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An overview of intelligent systems (neural networks) from the
perspective of classical theory and their application in modeling
and control of complex systems

Mohammad Lotfi, Mohammad Bagher Menhaj

Abstract: In recent years, with the advancement of industry and technology, we see that systems
are becoming more and more complex. This complexity in the industry has required a parallel
progress in control systems (controllers), which has multiplied the need for advanced and intelligen
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t controllers. One of the most important criteria in the design of any control system is the accurate
knowledge of the system or, more precisely, the modeling of the system. Considering these two
challenges, this paper examines intelligent systems and specifically neural networks from the
perspective of classical theory and their application in modeling and control of complex systems. At
first, the basic element of neural networks, i.e. neuron, is introduced and its types of models (collective
and radial) are also presented. Then the types of neural networks such as multilayer perceptron neural
networks (MLP-NN), radial basis neural networks (RBF-NN) and recurrent neural networks (RNN)
are described and the appropriate number of layers and also the appropriate number of neurons in the
hidden layers in neural networks for different applications and especially for the approximation of
nonlinear functions (modeling) are discussed. Then, it is tried to build a bridge between the concepts
of neural networks (intelligent world) and the concepts of classical world and analyze neural networks
from the perspective of classical theory. It is shown that from the point of view of classical theory, a
neural network can be considered as a model structure and its weights and biases as unknown
parameters of this structure. In neural networks, learning algorithms are used to determine the
unknown parameters of the network (weights and biases). Therefore, learning algorithms of neural
networks are studied from the point of view of classical theory and specifically in relation to
numerical optimization and a bridge will be built between learning algorithms and numerical
optimization methods. Also, the most important neural network learning algorithms are introduced
along with their advantages and disadvantages. In the end, two important applications of neural
networks, modeling and control, are discussed and for each of these applications, several illustrative
examples are presented and simulated to show the effectiveness of neural networks.

Keywords: Intelligent systems and neural networks, Classical theory, Identification and control.
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7. Hyperbolic Tangent Sigmoid
8. Neural Networks

9. FeedForward Multi-Layer
10. Output Layer

11. Input Layer

12. Hidden Layer

1. Symmetrical Hard Limit
2. Saturating Linear

3. Positive Linear

4. Hard Limit

5. Perceptron

6. Log-Sigmoid
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4. Underfitting
5. Overfitting

1. Learning
2. Analytical
3. Numerical
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6. Local Optimization 1. Iterative

7. gradient 2. Steepest Descent

8. Hessian 3. Newton

9. Stationary Point 4. Momentum

10. Saddle Point 5. Genetic
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2. Generalization

1. Learning Rate

Journal of Control, Vol. 17, No. 2, Summer 2023

VELY Ol oY oyled (Vo J 25 dlone



4 ooy (Sl S 5 (S5lodin 53 DT 3,187 5 DS (6555 o5 1 (e (SaSC5) Lind g (Slapions 2 (503

) 91 _ on

WY ol 1) o K (ot 23T (S3lad e ok sl 1 S
S S L Ol o b Sl 16 2 &7V 4 2lnl L) 087 5
b sl b ey il Sledl s L eYss e
Y (535,555 e s eV gl b 5 Jol oY sl &S g n
st e dslaY s F Oles pss eV 635555 P = a® Jyl
1l el olST

Dl :W 1§0 +Ql , DZ :W Zgl _+_Q2

Olg e Soage 2l 03 ((M=12) st &Y o)l Sm 5

o g
ont
ow' % om .
o w2 (¥¥)
ow? ©
S 5 Y el Sl
na 09

an" (Yo)

L el 05y dslus g 22850 dal, o ST

ka+1 =W," —ag" (@mil)T (Y%)
oM ¥ ol 51 53l 8" €358 o trlone 6,55 87 e
oy 1z T on s & TS gl Sl oslinal by Conl S5
T R NI POV = & IPURE i
el nds 8% 0lea L U5l oY 4 5381 5 0n ity Jsl Y 8T

m - . N .
S anlous 51 o 058 51 o5l 95 cpshe ol O mSly g

r'-‘-SLSA oslazwl

on_ 0 [0 o)
= 6ﬂm aﬂm 0Dm+l (\'V)
() ()
O il Y0) 53 ok o5 sllast a3 5 o8yl a5 Loz
,C_,_.,.:\;.,\_.ZJALL (\'V) A.IGJ‘JJJ?TA:"Y
Wb g Ol e (YY) dlady 5> (I)LJ}\CJ:@,e
Dm+1 :W m+1XF(ﬂm)+tlm+1

8Dm+1
=
on™

(YN)

] — Fm(ﬂm)xw m+1)T

(o e M Y 5Ll o e F (") ey 55

feols oy b 5 (YY) e s (1) g5 sln

W35 ipe Sl Sy K8 L i il walsl s
(o 45 ijpaT) o 4555 (sla bl 5 W05 s SO S
2 sn T

CAn SIS (ki Sla sy s b o AL iy ey
055 ammlous Sl (splie Slad 508 Al 5 o0 55 (AS ide )3 0l
A4S gl el bl
F55 06318 35T oy SN P

25208 5 5 Al a5 0Lal 8 b5 T o Sl
sl 3 038 a8 AT o Closy Gluang o258
il 020830 & Jo5 0L3LE 35 or ealizul e (slaeS
s (Ko a5l 430 2o 4 457 355 o0 S U5l 43 0

wras S el Gy < @laodls 4o sazme S ST 5
AL el onls 55 Do) s canl 5335 50
{(plk 1.y kDI =€(p, y )., (PIN 1y [N D}
St gl zalyl) e obl 5 0 ¢ gmae K5 6 25 50T Ao jo )3
K e{L2, . NF sl a8 Lpd anlous 616 S0 L ((nae
e 338 48 (W) 53 0 iy i a3 b

minJ =miny_(y[k]1-fy (plk110)’

S G503 sl e é;lw‘».‘e sl Jols 0 s S
05
y =[y[ y[2] - y[N1T
a=[a[l] a[2] --- a[N]T
e=ylk]l-alk]=[e[] [2] --- e[N]T

3505 g 55k 25 p b 4 015 on L) (W) il 55 Q}tho&T
N
J=Y¢ekl=¢£¢e )
k=1

355 8D LSS 53 sl I3 n S St B0 G
(V) w3 ol o5l alons 25 28850 daly Gb e K2
:be@ LS

W =W, —agy Yy)

J b 0Ll E Oles ly 530y el Gy claly pl ooy 5w
Wl g Ol e ) gl sl O e 4 S

A
W, (v

9 =

Cawd 31 09) sl daws Oy oo 1) (YY) ol (glo iy 0556 5L
S J:.:l_,) BE) 1)ku..:_..,\}‘ 4&*%44@\%?}

(o

2. Backpropogation

1. Gradient Descent
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2. Levenberg—Marquardt

1. Momentum
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4. Polak-Ribiere
5. Powell-Beale
6. Scaled Conjugate Gradient

1. Incremental Training
2. Batch Training
3. Fletcher-Reeves
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2. Radial Neuron

1. Radial Basis Function (RBF)
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3. Delay

1. Recurrent Neural Network (RNN)
2. Feedback
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3. Model Reference Control

1. Model Predictive Control (MPC)
2NonlinearAutoRgressive-Moving Average-L2 (NARMA-L2)

Journal of Control, Vol. 17, No. 2, Summer 2023

VELY Ol oY oyled (Vo J 25 dlone



v ooy (Sl S 5 (S5lodin 53 DT 3,187 5 DS (6555 o5 1 (e (SaSC5) Lind g (Slapions 2 (503

yIk +N, k]=f (y[k +N,-1],...

o[k +N, ] ufk +N, —m]) ®")

B Jsb 53 SRS I 4 sl cla g r pleT o ol Sl
S Syye s c UK +N, =1] 6 ulk] on) omiie
LUk +N T s ulk] Jas sdi&w Las st Ny <N,
i3 Sho 1y S8 SIS a5 5 B s bty
o Sl 4 Ol o b s i Sl (6l S
5 g sl (ol (sl Solay o g sae 4 50 w1 Bl S0 5

g S8 5 Do 4 sl 4 pE N L) gl

e[k +n]=yg [k +n]-y[k +n|k] 53

Yer [K+N] 5 a8 o Ny 63 Slbiig e n ey ol 53 o
Sl o g gazmn S0 4 1y a3 Wb Jl ol o o S 1

‘]:%(yref[k +n]-y[k +n|k])? oF)

s 4 SRS G Il s SRS IS (G o o il b
5a w5l Jil oDl 0,L31 35 &S 5 bolen Lol T e
S8 15 (Sos sl e ot JAS 0 Ol e 58
5)'@4;:9‘31.1;)'\.;”@)&..:A{Q.x;fdjzftjs&;_\&ug}ﬁjuf
Sl 55 W auals b I 28 IS 40 ot Sl S (OF) 432 w5
33 A IE 6531 e g S5 53 asas JSCa 0l )
Dy or LSl a Wl 5 I RS G
N,
J =Z( Y [k +n]=y[k +n])*
= ®b)
Nu
+AY u’lk +n]
i=1

o sl o pasl o3 lateny w6 ol 50 A bl
o o3y gl o3 5 o eslizel 218 IS atals 4y
eSS A o3I bl il (5 iy Comnl S S s
Shols (B8) 55 ok oy m5 iy 58 b &S o hls a7 13 5 or D]
3lie g jleag s Jo byl ULK NG ] G UK sle e
Sie sl Lo codials” GBI ol b Lol kg e dumloes 0T g
53 5 355 dlosl (s 4 iy J 2 IS 4 Loy o 05 tlons
el 2l 38 g 5SS 00l 3 Slwlows plas kF L i (gitm O
YLK +1] am OT 315 580 Jlsl prew o U[K] L&
AL 0b5 b gt (g5 DM Lo Jl 53 o0 SS o5l
el ang (SRS IS (S s 038 (b Loyl 5 s
b oS o dlasl (s 4 1) QT,‘.{,,T@ Cws 4y Uk +1]

Gt g9
i ey SRS IS Jl IV IS

s sn GBS pls Cany S 1S 55 G S s
Sl s 5 B o (ABl e s o rlk G305 b s 3
30 3l 55 SRS IS e 5 ol 6305 B i 4503 3l
Sol3piges Olo3 ST )l a5 bl s 53 k-1 6 i
L el il O 4 b i Gse) ooled il aits
Sl oyl Ooda (Sl (s paiges Ol T a8t =KT))
S oS e Sosb K+N, 5K @p0 3 J 28 ot
e IS & Sas o 6 K AN G K 60 5l i 25 5
3 s 55 b st ol gl 8L S50 5 (Cosllas (25 )
Jde 0351 plan g0 53 S 355 st KN, 0L 0K 0L;
N, el 4l Pl 1) it Ol e (22104 (o Sl
3 gr DL | (i 03k s Bl 53 535 e i i g B
S oS b Shidtadlson sty £ TS B Ny bl o
Sl )50 & (g 23550 S5 b s S (S5

MEL 55 Do 4 OT (Bls (s & 5 0k Cane 5 NARX

ylk]=f (y[k -1]....,y[k —nJu[k],
Uk —=m]) +e[k] FO)

SNl 5 K 4305 6 gt (5 5 DM Sl 4 45 b ST

Dy el Loshs JB S Dsse a

ylk +1|k]=f (y[k],...y[k +1-n],

ulk +1],...,u[k +1-m]) ®)

3 b oslal fwie polde Ools Ol gl Yy e
5 Aol (a5 o b oS s i i Y (K 1K)
33 suobe el 3K gl wk+1 (1S bl ol K 0L

:J‘iTgs‘ s 4y gl 4{{:\?

yIk +2|k1=f (y[k +1],..
Uulk +2],..,u[k +2-m1) oY)

L\ PR PP FORETNESIN VE IR J O

13500 doloa | o

2 Control horizon

1 Prediction horizon

Journal of Control, Vol. 17, No. 2, Summer 2023

VELY Ol oY oyled (Vo J 25 dlone



ooy Lt J 287 5 (g5ledibe 53 OT 5,5 5 S (6555 o5 1 (s (l0dS) i pa SWpten 2 S50 vy

P bt Jhe e S s

b Ve |

: ¢ u o

! = > smase a1 yi

' Lo, |

B Y S GO PO IRE
q ] y >

s S G b e b S i d 25T AT 50 S

I P e R AR g
e 35 o il e L S o 5 S el 0t T gla 25 5
s Sl (slf,a)af@l Sl idm @A S oyl g
S SadS s sl 1 00) wia mb L ileee
bl a8 o« J-U=[ulk] ulk +1] ... u[k +N,1T
55 o Jlasl e 4 ULK] 287 S L oialS™ 31 o
Gillon S 553 5 Y IS8 3 0k 0315 DL CSTR g (0 S0
O 2505 Sosglite e 23 5 BB L mle 3 (ot 55 JS
5 03 mle 53 ol 5y p lend ST plait 51 ey 5 0ls
5 25 I e ol e Ol 4 mle OS5 W0 e
@ psd gl cble 5 oo W) s Cort s 4 gl okl
4 (Upame) s gle clile 5 03 s W,o(t) 5 Cpp b oy
J1s mle o el 0 035 e w,(t) sCt) vesy
Wl ol onls Jiules N e b 55 eSSG

Qe
—
R
w
1 w
Jot e —— —Zp,d sl
Coy G2
b 9

CSTR i K5 1 (Sl Y S

IAF] ol 5 530 4 o ) (Srls o
dh(t) =w, (t)+w, () —0.2\/h(t)

dt
aC,0) . w, ()
Tl -0 ) R
4
+(cb2—cb(t)>v%)
kC, (t)

(@Q+kC, 1))

IS S5 o8 s aslsen T3 cpl 5 T s & Y [k +2]
dalaaks pe S DA eaals 31 Jeol Sl esleal s s gh s
AN IS 1 o Sl s )3 3 g0 sla 58 5 SbLzE
I, WoT I il 5 S Gl B Al Bl e
ULk +N, J s u[k] 325 sbdiw S Jl oS 5,805
B dsb 5o DLilizsl Dl STl g s 058 Jles 0t &
Ll dal e Bl o i

(s gt (sl e h Slae S U 28 (b s
DB e Sl Gmibe dde Olgie 4 (e eSS 51 015 o
s S 6 S st ity e ealitel s b (s o T
Sy S oo ealial 0l 5 e SSealus Jue &S5 w1 ol
TIA 3 e A Srote Sl (e S5 5T
o315 Ll WA JSCE 53 Lay opl 23,8 a1 3 eslituls s go gmae St
s J8 Dl sla 5 5 Laso5)5 5 (e o ol ok
Sl b kS o o3l s g 5 0T polie o A 6
b g oee 4K 0K Wl o sl ol 53 eolitulsyge uas
€S Gla s 5 5 s335s o5 4 0T Slacsasys o ik 4¥ss
Sl 5 L3205 D)o 4 Mg e Kb ol AEL (R
3T a3 SO o b (25 50T slaools o s 0l 25 0eT
i 53 ok = Jae) Sl g (68 5k (slaen 5 SIS pp sy e
Je iy J ST g il e aslimal 6 6,850 T 5 55 (A3
L;;\J)L,n,r;m_,wu;,&&&,.‘z.c,.u\om\f@yu@:,ﬁ
ol )3 odkd iyl 4y 5o Wl 3 s hy ol S (o8 S Omo
(a\f A3 @ade giludng i & J= Ly ol é)lifi\a- (®0)
5038 o UK EN,] 6 ULK] a8 st (s
Jlee! 2 4 ULK] J 8 I Lo codalS” 331 ool 3o s
I 85 (812 i Alieas ) T3dame gty Lo o€ 55 5ot
235 Jo IS

(S JoRm) i 228 (28ls o2 155) e o205
v

L
—
M
(oD _CD
I’ A
‘—,— v
e

/ i sl

-y -7

E ol S

R e Ol g 4 e S ) enlizal A s

s S b e e J S T 08 S 1 S ST
.u\h.)sn olis b <r:...w:.w a.»\.liT)l:é) aww&ﬁ Q‘}J« -t.')

Journal of Control, Vol. 17, No. 2, Summer 2023

VELY Ol oY oyled (Vo J 25 dlone



v ooy (Sl IS 5 (S5l in 53 LOT 5 1)l 5 SIS (6555 oy 1 (e (SdSi8) i go (slapis 2 5590

Sl ek dal g osls =5 xh Sl b aalsl s 6 Klea o ph e
o bl ol 1 etsl NARMA ol 05 (6115 gt Jibo o
05 4 oo BB e Jile 6 S5 5 S L (5l o Do
ol 355 a5k NARMA-L2 olye o 0T 51 casl, NARMA
S & e Saliys Sl a8 s @S5S 8 ol 3 !
Wl (o e glap 5 o b o oSl
NARMA-L2 Jus Cay 25 0-Y-)

G Gt 53 o3lizal 355 3yl Jue sl S
3sd e ) daly plas 87wl NARMA Juts et OLe

ylk +p]=f (y[k]y[k -1]....

oY Ik =n+1,ufk],... V)
Uk =n +1])

e Sl el (s s VK] 5 ot 2505 ULK] &
Sy smar S &S Ol (ST ($3ladde) (i
J,\,,Om,;gu.ﬁss,‘,;nu;.duav)w),;f&s,;cuoﬁs;
e Gmitn JRS) (S edd i SRS oleas 3 e
I & it (a5 4 A3l ) Ota Sl (s 2
o oa YIKHPI=Y [K+P] s Jls 1y e

256 5 NSOkl b (e b oS 1S

ulk]=g(y[k]...y[k —n+1],

yref [k + p],U[k], (OA)
ULk —m +1])

S el S48 Sl ol o i 0 eSS Sl oslinal e
oSile o n sl S G154 G wb sl Gl 1 ae S5
o3lizal (SCalys HLasl my 51 il uons 25 50T 0338 aa8 (MSE)
Sl Jo ol & il ploil BB A5 Sl SISl 457 [AO-AP] oS
@loiS' =T AV] ol s aled gl Iadale madns ¢ JSCie
o e Gl 00,8 g 1 el 2ppe S ol 0> S
Wl 5 g 4 e op) AST s Jes NARMA-L2
yIk +d]=f (yIKLyIk ~1J,..
Y[k =n+1J,ufk -1],...
.o u[k =m +1]) )

+9(y[k]...y[k —n+1],
ulk =1],....,u[lk —=m +1])u[k ]

slap 86 ULK] I8 S 5 00 " otipn 3 53 ke )

Sl g @D Wl I lyls LT oy &
g dalg 5 ksle hls Juols ST J 28

() ol gl mle (03 Sl e3lizal b s 5 lo Sl J 87 (Coa
e (il ol S 1y Gy o Gl S Wi (L) 3505
et 5055 C, =01,C =249 558 . 55 ol
gl 23 S 255 (B cmpan id & 5 93 2 K, 5k
SesS e S5 Soda Gid gl et Wy =01 415 5 ot
LA A B G PR P P i P KR WP L gl [ i
Ol 15 MATLAB Li3le 5 )3 i ol (65loacd rtﬁu_; <S4l Sl
e S S S IS ) Gt e i L e e
ol el 0 o5zl (m i ko) ol T (gla om g 5 i i 810
sl 0335V )13 0T Olgy 4Y oS 03 5 4 Y 55 51 JSze wae 8o
s Kb ol sl Bl s 35T slaesls sl o S
I 5 03,8 Jloel Wy (35,5 & PRBS JIKw S (5L, ail>
SiiseT slesls 1 eslimel b e ol 0ld &5 blime o 5
s S (SISl = S S Sl sy 5 edh 6hsTaer
@diS J S (g ldigs it S Sl ol onls 55 5eT 0kl 1 b
Pp Gmote Bl ks oslinad (00) )3 o i 5 a3 b |
otd ol 1=0.05 s N, =2 1, Jxs 51N, =7
&ﬁﬂbﬁdﬁfg’)ﬁ@%&nﬁ)ﬁﬂYﬂ)é.@‘
o bl ok 0303 0L o o S o o 4 0l 1o ot 2
I ol il g5 4 oS U S S 350 e odalin (S

NN Predictive Controlier

O

Fiow R ‘ Coneamiraion

Plant
{Continuous Stmed Tank Reactor)

Je i d 55 L CSTR s (55l pl S STk 51 o les ¥Y IS
MATLAB i3l 5 s s 2

24 T T

T
—output
2351 reference signal | 4
231
2250 ~
" 22
2151
211
2057 T Saaaanaad
20 . . . . L
0 20 40 60 80 100 120
t (sec)

(édb)@fdk@alﬂ@@&l»@@;}.”b&

NARMA-L2 os"J =8 0-Y

53 bt pl 3 e esly b e oS (il e 5
w2 S b g3l e s NARMA-L2 08 87 i ol

2 Compation

1 Feedback linearization

Journal of Control, Vol. 17, No. 2, Summer 2023

VELY Ol oY o5lad OV o o =87 alone



oy (Sl J 57 5 (G3ledibe 53 0T 3,187 5 &K (5,598 s 1 (s (l0aS) i pa SWpten 2 S50 V¥

NARMA-L2 oS J =S ol S5 oS gl YF IS

ST oo J 28 (om0 i 55 1 V8IS s (Vo
Sy 4 il oo Lo LT Lol S ST ol T (oYL s lase
AS LS o (53 500

IVA] el 5 S 4 e ) 2 @Sl (Sealys dsls

d’y () _ +ai2(t)_ﬁdy(t)
dt? My (@) M dt

%)

& i eali o B opuas a5

b
u[k +11

£ aioatiyo A s a5
NARMA-L2 0i8"J 287 53 osliuls ) o s 4S5 bl YO S

N
LS |

J'(ﬂ
[ 1o+

| _p i@
q o -

Frrr.

RPN PES R R Ft

O o K1) (S byl Sl LT dob y (1)
B il ol 518 G s LT o M (S L paT
O 33 Lyl & (glosle & 4 5 b 8 ol St S sl b
o S92 3T @i 5L 5 O 33 8 e el 350 o Ll
WJle pl 53 358 LT Syl 5 (oS3 bl J

:w‘&-’»j‘u’;;g}‘.@‘ﬁjddﬁéhﬂ‘)gé‘ﬂﬂjﬂ}uﬁ

Yer [k +P]-F (y[k],....u[k —n +1])

z[k]=
g(y[k],,u[k -Nn +1])

&)

Lot S o sl SHSCke 1> s S 50 4 Aslae pl Sl eslinl
oS Ol Oles 55 (s 5 gl 1 ULK] (J 287 slagnsns b

133 03l 5 5l 510155 or ¢ SR ol 5 6l e

ykk+p)=f(y[klylk-1,...y[k —n+1],
u(k),ufk =1],....,u[lk —n +1])

+g(y[k],...y[k —n+1],
ufk J,ulk =1],...,u[k —n +21]u[k +1]
¢v)

Sl WSS i e @8 s P22 Glsle ol s

..,\.ndaJiguil)auufd;fﬁjialﬁuwl;)}p&&

& @il ediijun A e 450

ulk +1]

ylk+1]

1 @i easijon B s a5

Sl 538 5f wlg o & &y e 4 3l enlizal XY S
NARMA-L2

NARMA-L2 o5 J =8 6-Y-Y

Dged by i30S d 28 015 s NARMA-L2 jleslial b

Yor (K +P1=f (y[K]....u[k —n +1])
g(y[k],,u[k _n+1])

ulk +1]=

¢Y)

4 by pl S oSHh YIS sl ks P22 S
g\‘éJ&.’z 33 et el ol 03l OLES NARMA-L2 a.foJj:S
ok 0303 i led oS 28 g 5l 53 ealiels ) g e 45 Sl L

.\:M‘

Journal of Control, Vol. 17, No. 2, Summer 2023

VELY Ol oY oyled (Vo J 25 dlone



vo ooy (Sl IS 5 (S5l in 53 LOT 5 1)l 5 SIS (6555 oy 1 (e (SdSi8) i go (slapis 2 5590

Sl el Y 53 Gyl mas i a (S ST (glems ol 5o
Olg o0 &S Sl )8 Loy pns b6 Olgy 4Y 53 592 50 a0 5
e sl (ilwd e uiau) e ¥ B LR lea.a sla sy
oS J 1S 639,59 .5 g0 o3latul idee Y a0 5 Clie sl
Z-U).&dr:“jsmswq

6—,&JL§:..~(J.§QLE;J)‘_§J?‘U‘_§UA‘5>3)}—

aquS(J—;QM)df‘Uéuf)F—

e (3 i) S Sl s -
315 o g ol s BB b B 5l a3 955 0l 31 S (s
b by omae S8 G355 bl or Sl e 45 0 L a5 b
:)r:@rw '“w;;;«ir-w o Ja

S Y 28 (56 Gl s 5 -

(s 655 Sla s

dA.a a-\...fd,.".s B ebu';.n‘:)}a e Ag...'h 6)[»:.4 Y"Jg.i

M:gﬁbbe—y

B | -
PCIRTEI K T ST L

SAS i ay gy eme 45
@,.J.m.u;fd,;s)“;uu\;)fw&,:s)w.r~J§;

..\US{JEJ):b\‘\Jﬁj)“.\;nl;oum&c;\i, (Yo
(st ahai) Jumde &S5 5 550 &K glols Jad by cpl ¢ S8 Gollas

|
oslw ;p, e T S5
KB 5 ol daly Dse 4 5k o) S (Sl sl
va] et ol
d?p(t . 2d ot
dgfz( ) =—105'n¢7(t)—%()+u(t) %)

p=12 , M =3,90=98, a=15

y(0)=05,y(0)=0
el (SC S b T (VL )3 Galre (sl el Combge J 8 (aa
ool os o3lizal NARMA-L2 oiS'J 287 oS5 1oy bie ol (sl
Stsle 55 g 5 f G5 B Gl el edliul ae sl
05543 b0T Olgy 4Y & o35 &Y 55 MLP ¢ i I NARMA-L2
e 53 e ol leand oSl Sl leds S
ok 03,5T YV S 55 ods | b oS J 25 ol jan & MATLAB

el

NARMAL2 suiaS ] =28
O
5 _ i@
=l e Y

Graph

e
(3lae gL ysl)

e-&fd}falﬂq&qupTM%er;\pg}Lﬂ.YVﬁi
NARMA-L2

o o o IS 5 i 4l s 3 5 ote YASSS

o Jg.ija S50k ol ol 03,57 asl V0 Sode 4 (gileacd

mub@\@\aM&mdedﬁfthéﬁdaMuﬁ

P05 ¢S 5 B Ol 018 e oS 28 sl el

—system output
reference signal

Elima ﬂ P i

=3
E 2
<

1

ol

4 ‘ . ‘ ‘ .

0 5 10 15 20 25 30
t (sec)
s St oo I 5 s il o g 5 (Sl i YA S
() Glas b iaT

s Je oS 1S 0

5330 o ke i J ST e S (5olame (Y8 IS Gollas
oS 1S Ol 4y s S S il 0 S e S
s s G 5 Sl 55 e S S 503

& ps e
i e
(opas 45,3)
e e 3 .
: e

(e S [ e
Js

soas s Sl aslizul L e e 0iS U 28 (g plens ALY S

Journal of Control, Vol. 17, No. 2, Summer 2023

VELY Ol oY o5lad OV o o =87 alone



ez S J ST 5 g5ledube 53 0T 5,5 S (6555 o5 1 (s (l0dS) i pa SWpten 2 S50 v#

onlie G0y 5 slaw g baa Y sluas 3550 5 caalsl 53 s e
B g opata g (il Slas )8 (sl ae slaaS
et ok o ok Sl (AT (5ladbe 5 o il
5 SN ()55 B I e et (5,550 Gl S
e cpiz 5285 513 o1 5 adlllans s go (30 (S3luigs oy
A3 F ) 55 (Salus 5 Skl s b S s (55l e
IS 55 mae Sl 3 )8 Com 4 (Siludde Eou 5l
Criote IS e SRS olers a5 S s ooy (Slaptn
s NARMA-L2 J 25" ¢ e caaSis g5 3 omobn de b Joke
53, 8ee (glasiloars 41 LTl 5 s 8 Syl o e Jke J S
2O ol aalsl Olsiea A ) SRS Gl cpl oS
(e ST 5 de e (LSS #5050 4o ST Wl
aglin 3)50 5 0kl sy Wt J 287 5 Siludde S o3l
gl 4 5 okd s lie (3lotigy 1 53 (55 3k ool 5 0,8 e 513
(B L BE Osl BBl 6,80l (Sl eSS
(et L Al 5t U (6558 o ke 5l e (5,8 3L

93,8 530305 5l s b Laesls allis Ji:u 4 aesls S, S O g0l

4 cpoman (psgin SIS b (H1) S o i 035 Ly s (sladisas
S5 Ol 5 el g 43 claosls sl g 53 Sl ol Lo SIS
455,5;\; :;@J\;u)&u)}.ﬁ’d;;bw):huh
BRI 6.:,&\;- daly 15 3,8 o 513 andllaes ;5o ke Ol 5oy
A 1) (680l el ol Sl S 55 Al o dablo oo
oo 5 obT 8l lhe 55 coble (5, 3L ol 4 53505 oal
Slloe Tl 5 Sl ke 5 (osan Jrpn b BLoI 5 00l

Lo Slas b (o ld J 257 Cstls y onl g5 bt J 287 5 ol
K s S ks cladnl ey 4l T ol
Osls i b cadlan opl o33l3 5 ga it Lok Jl 3 Ldls Jaes
(libnas iomen 5 (LS SIS e B adie (DS
Al gr ) i (6555 o8 Bt 1T 5 ol & Goos A
5 ol gladanly Cle y 1 b (s oSl Dt glalis
Slasl psle sla by S 3l (o saan (L Glaptans trn s Gha
3 5 53 Sas 5 ol sla S5 5 Lol o 54y o5 ¢ Slovloms
kol aa s Sl cla elie s LOT  (Salus Ol i

gl ST asdllas Ol

&l
b s I8 5 o™ o leidl) a3 (sm iz lgie Sbkens [V]
irio oils St o Jgl Al M a0 it x5 (Sl

@)DC}}?}A@}?5@\))‘{)}&{#“}0}}{3}\{4{*35 (0 Yy
G148 4 oS 1S 6 b (o 348 n el (Shas Olse
Al JLs 1y 5 mr e dde (s a2 53 55k 4l &S

aYu O _ g, ®)

dt? w -6 ymf

+9r(t)
(€Z))

R Sl ol o S T 5 o o o 5 5 Vi S S5k
22lizel Y4 IS me (SalSid b o o Je J 57 (5plame 51 o st
35 g b 3008 53 Jolb 0SS slasssss oS o0
el oS US55 s Ky e 6 s
05 el o B 8 a5 55 gl Dl (515 16 pe5 Ol e
4 MATLAB 1310 5 53wt (2l (53lwad ol S S5k oY ST
.c_,,ulo.x.':n\;ﬂuoTélﬁau@lkgfd.mxSJ;Sulﬁ
M@fd@ﬁwwﬁe@)fwd‘mﬁﬁ
7 UK 5 6800 Ll ok 035T 4l Ss 4 (gleacd

Wl ol Gaes g 4 (IS Coda 0555 e odaline

ety C;
Moural 0]
Ransom Ratoronco Network \ O
Convalker [Sianal o 7 *] \ ngln
Plant Owput - X(2¥)
‘ Groph
(Rebat Arm)

oS J 1S ol o 4y dhzie EG Dy s il e ol S5 S5k ¥V IS

s LSS o o J
1
system output
reference model output
0.5
o}
E 0
<
-0.5
-1
0 10 20 30 40 50 60
t (sec)
&Qbé‘j@fdti:“}@d’fw@}ﬁdhfﬂrrp
VJlw) daie

ST Sl Sleidyy 5 S -1
LSt ol j5b 4 g diad pn Glagtns o 4 cdlie pl o
35 omas et 3 I8 g witls SIS (655 o8 Ws I e
055 1l il ) 1 3 b 415 ooy (Sl 287 5 (S 5led e
38wl O Ja 5 byme omae (aeiSis ol paie Olgie @
(MLP) 5,5 nae SLaeSis |5 51 e Sl 15l o
RNN) 22850 ae oSt 5 RBF) slad oo LSt

Journal of Control, Vol. 17, No. 2, Summer 2023

VELY Ol oY oyled (Vo J 25 dlone



w ooy (Sl J 57 5 (5ledbe 53 0T 5,187 5 &K (5,595 s 1 (s (cl0aS) i ga SWptn 2 S50

[22]. Doyle, John, and Gunter Stein. "Robustness with
observers." IEEE transactions on automatic control
24.4,607-611, 1979.

[23]. Bryson, Arthur Earl. Applied optimal control:
optimization, estimation and control. Routledge,
2018.

[24]. Berkovitz, Leonard David. Optimal control theory.
Vol. 12. Springer Science & Business Media, 2013.

[25]. Hocking, Leslie M. Optimal control: an
introduction to the theory with applications. Oxford
University Press, 1991.

[26]. Krstic, Miroslav, and Hua Deng. Stabilization of
nonlinear uncertain systems. London: Springer,
1998.

[27]. Gajic, Zoran. Optimal control of singularly
perturbed linear systems and applications. CRC
Press, 2001.

[28]. Trentelman, Harry L., Anton A. Stoorvogel, and
Malo Hautus. Control theory for linear systems.
Springer Science & Business Media, 2001.

[29]. Naidu, Desineni Subbaram. "optimal control
systems.", CRC press, 2002.

[30]. Chen, Wen-Hua, Donald J. Ballance, and Peter J.
Gawthrop. "Optimal control of nonlinear systems:
a predictive control approach." Automatica 39.4
(2003): 633-641.

[31]. Kirk, Donald E. Optimal control theory: an
introduction. Courier Corporation, 2004.

[32]. Athans, Michael, and Peter L. Falb. Optimal
control: an introduction to the theory and its
applications. Dover publication, 2006.

[33]. Lewis, Frank L., Lihua Xie, and Dan Popa.
Optimal and robust estimation: with an
introduction to stochastic control theory. CRC
press, 2007.

[34]. Sinha, Alok. Linear systems: optimal and robust
control. CRC press, 2007.

[35]. Bhattacharyya, Shankar P., Aniruddha Datta, and
Lee H. Keel. Linear control theory: structure,
robustness, and optimization. CRC press, 2009.

[36]. Speyer, Jason L., and David H. Jacobson. Primer
on optimal control theory. Society for Industrial
and Applied Mathematics, 2010.

[37]. Berkovitz, Leonard David, and Negash G. Medhin.
Nonlinear optimal control theory. CRC press, 2012.

[38]. Lewis, Frank L., Draguna Vrabie, and Vassilis L.
Syrmos. Optimal control. John Wiley & Sons,
2012.

[39]. Sussmann, Hector J. Nonlinear controllability and
optimal control. Routledge, 2017.

[40]. Kolosov, Gennadii E. Optimal Design of Control
Systems: Stochastic and Deterministic Problems
(Pure and Applied Mathematics: A Series of
Monographs and Textbooks/221), 3rd Edition,
CRC Press, 1999.

[41]. Fortuna, Luigi, Mattia Frasca, and Arturo
Buscarino. Optimal and Robust Control: Advanced
Topics with MATLAB®. CRC press, 2021.

[42]. Jadamba, Baasansuren, et al., eds. Deterministic
and Stochastic Optimal Control and Inverse
Problems. CRC Press, 2021.

[43]. Thyagarajan, T., and D. Kalpana. Linear and Non-
Linear System Theory. CRC Press, 2020.

Gl e I8 5 oo™ ekl 4 o izl btanma [Y]
LBl ey cpps dlor ! a6 it i 5 (Sl

Ao oyl (Salys (glapions” ¢ i) dass o lgin Sbikens [V]
Slasl i oJsl

(s g ol e J xS Glagteen (2l Sbdasa [F]
Y40

e oBils Slast " ae aSis Sle bt sltema [0]

AYAY Sl
AP GG il Sl g5k Sl (Tl Sldesma %]

A Sl g6 J ™ G (6 S bzl e [V]
AFAF (il

[8]. F. P. Brooks, "What's real about virtual reality?," in
IEEE Computer Graphics and Applications, vol.
19, no. 6, pp. 16-27, Nov.-Dec. 1999, doi:
10.1109/38.799723.

[9]. Xue, Dingyl, YangQuan Chen, and Derek P.
Atherton. Linear feedback control: analysis and
design with MATLAB. Society for Industrial and
Applied Mathematics, 2007.

[10]. Mayr, Otto. "The origins of feedback control."
Scientific American 223.4, 110-119, 1970.

[11]. Minorsky, Nicolas. "Directional stability of
automatically steered bodies." Journal of the
American Society for Naval Engineers 34.2, 280-
309, 1922.

[12]. Ziegler, John G., and Nathaniel B. Nichols.
"Optimum settings for automatic controllers.”
Transactions of the American society of
mechanical engineers 64.8, 759-765, 1942,

[13]. Nyquist, Harry. "Regeneration theory." Bell
system technical journal 11.1, 126-147, 1932.

[14]. Bode, Hendrik W. "Network analysis and feedback
amplifier design.”, Princeton, NJ:Van Nostrand,
1945.

[15]. James, Hubert Maxwell, et al., eds. Theory of
servomechanisms. Vol. 25. New York: McGraw-
Hill, 1947.

[16]. Evans, Walter R. "Graphical analysis of control
systems." Transactions of the American Institute of
Electrical Engineers 67.1, 547-551, 1948.

[17]. Pontryagin, L. S., Boltyanskii, V. G., Gamkrelidze,
R. V., & Mishchenko, E. F., "The mathematical
theory of optimal processes”, Wiley. New York,
1962.

[18]. Bellman, Richard. "Dynamic programming"
Science 153.3731, 34-37, 1966.

[19]. Kalman, Rudolf E. "On the general theory of
control systems." Proceedings First International
Conference on Automatic Control, Moscow,
USSR, 1960.

[20]. Kalman, Rudolf Emil. "Mathematical description
of linear dynamical systems." Journal of the
Society for Industrial and Applied Mathematics,
Series A: Control 1.2, 152-192, 1963.

[21]. Kalman, Rudolf Emil. "When is a linear control
system optimal?."”, Transactions of ASME Journal
of Basic Engineering Series D, 51-60, 1964.

Journal of Control, Vol. 17, No. 2, Summer 2023

VELY Ol oY oyled (Vo J 25 dlone



oy (Sl J 57 5 (G3ledibe 53 0T 3,187 5 &K (5,598 s 1 (s (l0aS) i pa SWpten 2 S50 VA

[62]. Bechlioulis, Charalampos P., and George A.
Rovithakis. "Robust adaptive control of feedback
linearizable MIMO nonlinear systems with
prescribed performance.” IEEE Transactions on
Automatic Control 53.9 (2008): 2090-2099.

[63]. Safonov, Michael George. "Robust control,
stability margin." Encyclopedia of Optimization 5
(1999): 44-49.

[64]. Wen, Changyun, et al. "Robust adaptive control of
uncertain nonlinear systems in the presence of input
saturation and external disturbance.” IEEE
Transactions on Automatic Control 56.7 (2011):
1672-1678.

[65]. Duan, Guang-Ren, and Hai-Hua Yu. LMIs in
control systems: analysis, design and applications.
CRC press, 2013.

[66]. Liu, Tengfei, Zhong-Ping Jiang, and David J. Hill.
Nonlinear control of dynamic networks. CRC
Press, 2018.

[67]. Raol, Jitendra R., and Ramakalyan Ayyagari.
"Control systems: classical, modern, and Al-based
approaches". CRC Press, 2019.

[68]. Tsui, Chia-Chi. Robust control system design:
advanced state space techniques. CRC Press, 2022.

[69]. Marino, R.I.C.C. A.R.D.O.,and P. A . T.R. I.
Z. 1. O. Tomei. "Global adaptive output-feedback
control of nonlinear systems." Proceedings of the
30th IEEE Conference on Decision and Control.
IEEE, 1991.

[70]. Khalil, Hassan K. "Adaptive output feedback
control of nonlinear systems represented by input-
output models." IEEE transactions on Automatic
Control 41.2 (1996): 177-188.

[71]. Astolfi, Alessandro, Dimitrios Karagiannis, and
Romeo Ortega. Nonlinear and adaptive control
with applications. Vol. 187. London: Springer,
2008.

[72]. Yang, Guang-Hong, and Dan Ye. Reliable control
and filtering of linear systems with adaptive
mechanisms. CRC Press, 2010.

[73]. Chen, Mou, Shuzhi Sam Ge, and Beibei Ren.
"Adaptive tracking control of uncertain MIMO
nonlinear systems with input constraints.”
Automatica 47.3 (2011): 452-465.

[74]. Bellman, Richard, and Robert Kalaba, eds. Classic
Papers in Control Theory. Courier Dover
Publications, 2017.

[75]. Chalam, V. V. Adaptive control systems:
Techniques and applications. Marcel Dekker, Inc.,
2017.

[76]. Song, Yong-Duan. Control of nonlinear systems
via PI, PD and PID: Stability and performance.
CRC Press, 2018.

[77]. https://faradars.org/
S 3,5 5 o (Sl S L o deme [VA]
Jsl Sl epsle 1 055 Skt MATLAB 5 e
Aray
45 Lsl MATLAB s e glaels (LS s dw [V4]
AP0 (omty Ol (ST a8l

[44]. Hernandez-Lerma, Onésimo, et al. An introduction
to optimal control theory: The dynamic
programming approach. Springer, 2023.

[45]. G. Johnson, "A deterministic theory of estimation
and control,” in IEEE Transactions on Automatic
Control, vol. 14, no. 4, pp. 380-384, 1969, doi:
10.1109/TAC.1969.1099191.

[46]. Isermann, Rolf, and Rolf Isermann. "Stochastic
Control Systems (Introduction)." Digital Control
Systems:  Volume 2: Stochastic Control,
Multivariable ~ Control,  Adaptive  Control,
Applications (1991): 3-9.

[47]. Chen, Goong, Guanrong Chen, and Shih-Hsun
Hsu. Linear stochastic control systems. Vol. 3.
CRC press, 1995.

[48]. Krstic, Miroslav, and Hua Deng. Stabilization of
nonlinear uncertain systems. London: Springer,
1998.

[49]. Deng, Hua, Miroslav Krstic, and Ruth J. Williams.
"Stabilization of stochastic nonlinear systems
driven by noise of unknown covariance." IEEE
Transactions on automatic control 46.8 (2001):
1237-1253.

[50]. Astrém, Karl J. Introduction to stochastic control
theory. Dover Publications, 2006.

[51]. Kouvaritakis, Basil, and Mark Cannon. "Model
predictive  control.”  Switzerland:  Springer
International Publishing 38 (2016).

[52]. Zhang, Weihai, Lihua Xie, and Bor-Sen Chen.
Stochastic H2/Heo control: A Nash game approach.
CRC Press, 2017.

[53]. Pinsky, Mark A. Stochastic analysis and
applications. CRC Press, 2019.

[54]. Buckdahn, Rainer, Hans J. Engelbert, and Marc
Yor, eds. Stochastic Processes and Related Topics:
Proceedings of the 12th Winter School,
Siegmundsburg (Germany), February 27-March 4,
2000. Vol. 12. CRC Press, 2002.

[55]. Wei, Guoliang, Zidong Wang, and Wei Qian.
Nonlinear Stochastic Control and Filtering with
Engineering-oriented Complexities. CRC Press,
2016.

[56]. Kulkarni, Vidyadhar G. Modeling and analysis of
stochastic systems. Crc Press, 2016.

[57]. Jadamba, Baasansuren, et al., eds. Deterministic
and Stochastic Optimal Control and Inverse
Problems. CRC Press, 2021.

[58]. Zames, George. "Feedback and optimal
sensitivity: Model reference transformations,
multiplicative seminorms, and approximate
inverses." IEEE Transactions on automatic control
26.2 (1981): 301-320.

[59]. Bhattacharyya, Shankar P., and Lee H. Keel, eds.
Control of uncertain dynamic systems. Vol. 230.
Boca Raton, FL: CRC Press, 1991.

[60]. Wang, Youyi, Lihua Xie, and Carlos E. De Souza.
"Robust control of a class of uncertain nonlinear
systems.” Systems & control letters 19.2 (1992):
139-149.

[61]. C Edwards and S Spurgeon, " Sliding Mode
Control Theory And Applications”, CRC Press,
1998.

Journal of Control, Vol. 17, No. 2, Summer 2023

VELY Ol oY oyled (Vo J 25 dlone



va

ooy (Sl J 57 5 (5ledbe 53 0T 5,187 5 &K (5,595 s 1 (s (cl0aS) i ga SWptn 2 S50

[80].Feldman, Jerome A., and Dana H. Ballard.
"Connectionist models and their properties.”
Cognitive science 6.3 (1982): 205-254.

[81]. J. Heaton, "Introduction to Neural Networks for
Java", 2nd Edition, Heaton Research, Inc., 2008.

[82]. J. Nocedal and S. J. Wright, "Numerical
Optimization", 2N Edition, Springer-Verlag New
York, 2006.

[83]. A. Papoulis, "Probability & Statistics", Prentice
Hall, 1990.

[84]. Sistu, Phani B., and B. Wayne Bequette.
"Nonlinear predictive control of uncertain
processes: Application to a CSTR." AIChE Journal
37.11 (1991): 1711-1723.

[85]. Narendra, Kumpati S. and Kannan Parthasarathy,
“Learning Automata Approach to Hierarchical
Multiobjective Analysis,” IEEE Transactions on
Systems, Man and Cybernetics, Vol. 20, No. 1,
January/February 1991, pp. 263-272.

[86]. Hagan, M.T., O. De Jesus, and R. Schultz,
“Training Recurrent Networks for Filtering and
Control,” Chapter 12 in Recurrent Neural
Networks: Design and Applications, L. Medsker
and L.C. Jain, Eds., CRC Press, pp. 311-340.

[87]. Narendra, K.S., and S. Mukhopadhyay, “Adaptive
Control Using Neural Networks and Approximate
Models,” IEEE Transactions on Neural Networks,
Vol. 8, 1997, pp. 475-485.

Journal of Control, Vol. 17, No. 2, Summer 2023

VELY Ol oY oyled (Vo J 25 dlone



