arc furnances.
(J-N. University, Hyderabad, April 2003)
An electric arc furnace consuming 5 KW takes 15 minutes to just melt 1.5 Kgs of aluminium, the
initial temperature being 15°C. Find the efficiency of the furnace. Specific heat of aluminium is
0.212, melting point 658°C and latent heat of fusion is 76.8 Cal per gram.
(J.N. University, Hyderabad, April 2003)
What are the causes of failure of heating elements?  (J.N. University, Hyderabad, April 2003)
Six resistances each of 400hms are used as heating elements in furnace. Find the power of the
furnace for various connections to a three phase 230 V supply.
(J.N. University, Hyderabad, April 2003)
What are different methods of heat transfer Explain in brief ?
(J.N. University, Hyderabad, April 2003)
What are the advantages of radiant heating ? (J.N. University, Hyderabad, April 2003)
Describe various types of electric heating equipment. (J.N. University, Hyderabad, April 2003)
What are the causes of failure of heating elements?  (J.N. University, Hyderabad, April 2003)
Six resistances each of 40 ohms are used as heating elements in furnace. Find the power of the
furnace for various connections to a three phase 230 V supply.
(J-N. University, Hyderabad, April 2003)
Explain why very high frequencies should not be used for dielectric hearing.
(J.N. University, Hyderabad, December 2002/January 2003)
A wooden board 30 cms x 15 cms x 2 cms is to be heated from 20°C to 180°C in 10 minutes by
dielectric heating using 40 MHz supply. Specific heat of wood 0.35 and density 0.55 gm/cc. g, =5
and p.f. 0.05. Estimate the voltage across the specimen and current during heating. Assume |oss of
energy by conduction, convection and radiation as 10%.
(J.N. University, Hyderabad, December 2002/January 2003)
Write short Notes on The Ajax-yatt furnace.
(J.N. University, Hyderabad, December 2002/January 2003)
Discuss the different methods of electric heating and their relative merits
(J.N. University, Hyderabad, December 2002/January 2003)
Dielectric heating is to be employed to heat a slab of insulating meterial of 20 mm thick and 1500
mm? in area. The power required is 200 watts at a frequency of 30 MHz. The material has a
permittivity of 5 and apower factor of 0.05. Determine the voltage necessary and the current which
flows through the material. (J.N. University, Hyderabad, December 2002/January 2003)
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(J.N. University, Hyderabad, December 2002/January 2003)

Brifely explain the different methods of electric heating.

(J.N. University, Hyderabad, December 2002/January 2003)

Estimate the energy required to melt 500 kg of brass in a single phase Ajax-wyatt furnace.lfthe

melting is to be carried out in 3/4 hour, what must be the avarage power input to the furnace.
(J.N. University, Hyderabad, December 2002/January 2003)

OBJECTIVE TESTS — 47

. As compared to other methods of heating

using gas and coal etc, electric heating is far

superior because of its.

(a) cleanliness

(b) ease of control

(c) higher efficiency

(d) al of the above.

. Magnetic materials are heated with the help

of

(a) hysteresisloss (b) electric arc

(c) electriccurrent (d) radiation.

. Intheindirect resistance heating method, heat

is delivered to the charge

(a) direcly (b) by radiation

(c) by convection (d) both (b) and (c).

. The main requirements of a good heating

element used in aresistance furnaces are

(a) highresistivity

(b) high melting-temperature

(c) positive resistance-temperature
coefficient

(d) al of the above.

. Electric ovens using heating elements of

........................... can produce tempera- tures

up to 3000°C
(a) nickel (b) graphite
(c) chromium (d) iron.

. Thetemperature of resistance furnaces can be
controlled by changing the

(a) applied voltage

(b) number of heating elements

(c) circuit configuration

(d) all of the above.

. Which of the following heating method is
based on the transformer principle ?

(a) resistance heating

(b) eddy-current heating

(c) induction heating

(d) dielectric heating.

. When graphite electrodes are used in arc
furnaces, the temperature obtained is in the
range of .......coceevviiiiiniennn degree centi-

10.

1.

12.

13.

14.

15.

grade.

(a) 3000-3500 (b) 2500-3000

(c) 2000-2500 (d) 1500-2000
Which of the following furnace suffers from
pinch effect?

(a) resistance furnace

(b) coretypeinduction furnace

(c) corelessinduction furnace

(d) vertical core type induction furnace.
Which of the following induction furnace has
the lowest power factor?

(a) vertical coretype

(b) indirect coretype

(c) corelesstype

(d) coretype.

The coreless induction furnace uses high-
frequency electric supply in order to
obtain high

(a) flux density

(b) eddy-current loss

(c) primary resistance

(d) power factor.

Inflammabl e articles like plastic and wooden
products etc, can be safely heated by
USING.c.vverereienins heating.

(a) eddy-current (b) dielectric

(c) induction (d) resistance

Which of the following is an advantages of
heating by electricity?

(a) Quicker operation

(b) Higher efficiency

(c) Absence of flue gases

(d) All of the above

...... has the highest value of thermal
conductivity.

(a) Copper (b) Aluminium

(c) Brass (d) Steel

Which of the following heating methods has
maximum power factor?

(a) Archeating

(b) Dielectric heating

(c) Induction heating

(d) Resistance heating
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20.

21.

22.
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...... method has |eading power factor

(a) Resistance heating

(b) Dielectric heating

(c) Archeating

(d) Induction heating

...... is used for heating non-conducting

meterials.

(a) Eddy current heating

(b) Archeating

(c) Induction heating

(d) Dielectric heating

Which of the following methods of heating is

not dependent on the frequency of supply?

(a) Induction heating

(b) Dielectric heating

(c) Electric resistance heating

(d) All of the above

When a body reflects entire radiation incident

on it, then it is known as

(@) white body (b) grey body

(c) black body (d) transparent body

For the transmission of heat from one body to

another

(a) temperature of the two bodies must be
different

(b) both bodies must be solids

(c) both bodies must be in contact

(d) at least one of the bodies must have some
source of heating

Heat transfer by condition will not occur when

(a) bodies are kept in vacuum

(b) bodies areimmersed in water

(c) bodies are exposed to thermal radiations

(d) temperatures of the two bodies are
identical

A perfect black body is one that

(a) transmits all incident radiations

(b) absorbs al incident radions

(c) reflectsall incident radiations

(d) absorbs, reflectsand transmitsall incident
radiations

Heat is transferred simultaneously by

condition, convection and radiation

(a) inside boiler furnaces

(b) during melting of ice

(c) through the surface of the insulted pipe
carring steam

(d) from refrigerator coilsto freezer of a

refrigerator

The process of heat transfer during the re-entry

of satellites and missiles, at very high speeds,

into earth’s atmosphere is known as

(a) ablation

(b) radiation

(c) viscous dissipation

(d) irradiation

25.

26.

27.

28.

29.

30.

3L

32.

33.

Which of the following has the highest value

of thermal conductivity?

(a) Water (b) Steam

(c) Solidice (d) Meéltingice

Induction heating process is based on which

of the following principles?

(&) Thermal ion release principle

(b) Nucleate heating principle

(c) Resistance heating principle

(d) Electro-magnetic induction principle

Which of the following insulating materialsis

suitable for low temperature applications?

(a) Asbestos paper

(b) Diatomaceous earth

(c) 80 percent magnesia

(d) Cork

A non-dimensional number generally

associated with natural convection heat transfer

is

(a) Prandtl number

(b) Grash off number

(c) Pecelet number

(d) Nusselt number

The temperature inside a furnace is usually

measured by which of the following?

(a) Optical pyrometer

(b) Mercury thermometer

(c) Alcohol thermometer

(d) Any of the above

Which of the following will happen if the

thickness of refractory wall of furnace is

increased?

(a) Heat loss through furnace wall will
increase

(b) Temperatureinside the furnace will fall

(c) Temperature on the outer surface of
furnace walls will drop

(d) Energy consumption will increase

The material of the heating element for a

furnace should have

(a) lower melting point

(b) higher temperature co-efficient

(c) high specific resistance

(d) &l of the above

In aresistance furnace the atmosphereis........

(a) oxidising (b) deoxidising

(c) reducing (d) neutral

By which of the following methods the

temperature inside a resistance furnance can

be varied?

(a) By disconnecting some of the heating
elements

(b) By varying the operating voltage

(c) By verying the current through heating
elements

(d) By any of the above method



34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

In induction heating ...... is abnormally high.

(a) phaseangle (b) frequency

(c) current (d) voltage

By the use of which of the following high

frequency power supplyv for induction

furnaces can be obtained?

(a) Corelesstransformers

(b) Current transformers

(c) Motor-generator set

(d) Multi-phase transformer

Induction furnaces are employed for which of

the following?

(a) Heat treatment of castings

(b) Heating of insulators

(c) Melting auminium

(d) None of the above

In an electric room heat convector the method

of heating used is

(a) archeating

(b) resistance heating

(c) induction heating

(d) dielectric heating

In a domestic cake baking oven the

temperature is controlled by

(a) voltage variation

(b) thermostat

(c) auto-transformer

(d) series-parallel operation

In an electric press micais used

(a) asaninsulator

(b) asadevicefor power factor improvement

(c) for dielectric heating

(d) for induction heating

Induction heating takes place in which of the

following?

(a) Insulating materials

(b) Conducting materialswhich are magnetic

(c) Conducting materialswhich are non-
magnetic

(d) Conducting materials which may or may
not be magnetic

For heating element high resistivity material

is chosen to

(a) reduce the length of heating element

(b) increase the life of the heating element

(c) reduce the effect of oxidation

(d) produce large amount of heat

In resistance heating highest working

temperatureisobtained from heating elements

made of ........

(a) nickel copper  (b) nichrome

(c) siliconcarbide (d) silver

For intermittent work which of the following

furnacesis suitable?

(a) Indirect arc furnace

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.
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(b) Corelessfurnace

(c) Either of the above

(d) None of the above

Due to which of the following reasonsit is

desirable to have short arc length?

(a) To achieve better heating

(b) Toincreasethe life of roof refractory

(c) To have better stirring action

(d) To reduce problem of oxidation

(e) All of the above

In the indirect resistance heating method,

maximum heat-transfer takes place by

(a) radiation (b) convection

(c) conduction (d) any of the above

Property of low temperature co-efficient of

heating element is desired due to which of the

following reasons?

(a) Toavoid initial rush of current

(b) To avoid change in kW rating with
temperature

(c) Both (a) and (b)

(d) Either (a) or (b)

Which of the following methods is used to

control temperature in resistance furnaces?

(a) Variation of resistance

(b) Variation of voltage

(c) Periodical switching on and off of the
supply

(d) All of the above methods

It is desirable to operate the arc furnace at

power factor of

(a) zero (b) 0.707 lagging

(©) unity (d) 0.707 leading

Radiationsfrom ablack body are proportional

to

@ T (b) T2

(o T (d T4

In arc furnace the function of chokeis

(a) tostahilizethearc

(b) toimprove power factor

(c) toreduce severity of the surge

(d) none of the above

Ajax Wyatt furnaceis started when

(a) itisfilled below corelevel

(b) itisfilled above core level

(o) itisfully empty

(d) none of the above

In electric press, micaisused becauseitis.......

conductor of heat but/and ....... conductor of

electricity.
(a) bad, good (b) bad, bad
(c) good, bad (d) good, good

Resistance variation method of temperature
control is done by connecting resistance
elementsin
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(a) series

(b) pardlel

(c) series-parallel connections

(d) star-delta connections

(e) al of the above ways

Hysteresisloss and eddy current loss are used

in

(a) induction heating of steel

(b) dielectric heating

(c) induction heating of brass

(d) resistance heating

In heating the ferromagnetic material by

induction heating, heat is produced due to

(a) induced current flow through the charge

(b) hysteresisloss taking place below curie
temperature

(c) dueto hysteresisloss aswell as eddy
current loss taking place in the charge

(d) one of the above factors

Radiant heating is used for which of the

following?

(@) Annealing of metals

(b) Melting of ferrous metals

(c) Heating of liquidsin electric kettle

(d) Drying of paints and varnishes

Which of thefollowing devicesis necessarily

required for automatic temperature control in

afurnace?

(@) Thermostat

(b) Thermocouple

(c) auto-transformer

ANSWERS
1. (d) 2. (a) 3.(d) 4. (d)
8. (a) 9. (b) 10. (d) 11. (b)
15. (d) 16. (b) 17. (d) 18. (c)
22. (b) 23. (a) 24. (a) 25. ()
29. (a) 30. (0) 31. (0) 32. (a)
36. (a) 37. (b) 38. (b) 39. (a)
43. () 44. (e) 45. (a) 46. (c)
50. (a) 51. (d) 52. () 53. (€)
57. (b) 58. (c) 59. (d) 60. (b)

58.

59.

60.

61.

62.

(d) Heating elements of variable resistance
material

For radiant heating around 2250°C, the heating

elements are made of

(a) copper alloy (b) carbon

(c) tungstenalloy (d) stainlessstee aloy

Which of thefollowing isan advantage of eddy

current heating?

(a) Theamount of heat generated can be
controlled accurately

(b) Heat at very high rate can be generated

(c) Theareaof the surface over which heat is
produced can be accurately controlled

(d) All of the above

The electrode of a direct arc furnace is made

of

(a) tungsten

(b) graphite

(c) silver

(d) copper

Direct arc furnaces have which of thefollowing

power factors?

(a) Unity

(b) Low, lagging

(c) Low, leading

(d) Any of the above

In direct arc furnace, which of the following

has high value?

(a) Current

(b) Voltage

(c) Power factor

(d) All of the above

5. (b) 6. (d) 7. (0)
12. (b) 13. (d) 14. (a)
19. (a) 20. (a) 21. (d)
26. (d) 27. (b) 28. (b)
33. (d) 34. (b) 35. (¢)
40. (d) 41. (a) 42.(c)
47. (d) 48. (b) 49. (d)
54. (a) 55. () 56. (d)
61. (b) 62. (a)
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48.1. Definition of Welding

It isthe process of joining two pieces of metal or non-metal at faces rendered plastic or liquid
by the application of heat or pressure or both. Filler material may be used to effect the union.

48.2. Welding Processes

All welding processesfall into two distinct categories:
1. Fusion Welding—It involves melting of the parent metal. Examples are:
(i) Carbon arc welding, metal arc welding, electron beam welding, electroslag welding and
electrogas welding which utilize electric energy and
(if) Gaswelding and thermit welding which utilize chemical energy for the melting purpose.
2. Non-fusion Welding—It does not involve melting of the parent metal. Examples are:
(i) Forgewelding and gas non-fusion welding which use chemical energy.
(if) Explosive welding, friction welding and ultrasonic welding etc., which use mechanical
energy.
(iii) Resistance welding which uses electrical energy.
Proper selection of the welding process depends on the (@) kind of metalsto bejoined (b) cost
involved (c) nature of products to be fabricated and (d) production techniques adopted.
The principal welding processes have been tabulated in Fig. 48.1

48.3. Use of Electricity in Welding

Electricity is used in welding for generating heat at the point of welding in order to melt the
material which will subsequently fuse and form the actual weld joint. There are many ways of pro-
ducing thislocalised heat but the two most common methods are asfollows :

1. resistance welding—nhere current is passed through the inherent resistance of thejoint to be
welded thereby generating the heat as per the equation I2Rt/J kilocalories.

2. arc welding—nhere electricity is conducted in the form of an arc which is established be-
tween the two metallic surfaces

48.4. Formation and Characteristics of Electric Arc

An electric arc isformed whenever electric current is passed between two metallic electrodes
which are separated by a short distance from each other. The arc is started by momentarily touching
the positive el ectrode (anode) to the negative metal (or plate) and then withdrawing it to about 3 to
6 mm from the plate. When electrode first touches the plate, alarge short-circuit current flows and
asitislater withdrawn from the plate, current continuesto flow in the form of aspark acrossthe air
gap so formed. Due to this spark (or discharge), the air in the gap becomesionizedi.e. is split into
negative electrons and positive ions. Consequently, air becomes conducting and current is able to
flow across the gap in the form of an arc.

Asshownin Fig. 48.2, the arc consists of lighter electrons which flow from cathode to anode
and heavier positive ions which flow from anode to cathode. Intense hesat is generated when high-
velocity electrons strike the anode. Heat generated at the cathode is much less because of the low
velocity of theimpinging ions. It isfound that nearly two-third of the heat is devel oped at the anode
which burns into the form of a crater where temperature rises to a value of
3500-4000°C. The remaining one-third of the heat is developed near the cathode.
The above statement is true in al d.c. systems of welding where positive side of the circuit is the
hottest side. As aresult, an electrode connected to the positive end of the d.c. supply circuit will
burn 50% faster than if connected to the negative end. This fact can be used for obtaining desired
penetration of the base metal during welding.
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If positive supply end is connected to the base metal (whichisnormally grounded), penetration

will be greater dueto more heat and, at the sametime, the electrode will burn away slowly [Fig. 48.3

(a)] since it is connected to the negative end of the supply. If supply connections are reversed, the
penetration of heat zone in the base metal will be comparatively shallow and, at the same time,
electrode will burn fast [Fig. 48.3 (b)]. AC supply produces a penetration depth that is nearly

halfway between that achieved by the d.c. positive ground and negative ground as shown in

Fig. 48.3 (c).
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It may be noted that with a.c. supply, heat is
developed equally at the anode and cathode due to
rapid reversal of their polarity. The arc utilized for
arc welding isalow-voltage high-current discharge.
The voltage required for striking the arc is higher
than needed for maintaining it. Moreover, amperage
increases as voltage decreases after the arc has been
established. Fig 48.4 showsV/| characteristics of an
electric arc for increasing air-gap lengths. The volt-
agerequiredto strikead.c. arcisabout 50-55 V and
that for a.c. arc is80-90 V. The voltage drop across
the arc is nearly 15-20 V. It is difficult to maintain
the arc with a voltage less than 14 V or more than

40 V.
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48.5. Effect of Arc Length

(c)

In metal arc welding, afairly short arc length is necessary
for getting good welds. Short arc length permits the heat to be
concentrated on the workpiece, is more stable because effect of
magnetic blow isreduced and the vapours from the arc surround the electrode metal and the molten
pool thereby preventing air from destroying the weld metal. When arc length islong

1. largeamount of heat islost into the surrounding areathus preventing good penetration and

fusion;
2.
have atendency to blow out;
3.

and weld pool. It leads to the contamination of
the weld due to absorption of oxygen and

nitrogen;

weld deposits have low strength, poor

ductility, high porosity, poor fusion and excessive

spatter.

Thelength of arc required for welding will depend on
thekind of electrode used, its coating, itsdiameter, position
of welding and the amount of current used. Usually, shorter
arc length are necessary for vertical, horizontal and over-

head welding than for flat welding.
48.6. Arc Blow

An arc column can be considered as a flexible

current-carrying conductor which can be easily deflected

by the magnetic field set up in its neighbourhood by the
positive and negative leads from the d.c. welding set. The

Fig. 48.2

3
&
Ampere ———p
Fig. 48.4

Voltage——p

arcflameisvery unstable since effect of magnetic blow isincreased. Hence, arc flamewill

air is able to reach the molten globule of metal asit passes from the electrode to the weld

An electric arc is produced when electricity
is passed between two electrodes
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two leads carry currents in the opposite directions and hence, set up a repulsive magnetic force
which pullsthe arc away from theweld point particularly when welding cornerswherefield concen-
tration ismaximum. The deflection of thearciscalled arcblow. This condition isencountered only
with d.c. welding sets and is especially noticeable when welding with bare electrodes. It is experi-
enced most when using currents above 200 A or below 40 A.

Dueto arc blow, heat penetration in the required areais low which leads to incomplete fusion
and bead porosity apart from excessive weld spatter.

Arc blow can be avoided by using a.c. rather than d.c. welding machines because reversing
currentsin thewelding leads produce magnetic fiel dswhich cancel each other out thereby eliminating
the arc blow. However, with d.c. welding machines, arc blow effects can be minimized by
(i) welding away from the earth ground connection, (ii) changing the position of the earth connection
on thework, (iii) wrapping the welding electrode cable afew turns around the work, (iv) reducing
thewelding current or electrode size, (v) reducing therate of travel of the el ectrode and (vi) shortening
the arc column length etc.

48.7. Polarity in DC Welding

Arcwelding with the el ectrode connected to the positive end of thed.c. supply iscalled reverse
polarity.* Obviously, the workpiece is connected to the negative end.

A better namefor d.c. reverse polarity (DCRP) is el ectrode-positive as shown in Fig. 48.5 (a).
As stated earlier in Art. 48.4, two-third of the arc heat is developed at the anode. Hence, in DCRP
welding, electrodeisthe hottest whereasworkpiece iscomparatively cooler. Consequently, electrode
burns much faster but weld bead is relatively shallow and wide. That is why thick and heavily-
coated electrodes are used in DCRP welding because they require more heat for melting.

Arcwelding with the electrode connected to the negative end of thed.c. supply iscalled graight
polarity.** Obviously, the workpiece is connected to the positive end as shown in
Fig. 48.5 (b). A better name for d.c. straight polarity (DCSP) is electrode-negative.

Electrode Electrode

Holder

‘Work
Lead
<4— Work
Piece
Earth Clamp Earth Clamp
(a) (b)
Fig. 48.5

* InBritish literature, it is called straight polarity.
** |n British literature, it is called reverse polarity.



1866  Electrical Technology

In DCSP welding, workpiece is the hottest, hence base metal

penetration isnarrow and deep. Moreover, bare and medium-coated o Base Metal
electrodes can be used in this welding as they require less amount
of heat for melting. Undercut
It isseen from the above discussion that polarity necessary for
the welding operation is determined by the type of electrode used.
It is also worth noting that in a.c. welding, there is no choice e Bead
of polarity becausethe circuit becomes alternately positive, first on
one side and then on the other. Infact, itisacombination of D CSP _¢_
and D CRP. T Overlap
48.8. Four Positions of Arc Welding Fig. 48.6

There are four basic positionsin which manual arc welding is done.

1. Flat position. It is shown in Fig. 48.7 (). Of al the positions, flat position is the easiest,
most economical and the most used for all shielded arc welding. It provides the strongest weld
joints. Weld beads are exceedingly smooth and free of slag spots. This position ismost adaptablefor
welding of both ferrous and non-ferrous metals particularly for cast iron.

2. Horizontal Postion. It isthe second most popular position and is shown in Fig. 48.7 (b). It
also requires a short arc length because it helps in preventing the molten puddle of the metal from
sagging. However, magjor errors that occur while welding in horizontal position are under-cutting
and over-lapping of the weld zone (Fig. 48.6).

3. Vertical Position. It is shown in Fig. 48.7 (c). In this case, the welder can deposit the bead
either in the uphill or downhill direction. Downhill welding is preferred for thin metals becauseitis
faster than the uphill welding. Uphill welding is suited for thick metal sbecauseit produces stronger
welds.

Weld Bead

(@@

(@

(a) (b)

—~
o

) (d)
Fig. 48.7.

4. Overhead Posdition. It is shown in Fig. 48.7 (d). Here, the welder has to be very cautious
otherwise he may get burnt by drops of falling metal. This position isthought to be the most hazard-
ous but not the most difficult one.

48.9. Electrodes for Metal Arc Welding

An electrode is afiller metal in the form of awire or rod which is either bare or coated uni-
formly with flux. Asper I1S: 814-

Flux Coati

1970, the contact end of the elec- Y Ry

trode is left bare and clean to a )
length of 20-30 mm. for insert- ¢ 7 A i ~)

/ 7 /
ing it into electrode holder (Fig. |‘_ _’|
48.8). 20-30 mm Z Core Wire

Fig. 48.8
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Metal arc welding was originally done with bare el ectrodes which consisted of a piece of wire
or rod of the same metal as
thebase metal. However, due
to atmospheric contami-
nation, they produced brittle
and poor quality welds.

Hence, bare wire is no Core
longer used except for
automatic welding in which
case arrangement is made to
protect theweld areafromthe

Coated
Electrode

Coating

Gas Shield

Arc Column
Slag

atmosphere by either };Jee;g
powdered flux or aninert gas.

Since 1929, coated elec- Base Metal Heat
trodes are being extensively Aflected

used for shielded arc weld-
ing. They consist of a metal
core wire surrounded by a Fig. 48.9

thick flux coating applied by

extrusion, winding or other processes. Depending on the thickness of the flux coating, coated elec-
trodes may be classified into (i) lightly-dusted (or dipped) electrodesand (ii) semi-coated (or heavy-
coated) electrodes. Materials commonly used for coating are (i) titanium oxide (ii) ferromanganese
(iii) silicaflour (iv) asbestosclay (v) calcium carbonate and (vi) cellulose with sodium silicate often
used to hold ingredients together.

Electrode coating contributes a lot towards improving the quality of the weld. Part of the
coating burns in the intense heat of the arc and provides a gaseous shield around the arc which
prevents oxygen, nitrogen and other impurities in the atmosphere from combining with the molten
metal to cause a poor quality brittle and weak weld. Another portion of the coating flux melts and
mixeswith the impuritiesin the molten pool causing them to float to the top of the weld where they
cool in the form of slag (Fig. 48.9). This slag improves the bead quality by protecting it from the
contaminating effects of the atmosphere and causing it to cool down more uniformly. It also helpsin
controlling the basic shape of the weld bead.

Thetype of electrode used depends on the type of metal to be welded, the welding position, the
type of electric supply whether a.c. or d.c. and the polarity of the welding machine.

Molten Pool

48.10. Advantages of Coated Electrodes

The principal advantages of using electrode coating are as under :

1. It stablizes the arc because it contains ionizing agents such as compounds of sodium and
potassium.

2. It fluxes away impurities present on the surface being welded.

3. Itformsslag over theweld which (i) protectsit from atmospheric contamination (ii) makes
it cool uniformly thereby reducing the changes of brittleness and (iii) provides asmoother
surface by reducing ‘ripples’ caused by the welding operation.

4. It adds certain materials to the weld metal to compensate for the loss of any volatile alloy-
ing elements or constituents lost by oxidization.

5. It speeds up the welding operation by increasing the rate of melting.

6. It preventsthe sputtering of metal during welding.
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7. itmakesit possible for the electrode to be used on a.c. supply. In a.c. welding, arc tendsto
cool and interrupt at zero-current positions. But the shielding gases produced by the flux
keep the arc space ionized thus enabling the coated electrodes to be used on a.c. supply.

Itisworth noting that efficiency of all coated (or covered) electrodesisimpaired by dampness.

Hence, they must always be stored in adry space. If dampnessis suspected, the el ectrodes should be
dried in awarm cabinet for afew hours.

48.11. Types of Joints and Types of Applicable Welds

Bureau of Indian Standards (B.1.S.) has recommended the following types of joints and the
welds applicable to each one of them (Fig. 48.10).
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1. Teejoint —  with six types of welds.
2. Corner joint — with two types of welds.
3. Edgejoint — with onetype of weld.

4. Lap joint — with four types of welds.
5. Butt joint — with ninetypes of welds.

48.12. Arc Welding Machines
Welding is never done directly from the supply mains. Instead, special welding machines are
used which provided currents of various characteristics. Use of such machinesis essential for the
following reasons:
1. To convert a.c. supply into d.c. supply when d.c. welding is desired.
2. Toreduce the high supply voltage to a safer and suitable voltage for welding purposes.
3. To provide high current necessary for arc welding without drawing a corresponding high
current from the supply mains.
4. To provide suitable voltage/current relationships necessary for arc welding at minimum
cost.
There are two general types of arc welding machines:
(a) d.c. welding machines
(i) motor-generator set
(if) ac. transformerswith rectifiers
(b) a.c. welding machines

48.13. V-I Characteristics of Arc Welding DC Machines

It is found that during welding operation, large fluctuations in current and arc voltage result
from the mechanism of metal transfer and other factors. The welding machine must compensate for
such changesin arc voltage in order to maintain an even arc column. There are three major voltage/
current characteristics used in modern d.c. wel ding machineswhich help in controlling these current
fluctuations:

1. drooping arc voltage (DAV).
2. constant arc voltage (CAV).
3. rising arc voltage (RAV).

\ /

—» Voltage
—p Voltage
— Voltage

— Current —» Current —» Current

(@) (b) (©)
Fig. 48.11
The machines with DAV characteristics have high open-circuit voltage which drops to a
minimum when arc column is started. The value of current risesrapidly as shownin Fig. 48.11 (a).
Thistype of characteristic is preferred for manual shield metal arc welding.
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The CAV characteristic shown in
Fig. 48.11 (b) issuitable for semi-automatic
or automatic welding processes because
voltage remains constant irrespective of the
amount of current drawn.

Because of its rising voltage
characteristic, RAV has an advantage over
CAV becauseit maintainsaconstant arc gap
even if short circuit occurs due to metal
transfer by the arc. Moreover, it is well-
adopted to fully automatic process.

DC welding machines can be controlled
by asimple rheostat in the exciter circuit or
by a combination of exciter regulator and
series of field taps. Some arc welding are
equipped with remote-controlled current
units enabling the operator to vary voltage- DC and AC welding machines
amperage requirement without leaving the
machines.

48.14. DC Welding Machines with Motor Generator Set

Such awelding plant is a self-contained single-operator motor-generator set consisting of a
reverse series winding d.c.
generator driven by either ad.c. or
ana.c. motor (usualy 3-phase). The
serieswinding produces amagnetic
field which opposes that of the
shunt winding. On open-circuit,
only shunt field is operative and i
provides maximum voltage for
striking the arc. After the arc has
been established, current flows RS
through the serieswinding and sets T l?evrfésse C:l
up a flux which opposes the flux (e
produced by shunt winding. Dueto
decreasesin the net flux, generator
voltage is decreased (Art. 48.13). Fig. 48.12
With the help of shunt regulator, generator voltage and current values can be adjusted to the desired
level. Matters are so arranged that despite changes in arc voltage due to variations in arc length,
current remains practically constant. Fig. 48.12 shows the circuit of a d.c. motor-generator type of
welding machine.

Advantages. Such a d.c. welder has the following advantages :
1. It permits portable operation.
It can be used with either straight or reverse polarity.
It can be employed on nearly all ferrous and non-ferrous materials.
It can use alarge variety of stick electrodes.
It can be used for all positions of welding.

g s wN
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Disadvantages
1. Ithashighinitial cost. 2. ltsmaintenance cost is higher.
3. Machineisquite noisy in operation. 4. It suffersfrom arc blow.

48.15. AC Rectified Welding Unit

It consists of a transformer

. . Transformer
(single-or three-phase) and a recti- I
fierunitasshowninFig. 48.13.Such  ©
aunit has no moving parts, hence it
haslong life. The only moving part AC -
isthefanfor coolingthetransformer.  gypply % T
But this fan is not the basic part of Choke
the electrical system. Fig. 48.13
showsasingle-phasefull-waverec- J
tified circuit of the welder. Silicon
diodes are used for converting a.c.
into d.c. These diodes are hermeti-
cally sealed and are almost ageless
because they maintain rectifying
characteristicsindefinitely.

Such a transformer-rectifier I——\‘—Ij_

welder is most adaptable for shield
arc welding becauseit provides both Fig. 48.13
d.c. and a.c. polarities. It is very efficient and quiet in operation. These welders are particularly
suitablefor thewelding of (i) pipesin al positions (ii) non-ferrous metals (iii) low-alloy and corro-
sion-heat and creep-resisting steel (iv) mild steelsin thin gauges.

)

@

48.16. AC Welding Machines

As shown in Fig. 48.14, it S—
consists of a step-down trans- —_— Ma
former with a tapped secondary
having an adjustable reactor in se-
rieswith it for obtaining drooping  ac

k-

Reactor

V/I characteristics. Thesecondary ~ Supply e
istapped to givedifferent voltage/ i,
current settings.
Advantages. Thisa.c. welder O— O 100V
which can be operated from either Fig. 48.14
a single-phase or 3-phase supply
has the following advantages :
(i) Low initial cost (if)  Low operation and maintenance cost
(iff)  Low wear (ivy Noarchlow

Disadvantages. (i) its polarity cannot be changed (ii) it is not suitable for welding of cast iron
and non-ferrous metals.

48.17. Duty Cycle of a Welder

The duty cycle of an arc welder is based on a working period of 10 minutes. For example,
if a welder is operated for 2 minutes in a period of 10 minutes, then its percentage duty cycle
is(2/10) x 100 = 20 percent. Conversely, a 10 percent duty cycle would mean that the welder would
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be operated for 10 percent of 10 minutesi.e. for one minute only in a period of 10 minutes.

Usually, values of maximum amperage and voltage are indicated al ong with the duty cycle. It
isadvisableto adhereto these values. Suppose awel ding machine has maximum amperage of 300A
and voltage of 50 V for aduty cycle of 60 percent. If this machineis operated at higher settings and
for periods longer than 6 minutes, then its internal insulation will deteriorate and cause its early
failure.

48.18. Carbon Arc Welding

(a) General
Carbon arc welding was the first electric welding process devel oped by a French inventor Auguste
de Meritensin 1881. In this process, fusion of metal is accomplished by the heat of an electric arc.
No pressureis used and generally, no shielding atmosphereis utilized. Filler rod is used only when
necessary. Although not used extensively these days, it has, nevertheless, certain useful fields of
application.

Carbon arc welding differsfrom the more common shield metal arc welding inthat it usesnon-
consumable carbon or graphic electrodes instead of the consumable flux-coated electrodes.

(b) Welding Circuit

Thebasic circuit isshown in Fig. 48.15 and can be used with d.c. aswell asa.c. supply. When
direct current is used, the electrode is mostly negative (DCSP). The processis started by adjusting
the amperage on the d.c. welder, turning welder ON and bringing the electrode into contact with the
workpiece. After the arc column starts, electrode is withdrawn 25 — 40 mm away and the arc is
maintained at this distance. The arc can be extinguished by simply removing the electrode from the
workpiece completely. The only function of the carbon arcisto supply heat to the base metal. This
heat is used to melt the base metal or filler rod for obtaining fusion weld Depending on the type and
size of electrodes, maximum current values range from 15 A to 600 A for single-electrode carbon
arc welding.

(c) Electrodes

These are made of either carbon or graphite, are usually 300 mm long and 2.5 — 12 mm in
diameter. Graphite electrodes are harder, more brittle and last longer than carbon electrodes. They
can withstand higher current densities but their arc column is harder to control. Though considered
non-consumabl e, they do disintegrate gradually due to vaporisation and oxidisation.

— ©

welding plant

®
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Base Metal
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electrode cable
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work piece

Fig. 48.15
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(d) Applications

1. The joint designs that can be used with carbon arc welding are butt joints, bevel joints,
flangejoints, lap joints and fillet joints.

2. Thisprocessiseasily adaptable for automation particul arly where amount of weld deposit
islarge and materialsto befabricated are of simple geometrical shapes such aswater tanks.

3. It is suitable for welding galvanised sheets using copper-silicon-manganese alloy filler
metal.

4. Itisuseful for welding thin high-nickel aloys.

5. Monel metal can be easily welded with this process by using a suitable coated filler rod.

6. Stainless steel of thinner gauges is often welded by the carbon-arc process with excellent
results.

(e) Advantages and Disadvantages

1. Themain advantage of this processisthat the temperature of the molten pool can be easily
controlled by simply varying the arc length.

2. It iseasily adaptable to automation.

3. It can be easily adapted to inert gas shielding of the weld and

4. It can be used as an excellent heat source for brazing, braze welding and soldering etc.

Its disadvantages are as under :

1. A separatefiller rod hasto be used if any filler material isrequired.

2. Since arc serves only as a heat source, it does not transfer any metal to help reinforce the
weld joint.

3. Themajor disadvantage of the carbon-arc processisthat blow holes occur dueto magnetic
arc blow especially when welding near edges of the workpiece.

48.19. Submerged Arc Welding

In this fusion process, welding is done under a blanket of granulated flux which shields the
weld from all bad effects of atmospheric gases while a consumable electrode is continuously and
mechanically fed into the arc. The arc, the end of the bare metal electrode and the molten weld pool
areall submerged under athick mound of finely-divided granulated powder that contai ns deoxidisers,
cleansers and other fluxing agents. The fluxing powder is fed from a hopper that is carried on the
welding head itself (Fig. 48.16). Thishopper spread the powder in a continuous mound ahead of the

———oSupply o——— [ ]
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electrode in the direction of welding. Since arc column is completely submerged under the powder,
there is no splatter or smoke and, at the same time, weld is completely protected from atmospheric
contamination. Because of this protection, weld beads are extremely smooth. The flux adjacent to the
arc column melts and floats to the top of the molten pool whereit solidifiesto form slag. Thisslagis
easy to remove. Oftenit cracks off by itself asit cools. The unused flux isremoved and isreused again
and again.

The electrode is either a bare wire or has a slight mist of copper coated over it to prevent
oxidation. In automatic or semi-automatic submerged arc welding, wire electrode is fed mechani-
cally through an electrically contacting collet. Though a.c. power supply may be used, yet d.c.
supply is more popular because it assures a simplified and positive control of the welding process.
Thisprocessrequires high current densities about 5 to 6 times of those used in ordinary manual stick
electrode welding. Asaresult, melting rate of the electrode aswell as welding speed become much
higher. Faster welding speed minimizes distortion and warpage.

The submerged arc process is Flux
suitable for Hopper

1. Welding low-all oy, high-ten-
sile steels. 1. power supply

2. Welding mild, low-carbon 2. wire feeding
steels. 3. trigger

3. Joining medium-carbon 4. nozzle

5. electrode

steel, heat-resistant steels and
corrosion-resistant steels etc.

4. Welding nickel, Monel and
other non-ferrous metals like

copper.
This process has many _
industrial applications such as fabri- Fig. 48.17

cation of pipes, boiler pressure vessels, railroad tank cars, structural shapes etc. which demand
welding in a straight line. Welds made by this process have high strength and ductility. A major
advantage of this process is that fairly thick sections can be welded in a single pass without edge
preparation.

Submerged arc welding can be done
manually where automatic processis not
possible such as on curved lines and ir-
regular joints. Such a welding gun is
shown in Fig. 48.17. Both manual and
automatic submerged arc processes are
most suited for flat and slightly downhill
welding positions.

48.20. Twin Submerged Arc
Welding

AsshowninFig. 48.18, inthiscase,
two electrodes are used simultaneously
instead of one. Hence, weld deposit size
isincreased considerably. Moreover, due
toincreaseinwelding current (upto 1500
A), much deeper penetration of base
metal is achieved.

Fig. 48.18
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48.21. Gas Shield Arc Welding

In thisfusion process, welding is done with bare electrodes but weld zoneis shielded from the
atmosphere by a gas which is piped to the arc column. Shielding gases used are carbon dioxide,
argon, helium, hydrogen and oxygen. No flux is required. Different processes using shielding gas
areasfollows.

(a) Tungsten inert-gas (T1G) Process

In this process, non-consumable tungsten electrode is used and filler wire is fed separately.
The weld zone is shielded from the atmosphere by the inert gas (argon or helium) which is ducted
directly to the weld zone where it surrounds the tungsten and the arc column.

(b) Metal inert-gas (MIG) Process

It is arefinement of the TIG process. It uses a bare consumable (i.e. fusible) wire electrode
which acts as the source for the arc column as well as the supply for the filler material. The weld
zone is shielded by argon gas which is ducted directly to the electrode point.

48.22. TIG Welding
(@) Basic Principle
Itisan electric process which uses a bare non-consumabl e tungsten electrode for striking the
arc only (Fig. 48.19). Filler material is added separately. It uses an inert gas to shield the weld
puddle from atmospheric contamination. This gas is ducted directly to the weld zone from a gas
cylinder.
(b) Welding Equipment
The usual TIG welding system consists of the following (Fig. 48.20).
1. A standard shield arc welding machine complete with cables etc.
2. A supply of inert gas complete with hose, regulators etc.
3. A source of water supply (in the case of water-cooled torches).
4. A TIG torch with acontrol switch to which all the above are connected.

(c) Electrodes

The electrodes are made of either pure tungsten or zirconiated or thoriated tungsten.
Addition of zironium or thorium (0.001 to 2%) improves el ectron emission tremendously.

AC/DC
Power Supply

—>» Water Out

Tungsten
Electrode

Water
Shielding Supply
G [l — are L
sl \\Q\/\/Column
XL/ R N\
2T\
| Base Metal \ ... Gas

Power Suppl
Weld Puddle Supply i

Welding
Cable

Fig. 48.19 Fig. 48.20
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(d) Power Supply
The three basic power supplies used in TIG operation are :

1
2.
3.

DCSP power supply—here electrode is negative, runs cooler and, hence, can be thin.
DCRP power supply—here electrode is positive and hot. Hence, it hasto be large.

A.C. high frequency (ACHF) power supply—it is a combination of standard a.c. supply of
50 Hz and high-voltage high-frequency d.c. supply. The function of this d.c. supply isto
sustain the arc when a.c. supply is at zero current positions.

(e) Advantages of TIG Welding

1
2.

00 NO Ol AW

It provides maximum protection to weld bead from atmospheric contamination.

TIG welds are stronger, more ductile and more corrosion-resistant than those of shield
metal arc welding.

. Since no flux is used, thereis no flux entrapment in the bead.

. Since no flux isrequired, awider variety of joint designs can be used.

. No post-weld cleansing is necessary.

. Thereisno weld splatter or sparks that could damage the surface of the base metal.

. It givesrelatively fast welding speeds.

. It is suitable for welding food or medical containers where entrapment of any decaying

organic matter could be extremely harmful.

. Itissuitablefor all welding positions-theflat, horizontal, vertical and overhead positions.

The joints suitable for TIG welding process are (i) butt joint (ii) lap joint (iii) T-joint,

(iv) corner joint and (v) edgejoint.
(f) Applications

1. auminiumanditsalloys — AC/DCRP

2. magnesium anditsalloys — ACHF

3. stainlesssteel — DCsP

4. mild steel, low-alloy steel, medium — DCsP
-carbon steel and cast iron — DCsP

5.  copper and allows — DCsP

6. nickel and alloys — DCsP

TIG welding is also used for dissimilar metals, hardfacing and surfacing of metals. Special

industrial applications include manufacture of metal
furniture and air-conditioning equipment.

Fig. 48.21 shows Phillips 400-D compact fan-cooled
DC TIG welding set which has an open-circuit voltage of
80V and awelding current of 400 A with 60% duty cycle
and 310 A with 100% duty cycle.

48.23. MIG Welding

(a) Badc Principle
Itisalso called inert-gas consumable- electrode process.
Thefusible wire electrode is driven by the drive wheels.
Its function is two-fold: to produce arc column and to
provide filler material. This process uses inert gas for
shielding theweld zone from atmospheric contamination.
Argon is used to weld non-ferrous metal s though helium
gives better control of porosity and arc stability. This

Fig. 48.21 (TIG welding set)
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process can deposit large quantities of weld metal at a fast welding speed. The process is easily
adaptable to semi-automatic or fully automatic operations.

(b) Welding Equipment

The basic MIG welding system (Fig. 48.23) consists of the following :

1. Welding power supply

2. Inert gas supply with aregulator and flow meter
3. Wirefeed unit containing controlsfor wirefeed, gasflow and the ON/OFF switch for MIG

torch
4, MIG torch

5. Depending on amperage, awater cooling unit.

Drive
Fusible ——pi 5/7 Wheels
Electrode
@ Power

Supply
Collet \.

Power Supply

Collet
]
E Controls

Shielding 0
Gas O Welding
9, ) -
SN Trigger Wire
022201 \WNAN A 4_|
* Wire Feed Gas
Base Metal .—L Rolls
Work Piece
Gas Control
Valve
Fig. 48.22 Fig. 48.23
(c) Electrode

It isabare wire fed to the MIG gun by a suitable wire-feed mechanism.

(d) Power Supply

The major power supply used for M1G welding
is DCRP and the machineswhich provide this supply
are motor-generator sets or a.c. transformers with
rectifiers (Art. 48.14). They have either CAV or RAV
characteristics (Art. 48.12). The CAV supply givesthe
operator great latitude in arc length and is helpful in
preventing the wire el ectrode from stubbing. A DCRP
current produces deeper penetration and acleaner weld
surface than other types of current.

The RAV machines are more suitable for
automatic operation. They are capable of handling
large diameter wires than CAV machines.

Fig. 48.24 shows semi-automatic forced-air
cooled arc welding set MI1G-400. It consists of

(i) Indarc 400 MMR rectifier whichisbasicaly
a 3-phase transformer rectifier with silicon

Fig. 48.24.
MIG-400 Welding Set. (Courtesy : Indian
Oxygen Ltd. Calcutta)
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(ii)
(iii)

@iv)
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diodes and a constant potential output. It provides maximum current of 400 A at 40V for
75% duty cycle and 350 A at 42 V for 100% duty cycle.

Indarc Wire Feeder which has atwin roll drive system, designed to feed 0.8 to 2.4 mm
diameter welding wires to a hand-operated M1G wel ding torch.

MIG Torcheswhich areavailablein both air-cooled and water-cooled varieties. Fig. 48.25
(@) and (b) show light-weight swan-necked torches which are designed to operate upto
360 A and 400 A with CO, as shielding gas. Fig. 48.25 (c) shows a heavy-duty water-
cooled torch designed to operate upto 550 A with CO,/mixed shielding gases at 100%
duty cycle.

CO, Kit for hard wire applications and Argon Kit for soft wire applications.

(e) Advantages of MIG Welding

1

No gD

8.
®

Gives high metal deposit rates varying from 2 to 8 kg/h.

Requires no flux.

Requires no post-welding cleaning.

Gives compl ete protection to weld bead from atmospheric contamination.
I's adaptable for manual and automatic operations.

Can be used for awide range of metals both ferrous and non-ferrous.

I's easy to operate requiring comparatively much less operating skill.

Is especially suited for horizontal, vertical and overhead welding positions.

Applications

With inert gas shielding, this process is suitable for fusion welding of (i) auminium and its
aloys (ii) nickel and its alloys (iii) copper aloys (iv) carbon steels (v) low-alloy steels (vi) high
strength steelsand (vii) titanium.

48.24. MAG Welding

Asdiscussed earlier, in MIG welding process, the shielding gas used is monoatomic (argon or
helium) andisinerti.e. chemically inactive and metal transfer takes place by axial pulverization. In
MAG (metal-active-gas) process, shielding, gas used is chemically activei.e. carbon dioxide or its
mixture with other gases. Transfer of metal takes placein big drops.

48.25. Atomic Hydrogen Welding
(a) General

It is a non-pressure fusion

welding processand thewelder set
is used only as heat supply for the
base metal. If additional metdl is
required, afiller rod can be melted
into the joint. It uses two tungsten
electrodes between which an arc
column (actually, an arc fan) is
maintained by an a.c. supply.

(b) Basic Principle

Asshown in Fig. 48.26, an
arc columnisstruck between two
tungsten electrodes with an a.c.

(a) (b) (©)

Fig. 48.25

power supply. Soon after, normal molecular hydrogen (H,) isforced through thisarc column. Dueto
intense heat of the arc column, this diatomic hydrogen is dissociated into atomic hydrogen (H).
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However, atomic hydrogen being unstable, recombines to form stable molecular hydrogen. In so
doing, it releases intense heat at about 3750°C which is used to fuse the metals.
(c) Welding Equipment
The welding equipment essentially consists of the following :
1. Standard welding machine consisting of a step-down transformer with tapped secondary
(not shownin Fig. 48.27) energised from normal a.c. supply. Amperage requirement ranges
from 15A to 150 A
2. Hydrogen gas supply with an appropriate regulator
3. Atomic hydrogen welding torch having an ON-OFF switch and atrigger for moving the
two tungsten electrodes close together for striking and maintaining the arc column.

Tungsten
Electrode

Tungsten
Electrode

Trigger

Atomic H,

Combining into

Molecular H, AC Power
Supply

Hydrogen
Supply

Fig. 48.26 Fig. 48.27
(d) Method of Welding

The torch is held in the right hand with first finger resting lightly on the trigger. The arc is
struck either by allowing the two tungsten electrodesto touch and separate or by drawing the separated
electrodes over a carbon block. At the same time, a stream of hydrogen is allowed to flow through
the arc. As soon as the arc strikes, an intensely hot flame extends fanwise between the electrodes.
When thisfan touchesthe workpiece, it meltsit down quickly. If filler material isrequired, it can be
added from the rod held in the left hand asin gas welding.

(e) Advantages

1. Arc and weld zone are shrouded by burning hydrogen which, being an active reducing
agent, protects them from atmospheric contamination.
Can be used for materialstoo thin for gas welding.
Can weld quite thick sections.
Gives strong, ductile and sound welds.
Can be used for welding of mild steel, alloy steels and stainless steels and aluminium
aloys.
6. Can aso be used for welding of most non-ferrous metals such as nickel, monel, brass,
bronze, tungsten and molybdenum etc.

akrowbd

48.26. Resistance Welding
Itisfundamentally aheat and squeeze process. Theterm ‘resistance welding’ denotes agroup
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of processes in which welding heat is produced by the resistance offered to the passage of electric
current through the two metal pieces being welded. These processes differ from the fusion processes
in the sense that no extra metal is added to the joint by means of a filler wire or
electrode. According to Joule's law, heat produced electrically is given by H = 12Rt/J. Obviously,
amount of heat produced depends on.

(i) square of the current (ii) the time of current and (iii) the resistance offered.

As seen, in simple resistance welding, high-amperage current is necessary for adequate weld.
Usually, R is the contact resistance between the two metals being welded together. The current is
passed for a suitable length of time controlled by atimer. The various types of resistance welding
processes may be divided into the following four main groups:

(i) spot welding (ii) seamwelding (iii) projection welding and (iv) butt welding which could be
further subdivided into flash welding, upset welding and stud welding etc.

Advantages

Some of the advantages of resistance welding are as under :

Heat islocalized whererequired 2. Welding action israpid

No filler material is needed 4. Requires comparatively lesser skill

Is suitable for large quantity production

Both similar and dissimilar metals can be welded

. Parent metal is not harmed 8. Difficult shapes and sections can be welded.

Only disadvantages are with regard to high initial aswell as maintenance cost.

Itisaform of resistance welding in which the two surfaces are joined by spots of fused metal caused
by fused metal between suitable electrodes under pressure.

No o wE

48.27. Spot Welding

The process depends on two factors :

1. Resistance heating of small por-
tions of the two workpiecesto plastic state
and

2. Application of forging pressurefor

welding the two workpieces.
Heat producedisH = 12Rt/J. Theresistance
R is made up of (i) resistance of the
electrodes and metals themselves
(i) contact resistance between electrodes
and workpieces and (iii) contact resistance
between the two workpieces. Generaly,
contact res stance between thetwo workpieces
isthe greatest.

As shown in 48.28 (b), mechanical
pressure is applied by the tips of the two
electrodes. Infact, these electrodes not only
provide the forging pressure but also carry
the welding current and concentrate the
welding heat on the weld spot directly Spot welding machine
below them.

Fig. 48.28 (a) shows diagrammatically the basic parts of amodern spot welding. It consists of
a step-down transformer which can supply huge currents (upto 5,000 A) for short duration of time.

I — =
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The lower arm is fixed whereas the upper one is movable. The electrodes are made of low-resis-
tance, hard-copper alloy and are either air cooled or butt-cooled by water circulating through the
rifled drillings in the electrode. Pointed electrodes [Fig. 48.29 (a)] are used for ferrous materials

| |
Electrode
|
|
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Pieces
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O
AC é
Supply
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e . W
2 = A cE

(b)
Fig. 48.28

whereas domed electrodes [Fig. 48.25 (b)] are used for non-ferrous materials. Flat domes are used
when spot-welding deformation is not desired. The weld size is determined by the diameter of the

electrode.

Thewelding machineiscycled in order to produce the required heat timed to coincide with the
pressure exerted by the electrodes as shown in Fig. 48.28 (). Asthe movable el ectrode comes down

(@) (®)

(c)

Fig. 48.29

and presses the two workpieces A and B together, current is
passed through the assembly. The metalsunder the pressure zone
get heated upto about 950°C and fuse together. As they fuse,
their resistance is reduced to zero, hence there is a surge of
current. This surge is made to switch off the welding current
automatically. In motor-driven machines, speeds of 300 strokes/
minute are common.

Spot weldersare of two different types. Oneisastationary
welder which is available in different sizes. The other has a
stationary transformer but the electrodes arein agun form.

Electric resistance spot welding is probably the best known

and most widely-used because of its low cost, speed and dependability. It can be easily performed
by even a semi-skilled operator. This process has a fast welding rate and quick set-up time apart
from having low unit cost per weld.

Spot welding is used for
galvanized, tinned and lead-
coated sheets and mild steel
sheet work. This techniqueis
also applied to non-ferrous
materials such as brass,
auminium, nickel and bronze
etc.

48.28. Seam Welding

The seam welder differs
fromordinary spot welder only

e W
Y——L

AC
Supply

D000

]
| I— LI

Interrupter

(@)

Fig. 48.30
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in respect of itselectrodeswhich are of disc or roller shape asshown in Fig. 48.30 (a). These copper
wheels are power driven and rotate whilst gripping the work. The current is so applied through the
wheels that the weld spots either overlap asin Fig. 48.30 (b) or are made at regular intervalsasin
Fig. 48.30 (c). The continuous or overlapped seam weld isalso called stitch weld whereas the other
iscalled roll weld.

Seam welding is confined to welding of thin materials ranging in thickness from 2 mm to
5mm. Itisalso restricted to metal s having low hardenability rating such as hot-rolled grades of low-
alloy steels. Stitch welding iscommonly used for long water-tight and gas-tight joints. Roll welding
is used for simple joints which are not water-tight or gas-tight. Seam welds are usually tested by
pillow test.

48.29. Projection Welding

It can be regarded asamass-production form of spot welding. Technically, it isacross between
spot wel ding and butt welding. It usesthe same equipment as spot welding. However, in this process,
large-diameter flat electrodes (also called platens) are used. Thiswelding process derives its name
from the fact that, prior to welding,
projections are raised on the surfacesto
5 Platen A Platen be welded [Fig. 48.31 (a)]. As seen, the
‘ ‘ upper and lower platens are connected

across the secondary of a step-down
AVaAVe transformer and are large enough to
cover al the projectionsto be welded at
Platen B one stroke of the machine. When platen
A touchestheworkpiece, welding current
flows through each projection.
The welding process is started by
Fig. 48.31 first lowering the upper platen A on to
the work-piece and then applying mechanical pressureto ensure correctly-forged welds. Soon after,
welding current is switched on as in spot welding. As projection areas heat up, they collapse and
union takes place at all projections simultaneously [Fig. 48.31 (b)].
It is seen that projections serve many purposes :
1. They increase the welding resistance of the material
locally. |
2. They accurately locate the positions of the welds. |
3. They speed up the welding process by making it :
|

AC
Supply

D000

- - ——J «_ — — —

(@) (b)

Electrode

possibleto perform several small weldssimultaneously.
4. They reducetheamount of current and pressureneeded |
to form a good bond between two surfaces. ‘ Metal
5. They prolong the life of the electrode considerably | ! Fibre
because the metal itself controls the heat produced.
Projection welding is used extensively by auto
manufactures for joining nuts, bolts and studsto steel platesin
car bodies. This process is especially suitable for metals like
brass, a uminium and copper etc. manily dueto their highthermal
conductivity. |
A variation of projection welding isthe metal fibre weld- Fig. 48.32
ing which usesametal fibrerather than a projection point (Fig.
48.32). Thismetal fibreisgenerally afelt material. Instead of projections, tiny elements of thisfelt
material are placed between the two metals which are then projection-welded in the usual way.
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48.30. Butt Welding

In this case, the two workpieces are brought into contact end-to-end and the butted ends are
heated by passing a heavy current through the joint. Asin other forms of resistance welding, the
weld heat is produced mainly by the electrical resistance of thejoint faces. In this case, however, the
electrodes arein the form of powerful vice clamps which hold the work-pieces and a so convey the
forging pressure to thejoint [Fig. 48.33].

Thisprocessis useful where parts have to be joined end-to-end or edge-to-edge. i.e. for weld-
ing pipes, wires and rods. It is aso employed for making continuous lengths of chain.

ﬁ Electrode Clamps ﬁ

Base Base
Metal Metal
A
Mechanical —» 4—— Mechanical
Pressure Joint Pressure
i

Transformer Secondary

Fig. 48.33

48.31. Flash Butt Welding

It isalso caled by the simple name of flash welding. It issimilar to butt welding but with the
differencethat here current is applied when ends of the two metal pieces are quite closeto each other
but do not touch intimately. Hence, an arc or flash is set up between them which supplies the
necessary welding heat. As seen, in the process heat is applied before the two parts are pressed
together.

Asshown in Fig. 48.34 (@), the workpieces to be welded are clamped into specially designed
electrodes one of which isfixed whereasthe other ismovable. After the flash has melted their faces,
current is cut off and the movable platen applies the forging pressure to form a fusion weld. As
shown in Fig. 48.34 (b), thereisincrease in the size of the weld zone because of the pressure which
forces the soft ends together.

Electrode
/ Clamps \

Work Work
Piece _ﬁ e 6 Piece
Fixed—\ Z Are Movable | | | |

Platen
Platen Before Welding
To *—

Transformer After Welding

<

(a) ()
Fig. 48.34
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Advantages

1. Even rough or irregular ends can be flash-welded. There is no need to level them by
machining and grinding because all irregularities are burnt away during flashing period.

2. Itismuch quicker than butt welding.

3. Itusesconsiderably less current than butt welding.

4. Oneof itsmajor advantagesisthat dissimilar metals with different welding temperatures
can be flash-welded.

Applications

1. Toassemblerods, bars, tubings, sheets and most ferrous metals.
2. Inthe production of wheel rims for automobiles and bicycles.

3. For welding tubular parts such as automobile break cross-shafts.
4. For welding tube coilsfor refrigeration plants etc.

48.32. Upset Welding

Inthisprocess, noflash isallowed to occur between the two pieces of the metalsto be welded.
When the two base metal s are brought together to asingleinterface, heavy current is passed between
them which heatsthem up. After their temperature reaches aval ue of about 950°C, the two pieces of
base metal are pressed together more firmly. This pressing together is called upsetting. This upset-
ting takes place while current is flowing and continues even after current is switched off. This
upsetting action mixesthe two metals homogeneously while pushing out many atmospheric impuri-
ties.

48.33. Stud Welding

(a) Basic Principle

It issimilar to flash welding because it incorporates a method of drawing an arc between the
stud (arod) and the surface of the base metal. Then, the two molten surfaces are brought together
under pressure to form a weld. Stud welding eliminates the need for drilling holes in the main
structure.

(b) Welding Equipment

The stud welding equipment consists of a stud welding gun, ad.c. power supply capable of
giving currents upto 400 A, a device to control current and studs and ferrules which are used not
only as arc shields but aso as containing walls for the molten metal.

(c) Applications

It isalow-cost method of fastening extensions (studs) to a metal surface. Most of the ferrous
and non-ferrous metal s can be stud-wel ded successfully. Ferrous metal sinclude stainless steel, carbon
steel and low-alloy steel. Non-ferrous metal sinclude aluminium, lead-free brass, bronze and chrome-
plated metals.

Stud welding finds application in the installations of conduit pipe hangers, planking and
corrugated roofings.

This processis also used extensively in shipbuilding, railroad and automotive industries.

48.34. Plasma Arc Welding

(a) Basic Principle

It consists of ahigh-current electronic arc whichisforced through asmall holein awater-coled
metallic nozzle [Fig. 48.35 (a)]. The plasmagasitself is used to protect the nozzle from the extreme
heat of the arc. The plasmaarc is shielded by inert gases like argon and helium which are pumped
through an extra passageway within the nozzle of the plasmatorch. As seen, plasmaarc consists of
electronic arc, plasmagas and gases used to shield the jet column. The idea of using the nozzleisto
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constrict the arc thereby increasing its pressure. Collision of high-energy electrons with gas mol-
ecules produces the plasmawhich is swept through the nozzle and forms the current path between
the electrode and the workpiece. Plasmajet torches have temperature capability of about 35,000°C.

(b) Electrodes

For stainless steel welding and most other metals,
straight polarity tungsten electrodes are used. But for
aluminium welding, reverse polarity water-cooled copper
electrodes are used.

(c) Power Supply

Plasmaarc welding requiresd.c. power supply which
could be provided either by a motor-generator set or
transformer-rectifier combination. The latter is preferred
because it produces better arc stability. The d.c. supply
should have an open-circuit voltage of about 70V and
drooping voltage-ampere characteristics. A high-frequency
pilot arc circuit isemployed to start thearc [Fig. 48.35 (b)]. Plasma arc welding

(d) Method of Welding

Welding with plasma arc jet is done by a process called ‘keyhole' method. As the plasma jet
strikes the surface of the workpiece, it burns a hole through it. As the torch progresses along the
work-piece, this hole also progresses alongwith but is filled up by the molten metal as it moves
aong. obviously, 100 percent penetration is achieved in this
method of welding. Since plasma jet melts alarge surface area

Work ’ Piece

of the base metal, it produces aweld bead of wineglass design
as shown in Fig. 48.36. The shape of the bead can be changed
by changing the tip of the nozzle of the torch. Practically, all Fig. 48.36
welding isdone mechanically.

(e) Applications

1. Plasmaarc welding process has many aerospace applications.

2. Itisused for welding of reactive metals and thin materials.

3. It is capable of welding high-carbon steel, stainless steel, maraging steel, copper and

copper alloys, brass aloys, aluminium and titanium.
4. Itisalso used for metal spraying.
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5. It can be modified for metal cutting purposes. It has been used for cutting aluminium,
carbon steel, stainless steel and other hard-to-cut steels. It can produce high-quality dross-
free aluminium cuts 15 cm deep.

(f) Disadvantages

1. Sinceit uses more electrical equipment, it has higher electrical hazards.

2. It produces ultra-violet and infra-red radiations necessitating the use of tinted lenses.

3. It produces high-pitched noise (100 dB) which makes it necessary for the operator to use

ear plugs.

48.35. Electroslag Welding

(a) General

It is a metal-arc welding process and may be considered as a further development of sub-
merged-arc welding.

Thisprocessis used for welding joints of thick sections of ferrous metalsin asingle pass and
without any special joint preparation. Theoretically, there is no upper limit to the thickness of the
weld bead. It isusually avertical uphill process.

Itiscalled electroslag process because heat is generated by passing current through the molten
slag which floats over the top of the metal.

(b) Welding Equipment

Asshownin Fig. 48.37, two water-cooled copper shoes (or dams) are placed on either side of
thejoint to be welded for the purpose of confining the molten metal in the joint area. The electrode
isfed into the weld joint aimost vertically from special wire guides. There is a mechanical device
which rai ses the shoes and wire-feed mechanism as the weld continues upwardstill it is compl eted.

An a.c. welding machine has 100 percent duty cycle and which can supply currents upto 1000 A if
needed.

Weld
Zone
+“—> 1. plates to be welded
2. copper shoes
3. wire guide
4. electrode
Base Base 5. molten slag
Metal g Metal 6. molten puddle
== 7. solidified metal
—— Weld | 8 weldbead
_i— 9. starter plate
Starter
Plate

Fig. 48.37
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(c) Welding Process

The electroslag processis initiated just like submerged arc process by starting an electric arc
beneath alayer of granular welding flux. When a sufficient thick layer of hot flux or molten slag is
formed, arc action stops and from then onwards, current passes from the electrode to workpiece
through the molten slag. At this point, the process becomes truly electroslag welding. A starting
plate is used in order to build up proper depth of conductive slag before molten pool comes in
contact with the workpieces.

The heat generated by theresistance to the flow of current through the molten slag is sufficient
to melt the edges of the workpiece and the filler electrode. The molten base metal and filler metal
collect at the bottom of the slag pool forming the weld pool. When weld pool solidfies, weld bead is
formed which joins the faces of the base metal as shown in Fig. 48.33 (b).

Aswelding is continued upwards, flux flowsto the top in the form of molten slag and cleanses
theimpuritiesfrom the molten metal. A mechanism rai sesthe equipment astheweldiscompleted in
the uphill vertical position.

(d) Advantages

1. It needs no special joint preparation.

2. It doeswelding in asingle pass rather than in costly multiple passes.

3. Thereistheoretically no maximum thickness of the plateit can weld.

4. Thereisalso no theoretical upper limit to the thickness of the weld bead. Weld beads upto
400 mm thick have been performed with the presenttly-avail able equipment.

5. This process requires less electrical power per kg of deposited metal than either the sub-
merged arc welding process or the shield arc process.

6. It has high deposit rate of upto 20 kg of weld metal per hour.

7. It haslower flux consumption.

8. Dueto uniform heating of theweld area, distortion and residual stresses are reduced to the
minimal amounts.

However, for electroslag welding, it is necessary to have only a square butt joint or a square
edge on the plates to be welded.

(e) Applications

It iscommonly used in the fabrication of large vessels and tanks. Low-carbon steels produce
excellent welding properties with this process.

48.36. Electrogas Welding

This process works on the same basic principle as the electroslag process but has certain
additional features of submerged arc welding. Unlike electroslag process, the electrogas process
usesaninert gasfor shielding theweld from oxidation and thereisacontinuousarc (asin submerged
arc process) to heat the weld pool.

48.37. Electron Beam Welding

Inthisprocess, welding operation is performed in avacuum chamber with the help of asharply-
focussed beam of high-velocity electrons. The electrons after being emitted from a suitable electrode
are accelerated by the high anode voltage and are then focussed into a fine beam which is finaly
directed to the workpiece. Obviously, this process heeds no electrodes. The electron beam produces
intense local heat which can melt not only the metal but can even boil it. A properly-focussed
electron beam can completly penetrate through the base metal thereby creating a small hole whose
walls are molten. Asthe beam moves along the joint, it melt the material coming in contact with it.
The molten metal flows back to the previously-melted hole where it fusesto make aperfect weld for
the entire depth of penetration.
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Electron-beam welding has follow-

ing advantages:

1. It produces deep penetration
with little distortion.

2. Its input power is small as
compared to other electrical
welding devices.

3. Electron-beam weld is much
narrower than the fusion weld.

4. 1t is especially suitable for
reactive metals which become
contaminated when exposed to
air because this process is
carried out in vacuum.

5. It completely eliminates the
contamination of theweld zone
and the weld bead because
operation is performed in a
vacuum chamber.

Electron beam welding facility

6. It is especialy suited to the welding of beryllium which is being widely used in the

fabrication of industrial and aerospace components.

7. ltshigh deposition rate produces welds of excellent quality with only asingle pass.

8. Itistheonly processwhich canjoinhigh

temperature metals such as columbium.

At present, itsonly seriouslimitations arethat

it is extremely expensive and is not available in

portable form. However, recently a non-vacuum
electron-beam welder has been devel oped.

48.38. Laser Welding

It uses an extremely concentrated beam of
coherent monochromatic lighti.e. light of only one
colour (or wavelength). It concentrates tremendous
amount of energy on a very small area of the
workpiece to produce fusion. It uses solid laser
(ruby, saphire), gaslaser (CO,) and semiconductor
laser. Both the gas laser and solid laser need
capacitor storageto store energy for later injection
into the flash tube which producestherequired laser
beam.

The gas laser welding equipment consists of
(i) capacitor bank for energy storage (ii) atrigger-

Trigger
Capacitor

Bank Q

Flash —|
Tube —

A
A" ARV an~ e v/

Laser —»t
Beam

Focussing —»
Lens

Work
Piece

Fig. 48.38

ing device (iii) aflash tube that is wrapped with wire (iv) lasing material (v) focussing lens and

(vi) aworktablethat can rotatein thethree X, Y and Z directions.

When triggered, the capacitor bank supplies electrical energy to the flash tube through the
wire. This energy isthen converted into short-duration beam of laser light which is pin-pointed on
the workpiece as shown in Fig. 48.38. Fusion takes place immediately and weld is completed fast.
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Since duration of laser weld beam isvery short (2 ms or so), two basic welding methods have
been adopted. In the first method, the workpieceis moved so fast that the entirejointiswelded in a
single burst of the light. The other method uses a number of pulses one after the other to form the
weld joint similar to that formed in electric resistance seam welding (Art 48.31).

Laser welding isused in the aircraft and electronic industries for lighter gauge metals.

Some of the advantages of laser welding process are as follows :

1. It does not require any electrode.

2. It can make welds with high degree of precision and on materials as thin as 0.025 mm.

3. It does not heat the workpiece except at one point. In fact, heat-affected zone is virtually
non-existent.

4. Liquidusisreached only at the point of fusion.
It can produce glass-to-metal seals asin the construction of klystron tubes.
6. Since laser beam issmall in size and quick in action, it keeps the weld zone uncontami-
nated.
7. It canweld dissimilar metals with widely varying physical properties.
8. It produces minimal thermal distortion and shrinkage because area of heat-affected zoneis
the minimum possible.
9. It can easily bond refractory materials like molybdenum, titanium and tantalium etc.
However, the mgjor disadvantage of this process is its slow welding speed. Moreover, it is
limited to welding with thin metals only.

o

Tutorial Problem No. 48.1

1. Describe various types of electric arc welding processes.

(J.N. University, Hyderabad, December 2002/January 2003)
2. Compare resistance welding and arc welding.

(J.N. University, Hyderabad, December 2002/January 2003)
3. Briefly explain the different methods of electric welding and state their relative merits.

(J.N. University, Hyderabad, December 2002/January 2003)
4. Give the comparison between A.C. and D.C. welding.

(J.N. University, Hyderabad, December 2002/January 2003)
5. Explain the different methods of electric welding and their relative advantages.

(J.N. University, Hyderabad, December 2002/January 2003)

OBJECTIVE TESTS —48

1. Thebasic electrical requirement in arc weld- 3. A.C.welding machine cannot be used for weld-

2.

ing is that there should be

ing

(a) coated electrodes () MIG
(b) high open-circuit voltage (b) atomic hydrogen
(c) no arc blow (¢) resistance

(d) d.c. power supply.

Welding is not done directly from the

supply mains because

(a) itiscustomary to use welding machines

(b) itsvoltageistoo high

() itsvoltage keeps fluctuating

(d) it is impracticable to draw heavy
currents.

(d) submerged arc.

. In electric welding, arc blow can be avoided

by

(a) using bare electrodes

(b) welding away from earth ground
connection

(c) using a.c. welding machines

(d) increasing arc length.
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5.

10.

11.

12.

13.

Electrical Technology

In DCSP welding

(a) electrode isthe hottest

(b) workpieceisrelatively coole

(c) base metal penetration is deep

(d) heavily-coated electrodes are used.

Overhead welding position isthought to be the

most

(a) hazardous

(b) difficult

(c) economical

(d) useful.

The ultimate aim of using electrode coating is

to

(a) provide shielding to weld pool

(b) prevent atmospheric contamination

(c) improve bead quality

(d) cleansethe base metal.

In electrode-positive welding ........... of the

total heat is produced at the electrode.

(a) one-third

(b) two-third

(c) one-haf

(d) one-fourth.

Submerged arc process is characterised by

(a) deep penetration

(b) high welding current

(c) exceptionally smooth beads

(d) al of the above.

The major disadvantage of carbon arc weld-

ing is that

(a) thereis occurrence of blow holes

(b) electrodes are consumed fast

(c) separatefiller rod is needed

(d) bare electrodes are necessary.

In atomic hydrogen welding, electrodes are

long-lived because

(a) two areused at atime

(b) arcisin the shape of afan

(c) of a.c. supply

(d) itisanon-pressure process.

Unlike TIG welding, MIG welding

(a) requiresno flux

(b) uses consumable electrodes

(c) provides complete protection from
atmospheric contamination

(d) requires no post-weld cleansing.

The major power supply used in MIG

welding is

(a) ac.supply

(b) DCSP

(c) electrode-negative

(d) DCRP.

14.

15.

16.

17.

18.

19.

20.

21.

22.

MIG welding processisbecoming increa- sin-

gly popular inwelding industry mainly because

of

(a) itseasy operation

(b) its high metal deposit rate

(c) its use in both ferrous and non-
ferrous metals.

(d) both (a) and (b).

A weld bead of wineglass design is

produced in ......ccccoevrrenene. welding.

(a) plasmaarc

(b) electron beam

(c) laser

(d) MAG.

Spot welding process basically depends on

(@) Ohmic resistance

(b) generation of heat

(c) application of forging pressure

(d) both (b) and (c).

Electric resistance seam welding uses

........................ electrodes.

(a) pointed

(b) disc

(c) flat

(d) domed.

Projection welding can be regarded as a mass

production form of .............. welding.

(@) seam

(b) butt

(c) spot

(d) upset.

In the process of electroslag welding,

theoretically there is no upper limit to the

(a) thickness of weld bead

(b) rate of metal deposit

(c) dlag bath temperature

(d) rate of slag consumption.

High temperature metals like columbium

can be easily welded by..........ccc.c.... welding.

(a) flash

(b) MIG

(c) TIG

(d) electron beam.

During resistance welding heat produced at

the joint is proportional to

(@) IR

(b) kVA

(c) current

(d) voltage

Grey iron in usualy welded by ....... welding

(a) gas

(b) ac



23.

24.

25.

26.

27.

28.

29.

30.

31

(c) resistance

(d) MIG

The metal surfaces, for electrical resistance
welding must be.......

(a) lubricated

(b) cleaned

() moistened

(d) rough

In awelded joint poor fusion is due to which
of the following?

(a) Improper current

(b) High welding speed

(¢) Uncleaned metal surface

(d) Lack of flux

For arc welding, D.C. is produced by which
of the following?

(a) motor-generator set

(b) regulator

(c) transformer

(d) none of the above

..... welding process uses consumable
electrodes.

(@ TIG

(b) MIG

(c) Laser

(d) All of the above

Which of thefollowing equipment isgenerally
used for arc welding?

(a) single phase aternator

(b) two phase aternator

(c) three phase aternator

(d) transformer

Which of the following is not an inert gas?
(a) argon

(b) carbon dioxide

(¢) helium

(d) dl of the above

Electronic components are joined by which of
the following methods?

(a) brazing

(b) soldering

(c) seam welding

(d) spot welding

(e) none of the above

Resistance welding cannot be used for

(a) dielectrics

(b) ferrous materias

(c) non-ferrous metals

(d) any of the above

Electric arc welding process produces
temperature upto

(a) 1000°C

32.

33.

35.

36.

37.

38.

39.

40.
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(o) 1500°C

(c) 3500°C

(d) 5550°C

Increased heat due to shorter arc is harmful on

account of

(a) under-cutting of base material

(b) burn through

(c) excessive porosity

(d) dl of the above

Arc blow results in which of the following?

(@) Non-uniform weld beads

(b) Shalow weld puddle given rise to weak
weld

(c) Splashing out of metal from weld puddle

(d) All of the above defects

Inseam welding

(a) thework pieceisfixed and disc electrodes
move

(b) the work piece moves but rotating
electrodes are fixed

(c) any of the above

(d) none of the above

In arc welding major personal hazards are

(a) flying sperks

(b) weld spatter

(c) harmful infrared and ultra-violet raysfrom
the arc

(d) dl of the above

In spot welding composition and thickness of

the base metal decides

(a) the amount of sgqueeze pressure

(b) hold time

(c) the amount of weld current

(d) al above

Helium produces which of the following?

(a) deeper penetration

(b) faster welding speeds

(c) narrower heat affected zone in base metal

(d) 4l of the above

Due to which of the following reasons

auminium is difficult to weld?

(a) it has an oxide coating

(b) it conducts away hesat very rapidly

(c) both (a) and (b)

(d) none of the above

Welding leads have

(a) high flexibility

(b) high current handling capacity

(c) both (a) and (b)

(d) none of the above

Air craft body is

(a) spot welded
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41.

42.

43.

45.

46.
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(b) gas welded

(c) seam welded

(d) riveted

For arc welding current range is usualy
(@) 10to 15 A

(b) 30to 40 A

(c) 50to 100 A

(d) 100 to 350 A

Spot welding is used for

(a) thin metal sheets

(b) rough and irregular surfaces

(c) costings only

(d) thick sections

Galvanising is aprocess of applying alayer of
(a) auminium

(b) lead

(c) copper

(d) zinc

. A seamless pipe has

(a) steam welded joint

(b) spot welded joint

(c) arc welded joint

(d) no joint

Motor-generator set for D.C. arc welding has
generator of

(a) seriestype

(b) shunt type

(c) differentially compound type

(d) level compound type

Plain and butt welds may be used on materials
upto thickness of nearly

47. In argon arc welding argon is used as a

(a) flux

(b) source of heat

(c) agent for heat transfer

(d) shield to protect the work from oxidation

48. During arc welding as the thickness of the

metal to be welded increases

(a) current should decrease, voltage should
increase

(b) current shouldincreases, voltage remaining
the same

(c) current should increase, voltage should
decrease

(d) voltageshouldincrease, current remaining
the same

49. In D.C. arc welding

(a) electrode is made positive and workpiece
negative

(b) electrode is made negative and workpiece
positive

(c) both electrode as well as workpiece are
made positive

(d) both electrode as well as workpiece are
made negative

50. The purpose of coating on arc welding

electrodes is to

(a) stabilise the arc

(b) provide a protecting atmosphere

(c) provide slag to protect the molten metal
(d) dl of the above

51. 50 percent duty cycle of a welding machine

means
(@) 5 mm (&) machine input is 50 percent of rated input
(b) 10 mm (b) machine efficiency is 50 percent
(© 25 mm (c) machine work on 50 percent output
(d) 50 mm (d) machineworksfor 5 minutesin aduration
of 10 minutes
ANSWERS
1. (b) 2. (d) 3. 4. (c) 5. (c) 6. (a 7.(c) 8. (b) 9. (d)
10. (@ 11.(c) 12.(b) 13.(d) 14.(d) 15.(@) 16.(d) 17.(b) 18.(c)
19.(&d 20.(d 21.(a 22 (a) 23.(b) 24.(@ 25. (a8 26.(b) 27.(d)
28.(b) 29.(b) 30.(8 31.(d) 32.(d 33.() 34.() 35 () 36.(d)
37.(d) 38.(c) 39.(d 40.(c 41.(d) 42.(a 43.(d) 44.(d) 45.(d)
46.(c) 47.(d) 48.(b) 49.(b) 50.(d) 51.(d)

o FIRST
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49.1. Radiations From a Hot Body

The usual method of producing artificial light consists in raising a solid body or vapour to
incandescence by applying heat to it. It isfound that as the body is gradually heated above room
temperature, it begins to radiate energy in the surrounding medium in the form of electromagnetic
waves of various wavelengths. The nature of this radiant energy depends on the temperature of the
hot body. Thus, when the temperature is low, radiated energy isin the form of heat waves only but
when acertain temperatureisreached, light waves are also radiated out in addition to heat wavesand
the body becomesluminous. Further increase in temperature produces an increase in the amount of
both kinds of radiations but the colour of light or visible radiation changes from bright red to orange,
to yellow and then finally, if the temperature is high enough, to white. Astemperatureisincreased,
the wavelength of the visible radiation goes on becoming shorter. It should be noted that heat waves
areidentical tolight waves except that they are of longer wavel ength and hence produce no impression
on theretina. Obvioudly, from the point of view of light emission, heat energy represents so much
wasted energy.

energy radiated out in the form of light

total energy radiated out by the hot body
luminous source and, obviously, depends on the temperature of the source. As the temperature is
increased beyond that at which light waves were first given off, the radiant efficiency increases,
because light energy will increasein greater proportion than the total radiated energy. When emitted
light becomeswhitei.e, it includes al the visible wavelengths, from extreme red to extreme violet,
then afurther increase in temperature produces radiations which are of wavel ength smaller than that
of violet radiations. Such radiationsareinvisibleand areknown asultra-violet radiations. Itisfound
that maximum radiant efficiency would occur at about 6200°C and even then the value of thismaximum
efficiency would be 20%. Since thistemperatureisfar above the highest that has yet been obtained
in practice, it isobviousthat the actual efficiency of al artificial sourcesof light i.e. those depending
on temperature incandescence, is low.

As discussed above, light is radiant energy which is assumed to be propagated in the form of
transversewavesthrough aninvisible medium known as ether. Theselight wavestravel with avelocity
of 2.99776 x 10° m/sor 3x 108 m/s approximately but their wavelengthsare different. Thewavelength
of red light isnearly 0.000078 cm and that of violet light 0.000039 cm. Since these wavelengths are
very small, instead of using 1 cm as the unit for their measurement, a submultiple 107 cm is used.
This submultiple is known as Angstrom Unit (A.U.)

1AU. =10%em=10"m

Hence, the wave-length of red light becomes A, = 7800 x 10 ”mor 7800 A.U. and A, =3900 x
10 m or 3900 A.U. The sensation of colour is due to the difference in the wavel engths and hence
frequencies of the light radiations.

The ratio is called the radiant efficiency of the

49.2. Solid Angle

Consider an area A which ispart of asphereof radiusr (Fig. 49.1). Let usfind the solid anglew
subtended by this area at the centre C of the sphere. For this purpose, et point C be joined to every
point onthe edges of theareaA. Then, the angle enclosed by the cone at point C givesthe solid angle.
Itsvalueis

w = Az steradian inr ‘; g |
r L
The unit of solid angleissteradian (sr). If, in the above equa- Ié:LF E)/@ =
tion, A = r?, then w = 1 steradian. Hence, steradian is defined as ~
the angle subtended at the centre of asphere by apart of itssurface
having an areaequal to (radius)z.

Fig. 49.1
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Obviously, the solid angle subtended at the
centre by whole of the spherical surface = 4mtr?/r® = 4t
steradian (sr).

49.3. Definitions

Before proceeding further, definitions of a few
principal termsemployed in connection with illumination,
are given below :

1. Candda. Itistheunit of luminousintensity of a
source. It is defined as 1/60th of the luminous intensity
per cm? of a black body radiator at the temperature of
solidification of platinum (2045°K).

A source of one candela (cd) emits one lumen per
steradian. Hence, total flux emitted by it alround is Fireworks radiate light energy of different

41t x 1 = 41t lumen. frequencies, which appear in different colours
2. LuminousFlux (F or ®). Itisthelight energy radiated out

per second from the body in the form of luminous light waves. ﬁv | Lumen
Since, it is a rate of flow of energy, it is a sort of power unit. v if

Unit of luminousflux islumen (Im). Itisdefined astheflux contained il Sizmdtam

per unit solid angle of a source of one candela or standard candle

(Fig. 49.2).
Approximate rel ation between lumen and electric unit of power g 4arq

i.e wattisgivenas Candle

1lumen = 0.0016 wett (approx.) Fig. 49.2

3. Lumen-hour. Itisthe quantity of light delivered in one hour by aflux of one lumen.*

4. Luminous Intengty (1) or Candle-power of a point source in any particular direction is
given by the luminous flux radiated out per unit solid angle in that direction. In other words, it is
solid angular flux density of a sourcein aspecified direction.

If d@ isthe luminous flux radiated out by a source within a solid angle of dw steradian in any
particular direction, then | = d®/dw.

If flux ismeasured in lumens and solid anglein steradian, then itsunit islumen/steradian (Im/sr)
or candela (cd).

If asource has an average luminousintensity of | Im/sr (or | candela), then total flux radiated by
ital aroundis® = wl =41 lumen.

Generally, the luminousintensity or candle power of asourceisdifferent in different directions.
The average candle-power of a source is the average vaue of its candle power in all directions.
Obvioudly, it isgiven by total flux (in Im) emitted in al directionsin all planesdivided by 41t This
average candle-power is also known as mean spherical candle-power (M.S.C.P).

_ total fluxin lumens
41

If the average is taken over a hemisphere (instead of sphere), then this average candle power is
known as mean hemispherical candle-power (M.H.S.C.P).

Itisgiven by thetotal flux emitted in ahemisphere (usually the lower one) divided by the solid
angle subtended at the point source by the hemisphere.

0 MHSCP = flux emitted i2n a hemisphere

s

*  Itissimilar to watt-hour (Wh)

O M.S.C.P.
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5. Reduction Factor of asourceis given by theratio, f = M.S.C.P/M.H.C.P. where M.H.C.P.
isthe mean horizontal candle power.

It isalso referred to as spherical reduction factor.

6. Illluminanceor Illumination (E). When the luminous flux falls on asurface, it issaid to be
illuminated. The illumination of a surface is measured by the normal luminous flux per unit area
received by it.

If d® isthe luminous flux incident normally on an areadA, then E = d®/dA or E = ©/A.

Unit. Since flux @ is measured in lumens and area in m?, unit of E is Im/m? or lux. The
aternative name is metre-candle (m-cd). Let usseewhy ? Imagine a sphere of radius of one metre
around a point source of one candela. Flux radiated out by this source is 4ttlumen. Thisflux falls
normally on the curved surface of the spherewhichis= 4rm?. Obvious! y, illumination at every point
on the inner surface of this sphere is 4t Imv4m m? = 1 InVm?. However, the term ImVm? is to be
perferred to metre-candle.

7. Luminance (L) of an Extended Source. Suppose A A isan element of area of an extended
source and At itsluminousintensity when viewed in adirection making an angle @with the perpendicul ar
to the surface of the source (Fig. 49.3), then luminance of the source element is given by

Al _ Al >
L= A Acos@ TAA cd/m® ..() Extended
Source
where AA' = AAcos@ AA

area of the source element projected
onto a plane perpendicular to the
specified direction.
Aswill be seen from Art. 49.5.
| cos® Al

or

E = o2 AE= ? cos 0
Substituting the value of A | from Eq. (i) above, we get Illuminated
Surface
AE = L‘(?ZA cosO =L cosH. dw
0
wheredw = AA'/d? steradian
Fig. 49.3
E :jL cosO.dw=L jcose.doo
—if L isconstant.

8. Luminous Exitance (M) of a Surface. The luminous exitance (M) at a point on a surface
isdefined asluminousflux emitted per unit areain al directions. If anelement of anilluminated area
A A emitsatotal flux of A® in all directions (over asolid angle of 2t steradian) then
M = AD/AA Ivm’
It can be proved that M = 1i_ in the case of auniform diffuse source.
9. Transamittance (T) of an llluminated Diffuse Reflecting Surface. It is defined as the ratio
of the total luminous flux transmitted by it to the total flux incident onit.
The relation between luminous exitance (M) of asurface transmitting light and illuminance (E)
on the other side of itis
M =TE or T = ME
Sincelight falling on asurfaceiseither transmitted, reflected or absorbed the following relation

holds good
T+p+a =1 where a isthe absorptance of the surface.
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10. Reéflection Ratioor Coefficient of Reflection or Reflectance(p). Itisgiven by theluminous
flux reflected from a small area of the surface to the total flux incident upon it
p = M/Ei.e. ratio of luminous exitance and illuminance.
Itisalwayslessthan unity. Itsvalueiszerofor idea ‘black body’ and unity for aperfect reflector.

11. Specific Output or Efficiency of alamp is the ratio of luminous flux to the power intake.
Itsunit islumen/watt (Im/W). Following relations should be taken note of :

(a) lumen _ 4mxM.S.C.P.
watt wett
or m ___Am
W watt/M.S.C.P.
. 41 f
b f = M.S.CP/MH.CP O | S
(b) since S.C.P/ C m/W WATM SCP
; _ 4m watt/M.H.C.P.
c) Obviously, wattYM.S.C.P. = =
© ¥ Im/W f
d) Also  watyMHCP = *Tf —¢xwatgm.sCP
1m/W

12. Specific Consumption. It is defined as the ratio of the power input to the average candle-
power. It isexpressed in terms of watts per average candle or watts/M.S.C.P.

The summary of the above quantities along with their units and symbol isgivenin Table 49.1.

Table 49.1
Name of Qty Unit Symbols
L uminous Flux Lumen For®
Luminous Intensity (candle-power) Candela I
Illumination or Illuminance Im/m? or lux E
Luminance or Brightness cd/m? LorB
Luminous Exitance Im/m? M

49.4. Calculation of Luminance (L) of a Diffuse Reflecting Surface

Theluminance (or brightness) of asurfacelargely dependson the character of the surface, if itis
itself not the emitter. In the case of apolished surface, the luminance
depends on the angle of viewing. But if the surface is matt and ‘ M
diffusion is good, then the luminance or brightness is practicaly
independent of the angle of viewing. However, thereflectance of the /
surface reducesthe brightness proportionately. InFig. 49.4isshown

a perfectly diffusing surface of small area A. Suppose that at point 0
M on a hemisphere with centre O and radius R, the illuminance is fle-do4
L cd/m?. Obviously, luminousintensity at point M is= L x A cos 8 Fig. 494

candela (or lumen/steradian). Now, the hemisphere can be divided into anumber of zones as shown.
Consider one such zone M N between 6 and (6 + d6). The width of thiszoneis R.d6 and length 2riR
sin 8 so that its area (shown shaded) is = 2riR* sin 6. dB. Hence, it subtends asolid angle = 2rR* sin
0.d6/R*= 2mtsin 6. d6 steradian at point O. The luminous flux passing through this zoneis

dd =L AcosBx2msin6.d0=1L Ax2sinBcos6dB=1LASN26d6lumen
Total flux passing through the whole hemisphereis

2
(0] :I TILA Sin206.d6 =1L A lumen
0
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If the illumination of the surface (produced by a light source) is E Im/m? and p isits reflection
coefficient, then @ = p A E lumen.
Equating thetwo values of flux, wehavetL A = pA E
or L = pE/mcdm’ = pE Im/m?
For example, consider a perfectly diffusing surface having p = 0.8 and held at a distance of 2
metres from a source of luminousintensity 100 candela at right anglesto the direction of flux. Then
E = 100/22 = 25 Im/m®
L = pE/m=25x 0.8/1=6.36 cd/m’ = 636 x 1= 20 Im/m’

49.5. Laws of lllumination or llluminance

Theillumination (E) of asurface depends upon the following factors. The sourceisassumed to
be a point source or is otherwise sufficiently away from the surface to be regarded as such.
(i) Eisdirectly proportional to the luminous intensity (1) of the source or E (1 |
(i) InverseSquareLaw. Theillumination of asurfaceisinversely proportional to the square of
the distance of the surface from the source.
In other words, E O 1/r®
Pr oof
In Fig. 49.5 are shown portions of the surfaces of three spheres whose radii are in the ratio
1:2:3. All these portions, obviously, subtend the same solid angle at the source and hence receive
the same amount of total flux. However, since their areasareintheratioof 1: 4: 9, their illumina
1.1
29
(iff) Lambert’'sCosinelLaw. According tothislaw, Eisdirectly proportional to the cosine of the
angle made by the normal to the illuminated surface with the direction of the incident flux.

tionsareintheratiol:

Radius =3 x

Radius =2 x

Radius = x

Source >

Yy

4

Fig. 49.5 Fig. 49.6
Pr oof

As shown in Fig. 49.6, let ® be the flux incident on the surface of area A when in position 1.
When this surface is turned back through an angle 6, then the flux incident on it is ® cos 6. Hence,
illumination of the surface when in position 1isE; = ®/A. But when in position 2.
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Illumination

E,=E,cos0

Combining all these factors together, we get E = | cos 6/r. The unit isIm/m?.

The above expression
makes the determination of
illumination possible at a
given point provided the
position and the luminous
intensity or candle power (in
the given direction) of the
source (or sources) by which
itisilluminated, areknown as
illustrated by the following
examples.

Consider a lamp of
uniform luminous intensity
suspended at aheight h above
theworking planeasshownin
Fig. 49.7. Let usconsider the

Fig. 49.7

value of illumination at point A immediately below the lamp and at other points B,C,D etc., lyingin
the working plane at different distancesfrom A.

EA =
N
= —— xcos6,.
EB LBZ 1
_ ol h
. By = |_|32XLB
1 h |\
Now i EAand(LB)
0 Es = EAcosg’E)1
Similarly,

lamp.

Since, cos6;, = h/LB

Solution. Luminous intensity of the lamp is
| = 1200/41t=95.5cd

Asseen from Fig. 49.8.

|—2 —since6=0andcosb =1
h

Ly = (/82 +62=10m;cos0=8/10=0.8
Now, E = | cosB/r’
O E; = 955 x 0.8/10°= 0.764 Im/m”

E.= E,. cos’ 6, and E; = E, cos’ 65 and so on.
Example49.1. A lamp giving out 1200 Imin all directionsis
suspended 8 m above the working plane. Calculate the illumina-
tion at a point on the working plane 6 m away from the foot of the
(Electrical Technology, Aligarh Mudim Univ.)

0
6@
g
(e
A 6m B
Fig. 49.8

Example 49.2. A small light source with intensity uniform in all directions is mounted at a
height of 10 metresabove a horizontal surface. Two points A and B both lie on the surface with point
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A directly beneath the source. How far is B from A if the L
illumination at Bisonly 1/10 asgreatasatA? (AM.I.E.) |

Solution. Let the intensity of the lamp be | and the
distance between A and B be x metres as shown in Fig. 49.9.
lluminationat point ~ A,E, = 1/10°=1/100 lux
Illumination at point B,
Illumination at point B,

N XSLEZ _ 1ol
102 [10° +X°5 (100 +>)Y? 0
Ea
10"
101 1,1

8 m
N
&Q

EB:

Since E;

—— > = x—_, [0 x=191m A 6m B
(100 + x°) 10 100 Fig. 49.9

Example49.3. Acorridor islighted by 4 lamps spaced 10 m apart and suspended at a height of
5 mabovethe centreline of thefloor. If each lamp gives200 C.P.inall directionsbel ow the horizontal,
find the illumination at the point on the floor mid-way between the second and third lamps.

(Electrical Engineering, Bombay Univ.)

Solution. Asseen from 49.10, illumination at point C isdueto all thefour lamps. Since point C
issymmetrically situated between the lamps, illumination at this point istwice that dueto L, and L.

I cos@,/L,C* L,C=52+15% =158m
cos® = 5/15.8

(i) illuminationdueto L,

220x (5/15.9)
250

illuminationduetol, = = 0.253 Im/m?

A
A 10m 10m E
————15m >« 15m >
Fig. 49.10
(ii) L,C=5+2m;6, = 45°; cosB,= 12
[lluminationduetoL, = % = 2.83 Im/m’

0 illumination at C dueto L, and L, = 3.08 Im/m”
lllumination at C dueto all the four lamps, E.= 2 x 3.08 = 6.16 Im/m?
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Example 49.4. Two lamps A and B of 200 candela and 400 candela respectively are situated

100 mapart. The height of A above the ground level is 10 mand that of Bis20 m. If a photometer
is placed at the centre of the line joining the two lamp posts, calculate its reading.

(Electrical Technology, Gujarat Univ.)

Solution. When theillumination photometer is placed at the centre point, it will read the value of
combined illumination produced by the two lamps (Fig. 49.11).

Now, L,C = y10°+50°
=51lm
L,C = 4/20° +50°
= 539m
cosB, = 10/51;
cosB, = 20/53.9
Illumination at point C due to

lampL,
_ 200x10
~ 51x2600
0.015 Im/m? Fig. 49.11
Similarly, illumination due to
lampL,

_ 400x20/53.9 _ 2
= 2000 = 0.051 Im/m

0.015 + 0.051
0.066 Im/m? or lux

Example49.5. The average luminous output of an 80-W fluorescent lamp 1.5 metre in length
and 3.5 cmdiameter is3300 lumens. Calculateitsaveragebrightness. If theauxiliary gear associated
with the lamp consumes a load equivalent to 25 percent of the lamp, cal culate the cost of running a
twin unit for 2500 hours at 30 paise per kWh.

Solution. Surface area of the lamp = 1tx 0.035 x 1.5 = 0.165 m?

Flux emitted per unit area = 3300/0.165=2 x 10* Im/m?
_ flux emitted per unit erea
I
2[80 + 0.25 x 80] = 200 W
Energy consumed for 2500 hr 2500 x 200 x 1073 = 500 kWh
cost Rs. 500 x 0.3 = Rs. 150.

Example 49.6. A small area 7.5 min diameter is to be illuminated by a lamp suspended at a
height of 4.5 mover the centre of thearea. Thelamp having an efficiency of 20 Im/w isfitted with a
reflector which directsthelight output only over the surfaceto beilluminated, giving uniformcandle
power over thisangle. Utilisation coefficient = 0.40. Find out the wattage of the lamp. Assume 800
lux of illumination level fromthe lamp. (AM.1.E)

Solution. A = md¥4=4418m% E =800 lux

Luminous flux reaching the surface = 800 x 44.18 = 35,344 Im

0 E

2
cd/m? = 2 x % = 6,382 cd/m?

0 B
Total load of twin fitting
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Total flux emitted by thelamp = 35,344/0.4 = 88,360 Im
Lamp wattage = 88,360/20 = 4420 W

Example 49.7. A lamp of 100 candela is placed 1 m below a
plane mirror which reflects 90% of light falling on it. The lamp is
hung 4 maboveground. Find theillumination at a point on theground
3 maway fromthe point vertically below the lamp.

Solution. Thelamp and mirror arrangementisshownin Fig. 49.12.
The lamp L produces animage L' as far behind the mirror asitisin
front. Height of theimage from the groundis (5 + 1) =6m. L' actsas
the secondary source of light and its candle power is= 0.9 x 100 = 90
candela.

Illumination at point B equals the sum of illumination dueto L
and that dueto L'

A 3m E
0 E, = &Ozxcose+ 5 C0s 6, Fig. 49.12
(LB) (L'B)
— %xgx%x\/% =5]ux SOOCi
Example 49.8. Alight source having an intensity of 500 candle
in all directions is fitted with a reflector so that it directs 80% of its 15°
light along a beam having a divergence of 15°. What is the total light
flux emitted along the beam? What will be the average illumination
produced on a surface normal to the beam direction at a distance of
10 m? (AM.I.E)
Solution. Total flux emitted along the beam = 0.8 (411 x 500) = e
5,227 Im o
Beamangle, 8 = 15°1=10m
Radius of the circleto beilluminated, r = | tan 6/2
= 10tan 15°/2=1.316 m r
Areaof the surface to beilluminated, A = 1r° = Tt x 1.316° \i/
= 544 m?
0 Averageillumination = 5227/5.44 = 961 lux Fig. 49.13

Example49.9. A lamp has a uniform candle power of 300 in all directions and isfitted with a
reflector which directs 50% of the total emitted light uniformly on to a flat circular disc of 20 m
diameter placed 20 mvertically below the lamp. Calculate theillumination (a) at the centre and (b)
at the edge of the surface without the reflector. Repeat these two calculations with the reflector
provided. (Electrical Engg., Grad |.E.T.E.)

Solution. It should be noted that the formula E = I cos 6/r” will not be applicable when the
reflector isused. Moreover, with reflector, illumination would be uniform.

Without Reflector

(a) E=300x 1/20° = 0.75 Im/m*

(b) Here, 8 =tan™ (10/20) = 26.6°, cos 8 = 0.89 ; x* = 10° + 20° = 500

0 E =300 x 0.89/500 = 0.534 Im/m?

With Reflector

Luminous output of the lamp = 300 x 41tlumen



llumination 1903

Flux directed by the reflector 0.5 x 1200 11=600 1TIm

Illumination produced onthedisc = 600 17100 1= 6 Im/m?

It isthe same at every point of the disc.

Example49.10. Alightisplaced 3 mabove the ground and its candle power is 100 cos 8in any

downward direction making an angle g with the vertical. If P and Q are two points on the grond, P
being vertically under the light and the distance PQ being 3 m, calculate.

(a) theillumination of the ground at P and also at Q.
(b) thetotal radiations sent down by the lamp.
Solution. With reference to Fig. 49.14
(a) C.PaongLP=100xcos0° =100cd [ E, = 100/3°=11.1 Im/m”
C.P.adong LQ =100 x cos 45° = 70.7 O EQ = 70.7 x cos 45°/18 = 1.39 Im/m”

(b) Consider an imaginary hemisphere of radius r metre at whose centre lies the given lamp
(Fig. 49.15).

\

3m

Fig. 49.14 Fig. 49.15
CPaong LQ=100cos® O E, = 100 cos6/r’
Theareaof the elementary strip at an angular distance 6 from the vertical and of widthPQ =r. do
is= (2mr sin 6) x r.d® = 21w sin 6 d6.
Flux incident on the shaded area
_ 100rc2059 5

Tota flux over the hemisphere can be obtained by integrating the above expression between
proper limits.

Tr’ sin . d6 =100 Tt 2 sin 6. cos B dO = 100 Ttsin 26 do.

cos 20
2

2 _ 1007
0 2

O total flux

2
IO 100nsin29d9:100n‘ -

100 1t= 314.Im.

Example 49.11. A drawing office containing a number of boards and having a total effective
area of 70 n islit by a number of 40 Wincandescent lamps giving 11 Im/W. An illumination of 80
luxisrequired on the drawing boards. Assuming that 60% of the total light emitted by the lampsis
available for illuminating the drawing boards, estimate the number of lamps required.

Solution. Let N be the number of 40 W lamps required.

Output/lamp = 40x11 = 440Im; Total flux =440N Im
Flux actually utilized = 0.6 x 440N =264 N Im
lllumination required = 80 lux = 80 Im/m”
Total flux required at the rate of 80 Im/m? = 80 x 70 Im = 5600 Im
264N =5600 O N =21
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Example49.12. A perfectly diffusing surface hasaluminousintensity of 10 candlesat an angle
of 60° to the normal. I the area of the surface is 100 cn’, determine the brightness and total flux
radiated.

Solution. Brightness B isdefined astheluminous
intensity divided by the projected area (Fig. 49.16).

Luminousintensity = 10 candela

Projected area = A cos6
= 100 x cos 60°
= 50 cm”
0 B =1050x10* ©
= 2% 10° cd/m? Fig. 49.16

2mx 10° Im/m°—Art. 46.4
Total flux radiated = 2rmx 10° x 100 x 107
=68.2Im
Example 49.13. Calculate the brightness (or luminance) of snow under an illumination of

(a) 44,000 lux and (b) 0.22 [ux. Assume that snow behaveslike a perfect diffusor having areflection
factor of 85 per cent.

Solution. (@ L

pE/Tt= 44,000 x 0.85/1t cd/m? = 1.19 x 10" cd/m?
0.22x0.85
Tt

Example 49.14. A 21 cm diameter globe of dense opal glass encloses a lamp emitting 1000
lumens and has uniform brightness of 4 x 10® lumen/m* when viewed in any direction. What would
be the luminousintensity of the globein any direction? Find what percentage of the flux emitted by
the lamp is absorbed by the globe.

Solution. Surface area of the globe

(b) L = 5.9 x 102 cd/m?

mid’= mix 212 = 1,386 cm? = 0.1386 m?

Flux emitted by the globeis = 0.1386 x 4 x 10° = 554.4 lumen

Now, lcandela = 4rmtlumens

Hence, luminousintensity of globeis = 554.4/41t= 44 cd

Flux absorbed by the globeis = 1000 - 554.4 = 445.6 Im.

O percentage absorption = 445.6 x 100/1000 = 44.56%

Example49.15. A 2.5 cm diameter disc source of luminance =TT
1000 cd/cm? is placed at the focus of a specular parabolic reflector /éf =ttt
normal to theaxis. Thefocal length of thereflector is10 cm, diam- @ 4 —=

eter 40 cm and reflectance 0.8. Calculate the axial intensity and
beam-spread. Also show diagrammatically what will happen if the
sour ce were moved away from the reflector along the axisin either
direction. (AM.I.E. Sec. B, Winter 1991) ==

Solution. The axial or beam intensity | depends upon ) Ny

<
o
(i) luminance of the disc sourcei.e. L ( :
(i) apertureof thereflectori.e. A

(iii) reflectivity of thereflector i.e. r
0 | = pALcandela ===
Now,

L = 1000 cd/cm?= 10" cd/m? ©
A = T4 =Tix 0.4%/4 = 125.7 x 10 > m?
[

-3 7 _
0 0.8 x 1257 x 10™° x 10" = 1,005,600 cd Fig. 49.17



llumination 1905

To afirst approximation, the beam spread for disc sourceis determined by reflector focal length
and the size of the disc source. If 0 isthe total beam spread when the source is at the focus of the
reflector [Fig. 49.17] (a)] then

0 = 2tan " (1/f)
Here, = 25/2=125cm;f=10cm
O 0 = 2tan {(1.25/10) = 2 x 7°7' = 14°14'

The effect of axial movement of the sourceis shown in Fig. 49.17 (b) and (c).

Example49.16. A 22 diameter globe of opal glassenclosesa lamp of uniformluminousintensity
120 C.P. Thirty per cent of light emitted by the lamp is absorbed by globe. Determine (a) luminance
of globe (b) C.P. of globe in any direction.

Solution.
(a) Flux emitted by source = 120 x 41tIm ; flux emitted by globe = 0.7 x 480 1tIm
0 L = Q7XH80T _ 6 90 Imim?
11 x0.22
(b) Since lcandedla = 41mtim
0 candle-power or luminousintensity of the globeis

_ fluxinlumens _ 0.7x 480 1t
- 47 T x4

=84 cd

Example49.17. A 0.4 mdiameter diffusing sphere of opal glass (20 percent absor ption) encloses
an incandescent lamp with a luminous flux of 4850 lumens. Calculate the average luminance of the

sphere.

(A.M.1.E. Sec. B, Summer 1993)

Solution. Flux emitted by the globe 80% or 4850 = 3880 Im
Surface area of the globe = 4m° = o’m?

B = flux emitted = 3880 = 7,720 |m/m2
surfacr area 11 x 0.42

Tutorial Problem No. 49.1

A high-pressure mercury-vapour lamp is mounted at a height of 6 m in the middle of a large road
crossing. A special reflector directs 100 C.P. maximum in acone of 70°to the vertical line. Calculate
the intensity of illumination on the road surface due to this beam of 100 C.P.

(Electrical Engineering, Bombay Univ.)
A room 6m x 4 misilluminated by asinglelamp of 100 C.P. in al directions suspended at the centre
3 mabovethefloor level. Calculatetheillumination (i) below the lamp and (ii) at the corner of the
room. (Mech. & Elect. Engg. : Gujarat Univ.)
A lamp of 100 candle-power is placed at the centre of aroom 10 m x 6m x 4 m high. Calculate the
illumination in each corner of the floor and at a point in the middle of a6 m wall at aheight of 2 m
from the floor. (Utilization of Elect. Power A.M.I.E.)
A source of 5000 lumen is suspended 6.1 m. above ground. Find out the illumination (i) at a point
just below the lamp and (ii) at a point 12.2 m away from the first, assuming uniform distribution of
light from the source. [(i) 10.7 lux (ii) 0.96 lux] (A.M.I.E. Sec. B)
Determine the average illumination of a room measuring 9.15 m by 12.2 m illuminated by a dozen
150 W lamps. The luminous efficiency of lamps may be taken as 14 Im/W and the co-efficient of
utilisation as 0.35. [791ux] (A.M.I.E. Sec. B)
Two lamps are hung at a height of 9 m from the floor level. The distance between the lampsis one
metre. Lamp oneis of 500 candela. If the illumination on the floor vertically below thislamp is 20
lux, find the candle power of thelamp number two. [1140candela]  (Utili. of Elect. Power AM.I .E.)
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7. Two powerful street lamps of 1,000 candela and 800 candela (assumed uniformin al directions) are
mounted 12.5 m abovetheroad level and are spaced 25 metresapart. Find theintensity of horizontal
illumination produced at a point on the ground in-between the lamp posts and just below the lamp
posts. [4.07 lux, 6.86 lux, 5.69 lux] (A.M.I.E.)

8. Itisrequired to provide anillumination of 100 lux in afactory hall 30 m by 15 m. Assume that the
depreciation factor is 0.8, coefficient of utilisation is0.4 and efficiency of lampis 14 Im/W. Suggest
the number of lamps and their ratings. The sizes of the lamps available are 100, 250, 400 and 500 W.

[40 lamps of 250 W in 5 rows]

9. Itisrequired to provide an illumination of 100 Im/m? in aworkshop hall 40m x 10m and efficiency

of lamp is 14 Im/W. Calculate the number and rating of lamps and their positions when trusses are

provided at mutual distance of 5m. Take coefficient of utilisation as 0.4 and depreciation factor as

0.8. [14 lamps of 750 W each]

10. A drawing hall 30 m by 15 m with a ceiling height of 5 misto be provided with a general illumina-

tion of 120 lux. Taking acoefficient of utilization of 0.5 and depreciation factor of 1.4, determinethe
number of flourscent tubes required, their spacing, mounting height and total wattage.

Taking luminous efficiency of flourescent tube as 40 Im/W for 80 W tubes.
[48, 24 twin-tube units each tube of 80 W; row spacing of 5 m and unit spacing of 3.75m, 3840 W]

(Utilisation of Elect. Power, AM.I.E.)

49.6. Laws Governing lllumination of Different Sources

Thelaws applicableto theillumination produced by the following three types of sourceswill be
considered.

(i) Point Source

Asdiscussed in Art. 49.5, the law governing changesin illumination dueto point source of light
isE =1 cos 6/d%.

(if) Line Source
Provided the line sourceis of infinite length and of uniform intensity, theillumination at a point
lying on asurface parallel to and facing the line sourceis given by

I T
E—Zdlm/m

where I = luminous intensity normal to the line source (in candles
per-meter length of the sources)

e S S S —

M

90°

0

(@) (b)
Fig. 49.18 Fig. 49.19
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However, in practice, the line sources are of finite length, so that the following law applies

E = 4'—d (sin 26 + 26) Im/m? —Fig. 49.18 (a)
= 2'—d (sin 26 + 26) Im/m? —Fig. 49.18 (b)
where I = candle power per metre length in a direction normal to the
line source
o)
= —— cd/m
L

where @ isthetotal flux of the sourcein lumensand L isthe length of the line source in metres.
(iif) Surface Source
Provided the surface source is of infinite area and of uniform brightness, illumination at any
point facing the source is independant of the distance between the point and the surface source.
Mathematically, itsvalueisE =i Im/m® where L is the luminance of the surface source in cd/m?.
In case the surface sourceislimited and rectangular in shape (Fig. 49.19), the law governing the
illumination at apoint Pis

E %(a'sinB+[3’sina)

OAPD ; o' =[0OBPC; 3=0APB; p'=0DPC

where a

Note. (i) In case, distance d is more than 5 times the greatest dimension of the source, then irrespective of
its shape, theillumination is found to obey inverse square law. Thiswould be the case for illumination at points
5 metres or more away from a fluorescent tube of length one metre.

(i) Inthe case of surface sources of large area, such as luminous daylights covering the whole ceiling of
alarge room, illumination is found to be practically constant irrespective of the height of the working place.

It may be noted that a point source produces deep shadows which may, however, be cancelled by
installing alarge number of fittings. Usually, glareis present. However, point sources are of great
practical importance where accurate light control isrequired asin search-lights.

Linesourcesgive morediffusion but cast shadows of objectslying parallel to them thus hindering
vision.

Large-area surface sources though generally of low brightness, produce minimum glare but no
shadows. However, the final effect is not liveliness but one of deadness.

Example49.18. A show caseislighted by 4 metre of architectural tubular lamps arranged in a
continuous line and placed along the top of the case. Determine the illumination produced on a
horizontal surface 2 metres below the lampsin a position directly underneath the centre of the 4 m
length of the lamps on the assumption that in tubular lamps emit 1,880 Im per metre run. Neglect the
effect of any reflectorswhich may be used.

Solution. Asseenin Art 49.10
E = 5 (8n20+28) Im/m?and | = % cd/m
Asseen from Fig. 49.15
6 = tan ' (L/2d)
= tan-1(4/2) = 45°
| = 4x 1,880/ x 4
= 188 cd/m
188

—_ q o I[ - 2
a E = —sz(smgo +2) 121 Im/m
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49.7.

All our calculations so far were
based on thetacit assumption that the
light source was of equal luminous
intensity or candle-power in all
directions. However, lampsand other
sources of light, asarule, do not give
uniform distribution in the space
surrounding them.

If theactual luminousintensity of
a source in various directions be
plotted to scale along lines radiating
from the centre of the source at
corresponding angles, we obtain the
polar curve of the candle power.

Suppose we construct a figure
consisting of large number of spokes
radiating out from apoint—thelength
of each spoke representing to some
scale the candle power or luminous
intensity of the source in that
particular direction. If now wejointhe

Electrical Technology

90°

Polar Curves of C.P. Distribution

180°

Fig. 49.21

Fig. 49.20

ends of these spokesby some suitable material, say,
by linen cloth, then we get a surface whose shape
will represent to scal e the three dimensional candle
power distribution of the source placed at the centre.
In the ideal case of a point source having equal
distribution in all directions, the surface would be
spherical.

Itwould berealized that it isdifficult to givea
graphic representation of such a 3-dimensional
model in a plane surface. Therefore, as with
engineering drawings, it is usual to draw only one
or more elevations and a plan of sections through
the centre of the source. Elevations represent c.p.
distribution in the vertical plane and the plans
represent c.p. distribution in horizontal plane. The
number of elevations required to give a complete
idea of the c.p. distribution of the source in all
directions depends upon the shape of the planii.e.
on the horizontal distribution. If the distributionis
uniform in every horizontal planei.e. if the polar
curveof horizontal distributionisacircle, then only
one vertical curveissufficient to give full idea of
the space distribution.

In Fig. 49.20 are shown two polar curves of
c.p. distribution in avertical plane. Curve 1 isfor
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vacuum type tungsten lamp with zig-zag filament whereas curve 2 isfor gasfilled tungsten lamp with
filament arranged as a horizontal ring.

If the polar curve is symmetrical about the vertical axis as in the figures given below, then it
is sufficient to give only the polar curve within one semicircle in order to completely define the
distribution of c.p. asshown in Fig. 49.21.

Thecurvesland 2 areasin Fig. 49.20, curves 3isfor d.c. open arc with plain carbons and curve
4isfor a.c. arc with plain carbons. However, if the source and/or reflector are not symmterical about
vertical axis, it isimpossible to represent the space distribution of ¢.p. by asingle polar diagram and
even polar diagramsfor two planesat right anglesto each other give no definiteideaasto thedistribution
in the intermediate planes.

Consider afilament lamp with
a helmet-type reflector whose axis

B A
is inclined and cross-section L]
elliptical—such reflectors are ‘T ““é 5
widely used for lighting shop T BT
windows. Fig. 49.22 representsthe  o— D B
distribution of luminousintensity of Sﬂ
such source and itsreflector in two w

planes at right anglesto each other.
Theimportance of considering Fig. 49.22
the polar curvesin different planeswhen the c.p. distribution in asymmetrical iseven morestrikingly

depicted by the polar curvesin YY plane and XX plane of alamp with a special type of reflector
designed for street lighting purposes (Fig. 49.23).

(@]

Choke

X

\‘/C.P. Y Y’ Plane
N

C.P. X X’ Plane /
g

L

Fig. 49.23
It would be realized from above that the polar distribution of light from any source can be given
any desired form by using reflectors and/or refractors of appropriate shape.

InFig. 49.24 isshownthe polar curve of c.p. distribution of astraight type of lamp in ahorizontal
plane.

49.8. Uses of Polar Curves

Polar curves are made use of in determining the M.S.C.P. etc. of asource. They arealso used in
determining the actual illumination of asurfacei.e. while calculating the illumination in aparticular
direction, the c.p. in that particular direction as read from the vertical polar curve, should be
employed.
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49.9. Determination of M.S.C.P.
and M.H.C.P. from Polar
Diagrams

Electrical Technology

In Fig. 49.25 (@) is shown the polar
distribution curve of a filament lamp in a
horizontal plane and the polar curve in
Fig. 49.25 (b) represents the c.p. distribution
in a vertical plane. It will be seen that the
horizontal candle-power isamost uniformin
all directions in that plane. However, in the
vertical plane, thereisalarge variationin the
candle power which falls to zero behind the
cap of the lamp. The curvein Fig. 49.25 (a)
has been drawn with the hel p of aphotometer
whilethelampisrotated about avertical axis,
say, 10° at atime. But the curvein Fig. 49.25
(b) wasdrawn whilethelampwasrotatedin a

vertical plane about a horizontal axis passing through the centre of the filament.

150°

120°

90°

180°

150°

120°

00
Fig. 49.24

90°

60°

30°

The M.H.C.P. istaken as the mean of the readingsin Fig. 49.25 (). However, a more accurate
result can be obtained by plotting candle power on an angular base along the rectangular axes and by

determining the mean height of the curve by the mid-ordinate or by Simpson’srule.

The M.S.C.P. of the lamp can be obtained from the vertical polar curve of Fig. 49.25 (b) by

Rousseau’s construction as explained below :

180°
210°

240°

270°

120°

300°

90°

60°

240°

270°

180°

120°

300°

90°

60°

0° o

(@) (b)

Fig. 49.25

Only half of the vertical polar curve is shown in the figure (Fig. 49.26) since it is symmetrical
about the vertical axis. With O isthe centre and radius OR equal to the maximum radius of the polar
curve, a semi-circle LRM is drawn. A convenient number of points on this semi-circle (say 10°
points) are projected onto any vertical plane asshown. For example, pointsa,b,c etc. are projected to
d,e,f and so on. From point d, the horizontal line dg is drawn equal to the intercept OA of the polar
diagram on the radius ca. Similarly, eh = OB, fk = OC and so on. The points g, h, k etc., define the
Rousseau figure. The average width w of thisfigure representsthe M.S.C.P. to the same scale asthat
of the candle powersinthepolar curve. Theaveragewidth isobtained by dividing the Rousseau area
by the base of the Rousseau figurei.e. length Im which isthe projection of the semi-circle LM onthe
vertical axis. The areamay be determined by Simpson’srule or by using a planimeter.
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Candle Power
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)

Fig. 49.26

O M.SCP =

area of Rousseau figure

length of the base

Asexplained earlier, the M.H.C.P. of an incandescent lamp can be easily obtained by mounting
thelamp with its axis vertical and taking photometer readingsin the horizontal plane while the lamp
is rotated about its axis in steps of 10° or so. A definite ratio exists between the M.H.C.P. and
M.S.C.P. of each particular type of filament. M.S.C.P. of alamp can befound by multiplying M.H.C.P.
by afactor known as spherical reduction factor which, as defined earlier, is

M.S.C.P.

Spherical reduction factor  f = MHCP.

O MSCP=fxMH.CP

For the particular lamp considered, f = 430/80 = 0.54 (approx.)

Typical values of thisfactor are:

Ordinary vacuum-type tungsten lamp having zig-zag filament 0.76 - 0.78
Gasfilled tungsten lamp with filament in the form of broad shallow V's 0.85-0.94
Gasfilled tungsten lamp with filament in the shape of a horizontal ring 10-12

Thetotal lumen output is given by the relation ; lumen output = 41t x M.S.C.P.

In the present case, lumen output = 411 % 430
=5,405Im

49.10. Integrating Sphere or Photo-
meter

TheM.S.C.P isusually measured by means of
an integrating photometer, the most accurate form
of which consists of a hollow sphere (asoriginally
proposed by Ulbricht) whose diameter is large (at
least 6 times) as compared to that of thelamp under
test. Theinterior surface of the hollow sphere is
whitened by means of a special matt white paint.
When the lamp is placed inside the sphere (not

Opal
s

J/I\\

Fig. 49.27
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necessarily at its centre) then due to successive reflections, its light is so diffused as to produce a
uniform illumination over thewhole surface. At some point, asmall matt opal-glasswindow, shaded
from the direct rays of the source, is made in the hollow sphere.

The brightness of the matt opal glassis proportional to that of theinterior surface of the sphere.
By using asuitableillumination photometer, the illumination of the window can be measured which
can be used to find out the total flux emitted by the source.

Total flux = illumination (1m/m?) x surface area of the sphere (m?)
0 Mscp = Al o dea
41T

Theory. In Fig. 49.28 is shown a light source L of
luminousintensity | candelaand having atotal flux output
of F, placed at the centre of an integrating sphere of radius
r and reflection factor p. Let E, and Eg represent the
illuminationsat two pointsA and B, each of infinitely small
area da and db respectively and distance m apart. We will
now consider total illumination (both direct and reflected)
atpoint A.

Obviously, E, directlyduetoL = I/r®
Eg directly duetoL = 1/r?
Luminousintensity of B inthedirection of A is
lg = P-Es-As candela —Art.45.4 Fig. 49.28
I
where Ag = projected areaof B at right anglesto theline BA = db. cos 6

0 IB = w Candda

r

g cos8 _ pl.dbcos” 0

m2 T[I’2 ><m2

2r cos 0

Hence, illumination of A duetoB is

Now, as seen from Fig. 49.28, m
O illumination of A dueto B becomes

2
p.l.dbcos®® _ p xszdb:B.EB.db=@

mr? x4r2cos’ 8 4m? ot D
where Fg = fluxincident on B and A = surface area of the sphere
PFg _PFg

Hence, total illumination due to first reflection = s s

Now, consider any other point C. Illumination onB dueto point C=p F, /S. Theillumination on
A dueto C asreflected from B.

_ S) Q)FLDdecosercose:Lixp.dbcose>< cos 6
HHsH m % m’> S n 4% cos? 0
_ PFL, p.db
S S

PR p.db _p°F o=
S X S S (- Zab=Y9)

Continuing thisway, it can be proved that total illumination at point A from all reflectionsfrom
al points

Total illumination due to two reflections = Z

- p_gL(1+Pz+pS+ ............ +p“‘1):LﬁD1 0
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Hence, total illumination at A from direct and reflected lightsis
PR O g
s H— pH

N o o . 01 0.
If A isshielded from lamp L, then itsillumination is proportional to F becauseB isa
p prop L SEﬁ_pB

= E,+

constant factor. Obviously, if either brightness or illumination at one point in the sphereis measured,
it would be proportiona to the light output of the source. This fact is made use of while using this
sphere as a globe photometer.

Example49.19. If anintegrating sphere 0.6 min diameter whose inner surface has a reflection
coefficient of 0.8 containsalamp producing on the portion of the sphere, screened fromdirect radiation,
aluminance of 1000 cd/m?, what is the luminous flux yield of the source ?

(A.M.1.E. Sec. B. Summer 1986)

Solution. Obviously, the screened portion of the sphere receives light by reflection only.
Reflection illumination of the screened portionis

PR O 1 O_ 08F 0 100FL )
E = Im/m
s H-eH nxoezﬁl 059
Also L = pE/mT — Art. 494
100 F,
O 1000 = ——Ltx9%8 o F z1o5im
oM L

49.11. Diffusing and Reflecting Surfaces : Globes and Reflectors

When light falls on polished metallic surfaces or silvered surfaces, then most of it is reflected
back according to the laws of reflectioni.e. the angle of incidenceis equal to the angle of reflection.
Only a small portion of the incident light is absorbed and there is always the image of the source.
Such reflection is known as specular reflection.

However, asshowninFig. 49.29 (b),
if lightisincident on coarse surfaceslike
paper, frosted glass, painted ceiling etc.,
then it is scattered or diffused in all
directions, hence no image of the source
is formed. Such reflection of light is
called diffuse reflection. A perfect
diffuser isonethat scatterslight uniformly Smooth

C
inall directionsand hence appearsequally @ (()Z; >
bright from whatever direction it is
viewed. A white blotting paper is the Fig. 49.29
nearest approach to a diffuser.

By reflecting factor of asurfaceis meant the ratio = %

It isalso known asreflection ratio or coefficient of reflection of asurface.

If thelight isincident on atransparent surface, then some of it isabsorbed and greater percentage
of it passes through and emerges on the other side.

To avoid direct glare from electric arcs and incandescent filament lamps, they are surrounded
more or less completely by diffusing shadesor globes. In addition, areflector may also be embodied
to prevent the escape of light in directionswhereit servesno useful purpose. Inthat case, sofar asthe
surroundings are concerned, the diffusing globeisthe source of light. Itsaverage brilliancy islower
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the moreitsdiffusing area. Depending on the optical density, these globes absorb 15 to 40% of light
emitted by the encircled bulb. The bulbs may aso be frosted externally by etching or sand-blasting
but internal frosting is better because there is no sharp scratching or cracks to weaken the glass.

In domesticfittings, avariety of shades are used whose main purposeisto avoid glare. Properly
designed and installed prismatic glass shades and holophane type reflectors have high efficiency and
are capable of giving accurate predetermined distribution of light.

Regular metallic reflection isused in search-light mirrorsand for general lighting purposes. But
whereitisused for general lighting, the silvered reflectors are usually fluted to maketheillumination
as uniform as possible.

Regular cleaning of all shades, globes, and reflectorsisvery important otherwisetheloss of light
by absorption by dust etc., collected on them becomes very serious.

Varioustypes of reflectors are illustrated in Figs. 49.30 to 49.34. Fig. 49.30 shows a holophane
stiletto reflector used where extensive, intensive or focussing light distribution is required.

Fig. 49.30 Fig. 49.31 Fig. 49.32

The optical combination of alamp, reflector and alens plate, as shown in Fig. 49.31, providesa
high degree of light control. Multiple panels can be conveniently incorporated in fittings suited to
different architectural schemes.

The dispersive reflector of Fig. 49.32 is suitable for practicaly all classes of industrial installa-
tions. The reflector is a combination of concave and cylindrical reflecting surfacesin the form of a
deep bowl of wide dispersive power. It gives maximum intensity between 0° and 45° from the
vertical.

The concentrating reflector
of parabolic form shown in Fig.
49.33 is suitable for situations
requiring lofty installations and
strongly-concentrated illumina-
tion asin public halls, foundries
and power stationsetc. They give
maximum intensity in zonesfrom
0°to 25° from the vertical.

Theelliptical angle reflector
showninFig. 49.34issuitablefor Fig. 49.33 Fig. 49.34
the sidelighting of switchboards, show windows etc., because they give aforward projection of light
in the vertical plane and spread the light in the horizontal plane.
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49.12. Lighting Schemes

Different lighting schemes may be classfied as (i) direct lighting (ii) indirect lighting and
(i) semi-direct lighting (iv) semi-indirect lighting and (v) general diffusing systems.

(i) Direct Lighting

Asthe nameindicates, in the form of lighting, thelight from the sourcefallsdirectly on the object
or the surface to be illuminated (Fig. 49.35). With the help of shades and globes and reflectors of
various types as disscussed in Art. 49.11, most of the light is directed in the lower hemisphere and
also thebrilliant source of light iskept out of the direct lineof vision. Directillumination by lampsin
suitablereflectors can be supplemented by standard or bracket lamps on desk or by additional pendant
fittings over counters.

P N

Downward .
Distribution Direct
60%

Fig. 49.35

Thefundamental point worth remembering is planning any lighting installation isthat sufficient
and sufficiently uniform lighting isto be provided at the working or reading plane. For this purpose,
lamps of suitable size have to be so located and furnished with such fittings asto give correct degree
and distribution of illumination at the required place. Moreover, it isimportant to keep the lampsand
fittings clean otherwise the decrease in effective illumination due to dirty bulbs or reflectors may
amount to 15 to 25% in offices and domestic lighting and moreinindustrial areasasaresult of afew
weeks neglect.

Direct lighting, though most efficient, isliable to cause glare and hard shadows.

(if) Indirect Lighting

Inthisform of lighting, light does not reach the surface directly from the source but indirectly by
diffusereflection (Fig. 49.36). Thelampsare either placed behind a cornice or in suspended opaque
bowls. In both cases, a silvered reflector which is corrugated for eliminating striations is placed

beneath the lamp.
) %

Distribution Indirect
Upwards 80%
Downwards .0%

Fig. 49.36
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In thisway, maximum light isthrown upwards on the ceiling from which it isdistributed all over
theroom by diffusereflection. Even gradation of light on the ceiling is secured by careful adjustement
of the position and the number of lamps. In the cornice and bowl system of lighting, bowl fittingsare
generally suspended about three-fourths the height of the room and in the case of cornicelighting, a
frieze of curved profileaidsin throwing thelight out into theroomto beilluminated. Sinceinindirect
lighting whole of the light on the working plane is received by diffuse reflection, it isimportant to
keep thefittings clean.

One of the main characteristics of indirect lighting is that it provides shadowless illumination
which isvery useful for drawing offices, composing rooms and in workshops especially wherelarge
machines and other obstructions would cast troublesome shadows if direct lighting were used.

However, many people find purely indirect lighting flat and monotonous and even depressive.
Most of the users demand 50 to 100% more light at their working plane by indirect lighting than with
direct lighting. However, for appreciating relief, a certain proportion of direct lighting is essential.

(iii) Semi-direct System

Thissystem utilizesluminarieswhich send most of thelight downwards directly on the working

plane but a considerable amount reaches the ceilings and walls also (Fig. 49.37).

Distribution Semidirect
Upwards-30%
Downwards-45%

Fig. 49.37

Thedivisionisusually 30% upwardsand 45% downwards. Such asystemisbest suited to rooms
with high ceilingswhere ahigh level of uniformly-distributed illuminationisdesirable. Glareinsuch
units is avoided by using diffusing globes which not only improve the brightness towards the eye
level but improve the efficiency of the system with reference to the working plane.

(iv) Semi-indirect Lighting

In this system which is, in fact, a compromise between the first two systems, the light is partly
received by diffusereflection and partly direct from the source (Fig. 49.38). Such asystem, therefore,
eliminates the objections of indirect lighting mentioned above. Instead of using opague bowls with
reflectors, translucent bowls without reflector are used. Most of the light is, as before, directed
upwardsto the ceiling for diffusereflection and the rest reaches the working plane directly except for
some absorption by the bowl.

Distribution . .
Downwards-10% Semi-Indirect Transluscent
Upwards-75% Plastic Bowl

Fig. 49.38
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(v) General Diffusng System

In this system, luminaries are employed which have amost equal light distribution downwards
and upwards as shown in Fig. 49.39.

Distribution
Upwards-40% General
Downwards-40% Diffusing

Fig. 49.39

49.13. lllumination Required for Different Purposes

There has been a steady movement towards higher intensities for artificial illumination during
the last few decades. The movement is likely to continue because the highest intensities in average
installations are much less than those of the diffused daylight. The human eye posses a tremendous
power of accommodation and it can work comfortably within an enormous range of illuminations.

For example, at full noon, sun provides about 120,000 Im/m?, diffuse day-light near awindow is
of the order of 600 Im/m? (value varying widely) and full moon-light gives 0.1 to 0.3 Im/m?. For
reading, usually 20 to 30 Im/m? is generally considered sufficient, though daylight illumination is
much higher.

Some persons can read without much strain even when illumination is as low as 3 Im/m?.
Because of this, it isdifficult to lay down definite values of illumination for various purposes but the
following summary will be found useful :

Purpose and Places Im/m?
Precision work, displays, tasks requiring rapid discrimination above 500
Extra fine machine work, around needles of sewing machines,
fine engraving, inspection of fine details having low contrast 200-500
Proof-reading, drawing, sustained reading, fine assembling, skilled bench-work | 100-200
Drawing offices, art exhibition, usual reading 60-100
In museums, drill halls, for work of simple nature not involving
close attention to fine details 40-60
Usual observation asin bed-rooms, waiting rooms, auditoriums
and general lighting in factories 20-40
Hospital wards, yards, railway platforms and corridors 5-10

49.14. Space/Height Ratio

horizonta distance between two lamps
mounting height of lamps

Thisratio depends on the nature of the polar curve of alamp when used along with itsreflector.
A reflector has tremendous influence on the shape of the polar curve of the lamp, hence the val ue of
space/height ratio, in fact, depends entirely on the type of reflector used. For obtaining uniform
illumination on the working plane, it is essential to choose a correct value for thisratio.

Itisgiven by theratio:
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In other words, it means that a reflector gives uniform illumination for a definite value of this
ratio only. Theratio may be found easily if the polar curve of the type of fixture used is known. For
reflectors normally used in indoor lighting, the value of thisratio lies between 1 and 2.

49.15. Design of Lighting Schemes and Lay-outs

A well-designed lighting schemeis onewhich

(i) provides adequate illumination (ii) avoids glare and hard shadows (iii) provides sufficiently
uniform distribution of light al over the working plane.

Before explaining the method of determining the number, size and proper arrangement of lamps
in order to produce agiven uniformillumination over acertain area, let usfirst consider thefollowing
two factors which are of importance in such calculations.

49.16. Utilization Factor or Coefficient of Utilization (n)

Itistheratio of thelumensactually received by aparticular surfaceto thetotal lumens emitted by
aluminous source.
_lumensactually received on working plane
- lumens emitted by thelight source

The value of thisfactor varies widely and depends on the following factors :

1. thetype of lighting system, whether direct or indirect etc.
2. thetype and mounting height of the fittings

3. the colour and surface of walls and ceilings and

4. to some extent on the shape and dimensions of the room.

For example, for direct lighting, the value of n varies between 0.4 and 0.6 and mainly dependson
the shape of the room and the type and mounting height of fittings but very little on the colour of walls
and ceiling. For indirect lighting, its value lies between 0.1 and 0.35 and the effect of walls and
ceiling, from which light is reflected on the working plane, is much greater. Exact determination of
thevalue of utilization factor iscomplicated especially in small roomswherelight undergoes multiple
reflections.

Since the light leaving the lamp in different directions is subjected to different degrees of
absorption, the initial polar curve of distribution has also to be taken into account. Even though
manufacturers of lighting fittings supply tables giving utilization factorsfor each type of fitting under
specified conditionsyet, since such tables apply only to thefittingsfor which they have been compiled,
agood deal of judgment is necessary while using them.

O

49.17. Depreciation Factor (p)

This factor alows for the fact that effective candle power of all lamps or luminous sources
deteriorates owing to blackening and/or accumulation of dust or dirt on the globes and reflectors etc.
Similarly, wallsand ceilings etc., also do not reflect as much light aswhen they are clean. The value
of this factor may be taken as 1/1.3 if the lamp fittings are likely to be cleaned regularly or 1/1.5 if
thereis much dust etc.

illumination under actual condtions
illumination when everything is perfectly clean

Smcelllumlnatlon isspecifiedin Im/m?, the areaiin square metre multiplied by theillumination
requiredin Im/m? givesthetotal useful lumi nousflux that must reach the working plane Taking into
consideration the utilization and depreciation or maintenance factors, the expression for the gross
lumensrequiredis

p:

ExA

Total lumens, o =
nxp
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where  E =desired illuminationinIm/m?; A = areaof working plane to beilluminated in m?
p = depreciation or maintenance factor ; n = utilization factor.

Thesize of thelamp depends on the number of fittingswhich, if uniform distributionisrequired,
should not be far apart. The actual spacing and arrangement is governed by space/height values and
by the layout of ceiling beams or columns. Greater the height, wider the spacing that may be used,
athough thelarger will be the unit required. Having settled the number of units required, the lumens
per unit may befound from (total lumens/number of units) from which the size of lamp can be cal culated.

Example49.20. A room 8 m x 12 mislighted by 15 lamps to a fairly uniform illumination of
100 Im/n. Calculate the utilization coefficient of the room given that the output of each lamp is
1600 lumens.

Solution. Lumens emitted by the lamps = 15 x 1600 = 24,000 Im

Lumens received by the working plane of theroom = 8 x 12 x 100 = 9600 Im

Utilization coefficient = 9600/24,000 = 0.4 or 40%.

Example49.21. Theillumination in a drawing office 30 m x 10 misto have a value of 250 [ux

andisto be provided by a number of 300-W filament lamps. If the coefficient of utilizationis0.4 and
the depreciation factor 0.9, deter mine the number of lampsrequired. The luminous efficiency of each

lampis 14 Im/W. (Elect. Drives & Utilization, Punjab Univ. Dec. 1994)
Solution. ® = EAnp, E=250 Im/m?, A =30x 10 =300 m? n=04,p=09
O ¢ = 250 x 300/0.4 x 0.9 = 208,333 Im

Flux emitted/lamp = 300 x 14 = 4200 Im; No. of lamps reqd.= 208,333/4200 = 50.

Example49.22. Find thetotal saving in electrical load and percentageincreasein illumination
if instead of using twelve 150 W tungsten-filament lamps, we use twelve 80 W fluor escent tubes. It
may be assumed that (i) there is a choke loss of 25 per cent of rated lamp wattage (ii) average
luminous efficiency throughout life for each lamp is 15 Im/W and for each tube 40 Im/W and
(i) coefficient of utilization remains the same in both cases.

Solution. Total load of filament lamps = 12 x 150 = 1800 W

Total load of tubes = 12 (80 +0.25x 80) = 1200 W

Net saving in load = 1800 - 1200 = 600 W

If A istheroom areaand n the corfficient of utilization, then
illuminationwithlamps, E;, = w = 27,000 n/A Im/m?
illuminationwithtubes, E, = M = 38,400 /A Im/m?
. . I _38,400-27,000 .
increaseinillumination = 7 2700 - 0.42 or 42%

Example 49.23. A football pitch 120 m x 60 mis to be illuminated for night play by similar
banks of equal 1000 W lamps supported on twel ve tower swhich are distributed around the ground to
provide approximately uniform illumination of the pitch. Assuming that 40% of the total light
emitted reaches the playing pitch and that an illumination of 1000 Im/m? is necessary for
television purposes, calculate the number of lamps on each tower. The overall efficiency of the
lamp isto be taken as 30 Im/W. (Elect. Technology-I, Bombay Univ.)

Solution. Areato beilluminated = 120 x 60 = 7,200 m’
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Flux required = 7,200 x 1,000 =7.2 x 10%Im
Since only 40% of the flux emitted reaches the ground, the total luminous flux required to be
produced is = 7.2x10%0.4 =18 x 10° Im

Flux contributed by each tower bank = 18 x 10%12 = 1.5 x 10°Im
Output of each 1000-W lamp = 30 x 1000 = 3 x 10* Im
Hence, number of such lamps on each tower is= 1.5 x 10%/3 x 10*= 50

Example49.24. Design a suitable lighting scheme for a factory 120 m x 40 mwith a height of
7 m. Illumination required is 60 lux. Sate the number, location and mounting height of 40 W
fluorescent tubes giving 45 Im/W.
Depreciation factor = 1.2 ; utilization factor = 0.5
(Electric Drives & Util. Punjab Univ. 1993)

Solution, o = 80x120%40 _ 691 500 Im; Flux per tube = 45 x 40 = 1800 Im.

05x (UL2)

No. of fluorescent tubes reqd. = 691,200/1800 = 384. If twin-tube fittings are employed, then
number of such fittings required. = 384/2 = 192.

These can be arranged in 8 rows of 24 fittings each. Assuming that the working planeis 1 metre
abovethefloor level and thefittings arefixed 1 metre below the ceiling, we get a space/height factor
of unity both along the length as well as width of the factory bay.

Example 49.25. A drawing hall in an engineering college is to be provided with a lighting
installation. The hall is : |
30m x20m x8m(high). |* Sl g
The mounting height is [—sm—|
5 m and the required
level of illumination is ‘q} -q}
144 |m/n¥. Using metal
filament lamps, estimate

&
Srote ramp lomnaries | 4 @
&

and also draw their spac-
ing layout. Assume:

Utilization coefficient -61} -61}

= 0.6; mainte-
nance factor = 0.75;

space/height ratio=1

lumens/watt  for _q} _q} _q} _q} {i}
300-Wlamp = 13,lumens/ Y
watt for 500-Wlamp = 16. Fig. 49.40

Solution. Flux isgiven by @ EA/np =30 x20 x 144/0.6 x 0.75 = 192,000 Im

Lumen output per 500-W lamp = 500 x 16 = 8,000

0 No. of 500-W lampsrequired = 192,000/8000 = 24

Similarly, No. of 300-W lamps required = 192,000/3900 = 49

The 300-W lamps cannot be used becausetheir number cannot bearrangedinahall of 30m x 20 m
with aspace/height ratio of unity. However, 500-W lamps can be arranged in 4 rows of 6 lamps each
with a spacing of 5 m both in the width and the length of the hall as shown in Fig. 49.40.

S
& e
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Example 49.26. Estimate the number and wattage of lamps which would be required to
illuminate a workshop space 60 x 15 metres by means of lamps mounted 5 metres above the working
plane. The average illumination required is about 100 lux.

Coefficient of utilization=0.4 ; Luminous efficiency=16 Im/W.
Assume a spacing/height ratio of unity and a candle power depreciation of 20%.
(Utilization of Electrical Energy, Madras Univ.)

. ) . _ EA_100x(60x15) _ 4
Solution. Luminous flux isgiven by & = o T0AxVl2 - 27 x 10" Im
Total wattage reqd. = 27x 10%16 = 17,000 W
For aspace/height

ratio of unity, only
three lamps can be

b o 4 @ ¢ 4
rouned deng e | 4 > R
Similarly, 12 lamps | - 4 < b -

Sm
can be arranged along {I} {I} {I} Tl

thelength of theroom. —> 5m [—
Total number of lamps
requiredis12 x 3=36. Fig. 49.41

Waettage of each lamp

is=17,000/36 = 472 W. Wewill takethe nearest standard lamp of 500 W. Thesethirty-six lampswil
be arranged as shown in Fig. 49.41.

Example49.27. A drawing hall 40 m x 25 m x 6 high isto be illuminated with metal-filament
gasilled lamps to an average illumination of 90 ImVm® on a worki ng plane 1 metre above the floor.
Estimate suitable number, size and mounting height of lamps. Sketch the spacing layout.

Assume coefficient of utilization of 0.5, depreciation factor of 1.2 and spacing/height ratio of 1.2

b4 |

Size of lamps 200W 300 W 500 W
Luminousefficiency (in Im/W) 16 18 20
(Elect. Technology, Bombay Univ.)
. o 40x25x90 _
Solution. Total flux required is® = O0BEx1U12 - 216,000 Im

Lumen output of each 200-W lamp is 3200 Im, of 300-W lamp is 5,400 Im and of 500-W lamp
is10,000 Im.

216,000 216,000
) - . = : = 67; No. of 300-W | = : =40
No. of 200-W lamps reqd 3200 ; No. of 300-W lamps reqd 5,400
No. of 500-W lamps reqd. = 216,000/ |« 40m »
10,000 = 22 = 6 o=
With a spacing/height ratio of 1.2, itis 2 S S - - - -
impossible to arrange both 200-W and .2
300-W lamps. Hence, the choice fallson ¢
500-W lamp. If instead of the calculated 22, }' * + * + + * B
we take 24 lamps of 500 wattage, they can
be arranged in four rows each having six < < < < < +
lampsasshownin Fig. 49.42. Spacing aong
the length of the hall is 40/6 = 6.67 m and b @ 4 b b P 1

that along the width is 25/4 = 6.25 m. _
Fig. 49.42
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Since mounting height of thelampsis’5 m above the working plane, it gives aspace/height ratio
of 6.7/5 = 1.5 aong the length and 6.25/5 = 1.4 along the width of the hall.

Example49.28. A school classroom, 7 m x 10 m x4 mhighisto beilluminated to 135 Inv? on
the working plane. If the coefficient of utilization is 0.45 and the sources give 13 lumens per watt,
work out the total wattage required, assuming a depreciation factor of 0.8 . Sketch roughly the plan
of the room, showing suitable positions for fittings, giving reasons for the positions chosen.

Solution. Total flux requiredis ® = EA/ np

Now E = 135Im/m?;
A = 7x10=70m?;
n =045;p=08
F = 135x 7 x 10/0.45 x 0.8 = 26,250 Im

Total wattage reqd. 26,250/13 = 2020 W
Taking into consideration the dimensions of the room, light fitting of 200 W would be utilized.
No. of fittings required = 2020/200 = 10

AsshowninFig. 49.43,
the back row of fittings has |
been located 2/3 m from the
rear wall soasto (i) provide d} —————— '€|3‘ —————— '€|3‘ A
adequate illumination on | [
the rear desk and (ii) to
minimise glare from paper _q}
because light would be in- |
cident practically over the | | |
shoulders of the students. | | |

The two side fittings help H—————- Pr—————- -~

eliminate shadows while
writing. Onefittinghasbeen | 2 - »le 3m_,| 23
provided at the chalk board " "
end of the classroom for the

benefit of the teacher. The Fig. 49.43
fittings should be of general diffusing pendant type at a height of 3 m from the floor.

>
<

|
I
|
:

I
T
I
|
:
|
T
I
%

z|
|
—Pp{ 7/6m |4—7/3m—b|4—7/3m—’| 7/6m [4—
7m

Example 49.29. A hall 30 m long and 12 m wide is to be illuminated and the illumination
required is 50 Imym?. Calculate the number, the wattage of each unit and the location and mounting
height of the units, taking a depreciation factor of 1.3 and utilization factor of 0.5, given that the
outputs of the different types of lamp are as under :

Watts: 100 200 300 500 1000
Lumens: 1615 3650 4700 9950 21500

(Utili. of Elect. Power, A.M.I.E.)

Solution. Areato beilluminated, A = 30 x 12 = 360 m?

[lumination required, E = 50Im/m% p=1/13,n=05

Now, & = EA/np=50 x 360/0.5 x (1/1.3) = 46,800 Im
If 100-W lamps are used, No. regd. = 46,800/1615 = 29

If 200-W lamps are used, No. regd. = 46,800/3650 = 13

If 300-W lamps are used, No. regd. = 6,800/4700 = 10
If 500-W lamps are used, No. regd. = 46,800/9950 = 5

If 1000-W lamps are used, No. reqd. = 46,800/21500 = 2
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If we take the mounting height of 5 m, then 300 W lamps would be suitable. The No. of lamps
required would be 10, arranged in two rows, each row having 5 lampsthus giving aspacing of 6 min
lengths as well as width and space/height ratio of 6/5=1.2.

If we use lamps of low power, their number would be large thereby increasing the number of
fittings and hence cost. Lamps of higher voltage would be few in number but will not give adesirable
space/height ratio.

Tutorial Problem No. 49.2

A room 30 m x 15 misto be illuminated by 15 lamps to give an average illumination of 40 Iny/m?.
The utilization factor is 4.2 and the depreciation factor is 1.4. Find the M.S.C.P. of each lamp.
[561 cd] (Elect. Technology-1. Bombay Univ.)
A factory space of 33 m x 13 m is to be illuminated with an average illumination of 72 Im/m? by
200 W lamps. The coefficient of utilization is 0.4 and the depreciation factor is 1.4. Calculate the
number of lamps required. The lumen output of a 200-W lamp is 2,730 Im.
[40] (Elect. Technology-1, Bombay Univ.)
A drawing hall 30 m x 15 m with a ceiling height of 5 m is to be provided with an illumination of
120 lux. Taking the coefficient of utilization of 0.5, depreciation factor of 1.4, determine the No. of
fluorescent tubes required and their spacing, mounting height and total wattage. Take luminous
efficiency of fluorescent tube as 40 Im/W for 80-W tube. (A.M.1.E. Sec. B, Summer)
A room 40 m x 15 misto beilluminated by 1.5 m 80-W fluorescent tubes mounted 3.5 m above the
working plane on which an averageillumination of 180 Im/m?isrequired. Using maintenance factor
of 0.8 and the utilization factor of 0.5, design and sketch a suitable layout. The 80-W fluorescent
tube has an output of 4,500 Im. (Electrical Technology, Bombay Univ.)
A hall is to be provided with alighting installation. The hall is 30 m x 20 m x 8 m (high). The
mounting height is5 m and therequired level of illuminationis110lux. Using metal filament lamps,
estimate the size and number of single lamp luminaries and draw their spacing layout. Assume
depreciation factor = 0.8, utilization coefficient = 0.6 and space/height ratio = 1.
Wett : 200 300 500
Lumen/wett : 10 12 12.3
[24 lamps, 500 W] (Services & Equipment-11, Calcutta Univ.)
It isrequired to provide an illumination of 100 lux in afactory hall 30 m x 12 m. Assume that the
depreciation factor is 0.8, the coefficient of utilization 0.4 and the efficiency of proposed lamps
14 Im/W. Calculate the number of lamps and their disposition.
(Utilization of Elect. Energy, Madras Univ.)
Define the terms : (i) Lux (ii) Luminous Flux (iii) Candle Power.
A workshop 100 m x 50 misto beilluminated with intensity of illumination being 50 lux. Design a
suitable scheme of lighting if coefficient of utilization= 0.9 ; Depreciation factor = 0.7 and efficiency
of lamps =80 Im/W. Use 100-W lamps. (Electrical Engineering-111, Poona Univ.)

49.18. Floodlighting

It means‘flooding’ of large surfaceswith the help of light from powerful projectors. Floodingis
employed for the following purposes :

1

For aesthetic purposes as for enhancing the beauty of abuilding by night i.e. flood lighting
of ancient monuments, religious buildings on important festive occassions etc.

For advertising purposesi.e. flood lighting, huge hoardings and commercial buildings.

For industrial and commercia purposesasin the case of railway yards, sports stadiums and
quarries etc.
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Usually, floodlight projectors having suitable reflectors fitted with standard 250-, 500-, or
1,000-watt gas-filled tungsten lamps, are
employed. Oneof thetwotypical floodlight
installations often used is as shown in
Fig. 49.44 (a). The projector iskept 15m

to 30 m away from the surface to be
floodlighted and provides approximately

\
parallel beam having beam spread of 25° \
t030°. Fig. 49.44 (b) showsthe casewhen SO
the projector cannot be located away from =t P

the building. In that case, an asymmetric
reflector isused which directsmoreintense
light towards the top of the building.

The total luminous flux required to
floodlight abuilding can befound from the Fig. 49.44
relation, @ = EA/n x p.

However, in the case of flood-lighting, one morefactor hasto be taken into account. That factor
isknown as waste-light factor (W). Itisso because when several projectors are used, thereisbound
to be acertain amount of overlap and al so because some light would fall beyond the edges of the area
tobeilluminated. Thesetwo factorsaretaken into account by multiplying the theoretical value of the
flux required by awaste-light factor which hasavalue of nearly 1.2 for regular surfacesand about 1.5
for irregular objects like statues etc. Hence, the formula for calculation of total flux required for
floodlighting purposesis

(b)

_ EAW
np
Example 49.30. It is desired to floodlight the front of a building 42 m wide and 16 m high.
Projectors of 30° beam spread and 1000-W lamps giving 20 lumen/watt are available. If the desired
level of illumination is 75 Im/m? and if the projectors are to be located at ground level 17 m away,
design and show a suitable scheme. Assume the following :

Coefficient of utilization = 0.4 ; Depreciation factor = 1.3; Waste-light factor = 1.2.

(Electrical Power-Il ; M.S. Univ. Baroda)

Soluti o = W
ution. np
Here E = 75Im/m*;A=42x16=672m°;W=12;n= 04;p=1/13
/T
yau
]
e /]
- ~ ~ N ~ ~ / | .,%
/ AN ANNAYNA y 0
{ [ T O T \T / '
N N N N e NN / '
ha M M R _30° / l
[ it S el S Bl A Bt S Bl B / |
\ \ LN LN N / M £
(o]
~_ -~ ~N_ - N_ - ~N_ " ~_~— J—T

(a) ®) ()
Fig. 49.45
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_ 15x672%x1.2 _

Lumen output of each 1,000-W lamp = 1,000 x 20 = 20,000 Im

No. of lamps required = 196,500/20,000 = 10.

With abeam spread* of 30°, it ispossibleto cover thewholelength and width of the building by
arranging the 10 projectorsin two rows as shown in Fig. 49.45 ().

Example 49.31. Estimate the number of 1000-W floodlight projectors required to illuminate
the up per 75 mof one face of a 96 mtower of width 13 mif approximate initial average luminance
is to be 6.85 cd/m®. The projectors are mounted at ground level 51m from base of the tower.
Utilization factor is= 0.2; reflection factor of wall = 25% and efficiency of each lamp = 18 Im/W.

(A.M.I.E. Sec. B., Winter 1992)

Solution. B = 6.85cd/m® Now, B= pE/T[cd/m2 —Art49.4
0 E = pB/p=6.8510.25=27.4 tIm/m’

Areato be floodlighted = 13x 75=975m’

O flux required = 27.41%x 975Im

Taking utilization factor into account, the flux to be emitted by al the lamps
= 27.41x 975/0.2Im
18 x 1000 = 18,000 Im

_ 2741 x975 _
O No. of lamps reqd. = 02x18.000 24 (approx.)

Flux emitted by each lamp

49.19. Artificial Sources of Light

The different methods of producing light by electricity may, in a board sense, be divided into
three groups.

1. By temperature incandescence. In this method, an electric current is passed through a
filament of thin wire placed in vacuum or aninert gas. The current generates enough heat to raise the
temperature of the filament to luminosity.

Incandescent tungsten filament lamps are examples of this type and since their output depends
on the temperature of their filaments, they are known as temperature radiators.

2. By establishing an arc between two carbon electrodes. The source of light, in their case, is
the incandescent electrode.

3. Discharge Lamps. Intheselamps, gas or vapour is made luminous by an electric discharge
through them. The colour and intensity of light i.e. candle-power emitted depends on the nature of
the gasor vapour only. It should be particularly noted that these discharge lamps are luminiscent-light
lamps and do not depend on temperature for higher efficiencies. In thisrespect, they differ radically
from incandescent lamps whose efficiency is dependent on temperature. Mercury vapour lamp,
sodium-vapour lamp, neon-gas lamp and fluorescent lamps are examples of light sources based on
discharge through gases and vapours.

49.20. Incandescent Lamp

An incandescent lamp essentially consists of afine wire of a high-resistance metal placed in an
evacuated glass bulb and heated to luminosity by the passage of current through it. Such lamps were

* |t indicates the divergence of a beam and may be defined as the angle within which the minimum
illumination on a surface normal to the axis of the beam is 1/10th of the maximum.
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produced commercially for thefirst time by Edisonin 1879.
His early lamps had filaments of carbonized paper which
were, later on, replaced by carbonized bamboo. They had
the disadvantage of negative temperature coefficient of
resistivity. In 1905, the metallized carbon-filament lamps
were put in the market whose filaments had a positive
temperature coefficient of resistivity (like metals). Such
lamps gave 4 Im/W.

At approximately the same time, osmium lamps were
manufactured which had filaments made of osmium which
isvery rareand expensivemetal. Suchlampshad avery fair
maintenance of candle-power during their useful lifeand an
average efficiency of 5Im/W. However, osmium filaments
were found to be very fragile.

In 1906 tantalum lamps having filaments of tantalum were produced which had an initia
efficiency of 5 Im/watt.

All these lamps were superseded by tungsten lampswhich were commercially produced in about
1937 or so. The superiority of tungsten lies mainly in its ability to withstand a high operating
temperature without undue vaporisation of the filament. The necessity of high working temperature
is due to the fact that the amount of visible radiation increases with temperature and so does the
radiant efficiency of the luminous source. The melting temperature of tungsten is 3655°K whereas
that of osmiumis2972°K and that of tantalumis3172°K. Actually, carbon hasahigher melting point
than tungsten but its operating temperatureis limited to about 2073°K because of rapid vaporization
beyond thistemperature.

Infact, theideal material for the filament of incandescent lampsis one which has the following
properties:

1. A high melting and hence operating temperature

2. Alow vapour pressure

3. A high specific resistance and alow temperature coefficient

4. Ductility and

5. Sufficient mechanical strengthtowith-
stand vibrations.

An incandescent lamp

Sincetungsten possesses practically al the Contact
above mentioned qualities, it is used in almost Plates
al modern incandescent lamps. The earlier
lamps had a square-cage type filament
supported from a central glass stem enclosed Loy o Sl ReE
. . Hole
in an evacuated glass bulb. The object of
vacuum wastwo fold : Stud

. Supports

(a) to prevent oxidation and

(b) to minimize loss of heat by convec- Lead in
tion and the consequent lowering of filament Filament Wires

temperature. However, vacuum favoured the
evaporation of the filament with the resulting
blackening of the lamp so that the operating
temperature had to be kept as low as 2670° K
with seriouslossin luminous efficiency. Fig. 49.46

(b)
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It was, later on, found that thisdifficulty could be solved to agreat extent by inserting achemically
inert gas like nitrogen or argon. The presence of these gases within the glass bulb decreased the
evaporation of the filament and so lengthened itslife. The filament could now be run at arelatively
higher temperature and hence higher luminous efficiency could berealized. In practice, it wasfound
that an admixture of 85% argon and about 15 percent nitrogen gave the best results.

However, introduction of gas led to another difficulty i.e. loss of heat due to convection which
offsetsthe additional increasein efficiency. However, it wasfound that for securing greater efficiency,
a concentrated filament having a tightly-wound helical construction was necessary. Such a coiled
filament was less exposed to circulating gases, its turns supplying heat to each other and further the
filament was mechanically stronger. Thelatestimprovement isthat the coiled filamentisitself * coiled’
resultingin‘ coiled-coil’ filament Fig. 49.46 (a) which leadsto further concentrating the heat, reducing
the effective exposure to gases and all ows higher temperature operation, thus giving greater efficiency.
The construction of amodern coiled-
coil gas-filled filament lampisshown
in Fig. 49.46 (b). The lamp has a
‘wreath’ filament i.e. acoiled filament
arranged in the form of a wreath on
radial supports.

49.21. Filament Dimensions

There is found to be a definite
relation between the diameter of a
given filament and the current.
Consider a filament operating at a
fixed temperature and efficiency.
Then since no heat is being utilized
for further raising thetemperature, all
the heat produced in a given time is
mostly lost by radiation (if vacuumis
good). In other words, A electric filament is a metallic wire, usually made of tungsten,
Heat produced per second = heat lost when heated_ tg Iumin_ance _by passing
per second by radiation. electricity, radiates light

A m%a  Hw?H
filament current in amperes, | = filament length
A = filament cross-section d = filament diameter
r resistivity of filament material at the working temperature.
Heat radiated per second from the surfaceis proportiona to the area of the surface and emissivity
of the material

2
Now, power intake = 1°R = 2%l —_"pl _ 2 Hdpl

where, |

O heat lost/second [J surface areax emissivity o
0 P@m?) OIxmdxo or 120d° N0
O I Od*® or dOI*

In general, for two filaments of the same material working at the same temperature and
efficiency, the relation as seen from (i) aboveis

o, _ oOd,0
oo T GH
ol.0 4,0
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It would be noticed that the above expressions are similar to those concerning fusing current of
agiven material under stated conditons (Preece’s Rule).

Moreover, for two filaments working at the same temperature, the flux per unit areaisthe same.
Denoting their lengths by |, and I, and their diameters by d, and d, respectively, we have, Lumen
output [ 1, d, O1, d,or 1,d, = I,d, = constant.

Example 49.32. If the filament of a 32 candela, 100-V lamp has a length | and diameter d,
calculate the length and diameter of the filament of a 16 candela 200-V lamp, assuming that the two
lamps run at the same intrinsic brilliance.

Solution. Using the above relation 32 0 1,d; and 16 01.d,
1
0 ld, = > l,dy

Assuming that the power intakes of the two lamps are proportional to their outputs, we have
32001001,and16 02001, 0O I,=1, % (16/200) x (100/32) = %Il

Alsol, 0d*? and 1,0 d,*? 0 (ddd) =1

O d,

0.4 d, (approx.)

0 l, = 3l x(d/d;) =2 x(1/0.3968) x|, =1/ 261,
Actually, thiscomparison isnot correct because athicker filament can be worked at a somewhat
higher temperature than a thinner one.

Example 49.33.  An incandescent lamp has a filament of 0.005 cm diameter and one metre
length. It isrequired to construct another lamp of similar type to work at double the supply voltage
and give half the candle power. Assuming that the new lamp operates at the same brilliancy,

determine suitable dimensions for its filament. (Elect. Technology, Utkal Univ. )
Solution. Let I, and I, be the luminous intensities of the two lamps. Then
ld, | 1 1

I, 010,d,andl, 01.d, 0 ﬁzl_izi or |,d, zilldl
Assuming that the power intakes of the two lamps are proportional to their outputs, we have

I, OV,i,andl, 0V, n Yda_l»

Vip g

O i, =

(VN ()= i x 2 x2 =2 Now, iy 00, andi, 02
O

O (dyd)* (i2/i1):711

21,46 1,01 0
0 |2_§I1d_2 = 2I1>< .39685 1261,
Now, d, = 0005cm; [I;=100cm
0 d, = 0.3968 x 0.005 = 0.001984 cm. I,=1.26 x 100 = 126 cm.

Example49.34. A 60 candle power, 250-V metal filament lamp has a measured candle power
of 71.5 candela at 260 V and 50 candela at 240 V.

(a) Find the constant for the lamp in the expression C = aV® where C = candle power and
V = voltage.
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(b) Calculatethe change of candle power per volt at 250 V. Determinethe percentage variation

of candle power due to a voltage variation of &4% from the normal value. (A.M.I.E. Sec. B)
Solution. (a) C =a® O 715=ax260°and50=ax 240°
O 715/50 = (260/240)°, b =45
Substituting this value of b in the above equation, we get
a=50/240", a = 098x107°

Hence, the expression for the candle power of the lamp becomes C = 0.98 x 1077 v** candela
(b) Differentiating the above expression and putting V = 250 V, we get

S—S =0.98x10 " x45x250>° = 44 candela per volt

When voltage increases by 4%, C,/IC, = 1.04*°
% change in candle power = % %100 = (1.044'5 -1) x100 =19.3
When voltage falls by 4%, C,/C, = 0.96*°

O % changein candle power (0.96*° - 1) x 100 = -16.8

49.22. Incandescent Lamp Characteristics

The operating characteristics of an incandescent lamp are materially affected by departure from
its normal working voltage. Initially, thereisarapid heating up of the lamp due to its low thermal
capacity, but then soon its power intake becomes steady. 1If the filament resi stance were not dependent
onitstemperature, therate of generation of heat would have been directly proportional to the square
of voltage applied across the lamp. However, because of (i) positive temperature coefficient of
resistanceand (ii) complex mechanism of heat transfer from filament to gas, the rel ations between the
lamp characteristicsand itsvoltage are mostly experimental. Some of the characteristics of gas-filled
lamps are given below.

(=]
CO0C00000000 Oj
—3
I
'S

Fig. 49.47

(i) Itisfound that candle power or lumen output of the lamp varies with the voltage as lumen
output 0 V2,
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(if) Variation of lumen output in terms of current is given by : lumen output [J 1°
(iii) Lifeof thelampisgivenby : lifeD 1V*
(iv) Wattageisgivenby W [ vie
(v) Itslumen/watt isgiven by : Im/watt [ V2
The characteristic curves are plotted in Fig. 49.47. The life characteristic is very revealing.
Even asmall undervoltage considerably increasesits life whereas overvoltage of as small avalue as
5% shortensits life by 50%.

49.23. Clear and Inside-frosted Gas-filled Lamps

The advantages of clear glass-filled lamps are that they facilitate light control and are necessary
for use in lighting units where accurate distribution is required such asin flood-lights for buildings,
projectors and motor-car headlights. However, they produce hard shadows and glare from filaments.
Inside-frosted gas-filled lamps have luminous output nearly 2 per cent less than clear glass lamps of
the samerating, but they produce softer shadows and practically eliminate glarefrom filaments. Such
lamps areideal for useinindustrial open fittings located in the line of sight at low mounting heights
and in diffuse fittings of opal glasstype in order to avoid the presence of filament striations on the
surface of the glassware etc.

Another new type of incandescent lamp is the inside-silica coated lamp which, due to the fine
coating of silicaontheinside of itsbulb, has high diffusion of light output. Hence, the light from the
filament is evenly distributed over the entire bulb surface thus eliminating the noticeably-bright spot
around the filament area of an inside-frosted lamp. Such lamps are less glaring, soften shadows and
minimize the brightness of reflections from specular (shiny) surfaces.

49.24. Discharge Lamps

In all discharge lamps, an electric current is passed through a gas or vapour which renders it
luminous. Theelementsmost commonly used in thisprocess of producing light by gaseous conduction
are neon, mercury and sodium vapours. Thecolours (i.e. wavelength) of light produced dependson
the nature of gas or vapour. For example, the neon discharge yields orange-red light of nearly 6,500
A.U. whichisvery popular for advertising signs and other spectacular effects. The pressure used in
neon tubes is usualy from 3 to 20 mm of Hg. Mercury-vapour light is always bluish green and
deficient in red rays, whereas sodium vapour light is orange-yellow.

Discharge lamps are of two types. Thefirst type consists of those lamps in which the colour of
light isthe same as produced by the discharge through the gas or vapour. To this group belong the
neon gaslamps, mercury vapour (M.V.) and sodium vapour lamps. The other type consists of vapour
lamps which use the phenomenon of fluorescence. In their case, the discharge through the vapour
produces ultra-violet waves which cause fluorescence in certain materialsknown as phosphors. The
radiations from the mercury discharge (especially 2537 A° line) impinge on these phosphors which
absorb them and then re-radiate them at longer wave-lengths of visible spectrum. The inside of the
fluorescent lamp is coated with these phosphorsfor this purpose. Different phosphors have different
exciting ranges of frequency and give lights of different colours as shown in table 49.2.

Table 49.2
Phosphor Lamp Colour Exciting range A°  Emitted wavelenght A°
Calcium Tangstate Blue 2200 - 3000 4400
Zinc Silicate Green 2200 - 2960 5250
Cadmium Borate Pink 2200 - 3600 6150

Cadmium Silicate Yellow-pink 2200 - 3200 5950



llumination 1931

49.25. Sodium Vapour Lamp

Onetype of low-pressure sodium-
vapour lamp along with its circuit
connection is shown in Fig. 49.48. It
consists of an inner U-tube A made of
a special sodium-vapour-resisting
glass. It housesthetwo electrodesand
contai ns sodium together with the small
amount of neon-gas at a pressure of
about 10 mm of mercury and one per
cent of argon whose main function is
to reduce theinitial ionizing potential.
Thedischargeisfirst started inthe neon
gas (which gives out redish colour).
After a few minutes, the heat of
discharge through the neon gas
becomes sufficient to vaporise sodium
and then discharge passes through the sodium vapour. Inthisway, thelamp startsitsnormal operation
emitting its characteristic yellow light.

The tungsten-coated el ectrodes are connected across auto-transformer T having arelatively high
leakage reactance. The open-circuit voltage of thistransformer isabout 450 V which is sufficient to
initiate a discharge through the neon gas. The leakage reactance is used not only for starting the
current but also for limiting its value to safe limit. The electric discharge or arc strikes immediately
after the supply is switched on whether the lamp is hot or cold. The normal burning position of the
lamp ishorizontal although two smaller sizes of lamp may beburnt vertically. Thelampissurrounded
by an outer glass envelope B which servesto reduce the loss of heat from theinner dischargetube A.
Inthisway, B hel psto maintain the necessary high temperature needed for the operation of asodium
vapour lamp irrespective of draughts. The capacitor C is meant for improving the power factor of the
circuit.

Sodium vapour lamp

B o_|
y /A c
f ;@) IE: B
-
.

Fig. 49.48 Fig. 49.49
Thelight emitted by such lamps consists entirely of yellow colour. Solid objectsilluminated by
sodium-vapour lamp, therefore, present a picture in monochrome appearing as various shades of
yellow or black.

49.26. High-pressure Mercury Vapour Lamp

Like sodium-vapour lamp, thislamp isalso classified aselectric dischargelampinwhichlightis
produced by gaseous conduction. Such alamp usually consists of two bulbs— an arc-tube containing
the electric discharge and an outer bulb which protectsthe arc-tube from changesin temperature. The
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inner tube or arc tube A ismade of quartz (or hard glass) the outer bulb B of hard glass. Asshownin
Fig. 49.49, the arc tube contains asmall amount of mercury and argon gasand housesthree el ectrodes
D, Eand S. The main electrodes are D and E whereas S is the auxiliary starting electrode. Sis
connected through a high resistance R (about 50 kQ) to the main electrode situated at the outer end
of thetube. The main electrodes consist of tungsten coilswith electron-emitting coating or elements
of thorium metal.

When the supply is switched on, initial discharge for the few secondsis established in the argon
gasbetween D and Sand then in the argon between D and E. The heat produced dueto thisdischarge
through the gasis sufficient to vaporise mercury. Consequently, pressureinside A increasesto about
one or two atmospheres and the p.d. across D and E grows from about 20 to 150 V, the operation
taking about 5-7 minutes. During this time, discharge is established through the mercury vapours
which emit greenish-bluelight.

The choke servesto limit the current drawn by the discharge tube Ato asafe limit and capacitor
C helpsto improve the power factor of the circuit.

True colour rendition is not possible with mercury vapour |lamps since thereis compl ete absence
of red-light from their radiations. Consequently, red objects appear black, all blues appear mercury-
spectrum blueand all greensthe mercury-spectrum green with theresult that colour values are distorted.

Correction for colour distortion can be achieved by

1. Using incandescent lamps (which are rich in red light) in combination with the mercury
lamps.

2. Using colour-corrected mercury lampswhich have an inside phosphor coat to add red colour
to the mercury spectrum.

Stroboscopic (Flickering) effect in mercury vapour lamps is caused by the 100 on and off arc
strikes when the lamps are used on the 50-Hz supply. The effect may be minimized by

1. Using two lamps on lead-1ag transformer
2. Using three lamps on separated phases of a 3-phase supply and
3. Using incandescent lampsin combination with mercury lamps.

Inthelast few years, there has been tremendous improvement in the construction and operation
of mercury-vapour lamps, which has increased their usefulness and boosted their application for all
types of industrial lighting, floodlighting and street lighting etc. As compared to an incandescent
lamp, a mercury-vapour lamp is (a) smaller in size (b) has 5 to 10 times longer operating life and
(c) has 3 times higher efficiency i.e. 3 times more light output for given electrical wattage input.

Typical mercury-vapour lamp applications are :

1. High-bay industrial lighting — where high level illumination is required and colour
rendition is not important.

2. Flood-lighting and street-lighting

3. Photochemical applications— where ultra-violet output is useful asin chlorination, water
sterilization and photocopying etc.

4. For awiderange of inspection techniques by ultra-violet activation of fluorescent and phos-
phorescent dyes and pigments.

5. Sun-tan lamps — for utilizing the spectrum lines in the erythemal region of ultra-violet
energy for producing sun-tan.

49.27. Fluorescent Mercury-vapour Lamps

Basically, a fluorescent lamp consists of a long glass tube internally coated with a suitable
fluorescent powder. Thetube containsasmall amount of mercury along with argon whosefunctionis
to facilitate the starting of the arc. There are two sealed-in electrodes at each end of the tube. Two
basic types of electrodes are used in fluorescent lamps :
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1. The coated-coil tungsten wire type. This type is used in standard pre-heat, rapid-start,
instant-start lamps etc.

2. Theinside-coated metal cylinder type which operatesat alower and more even temperature
than the tungsten type and is called * cold cathode’ .*

Circuits employed for the control of fluorescent lamps can be divided into two main groups
(i) switch-start circuitsand (ii) startless circuitsrequiring no starter. There aretwo typesof starters
(a) glow type — which is a voltage-operated device and (b) thermal switch — which is a current-
operated device. Fig. 49.50 showsaflourescent tubefitted with aglow starter G. Asshown separately
in Fig. 49.51 (@), the glow switch consists of two electrodes enclosed in a glass bulb filled with a
mixture of helium and hydrogen or argon or neon at low pressure. One electrode E, isfixed whereas
the other E, is movable and is made of a U-shaped bimetallic strip. To reduce radio interference, a
small capacitor C, isconnected acrossthe switch. Theresistor R checks capacitor surges and prevents
the starter electrodes or contacts from welding together. The complete starter switch along with the
capacitor and resistor iscontained in an aluminium casing isshownin Fig. 49.51 (b). Normally, the
contacts are open and when supply is switched on, the glow switch receives almost full mains
voltage**. Thevoltage is sufficient to start aglow discharge between the two electrodes E; and E,
and the heat generated is sufficient to bend the bimetallic strip E, till it makes contact with the fixed
electrode E,, thus closing the contacts. This action completes the main circuit through the choke
and the lamp electrodes A and B (Fig. 49.50). At the same time, since the glow between E; and E,
has been shorted out, the bimetallic strip cools and the contacts E, and E, open. By thistime, lamp
electrodes A and B become heated to incandescence and the argon gasin their immediate vicinity is
ionized. Dueto opening of the glow switch contacts, a high inductive e.m.f. of about 1000 voltsis
induced in the choke. This voltage surge is sufficient to initiate a discharge in the argon gas lying
between electrodes A and B. The heat thus produced is sufficient to vaporize mercury and the p.d.
across the fluorescent tube falls to about 100 or 110 V which is not sufficient to restart the glow in

* A cold cathode fluorescent lamp requires higher operating voltage than the other type. Although cold
cathode lamps have less efficiency, they have much longer life than other lamps.
** |tis so because only the small discharge current flows and voltage drop across the choke is negligible.



1934  Electrical Technology

G. Findly, thedischargeisestablished through the mercury vapour which emitsultra-viol et radiations.
These radiations impinge on the fluorescent powder and make it emit visible light.

The function of the capacitor
C, isto improve the power factor ~ pin —ﬂ |l
of the circuit. It may be noted that .
thefunction of the highly-inductive
choke (also called ballast) is (i) to
supply large potential for starting
thearc or dischargeand (ii) to limit
the arc current to a safe value.

cathode

49.28. Flgor_esc_ent Lamp  posphor
Circuit with Thermal coating
Switch

The circuit arrangement is mercury
shownin Fig. 49.52. The switch has
a bimetallic strip close to a

resistance R which prOduceS heat. A fluorescent lamp radiates more light compared to an
The switch _'Sgenera”y enclosedin incandescent filament bulb, for the same amount of power
hydrogen-filled glass bulb G. The consumed

two switch electrodesE, and E, are

normally closed when thelamp isnot in operation.
When normal supply is switched on, the lamp
filament electrodes A and B are connected together
through the thermal switch and a large current
passesthrough them. Consequently, they are heated
to incandescence. Meanwhile heat produced in
resistance R causesthe bimetallic strip E, to break
contact. The inductive surge of about 1000 V
produced by the chokeis sufficient to start discharge
through mercury vapoursasexplainedin Art. 49.27.

The heat produced in R keeps the switch contacts

E, and E, openduring thetimelampisinoperation. ~ ©

A.C. Supply

000
000

Tube

Fig. 49.52

49.29. Startless Fluorescent Lamp Circuit

Such acircuit (Fig. (49.53) which does not require the use of a starter switch is commercially
known as ‘instant-start’ or ‘quick-start’. In this case, the normal starter is replaced by a filament
heating transformer whose secondaries SS heat up the lamp electrodes A and B to incandescencein
afraction of asecond. Thiscombination of pre-heating and application of full supply voltage across
lamp electrodes A and B issufficient to start ionization in the neighbourhood of the electrodeswhich
further spreadsto the whole tube. An earthed strip E is used to ensure satisfactory starting.

The advantages of startless method are
It isalmost instantaneous starting.
Thereisno flickering and no false starts.
It can start and operate at low voltage of 160-180 V.
Its maintenance cost islower due to the elimination of any starter-switch replacements.
It lengthensthe life of the lamp.

g wbhpE



llumination 1935

49.30. Stroboscopic Effect of Fluorescent Lamps

Stroboscopic or flickering effect produced
by fluorescent lamps is due to the periodic Earthed Strip lﬂ—
fluctuations in the light output of the lanp = @ —————————
caused by cyclic variations of the current on
a.c. circuits. This phenomenon creates @ A ng
multiple-image appearance of moving objects
and makesthe movement appear jerky. Inthis | |
connection, it isworth noting that H

1. Thisflicker effect ismore pronounced
at lower frequencies.
2. Freguency of suchflickersistwicethe
supply frequency. 10000000 ’UOUIQZKX)\—»—/UOUWL——
3. The fluorescent powder used in the & &
tubeisdightly phosphorescent, hence g (o}
stroboscopic effect isreduced to some [
extent due to after-glow. I
Stroboscopic effect is very troublesome o supply o
in the following cases: Fig. 49.53

1. When an operator has to move objects very quickly particularly those having polished
finish. These objects would appear to move with jerky motion which over a long period
would produce visual fatigue.

2. Inthe case of rotating machines whose frequency of rotation happens to be a multiple of
flicker frequency, the machines appear to decrease in speed of rotation or be stationary.
Sometimes the machines may even seem to rotate in the opposite direction.

Some of the methods employed for minimizing stroboscopic effect are given below :

1. By using threelampson the seperate phases of a 3-phase supply. Inthiscase, thethreelight
waves reaching the working plane would overlap by 120° so that the resultant fluctuation
will be very much less than from a single fluorescent lamp.

2. By using a‘twin lamp’ circuit on single-phase supply as shown in Fig. 49.54, one of the
chokes has a capacitor in serieswith it and the lamp. In thisway, a phase displacement of
nearly 120° isintroduced between the branch currents and al so between the two light waves
thereby reducing the resultant fluctuation.

3. By operating the lamps from a high frequency supply. Obviously, stroboscopic effect will
entirely disappear on d.c. supply.

49.31. Comparison of Different

. Choke
Light Sources ) (:7

1. Incandescent Lamps. They have A
instantaneous start and become momentarily
off when the supply goes off. The colour of ¢ Choke
their light isvery near the natural light. Their
initial cost of installation isminimum but their _| @
running cost ismaximum. They work equally B

well both on d.c. and a.c. supply and frequent
switching does not affect their life of operation.
Change of supply voltage affects their
efficiency, output and lifein avery significant Fig. 49.54

A.C. Supplyo——————-
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way. They have an average working life of 1000 hours and luminous efficiency of 12 Im/W. Since
their light has no stroboscopic effects, the incandescent lamps are suitable for domestic, industrial,
street lighting and floodlights etc. They are available in awide range of voltage ratings and, hence
are used in automobiles, trains, emergency lights, aeroplanes and signals for railways etc.

2. Flourescent Lamps. They have areaction time of one second or alittle more at the start.
They go off and restart when the supply isrestored. The colour of their light varieswith the phosphor
coating. Their initial cost of installation ismaximum but running cost is minimum. Since stroboscopic
effect is present, they are suitable for semi-direct lighting, domestic, industrial, commercial, roads
and halls etc. Change in voltage affects their starting although light output does not change as
remarkably as in the case of incandescent lamps. Colour of their light changes with the different
phosphor coating on the inner side of the tube. Frequent switching affects their life period. They
have quite high utility but their voltage rating is limited. Hence, their use is confined to mains
voltage or complicated inverter circuits which convert 12 V d.c. into high volt d.c.. They have an
average working life of 4000 hours and aluminous efficiency of 40 Im/W.

3. Mercury Vapour Lamps They take 5 to 6 minutes for starting. They go off and cannot be
restarted after the recovery of the voltage till the pressure falls to normal. They suffer from high
colour distortion. Their initial cost of installation is high but lesser than that of flourescent lamps.
Their running cost is much less than incandescent lamps but higher than flourescent tubes for the
same levels of illumination. Stroboscopic effect is present in their light. They are suitable for open
space like yards, parks and highway lighting etc. Change in voltage effects their starting time and
colour of radiations emitted by them. Switching does not affect their life period. They have very
limited utility that too on mains voltage. They are suitable for vertical position of working. They
have an average working life of 3000 hours and an efficiency of 40 Im/W.

4. Sodium Vapour Lamps They have a starting time of 5 to 6 minutes. They go off and
cannot berestarted after the recovery of thevoltagetill itsvaluefallsto the normal value. The colour
of their light isyellowish and produces colour distortion.Their initial cost of installationis maximum
athough their running cost islessthan for filament lamps but more than for flourescent lamps. They
have stroboscopic effect and are suitable for use in open spaces, highways and street lighting etc.
Changein voltage affectstheir starting time and colour of their radiations. They work on a.c. voltage
and frequent switching affectstheir life. They are not suitable for local lighting. The colour of their
light cannot be changed. They are very suitablefor street lighting purposes. Their position of working
ishorizonta. They have aworking life of about 3000 hours and efficiency of 60-70 Im/W.

Tutorial Problem No. 49.3

1. Explain cos® o law. (J.N. University, Hyderabad, November 2003)
2. A lamp of 500 candle power is placed at the centre of a room,(20 m x 10 m x 5 m.) Calculate
the illumination in each corner of the floor and a point in the middle of a 10 m wall at a height
of 2 m from floor. (J.N. University, Hyderabad, November 2003)
3. Enumerate the various factors, which have to be considered while designing any lighting scheme.
(J.N. University, Hyderabad, November 2003)
4. Prove that 1 candle/sq. feet = (Tl — L.) (J.N. University, Hyderabad, November 2003)
5. Alampgiving 300 c.p. in al directions below the horizontal is suspended 2 metres above the centre
of asquare table of 1 metre side. Calculate the maximum and minimum illumination on the surface
of the table. (J.N. University, Hyderabad, November 2003)
6. Explain the various types of lighting schemes with relevant diagrams.
(J.N. University, Hyderabad, November 2003)
7. Discuss inverse square law? Corire law of [llustration.
(J.N. University, Hyderabad, November 2003)
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A lamp fitted with 120 degrees angled cone reflector illuminates circular area of 200 meters in
diameter.The illumination of the disc increases uniformly from 0.5 metre-candle at the edge to 2
meter-candle at the centre.
Determine :
(i) the total light received (ii) Average illumination of the disc (iii) Average c.p. of the source.
(J.N. University, Hyderabad, November 2003)
Discuss the flood lighting with suitable diagrams. (J.N. University, Hyderabad, November 2003)
Explain the measurement techniques used for luminous intensity.
(J.N. University, Hyderabad, November 2003)
Write short notes on :
(i) Bunsen photometer head (ii) Lummer-Brodherm photometer head (iii) Flicker photometer head.
(J.N. University, Hyderabad, November 2003)
What do you understand by polar curves as applicable to light source? Explain.
(J.N. University, Hyderabad, November 2003)
Mean spherical Candlepower. (J.N. University, Hyderabad, April 2003)
Explain how you will measure the candlepower of a source of light.
(J.N. University, Hyderabad, April 2003)
Explain the Rosseau's construction for calculating M.S.C.P. of a lamp.
(J.N. University, Hyderabad, April 2003)
What do you mean by International Luminosity curve? Explain.
(J.N. University, Hyderabad, April 2003)
Explain in detail the primary standard of luminous intensity with relevant diagram.
(J.N. University, Hyderabad, April 2003)
Explain with sketches the constructional features of a filament lamp.
(J.N. University, Hyderabad, April 2003)
Explain how the standard lamps canbe calibrated w.r.t. primary and secondary standards.
(J.N. University, Hyderabad, April 2003)
Briefly explain the various laboratory standards used in Illumination.
(J.N. University, Hyderabad, April 2003)
Write short notes on :
() High pressure mercury vapour lamp (i) M.A. Type (ii) M.T. Type
(b) Mercury fluorescent lamp.
(J.N. University, Hyderabad, April 2003)
Explain with connection diagram the operation of the low pressure fluorescent lamp and state its
advantage. (J:N. University, Hyderabad, April 2003)
Explain clearly the following :
Illumination, Luminous efficiency, MSCP, MHCP and solid angle.
(J.N. University, Hyderabad, December 2002/January 2003)
A small light source with uniform intensity is mounted at a height of 10 meters above a horizontal
surface. Two points A and B both lie on the surface with point A directly beneath the source. How
far is B from A if the illumination at B is only 1/15th of that at A?
(J.N. University, Hyderabad, December 2002/January 2003)
Discuss the : (i) Specular reflection principle (ii) Diffusion principle of street lighting.
(J.N. University, Hyderabad, December 2002/January 2003)
Determine the height at which alight source having uniform spherical distribution should be placed
over afloor in order that the intensity of horizontal illumination at a given distance from its vertical
line may be greatest. (J.N. University, Hyderabad, December 2002/January 2003)
What is a Glare? (J.N. University, Hyderabad, December 2002/January 2003)
With the help of a neat diagram, explain the principle of operation of fluorescent lamp.
(J.N. University, Hyderabad, December 2002/January 2003)
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38.

39.

40.

41.

Electrical Technology

A machine shop 30 m long and 15 m wide is to have a general illumination of 150 lux on the
work plane provided by lamps mounted 5 m above it. Assuming a coefficient of utilization of 0.55,
determine suitable number and position of light. Assume any data if required.
(J.N. University, Hyderabad, December 2002/January 2003)
Laws of illumination. (J.N. University, Hyderabad, December 2002/January 2003)
Working principle of sodium vapour lamp.
(J.N. University, Hyderabad, December 2002/January 2003)
Explain the principle of operation of sodium vapour lamp and its advantages.
(J.N. University, Hyderabad, December 2002/January 2003)
A corridor is lighted by lamps spaced 9.15 m apart and suspended at a height of 4.75 m above
the centre line of the floor. If each lamp gives 100 candle power in al directions, find the maximum
and minimum illumination on the floor along the centre line. Assume and data if required.
(J.N. University, Hyderabad, December 2002/January 2003)
Discuss the laws of illumination and its limitations in practice.
(J.N. University, Hyderabad, December 2002/January 2003)
State the functions of starter and choke in a fluorescent lamp.
(J.N. University, Hyderabad, December 2002/January 2003)
Mercury Vapour Lamp. (J.N. University, Hyderabad, December 2002/January 2003)
Describe briefly (i) conduit system (ii) C.T.S. system of writing.
(Bangalore University, January/February 2003)
With a neat circuit diagram, explain the two way control of a filament lamp.
(Belgaum Karnataka University, February 2002)
With a neat sketch explain the working of a sodium vapour lamp.
(Belgaum Karnataka University, February 2002)
Mention the different types of wiring. With relevant circuit diagrams and switching tables, explain
two-way and three-way control of lamps.
(Belgaum Karnataka University, January/February 2003)
With a neat sketch explain the working of a fluorescent lamp.
(Belgaum Karnataka University, January/February 2003)

OBJECTIVE TESTS — 49

1. Candelaistheunitof L candela.
(a) flux (a) 200
(b) luminousintensity (b) 100
(c) illumination (c) 50
(d) luminance. (d) 400.
2. Theunit of illuminanceis 5. A perfect diffuser surface is one that
(@) lumen (a) diffusesall theincident light
(b) cd/im? (b) absorbsall the incident light
(©) lux (c) transmitsall the incident light
(d) steradian. (d) scatterslight uniformly in all directions.

. The illumination at various points on a
horizontal surface illuminated by the same
source varies as

(a) cos’0

(b) cos6

(©) ur?

(d) cos.

. The M.S.C.P. of alamp which gives out ato-
tal luminous flux of 400 1 lumen is

. Thedirect lighting schemeismost efficient but

isliable to cause
(a) monotony

(b) glare

(c) hard shadows
(d) both (b) and (c).

. Total flux required in any lighting scheme de-

pends inversely on
(a) illumination
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(b) surfacearea

(c) utilization factor

(d) space/height ratio.

Floodlighting is NOT used for .................
purposes.

(a) reading

(b) aesthetic

(c) advertising

(d) industrial.

Which of the following lamp has minimum
initial cost of installation but maximum
running cost ?

(a) incandescent

(b) fluorescent

(c) mercury vapour

(d) sodium vapour.

An incandescent lamp can be used

(a) inany position

(b) on both ac and dc supply

(c) for street lighting

(d) all of the above.

The averageworking life of afluorescent lamp
is about......ccoeereeiennene hours.

(a) 1000

(b) 4000

(c) 3000

(d) 5000.

The luminous efficiency of a sodium vapour
lamp isabout .................... lumen/watt.

(@) 10

(b) 30

(c) 50

(d) 70

Which of the following statements is correct?
(a) Light is aform of heat energy

(b) Light is aform of electrical energy

(c) Light consists of shooting particles

(d) Light consists of electromagnetic waves
Luminous efficiency of a fluorescent tube is
(@) 10 lumens/watt

(b) 20 lumens/watt

(c) 40 lumens/watt

(c) 60 lumens/watt

Candelaisthe unit of which of the following?
(a) Wavelength

(b) Luminous intensity

(c) Luminous flux

(d) Frequency

Colour of light depends upon

(a) frequency

(b) wave length

(c) both (a) and (b)

(d) speed of light

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.
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Illumination of one lumen per sg. metre is
caled .......

(@) lumen metre

(b) lux

(c) foot candle

(d) candela

A solid angle is expressed in terms of .......
(a) radians/metre

(b) radians

(c) steradians

(d) degrees

The unit of luminous flux is ........

(a) watt/m?

(b) lumen

(© lumen/m?

(d) watt

Filament lamps operate normally at a power
factor of

(a) 0.5 lagging

(b) 0.8 lagging

(©) unity

(d) 0.8 leading

The filament of a GLS lamp is made of

(a) tungsten

(b) copper

(c) carbon

(d) auminium

Find diameter tungsten wires are made by
(a) turning

(b) swaging

(¢) compressing

(d) wire drawing

What percentage of the input energy is
radiated by filament lamps?

(@) 2to 5 percent

(b) 10 to 15 percent

(c) 25 to 30 percent

(d) 40 to 50 percent

Which of the following lamps is the cheapest
for the same wattage?

(a) Fluorescent tube

(b) Mercury vapour lamp

(c) GLSIlamp

(d) Sodium vapour lamp

Which of the following is not the standard
rating of GLS lamps?

(a) 100 W

(b) 75 W

(c) 40 W

(d 15W

In houses the illumination is in the range of
(@) 2-5 lumens/watt

(b) 10-20 lumens/watt

Illumination
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28.

29.

30.

31

32.

33.
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(c) 3545 lumens/watt

(d) 60-65 lumens/watt

“The illumination is directly proportional to

the cosine of the angle made by the normal to

the illuminated surface with the direction of

the incident flux’’. Above statement is

associated with

(a) Lambert's cosine law

(b) Planck's law

(c) Bunsen's law of the illumination

(d) Macbeth's law of illumination

The colour of sodium vapour discharge lamp

is

(a) red

(b) pink

(c) yelow

(d) bluish green

Carbon arc lamps are commonly used in

(a) photography

(b) cinema projectors

(c) domestic lighting

(d) street lighting

Desired illumination level on the working

plane depends upon

(a) age group of observers

(b) whether the object is stationary or moving

(c) Size of the object to be seen and its
distance from the observer

(d) whether the object isto be seen for longer
duration or shorter duration of time

(e) dl above factors

On which of the following factors dies the

depreciation or maintenance factor depend?

(a) Lamp cleaning schedule

(b) Ageing of the lamp

(c) Type of work carried out at the premises

(d) All of the above factors

In lighting installating using filament lamps

1% voltage drop results into

(@) no loss of light

(b) 1.5 percent loss in the light output

(c) 3.5 percent loss in the light output

(d) 15 percent loss in the light output

For the same lumen output, the running cost

of the fluorescent lamp is

(a) equa to that of filament lamp

(b) less than that of filament lamp

(c) more than that of filament lamp

(d) any of the above

For the same power output

(a) high voltage rated lamps will be more
sturdy

(b) low voltage rated lamps will be more

sturdy

35.

36.

37.

38.

39.

40.

41.

42.

43.

(c) both low and high voltage rated lamps
will be equally sturdy

The cost of a fluorescent lamp is more than

that of incandescent lamp because of which of

the following factors?

(@) More labour is
manufacturing

(b) Number of components used is more

(c) Quantity of glass used is more

(d) All of the above factors

Filament lamp at starting will take current

(a) less than its full running current

(b) equa to its full running current

(c) more than its full running current

A reflector is provided to

(a) protect the lamp

(b) provide better illumination

(c) avoid glare

(d) do all of the above

The purpose of coating the fluorescent tube

from inside with white power is

(a) to improve its life

(b) to improve the appearance

(c) to change the colour of light emitted to
white

(d) to increase the light radiations due to
secondary emissions

....... will need lowest level of illumination.

(a) Audiotoriums

(b) Railway platform

(c) Displays

(d) Fine engravings

Due to moonlight, illumination is nearly

(a) 3000 lumens/m?

(b) 300 lumens/m?

(©) 30 lumens/m?

(d) 0.3 lumen/m?

Which of thefollowing instrumentsis used for

the comparison of candle powers of different

sources?

(a) Radiometer

(b) Bunsen meter

(c) Photometer

(d) Candle meter

....... photometer is used for comparing the

lights of different colours?

(a) Grease spot

(b) Bunsen

() Lummer brodhum

(d) Guilds flicker

In the fluorescent tube circuit the function of

choke is primarily to

(a) reduce the flicker

required in its
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(b) minimise the starting surge

(c) initiate the arc and stabilize it

(d) reduce the starting current

...... cannot sustain much voltage fluctuations.

(a) Sodium vapour lamp

(b) Mercury vapour lamp

(c) Incandescent lamp

(d) Fluorescent lamp

The function of capacitor across the supply to

the fluorescent tube is primarily to

(a) stabilize the arc

(b) reduce the starting current

(c) improve the supply power factor

(d) reduce the noise

...... does not have separate choke

(a) Sodium vapour lamp

(b) Fluorescent lamp

() Mercury vapour lamp

(d) All of the above

In sodium vapour lamp the function of theleak

transformer is

(a) to stabilize the arc

(b) to reduce the supply voltage

(c) both (a) and (b)

(d) none of the above

Most affected parameter of a filament lamp

due to voltage change is

(a) wattage

(b) life

(c) luminous efficiency

(d) light output

In electric discharge lamps for stabilizing the

arc

(a) a reactive choke is connected in series
with the supply

(b) acondenser is connected in series to the
supply

(c) acondenser is connected in parallel to the
supply

(d) a variable resistor is connected in the
circuit

For precision work the illumination level

required is of the order of

(@) 500-1000 lumens/m?

(b) 200-2000 lumens/m?

(c) 50-100 lumens/m?

(d) 10-25 lumens/m?

...... is a cold cathode lamp.

(a) Fluorescent lamp

(b) Neon lamp

() Mercury vapour lamp

(d) Sodium vapour lamp

In case of ...... least illumination level is

53.

55.

56.

57.

58.

59.

60.
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Illumination

required.

(a) skilled bench work

(b) drawing offices

(c) hospital wards

(d) find machine work

For normal reading the illumination level
required is around

(a) 20-40 lumens/m?

(b) 60-100 lumens/m?

(c) 200-300 lumens/m?

(d) 400-500 lumens/m?

In electric discharge lamps light is produced
by

(a) cathode ray emission

(b) ionisation in a gas or vapour

(¢) heating effect of current

(d) magnetic effect of current

A substance which change its electrical
resistance when illuminated by light is
caled .......

(a) photoelectric

(b) photovoltaic

(c) phatoconductive

(d) none of the above

In case of ...... power factor is the highest.
(@) GLS lamps

(b) mercury arc lamps

(c) tube lights

(d) sodium vapour lamps

A mercury vapour lamp gives ..... light.

(a) white

(b) pink

(c) yelow

(d) greenish blue

Sometimes the wheels of rotating machinery,
under the influence of fluorescent lamps
appear to be stationary. This is due to the
(a) low power factor

(b) stroboscopic effect

(c) fluctuations

(d) luminescence effect

Which of the following bulbs operates on least
power?

(@) GLS bulb

(b) Torch bulb

(c) Neon bulb

(d) Night bulb

Theflicker effect of fluorescent lampsis more
pronounced at

(a) lower frequencies

(b) higher frequencies

(c) lower voltages

(d) higher voltages
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61. Which of the following application does not

Electrical Technology

need ultraviolet lamps?

(a) Car lighting
(b) Medical purposes

(¢) Blue print machine
(d) Aircraft cockpit dashboard lighting

=

(b)
(b)

. (@
3L
41.
51.
61.

(d)
(©
(b)
(a

2.
12.
22.
32.
42.
52.
62.

(©
(d)
(d)
(©
(d)
(©
(d)

&
13.
23.
33.
43.
53.

(a)
(d)
(b)
(b)
(©
(b)
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(b)
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62. Which gas can be filled in GLS lamps?

ANSWERS

5.
15.
25.
35.
45,
558

(d)
(b)
(b)
(d)
(©
©

6.
16.
26.
36.
46.
56.

(d)
(©
(d)
©)
(a
(a

(a) Oxygen

(b) Carbon dioxide
() Xenon

(d) Any inert gas

17.
27.
37.
47.
57.

(©
(b)
(a
(d)
©)
(d)

8
18
28
38
48
58

- (@)
- (9
- (9
- (d)
- (b)
- (b)

9
19
29
39
49
59
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- (b)
- (b)
- (b)
- (a)
- (b)

10
20
30
40
50
60
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- (d)
- (a)
- (a)
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50.1. Economic Motive

In al engineering projects with the exception of the construction of works of art or memorial
buildings, the question of cost is of first importance. Infact, in most cases the cost decides whether
aproject will beundertaken or not although political and other considerations may intervene sometimes.
However, the design and construction of an electric power system is undertaken for the purpose of
producing electric power to be sold at a profit. Hence, every effort is made to produce the power as
cheaply aspossible. The problem of calculating the cost of any schemeis often difficult because the
cost varies considerably with time, tariffsand even with convention. Ingeneral, the cost of producing
electric power can be roughly devided into the following two portions :

(a) Fixed Cost. These do not vary with the operation of the plant i.e. these are independent of
the number of units of electric energy produced and mainly consist of :

1. Interest on capital investment,

2. Allowancefor depreciation (i.e. wearing out of the depreciable parts of the plant augmented
by obsolescence, buildings, the transmission and distribution system etc.),

3. Taxesand insurance, 4. most of the salaries and wages, 5. small portion of the fuel cost.

(b) Running or Operating Cogs. These vary with the operation of the plant i.e. these are
proportional to the number of units of electric energy generated and are mostly made up of :

1. most of thefuel cost, 2. small portion of salaries and wages, 3. repair and maintenance.

50.2. Depreciation

Itisobviousthat from the very day the construction of agenerating plant is completed, deterio-
ration starts and due to wear and tear from use and the age and physical decay from lapse of time,
thereresultsareduction in the value of the plant — aloss of some part of the capital investment inthe
perishable property. The rate of wear and disintegration is dependent upon (i) conditions under
which the plant or apparatusisworking, (ii) how it is protected from elementsand (iii) how promptly
the required repairs are carried out.

Hence, asthe property decreasesfromitsoriginal cost wheninstalled, toitsfinal scrap or salvage
value at the end of itsuseful life, it isessential that the owner will have in hand at any given time as
much money as represents the shrinkage in value and at the time of actual retirement of the plant, he
must certainly have in hand the full sum of the depreciable part of the property. By adding this
amount to the net salvage value of the plant, the owner can rebuild the sametype of property ashedid
in thefirst instance or he can build some other property of an equivalent earning capacity.

The useful life of the apparatus endswhen itsrepair becomes so frequent and expensivethat itis
found cheaper to retire the equipment and replace it by a new one.

It may be pointed out here that in addition to depreciation from wear and tear mentioned above,
there can also be depreciation of the apparatus due to the inadequacy from obsolescence, both
sentimental and economic, from the requirements of the regulating authorities and from accidental
damages and if any of these factors become operative, they may force the actual retirement of the
apparatus much before the end of its normal useful life and so shorten the period during which its
depreciation expenses can be collected. Thesefactorswill necessitate increased depreciation rate and
the consequent build up of the depreciation reserve as to be adequate for the actual retirement.

Some of the important methods of providing for depreciation are:
1. Straight-linemethod, 2. Diminishing-value method,
3. Retirement-expense method, 4. Sinking-fund method.

In the straight-line method, provision is made for setting aside each year an equal proportional
part of the depreciable cost based on the useful life of the property. Suppose a machine costs
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Rs. 45,000 and itsuseful lifeis estimated asten yearswith ascrap value of Rs. 5,000, then the annual
depreciation valuewill be 1/10 of Rs. 40,000i.e. Rs. 4000. Thismethod isextremely simple and easy
to apply when the only causes for retirement of the machine are the wear and tear or the slow action
of elements. But it is extremely difficult to estimate when obsolescence or accidental damage may
occur to the machine. This method ignores the amount of interest earned on the amount set aside
yearly.

In the diminishing value method, provision is made for setting aside each year afixed rate, first
appliedtotheoriginal cost and then to the diminishing value; such rate being based upon the estimated
useful life of the apparatus. This method leads to heaviest charges for depreciation in early years
when maintenance charges are lowest and so evens out the total expense on the apparatus for
depreciation plusthe maintenance over itstotal useful life. Thismethod hasthe serious disadvantage
of imposing an extremely heavy burden on the early years of anew plant which has asyet to develop
itsload and build up itsincome as it goes along.

The retirement expense method which is not based on the estimated life of the property, aims at
creating an adequate reserve to take care of retirement before such retirements actually occurs.
Because of many objections raised against this method, it is no longer used now.

Inthe sinking-fund method, provision ismade for setting aside each year such asum as, invested
at certain interest rate compounded annually, will equal the amount of depreciable property at theend
of itsuseful life. Ascompared to straight-line method, it requires smaller annual amounts and also
the amounts for annuity are uniform. This method would be discussed in detail in this chapter.

Suppose Pisthe capital outlay required for aninstallation and r p.a. istheinterest per unit (6%
isequivalent tor = 0.06). Theinstallation should obviously provide rP as annual interest which is
added to its annual running cost. Were theinstallation to last forever, then this would have been the
only chargeto bemade. But asthe useful life of theinstallation hasadefinite value, it isnecessary to
provide asinking fund to produce sufficient amount at the end of the estimated useful life to replace
the installation by anew one. Let the cost of replacement be denoted by Q. ThisQ will be equal to
Pif the usedinstallation has zero scrap value, lessthan Pif it has positive scrap value and greater than
Pif it has anegative scrap value. If the useful lifeis n years, then the problemisto find the annual
chargeqto provideasinking fund which will make available an amount Q at theend of nyears. Since
amount g will earn an annual interest rq, hence its value after one year becomesq+ rq=q (1 +r).
Thissum will earn an interest of r x q (1 +r) and henceitsvalue at the end of two yearswill become
q(1+r) +qr (L+r)or q(1+r)% Similarly, itsvalueat theend of threeyearsisq(1 +r)°. i.e.itsvalue
ismultiplied by (1 + r) every year so that the first payment becomes worth (1 + r)" at the end of n
years. The second payment to the sinking-fund is made at the beginning of the second year, henceits
value at the end of the useful life of the installation becomes q(1 + r)™* because this anount earns
interest only for (n—1) years. Thetotal sum available at the end of n yearsistherefore

=q@+nN"+q@+)"t qL+r’+q@+r)
@+t @+ _ 1+r n
=4 @+r)-1 -4 [@+n" -1

This sum must, obviously, be equal to the cost of renewal Q.

0 Q=ql@+n"-Yorg=Q r— +[(+n"-1

1+r

Hence, thetotal annual charge ontheinstallationis(rP + q) i.e. the plant should bring in so much
money every year.
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F& KVAR,

KVAR,

()

Power in kW({P)

An overview of a combined cycle power plant

50.3. Indian Currency

Thebasic unit of Indian currency isrupee (Re). Itsplural formisrupees (Rs.) Onerupee contain
100 paisa. Higher multiples of rupeesin common use are :

1 lakh (or lac) = Rs. 100,000 = Rs, 10° = Rs. 0.1 million

1 crore = 100 lakh = Rs. 10’ = Rs. 10 million

Example50.1. Find the total annual charge on an installation costing Rs. 500,000 to buy and
install, the estimated life being 30 years and negligible scrap value. Interest is 4% compounded
annually.

Solution. Since scrap value is negligible, Q = P. Now Q = Rs. 500,000; r = 0.04, n = 30 years.

0.04 . 30 _ 500,000 % 0.04
D q = 500,000 0, L0 1 == 002 236
Hence, the total annual charge ontheinstallationis
= rP+ q = (0.04 x 500,000) + 8,600 = Rs. 28,600

Example 50.2. A power plant having initial cost of Rs. 2.5 lakhs has an estimated salvage
value of Rs. 30,000 at the end of itsuseful life of 20 years. What will be the annual deposit necessary
if it iscalculated by :

(i) straight-line depreciation method. (ii) sinking-fund method with compound interest at 7%.
(Electrical Engineering-111, Poona Univ. )

Solution. Here, Q = P-scrap value = Rs. 250,000 — Rs. 30,000 = Rs. 220,000

=8,600
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r = 007,n=20
(i) Total depreciation of 20 years = Rs. 220,000
0  annua depreciation = Rs. 220,000/20 = Rs. 11,300.

O annual deposit = rP + g = 0.07 x 250,000 + 11,000 = Rs. 28,500
i = r - n_
(i) 4= Q7 +[@+n"-1

Rs. 220,000 [1.0720 - 1] = Rs. 5015.
Annual deposit = 0.07 x 250,000 + 5015 = Rs. 22,515

Example50.3. Aplantinitially costing Rs. 5 lakhs has an estimated salvage value of Rs. 1 lakh
at the end of its useful life of 20 years. What will beits valuation half-way through itslife (a) on the
basis of straight-line depreciation and (b) on the sinking-fund basis at 8% compounded annually?

Solution. (@) In this method, depreciation is directly proportional to time.

Total depreciationin 20 years = Rs. (5-1) =Rs. 4 lakhs

0  depreciationin 10years = Rs. 4/2=Rs. 2 lakhs

O itsvaueafter 10 years (5-2) =Rs. 3lakhs.

(b) Now, Q = 5-1=Rs. 4lakhs;r=0.08n=20

Theannual chargeis q = Q rL+1 +[@+n"-1]
_ 5 . 0.08 20 _ 1
O g =4x10 ><1.08 [1.08™ -1] =Rs. 8095

At the end of 10 years, the amount deposited in the sinking fund would become
- q “Tr [+ )" -1 =8095 xé-gg x(1.08"° ~1) =Rs 126,647

Rs. 500,000 - Rs. 126,647

Rs. 373,353 = Rs. 3.73353 lakhs.

O value at the end of 10 years

50.4. Factors Influencing Costs and Tariffs of Electric Supply
In the succeeding paragraphs we will discuss some of the factors which determine the cost of

Automation of electricity production, transmission and distribution helps in the effective cost management
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generating electric energy and hence the rates or tariffs of charging for this energy. The cost is
composed of (i) standing charges which are independent of the output and (ii) running or
operating charges which are proportional to the output. The size or capacity of the generating
plant and hence the necessary capital investment is determined by the maximum demand imposed on
the generating plant.

50.5. Demand

By ‘demand’ of asystem ismeant itsload requirement (usually in KW or kVA) averaged over a
suitable and specified interval of time of short duration.

It should be noted that since‘ demand’ meansthe |oad averaged over an interval of time, thereis
no such thing as instantaneous demand.

50.6 Average Demand

By average demand of an installation is meant its average power requirement during some
specified period of time of considerable duration such as a day or month or year giving us daily or
monthly or yearly average power respectively.

Obviously, the average power demand of an installation during aspecific period can be obtained
by dividing the energy consumption of the installation in kWh by the number of hoursin the period.

In thisway, we get the arithmetical average.
kWh consumed in the period

A =
verage power hoursin the period

50.7. Maximum Demand

The maximum demand of an installation is defined asthe greatest of all the demandswhich have
occurred during a given period.

It is measured, according to specifications, over a prescribed time interval during a certain
period such as a day, a month or ayear.

It should be clearly understood that it is not the greatest instantaneous demand but the greatest
average power demand occuring during any of therelatively short intervals of 1-minute, 15-minute or
30 minute duration within that period.

In Fig. 50.1 is shown the graph of an imaginary load extending over a period of 5 hours. The
maximum demand on 30 min. interval basis occursduring theinterval AB i.e. from 8-30 p.mto 9-00
p.m. Itsvalue as calculated in Fig. 50.1 is 288 kW. A close inspection of the figure shows that
average load is greater during the 30 min. interval AB than it is during any other 30-min interval
during thisperiod of 5 hours. The averageload over 30-min. interval AB isobtained first by scaling
kW instantaneous demands at five equidistant points between ordinates AC and BD and then by
taking arithmetic average of these values as shown. Hence, 30 min. maximum demand from the
above load graph is 288 kW.

It may be noted that the above method of averaging can be madeto yield more accurate resultsby
(i) considering alarge number of ordinates and (ii) by scaling the ordinates more precisely.

It may also be noted that if the maximum demand were to be based on a15 min. interval, then it
will occur during the 15-min. interval MN and its value will be 342 kW as shown in Fig. 50.1. It is
seen that not only hasthe position of maximum demand changed but itsvalue hasalso changed. The
30-min. maximum demand haslesser value than 15-min. max. demand. In the present case, 1-min.
max. demand will have still greater value and will occur somewhere near point M.

From the above discussion, it should be clear that the unqualified term “maximum demand” is
indefinite and has ho specific meaning. For example, astatement that “ maximum demand is 150 kW”
carriesno specific meaning. To render any statement of maximum demand meaningful, it isnecessary
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(i) to indicate the period of load duration under consideration and (ii) to specify the time interval
usedi.e. 15-min. or 30-min. etc. and also (iii) the method used for averaging the demand during that
interval.

Now, let us see why it is the average maximum demand over adefiniteinterval of timethat is of
interest rather than the instantaneous maximum demand.

Maximum demand determinations are mostly used for estimating the capacity (and hence cost)
of the generator and other electrical apparatus required for serving a certain specific load.

6.30 p.m. 7.00 7.30 8.00 8.30 9.00 9.30 10.00 10.30 11.00 p.m. 11.30
400 |

M
N

W

30 minute M.D. = 255
285

280 5
290
330 A
144075 = 288kW
I
|
|
|
|
|
|
|
|
|
|
f
|
|
|
|
|
(=3
o
o

300

15 minute M.D. = 370
360
295

1025 / 3 = 342kW

200

KILOWATTS

/]

100 /

|
|
]
T
|
|
|
|
|
[
|
|
|
|
| P /|
|
|
|
|
|
w
a

W === =

|
|
|
|
[
|
|
|
|
|
|
|
|
|
|
I
|
|
|
|
|
=3
2
B

Fig. 50.1

The one main reason why maximam demand val ues areimportant is because of thedirect bearing
they havein establishing the capacity of the generating equipment or indirectly, theinitial investment
required for serving the consumers. Theamount of thisinvestment will have afurther effect onfixing
of ratesfor electric service. Since all electric machines have ample overload capacity i.e. they are
capable of taking 100% or more overloads for short periods without any permanent adverse effects,
itisnotlogical or economically desirableto base the continuous capacity requirements of generators
on instantaneous maximum loads which will beimposed on them only momentarily or for very short
periods.

Consider the graph of the power load (Fig. 50.2) to beimpressed on acertain generator. Letit be
required to find the rating of a generator capable of supplying thisload. It is seen that there are peak
loads of short durationsat point A, B, C and D of values 250, 330, 230 and 260 kW. However, during
the interval EF a demand of 210 kW persists for more than half an hour. Hence, in this particular
case, the capacity of the generator required, as based on 30-min. maximum demand, should be
210 kw, it being of course, assumed that 4-hour load conditionsgraphed in Fig. 50.2 aretypical of the
conditions which exist during any similar period of generator's operation.

Intheend, it may beremarked that the exact timeinterval for maximum demand determinations,
over which the greatest demand is averaged varies not only with the characteristics of the load but
with the policy of the firm measuring the load. However, 15-min. interval is now most generally
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used, peak load of shorter durations being considered as temporary overloads.
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50.8. Demand Factor

Demand factors are used for estimating the proportion of the total connected load which will
come on the power plant at onetime. It isdefined asthe ratio of actual maximum demand made by
the load to the rating of the connected load.
maximum demand

connected load

The idea of a demand factor was introduced because of the fact that normally the kW or kVA
maximum demand of agroup of electrical devicesor ‘receivers isawayslessthan the sum of the kW
or kVaratingsor capacities of thesereceivers. Therearetwo reasonsfor the existence of thiscondition
(i) the electrical apparatusisusually selected of capacity somewhat greater than that actually required
in order to provide some reserve or overload capacity and (ii) in agroup of electrical devicesit very
rarely happensthat all deviceswill, at the sametime, impose their maximum demandswhich each can
imposei.e. rarely will al ‘receivers be running full-load simultaneously.

The demand factor of an installation can be determined if (i) maximum demand and (ii) con-
nected load are known.

Maximum demand can be determined as discussed in Art. 50.7 whereas connected load can be
calculated by adding together the name-plate ratings of al the electrical devicesin the installation.
The value of demand factor is always|ess than unity.

Demand factors are generally used for determining the capacity and hence cost of the power
equipment required to serve agiven load. And because of their influence on the required investment,
they become important factors in computing rate schedul es.

As an example, suppose aresidence has the following connected load : three 60-W lamps; ten
40-W lamps; four 100-W lamps and five 10-W lamps. Let usassumethat the demand meter indicates
a 30-min. maximum demand of 650 W. The demand factor can be found asfollows:

Demand factor =
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Connected load (3x60) + (10 x 40) + (4 x 100) + (5 x 10) = 1,030 W
30-min. max.demand 650 W
Hence, the demand factor of thislighting installation is given as

_ max. demand _ 650
~ connected load  1.030

Demand factorsof lighting installations are usually fairly constant because lighting loads are not
subject to such sudden and pronounced variations as like power loads.

= 0.631 or 63.1%

50.9. Diversity of Demand

In central-station parlance, diversity of demand implies that maximum demands of various
consumers belonging to different classes and the various circuit elementsin adistribution system are
not coincident. In other words, the maximum demands of various consumersoccur at different times
during the day and not simultaneously. It will be shown later that from the economic angle, it is
extremely fortunate that there exists adiversity or non-simultaneity of maximum demand of various
consumers which resultsin lower costs of electric energy.

For example, residence lighting load is maximum in the evening whereas manufacturing
establishments require their maximum power during daytime hours. Similarly, certain commercial
establishmentslike department stores usually use more power in day-timethan in the evening whereas
some other stores like drug stores etc. use more power in the evening.

The economic significance of the concept of diversity of demand can only be appreciated if one
considers the increase in the capacity of the generating and distributing plant (and hence the
corresponding increase in investment) that would be necessary, if the maximum demands of all the
consumers occurred simultaneously. It is of great concern to the engineer because he has to take it
into consideration while planning hisgenerating and distributing plant. Also diversity isanimportant
element in fixing the rates of electric service. If it were not for the fact that the coincident maximum
demand imposed on a certain station is much less than the sum of maximum demands of al the
consumers fed by that station, the investment required for providing the electric service would have
beenfar in excess of that required at present. Because of the necessity of increasein investment, that
cost of electric supply would also have been increased accordingly.

50.10. Diversity Factor

The non-coincidence of the maximum demands of various consumersistaken into consideration
in the so-called diversity factor which is defined as the ratio of the sum of the individual maximum
demands of the different elements of aload during aspecified period to the simultaneous (or coincident)
maximum demand of all these elements of load during the same peirod.
maximum demand

connected load

Itsvalueisusually much greater than unity. Itisclear that if all theloadsin agroup imposetheir
maximum demands simultaneously, then diversity factor is equal to unity. High value of diversity
factor meansthat more consumers can be supplied for agiven station maximum demand and so lower
prices can be offered to consumers. Usually domestic load gives higher value of diversity factor than
industrial load. Asshownin Fig. 50.3, suppose that the maximum demands of six elements of aload
as observed from their maximum demand meters M, and M, etc. are 620 W, 504 W, 435 W, 380 W,
160 W and 595 W respectively.

Diversity factor* =

*  Sometimes, the diversity factor is given by certain authors as the reciprocal of the value so obtained.
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Also, suppose that the (coincident) maximum demand of the whole group as observed by the
maximum demand meter MT is only 900 W. It is so because the maximum demands of all load
elements did not occur simultaneously.

Sum of individual maximum demands

= 620 + 504 + 435 + 380 + 160 + 595 = 2694 W = 2.694 kW
O diversity factor = 2.694/0.9 =2.99

It may be noted here that because of the diversity of demand, the maximum demand on atrans-
former islessthan the sum of the maximum demands of the consumers supplied by that transformer.
Further, the maximum demand imposed on afeeder isless than the sum of the maximum demands of
transformers connected to that feeder. Similarly, the maximum demand imposed on the generating
station islessthan the sum of the maximum demands of all the feeders suplied station islessthan the
sum of the maximum demands of all the feeders supplied from the station. The effective demand of
aconsumer on agenerator is given asfollows:

To Sub Station

900
wi| |l
M
Mains T
L J
O
M| mm . ’J || |_‘ I
M M
M, 3 4 M5
620 W 504 W 435 W 380 W 160 W 595 W
Fig. 50.3

Multiply thisconnected load by demand factor and then divide the product by diversity factor for
consumer to generator.

Asanexample, let usfind thetotal diversity factor for aresidencelighting system whose component
diversity factorsare : between consumers 2.6 ; between transformers 1.32 ; between feeders 1.13 and
between sub-stations 1.1. The total diversity factor between the consumers and the generating
equipment would be the product of these component factorsi.e.

= 26x1.32%x113x1.1=4.266

Thefactor may now be used in determining the effective demand of consumers on the generator.

It may be proved that generating equipment can be economized by grouping on one supply
source different elements of load having high diversity factor. In fact, the percentage of the generating
equipment which can be eliminated is equal to 100 percent minus the reciprocal of diversity factor
expressed as a percentage. Suppose four loads of maximum demand 120, 360, 200 and 520 kVA
respectively are to be supplied. If each of these |oads were supplied by a separate transformer, then
aggregate transformer capacity required would be = 120 + 360 + 200 + 520 = 1200 kVVA. Suppose
these loads had a diversity factor of 2.5 among themselves, then (coincident) maximum demand of
the whole group would be 1200/2.5 = 480 kVA.
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In other words, a single 480 kVA transformer can serve the combined load. The saving = 1200
— 480 = 720 kVA which expressed as a percentage is 720 x 100/1200 = 60%. Now, reciprocal of
diversity factor = 1/2.5 = 0.4 or 40 %. The percentage saving in the required apparatusisaso =100
— 40 = 60% which proves the statement made above.

50.11. Load Factor

It is defined as theratio of the average power to the maximum demand.

It isnecessary that in each case the time interval over which the maximum demand is based and
the period* over which the power is averaged must be definitely specified.

If, for example, the maximum demand is based on a 30-min. interval and the power is averged
over amonth, then it isknown as * half-hour monthly’ load factor.

L oad factors are usually expressed as percentages. The average power may be either generated
or consumed depending on whether the load factor isrequired for generating equipment or receiving
equipment.

When applied to a generating station, annual load factor is

No. of unitsactually supplied/year
Max. possible No. of units that can be supplied

It may be noted that maximum in this definition means the value of the maximum peak load and
not the maximum kW installed capacity of the plant equipment of the station.

No. of units actually supplied/year

8 cililellesthizzres Max. possible demand x 8760

No. of unitsactually supplied/month

Monthly load factor Max. possible demand x 24 x 30

When applied to a consuming equi pment

No. of units consumed/year
Max. demand x 8760

annual load factor =

No. of units consumed/month
Max. demand x 24 x 30

monthly load factor

No. of units consumed/day
Max. demand x 24

Daily load factor =

_Average power
In general, load factor = “Max.demang  Pe" Year or per month or per day

The value of maximum demand can be found by using amaximum demand meter set for 30-min.
or 15-min. interval asalready explained in Art. 50.7. The average power can also befound either by
graphic method explained below or by using a planimeter.

In the graphic method, momentary powers are scaled or read from the load-graph at the end of a
number of suitable and equal time intervals over the entire time comprehended by the graph. Then
these are added up. Average power is obtained by dividing this sum by the number of periods into
which the total time was apportioned.

* If not specified, it is assumed to be one year of 24 x 365 = 8,760 hours.
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The number of time intervals into which the entire time is apportioned is determined by the
contour of the graph and the degree of accuracy required.

The general, the accuracy will increase with the increase in the number of theintervals. For a
graph having asmooth contour and comprehending 24 hours, sufficient accuracy can be obtained by
taking 1 hour intervals. However, in the case of agraph which has extremely irregular contours and
comprehends short timeinterval's, reasonabl e accuracy can only be obtained if 15-min. or even 1 min.
intervals are used.

As an example, let us find the load factor of a generating equipment whose load graph
(imaginary one) isshowninFig. 50.4. For calculating average power over aperiod of 24 hours, let us
takein view of theregularity of the curve, atimeinterval of 1 hour asshown. The average power is
97.5 kW. Now, the 30-min. maximum demand is 270 kW and occurs during 30-min. interval of AB.
Obviously load factor = 97.5 x 100/270 = 36.1%.

50.12. Significance of Load Factor

Load factor is, infact, an index to the proportion of the whole time agenerator plant or systemis
being worked toitsfull capacity. The generating equipment hasto be selected on the basis of maximum
power demand that is likely to be imposed on it. However, because of general nature of things, it
seldom happens that a generating equipment has imposed on it during all the 8,760 hrs of ayear the
maximum load which it can handle. But whether the equipment isbeing worked toitsfull capacity or
not, there are certain fixed charges (like interest, depreciation, taxes, insurance, part of staff salaries
etc.) which are adding up continuously. In other words, the equipment is costing money to its owner
whether working or idle. The equipment earns a net profit only during those hours when it isfully
loaded and the moreit isfully loaded, the more isthe profit to the owner. Hence, from the standpoint
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of economics, it is desirable to keep the
equipment loaded for as much time as possible
i.e. itiseconomical to obtain high load factors.

If theload factor ispoor i.e. KWh of electric
energy produced is small, then charge per kWh
would obviously be high. But if load factor is
highi.e. the number of kWh generated islarge,
then cost of production and hence charge per I
kWh are reduced because now the standing 15 30 45 60 75 90 100
charges are distributed over alarger number of Bor @i Leadl Fasior
units of energy.

Thefact that fixed charges per kWhincrease
with decreasing load factor and vice versais brought out in Ex. 50.15 and is graphically shown in
Fig. 50.5.

It may be remarked here that increase of diversity in demand increases the load factor amost in
direct proportion.

L oad factor of a generating plant may be improved by seeking and accepting off-peak loads at
reduced rates and by combining lighting, industrial and inter-urban railway loads.
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Example50.4. A consumer has the following connected load : 10 lamps of 60 W each and two
heaters of 1000 W each. His maximum demand is 1500 W. On the average, he uses 8 lamps for
5 hours a day and each heater for 3 hoursa day. Find histotal load, montly energy consumption and
load factor. (Power Systems-I, AMIE, Sec. B, 1993)

Solution. Total connected load = 10 x 60 + 2 x 1000 = 2600 W.

Daily energy consumptionis = (8 x 60 x 5) + (2 x 1000 x 3) = 8400 Wh = 8.4 kWh

Monthly energy consumption = 8.4 x 30 = 252 kWh

252
1500x 10> x 24 x 30

Example 50.5. The load survey of a small town gives the following categories of expected

loads.

Monthly load factor =0.2330r 233%

Type Loadin kW %D.F. Group D.F.
1 Residential lighting 1000 60 3
2. Commercial lighting 300 75 15
3. Street lighting 50 100 1.0
4. Domestic power 300 50 15
5 Industrial power 1800 55 1.2

What should be the kVA capacity of the §Sassuming a station p.f. of 0.8 lagging ?
Solution. (i) Resdential lighting. Total max. demand = 1000 x 0.6 = 600 kW
Max. demand of the group = 600/3 = 200 kW
(i) Commercial lighting Total max. demand = 300 x 0.75 = 225 kW
Max. demand of thegroup = 225/1.5 = 150 kW

(i) Street lighting Total max. demand = 50 kW
Max. demand of thegroup = 50/1 = 50 kW
(iv) Domestic power Total max. demand = 300 x 0.5 = 150 kW

Max. demand of thegroup = 150/1.5 = 100 kW
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(v) Industrial power Total max. demand 1800 x 0.55 = 990 kW
Max. demand of thegroup = 990/1.2 = 825 kW

Total max. demand at the station = 200 + 150 + 50 + 100 + 825 = 1325 kW.
Capacity of the sub-station required at ap.f. of 0.8 lagging = 1325/ 0.8 = 1656 kVA

Example 50.6. A consumer has the following load-schedule for a day :

Frommidnight (12 p.m.) to6 am. = 200 W; From 6 a.m. to 12 noon = 3000 W

From 12 noonto 1 p.m. 100 W; From 1 p.m. to 4 p.m. = 4000 W

From4 p.m.to 9 p.m. 2000 W; From 9 p.m. to mid-night (12 p.m.) = 1000 W
Find the load factor.

If the tariff is 50 paisa per kW of max. demand plus 35 paisa per kWh, find the daily bill the
consumer has to pay. (Electrical Engineering-l11, Poona Univ.)

Solution. Energy consumed per day i.e. in 24 hours
= (200 x 6) + (3000 x 6) + ( 100 x 1) + (4000 x 3) + (2000 x 5) + (1000 x 3) = 44,300 Wh
Averagepower = 44,300/24 = 1846 W = 1.846 kW
Daily load factor = ma?(\./ zj\?virpgggand = i?)?)g = 0.461 or 46.1%
4 kW M.D. charge=4x 1/2=Rs. 2/-
44.3 kWh  Energy charge = Rs. 44.3 x 35/100 = Rs. 15.5/-
Rs.2+Rs. 155=Rs. 17.5
Example 50.7. A generating station has a connected load of 43,000 kW and a maximum

demand of 20,000 kW, the units generated being 61,500,000 for the year. Calculate the load factor
and demand factor for this case.

Since max. demand
Energy consumed
O daily bill of the consumer

maximum demand

i = = 0,
Solution. Demand factor connected load 0.465 or 46.5%
Averagepower = 61,500,000/8,760 = 7020 W ("~ Lyear = 8760 hr)
0 Load factor = ——crodePOWE 7020 _ 559 o 35106

max. power demand ~ 20,000

Example50.8. A 100 MW power station delivers 100 MW for 2 hours, 50 MW for 6 hoursand
is shut down for the rest of each day. It is also shut down for maintenance for 45 days each year.
Calculate its annual 1oad factor. (Generation and Utilization, Kerala Univ.)

Solution. The station operates for (365 — 45) = 320 days in a year. Hence, number of MWh
supplied in one year = (100 x 2 x 320) + (50 x 6 x 320) = 160,000 MWh

Max. No. of MWh which can be supplied per year with a max. demand of 100 MW is

= 100 x (320 x 24) = 768,000 MWh

160,000
760,000

Example 50.9. Differentiate between fixed and running charges in the operation of a power
company.

Calculate the cost per kWh delivered from the generating station whose

(i) capital cost = Rs. 10°, (i) annual cost of fudl = Rs. 10°,

(iif) wages and taxes= Rs. 5 x 10°, (iv) maximum demand laod = 10,000 kW,

(v) rateof interest and depreciation = 10% (vi) annual load factor = 50%.

Total number of hoursin a year is 8,760. (Electrical Technology-I, Bombay Univ.)

a load factor = x 100 = 20.8%
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Solution. Average power demand = max. load x load factor = 10,000 x 0.5 = 5,000 kW

Units supplied/year = 5,000 x 8,760 = 438 x 10° kWh

Annual cost of the fuel pluswages and taxes = Rs. 6 x 10°

Interest and depreciation charges/year = 10% of Rs. 106 = Rs. 10°

Total annual charges = Rs. 7 x 10° ; Cost / kWh = Rs. 7 x 10°/438 x 10° = 1.6 paisa
Example 50.10. A new colony of 200 houses is being established, with each house having an

average connected load of 20 kW. The business centre of the colony will have a total connected load
of 200 kW. Find the peak demand of the city sub-station given the following data.

Demand factor Group D.F. Peak D.F.
Residential load 50% 3.2 15
Business load 60% 14 1.2
Solution. The three demand factors are defined as under :
_  max.demand
Demand factor = connected |oad
DE = 3um of individual max. demands
GrOUPB-F = “xtual max. demand of the group
DE = max. demand of consumer group

demand of consumer group at the time of system peak demand
Max. demand of eachhouse = 2x0.5=1.0kW
Max. demand of residential consumer = 1 x 200/3.2 = 62.5 kW

Demand of the residential consumer at the time of the system peak = 62.5/ 1.5 = 41.7 kW
Max. demand of commercial consumer = 200 x 0.6 = 120 kW

Max. demand of commercia group = 120/1.4 = 85.7 kW

Commercial demand at the time of system peak = 85.7/ 1.2 = 71.4 kW

Total demand of the residential and commercial consumers at the time of system peak
= 41.7+714=113kW

Example50.11. InFig. 50.6 isshown the distribution network frommain sub-station. Thereare
four feeders connected to each load centre sub-station. The connected |oads of different feeders and
their maximum demands are as follows :

Feeder No. Connected load, KW Maximum Demand, kW
1. 150 125
2. 150 125
3. 500 350
4, 750 600

If the actual demand on each load centreis 1000 kW, what isthe diversity factor on the feeders?
If load centres B, C and D are similar to A and the diversity factor between different load centresis
1.1, calculate the maximum demand of the main sub-station. What would be the kVA capacity of the
transformer required at the main sub-station if the overall p.f. at the main sub-station is 0.8 ?

Solution. Diversity factor of the feeders

_ total of max.demand of different feeders _ 125 +125 + 350 + 600 _ 12
B simultaneous max. demand 1000 ’
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Total max. demand of al the 4 load centre sub-stations = 4 x 1000 = 4000 kW

Diversity factor of load centres=1.1

Simultaneous max. demand on the main sub-station = 4000/1.1 = 3636 kW

The kVA capacity of the transformer to be used at the sub-station = 3636/0.8 = 4545

Example 50.12. If a generating station had a maximum load for the year of 18,000 kW and a

load factor of 30.5% and the maximum loads on the sub-stations were 7,500, 5,000, 3,400, 4,600
and 2,800 kW, calculate the units generated for the year and the diversity factor.

_ average power average power
— 0 o. AT
Solution. Load factor = i power demand 0.305 18,000
O averagepower = 18,000 x 0.305 kW
kWh generated per year = 8,000 x 0.305 x 8.760 = 48.09 x 106 kWh

Sum of individual maximum demands = 7,500 + 5,000 + 3,400 + 4,600 + 2,800 = 23,300
0 diversity factor=23,300/18,000 = 1.3 (approx.)

Example50.13. A power station issupplying four regions of load whose peak |oads are 10MW,
5 MW, 8 MW and 7 MW. the diversity factor of the load at the station is 1.5 and the average annual
load factor is 60%. Calculate the maximum demand on the station and the annual energy supplied
from the station. Suggest the installed capacity and the number of units taking all aspects into
account. (A.M.l.E. Sec. B, Winter 1990)

sum of individual max. demands
max. demands of the whole load

/\/\/\/\J\/\/\/\/\ Main
W/\T/\/\/\/\ Sub-Station

o y /\/\/\/\l/\f/\/\ /\/\/\/\J\/\la\/\/\
MWV
NVVWWVWWA NVWWWWV NVWWWWV
Load-Centre
1 |12 |3 |4

Sub-Stations
Feeders

Solution.  Diversity factor =

Fig. 50.6
O Max. demand of the whole load imposed on the station = (10 + 5+ 8 + 7)/1.5=20 MW
No. of unitssupplied/year
Max. demand x 8760
[0 No. of units supplied/ year = 0.6 x 20 x 10° x 8760 = 105.12 x 10° kWh

Provisionfor future growthin load may be made by making installed capacity 50% morethan the
maximum demand of thewholeload. Hence, installed capacity is20 x 1.5=30 MW. Four generators,
two of 10 MW each and other two of 5 MW each may be installed.

Now, annual load factor
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Example 50.14. The capital cost of 30 MW generating station is Rs. 15 x 10°. The annual
expensesincurred on account of fuel, taxes, salaries and maintenance amount to Rs. 1.25 x 10°. The
station operates at an annual load factor of 35%. Determine the generating cost per unit delivered,
assuming rate of interest 5% and rate of depreciation 6%. (Electrical Power-1, Bombay Univ.)

Solution. Averagepower = max. power x load factor = 30 x 10° x 0.35 = 10,500 kW

Units produced/year = 10,500 x 8,760 = 91.98 x 10° kWh; Annual expenses = Rs. 1.25 x 10°

Depreciation plusinterest = 11% of capital cost = 11% of Rs. 15 x 10° = Rs. 1.65 x 10°
Total expenseslyear = Rs. 1.25 x 10° + Rs. 1.65 x 10° = Rs, 2.9 x 10°

0 cost/kWh = Rs. 2.9 x 10% 91.98 x 10° = 3.15 paisa / kWh.

Example50.15. A generating plant has a maximum capacity of 100 kW and costs Rs.300,000.
The fixed charges are 12% consisting of 5% interest, 5% depreciation and 2% taxes etc. Find the
fixed charges per kWh generated if load factor is (i) 1700% and (ii) 25%.

Solution. Annual fixed charges = Rs. 300,000 x 12/100 = Rs. 36,000

With aload factor of 100%, number of kWh generated per year = 100 x 1 x 8,760

= 876,000 kWh.

Similarly, units generated with aload factor of 25% = 100 x 0.25 x 8,760 = 219,000 kWh.

(i) Fixed charge/ kWh = 36,000 x 100/876,000 = 4.1 paisa

(i) Fixed charge/ kWh = 36,000 x 100/219,000 = 16.4 paisa

As seen, the charge has increased four-fold. In fact, charge variesinversely asthe load factor.

Example 50.16. The annual working cost of a thermal station is represented by the formula
Rs. (a + b kW + ¢ kWh) where a, b and ¢ are constants for that particular station, kW is the total
installed capacity and kWh is the energy produced per annum.

Determine the values of a, b and ¢ for a 100 MW station having annual |oad factor of 55% and
for which (i) capital cost of buildings and equipment isRs. 90 million, (ii) theannual cost of fuel, oil,
taxation and wages and salaries of operating staff is Rs. 1,20,000, (iii) interest and depreciation on
buildings and equipment are 10% p.a., (iv) annual cost of orginasation, interest on cost of site etc.
is Rs. 80,000.

Solution. Inthe given formula, a represents the fixed cost, b semi-fixed cost and ¢ the running
cost. Here, a = Rs. 80,000
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An overview of a thermal power plant
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Now, b x kW minimum demand = semi-fixed cost
o, bx 100 x 10° = 90x 10° O b=900
Total units generated per annum = kW max. demand x load factor x 8760
= 100 x 10° x 0.55 x 8760 = 438 x 10° kWh
Since running cost is Rs. 1,20,000
0 cx438x10° = 1,20,000 or ¢ = 0.00027
Example50.17. In a steam generating station, the relation between the water evaporated W kg
and coal consumed C kg and power in KW generated per 8-hour shift is as follows :
W = 28,000 + 5.4 kWh; C = 6000 + 0.9 kWh
What would be the limiting value of the water evaporated per kg of coal consumed asthe station

output increases ? Also, calculate the amount of coal required per hour to keep the station running
at no-load.

Solution. For an 8-hour shift, Wt. of water evaporated per kg of coal consumed is
w 28,000 + 5.4 kWh
‘C T 6,000+0.9kwWh
Asthe station output increases, the ratio W/C approachesthevalue5.4/0.9=6
Hence, weight of water evaporated per kg of coal approaches a limiting value of 6 kg as the
station output increases.
Since at no-load, there is no generation of output power, kWh = 0. Substituting this value of
kWh in the aboveratio we get,
Coa consumption per 8-hour shift = 6000 kg

0 coa consumption per hour on no-load = % =725kg.

Example50.18. Estimatethe generating cost per kWh delivered from a generating station from
the following data :

Plant capacity = 50 MW ; annual load factor = 40%; capital cost = Rs. 3.60 crores; annual cost
of wages, taxation etc. = Rs. 4 lakhs; cost of fuel, lubrication, maintenance etc. = 2.0 paise per kWh
generated, interest 5% per annum, depreciation 5% per annum of initial value.

(Electrical Technology, M.S. Univ. Baroda)

Solution. Average power over ayear = maximum power x load factor
= 50x 10°x 0.4=2x 10" W = 2 x 10" kW
Unitsproduced/year = 20,000 x 8,760 = 1,752 x 10° kWh
Depreciation plusinterest = 10% of initial investment = 0.1 x 3.6 x 10
= Rs 36x 10°
Annual wages and taxation etc. = Rs. 4 lakhs= Rs. 0.4 x 10°
Total cost/year = Rs. (3.6 +0.4) x 10° = Rs. 4 x 10°
Cost/kWh = 4 x 10° x 100/1,752 x 10° = 2.28 paisa
Adding the cost of fuel, [ubrication and maintenance etc., we get
Cost per kWh delivered = 2.0 + 2.28 = 4.28 paisa.

Example 50.19. The following data relate to a 1000 kW thermal station :

Cost of Plant = Rs. 1,200 per kW
Interest, insurance and taxes = 5% p.a.
Depreciation = 5% p.a.
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Cost of primary distribution system = Rs. 4,00,000
Interest, insurance, taxes and depreciaton 5% p.a.
Cost of coal including transportation = Rs. 40 per tonne

Operating cost = Rs. 4,00,000 p.a.
Plant maintenance cost : fixed = Rs. 20,000 p.a.

variable = Rs. 30,000 p.a.
Installed plant capacity = 10,000 kW
Maximum demand = 9,000 kW
Annual load factor = 60%

Consumption of coal = 25,300 tonne
Find the cost of power generation per kilowatt per year, the cost per kilowatt-hour generated
and the total cost of generation per kilowatt-hour. Transmission/primary distribution is chargeable
to generation. (Power Systems-|, AMIE, Sec. B, 1993)
Solution.  Cost of theplant = Rs. 1200 per kW
Fixed cost per annum is as under :
(i) onaccount of capital cost = (1200 x 10,000) x 0.1 + 400 x 103 x 0.05
Rs. 1.22 x 10°
(i) part of maintenancecost = Rs. 20,000 = Rs. 0.02 x 10°
0 total fixed cost 1.22 x 10° + 0.02 x 10° = Rs. 1.24 x 10°

Running or variable cost per annum is as under : (i) operation cost = Rs. 4,00,000, (ii) part of
maintenance cost = Rs. 30,000,

(i) fuel cost = Rs. 25,300 x 40 = Rs. 10,12,000

Total cost = 4,00,000 + 30,000 + 10,12,000 = Rs, 1.442 x 10°
_ average demand _ average demand
Load factor = o m demand © %6~ 5,000 8,760
O averagedemand = 47,305 MWh

Total cost per annum = 1.24 x 10° + 1.442 x 10° = Rs. 2.682 x 10°
Cost per kWh generated = 2.682 x 10° / 47,305 x 10° = Rs, 0.0567 = 5.7 paisa.
Since total installed capacity is 10,000 kW, the cost per kW per year
= 2.682 x 10°/ 10,000 = Rs. 268.2
Example50.20. A consumer hasan annual consumption of 176,400 kwWh. The chargeisRs. 120
per KW of maximum demand plus 4 paisa per kWh.
(i) Find the annual bill and the overall cost per kWh if the load factor is 36%.
(if) What isthe overall cost per kWh, if the consumption were reduced 25% with the same load

factor ?
(iif) Whnat isthe overall cost per KWh, if the load factor is 27% with the same consumption as
in(i) (Utili. of Elect. Power, AMIE Sec. B)

Solution. (i) Since load factor is 0.36 and there are 8760 hrsin ayear,
Annual max. demand = 176,400/0.36 x 8760 = 55.94 kW

The annual bill will be based on maximum annual demand charges plus the annual energy
consumption charge.

O annual hill
Overall cost/kWh

Rs. (55.94 x 120 + 176,400 x 0.04) = Rs. 13,768
Rs. 13,768 / 176,400 = 7.8 paisa.
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(if) Inthis case, the annual consumption is reduced to 176,400 x 0.75 = 132,300 kWh but the
load factor remains the same.

Annual max. demand

132,300/0.36 x 8760 = 41.95 kW
0O annua bill Rs. (41.95 x 120 + 132,300 x 0.04) = Rs. 10,326
Overall cost/kWh 10,326/132,300 = 7.8 paisa

It will be seen that the annual max. demand charge is reduced but the overall cost per kWh
remainsthe same.

(i)  Since, load factor has decreased to 0.27,
Annual max. demand = 176,400/0.27 x 8760 = 74.58 kW
Annual bill Rs. (74.58 x 120 + 176,400 x 0.04) = Rs. 16,006
Overal cost/kWh = Rs. 16,006/176,400 = 9.1 paisa

Here, it will be seen that due to decrease in load factor, the annual bill aswell as cost per kWh
have increased.

50.13. Plant Factor or Capacity Factor

Thisfactor relates specifically to agenerating plant unlike load factor which may relate either to
generating or receiving equipment for the whole station.

It is defined as the ratio of the average load to the rated capacity of the power plant i.e. the
aggregate rating of the generators. It is preferable to use continuous rating while calculating the

aggregate.

average load _ average demand on station
rated capacity of plant max. installed capacity of the station

O plant factor =

It may be of interest to note that if the maximum load corresponds exactly to the plant ratings,
then load factor and plant factor will beidentical.

50.14. Utilization Factor (or Plant Use Factor)

It is given by the ratio of the kWh generated to the product of the capcity of the plant and the
number of hoursthe plant has been actually used.
station output in KWh
plant capacity x hours of use
If there are three unitsin aplant of ratings kW,, kW, and kW, and their operation hours are h,,
h, and h, respectively, then

Utilization factor =

station output in kWH

(KW, x by) + (KW, x h,) +(kWj xh;)
50.15. Connected Load Factor

The factor relates only to the receiving equipment and is defined as the ratio of the average
power input to the connected load.

To render the above value specific, it is essential*

(i) to definethe period during which averageistaken and

(if) to state the basis on which the connected load is computed.

Utilization factor =

*  Wherever feasible, it should be stated on continuous-rating basis. Lighting connected load is taken equal
to the sum of the wattages of all lampsin the installation whereas motor connected load is equal to the sum
of the name-plate outputs of all motors (and not their input ratings).
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average power input
connected load

It can be proved that the connected-load factor of areceiving equipment is equal to the product
of its demand factor and its load factor.

Connected-load factor =

average power input
connected |oad

Connected-load factor

_ Average power  max demand
~ Max.demand  connected load

= load factor x demand factor

50.16. Load Curves of a Generating Station

Thetotal power requirement of agenerating station can be estimated provided variation of load
with time isknown. Following curves help to acquire this knowledge.

(i) Load Curve (or Chronological Curve)

It represents the load in its proper time sequence. As shown in Fig. 50.7 (), this curve is
obtained by plotting the station load (in kW) along Y -axis and the time when it occurs along X-axis.
Usually, such curves are plotted for one day i.e. for 24 hours by taking average load (kW) on hourly
basis. Theareaunder the curve representsthetotal energy consumed by the load in one day. Follow-
ing information can be obtained from the load curve :

(a) maximum load imposed on the station, (b) size of the generating unit required and (c) daily
operating schedule of the station.
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25 25
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T 15 E 15
—
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T 10 T i 1
5 5KW s : 5 kW
| | 2 kW : : 2 kW
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—p Time in Hours
—» Time
(@) (b)
Fig. 50.7

(if) Load Duration Curve

It represents the same data (i.e. load vs time) but the ordinates are rearranged in magnitude
sequence (not time sequence). Here, greatest load is plotted on the left, lesser load towards the right
and the least load on the extremeright. In other words, loads are plotted in descending order. As seen
from Fig. 50.7 (a) maximum load on the station is 30 kW which lasts for 5 hours from 6 p.m. to 11
p.m. Itisplotted first in Fig. 50.7 (b). The next lower load is 10 kW from 6 am. to 12 nooni.e. for 6
hours. It hasbeen plotted next to the highest load. The other lesser loads are plotted afterwards. The

areas under the load curve and load duration curve are equal and each represents the total units
consumed during aday of 24 hours.
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(iii) Load Energy Curve (or Integrated Load Duration Curve)

It represents the relation between a particular
load on the station and the total number of kWhs
produced at or below this load. The load in kW
is taken along the ordinate (Y-axis) and kWh
generated upto this load along the abscissa
(X-axis) as shown in Fig. 50.8. This curve is
derived fromtheload duration curve. For example,
for aload of 2 kW, the number of units generated
is2 x 24 = 48 KWh. It corresponds to point A on
the curve. For aload of 5 kW, the units generated
are=5x17+2x7=99 kWh. It corresponds to
point B. For aload of 10 kW, the units generated
ae=10x11+5x6+2x7=154kWh (point C).
Finally, for aload of 30 kW, the number of units
generatedis=30x5+10x6+5%x6+2x7=254
kWh (point D.)
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Fig. 50.8

Example 50.21. A power station has a load cycle as under :
60 MW for 6 hr; 200 MW for 8 hr ; 160 MW for 4 hr ; 100 MW for 6 hr
If the power station is equipped with 4 sets of 75 MW each, calculate the load factor and the

capacity factor fromthe above data. Calculate the daily fuel requirement if the calorific value of the
oil used were 10,000 kcal/kg and the average heat rate of the station were 2,860 kcal/kWh.

Solution.  Daily load factor =

(Electric Power Systems-11, Gujarat Univ.)

units actually supplied in a day

Now, MWh supplied per day

4,440
260 % 24

0 station daily load factor

max. demand x 24
(260 x 6) + (200 x 8) + (160 x 4) + (100 x 6) = 4,400

= 0.704 or 70.4%

average demand on station

Capacity factor

No. of MWh supplied/day 4,400 O

~ instaled capacity of the station

average power/day = 4,400/24 MW

Total installed capacity of the station = 75 x 4 = 300 MW

4,400/24

0 capacity factor ~ 300

Energy supplied/day
Heat required/day
Amount of fuel required/day

= 0.611 or 61.1%

4,400 MWh = 44 x 10° KWh
44 % 10° x 2,860 kcal
44 x 2,860 x 10° / 10° kg = 125 tonne.

Example 50.22. A generating station has two 50 MW units each running for 8,500 hoursin a
year and one 30 MW unit running for 1,250 hoursin one year. The station output is 650 x 10° kwWh
per year. Calculate (i) station load factor, (ii) the utilization factor.

Solution. (i) kW, xh, =
(i) kW, xh, =
(iii) kW, xhy =
O Z (kW)xh =

Total installed capacity of the station = 2 x 50

50 x 10° x 8,500 = 425 x 10° kWh
50 x 10° x 8,500 = 425 x 10° kWh
30 x 10° x 1,250 = 37.5 x 10° kWh
(2 x 425 + 37.5) x 10° = 887.5 x 10°kWh

+30=130x 10° kKW

(i) Assuming that maximum demand equalsinstalled capacity of the station,
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units generated/year _ 650 x10°
max. demand x 8,760 130 x10° x 8760

annual load factor = = 0.636 or 63.6%

Note. Inview of the above assumption, this also represents the plant or capacity factor.
station output inkWh _ 650 x10°
Z(kw) x h 887.5x10°
Example 50.23. The yearly duration curve of a certain plant may be considered as a straight
line from 40,000 kW to 8,000 kW. To meet thisload, three turbo-generators, two rated at 20,000 KW
each and one at 10,000 kW are installed. Determine (a) the installed capacity, (b) plant factor,
(c) maximum demand, (d) load factor and (e) utilization factor. (Ranchi Univ.)
Solution. (a) installed capacity
=20+20+10=50MW
(b) Average demand on plant = (40,000 + 8,000)/2
= 24,000 kW
plant factor = av. demand / installed capacity
= 24,000/50,000 = 0.48% or 48%
(c) Max. demand, obvioudly, is 40,000 kW
(d) From load duration curve, total energy generated/
year
= 24,000 x 8760 kWh = 21 x 10" kWh.
0 L oad factor = 21 x 10" / 40,000 x 8,760 = 0.6 or 60%

Time in Hours e
max. demand 100 = 40,000
plant capacity " 50,000

(i) utilization factor = =0.732 or 73.2%

40,000 —

Load in kW

8,000

(&) uf.=

Fig. 50.9 *100= 80%

Example 50.24. The load duration curve of a systemis as shown in Fig. 50.10. The systemis
supplied by three stations; a steam station, a run-of-river station and a reservoir hydro-electric
station. The ratios of number of units supplied by the three stations are as below :

Seam : Run of river : Reservoir
7 : 4 : 1
The run-of-river station is capable of generating power continuosuly and works as a peak load
station. Estimate the maximum demand on each station and also the load factor of each station.
(Ranchi Univ.)
Solution. Here 100% time will be taken as 8760 hours.
Total units generated = areaunder the curve

= %(160 + 80) x 10° x 8760 = 1051.2 x 10° kWh
From the given ratio, the number of units supplied by each station can be calculated
Units Generated
Run-of -river-station
Steam station
Reservoir HE station
Max. demand of ROR station

1051.2 x 10° x 4/12 = 350.4 x 10° kWh
1051.2 x 10° x 7/12 = 613.2 x 10° kWh
1051.2 x 10° x 1/12 = 87.6 x 10° kWh
350.4 x 10°/ 8760 = 40 MW
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Reservoir
HE Station

160 MW

80 MW

Station

Load

Run of River
Station

Time ———» LU

Fig. 50.10

Let x MW be the maximum demand of thereservoir plant. Asshown in Fig. 50.10. let it operate
fory hours.

; - X
Obviously, Yy = gg*% 8760
Areaunder the curve for reservoir station = % xy x10° kWh
= %xxg—)é x 8760 x10° =54,750 X2
O 54,750x° = 87.6x 10°; x = 40 MW
0 max. demand of steam station= 160 — (40 + 40) = 80 MW.
Load factor

Since ROR station works continuously as a base load station, itsload factor is 100%.
Reservoir station 87.6 x 10°/ 40 x 10° x 8760 = 0.25 or 25%
Steam station 613.2 x 10°/ 80 x 10° x 8760 = 0.875 or 87.5%.

Example47.25. Aload having a maximum value of 150 MW can be supplied by either a hydro-

electric plant or a steam power plant. The costs are as follows :

Capital cost of steam plant Rs. 700 per kWinstalled

Capital cost of hydro-electric plant Rs. 1,600 per kWinstalled

Operating cost of steam plant Rs. 0.03 per kwh

Operating cost of hydro-electric plant = Rs. 0.006 per kwWh

Interest on capital cost 8 per cent. Calculate the minimum load factor above which the hydro-
electric plant will be more economical.

Solution. Let x be the total number of units generated per annum.
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Steam Plant
Capital cost = Rs. 700 x 150 x 10° = Rs. 10.5 x 10’
Interest charges = 8% of Rs. 10.5 x 10’ = Rs. 8.4 x 10°
O fixed cost/unit = Rs. 8.4 x 10°/ x; operating cost / unit = Re. 0.03
0 total cost/unitgenerated = Rs. (8.4 x 10"/ x + 0.03)
Hydro Plant
Capital cost = Rs. 1600 x 150 x 10° = Rs, 24 x 10’
Interest charges = 8%of Rs. 24 x 10’ =Rs. 19.2 x 10°

Total cost/unit Rs. (19.2 x 10° / x + 0.006)
Thetwo overall costswill be equal when
(84 x 10°/x) +0.03 = (19.2 x 10°/x) + 0.006 ; x = 45 x 10’ kWh

Obviously, if units generated are more than 45 x 10’ kWh, hydro-electric station will be cheaper.

Load factor = 45 x 10/150 x 10° x 8760 = 0.342 or 34.2%

This represents the minimum load factor beyond which hydro-electric station would be
economical.

Example50.26. A power system having maximum demand of 100 MW hasaload 30% and isto
be supplied by either of the following schemes :

(a) asteam station in conjunction with a hydro-electric station, the latter supplying 100 x 10°
units per annum with a max. output of 40 MW,

(b) a steam station capable of supply the whole load,
(c) ahydro station capable of supplying the whole load,
Compare the overall cost per unit generated assuming the following data :

Seam Hydro

Capital cost / KW Rs. 1,250 Rs. 2,500

Interest and depreciation on the capital cost 12% 10%

Operating cost/kWh 5 paise 1.5 paise

Transmission cost/kWh Negligible 0.2 paise
Show how overall cost would be affected in case (ii) and (iii) above if the system load factor
wereimproved to 90 per cent. (Elect. Power System-111, Gujarat Univ.)

Solution. Averagepower = 100 x 0.3 =30 MW = 3 x 10" kW

Unitsgeneratedinoneyear = 3x 10% x 8,760 = 262.8 x 10° kWh

(@) Steam Station in Conjunction with Hydro Station

Units supplied by hydro-station = 100 x 10° kWh

Units supplied by steam station = (262.8 - 100) x 10° = 162.8 x 10° kWh

Since, maximum output of hydro-station is40 MW, the balance (100 — 40) = 60 MW is supplied

by the steam station.

(i) Steam Station
Capital cost = Rs. 60 x 10° x 1,250 = Rs. 75 x 10°
Annual interest and depreciation - Rs. 0.12 x 75 x 10° = Rs. 9 x 10°
Operating cost Rs. 0.5 x 162.8 x 10%100 = Rs. 8.14 x 10°
Transmission cost negligible
Total annual cost Rs. (9 +8.14) x 10° = Rs. 17.14 x 10°
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(if) Hydro Station
Capital cost = Rs. 40 x 10° x 2,500 = Rs. 100 x 10°
Annual interest and depreciation = Rs. 0.1 x 100 x 10° = Rs, 10 x 10°
Operating cost Rs. 0.15 x 100 x 104100 = Rs. 1.5 x 10°
Transmission cost Rs. .02 x 100 x 10°/ 100 = Rs. 0.2 x 10°
Total annual cost Rs. (10 + 1.5+ 1.2) x 10° = Rs. 11.7 x 10°
Combined annual charge for steam and hydro stations

Rs. (17.14 + 11.7) x 10° = Rs. 28.84 x 10°

< 2884 10°
262.8x10°

O Overall cost’/kWh

= 10.97 paise

(b) Steam Station Alone
Capital cost

Annual interest and depreciation

O fixed charge/ unit
Operating cost/unit

0 overal cost per unit

(c) Hydro Station Alone

Annual interest and depreciation on capital cost

Rs. 0.1 (2,500 x 100 x 10% = Rs, 25 x 10°

Rs. 25 x 10° / 262.8 x 10° = 9.51 paise

1.5 paisa; Transmission cost/unit = 0.2 paise

(9.51+1.5+0.2) = 11.21 paise

Rs. 1,250 x 100 x 10° = Rs. 125 x 10°
Rs. 0.12 x 125 x 10° = Rs. 15 x 10°
Rs. 15 x 10%/262.8 x 10° = 5.71 paise
5 paisa; Transmission cost / unit = 0
(5.71 + 5) = 10.71 paise

O fixed charge/ unit
Operating cost/unit

O overal cost/unit
(d) (i) Steam Station
Since number of units generated will increase three-fold, fixed charge per unit will decreaseto

one-third of itspreviousvaluei.e. t05.71/3= 1.9 paisa. Since other charges are unaffected by change
in load factor.

0 Overall cost/unit = (1L9+5)=6.9pase

(if) Hydro Station

For samereasons, fixed cost per unit becomes9.51/3 = 3.17 paise Overall cost/unit=(3.17+ 1.5
+0.2) = 4.87 paise

An overview of a hydroelectric plant
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Example 50.27. The capital cost of a hydro-power station of 50,000 kW capacity is
Rs. 1,200 per kW. Theannual charge on investment including depreciation etc. is 10%. A royality of
Rs. 1 per KW per year and Rs. 0.01 per kWh generated is to be paid for using the river water for
generation of power. The maximum demand is 40,000 kW and the yearly load factor is 80%. Sala-
ries, maintenance charges and supplies etc. total Rs. 6,50,000. If 20% of this expenseis also charge-
able asfixed charges, determine the generation cost in the form of A per kW plus B per kWh.

(AM.I.E. Sec. B))
Solution. Capital cost of station = Rs. 1200 x 50,000 = Rs. 6 x 10’
Annual charge on investment including depreciaiton

=10% of Rs. 6 x 10’ = Rs. 6 x 10°

Total running charges =80% of Rs. 6,50,000 = Rs. 5,20,000

Fixed charges = 20% of Rs. 6,50,000 = Rs. 1,30,000

Total annual fixed charges = Rs. 6x 10° + Rs. 0.13 x 10° = Rs. 6.13 x 10°
Cost per M.D. kW due to fixed charges = Rs. 6.13 x 10°/ 40,000 = Rs. 153.25

Cost per M.D. kW dueto royalty =Rs. 1

Total cost per M.D. kW = Rs. 154.25

Total No. of units generated per annum = 40,000 x 0.8 x 8760 = 28 x 10’ kwh
Cost per unit dueto running charges = Rs. 5,20,000/ 28 x 10’ =0.18 p

Royalty cost/unit =1p
O total cost/unit =1.18p
O generation cost = Rs. 154.25 kWh + 1.18 p kWh

= Rs. (154.25 KW + 1.18 x 102 kWh)

Example 50.28. The capital costs of steam and water power stations are Rs. 1,200 and
Rs. 2,100 per kW of the installed capacity. The corresponding running costs are 5 paise and 3.2
paise per kKWh respectively.

The reserve capacity in the case of the steam station is to be 25% and that for the water power
station is to be 33.33% of the installed capacity.

At what load factor would the overall cost per kWh be the samein both cases ? Assume interest
and depreciation charges on the capital to be 9% for the thermal and 7.5% for the hydro-electric
station. What would be the cost of generating 500 million kWh at this load factor ?

Solution. Let x be the maximum demand in kWh and y the load factor.

Total No. of units produced = xy x 8760 kWh

Steam Station

installed capacity = 1.25x (including reserve capacity)
capital cost = Rs. 1200 x 1.25 x = Rs. 1500 x
annual interest and depreciation = 9% of Rs. 1500 x = Rs. 135 x
annual running cost = Rs. 8760 xy % 5/100 = Rs. 438 xy
Total annual cost = Rs. (135X + 438 xy)

O total cost/ unit = Rs. (135x + 438 xy / 8760 xy
Hydro-electric Station

installed capacity = 1.33 x (including reserve capacity)
capital cost = Rs. 1.33 x x 2100 = Rs. 2800 x

annual interest and depreciation = 7.5% of Rs. 2800 x = Rs. 210 x
annual running cost = Rs. 8760xy x 3.2/100 = Rs. 280 xy
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O total annual cost = Rs. (210x + 280 xy)

O total cost/unit = Rs. (210x + 280 xy)/8760 xy

For the two costs to be the same, we have

135x+438xy _ 210x+ 280 xy

8760 xy - 8760 xy '

Cost of 500 x 10° Units

Now, maximum demand

0 X

O generating cost

y =0475or 47.5%

500 x 10° / 8760 x 0.475 = 12 x 10" kW
12 x 10* y = 0.475
Rs. (136 x 12 x 10" + 438 x 12 x 10* x 0.475) = 41,166,000

Example 50.29. In a particular area, both steam and hydro-stations are equally possible. It
has been estimated that capital cost and the running costs of these two types will be as follows:

Capital cost/kwW Running cost/kwWh Interest
Hydro : Rs. 2,200 1 Paise 5%
Seam: Rs. 1,200 5 Paise 5%

If expected average load factor is only 10%, which is economical to operate : steam or hydro?
If the load factor is 50%, would there be any change in the choice ? If so, indicate with cal culation.

(Electric Power-I1 Punjab Univ. 1991)

Solution. Let x be the capacity of power station in KW.
Case|l. Load factor = 10%

Total units generated/annum
(a) Hydro Station

x x 0.1 x 8760 = 876 x kwWh

capital cost = Rs. 2200 x

annual fixed charges = 5% of Rs. 2200 x = Rs. 110 x

annual runningcharges = Rs. 876x x 1/100 = Rs. 8.76 X

total annual charges = Rs. (110 + 8.76)x

total cost/unit = Rs. (110 +8.76) x / 876 x = 135p
(b) Steam Station

capital cost = Rs. 1200 x

annual fixed charges = 5% of Rs. 1200 x = Rs. 60 x

annual runningcharges = Rs. 876 x x 5/100 = Rs. 43.8 x

total annual charges = Rs. (60 + 43.8)x

overal cost/unit = Rs. 103.8x/8.76 x = 11.85p

Obviously, steam station is more economical to operate.
Casell. Load factor = 50%

Total units generated/annum = x x 8760 x 0.5 = 4380 x
(a) Hydro Station

If we proceed as above, wefind that total cost/unit =3.5p
(b) Steam Station

total cost/unit =6.35p
Obvioudly, in this case, hydro-station is more economical.
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Example 50.30. The annual working cost of a thermal station can be represented by a formula
Rs. (a + b kw + ¢ kWh) where a, b and ¢ are constants for a particular station, kW is the total
installed capactiy and kWh the energy produced per annum. Explain the significance of the
constants a, b and ¢ and the factors on which their values depend.
Determine the values of a, b and c for a 60 MW station oper ating with annual |oad factor of 40%
for which :
(i) capital cost of buildings and equipment is Rs. 5 x 10°
(if) theannual cost of fuel, oil, taxation and wages and salaries of operating staff is Rs.90,000
(iii) theinterest and depreciation on buildings and equipment are 10% per annum
(iv) annual cost of organisation and interest on cost of site etc. is Rs. 50,000.

Solution. Here, arepresentsfixed
charge due to the annual cost of the
organisation, interest on the capital in-
vestment on land or site etc.

The constant b represents semi-
fixed cost. The constant b is such that
when multiplied by the maximum kW
demand on the station, it equals the
annual interest and depreciation on the
capital cost of the buildings equipment
and the salary of the charge engineer.

Constant ¢ repesents running cost
and its value is such that when multi-
plied by the annual total kWh output
of the station, it equalsthe annual cost

O_f thefuel, oil, taxgti on, W‘c‘gesa’ld sdar An overview of a thermal power plant near Tokyo, Japan
ries of the operating staff.

(i) Here, a = 50,000

(i) b x max. kW demand = annual interest on the capital cost of the buildings and

equipmentetc, = 0.1 x5 x 10°
0 bx60x 10° = 0.5x10°or b=0.834
(i) annual average power = 0.5x 60 x 10° = 30 x 10° kW

Units produced annually = 30 x 10% x 8,760 = 262.8 x 10° kWh
O cx262.8x10° = 90,000; c¢=0.0034

50.17. Tariffs

The size and cost of installations in agenerating station is determined by the maximum demand
made by the different consumers on the station. Each consumer expects his maximum demand to be
met at any time of the day or night. For example, he may close down his workshop or house for a
month or so but on his return he expectsto be able to switch on hislight, motor and other equipment
without any previous warning to the supply company. Since electric energy, unlike gas or water
cannot be stored, but must be produced as and when required, hence the generating equipment hasto
beheldin ‘readiness’ to meet every consumer's full requirement at all hours of the day.

Thisvirtually amounts to allocating a certain portion of the generating plant and the associated
distribution system to each consumer for hisindividual use. Hence, it isonly fair that a consumer
should pay the fixed charges on that portion of the plant that can be assumed to have been exclusively
alocated to him plus the charges proportional to the units actually used by him.
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Hence, any method of charging or tariff, in the fairness to the supply company, should take into
account the two costs of producing the electric energy (i) fixed or standing cost proportional to the
maximum demand and (ii) running cost proportional to the energy used. Such two-part tariffsarein
common use. Some of the different ways of rate making are described below :

50.18. Flat Rate

Thiswasthe earliest type of tariff though it is not much used these days because, strictly speak-
ing, it is not based on the considerations discussed above. In thissystem, chargeismade at asimple
flat rate per unit. But the lighting loads and power loads are metered separately and charged at
different rates. Sincethe lighting load has a poor load factor i.e. the number of unitssold issmall in
relation to theinstalled capacity of the generating plant, the fixed cost per kWh generated ishigh and
thisistaken into account by making the price per unit comparatively high. But since the power load
is more predictable and has a high load factor, the cost per kWh generated is much lower which
resultsin low rate per unit.

50.19. Sliding Scale

In thistype of tariff, the fixed costs are collected by charging the first block of units at a higher
rate and then reducing the rates, usually in many steps, for unitsin excess of this quantity.

50.20. Two-part Tariff

Thistariff is based on the principleslaid down in Art. 50.16. It consists of two parts (i) afixed
charge proportional to the maximum demand (but independent of the units used) and (ii) a low
running charge proportional to the actual number of units used.

The maximum demand during a specified period, usually aquarter, is measured by a maximum
demand indicator. The maximum demand indicator isusually awatt-hour meter which returnsto zero
automatically at the end of every half hour but isfitted with atell-tale pointer which isleft behind at
the maximum reduing reached during the quarter under consideration.

Thistype of tariff isexpressed by afirst degree equation like Rs. A x kW + B x kWhwhereRs. A
isthe charge per annum per kW of maximum demand and B is the price per KWh.

Sometimes, the customer is penalized for his poor |oad power factor by basing the fixed charges
on kVA instead of per kW of maximum demand.

Example 50.31. Compute the cost of electrical energy and average cost for consuming
375 kWh under ‘block rate tariff’ asunder :

First 50 kWh at 60 paisa per kWh ; next 50 kWh at 50 paisa per kWh; next 50 kwWh at 40 paisa
per kWh; next 50 kWh at 30 paisa per kWh.

Excess over 200 kWh at 25 paisa per kWh. (Utilisation of Elect. Power, AMIE Sec. B)

Solution. Energy charge for the first 50 kWhis=Rs. 0.6 x 50 = Rs. 30

Energy charge for the next 50 kWh at 50 paisa/ kWh = Rs. 0.5 x 50 = Rs. 25

Energy charge for the next 50 kWh at 40 paisa/ kWh = Rs. 0.4 x 50 = Rs. 20

Energy charge for the next 50 kWh at 30 paisa/ kWh = Rs. 0.3 x 50 = Rs. 15

Energy charge for therest (375 - 200) i.e. 175 kWh =Rs. 0.25 x 175 = Rs. 43.75

Total cost of energy for 375 kWh = Rs. (30 + 25 + 20 + 15+ 43.75) = Rs. 133.75

Average cost of electrical energy/kWh = Rs. 133.75/ 375 = 36 paise.

Example50.32. The output of a generating station is 390 x 10° units per annum and installed

capacity is 80,000 kW, If theannual fixed chargesare Rs. 18 per kW of isntalled plant and running
charges are 5 paisa per kWh, what is the cost per unit at the generating station ?

(Eletrical Technology, Bombay Univ.)
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Rs. 18 x 80,000 = Rs. 1.44 x 10°

Solution. Annual fixed charges

Fixed chargeskWh = Rs. 1.44 x 10%390 x 10° = 0.37 paisa
Running chargeskWh = 5paisa
Hence, cost at the generating station is = 5+ 0.37 = 5.37 paisekWh.

Example50.33. A power station has an installed capacity of 20 MW. The capital cost of station
isRs. 800 per kW. Thefixed costs are 30% of the cost of investment. On full-load at 100% | oad factor,
the variable costs of the station per year are 1.5 times the fixed cost. Assume no reserve capacity and
variable cost to be proportional to the energy produced, find the cost of generation per kWh at load
factors of 100% and 20%. Comment on the results. (Ranchi University)

Solution. Capital cost of the station = Rs. 800 x 20,000 = Rs. 16 x 10°
(a) At 100% load factor

Fixed cost = Rs. 16 x 10° x 13/100 = Rs. 2.08 x 10°
Variable cost = Rs.1.5x2.08x 10°=Rs, 3.12 x 10°
Total operating cost per annum = Rs. (2.08 + 3.12) x 10° = Rs. 5.2 x 10°
Total No. of units generated = kW max. demand x LF x 8760 = 20,000 x 1 x 8760
= 175.2 x 10° kWh
Cost of generation per kWh = 5.2 x 10° x 100/175.2 x 10° = 3.25 paise.
(b) At 20% load factor :
Fixed cost = Rs. 2.08 x 10° as before

Total units generated per annum = 20,000 x 0.2 x 8760 = 35.04 x 10° kWh

Since variable cost is proportional = Rs. 3.12 x 10° x 35.04 x 10°/ 175.2 x 10° to kWh
generated, the variable

cost at load of 20% is = Rs. 0.624 x 10°
Total operating cost = Rs. (2.08 +0.624) x 10° = 2.704 x 10°
Cost of generation per kWh = 2.704 x 10° x 100/35.04 x 10° = 7.7 paise

It is obvious from the above calculations that as the station load factor is reduced, the cost of
electric generation isincreased.

Example 50.34. The annual output of a generating sub-station is 525.6 x 10° kwh and the
average load factor is 60%. If annual fixed charges are Rs. 20 per kW installed plant and the annual
running charges are 1 paisa per kwh, what would be the cost per kWh at the bus bars ?

Solution. Average power supplied per annum = 525.6 x 10°/ 8760 = 60,000 kW

average power _ 60,000

Max. demand = Tloadfator - 06 - 100,000 kW*
Annual fixed charges = Rs. 20 x 100,000 = Rs. 2 x 10°

2x10° _ 2x100
Fixed charges/ kWh = 5056x10° 5256 - 0.38 paisa

Annual running charges per kWh = 1 paisa. Hence, cost per kWh at the bus-bars = 1.38 paisa.

* |t has been assumed that the installed capacity is equal to the maximum demand of 100,000 kW.
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Example50.35. A certain factory working 24 hoursa day is charged at Rs. 10 per kVA of max.
demand plus 5 paisa per kV ARh. The metersrecord for a month of 30 days; 135,200 kWh, 180,020
kV ARh and maximum demand 310 kW. Calculate

(i) M.D. charges, (ii) monthly bill, (iii) load factor, (iv) average power factor.

(Electric Engineering-11, Bangalore Univ.)
Solution. Average deamnd = 135,200/24 x 30 = 188 kW
Average reactive power 180,020/24 x 30 = 250 kVAR

Now, tang = KVAR/KW =250/88; ¢=53°; cosp=0.6;
M.D.kVA = 310/0.6 =517
(i) M.D.charge = Rs. 10 x 517 = Rs. 5170
(if) reactiveenergy charges = Rs. 5 x 180,020/100 = Rs. 9001
O monthly bill = Rs. 14,171

(iif) monthly load factor = 188/310 = 0.606 or 60.6% (iVv) average p.f. = 0.6
Example 50.36. The cost data of a power supply company is as follows :

Sation maximum demand = 50 MW ; station load factor = 60% ; Reserve capacity = 20% ;
capital cost = Rs. 2,000 per kW, interest and depreciation = 12% ; salaries (annual) = Rs. 5 x 10>
fuel cost (annual) = Rs. 5 x 10° ; maintenance and repairs (annual) Rs. 2 x 10° ; losses in
distribution = 8% ; load diversity factor = 1.7.

Calculate the average cost per unit and the two-part tariff, assuming 80 per cent of salaries and

repair and maintenace cost to be fixed. (Electrical Power-I, Bombay Univ.)
Solution.  Station capacity = 50 + 20% of 50 = 60 MW
Average power = 60 x 0.6 = 36 MW = 36 x 10° kW

Rs. 60 x 10° x 2000 = Rs. 12 x 10’
Rs. 0.12 x 12 x 10’ = Rs. 14.4 x 10°

Capital investment
Interest + depreciation
Total cost both fixed and running

=Rs. 14.4 x 10° + Rs. 5 x 10° + Rs. 5 x 10° + Rs. 2 x 10° = Rs. 201 x 10°
No. of units generated annually = 8760 x 36 x 10°

5

0 overal cost/unit 201;103 = 6.37 paise

8760 % 36 x10
Fixed charges
Annual interest and depreciation = Rs. 14.4 x 10°
80% of salaries = Rs.0.8x5x10°=Rs. 4 x 10°
80% of repair and maintenancecost = Rs. 0.8 x 2 x 10° = Rs. 1.6 x 10°
Total fixed charges = Rs. 149.6 x 10°

Aggregate maximum demand of all consumers
= Max. demand on generating station x diversity factor
= 60 x 10° x 1.7 = 10° x 10° kW
0 annual cost/kW of maximum demand = Rs. 149.6 x 10°/10% x 10° = Rs. 149.6
Running Charges
Cost of fuel

20% of maintenance
Total

Rs. 50 x 10° : 20% of salaries=Rs. 1 x 10°
0.4x10°:
Rs. 51.4 x 10°
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Considering distribution loss of 8%, cost per unit delivered to the consumer is
= Rs. 51.4 x 105/0.92 x 8760 x 36 x 10° = 1.77 paise

Hence, two-part tariff is: Rs. 149.6 per kW max. demand plus 1.77 paisa per kWh consumed.

Example50.37. A certain electric supply undertaking having a maximum demand of 110 MW
generates 400 x 10° KWh per year. The supply undertaking supplies power to consumers having an
aggregate demand of 170 MW. The annual expenses including capital chargesare:

Fue = Rs.5x10°

Fixed expenses connected with generation = Rs. 7 x 10°

Transmission and distribution expenses = Rs. 8 x 10°

Determine a two-part tariff for the consumers on the basis of actual cost.

Assume 90% of the fuel cost asvariable chargesand transmission and distrbution losses as 15%
of energy generated. (Electrical Power-lI. Bombay Univ.)

Solution. Total fixed charges per annum are as under :

Fixed chargesfor generation = Rs. 7 x 10°

Transmission and distribution expenses= Rs. 8 x 10°

10% of annual fuel cost = Rs. 05 x 10° Total =Rs. 155 x 10°

This cost has to be spread over the aggregate maximum demand of all consumersi.e. 170 MW.

0 cost per KW of maximum deamnd = Rs. 15.5 x 10°/ 170 x 10° = Rs. 91.2

Running charges = 90% of fuel cost = Rs. 4.5 x 10°
These charges have to be spread over the number of kWh acutally delivered.
No. of units delivered 85% of No. of units generated

0.85 x 400 x 10° = 340 x 10°

0 running cost / kWh Rs. 4.5 x 10340 x 10° = 1.32 paise

Hence, the two-part tariff for the consumer would be Rs. 91.2 per kW of maximum demand and
1.32 paisa per kWh consumed.

Example50.38. A customer is offered power at Rs. 80 per annum per kVA of maximum demand
plus 8 paisa per unit metered. He proposes to install a motor to carry his estimated maximum
demand of 300 b.h.p. (223.8 kW). The motor available has a power factor of 0.85 at full-load. How
many units will he require at 20% load factor and what willl be his annual bill ?

(Electric Power I Punjab Univ. 1992)

Solution. Assuming amotor efficiency of 90%, the full-load power intake of motor = 223.8/0.9
= 746/3 KW. This represents the max. demand.

Now, load factor - average
max.demand
0 average power = max. demand x load factor = (746/3) x 0.2 = 149.2/3 kW
0 annua consumption = 149.2 x 8,760/3 = 435,700 kWh
Max. kVA of demand = 300 x 746/0.9 x 0.85 x 1000 = 292.5

O cost per kVA of maximum demand = 292.5 x 80 = Rs. 23,400

Cost of units consumed/annum = 435,700 x 8/100 = Rs. 34,856

0 annud hill = Rs. 23,400 + Rs. 34,856 = Rs. 58,256

Example 50.39. How two-part tariff is modified for penalising low p.f. consumers ?

Anindustry consumes 4 million kWh/year with a maximum demand of 1000 kW at 0.8 p.f. What isits
load factor ?
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(a) Calculate the annual energy chargesif tariff in force is as under :
Max. demand charge = Rs. 5 per kVA per month. Energy charges = Rs. 0.35 per kWh
(b) Alsocalculatereductioninthishbill if the maximumdemand isreduced to 900 kW at 0.9 p.f.
lagging. (Electrotechnics, Gujarat Univ.)
Solution. Load factor = 4 x 10%/1000 x 8760 = 0.4566 or 45.66%
(a Max. kVA demand = 1000/0.8 = 1250
Annual M.D. charge/lkVA = 5x 12 =Rs. 60
M.D. chargefor 1250 kVA= Rs. 60 x 1250 = Rs. 75 x 10°
Annual energy charge = Rs. 4 x 10° x 0.35 = Rs. 1400 x 10°
Annual energy bill = Rs. 1475 x 10°
(b) Sinceload factor remains the same, annual average power = 900 x 0.4566 kW
Unitsconsumed annually = 8760 x 900 x 0.4566 = 3.6 x 10°
Max. kVA demand = 900/0.9 = 1000, M.D. charge for 1000 kVA = Rs. 60 x 1000 = Rs. 60 x 10°
Energy charge = Rs. 3.6 x 10° x 0.35 = Rs, 1260 x 10% Annual bill = Rs.1,320 x 10°
Annual saving = Rs. (1475 - 1320) x 10° = Rs. 155 x 10°
Example 50.40. A supply is offered on the basis of fixed charges of Rs. 30 per annum plus
3 paise per unit or alternatively, at the rate of 6 paisa per unit for the first 400 units per annum and

5 paise per unit for all the additional units. Find the number of units taken per annum for which the
cost under these two tariffs becomes the same. (Electrical Technology-I, Bombay Univ.)

Solution. Let x kwWh be the annual consumption of the consumer for which the two tariffs are
equally advantageous.

Cost according to the first tariff = Rs. 30 + 3x / 100
Charges according to the aternative tariff are

= Rs. 6 x 400/100 + Rs. (x — 400) x 5/100 = Rs. [24 + (x — 400)/20]
Since charges in both cases are to be equal

3 _ (x = 400)
a 30+100 = 24+2—0
or X = 1300 kWh.

Example. 50.41. If power ischarged for at the rate of Rs. 75 per kVA of maximum demand and
4 paisa per unit, what isthe cost per unit at 25% yearly load factor (a) for unity power factor demand
and (b) for 0.7 power factor demand.

Solution. (a) At 25% load factor and unity power factor

75%100

8760x 0.25
Energy charge per unit = 4 paisa; Cost per unit = 4 + 3.43 = 7.43 paise
(b) At 25% load factor and 0.7 power factor

75%100
0.7 x 0.25 x 8760
Energy charge per unit = 4 paise ; Cost per unit=4 + 4.9 =8.9 paise

Exmaple50.42. Explain different methods of tariff. A tariff in forceis Rs. 50 per kVA of max.
demand per year plus 10 p per kWh. A consumer has a max. demand of 10 kW with a load factor of
60% and p.f. 0.8 lag.

Maximum demand charge per unit = =3.43 paise

Maximum demand charge per unit = =4.9 paise
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(i) Calculate saving in his annual bill if he improves p.f. to 0.9 lag.
(if) Show the effect of improving load factor to 80% with the same max. demand and p.f. 0.8 1ag
on the total cost per kWh. (Electrical Engineering-l11, Poona Univ.)
Solution. (i) Max. kVA demand at 0.8 p.f. = 10/0.8 = 12.5
M.D. charges = Rs. 50 % 12.5 = Rs. 625
Max. kVA demand at 0.9 p.f. = 10/0.9; M.D. charge = Rs. 50 x 10/0.9 = Rs. 555.55
Since energy consumed remains constant, saving is due only to reduction in M.D. charges.
0 saving = Rs. (625 - 555.55) = Rs. 69.45

(if) With 60% load factor, average power = 10 x 0.6 = 6 kW. The number of units consumed
annually = 6 x 8760 = 52,560 kWh. Also, annual M.D. charge = Rs. 50 x 12.5 = Rs. 625

M.D. charge/unitconsumed = 625 x 100/52,560 = 1.19 paise

Total cost per unit = 10+ 1.19= 1119 paise

With alaod p.f. of 80% average power = 10 x 0.8 = 8 kW

Number of units consumed annually = 8 x 8,760 = 70,080 kwWh. The M.D. charge as before =
Rs. 625.

O M.D. charge/unit consumed = 625 x 100/70,080 = 0.89 paise

O total cost/unit consumed = 10+ 0.89 = 10.89 paise

Obviousdly, with improvement in load factor, total cost per unit is reduced.

Example50.43. A consumer hasa maximumdemand (M.D.) of 20 kW at 0.8 p.f. lagging and an

annual load factor of 60%. There are two alternative tariffs (i) Rs. 200 per kVA of M.D. plus 3p per
kWh consumed and (ii) Rs. 50 per kVA of M.D. plus 7p per kWh consumed. Deter mine which of the

tariffswill be economical for him. (Electrical Engineering, Banaras Hindu Univ.)
Solution. An M.D. of 20 kW at 0.8 p.f. = 20/0.8 = 25 kVA
Average power = M.D. x load factor = 20 x 0.6 = 12 kW
Energy consumed/year = 12 x 8760 = 105120 kWh
(@) M.D.charge = Rs. (200 x 25) = Rs. 5000
Energy charge Rs. 3 x 105, 120/100 = Rs. 3153.60

Rs. 5000 + Rs. 3153.60 = Rs. 8153.60
Rs. (50 x 25) = Rs, 1250

Annual charges
(b) M.D. charge

Energy charge = Rs. % =Rs. 7358.40
Annual charge = Rs. 1250 + Rs. 7358.40 = Rs. 8608.40

Obvioudly, tariff (a) iseconomical.

Example 50.44. Determine the load factor at which the cost of supplying a unit of electricity
froma Diesel station and from a steam station is the same if the respective annual fixed and running
charges are as follows.

Sation Fixed charges Running charges
Diesdl Rs. 300 per kw 25 paise/kWh
Seam Rs. 1200 per kW 6.25 paise/kWh

(Electrical Power-1, Gujarat Univ.)
Solution. (i) Diesel Station
Suppose that the energy supplied in one year isone unit i.e. one kWh.
0 annua average power = 1 kwh/8760 h = 1/8760 kW
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annual average power
annual max. demand

Now, annual load factor (L) =

_ averagepower _ 1 v
O fixed charge = Rs. 300 x 1/8760 L = 30,000/ 8760 L paise
Running charge = 1x25=25paise

Hence, fixed and running charges per kWh supplied by Diesel station = BSé%OE@paise

(if) Steam Station
In the sameway, fixed charge = Rs. 1200/8760 L = 120,000/8760 L paise
Running charge = 6.25 paise

O fixed plus running charges for supplying one kWh of energy are

= (120,000/8760 L) + 6.25 paise.

Since the two charges have to be the same
120,000 30,000
8760L T °% T gr60L

Example50.45. Afactory hasa maximumload of 300 kW at 0.72 p.f. with an annual consump-
tion of 40,000 units, thetariff is Rs. 4.50 per kVA of maximum demand plus 2 paisa/unit. Find out the
average price per unit. What will be the annual saving if the power factor be improved to units ?

(Electrical Technology-I, Bombay Univ.)

Sulation. kVA load at 0.72 p.f. = 300/0.72 = 1250/3

0 max. kVA demand charge = Rs. 4.5 x 1250/3 = Rs. 1875

0 M.D. charge per unit Rs. 1875/ 40,000 = 4.69 paise

0 total charge per unit 2 +4.69 = 6.69 paise

Max. kVA demand at unity p.f. = 300

M.D. charge per unit Rs. 300 x 4.5 = Rs. 1350
Annual saving Rs. 1875 — Rs. 1350 = Rs. 525.

Example50.46. Thereisa choice of two lamps, one costs Rs. 1.2 and takes 100 W and the other
costs Rs. 5.0 and takes 30 W ; each gives the same candle power and has the same useful life of 2000
hours. Which will prove more economical with electrical energy at Rs. 60 per annum per kKW of
maximum demand plus 3 paise per unit ? At what load factor would they be equally advantageous?

Solution. (i) First Lamp

Initial cost of the first lamp per hour = Rs. 120/1000 = 0.12 paisa

Max. demand / hr. 100/1000 = 0.1 kW

Max. demand charge/hr. (60 x 100) % 0.1/8760 = 0.069 paisa

Energy charge/hr. 3x0.1=03pasa

O Total cost/hr. 0.12 + 0.069 + 0.3 = 0.489 paisa

(if) Second Lamp

Initial cost/hr. = 500/21000 = 0.5 paisa; Max. demand /hr ; = 30/1000 = 0.03 kW

Max. demand charge/hr. = (60 x 100) x 0.03/ 8760 = 0.02 paisa

Energy charge/hr. = 3 x 0.03 = 0.09 paisa total cost/hr. = 0.5 + 0.02 + 0.09 = 0.61 paisa
Hence, the first lamp would be more economical.

O +25; L =0.550r 55%.
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It would be seen that the only charge which will vary with load factor isthe max. demand charge.
Moreover the maximum demand charge variesinversely astheload factor. Let x be theload factor at
which both lamps are equally advantageous. Then

012+ 0-()’(69 +03 = 005+ 0-_)?2 +009 O x=029

Hence, both lamps would be equally advantageous at 29% load factor.

Example 50.47. The following data refers to a public undertaking which supplies electric
energy to its consumers at a fixed tariff of 11.37 paise per unit.

Total installed capacity = 344 MVA ; Total capital investment = Rs. 22.4 crores;
Annual recurring expenses = Rs. 9.4 crores ; Interest charge = 6% ; depreciation charge = 5%

Estimate the annual |oad factor at which the system should operate so that there is neither profit
nor lossto the undertaking. Assume distribution losses at 7.84% and the average systemp.f. at 0.86.

(Electrical Power-I, Bombay Univ.)

Soluti Yearly load f L) = No. of kWh suppliedin a year
ution. Yearly load factor (L) = Max. No. of kWh which can be supplied *

kWh supplied/year
Max. output in kW x 8760
Max. output in kW x 8760 x L
(344,000 x 0.86) x 8760 x L = L x 25.92 x 10°
Considering distribution losses of 7.84%, the units actually supplied
= 92.16 per cent of (L x 25.92 x 10%) = L x 23.89 x 10°
Amount collected @ of 11.37 paise/ kWh = Rs. L x 23.89 x 10° x 11.37/ 100
If thereisto be no profit or gain, then thisamount must just equal the fixed and running charges.
Annual interest and depreciation on capital investment
= 11% of Rs. 22.4 x 10" = Rs. 2.46 x 10’
Total annual expenses = Rs. 2.46 x 10’ + Rs. 9.4 x 10’ = Rs. 11.86 x 10’
0 L x2389x10°x11.37/100=11.86 x 10 ; L = 0.437 or 4.37%
Example50.48. AnareahasaM.D. of 250 MW and aload factor of 45%. Calculate the overall

cost per unit generated by (i) steam power station with 30 per cent reserve generating capacity and
(i) nuclear station with no reserve capacity.

Steam station : Capital cost per kW = Rs. 1000 ; interest and depreciation on capital costs =
15% ; operating cost per unit = 5 paise.

Nucelar station : capital cost per KW = Rs. 2000 ; interest and depreciation on capital cost =
12% ; operating cost per unit = 2 paise.

For which load factor will the overall cost in the two cases become equal ?

(Electrical Power-I, Bombay Univ.)

O kWh supplied/year

Solution. (i) Steam Station

Taking into consideration the reserve generating capacity, the installed capacity of the steam
station 250 + (30% of 250) = 325 MW = 325 x 10° kW
average power (annual) M.D. x load factor = 325 x 10% x 0.45 = 146,250 kW

0  No. of unitsproduced/year = 8760 x 146,250 = 128 x 10’

*  Inthis case max. demand has been taken as equal to the installed capacity.
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Capital investment = Rs. 325 x 10° x 1000 = Rs. 325 x 10°
Annual interest and depreciation = Rs. 325 x 10° x 0.15 = Rs. 48.75 x 10°
These fixed charges have to be spread over the total number of units produced by the station.
[ fixed charges/ unit = Rs.48.75x 10°/ 128 x 10’ = 3.8 paise
0 overal cost per unit generated = 3.8 + 5=8.8 paise
(if) Nuclear Station

Since thereis no reserve capacity, installed capacity of the station equals the maximum demand
of 250 MW = 25 x 10" kW.
Average power 0.45 x 25 x 10" = 112,500 kW
Units produced annually 8760 x 112,500 = 98.3 x 10’
Capital investment Rs. 2000 x 250 x 10° = Rs. 5 x 10°

Annual interest and depreciation = Rs. 0.12 x 5 x 10 = Rs. 6 x 10’

O fixed charges/ unit = Rs.6x10"/98.3 x 10" = 6.1 paise
Overadll cost per unit generated = 6.1 + 2.2 = 8.3 paise
Load Factor
Suppose L isthe load factor at which the overall cost per unit generated isthe same.
8
Cost / unit for steam station ES 48. 7‘:’ x10 5@ (1 712 5) paise.
25x10° x 8760 L

Similarly, overall cost/unit for nuclear stationis
0 ’ O
— 6><103 x100 +2 (—274+2)pase
ﬁzso x10° x8760 L ﬁ L
Equating the two, we get [(1.712/L) + 5] =[2.74/L)+2] O L =0340r 34%

Example 50.49. The maximum demand of a customer is 25 amperes at 220 volt and his total
energy consumption is 9750 kWh. If the energy is charged at the rate of 20 paise per kwh for 500
hours' use of the maximum demand plus 5 paise power unit for all additional units, estimate his
annual bill and the equivalent flat rate.

Solution. Charge at the max. demand rate.

Max. demand = 25 x 220/1,000 = 5.5 kW
Units consumed at maximum demand rate = 5.5 x 500 = 2,750 kWh
Max. demand charge = 2,750 x 20/100 = Rs. 550

Energy Charge
Unitsto be charged at lower rate = 9,750 — 2,750 = 7,000

Charge = 2923 _ g 350
arge = ——05 =Rs
0 annual bill = Rs. 550 + 350 = Rs. 900

Equivalent flat rate

900 x 100/9,750 = 9.2 paise

Example 50.50. A workshop having a number of induction motors has a maximum demand of
750 KW with a power factor of 0.75 and aload factor of 35%. If thetariff isRs. 75 per annum per kVA
of maximum demand plus 3 paise per unit, estimate what expenditure would it pay to incur to raise
the power factor of 0.9.
Solution. Max. kVA demand at 0.75 p.f. = 750/0.75 = 1000
M.D. charge=75x% 1000 = Rs. 75,000 ; Max. kVA demand at 0.9 p.f. = 750/0.9
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M.D. charge = (7,500/9) x 75 = Rs. 62,500
Difference in one year = 75,000 — 62,500 = Rs. 12,500
If the annual interest on money borrowed for purchasing the p.f. improvement plant is assumed
10%, then an expenditure of Rs. 125,000 isjustified.

Example 50.51. The owner of a new factory is comparing a private oil-engine generating
station with public supply. Calculate the average price per unit his supply would cost himin each
case, using the following data :

Max. demand, 600 kWV; load factor, 30% ; supply tariff, Rs. 70 per kW of maximum demand plus
3 paise per unit; capital cost of plant required for public supply, Rs. 10 capital cost of plant
required for private generating station, Rs. 4 x 10° ; cost of fuel, Rs. 80 per tonne ; consumption of
fuel oil; 0.3 kg per unit generated. Other work costs for private plant are as follows : [ubricating oil,
stores and water = 0.35 paise per unit generated ; wages 1.1 paise ; repairs and maintenance
0.3 paise per unit.

Solution. Public Supply Charges

Running charge/unit = 3.0 paise ; Average power consumption = 600 x 0.3 = 180 kW

Annual energy consumption = 180 x 8,760 kWh

Fixed annual charges = Rs. 70 x 600 = Rs. 42,000

L et usassume acapital chargerate of 10%. Hence, further annual amount to be charged from the
customer is 0.1 x 10° = Rs. 10,000

O total fixed chargesannum = Rs. 42,000 + Rs. 10,000 = Rs. 52,000
52,000 %100

180 x 8760
O fixed plus running charges per unit generated = 3.0 + 3.3 = 6.3 paise.
Private Supply Charges
Annual capital charges

O fixed charge per unit generated = = 3.3 paise

Rs. 4 x 10° x 0.1=Rs. 40,000

No. of units generated annually= 180 x 8,760 kWh

. . _ 4,000 x100 _ .
O fixed charges per unit generated = 180 x8760 2.54 paise
Cost of ail per unit generated = %&;03 =2.4 paise

Running charges per unit generated are:

Lubricating oil, stores, water 0.35 paise; Wages= 1.1 paise

Repairs and maintenance = 0.3 paisg Total =0.35+ 1.1+ 0.3=1.75 paise
Total running charges 24+ 1.75=4.15paise

Fixed plus running charges per unit generated = 2.54 + 4.15 = 6.69 paise

Example 50.52. Calculate the minimum two-part tariff to be charged to the consumers of a
supply undertaking from the following data :

Generating cost per kWh; 3.6 paise ; Generating cost per KW of maximum demand, Rs. 50
Total energy generated per year ; 4,380 x 10" kWh

Load factor at the generating station, 50%

Annual charges for distribution Rs. 125,000

Diversity factor for the distribution network, 1.25

Total loss between station and consumer, 10%.
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4,380 x 10%/8760 = 5,000 kW

Solution.  Average generating power

O maximum load on generator = 5,000/load factor = 5,000 / 0.5 = 10,000 kW
O annual fixed charges = Rs. 10,000 x 50 = Rs. 500,000
Fixed charges = Rs. 125,000 Total fixed charges = Rs. 625,000

Since diversity factor is known, consumer’s max. demand = 10,000 x 1.25 = 12,500 kW
Hence, Rs. 625,000 have to be equally distributed over the 12,500 kW maximum demand.
O cost per kW max, demand = 625,000/12,500 = Rs. 50

O monthly kW maximum chargesis = Rs.50/12 = Rs. 4.17

Sincelosses are 10%, consumer gets 0.9 kWh for every kWh generated at the station. Hence cost
per kWh to the consumer is 3.6/0.9 = 4 paise.

Therefore, minimum charges are Rs. 4.17 per KW of max. demand per month and 4 paise per
kWh consumed.

Example50.53. Two systems of tariffsare availablefor a factory working 8 hoursa day for 300
working daysin a year.

(a) High-voltage supply at 5 paise per unit plus Rs. 4.50 per month per kVA of maximum

demand.

(b) Low-voltage supply at Rs. 5 per month per kVA of maximum demand plus 5.5 paise per unit.

The factory has an average load of 200 kW at 0.8 power factor and a maximum demand of
250 kW at the same p.f.

The high-voltage equipment costs Rs. 50 per kVA and losses can be taken as4 per cent. Interest
and depreciation charges are 12 per cent. Calculate the difference in the annual cost between the
two systems.

Solution. Firgt, let usfind the annual cost according to rate (a).

(a) Capacity of h.v. switchgear = (250/0.8) x (100/96) kVA
Annual interest on capital investment and depreciation
2 1
= (oig x %) x50 x 0.12 = Rs. 1953

Annual charge dueto kVA max. demand is
250,100
05 96
Annual charge due to kwWh consumption

x 12 x45=Rs. 17,580

= 200x 100, 5 x(8x300)=Rs. 25,000
96 100

O total charges = Rs. (1953 + 17,580 + 25,000) = Rs. 44,533
(b) Thetotal annual cost dueto rate (b) would be as under.
Annual charge dueto kVA max. demandis = 250 x 5 x 12/0.8 = Rs. 18,750

Annual charge due to kWh consumptionis = 200 x % % 2,400 = Rs. 26,400
O total charges = Rs. 18,750 + Rs. 26,400 = Rs. 45,150

Hence, high-voltage supply is cheaper by 45,150 — 44,533 = Rs. 617.
Example 50.54. Estimate what the consumption must bein order to justify the following maxi-
mum demand tariff in preference to the flat rate if the maximum demand is 6 KW.

On Maximum Demand Tariff. A max. demand rate of 37 paise per unit for thefirst 200 hr. at the
maximum demand rate plus 3 paisa for all unitsin excess.

Flat-rate tariff, 20 paise per unit.
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Solution. Let
On Max. Demand Tariff
Units consumed at max. demand rate

1983

x = thenumber of unitsto be consumed (within aspecific period)

6 x 200 = 1200 kWh

Unitsin excess of the max. demand units = (x — 1200)
Cost of max. demand units = 1200 x 37 = 44,400 paise
Cost of excess units = 3(x —1200) = (3 x — 3600) paise
00 total cost on thistariff = 44,400 + 3 x — 3600 = 3 x + 40,800 paise

Flat-rate Tariff
Total cost of unitson thisrate = 20 x paise
O 20x = 3x+40,800

or 17x = 40,800 O x=2400units

Tutorial Problem No. 50.1

1. A plant costing Rs. 650,000 has a useful life of 15 years. Find the amount which should be saved
annually to replace the equipment at the end of that time.
(i) by the straight line method and (ii) by the sinking fund method if the annual rate of compound
interest is 15%.
Assume that the salvage value of equipment is Rs. 5000.
[(i)) Rs. 4,000 (ii) Rs. 1,261] (Elect. Generation, Punjab Univ.)
2. Aplant costsRs. 7.56 x 10° and it is estimated that after 25 years, it will haveto bereplaced by anew
one. At that instant, its salavage value will be Rs. 1.56 x 10°. Calculate.
(i) theannual deposit to be made in order to replace the plant after 25 years and
(i) value of the plant after 10 years on the ‘reducing balance depreciation method’ .
[(i) 0.0612 (i) Rs. 4.02 x 10°] (Util. of Elect. Power, AMIE Sec. B,)
3. Fromthefollowing data, estimated the generating cost per unit delivered at the station.
Capacity of the generating plant = 10 MW; annual load factor = 0.4 ; capital cost = Rs. 5 million;
annual cost of fuel, oil, wages, taxes and salaries = Rs. 2 x 10° Rate of interest = 5%; rate of
depreciation = 5% of initia value. [2 paisa’lkWh]
4. From the following data, find the cost of generation per unit delivered from the station.
Capacity of the plant installed = 100 MW; annual |oad factor = 35% ; capital cost of power plant =
Rs. 1.25 crores ; Annual cost of fuel, oil, salariesand taxation = Rs. 0.15 crore; Interest and deprecia-
tion on capital = 12%.
If the annual load factor of the station is raised to 40%, find the percentage saving in cost per unit.
[1 paisa’kWh ; 12.2%]
5. Thecapital costsof steam and water power station are Rs. 1200 and Rs. 2100 per kW of theinstalled
capacity. The corresponding running costs are 5 paise and 3.2 paise per kWh respectively.
Thereserve-capacity in the case of the steam station isto be 25% and that for the water power station
isto be 33.33% of theinstalled capacity.
At what load factor will the overall cost per kWh be the same in both cases ? Assume interest and
depreciation charges on the capital to be 9% for the thermal and 7.5% for the hydroelectric station.
What would be cost of generating 5