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Motivation

Perfect system modeling is difficult

Sources of imperfection:
® Unmodelled dynamics (missing algebraic terms in the model)

® Inaccurate knowledge of system parameters
and/or change of system parameters during
operation

® Inaccuracy In Computations (like matrix inversion)
Objective: To increase the robustness of

“*dynamic inversion” with respect to parameter
and/or modeling inaccuracies
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Neuro-adaptive design
System X = f(X,X,é)
X X eR 5-RY

Assumptions:

(1) X, X are available for control computation
(2) m=n (square system, i.e. X, X,5 e R")
(3) f is invertible
Goal: X — X, (X,: commanded signal )
and X — X,
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Neuro-adaptive design

Ideal Case:
Define X = X_— X
Design o such that

X +K, X+ K, X =0, where K ,K, >0 (pdf matrices)

If Ky =diag(k, ), K, =diag(k, ), k, ks >0
Then
X +ky % +k, % =0
(5(’Ci —5(‘i)+kdi>“"<i +k, % =0
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Neuro-adaptive design
% =X, +k, %+ K, %,

=u. (i" compoent of "pseudo control")
Repeating this exercise for1=1,2,....,n

we get X =U (U : Pseudo control variable)

f (x N 5) —U
& . with the assumtion
S (x ] ) _ _
that the Iinverse exits
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Neuro-adaptive design

Note: Real - time computation of this inverse may be
difficult. In the case, a Neural Network can learn

this relationship offline (in an approximate sense)
e 0 1 1 i T

Problem: The model and the neural network training

are NOT perfect....these introduce errors.
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Neuro-adaptive design

Solution : Design another neural network to cancel

this error!
Design of Adaptive NN

After synthesizing 5 , the system dynamics Is

X:f(x,x,é)

= ) f(x,x,é)—kf(x,x,a)

o _/ _J/

Vo h'd

U U

s o

A'(x,vx ,U)
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Neuro-adaptive design

e = +A’(X,X,U)

: y
NN 1 ~Nonlinear S;_.:. stem
3 . | (X X
U i) o fx,x,8) E‘ >
Model Inversion
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Neuro-adaptive design

Note: If A" =0, then the error dynamics behaves like the
Ideal case, and hence, the objective will be met.

N

Trick : Modify the Pseudo control U as U =U, —U_,
where U, = X_ + Kd)z e Kp)z
IS the Pseudo control for the "ideal case".

and Ljad . Adaptive control to cancel the unwarted effect.

Note: Pseudo-control modification is the reason why technique
IS applicable to dynamic inversion only.
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Neuro-adaptive design

With this, the closed loop error dynamics becomes

X KX XX XK X KX
= (X + KX +K X )=[U+a(X,X,U)]
:u\_(u\—uad)—A(x,x,u)

e, X + KX +K,X =[Uy —A(X,X,U)]

Question: Can we design Ljad (adaptively ) such that

e N

U, ~A'(X,X,U)
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Neuro-adaptive design

[If this happens, then X, )Z —0 (approximately)}

i channel :

+
>
>
I

X +ky % +k, % =U, —A[(X,X,U)

2
Define € = }
0

| 0.
Then ¢=| —deeiJ{l}[Ua"'_Ai(x’x’u)]

<
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Neuro-adaptive design

FaN

Goal for U,

The "ideal purpose" of Ljadi IS to capture the

function A: "pefectly” so that e, — 0 asymptotically
However, this is difficult to achieve.

Hence, aim for "practical stability "only

l.e, e remains bounded, where the bound can be made

arbitrarity small.
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Neuro-adaptive design

Let A{(X,X,U) be a NN realization of A{(X,X,U)
when a finite number (N) of basis functions
B;(X,X,U), j=12,...,N are used, with the
corresponding weights of the network being

W =2

e, AL(X,X,U)=>"W/ (t)s (X, X,U)
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Neuro-adaptive design

s
A (X, X,0)=[W, .., ]| 7
4
ie. |[Uy= A(X,X,U)=W(t). (X, X,U)
Ideal case:

When V\A/i IS optimized over some compact domain in {X , X,U }
let the result be W In that case A" (X, X,U )= W, (t). £/(X, X,U)

and |A/ —A”

<& Where ¢ is the ideal error of function.
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Neuro-adaptive design

Note:
&; depends on the followings:

(i) N : Size of the i network

(ii) Choice of basis functions ,Bij (]=1,...,N)

(111) Accuracy of the first neural network
(which determines A; )
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Neuro-adaptive design

Estimation Error:

e

U, — AT =W (1) B/(X,X,U)-WT B(X,X,U)
=[Wi, (t)-W | (X, %)
=W g/(X,X,U)
where,

constant. Hence

W (t)=
Note: W is
W (t) =W (1) =W =W (t)

——
=0

W (t)—W" : Error in weight at time t
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Neuro-adaptive design

Notation :
B(X,X,U) :ﬂ.’(t,e,V\7)
A'*(x A
Al 4 ew)
Used in |mplementat|ojn : used in proof
Note: e2| 2 |, 2|2
LN o
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Neuro-adaptive design

Error dynamics in i" channel :

€ = Aiei +b(0adi _Ai’ )

= Ag +b(Uy, —A7 +AT - A/

= Ag, +bW B (t,e,W ) +b(A!" - A7)
Note: A :[ E i ] IS & Hurwitz matrix.
& kg

Pi

Characteristic equation: s*+k,s+k, =0, with k, ,k, >0
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Neuro-adaptive design

Stability Analysis: Define a Lyapunov Function candidate:

V = Zn:vi (& W)

-

LeTPe + VI, [e]. > E
: 2 27, i
where, V, (e, W)=

E +2iV\7iTV\~/i’ leill. <E (E; : defines "dead zone")
L 7/i !

By definition, |e |, £+/e'Pe P isa2x2 pdf matrix satisfying
PA+A'R=-Q , Q >0 (pdf)

Note : By the selection, V. is continuous at the boundary of dead zone.
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Neuro-adaptive design

Note: (1) Existence of such a pdf matrix P. is guaranteed
by the fact A Is Hurwitz.

(2) If Q. =1, then the solution for is given by

ok i
— il —
ok kil K 2k,

Pi Pi

1 1 [ 1 )
S et 1_|__
2K, %k

v
Il
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Neuro-adaptive design

V.i :i(éiTPiei +eiT Pie.i)_l_iWiTV\;/i
2 i
: | A, + bV B (t,eW )+ b(A] - )} Pe, .
e R | Ae, +bW4/(t.e M) +b(A7 -47)] | 7
fis Lvirw
“eT (AP +PA)e +e Pb[ T+ (A A,)}%W, W,

<-2e'Qe, +[&"Rb], &+

{Weight update rule: V\A/i = _7ieiT Pbg’ }
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Neuro-adaptive design

< —%eiTQiei +& e \P/Pb 2 (\/E, is deined since P is pdf)
1
<~ 2Jo: A (@), o7 VR, IR, Il
However, ¢"Pe <. (P)|el:
: 2 eiT e
o JoE 2
2
—He HZ S eiTPiei e H |HP
Lo ﬂ“max( i) ﬂ’max(Pl)
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Neuro-adaptive design

V,

V. <0, w

IA

. 'iepi)zmm cefe AR

o | -L10k 6 )

1]ell 4w (Q)
- imax( ) T \/e P, /A (P

||e I

+gi\/lmax(l3i) <0
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Neuro-adaptive design

1e Hp n (@)
e el (R) <50
- 28 ﬂ“max E
e, |, > E_(Q_)]

Note: (1) This defines E;, However it contains &;,

which Is unkown. However, it may
require iterative simulation study.
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Neuro-adaptive design
(2) IfQ =1
3
Ei = 2gi |:/1max (Pl )]E
where, P is given before.
(3) Selecting Q, = also leads to the least bounds.

Inside the dead zone: V, =W, "W,

.
Vo

Select |W. =0

Then V. =0
Note: By the selection, V. is continuous at the boundary

of this deadzone.
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Neuro-adaptive Design:
Implementation of Controller

(1) Design Parameter selection:

W.(O):O

PI [formula given]

= 2‘9 |: max :I%

(& Isunknown = Try with iteration)
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Neuro-adaptive Design:
Implementation of Controller

\

(2) Weight update Rule:

W, =—ye"Pbg! , if ||, > E,

—0
.

where, e =| . |, b
Bl

B (X, XU

|

otherwise

{

): Basis function selection

(U: pseudo control)

v, . Learing rate
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Neuro-adaptive Design:
Implementation of Controller

(3) Control Computation:

Adaptive Control: U _W Jis
Pseudo Control: U =U, —Uaol
Ly K X-U,,

Actual Control: & = f‘l(X,X,U)
= NN, (X, X,U)
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Neuro-adaptive design

Nice Results:

(1) Adaption happens in finite time
(if) Ast — o , the error g, (t) lies inside
the deadzone and W, (t)approaches

3

a constant value. Wl |
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Promising Results:
(Flight control Problem)
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Fig. 10 Performance results of the NN2-based controller for the flight 6
inside the off-line training region, My = 0.6, /iy = 10,000 ft. ! !
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Fig. 11 Performance results of the NN2-based controller for the flight
outside the off-line training region, My = 0.8, iy = 10,000 ft.
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