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Neural Networks (NN) based Models

== *Easy realization of the model s structure

relevant to the control algorithm

"

= *Choosing proper structure of the
model may increase accuracy of the

model *Adaptivity by using networks ability to
*Adaptivity by using network's ability learn
to learn *Analytical models (for example, state-

space representation of nonlinear models)

— Model may become

*Nonanalytical or hardly analytical
*Overparameterized

*Restricted class of systems to which the
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Linear dynamic system with static
actuator nonlinearity
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Neural Network Structure for

dynamic systems with static actuator
nonlinearity

I"‘ Z* —L & second
71 | Neural
‘ Network

First Neural Zry
—p Network _I

(static)

P

dynamic)

(linear | I \—



DC Servo Motor with Nonlinear
Driver

__________________________________________________________________________________




Identification of the DC Servo Motor

velocity, rad/sec

t, =0.001sec




Nonlinear Discrete-Time Input-
Output Models

/ NARX (Nonlinear Autoregressive Exogenous) model: \

yE+n)=f(y@),yt+1),...,. vt +n-1,u@),u(t+1),...,u(t +n-1))

| ANARX (Additive Nonlinear Autoregressive Exogenous) model:
y(f +n) = fi(y(@0),u®)+ f,(yE+Dult+ D)) +...+ f,(y(t +n—=1),u(t +n— 1))

or

K y(t+n)szl.(y(tJri—l),u(tJri—l))




Advantages of ANARX Structure
over NARX

« Easy to change the order of the model

« Always realizable in the classical state-space form

y(t+n) =Zn:fi(y(t+i—1),u(t+i—1))
R !

(xl(t +1) = x, () + f,(x,(£),u(?))

X, (t+1) = x5(2) + f,(x, (1), u(2))

1, (2 41) = x, () + £, (5, (0,0
x,(t+1) = £,(x, (), u(0))
(1) = x,(1)

* Linearizable by dynamic feedback




Neural Network based ANARX
(NN-ANARX) Model
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y(+n) :Zn:Ci ,.(W,. '[)’(1+Il'ay—erl),u(t+i—1)]T)

- @, is a sigmoid function



ANARX Model based Dynamic
Output Feedback Linearization
Algorithm

ANARX model NN-ANARX model
y(t+n)=§:ﬁ(y(t+i—1),u(t+i—1)) y(t+n)=ZCi¢,-(W,-~b(t+i—1),u(t+i—1)]T)

(F = f,(»(0),u(0)=n,() @> F=Co W - [o.u@] =m0
n(E+1)=n,(t)-f, (y(t),u(t)) m@+D)=n,¢)-C,p, (Wz ' [J’(t)a”(t)]T)
J: o
n_,t+D)=n_ (6 —f (@),u@) N2+ D) =1, = C,0,. (Wn_l L), u(t)]T)
7,1t +1) =)~ £,(y(O).u()) s+ D) =30 - Cy0, 7, e, u@])

u(t)=F" (y(t),m (1))



NN-ANARX Model based Control
of Nonlinear Systems

> COlltl‘Ollel‘ u(t) ‘ Nonlinear y(!)
Reference signal " :l Dynamic Output System
v(t) . Feedback Linearization )
‘ NN-based
"| ANARX model [~

— Parameters (W, ..., W, Cpy ..., C) —

* HSA=History-Stack Adaptation




NN-ANARX Model based Control
of Nonlinear MIMO Systems:
Problem Statement

F=Co W -Yo.u0] )=n® U@®)="4

SISO systems: Numerical calculation of u(t) by Newton’s
Method, which needs several
iterations to converge

MIMO systems: Numerical algorithms do not converge or
calculation takes too much time




NN-based Simplified ANARX Model
(NN-SANARX)

Z(r-1)

///\
h-th sub-
layer
(nonlinear)

. YO =C, W, - Z(t =)+ D Cip,(W; - Z(t - 1))
=2




NN-SANARX Model based Control (1)
C\o, (W1 'b’l (t)""’ym (t)aul(t) ----- u, (t)]T):[Uu(t) ----- Mim (f)]

O i

________________________________________________________

Let’s define: 7 =C, - W, T,=C, W,
Ty @)y, OF + Tl (0w, O] =71, @y, 0]

where 7 cR™" T,eR™

\
Ef m=r and T, is not singular or close to singular then

o ()0, OF =75 (g @)oo O =731 @), )

J




NN-SANARX Model based Control (2)
o (), O =75 ([0 o OF =3 -D0(Ees9n OF)

T

[771,1 (t + 1) ----- .m (t +1 ] [7721 ----- 7> m(t)] -

2%( D@y (O, 0, )

[’7n—2,1 (t + 1)» oo T2 m (t + 1)]T = [77n—1,1 (t), e T tm (t)]T -
NG CARIGRSHO VIO WRD o

[77n—1,1 (t + 1)» oo M tm (t + 1)]T = [Vl (t) ----- Vi (t)] -
2, sy € (O, ()] )

.




Numerical Example

__________________________________________________________

u Y\
_‘, P+ =04y, (6) + —T— +0.2u7 () + 0.5u, (1) L1,
. : Y2
— e (t+1)=0.2y,(t) + +0.4u5 () +02u (1) T

__________________________________________________________

! | Identification by MIMO NN-SANARX model

[yl(t)ah(t)]T =C,-W, -b/l(t—1),y2(t—1),u1(t—1),u2(t—1)]T +
+Cy 0,7, [t =2) 3, (= 2) (=2, (= 2)] )




Numerical Example: NN-based
SANARX model

(0.0358 —0.0214 —0.0046 —0.0424 |
0.1837 —0.2258 —-0.0553 -0.0473
=10.0259 -0.0167 -0.0094 —-0.0373
0.2637  0.1549  0.0501 0.1054
1 0.2699 0.1615 0.0513  0.1096
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Numerical Example: Control (1/2)

——————_ e em———
~~~~~~

09239 12909, 03075 -0.7308]
T ~1.2669 0225307675 —0.6805 )

~

N

[ 09239 -1.2909 [ 03075 -0.730
1212669 —0.2253 27107675 —0.6805

1.2720 0.0161 0.7341 0.5061
]—vl:VI/ll.Cl:|: :| 2:I/V12- 1:|: :|

0.0039 1.1573 0.2028 0.9773

det(T, )~ 0.6— rank(T, ) =2
l

| 1.5896 —-0.8231
-0.3299 1.1940

, =

iy s OF =75 (7, @2 OF =73 - D3, ) )
[771,1 (t + 1), iw) (t + 1)]T = [Vl (t), V) (t)]T - C,p, (Wz ' b’l (t), V2 (t)» U (t), U, (t)]T)




Numerical Example: Control (2/2)
7, ([771,1 (t ), T, (t )]

Outputs

Control Signals

————

reference signal for the first output
reference signal for the second output
- first output of the system

- -second output of the system
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Model Reference Control

v(Y)

(aza

model

Dynamic Output u(t) Nonlinear
Feedback Linearization ] system
Algorithm
NN-based
Parameters ANARX model
cen@ by b))
Parameters
w,...w,C,...,C)
reference

(1



Reference model
V()= ,(2) 1 (:)

y(t)+ a(t —1)+ ta, )t —n) = blv(t —1)+..+b Wt —n)

bz" " +byz"F +. . +b, _z+Db,

Hm(Z)I n n—1 n-2
z +az +a,Zz +...ta,_z+a,

Dynamic output feedback linearization
of ANARX model

(F = i ()/(f)au(f))Jr al)’(t)_bl"(t) = ()
m (t+1) =175 () +byv(t)— fo, (0(0),u(®)) - a, (1)

< :
7711—2 (t + 1) = nn—l (t) + bn—lv(t)_ fn—l (y(t),u(t))
_an—ly(t)

1,1 (2 +1) = b,9{0) = £, (¥(0),u(1)) = a, (1)




NN-ANARX Model based Reference
Model Control

NN-ANARX model

y(t+n)zzn:Cigol.(Wi -[y(t+i—1),u(t+i—1)]T)

Dynamic output feedback linearization
of NN-ANARX model

F=C - -] )+ ax(e)-bpl)=n@)
(771(1‘ +1)= 772(0 +b2V(t)_ azy(t)_
B Cz k% (Wz : [J’(f), ”(t)]T)

|
77n—2 (t + 1) — 77}1—1 (t) + bn—lv(t)_ an—ly(t)_

—C, o, L]

s+ =b(0)-C, 0,0, - [r0.u)] )-a, ()




Numerical Example: JCSTR model

Fy, —.—\

Input-Output equation: N ; ; -

Pt +2)=0.7653p(t +1) = 0.231y(¢) + .

+0.4801u(t +1)—0.6407y° (t +1) +

+1.014y(0)y(t +1)-0.3921y° (¢ + 1) +
+0.592y(t+ Du(t+1)—0.5611y(¢t)u(t +1)




Example: Control Task

Linear second order discrete time reference model with poles p,=-0.9,
p,=0.8, zero n,=-0.5, steady-state gain K,.=1

19 z+0.5 B 19752"'1915()

" 75(z+09)z-0.8) z2+0.1z-0.72

H(z)

Parameters of the reference model for control algorithm are as follows:

_19/_  a;=0.1 a,=-0.72

=15 b =175,

It defines the desired behavior of the closed loop system (=control
system)




Example: NN-based modeland
control

First sub-layer is linear
yO=D-[oe=1hale ~F +Con 1, = 2hae -2)F )
Here D=C,-w, andD=[d, d,]
We know that D. [y(t),u(t)]T +a, y(t)— blv(t) =1,()
1t +1) =b(1) - ay (1) C, -0, 7, [0, u])

Thus,

u(t)= dL(bzv(t )=ay(t=1)-C, -0, [, [yt - 0wt 1] )+ byl(e)—d, - y(6)- 0, 9(0))




Example: NN-based modeland
control
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