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Calculation of Interactor Matrix for Nonlinear Multivariable
Systems via Infinite Zero Structure Algorithm

Zeinab Aslipour, Alireza Fatehi

Abstract: An interactor matrix plays an important role in the multivariable linear and nonlinear
control systems theory. This paper proposes a method to obtain the interactor matrix for nonlinear
multivariable systems. The only existing algorithm works only on square systems; moreover, it
cannot guarantee providing the interactor matrix for these systems. The proposed method of this
paper improves the above algorithm so that both mentioned defects are solved. The modified
algorithm uses the infinite zeros structure for the nonlinear system and then it obtains the structure
of interactor matrix. The effectiveness of the introduced method has been shown using various

examples.
Keywords: Nonlinear System, Multi-Input Multi-Output, Interactor Matrix, Infinite Zeros
Structure.
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Suboptimal Solution of Nonlinear Graphical Games Using Single
Network Approximate Dynamic Programming

Majid Mazouchi, Mohammad B. Naghibi Sistani, Seyed Kamal Hosseini Sani

Abstract: In this paper, an online learning algorithm based on approximate dynamic
programming is proposed to approximately solve the nonlinear continuous time differential
graphical games with infinite horizon cost functions and known dynamics. In the proposed
algorithm, every agent employs a critic neural network (NN) to approximate its optimal value and
control policy and utilizes the proposed weight tuning laws to learn its critic NN optimal weights in
an online fashion. Critic NN weight tuning laws containing a stabilizer switch guarantees the
closed-loop system stability and the control policies convergence to the Nash equilibrium. In this
algorithm, there is no requirement for any set of initial stabilizing control policies anymore.
Furthermore, Lyapunov theory is employed to show uniform ultimate boundedness of the closed-
loop system. Finally, a simulation example is presented to illustrate the efficiency of the proposed
algorithm.

Keywords: Approximate Dynamic Programming, Neural Networks; Optimal Control;
Reinforcement learning.

b i ol g i ol s J 57 e a3 -0 8 1l 5 U ST Oludige ezl o 1S o Sl o 3L deomn 1SS 5 0ulge ki 5



ST o B Sy S50 by S eslizal b ot b Lilds 1S sla 5L ane 5 U s

S (s IS s ¢ Gl o Bl ez ¢ 5 5le e

ol e sy Mok oS oSl —O gkl SVslae o 4 L
e A8 (o Juls O1E (S35 4 el Sl 48 SVslae
@ ol el (San 8 T (Mowd Jom 3050 3571 55 5035 s
S ok b oS rmOskals SVslee Lt )8 sk
PRUNEC R NS TRLIN A A7 ISR S NP P PP
u:;)dﬁ_ "w_,ahgg,“;ﬁ,uuj.;,.:@eam\LM5>»
FL sl BF o bl o 0l 3 s BsE S0k

L¥815,8 515 oslinal 3550 Jast oo 5 4ig sls ol

0> il ins SIS sl (3L s (B Sl S wlip ealie

i w55 oba) JES dep Jo 03 5ed My it 4 (Y- YVAYY]
@8 15 eslinal 350 L5t oy gy Oloj s (Sla e
ST J S B U I ﬁ),ﬁl YY) s Ll
Yali- Slee lstlu 14 s 0313w g el 315 sl 3L
Sl 03,8 ealizal [FYF ] T al s s 4SS 53 L[]
[VF] o8 S ok IS ST ld ol 1SS 025,81
g s il ey JE e 3L 5 J 60k s o
By r-q_,,ﬁ\ ™ s ol st slgi [YA] s L
2 Dopar o il by HE sla 3L sl e b
[YV] 53 55 4l Canlow ,1 S ;v-”v.))i” S 5 b 0ols Ay b
Salios b GUG5L L s el s (B1E (sl (53l o skt o
kY ‘.;wisl K (YAl L3l ods osls gty Sosline (sl
Sl S0 sthan OVslas Jo 03 g0 1y 51, Loy Gl
S o o ez iy JIE Gl 3k 53 et S
Oliies ol ol 3lgiiy climan plizel 50 S OT 5 OLSGSL
Jo s e B Sl S il o2 S S (0] s
a5 gy O3 (a5 (Sl e el s SIS Gl 3L
FOX Y] 53 .ol 03 S sslizul sl Khas kb 51 457 (il o3l
G3L Gl mends (61 adol Sl plnl ST sl Sl (Y
1 48 gamn (3L 7 ol S5 0L Ll S350 il s (1S
O eilyins SIS 65L s sl Sl ST gla Conln S

.Cﬂﬂof'&ﬂl)ﬂ}&”f"‘)

* Coupled Hamilton—Jacobi

% Reinforcement learning

' Approximate dynamic programming
" Forwarded in time

'Y Actor-Critic

' Functional link

'¥ Coupled Hamilton-Jacobi-Issac

dodo -

[V-0] 5o bt Gl s 0 w55 J 25T S35 » ol

Gl aia o iy dl 3 6 4e) ol Sl 488 15 andllas 3 50
sl Dby 5l 25,8 LT Wl (dige (sla s I slize
elos G2LT I8 V] i 05 slaleglpn ([F] NS e
Gl e IS5 [A] TS o s e o [A] Tl
308 (Soalus aunT 3 ile Olojen 5 [Vo] ooy oS55I
ol Slle S5 S o0 J Sk gl 3 0k 55 J 2870
o S0 5 4 Sk e 5 kSl Sy dex |
g 3ym Lol o 03y VL Oliabl CobB 5 S et Sy (5,5

el 0 a) pl o5 18

b_ﬁAJ EE" tla?‘ odos a}_)f 9 4 ol G)‘,; Jj';f J;_L-.A

r:ml:‘<,.x.z@)'j;&@))’ﬂ)gé;uoupﬂaucjyrfla;;)
Sie oSG b Jule aen [NVF] L) 05t glaxl 53 L5 o
LU A 5o T sl gle Il atly 457 oukits J 28 &S i
4 S5l Olejan dlime 53 K03 O b Sl kiph o K sl o
b Jole aen 38 (o 4S5 [V0] Y pasmgm plarl OT 4 7 a)
Olojor dS™ (o 57 1) Dslln wm o e 87 (J 287 Jale b as

Lye-n] s e ile

dpep 5 Gl dda sl ol o Ol &5 65L 6055

5348 03557 (o a3 s o ik (6,8 el 5 (S bl sy
sl Jole K35 oS5k a5 3 Shae 4y (Ko 55k 2 Sl 0T
dien 5L 6055 S 6 als hedlyas sla o5 [YY] s L
o Selys DS L dsle diz Sl gt S i 4 &
SIS e 3l pb b iy sl (5L 31 e STl
Salus 5 5 Shes Latls 8 Ll okd b [YW] 5o Ldl b
3L 53 el 55k Jels BIE (5505 4 ls (SUL 2 sl
Gl 4o same 3L JLs 4 OS5l S sk o bl s 1S (sl
oML S ogdle oS e Jsd BB IS ol Conln
o Joles a5l 5 g5l JBMe L (55l Olajen 5 e
(i ol s (3L it ol Sl s ol 5333 8 Jolo

' Formation of a group of mobile robots
" Unmanned air vehicle

¥ vehicle formation control

¥ Networked autonomous team

® Leaderless consensus

* Leader synchronization

¥ Leader—follower consensus

Journal of Control, Vol. 12, No. 2, Summer 2018

WAV Sl oY oyl VY tlor (28 aloma



10 S S5 5 Gl gy S 4l S eslizal b ot b Jilis 315 ols (o5 g J

S e LS s (Gl o5 3L s ¢ 2 5 5le Az

wobols A®B Spwn B s A Lujlss o8
355
Gos GrW ,2) SIE by (fole N o Jolos o0
OIE sl o F sssema V= {12, N} 0T 53 & 55
Sl asgeme DV XV 5035 Jole N ouls o ol
oSl K sy g ((,7)EL & cal OIS s
s 05h o o pesle OILE Wlie pl 3 il e J oS4
T S LN T R - VI Ve PP
SIS S Gidms 2L sy OIS s (I,1) 22, Vi
JQWEZ[eyJe‘RNXN 0T Klear 5l bwg Ygens
»se, =1 KT (J,I)EZL 3516 osb assd 003l
N/ ={j:(j,i)eZ} wt o e; =0 ophw ol 2
Ll oS aesame 505 Ojle el T 08 0 Luos ae sames
= s I of 4 & b sl
) s stz 0 5 NP ={j:(i,j)eZ} 45
a3 el il o T Klen 53 1 Jole &8 dizs s Jule
A5 sl S« D =diag(d,) e RV Tewsisls
Wil o I o8 oligifsmermys S d, ZZjeN,'eif b e
4 OLE Y b CE ol 1 e ole pame 2w)
S g pole paame g5 ety i L =D —F o0
6 53 et or 4 sl oS 51l s e Bl (o i OT
32 G SV S Juame L 1 OIS 5 el OIS
o bl Lo gy 0 8 Y pame bl azils 355 OT ol giuds 0 S

g a0l Ol

G3dns b oldzgr 5 Juate L cosle gl 918 dlas ol o
s fele g ol Gdns Rl sl 0l L p Al
gk a3 S

OIS sy 1 oKl (Kb N Jels 058 &S5
oo 4 T Salys 0, 5 s g 5 e b (DL
S5h o Ok 25

X, =f(x)+g (& )u,,i=1...N M)

m n -

g U ERT 5 e s, X, €RT GT s s

o ol $Salys omen 3l o 1 S5k sl S8 6305

ssh podls pi e u X ESRH
Xo=fo(x,) ™

"In-degree

¥ Heterogeneous

w3l eslial b b abgr 5 (S8 b oS lis ol s
SIE Gl Gl B sl S B Sby s
Sl Covlw 4 55 Ok et sy Ol bt b Glb s el S0
2 s S 8 Sl slB ol Loyl sl S
Serlys bl ol oS Gt 055 0 w2 S ila ale S
5 Sl 0ol ) il o 'S5 g IS p ke U iy dil
Wl 0 DU 35 )25 Jols 4 (o 5 4y oy oS wall
Wl o5l dlie ol sls 65T 5
SIS sl il a b V][] el i ol -
ot b S m VL e b s gy 0L il
Sokd m5E Dosar S3L ss dse b s 4 S Ao
S OUSG3L 3s an 9 VS S35 5 e
b gz 3 [YV] io g same (eiliins gl 3L @
Crmas AL (o S ey SOk 9 L [T ke
P (0 Silad 5 s JS i il e (55101
@Amaxjgaugu:ﬁ,ucjgéﬁf;gﬁ),ﬂl -y
33 bl oo ealimul (5L a gl mas K SS
Sl 5 a8 Glabe O sl (v-”d_))i” ol e
JrO YY) b awslis 55 gl esly sl 65 enla
s ok 33 sl Sles sl 51 S5k o 6l
BV P u; oslatw!
S Ol 0 i ekl 5 5 (o sl gl al Bl Y
4 63 g s YO -YVNY] b aglie 55 dla 05

2,0 s g g ad gl Slesll S ST s Gl

oo S Jgo 9 9 Slockdo -

25 355 (o enlimul LT 51 dlie sk 55 57 (ol w0y pplie (& p
SIE Gl Gl At gy Jsep oD Sl odd ST3 aall
S5 Gt ol 03 58 e Gl e 1 8 N el
255
sl 5 Lgdl Y3

R 6,5 o5 eslizal 3,50 lin ol sb 55 55 slasles
Gl s R 5 b 1 i layls, R (i sl
sl b gles sl £ e o Ol 1, MXT ks
X sy il 5 otz 055 X || o> 0L 1, X
Wil o M oy sl Y- ki 0L M| A5L (o
s M gl sy ae el ©oekes O S (M) s

;.;J,.AAMbsaf)LfJ\) M w{jbéﬁ-’ﬁ)‘v‘i‘cf.ﬂg g(M)

\ Uniformly ultimately bounded

Journal of Control, Vol. 12, No. 2, Summer 2018

WAV Sl oY oyl VY tlor (28 aloma



ST o B Sy S50 by S eslizal b ot b Lilds 1S sla 5L ane 5 U Ve

S (s IS s ¢ Gl o Bl ez ¢ 5 5le e

1 1, 1
H, (é‘i,ui,uN’, )ZEQi (5, )+Eui R.u, +EX
DU R, VY (Y ey (fi(x)=f,(x,) W
jEN,’ jeN,’

+e;o(f; (6 ) =f o (x ) +(d, +e,0)g, (x, Ju,
_ng.w/ €;8; (xi )”j)
Vi) w2 VIV =0V, [05; e R" 0T 58
Al O 4
BBl alle U IS5 ol Calu [TV -) Gl g
e o3l U (0) =0 5 wsy U; Bebps i Jps
1) ) sl Slie 5 35be bl dowe Sy 4 1y (F) o2 U
s S 5 g
J= {u:,u;,,u;,} Sl Sl 4o gomea [YY] =Y B &
G gslasl S1etsl w08 N gL sly ol 4en L5 ol
Lol By YUy g, 2
Vi (u;’ugr—i )<V (u; 9uér—i ) ¥
S UG ={uj‘j ;ti}QT)Nkf
JJ&J);\)(O)emcjjémgﬁctj(?)w—\ o~
b g oSKd 28 gls Sl (M) s el K
4 55 Dose 4 (YA OH; [Ou; =0 sl bys 51 eslizal
LT oo s
ui* :_(di +ei0)Ri;1giT ('xi)VVi AR
(Wl (1)) o 5 oS =0 skl Yoo > VI, &
QA 53 (1) ag ¢S I 287 Gl (13K b Y slre ol oS
Al odeT Cws s 5 O e

%Q,. (5,»)+%(d,. e, 'V g, (xR x

gl (x,)VV, L D d; +e, )’V ] x
jeN{ )
g,(x R'R.R;'g (x )VV, +VV | x

( Z €; (fi (xi)_.f_/ (x;,‘ ))+ei0(fi (xi)_fo(xo))

Jjen!
_(d,‘ +eio)zg,‘ (xi )RI:lgT (xi )VV:
+2e,d, +e,0)g,(x IR}g] (x )VV,)=0

jeN!

—Oshala S¥slas sl Sl sl oy 8L (ST S0k«
Wlie ol 55 AiL o (San b o 5 Hlpd 0dd LS oSl
25 IS b & sy S SVsls o E - 6l
SN A Sl S-S B Sbgy s 4l 6 L g
yh n sl (kS e eslinal

il o 5L syse callin anlst 55 5 5 8

Al o Jame Juled D18 3 s oSG 51 S Bl oS
s i) Sfo(xg) & sss e B Al ) 5
b sl s o 22 T =1L, N Gl g (x;)
55 S i s a LGSl A Sl e O Lees
6, = Ze,.j(x,.—xj)+€io(xi_xo) ™

jeN!

S Bl Gl oS sl e Jlail o, 20 0T 3 oS

Do bS5k SIS sk g il o Lhe 2 ((SU3L

o =1 KTl el sy L e

S 6 e O er sy sl $SCalys e =0 S50
(VO] 355 o ols 35 Sypo e L =1, N A

6 =2 e i)=& )+

eiO(fi (xi)_fo(xo))+ )

(d; +e,0)g, (x; Ju; = 2 €8, (xj)uj

jeN,’
25 JAS Gos HU Cov Jole e sl Sl
4;‘1‘)&CU.M\{@J&L&J_‘Q&LMJ%&&&)})}}i Jole

[T 252 (oo ey 25 g & GS5L 2 Sl 0ok )5 lome
VS u,) = 1,8 @, (), (D)7 @

YA (S )y, =l e[| OT 02

N
oAl Gres 1/2(Q,.(5,.)+u,.TR,.,.u,.+Zjavy,ujT.Rijuj)
Area Sl 0ol O, (5;) > 0,R; >0,R; >0 055 sle

SIS Gl 3L 03 add w55 e aup ol S A g
OT 0&ler 5 1 SG5L 63305 31 a1 5S35k 6l ool o>
SAS el Bl T oS50 S5 O plply L (o
o D GO B 5 e jp w05 il sl (S
il

P (6) = min 1,5, M7 ®

v i

Ol dsles S & O) daly hiliss slas Jgep

250 o Ol ) b
VI ey (fi e )= () +ego(f, (8,)—f (%))

SN W)
1
+(d; +e;)g; (xi )ui - z €;8; (x, )u/)+7Qi (51)

/EN,’ 2
+%uiTRhui oL > ulRu, =0,7,(0)=0
jeN!

9L S5k Gl ok w55 Jome om0 Sl oo shale o6

Sph o ) S se

Journal of Control, Vol. 12, No. 2, Summer 2018

WAV Sl oY oyl VY tlor (28 aloma



% S S5 5 Gl gy S 4l S eslizal b ot b Jilis 315 ols (o5 g J

S e LS s (Gl o5 3L s ¢ 2 5 5le Az

il IF b b ey o Y
okl b o pd  Jolei (Sl s
Al (0 B Sbyy S5y 4ol y
PV a5 [F-Fe] el izl nly YU ad e 8 a2l bl
sy 07(8) R > RE LS Jr 4l gl s pene
0;(0)=0 & b 4 A smy i=1..,N
o158 b 4 0T obsl S5V, (6;) J= o KT Vo, (0)=0
R LT R
S Gosb 4 Lyls sy S e b ne w, eiRKi S37)
03 B pi s s i =10 N slp Vi(0;) w5
L o
V.=V, (é‘i):WiTUi (6,)+¢.(5,) v
s s b o w5 0y (5;) 1R —>RE
s £(8,) 51 Jolo isee ¥ 53 b 055 ol K ol
ny d}iﬂaﬁ AL i :1,...,N Sy oes slo "&-v& R
ot 0, (0;) b o S Sl g it w5 iy
2o ok 1 ol Jis 4l le 45 semme &5 Wsdh e Sl
i =17"'7N Ls‘_ﬁ L@“To“.é‘_;fﬁVi (é‘l aul' auNI) S“G))T
VV,=Vo,W,+Ve, OA)
s & Vo,000,/06, s Ve, [0¢ |05, «
oY sl 05 3w & o&is ol Kipd r035 pmades 15K
Coge D =LuGN Gl i gl (K >0 e
[F1Ve(0,)—>0:c6(5)>0 158
o Sl Sl @il (o 1) 5 (00) 53 (WA S L
s s 4ty O eds S oS- shels SV¥sles 5 (V0)
r:fmy')'\i
* -1 T T
u; =—(d; +e;o)R; g (x;)Vo; W; a0
-1.T
—(d; +ejo)R; g (x;)Vg
%Qi (é‘f)_%(di +ei0)2WiTV0-iDivo-iTWi +
l Z (d/ +e/0)2W/TVO-/Si/‘VO-./TWj +WiT x (¥

jeN;]

Vo, ( Z eij(fi(xi)7f‘j(xj))+ei0(fi(xi)7

jeN}
foxo )+ D e;(d, +e,)D VoW )—&,, =0
jeN!
QT;:S
-1_T
D, =g,(x;)R; g; (x;) v

OIS 2 ol DS Ll oS (L 2l Y 2B
S sosb by Ji(0;) s iy dedl i
S =VIL6 =VI[ (Y ey (fi(x)=f,(x,)
jeN!
* aY)

te, o (f . (x ) —fo(x ) +(d; +e,)g, (xu; —
2 €8, (x u;)<0

jeN!

Ji(8;) i g2 VJ; =0J; [06; € R" 0T 5o 8
il o O

5 @) odks w5 Joms air ol L (F) (o e = ¥

A P NP e S i 5315 (V) i sl ki

Gho 5 Ssbesl 53 o ABL @By 5y O, ot il S A4S

Ll
VVTO VI, <1 (8 uuy,,) )
-‘W = I s el o&T
VI ( Zle,,-(f, () =f;(x ;) +eox
N )

(fi (xi)_fo(xo))+(di +ei0)gi (x,’)u:
=Y e,g,(x, u;)<-VJ OV,

jeN]
() ag Sus 28 Glgln 55,5 o =T of O
odd mis e aupr Al ) bt E e s
KT as a5 b oSS LS5 @) 3 V(6 ,u;‘,u;’,
3 e w25 b 5 B Gt s () o als 5 S eslizl

*

r.ﬁ)‘)& i=L.,N ¢lpd oo Vl_ (5‘ ,u:,uN

Vo=V ey ()=, 0,0+

e, (fi(x ) =fo(x N+, +e,)g, (x,u; )
=2 8, (x )=, (5,»“:,“;,/)

jENil

I)B-Ljﬂ

35 o33 25 Syse a1y (10) 05 oo (1F) Sleslamal b

.Z/ eij (fi (Xi)—fj (xj))+eio(fi (xi)_fo(xo))

+(d, +e,)g, (xi)u: - Z €;8; (‘xj)u; =
jEN,’

* N * o
_(VVi VVi ) VV:‘ 7 (5: SU; ,uN’, )

0%
<—(VV,VVY'Vr vy Q. vJ,
<-0,VJ,

Caws 4 O 08 B b g5 pe VI Coobale s
Al o JS 1, S ST AT s

' Continuously differentiable radially unbounded

Journal of Control, Vol. 12, No. 2, Summer 2018

WAV Sl oY oyl VY tlor (28 aloma



ST o B Sy S50 by S eslizal b ot b Lilds 1S sla 5L ane 5 U A

S (s IS s ¢ Gl o Bl ez ¢ 5 5le e

I le o ol pae 2 lp olgiy b 0s6

AT p s s 5 n i =1,.,N ¢y

W o=-a ‘(Q( )+ d, +e ) x

5 s o1
W!Vo,DVoW, * D d; +e;,) x
/'eNl’
WiVe S NaW, +W/ Vo () e, x
jeN/!
(Fi ) =1 (e ) +e o (s (x) =f o (x))
-, +ei0)2D[VO'I.TW[ + z e;(d; +e;y)

jeN!

(YA)

» 1
XDjVO';Wj ))+Eai (d, +e,,)’Vo,D, x

nT
vo'w, Bl +%a[i[‘(di +e,,)’ Vo, x
m

K

i

Z/IWT ’SVOJW -2, A, x

0
JEN; S5

(d, +e,)Vo,D, (Y. e, VJ,

jeN,{)
—d, +e, )V n+A"'a,(d, +e, Vo, x
D,(Z; X e, X, VJ, =%, > e, Y. VJ))

jeN? jen?
oF, Vo, Vol
Vo Vo -
1+ch1ch .
-a, F,, :
Vo,Voi, -
1+ch vo,| "

a >0 LE,. =B, /m, «m, =1+BiTBl. o s
=L N sl bl sl Fy s F o idss o e
Sl ok S3Y oo =1,...,

A

Cwsa W,wcws € IS e S B; s

N &y VJ, osoren dil

il o 5 s 4 T

Bi :vo-i(Zeij(fi(xi)_fj(xj))

jeN/!

e (i () ~fo@ N+ Y ey d; +e,y) Y

jen/!

xD, Vo'W )-Vo,(d, +e,,)’ D,V W,

“ i:la-"aN sl Zi 3 Zi G:'}“’ s, 5l

dph oA 25 Sl

=g,(x,)R; R, R'lg (x;) )

el 0l 0505 OLES Lokle 3L glas

Cewl o 0313 O EHJi s o LS K}

rjluu i=1...,
s Slin [ ;5 035 e L oy 4 L 5 iz
A I =L N ‘5\,::.1. oS s el W, oddes;

.r-"‘j:f

LB (r 5 D)o 4 0lE me S s nl

N Gl W, 5 ae s K5 sl 05

V=W 0,5) (¥)

G ap IS Gl Gl peds (10) 5 (Y9 ()18 L
AT (r st 55 )0

i, ==(d; +e;0)R;'g] (x))Vo,'W, (e

4 e 4 il a3 (F) s 53 (VF) 035 Jlesl b
LT o Szt 25 S5

SW.W)=5=7 e (fi(x)=f(x,)
jEN,’

+ei0(fi (xi)_fo(xo))_(di +ei0)2Divo-iT

W, + Y e, (d, +e,))D, VW,

jeN{

(o)

4 A peskals g (N 53 (YD) 5 () (KL L

AT (r st 55 )0
7 11 1 1 2117 T
Hi(gi’Wi’Wj):EQi(éi)+5(di e, )W, x

Vo,D VoW, + > @, +e, ) W]Vo,S, x
jeN] (Y9)

VW, +WIVo, (Y e, (f,(x)~f,(x, )+

eof (x))~fo(x))~(d, +e,,)’ D,V W, +
Ze d; +e;,)D, VO'W) e,

jeN!

Méu&;éb 358 JT el slae 03,57 Cows 40 <l
2sh il (Y9) 53 € el S gl cfuw\g,uuuu;

W bl sl ok 505 Js5 0bal 8 51 eske ol ol
Q%ijﬁﬁi&lﬁ%\)A.:}i&u&:«l i:l,,,,’N slp
Jlam ode S 5L N 6l olis oz gls S sl
u),Tﬂ\)W@\.L_lixlj@<vv),xugpéw@fyu
.::»)f@«_blcxf

(Yv)

m~
MZ
__N

Il
LR

P

Journal of Control, Vol. 12, No. 2, Summer 2018

WAV Sl oY oyl VY tlor (28 aloma



14 S S5 5 Gl gy S 4l S eslizal b ot b Jilis 315 ols (o5 g J

S e LS s (Gl o5 3L s ¢ 2 5 5le Az

S sk 4 et IS G e e b Sl w5 (F

Oy >050;,, >0 HVO',.HSO'MM 3 HO',-

i SO-I'M
d=1L..,N &,

Sosb 4 ma SIS BB e gla oS3 gla 0y (F
A =1aoN G Wy >0 w | <w,, s
S ogb 4 ks SIS Epyy edile L gl (O
i=L.,N e, >0t HEHJI HSSHJ
Lg A8 sle b ;80 5 s 5 (F) e - 8
Al ;w@u&,:o)',r_ia;: 5B 5 Ll el esls (YF) alal,
Vo) Sls i 0,8 e ksl ods al 3 (YA) b el

Kb 0 i glas 5 O; e gl oMT dizn 15,

iM

WOy, C’Jlf sl gl 4 ol =l,,,,,N Sy Wi S ae la
s C 5 ol LS
LS s 1 5 LU al - dedd LS
N 1 - -
DR O R T B
i=l
LlodaT Sz 0 ¥ ('J)“ i=1..,N sl Jl(d) ny

Cope 4 (T0) (e 4y a2 5 L (V) O LU 6 Slej Gl

LT o s 4 5

_ 0 ieS
> = _ )
! 1 ieS
1 ieS
>, = _ ()
! 0 ieS

S ={iti €S} § ={i:VJ,5 <0&VJ, 8} <
jeN?
S 3l ods Vs Js5 0bal S w2, 80 68 L L
o3lizl (YV) mrjo odile 3L sl 055 Jolis gl (YA) ol
93 Ay il s (GO endS Sl e (Bl g 550
5 o 03litul 35 _ae gle S gy slo 055 6,8 3L 0L

B ZiZIJZi:O S a4k arg ) da>de

S 5 LS5 e oy sl e $Salis S Cnbine
32 =1 R b il T Sls o [ 8
o sy sl Sals Blam o Coline il 4 2 =0
Slesliml b Cw ol 4wl oks LIuLl OLKSL ool 3 S
Jsd BB adsl IS ol 4 5L (V) 5 () b o sla) 551 5!
4;-,:.>,;z_,ag,bﬁ“;ﬂtcg~>t[m]}[n~] 2 &S Jole a sl
o Jls (M) 5 () s Slas g1l als & & e oS 552
I AT O By T PR JU e L (g S S PP .
e obile SL glalles 035 Jilas ke 4 Y ala>Me
AL LG S o (B 1 4 (F) e slele bl L5 (YY)
4 S g S b S b s 038 05T Gl s 2
b a8 O3y omeds sl 555 e Bl S8 la 65055
S P =La,N o ke a0 gl ol es
gk e W =W, =W,
‘S)VQQM -y

033 5 ol b el o> 1S 65k L S ol
Il 5,8 o 13 Jdows 5550 (YA) 35 me glo Kt (oolgiin
S ot A Sl

T

g < g O Sgu e g ()0
A =1 N Sl sl o i ol b

L SIS OT 0Ll S 5 ols pae b o slalles (Y
Sy s ‘ Sey S ok a

d=L.,N &y €4 >0

&y >0 v |Vg

&

! Persistent Excitation

Journal of Control, Vol. 12, No. 2, Summer 2018

WAV Sl oY oyl VY tlor (28 aloma



S5 o B Sl S0 b S oMl b et il s 5 o 3L w25 S
U g JLS s ¢ Sl B 3L daes ¢ g 5le dme
J = Zw (2 e (i )=1, (6,0
jEN
+e,o(f (x,)—fo(x)) -, +ezo) DxVO-TW
W!B,ABW,

+> e, +e,)D, VW,
"4,(d, +e,,)’Vo,D, x

l

1

i

i

i

i

M

+

m, my +m

2
J=-Z7 : A

My, +my m jeN,
2 NN 1
AR AW B, e g

+Z d+z{VJ (D e (fix)—=f;(x,))
/EN’

\% W ’W +— /1W d, + VoD, x
+e, (i (x,)=fo(x)) -, +€i0)2DiVO',.TWl. i m, (d, +e,0)'Vo,
+ (. +e,)D VW +>(vJ’ BT B’

,;N:,e“(d' €D N, Z;,{ i x vo'w, By +SA] e x
: l ml, Sl
Ze d +ejo)DjV0jT.W~j W, +e,) .1
jen! Vo,D,VoW, _EW d, +e,,)’Vo, x
XvaiDiVJi} — l
A8,V J W, + +
.,ble.,\..uu\:ﬂ)‘;))‘,..aA{M sl sl 0T 5o & ,;0 S O'W . 2W (d e,o) X
51 1/1 5
m, =——(d, +e;,)’Vo, Z —W A8, % Vo, z 370 i Ty Wi
2 jeng My, 5;
nT T 2.5
Vol “X4d +e, VoD,V W, Bty VUSf1Y01W1 (di+ey) W,
S; X . :
VoS, VoW 25
B/lBT—f/l(d +e,)’ WVaD Vo! w2V Oy | e (dy +eyo) Wy
5 T n »
. PRRZAZ AR
+AF, — 2% 1+vava |
T ~
VoD, (d,+e, W,
wlvoe, : :
e;(d, +e; ! Vo,D, VO'
mg, Vo,Dy i (dN +eNO)W
1 r - )
Lie @, ve, . Vool
2 . 1+HVO'VO' [
[0 0 0 0 --- O] +/1,.W~,.TF2. : }
00¢ 00 N ZA 7,
+A.F,, 00 00 0 ®1I, 1+HV0‘VV0'NH
00000 +Z{VJ,TZ ,(d, +e )DjVo{.Wj
E . . . .'. 0 ieS jeN! »
100 0 0 0 0] W, +e,,)’Vo,D,VJ,}
M 7 (03 b Sy g % *v) S &l
4 ~ ~
1+HVO'1.VO'1 H 015 o0 055 S o S 1y Z :|:W1T W;J
x :
55 o sib 23 Syl (V)
_Vo,vol
1+|Vo,Vor| «?)
PS4 S es b dT:[dT d :|)l>ﬁdlkl}
LT
BT
d,=——2A.(d, +e,))’Vo,D,Vo W, —
Journal of Control, Vol. 12, No. 2, Summer 2018 YAV Olsl ¥ ojlas VY o (S alos



A S S5 5 Gl gy S 4l S eslizal b ot b Jilis 315 ols (o5 g J

S e LS s (Gl o5 3L s ¢ 2 5 5le Az

DAV ( Z, e,(d, +e,))D Vs,

ieS jeN| (F+)

~(d, +e,,)°D,V&,)}

V':)b (F4) Sl y S @

J <z o) +|Z|dy =3 (S IV}
+Z{VJIT(Z efj(fi(xi)_fj(xj))""

ieS jeN] (f1)

em(f; (xl )_f()(x()))_(di +ei0)g1 (x‘)u‘*
+ Z €8, (xj)u; +(d, +e,))’ D, Ve,

JjeN ,’

- D e,(d; +e;))D Ve,)}

jenN!

355 (o s 53k 5 Dol 4 (FY o Slaslinal L

JES (5 [V S

g{ l }+;{4Qimin}
N oy, 4y (FV)
20w 5 a6

d
M |Z|-—2L~)
conz|-540)
QT;:S

n =, +ei0)2DiM‘9idM +
(W)
Z e, (dj +€;0)D 1 &

jeN/

SISV 5 d si=1.,N Sy Vgl. &S 34k dr g

LS Gl e s sl gl 3 S B s
i=L..,N
[i{ 71‘2 }Jr dMZ J
= - a4c(M _
[V, o >4~ Qi) M) 5 0 gs, P
' O, in 20 1in ’
[i{mz }+dM2 J
ieS i min M
[V, >~ © £U1) nBs
id min '
ieS i min 4 M '
HZH> 5 (40 ¢( )+ dy 0B, (F%)
gM) 26(M)

S ik 6055 b ity S <O KT st 5,
|z|>B, s s e e AR

i=1..N s |VJ|>max(BS, B3, )0 By, s

vJ; >

nT

_%(d[ +em)2VO-[ }Z) lij[Vo-[TW[ %Wj
JeNt (%

w18, p, YOV

mg 1+ HVO‘I.VO{ H

Vo Vo 1
6”77‘ 1
1+HVO']VO'] H

ATF‘Z[ :

T
Vo,Voy

e —— NTUN
iN T N
| 1+HVO‘NVUN H |

Fy 5 Fiolb sl sl s A bbbl

M >0 555 bl gl 68 w b P =1.,N &Iy
L

Sl sy o |6 >0 pets LY K b b o

s* N ‘) xS s d“ 0 < é‘[dmin < é‘l > < ‘) 5idmin

s onlaly bl

DAVII( X e, (f, () =f (x )+

ieS jeN/]

e (f; (x;)=folx ) —(d, +ei0)2Di X

*A)
VoW, + Y e,d,+e,)D,VoW )}
_]'EN,I
< _z{é‘idmin VJ: } <0

ieS
i =1y N Gl B, <1 & i o) 5Y 53 Gb
dy s Dys < c|d||<d,, 5 |D,| <D, o005 o

33 25 Sy (FF) O STaLil o adede oo Sl &S5 55 a

AT
J <12 o0 +2ldy -3 46,0 99,
+Z{VJ,.T(AZ e, (fi(x)=f; (x )+
= (¥4)

e o(f,(x)=fo(x))~(d, +e,)’D,V W,
+ D e, (d; +e;)D VoW )+ {VJ] x

jeN! ieS
T117 7T
Z, e;d; +e;))D, Vo, W, - W x
jeN

(d; +e,,)’Va,D,VJ,}

CM) & M ol s i i o S S 0T o S
ol o 05l LS

Gl el e Ol L oS sl abls g Y Mo
i=1L.,N sy By s Fy bbb /11 b
2 R J(M) 65 o

25 ez 03503 oS 5Bl (Y1) 50 ) wer s Ly

Journal of Control, Vol. 12, No. 2, Summer 2018

WAV Sl oY oyl VY tlor (28 aloma



ST o B Sy S50 by S eslizal b ot b Lilds 1S sla 5L ane 5 U Al

S (s IS s ¢ Gl o Bl ez ¢ 5 5le e

(f4)
X, +6‘(1 xll)xl2

0
gix)= {ng“ l:|g2(xz) Lzlxzj,
oseren 4907 nt e, |
g4X
0.5x x5, e —0.2x x4,

gs(x5)= |:1.4x51x52:|

@ﬁj@)}nﬁﬂ{rﬁ)&ﬁb&tﬂ)}“\{@ =05«

g5(x;)=

s

X o2

f(xo)= oY)

2
X +el=xg)x,

Leader

®
l Follower 3
S}

™\

Follower 4 @ O Follower 2

EEE—
Follower 5 @ Follower 1

P SIE N S

0.(8)=056,, s b Jb wp sy ol
i=L..,54, R —1(1¢]]GN)R-10
sl =1 s bl SE e b Sl
Looale e s el s =15
sy F,=0.11,, F,, =[F,,F,,,F;,F,, F;]
A =074 =10, ~t s bt 5 i=1..,5
ON RPN A,=10,4, =0.46,4, =12

il ods i & L 53 55 Sype 4 b Jole 51

=[671:6,16,1:055:0,:5,6,,.6,,5,

4 3 121,2 3 4 ®")
105:0,1:0,10,5, 0,015, 0,5, 3,5

23 Sl adsl (S5 gl Cabw @ 5L pde 0005 0L 6

bt 3l e sla 4SCs sl sl 055 aer csalgtig on, Sl

el 515 ESS (le and olnl Al O 4 Lisd e oLl e

Blol S8 s @355 4 Lh 6o bd e sl A

Jole n () ows by gl o Kan ¥ 5 Y sls JSC8 .l ot

s S5 sl IS ||Z || s VI s T <0 KT

w5 |Z|<By s i=l..

vy, S
s o S Byt s Zoipl 5 K SIS sy
Shbug Z o plaesld&Tol & ol

ol 555 oalin 015 (o ol 15K Sl SIS B,

woi=1L.,N &,
O o e CiS Ll S B, Wb bs
P =10, N Gl b 6] oss ouls s iji H RS
i =Lo,N ¢l ol ”5, "SB@ el
o L =Lo,N ¢, BVJ,— Lug B(gl_ s
Lk

U sla Coln o) Kan ) aad QUL —) 83 domal
SIS G B 8 Dl gl o =1L, N sl
T (gr ks 55 el o>

=Ll i 7] 0 7 e
23 (1) 5 (1) 51

u, —u, H<H(d +e; )R 'gl (x,)Vo!
S(‘11 +ei0)ﬂmax(Ri; )gIM GidMEZ Deu,

(fV)

S (oo s 5 3k s B S 3l 4 g Sen oS
<y ol Ko sl &8 545 e odalie (FY) 51— dba>Se
SHF L 5 0T 84S e B, s L iy
St b T S oy e d )y, a8 (M)
Sy By s By b sl sl A glopll ol

SR ol a5 (FV) s Eui e gl =1,..,N

.r.:.hi
Silwdmd bl ¢

2SN B3 fae e Gl 5l ad e Sd ol 3
45k osh eledis Ll SIS e s3L lp ok wll
338 o wlylcadsl 5loslul J S

o3l O Y Ko 53 o8 Loy G 5 Jule b Jola bls 1
o SS paba JU 05 s Jlast sla o g S0 i 3 1) ol oS
sl

d=1L.,5 G b e Sals [ro]  alis

7
Lo 4 8 ki s 55 e w e X, D[xl.1 xiz]

X, =f0c)+g (x, ), (fA)

Journal of Control, Vol. 12, No. 2, Summer 2018

WAV Sl oY oyl VY tlor (28 aloma



A S S5 5 Gl gy S 4l S eslizal b ot b Jilis 315 ols (o5 g J

S e LS s (Gl o5 3L s ¢ 2 5 5le Az

odas Ol F Ji.z 03 edd ols il (Gday aw (L asie

§ IS 514 glailen ol oy Sl L ol den Sl 1 Sas
Lolg Soolie adgl Il 2 L ls ol aled (lo Sl 058 (o0 0
Sl cangy 25 S D)5 4 B e 3 o 055 o) San
4l Jole ol e gb3) slas ans 53 5 0l | Ken ) sla

S50 o) Sen Lo

X Time (Sec)

Sy e s Jole Sl ol Ko 55 amins 5 S
bwwwﬁﬁ)@u{»:@ow@ug@u
SIE Sl A B e e el el il sl

RCI PV [ USSP TR

Sk Al ol 53 (olrin o S s Lesl iy & skiles
dosl onl a5 sl a0l [YO] s b anglin 3 (5 ST (Sllns
e & Ao opl )5 oolgniyg ﬁ)}ﬁ‘)[m] 22 solgiy (..u_),fll
VO USKE S s ks Ol byl BIE L (00)-(FA) Llls
0Ll Sppar 0BG 5 b Sl sl Ll b Lph e Jles
b oo 1SS 208 ae Kb Sl 5 isd o s
ol [¥0] 55 sl ‘.-‘_),in 353 8 e Ol (BY) Oy g
sy 0/ =V, Copa S pae K ol
e Ba s a0 A e bt =105
(i#j,jeN/) R, =1R, =10:0,(5)=5/5,
o sla o [¥0] L5 (salgiy r;,_,,in ».i=1..,54,
ol 53 @3lgi S s Liph o olist Ll (S
Loy b b sl =15 ¢lp o =1 Wi
s»  F, =011, Fy =[F . Fy. Fiy, Fy, Fis]
¢ 4, =100 4, =07 b s by 5 Q=15
lods ol A, =12 ¢ 4, =046 « 4, =10

i o 5 S S @l el s e alie 51
NS
P(i)=2 45, (K| + R, i, (K|
i=1
+ 2R, i (KO
JjeN;

sl b & gad Slss NS Soi=1...,5 s,

oY)

Gio 4 obsy bl 4l 18 e b Ol | Lie 4
as e Ol 1) ey s fule ola Sl 1 SKas

1 25 o8
—dy
0.8 2 ; ;
———du 2
0.6 1.5 15
o4 1 1
5
® n2 05 05
a o
o I
20 0 jikMlrne———— Oy
= 1
= I
Za02 as|| a5
o4 il A
k] 'l
- i
.6 1.5 1.5
08 2 " 2
4 250 25
0 s0 100 o 50 100 o & 100
Time (Jec) Time (Sec) Time (Sec)

F Y Gl Jolo Jows by sl ol Ken Y S

2
1
1.5
08
1 06
5 'l
gna | EIQ‘
o bR el
o (il I
2 ol L
o Rk Rk
& 2z
= ospilih I}
g Ll 0.8
a ‘ f
a o6l
I
a8
1.5
-1
2
] 50 100 ] 50 100
Time [Sec) Time (Sec)

0 5F sl Jole Jowe sbsy o o1 Kan ¥ S5

b Jolo 3l e sla 600 sls 05 o) Ken 0 5 F sla S8

S aS skilan (ol S5 0LLE s 0 0L ag 5 b O3y 4 Ly

s gln S ) ola 055 ann 058 s 0 5 F b Ko

SAS Sl ol 4 5L pae o i) ks Ol i bl
.mu..out,da%ﬁ,,@b;;u,t.\igg,\

First Critie Second Critic Third Critic

35
a

£10 8
2s

4
1 2

] 15 3
0

I 1 ’
A 06

o
2
o
0.5
3 4 4
1] 50 w0 El) 100 0 E3) 100

Time (Yec) Time (Sec) Time (Sec)

T sl Jolo (61 3l e gls &b sl 03 o) Sen P USE

Fourth Critic Fifth Critic

25 7
B =
El
1.5 h
4
w1
5 8
z
= 05
2
0
J [\‘:Z
a5 a
El 4
a 20 40 a0 a0 100 0 20 40 i l 100
Time (Sec) Time (Sec)

0 5F e Jolo (gl ol e ols St (gls 05 o) Ko & S8

Journal of Control, Vol. 12, No. 2, Summer 2018

WAV Sl oY oyl VY tlor (28 aloma



ST o B Sy S50 by S eslizal b ot b Lilds 1S sla 5L ane 5 U vf

S (s IS s ¢ Gl o Bl ez ¢ 5 5le e

(6]

(7]

(8]

(9]

[10

[12

[13

[14

[15

[16

[17

[

—

]

=

[}

]

—

systems: optimal and adaptive design approaches,
Berlin: Spring-Verlag, 2014.

Defoort M., Floquet T., Kokosy A., et al. 2008,
“Sliding-mode formation control for cooperative
autonomous mobile robots”, IEEE Transactions on
Industrial Electronics, vol. 55, no. 11, pp. 3944—
3953.

Lin W., 2014, “Distributed UAV formation control
using differential game approach”, Aerospace
Science and Technology, vol. 35, pp. 54-62.

Beard, R. W. and Stepanyan, V., 2003,
“Synchronization of information in distributed
multiple vehicle coordination control”. In Proc. of
the IEEE conference on decision and control,
Maui, HI, pp. 2029-2034.

Mu S., Chu T. and Wang L., 2005, “Coordinated
collective motion in a motile particle group with a
leader”, Physica A, vol. 351, pp. 211-226.

Nasirian V., Davoudi A., and Lewis F. L., 2014
“Distributed adaptive droop control for DC
Microgrids,” in Proc. 29th IEEE Applied Power
Electronics Conference and Exposition, pp. 1147—
1152.

Rong L., Xu S. and Zhang B., 2012, “On the
general second-order consensus protocol in multi-
agent systems with input delays”, Transactions of
the Institute of Measurement and Control, vol. 34,
no. 8, pp. 983-989.

Xie D. and Chen J., 2013, “Consensus problem of
data-sampled networked multi-agent systems with
time-varying communication delays”, Transactions
of the Institute of Measurement and Control, vol.
35, no. 6, pp. 753-763.

Zhang H., Lewis F. and Qu Z., 2012, “Lyapunov,
adaptive, and optimal design techniques for
cooperative systems on directed communication
graphs”, IEEE Transactions on Industrial
Electronics, vol. 59, pp. 3026-3041.

Ren W., Beard R. and Atkins E., 2007,
“Information  consensus in multi  vehicle
cooperative control”, IEEE Control Systems, vol.
27,1n0.2, pp. 71-82.

Zhuand W. and Cheng D., 2010, “Leader-
following consensus of second-order agents with
multiple time-varying delays”. Automatica 46(12):
1994-1999.

Ren W., Moore K. and Chen Y., 2007, “High-order
and model reference consensus algorithms in
cooperative control of multi vehicle systems”,
Journal of Dynamic Systems, Measurement, and
Control, vol. 129, no. 5, pp. 678-688.

Wang X. and Chen G., 2002, “Pinning control of
scale-free dynamical networks”, Physica A, vol.
310, no. 34, pp. 521-531.

[18] Hong Y., Hu J. and Gao L., 2006, “Tracking

control for multi-agent consensus with an active

S s s algiiy ) om awlie =) Jadr

[¥0] > olgztey

[vo] oo @ledy S
AR A\t AL4 P(1)
ADY V¥ VAR 4 PQ)
AQY,OF A+BAF P3)
BY, Ve 0+ a,vY P(4)
0:9.%% FA¥ AP P(5)

AN VEVY ()0

S s e ol g ool Sy ol awlie ) Jou

A Gl oMe 5 OF) L5yl w5 & ers L, [vo] Js sslgrty

S sl il o wlyl ST a dsb b gy ol 5SS

el 53 @3lgtiy s OLSS arl b 55 0pd gaots ) Uy

33 03 s ANt i 3 (e S0 51 LB ST o) s 4

s o3y S Slabes b s (bl o oslizal [Y0] 53 (golgiin
B (o

Sy dms -0

Sl 63U e J sl B 65k o S el

Sl S bl oslinel b s 15 a5 Ol il o> 15
el ok 0ols gt s ale 5l K a ol S-S
4 2 Sen 5 e ail (L e (ST i 03 (a5 3
lp Sl adsh gl b 4 5L 05 5L B la Sl
ST 6l B sl (6555 ol okl 0313 a5 318 e (sl 4
g@ugﬁwﬁ.@umq:sjf)tsﬂ\iwax,.wwwg

.;Mtuuougl)s;%ﬁ),inagﬁ;ywu

&l
[1] Olfati-Saber R. and Murray R. M., 2004,
“Consensus problems in networks of agents with
switching topology and time-delays,” IEEE

Transactions on Automatic Control, vol. 49, no. 9,
pp. 1520-1533.

[2] Ren W., Beard R. W. and Atkins E. M., 2005, “A
survey of consensus problems in multi-agent
coordination,” in Proc. of the 2005 IEEE American
Control Conference, pp. 1859-1864.

[3] Olfati-Saber R., Alex Fax J. and Murray R. M.,
2007, “Consensus and cooperation in networked
multi-agent systems,” in Proc. of the IEEE 2007,
vol. 95, no. 1, pp. 215-233.

[4] Qu Z., Cooperative Control of Dynamical Systems:
Applications to Autonomous Vehicles. New York:
Springer-Verlag, 2009.

[5] Lewis F. L., Zhang H., Hengster-Movric K. and
Das A., Cooperative control of multi-agent

Journal of Control, Vol. 12, No. 2, Summer 2018

WAV Sl oY oyl VY tlor (28 aloma



Yo

S S5 5 Gl gy S 4l S eslizal b ot b Jilis 315 ols (o5 g J

S e LS s (Gl o5 3L s ¢ 2 5 5le Az

[31] Barto A.G., Sutton R.S. and Anderson C.W., 1983,
“Neuronlike adaptive elements that can solve
difficult learning control problems”, IEEE
Transactions on Systems, Man, and Cybernetics,
vol. 13, pp. 834-846.

[32

—

Pao Y.H. and Philips S.M., 1995, “The functional
link net learning optimal control”,
Neurocomputing vol. 9, pp. 149-164.

[33

[t}

Abu-Khalaf M. and Lewis F.L., 2005, ‘“Nearly
optimal control laws for nonlinear systems with
saturating actuators using a neural network HJB
approach”, Automatica, vol. 41, pp. 779-791.

[34

[y

Modares, H., Lewis, F. L., and Naghibi-Sistani,
M. B., 2014, “Integral reinforcement learning and
experience replay for adaptive optimal control of
partially-unknown constrained-input continuous-
time systems,” Automatica, vol. 50, no. 1, pp. 193-
202.

[35

[}

Tatari F., Naghibi-Sistani M. B., Vamvoudakis K.
G., 2015, “Distributed Learning Algorithm for
Nonlinear  Differential ~ Graphical =~ Games,”
in Transactions of the Institute of Measurement
and Control, doi: 10.1177/0142331215603791.

[36

[}

Zhang H., Cui L. and Luo Y., 2013, “Near-optimal
control for nonzero-sum differential games of
continuous-time nonlinear systems using single-
network ADP”, IEEE Transactions on Systems,
Man, and Cybernetics, vol. 43, no. 1, pp. 206-216.

[37

—

Dierks, T., and Jagannathan, S., 2010, “Optimal
control of affine nonlinear continuous-time
systems using an online Hamilton-Jacobi-Isaacs
formulation,” In: Proceedings of the 49th Decision
and Control Conference. Atlanta, GA: IEEE, 3048
—3053.

[38

[}

Lewis F. L., Vrabie D. and Syrmos V. L., Optimal
Control. 3rd Edition. John Wiley, 2012.

[39

[}

Abu-Khalaf M., and Lewis F. L., 2005, “Nearly
optimal control laws for nonlinear systems with
saturating actuators using a neural network HJB
approach”. Automatica 41: 779-791.

[40

[

Finlayson B.A., The Method of Weighted
Residuals and Variational Principles. New York:
Academic Press, 1990.

[41

—

Hornik K., Stinchcombe M. and White H., 1990,
“Universal approximation of an unknown mapping
and its derivatives using multi layer feedforward
networks”, Neural Networks, vol. 3, no. 5, pp.
551-560.

[42] Khalil H. K., Nonlinear System. Englewood Cliffs,
NJ: Prentice-Hall, 1996.

[19]

[20]

[21

[22

[23

[24

[25

[26

[27

[28

[29

[30

]

]

—

[y

]

—

]

]

—

[

leader and variable topology”, Automatica, vol. 42,
no. 7, pp. 1177-1182.

Li X., Wang X. and Chen G., 2004, “Pinning a
complex dynamical network to its equilibrium”,
IEEE Transactions on Circuits and Systems, vol.
51, no.10, pp. 2074-2087.

Tang Z., 2015, “Leader-following consensus with
directed switching topologies”, Transactions of the
Institute of Measurement and Control, vol. 37, no.
3, pp. 406-413.

Xie D., Yuan D., Lu J,, et al., 2013, “Consensus
control of second-order leader—follower multi-
agent systems with event-triggered strategy”,
Transactions of the Institute of Measurement and
Control, vol. 35, no.4, pp. 426-436.

Basar, T. and Olsder, G. J., Classics in applied
mathematics, Dynamic noncooperative game
theory (2nd ed.). Philadelphia: SIAM, 1999.

Vamvoudakis, K. G., Lewis, F. L., and Hudas, G.
R., 2012, “Multi-agent differential graphical
games: online adaptive learning solution for
synchronization with optimality”, Automatica, vol.
48, no. 8, pp. 1598-1611.

Sutton, R. S. and Barto, A. G., Reinforcement
learning—an introduction. Cambridge, MA: MIT
Press, 1998.

Sen, S. and Weiss, G., Learning in multi-agent
systems, in multi-agent systems: a modern
approach to distributed artificial intelligence. (pp.
259-298). Cambridge, MA: MIT Press, 1999.

Murray J.J., Cox C.J., Lendaris G.G., et al., 2002,
“Adaptive  dynamic  programming”, IEEE
Transactions on Systems, Man, and Cybernetics,
vol. 32, no. 2, pp. 140-153.

Wei, Q. , Liu, D., and Lewis F. L., 2015, “Optimal
distributed synchronization control for continuous-
time heterogeneous multi-agent  differential
graphical games,” Inform. Sci., vol. 317, pp. 96-
113.

Jiao, Q. , Modares, H., Xu, S., Lewis, F. L., and
Vamvoudakis, K. G., 2016, “Multi-agent zero-sum
differential graphical games for disturbance
rejection in distributed control,” Automatica, vol.
69, pp. 24-34.

Abouheaf M. 1. and Lewis F. L., 2013, “Multi-
agent differential graphical games: Nash online
adaptive learning solutions”, 52nd IEEE
Conference on Decision and Control, pp. 5803-
58009.

Abouheaf M. 1, Lewis F. L. and Mahmoud M. S.,
2014, “Differential graphical games: Policy
iteration  solutions and  coupled Riccati
formulation”, European Control Conference,
pp-1594-1599.

Journal of Control, Vol. 12, No. 2, Summer 2018

WAV Sl oY oyl VY tlor (28 aloma






s ISSN (print) 2008-8345
¢ ISSN (online) 2538-3752
E

o o -
. e e N G
V=KDt YA Ol ¥ o)led )Y Al s

oolatu! b &5 o SB93L Sl 9 (95 TS Obdy oy s O o ib
(e (Smdai pylao OSSO i
Tl plia o Slghol Ll s s

n.poorvaez@sel.iaun.ac.ir «ol ;1 esbT Cami ¢ oDl 3137 oBils (LT Camei g 65 gmorkigo 0SS By pwalige L)l oli )87

shojaei@pel.iaun.ac.ir «ol 1 esbT Cams ¢ ool 515T oBtils e3LT Camei domg 03 goncign 21SC2515 )l sleul ¥

AARVZARVAL SR R-SVR VR | V7 VAT IS PNV FUPRIA | o V2 A A pG PR

N K 5,8 o 1 g s slag S e al G sy Jeaie Dby 63k S by DS i ol s ol

o (55 3N Ok lag S e S35k S Sl (s Ed Olsy U skt 4 pae A pslie s J S
Jelos S5 ot slgiiy (ool DBl 5 (bl b 5 (5 el (Sl gimal (pt o2 ke SaSCalys L ablie (51 ot
s ot (S 57 05 5 dimen 513018 S5 b 4 lg Sl Cu gy s o) slallas o das e 0L S 5 me solY
2di 385 4 oS e (693l Sty I A6 bl Ol Ty (olad b 5 e e Kb O s o S
CIFE w6 pl oMo il odd Ol Rl pslie oS SRS S L 55 e Sk a8 sl 5 sl s e el el
SAS W 5 s el 1y b Shes g Lal st B ol ot 43 5,8 4 (g $Sd oS J 28 (b s S g mle

ms o OLE (g5 a1 e 53 ool o258 3T (S5l 4 i o ulg 5o ST A5 (6 pen

(s Wb e S il pglin a1 TS e gla gl ¢ Slae plil il ilads”

Designing an Output Feedback Tracking Controller for Mobile
Manipulators by Using a Neural Adaptive Robust Technique

Nooshin Poorvaez Esfahani, Khoshnam Shojaei

Abstract: In this paper, the tracking control of a robotic arm mounted on a wheeled mobile platform
is considered. A nonlinear neural adaptive robust control algorithm is proposed for the output feedback
tracking control of a wheeled mobile manipulator without measuring system velocities to deal with the
unmodeled system dynamics, parametric uncertainties and external disturbances. A Lyapunov-based
stability analysis shows that tracking and observation errors are Uniformly Ultimately Bounded (UUB)
and converge to a small ball containing the origin. A Radial Basis Function Neural Network (RBFNN)
is employed to compensate for the uncertainties of mobile manipulator dynamics. Nonparametric
uncertainties and NN approximation errors are also compensated by an adaptive robust controller. In
addition, hyperbolic tangent function is employed in the design of the output feedback controller to
reduce the risk of actuators saturation and to produce smoother control signals. Finally, simulation
results demonstrate the effectiveness of the proposed controller well.
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Asynchronous Stochastic Controller Design for a Class of Markov
Jump Linear Systems

Mona Faraji-Niri, Mohammad Reza Jahed-Motlagh

Abstract: This paper investigates asynchronous controller design problem for a class of
continuous-time Markov jump linear systems. The mentioed asynchronous phenomenon is a case in
which the system and the controller Markov chainsare not matched, however they are relevant
according to certain probabilities. This phenomenon describes a realistic and practical situation
which arises as a result of inaccurate observation of the system’s Markov chain. The proposed
design scheme considers the closed-loop system as a unified Markov jump linear system and
utulizes the multiple Lyapunov function approach. By this approach, firstly, the stabilizability of the
closed-loop system is ensured and then the asynchronous state-feedback controller is synthesizesed.
The designed controller is formulated in terms of linear matrix inequalities; which are easy to
check. A numerical example illustrates the usefulness of the developed method.

Keywords: Asynchronous Control, Linear Matrix Inequality, Markov Jump Linear System,
Stochastic Control.
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Reduction in Number of Switching Elements of the Inverter Unit
for the Proposed Dual Stator Winding Squirrel-Cage Induction
Motor Speed Control Drive

Hojat Moayedirad, Mohammad Ali Shamsi Nejad

Abstract: A dual stator winding induction motor (DSWIM) is a brushless squirrel-cage induction
motor that contains a stator with two isolated three-phase windings wound with dissimilar number of
poles. Generally, each stator winding is fed by an independent three-phase inverter. A direct vector
control is a suitable method for controlling the DSWIM drive. In the vector control method, the
estimation of the rotor flux is difficult at low speeds. In this paper, a direct vector control is proposed
based on the rotor flux compensation. The achievement of this proposed control method is to maintain
the standard performance of the motor drive at low speeds to reduce the power loss of the inverter unit
compared to the conventional methods. In the proposed control method, the rotor flux is compensated
with a PI controller. The proposed control scheme is based on the independent control of the rotor flux
and the electromagnetic torque in the direct and orthogonal axises (d and g-axis), respectively. The rotor
flux is compensated via reformed of the reference rotor flux. Also in this paper, for the first time, the
reduction in number of switching elements of the inverter unit for the DSWIM drive can be achieved by
utilizing five-leg and nine-switch power electronic converters. The advantages of using these proposed
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structures in the DSWIM drive are the reduction of the capital cost and also the reduction of power loss

in the inverter unit.

Keywords: Dual stator winding, five-leg inverter, induction motor drive, nine-switch inverter,

vector control.
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Maximum Power Point Tracking of a Photovoltaic System Using
Modified Incremental Algorithm and Model Predictive Control

Ahmad Dehghanzadeh, Gholamreza Farahani, Mohsen Maboodi

Abstract: In this paper a systematic methodology to design a modified incremental conductance
and a model predictive control (MPC) for maximum power point tracking of a photovoltaic system
is presented. The PV system includes a PV module that supplies a DC link and also an energy storage
system using a buck DC-DC converter. The incremental conductance (INC) method with two
modifications is employed for maximum power point tracking (MPPT) within P-V characteristic
curve according to changes in weather condition. To avoid a finite set control signal, the average
model of the PV system is analytically calculated and subsequently the model is linearized around
MPP. Designing an MPC with continuous control set, its performance respect to finite control set
MPC is compared. The simulations demonstrate that the proposed controller with augmented
integrator could track the MPP faster and with less steady state error.

Keywords: PV system, model predictive control (MPC), finite control set MPC (FCS-MPC),
Incremental conductance.
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