Synchronous Machine Models




Flux and Current Equations on the d axis
(From Model - with k; = /%)

wd = Ldid + Mdfzf + Mdhih
vp=MaptatLygtptbpnth

¢h — Mdhid—l- thif +thih
dwf |
W-FR]NL]C = ?Jf
dyy,

W-FRhih:O



Laplace Transform of Flux and Current
Equations on the d axis

Wa(s) = Lgl,(s) + Mdflf(s) + M 3,17, (5)
\Iff(s) — Mdf]d(s) + Lff]f(s) + thlh(s)
Wy (s) = Mgpli(s)+ thlf(s) + Ly Iy (s)

sU p(s) + Ryl p(s) = V(s)
sV (s)+ Rylp(s) =0



d - axis Flux-Current Transfer Function
Eliminating U ¢(s), Uy, (s), L ¢(s), I(5),

4(s) = La(s)Ig(s) + G'(s)V¢(s)
(14 Bprs + AN32
(14+Bps + AD32
Mdf (1+Ags)

R (1+Aps+ Bps?)

Ld<8> — Ld >>

G'(s)
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Equating with Transfer Function Obtained
from Measurement, with v F=0

Wy(s) . (14 sT))(1+ sT7)
Iy(s) Y1+ sTh )1+ 8T )

Gives us L4 and the following relationships:

T,+T7] = By
T = Ay
TC’ZO+T” = Bp

O



Equating with Transfer Function Obtained
from Measurement, with /; = 0

Uy(s) Mg (14T
Vi(s) B R (1+ STc/lo)(l + STc,l/o)

Gives us R—‘;f and the following relationship:

/!
TdC == AG



Model Parameters on d-axis(Eight):

Loy Map, Map, Lg g, L g Lppy £255 By

Parameters from One Measurement (Five):

I ol -

b Loy L Lo e
Note: One cannot get a unique solution for the
model parameters with just one transfer func-

tion measurement. . .
Stator resistance also required; can be obtained

from a separate measurement.



Flux and Current Equations on the  axis
(From Model - with &, = \/g)

g = Lqiq + Mqgig + Mg,
g = Mqgiq + Lggig + Ly,

= Mygiq+ Lopig + Ligig

dibg |
W -+ Rglg = ?Jg
d

dt



Laplace Transform of Flux and Current
Equations on the q axis

Vq(s) = Lqlg(s) + Mqglg(s) + Mp1}(s)

Wg(s) = Mgglg(s) + Lgglg(s) + LgpIp(s)

Up(s) = Myplq(s) + Loplg(s) + Lypdp(s)
SUg(s) + Ryly(s) = Vyls)

sU1.(s) + Rpdp.(s) =0



q - axis Flux-Current Transfer Function
Eliminating W ,(s), Vi (s), I4(s), I1(s),

Wq(s) = Lg(s)Ig(s)
(14 Bpgs + Angs®)

Lqg(s) =1L
! 1+ Bpgs + Apgs®)
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Equating with Transfer Function Obtained
from Measurement

Uy(s) (14 sTg)(L+sTy)
Iy(s) (14 sTh,)(1+ sTih)
Gives us L4 and the following relationships:
/ /!
Tq + Tq = BNq
!l
T, 15 = Ang
T,o+ Ty = Bpyg
TéoTég = Apq




Model Parameters on g-axis(Eight):

Lq, Mqg, Mgk, Lgg, L gk Lk, fgs 12,
Parameters from only One Measurement made

on the g-axis (Five):

/ Il £/
Lq, T}, Ty T,

/!
qo- L qo



Possibilities

1. Use a state space model which requires fewer parameters - BUT
states cannot be easily related to the original states (stator and
rotor fluxes). Model A

2. Use a state space which requires fewer parameters, making some
assumptions, so that the state space model is in terms of states
that can be related to the original states easily. The parameters
of this model need to be back-calculated from the standard pa-
rameters.(Model I)

3. Use a state space which requires fewer parameters, making some
assumptions, so that the state space model is in terms of states
that can be related to the original states easily. Additionally the
parameters in the state space model directly use the “standard
parameters” without need for back-calculations. (Model II)



Model A

A state space model which requires fewer parameters - BUT states
cannot be easily related to the original states (stator and rotor fluxes).



q axis Model - Transfer Function

Uy (s) (1+ sTé)(l + STé’)

Io(s) (1 + T/ )1+ sT7)



q axis Model - Alternative Expression of
Transfer Function

/
fs) 1 (1 1 s1g
Vo) Lg \ I, Lg)(1+s1))

/!
1 1 s
N q

Ly Ly | (1+sTy)



q axis - Standard Parameters from Measure-
ment

/ I A/
Lq, Ty, Ty T,

/!
qor L qo

OR

/ Il A/
Lg, Ly, Ly, T

/!
go- 1 qo

OR
/ " 1/ /!
Lq’Tq, Tq ’Lq7 Lq

NOTE: Stator Resistance can also be obtained
by measurement



q axis Model - Inter-relationships between
Standard Parameters

/ ' B N
qu+qu— Py Tq+(1 T +L//)Tq
q q q
Lq

R | R )
TQOTC]O o TQTQ !
q



q-axis Model A

dpe 1
— = F(—lba +1q)
q
dpg 1
— = T—é,(—lb[( + q)
1. (LZI - Lg> (Lq — LQI)LZJ/
Lq q Lq
dwq

Y and 1 are linearly related to ¢4 and vy






d axis Model - Transfer Function

/ /!
(1 +3Td)(1+sTd)

Vals) = ba ST! (Ut T jlale)
(14 sT") M
+ e A Vi(s)

/ '\ R
(1+ STdO)(l + STdO) f



d axis Model - Alternative Expression of
Transfer Function v f= 0

/
Iy(s) 1 N 11 sl
a(s) Ly Lél L <1+5Tc/i)
"
1 1 sT
. - d




d axis - Standard Parameters from Measure-
ment

/ /! / /!
Lap Lap Lot Litor Lot
OR

/ /] / /!
Ly Lp Lop L L s

OR
L, TC/Z, TC’Z’ | LZZ, in’

NOTE: Stator Resistance can also be obtained
by measurement



d axis Model - Inter-relationships between
Standard Parameters
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d-axis Model A
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Expressions for 5; and (5
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Model 1

A state space model using some assumptions, so that the state space
model is in terms of states that can be related to the original states easily.
The parameters of this model need to be back-calculated from the
standard parameters.



Original Equations in the d-axis
Vg = Latq + Mgpip + Mgpip,
wf = Mdfid + Lffzf + thih
Y = Mapiqg + Lepts + Lppty,

A s

W + szf — ?)f
dyy, .

—+ R =0
7 + Liplp

dig .
—n = —wYg — Ratg — vy



Alternative d-axis variables

Define New Variables (similar to referring vari-

ables on to one side of a transformer)

wf = pray

Yy = VR
;i
f_af
/ 'h



Equations in New Variables
Ya = Laiq + Mggi's + M,
wf Mdfzd + Lff 'f 'fhi/

W o y
—+ Ry = vy
dy,
L ity = 0
dpg



Equations in New Variables

MC/Zf — andf’ Mc/ih — Oéthh
Lfff:a?fof, L/fh:ahoszfh
R}:Q?Rf, U}:Ozfvf

/ 2 / 2
Rh — Oéth th = Oéthh



Simplifications to Reduce Number of Pa-
rameters

1. Choose ay, so that M), = Mc/lf

2. If o f 1S the actual turns ratio between stator
and field winding, then Mc/l =L — L;, L
1s a leakage inductance.

3. Assume Mc/lf — L,fh



Back-calculation of Required Parameters

NOTE: Form of the transfer functions 1s un-

changed:
U (s) = Ly(s)L(s) + G’ (s)v}(s)
2
L(s) Ld(l + Bprs + ANSQ)
(1+Bps+ Aps?)

B Mclif (1+ AGS)

- R} (1+ Aps+ Bps?)
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L
Bp =T}, + T} =11 4 Zhh

/ /

R, "R
ool Ey
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Thus, one may obtain L’ 32 h b R'., R, given

Ly, T3, 17, Ty, T, Ly



Parameters for this Model (with assumptions):

/ / / /
L Ly Ly B Ry L

Parameters from measurement:

/ /] / /!
Lo op a7 dtor L alor

R, 1s available from measurement.

a ¢ 1s not explicitly required if referred volt-

age v} 1s used 1n all calculations.



Summary: Model I (d axis)
g = Lqig+ (Lg — Ly)i's + (Lq — Ly)iy,
Ve = (Lg— Ly)ig+ L'y i’y + (Lg — Ly)ij,
wh — (Ld — Ll)Zd + (Ld — Ll)lf + thi

W y
WJFRJ" F=
dy,

L ity = 0

dpg



Parameters for this Model (with assumptions):

/ / / /
L Ly Ly B Ry L

Parameters from measurement:

/ /] / /!
Lo op a7 dtor L alor

R, 1s available from measurement.

a ¢ 1s not explicitly required if referred volt-

age v} 1s used 1n all calculations.



Summary: Model I (q axis)
g = Lgiq + (Lg — Ly)ig + (Lg — Ly
g = (Lg — Ly)ig + Lygiy + (Lg — Ly)i,
Uy, = (Lq — Ly)ig + (Lq — Ly)ig + Ly,

dwg ! -/
=0
- +R ig
dzpk
R = ()
a
dtq



Parameters for this Model :

/ / / /
Lq,Lyg, L., Ry, R, Iy

Parameters from measurement:

/ I/ /!
Lq, Ty Ty Tho, T,

qo> + qo> Ll

R, 1s available from measurement.



Model I Equivalent Circuits




Model 11

A state space model using some assumptions, so that the state space
model is in terms of states that can be related to the original states
approximately. The parameters of this model do not need to be
back-calculated from the standard parameters.



d-axis variables

Define New Variables (similar to referring vari-

ables on to one side of a transformer)

Vp =Ypap



Equations in New Variables
wd = Ldid -+ MC/ZfZF + Mc/lhiH

dyp

dsz .
Rl i =0
Tar < tH
dpg



Equations in New Variables

/ /
Mdf — CYFMdf, Mdh — aHMdh
/ 2
Lff:()z Lff’ thZOzHOzFth
} onRf v}:oszf

I 2 2
Ry, =y Bh Ly = oy Lnn



Assumptions to Reduce Number of Parame-
ters

1. Choose oy and ap so that M), = M), =
Ly

2. ap 1s the not the actual turns ratio between
stator and field winding (but approximately
equal to it).

3. Assume L, = L;"h



Interesting Observations

The assumption made in this model leads us to:
"N
1.7, =1

L, —L
2. T = =hb
d R;L

/
—L
3. T = 1L
f
;1 Lg /11



Equations in New Variables
Vg=Lgig+ Lyip+ Ly
Vv = Lgig+ L/ffZF + Ly
?7DH — Ldid + LdiF —+ L/hhiH

dzﬂF .
dt _|_RfZF—’Uf
d¢H .
dg

— = —wYPg — Rgtg — v
o @bq a‘d d



Parameters for this Model :

R R

/ /
Lda Lffatha fa h

Parameters from measurement:

/ /! / /!
L o La10 Y st Y e

R, 1s available from measurement.



d-axis Model 11
dpp 1
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q-axis Model 11

g 1
— T’( va + Uq)
Ay g 1
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q
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Model II Equivalent Circuits




Per-Unit System




Definition of Base Values

1. Vp = Rated Line-Line Voltage,

2. MV Ap = Rated MVA (three phase)

3. wp= Rated (electrical) frequency (rad/s)
MV A
4.]32 VBmeB:%wB

6ZB_VB LB Zg



Model I -PER UNIT

Vg = i+ (xq — 2)iy + (29 — 27)d)
Y = (2 — zp)ig + & pi’s + (29 — )1,
¥y, = (2q — m)iq + (g — 7)i's + Thpiy,

ay,

dwh

va}

VB

d .
;Dtd = —wipq — wpRatg — wpYy

w and wp are 1n rad/s, x in per unit



Model II - PER UNIT

per-unit stator line to line voltage under open
circuit conditions

b df S
f

/

Clﬁdf:md—xl

Zero Sequence Equations in pu
(not required for balanced situations)

dto
dt

— C‘JBRCLiO — CUB’U()



Model I -PER UNIT
w; = (zq — 7)tqg + xlggifq + (g — :zjl)z;C
Wy, = (Tq — @p)ig + (xg — x7)iy + Ty

dw;
Ryiy =0
i
d¢k
R =0
dt *
dy
dtq = wipg — wpRaiqg — wpYg

w and wp are in rad/s, x in per unit



Model II - PER UNIT

dvg 1

At 7
Td

— (=Y +yg)

— = —wipg —wpRaeig —wpvy

w and wpg are 1n rad/s



Model II - PER UNIT
By = line-line open circuit
voltage 1n per-unit

Zero Sequence Equations in pu
(not required for balanced situations)

dvo
dt

— WBRCLiO — CUB"UO



Model II - PER UNIT

Ay 1
= T_é<_¢G + Yq)
dype 1
— T”( v +¥q)
(] — x//) (g — x&)x’q’
quxlq/?:q—l— : / d @DK‘I‘ /wg
Tq e Ty
dipg

— = = wYy —wpRaiqg — wpvg

w and wp are in rad/s



Torque Equation in per-unit

2H dw
AR o - .
ot~ Walg = Vla)

w 1s the electrical angular speed in rad/s.

wp 1s the base electrical angular speed 1n
rad/s.



