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Resilient, Comfort and Economic Operation of Smart Nanogrid

Saeed Bagheri and Hossein Talebi, Alireza Fereidunian

Abstract: Nowadays, the management of power consumption has been one of the main concerns
for researchers, because of energy generation problems, high cost and environment pollutions. An
integrated, fast and accurate system can earn satisfaction of occupants and also cost reduction. Some
loads are very vulnerable to natural disasters, thus this interruptions are costly for customers. The
resiliency concept is introduced accordingly. The model presented in this research is a Nanogrid,
equipped with DGs, batteries and electric vehicle, and power consumer. This research devotes an effort
to optimize household energy cost, occupants comfort and Nanogrid resiliency with optimal
scheduling of all elements considering uncertainty of distributed energy. If needed, utility can reduce
potential peaks occurrence in grid, too. Finally, the performance of the method is discussed by
simulation on a typical model. Simulation results under different pricing and weather modes, show
effectiveness of proposed model on reducing the quantities of each considered cost functions.

Keywords: Nanogrid, Resilience, energy management, renewable energy sources, uncertainty,
stochastic programming.
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Online optimal Synchronization of Nonlinear Multi-agent Systems
under Unknown Dynamics

Farzaneh Tatari, Mohammad-B. Naghibi-S.

Abstract: In this paper an online optimal distributed algorithm is introduced for multi-agent
systems synchronization under unknown dynamics based on approximate dynamic programming and
neural networks. Every agent has employed an actor-critic structure to learn its distributed optimal
policy and the unknown dynamics of every agent is identified by employing a neural network
approximator. The unknown dynamics are identified based on the experience replay technique where
the recorded data and current data are used to adopt the approximators weights. The introduced
algorithm learns the solution of coupled Hamilton-Jacobi equations under unknown dynamics in an
online fashion. While the weights of the identifiers and actor-critic approximators are being tuned,
the boundedness of the closed loop system signals are assured using Lyapunov theory. The
effectiveness of the proposed algorithm is shown through the simulation results.

Keywords: Actor-critic approximators; Approximate dynamic programming; Multi-agent
systems; Optimal distributed control; Synchronization.

' Coupled Hamilton-Jacobi
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* Reinforcement Learning
¥ Differential graphical games
A Approximation theory

* Approximate Dynamic programming
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¥ Distributed

¥ Leader-follower consensus
¥ Coupled Hamilton-Jacobi

® Nash Equilibrium Solution

Journal of Control, Vol. 12, No. 3, Fall 2018

QY ol o o5led VY W oJ 28 dlome



pobnl s Salin b (s 8 el s ot L3 gy S5lilejan

Sl (o 3L e (g ,B 4155

N oo Sledlbl s 5555 @15 4 bgiyo puttlin

sy o awes GF(V,E) 018 nes gt
ksl S il OIS gla 0 45 yome V:{1,2,...,N}
5018 b sl wsme 2CV XV sy o ke N
e Jofa i F et smy e (1)) €X
O Sleor sl s Yoo OIS & Sy
BV sysb 4 5sh o ooy il E:[eij]eﬂ%NXN
o € =0 ool o s B =1 KT (j,))eZ
ol 108 08 bas e yeme Ny ={]1(]j,0) €2} a2t
sy T oS aes cul Gl atli bl of 4o porme K3 Sl o
3181 a0 paren skins 023 35 :{j:(i,j)eZ} L oo

Al e T Klea 5 1 b o azs b Ll

fautjamf.).,&b‘sﬁl A)f“a.b'_,ﬁ::)bf‘b.-)b di = z eIJ
jeN;

S 55 e on 5o o 8 51 s e il o B a1 e
S 3 A S SIS e [ OLF s el BIF
QLIZ.JJ.&..&&JJ‘bjﬁ)af\lw.&l{wb:ﬁ)oTﬂﬂg
Solaen 53 iy S ol Jole & Ly 51 Sledbl 5 558 o3l
G bl OILE I 6l G50V UK Lk e eslie p ZanlgT

el OLES | suLc.A.;-rw

o e oK, ) 5 ) S

o g 55 =Y -

25 Rk OF Ll 18 605 28 ol N Satss
.Qﬂfg,ﬁ):ﬂjc)y@l)myw

X =f(x)+g,(x)u, i=L.,N. o

b e 6,8 o5l J5 e X € R G5 Vol 5
gi(X)eR™ (m s Sty fi(x) R
s ¢ [ Jole I8 60555 U, eR" 5 (e (§253 Sl
e i 1=10 NG () 5 Fi(G) ps s

(\)Ma})@.&‘a“@jﬁeé,ﬁéww&d))ﬂjm

eSalys b ot Gl e 511 kil s 1S sla 5L [YF] 55
Lty o 4 slii- Sl slajbsrle (6,55 4L g odd b yme e
sl 1SS B35 G YF] oo sl o il CHY S¥slas
@ik sl CHE cVolan Lty (o 85 Jo (sl 1) b 8L a5
5 0T 03 8 58 Syme gy Oloj o (il BI5 sl
23 LS 5 UL Bl o p sl Jale s gl s oSl
SIS sl 3l s b Jele bl jon divs L o (sl ([Y0]
330 Shae (gl b 3l cp ghanli Sals” Tl s b st s>
3 OS5l g s Tl B Sl S e s K
3l bl 63 S oslitl i Olej Sy g 0 s oo $SKalys g lulis
[Y7] 55 at s Oloj (5o s (51 s b (il s EEEEN
ailo (Sl S e p 53 oS L) S S s B e
23 ST g e 1 5 ol S g s Sl ) Sen 5 sy
el s S G5k s go 4 nay 4 e el (55l jen TVATA]
o e o 4y L2035 o7 Sl 0091 (0 585 (68 5L S szl b
b oSalus ghyls s fole (@l ol 3 0w o plonif
e sl 4 gla 055 Slesjas @l s il e OLSS S
35 Sl 0 eslizal S5 0Ll S syl il 5l Shee 5 sl
Wals™ 5 as b $Salus gl b ole 5y i dlie j3 ST S
—p S 65 sl ) S s sl s L e rlee
ol Sl s (g5 luile jad aline Jom b 487l 0 o3lizal T sl
SLeis 0 Sl gs el 03550 oa plelid 5l Jule 1S
Sl ol 1SS a sl Rhes 5l e (sla 403 sba 035
55 oo 03liul 3kl L 51 5 o5 0Ll S 5 ltkl il )
o Jm 6 2 sl adlas 0SB ek plnil Dlalls 4 a5

ol p sbaals Sy s S s 1 el o> 1S sl 5L s
653 2y SN e i ) ool (65T 5 by ol 0
b iy SIS Gl b o Gl aep od s
2 5 Shee gl S5 51 (5L bl 53 sl el &Sl s
s olil gy J RS b 5 oy 50 65 0L lp S
ot Sl s sl Klas Jlistle (g5lo o5l b Ol jan 5 gb 4. S
Sl ae gls 8 Sl aslizal b sty &) 0 4y Jole o p slasl
oals Ol 558 o glolid Ly oo e Sl LSS o SCSS 1 oS
355 o 1,80a CHY S¥5lae o 4 0t slgriy o2, S 7 550
ol oty (o B Doy g 0ol o 4y gy I 55 s Sl
b 4t ail (sls JISCs o (IS L p3 0 |8 (55L 5

.n;@MJ)SLTL_JAUEJeJU;WI

¥ In-degree

' Off-policy
¥ On-policy

Journal of Control, Vol. 12, No. 3, Fall 2018

QY ol o o5led VY W oJ 28 dlome



Pl gla Sl b ot b leloitir Glb e Lo gy (g5 lile jon V¢

Sl (o B daen (UL 41 5

VViT[Zeij(f(Xi)_ f(x;)) +e,(f(x)

jeN;

= (%)) +(d; +&,)9; (x)u; - Z e;9;(x;)u;] v

jeN;
+= Q(5)+;u RU += Zu Rju;=0

JEN

e oV, -
Fos sy W) daly Jo . VV, = /s eR"LT 5
i
Gl by o 5351055 Iy (61 () 3 5ummels I K51 o550 sl
(0) 3 Shas Lasla 5 (F) eSCalus (gl il oo 54 50 ¢ SO gla
AT o s & 25 Do b s e 8 sthees

H, (é‘i’vvi’ui’uNi)EVViT[Zeij(f(Xi)

jeN;

_f(xj))+ei0(f(x')_ f(XO))+(di +€,) %

,(k)u~ 3,9, ()u 1+5Q(6) .

jeN;
1
+Zu'R U+ = Zu
2 jEN
oo e Uy gy oS08 U S e paly Koy ool Sl esbisu

u =u"(V,)=—(d, +e,)R'g,’ (x)VV, ©
an g CHI S¥kea oV) 3 (4) J 587 sls ol (6,181
LT o S & 5 S 4 o b (s e Sl
VVi*T[z eij(f(xi)_ f(xj))+ei0(f (X)
JjeN;

—f (%)) = (d; +€,) g, (X )Ri'g," (x)VV/”
_Z € (dj +ej0)gj (Xj)Rﬂlng (Xj)vvj*]

et 0

+2Q0)+5 (A +80) VWG (KR

g (x)VV/ +% D (d+e,)’ VvV, x

jeN;

9,(X))R;'R;R;'g," (x,)VV, =0

3L Jo oty 15 s CHY dslan & 6 5 L bl
Dol N o gt o by N s 315
el 5 SVslre Jom oS gl 51l a0l [S3CHI ol i
Sl D3 psbrel 5 ABL o s sl (JST Il 55 (14) CHI
ol B gle sy 1=10,N (%) 5 Fi(X) s
ellid 4 @ sle g, Sl eslimal b cdas o Sl 1y Sy

b e beibpl d s

P 1109 RPN GRS Ot SN J QRGN ISR
s i (%)

n -
Wil o pay e Xy € RT 0T 53 S 03 5 s 3

%o = o (%) )

ﬁ)yb&»Q:.mrwu i:].,..., N

e ey A w by fule aen S (g5l Ol jon caliae Coua
IS sl JSSsn (b 5 il (o ol sl Sals glalis
by gl EL s ales gla fole SV loslinal b LS oo

335 o a5 p5se s O €RT s
0, :Zeij(xi_xj)+ei0(xi_xo) *)

jeN;
oy sl $Sanlis () 5 () jleslizal 5 (V) 31 6,8 Grta b

T o s 4 S 4 e

5i = zeij(xi _Xj)+ei0(xi %)=

Zeij(f(xi)_ F(x;))+eo(f(x)—1(x)) ®
+(d; +e, = . e;9,(x)u

JeN;
ol gy (oo (IS 18 Sl eslinal b plact a Oy ) 5lote o
Lk o g5 oo 1o SL blae 25

vi(@(t))z—L”(Q(a)w R+ Y uRu) dr ®

N,
A3l o e ol Vpene Q(6) >0 0T s

iz 0jli 5 o o Ry >0,R; >0 055 g s
S5 65k sl ui*eQi,ieN U5 sl b gl ol
Gl Gl asgeme  (SOSL N v i
{uluzuN}
© Vi* :Vi(é‘i(o)1ui*’u;|i)Svi(é‘i(o)’ui’u;i)

sy, U € 1eN sl

ny NI

V8, (1) caotr 250 eolin o8l il s 1S 50 ota

AL (o S s
Vi(4.(t)=
)
m|n j )+U Rt + Y U Ru; | dr
jeN;

o AL sles (0) 51 55 8 ria b oyh e ssdome V55

AT o e Vi(0) =0 alsl boay 5 el dsles Js

Journal of Control, Vol. 12, No. 3, Fall 2018

QY ol o o5led VY W oJ 28 dlome



pobnl s Salin b (s 8 el s ot L3 gy S5lilejan

Sl (o 3L e (g ,B 4155

3okl S lab w5 K3 5 S n SIS oty puSn Il ol 5
ol e Do 4 [YPOTY ] ol Bl oo 5l as S
.\;\a:;Jp\,Jl)usz

Shahs 55 e 4 LS oo (F) ptan
X, =¢:igiz(xi,ui)+gfigi, i=1..,.N ovn
s Pus =10, wil o s s
T T _TqT
z(x,u) =[5 ug'l

8fi9i = Sfi + ggi

K} Sl )J“‘Jf) )bf!
S R SRS [ R
2 H‘% “S‘gfi ¢ Erg = TE S Hgfigi Hsgfigi
_,u.\};@,(w)gg:,,u_; sl 1S gfigi olRble Hggi H = Egi
=1 N e 50,5ms
¥ =—AX +¢figiz(xi’ui)+AXi F g OV
JA=al ,a>0u7 s

el ot 538 J6 25 Doy 4 (V) e o [F0] 2
X =@, h(x)+al(x)+e, ()
hi(xi) =—ah (%) +z(x,u,) ,
h(0)=0 , h(x)eR“™ a0
I.i(xi) :_Ali(xi)+xi J Ii(o) =0
h(x)= j; e I7(x. (2), U, (D)) 7 oT s
e X(0) cast o Z(X U)o s 50 S5 s dslee
C k(%)= j; e M ()T, e
e &, =M% (0)+ _|:e"*(t"’a;figi dr
.
Wl OF) daly il o Jele s 1y G 056 slow) Cgr
5 oS oo N =1HRTH L] s v 0K
r.i)l:

V%)

K - ¢figi* ﬁi(Xi) + aE(Xi ) + EXi

uf:})ccH\]QYJW)J:M@}}?QMJKJA{LL:—\ >

"onk (5l O el SVslae Lo o B Jo 512 055 U S oln
CHI &¥slae o (611 Lesiites 015 ood 1y [FA=Y4] 0s 3 20 HIB

Vsl ool (B Ly o 5 015 5 il s 1E sla st
CVslan L a8 o 03D Lol l3) 5 (6 (S oy
Saly s> 5 o e o b el > $1S sla 53 51,2 CHI
= 3 5 e 5 Dglime cale A ot 53 plasl b 8 sla
Dg Al [YEYD] 55 55 50

o135 S ST a5k sl

SIS ol I —((PE) UL oK) Y e

€ l‘.li &f”s [t1t+Ti] °Jl€ S Xi (t)1 I :11---| N

Vien >0 5 T, >0,7 >0 wsbwils sy S1[r] asL

1 ST P TP

=T, — ST
. SJ.t Xi (D)X, ()7 <y,

L s b Az i bl -F
o S 4SS 31 o3l

Sy 03,5 e sl e 4K sla Slalis c[¥] 51l

fi(X) Sols St 53155 008,555 a4 Jule g glaats
&}wg&.éj))a:j‘\;aﬁhubbizl,...,N ,gi(Xi) E)
T i gl e s Slalis NSt ous Cay o 05,28

355 (o elimal 5 Dy 5e
fi(x) = ei*fi(xi)"‘gfi ,

. _ )
g: (%) =w, gi(xi)+ggi 1=1..,N

* nxKk,,. * nxk, _
ez W ERTT L 0 €N T s
k.. xm k
Q\icb}' giGSRW' 9 giEiRQI 5%«.&&@96\.&&.&
Méb&?&sﬁ]z}éw Sgi P gfi M@“"&:‘
VLW
PRUEI TSNP I - PP - SR g
03125 40 goma (53,5 0T OLs1 S 5 e &S sl oS 550 0 25
,l,\}l;,':sl@TQLi;lJf,@.ap&;qwcljjmjml;Q
VLW
s Slosl ys a,lulnl Gla (o des 51Y 55 -Y i

GV 25 sl Cad e Ol e 4 [YAXVOFY] L3l o e sls

¥ Persistently Exciting

' Hamilton-Jacobi Bellman

Journal of Control, Vol. 12, No. 3, Fall 2018

QY ol o o5led VY W oJ 28 dlome



sl 5ln Sl b st ot (51 (e L s (55l A

Sl (o B daen (UL 41 5

a:j\'ﬁ.o.:,u"‘_;LBLBA{#TM(Y‘)(»:E;JO‘,}G)JJQJJA?JJ
T s S LRy SUPNERNE
Wil 5n Ly s bya S Gse 53 (1) o 046 3l eslicd
by 1 Jole Sl i sl 5 ololid gl 05 sl 01 S
S o e o S35 S S

(b Jite (sls 0313 5l WL PE b5 03 503,55 5k o
() kil 5> hi(Xi) Skl pde by dn bl VARSI
o2 L s b s 0T a s sl

daly 55 Olejen OLSIS 35487 056 1 eslizal L ¥ o>
6l )l o) Kan 0T gl 4 5 o PE 61,187 dlablons b, oY)

250 (o S Zi a3y bys 6l pal Slls S

IS ~((UUB) 158, Lty Sl olbl) ¥ Can o
Sloss ol el ol oS (1) ol 4 s
wn 1 S sk i il sy QERY G o
whses T(6,8(0) obss B o5 9(0)eQ
8] < B eestiwsts T2 +T wos 61,8 5 b
JYa]

Ses gle 055 a5 056 A, s 1, (0Y) e =) 43
&)‘}J!Q)y):oli;T..\.!J:iiJEJ)JO")L‘&UaA\) | JALGJAA_G
(Flablis gla 055 e slas) Jeo s gl « 2 a5, b2
sl o ( H(Dfigi Héb@igi ) oS ol S

]

;}imj}ﬁjc;)}.p‘g,\il}]@(?)M‘(\Y)}lo:u@\l{

5i = Z €; (ei*éi(xi)_ej*éj (X,‘))"'eio><

jeN,

(075 () =0y S (%)) +(d; +&,0)w; 6, (%), xY)
IR CHURY

jN,
& = Zeij(gf, _6f1)+ei0(‘9f, —&y,)
jN,
+(d; +e0)eg U — D &g, U i=L., N, jeN,

jeN;

Sheslizal bl o Jole e gl oSCalys oL gl

gTiHSSTi 2ol ‘ggiuﬁggi ) gfiHngi,\u,:;

I=100 N sy 5o o Wiy o (D) g

ol BE "y

X — h
besse X =—t h=—1T=
Jiw,,;', i n i nSi

Si

— ,g':_l
X n

|
nSi Si
o5 09) 31 o ool it o Xy L6y sas V0

Al g 5 g gl 1 Jels
X =@, ) +al(x),i=L..,N ov

e 3l (bfigi :[éi!l/}i]ESRnX(kﬂ+kw) RIBTYY

sl o Loy 1 lleaby, gofigi* ot il ok 03
AT o Cwd a5 oy s 4 i Jole ol o nses sl

&(t) =X —% =@, Oh(x 1) -&,,

Prg, ()= Pg O =0y (1)

O\A)

Sl bl b sl (bfigi (t):[é W] o s
éiZéi—Hi*, S o aasl o ol [ Jols
056 0357 s & &y W =W~y i =1, N
Sl 2 ST ST 1 Slalis e sl 4K (sla 055 5558
SUa o515 ol on 4 LS ods Cf (gla el Sl eslizul 5 e S [ ]
53 odd o3 (la el Ll ey shate pl 3 ph e eslizal (ol b
o =L N T Lt ool tye by A8 s 0l
B PN e
Z, =[h, (%, (t,)),.... by (% (£, )] ()
s s s 035 5507 056 (V) jleslizul b s 5 ol

LT s 4 2 Do i Jole Blats
P, (0 =-Th (x®)e (t)

_Fiiﬁi(xi(tk))eiT(tk)! i=1..,N "

ol 053 gla o3l Hls 031N L absl- o511 [0 &S 55k 4

o 1=L N T >0 5 0 e 0 5
a})ﬁq.@\é&édbjc“)bwt jﬁbgwwdﬁak
odesls ol Kol T le cle s sl € (L)

35 ) Cse 4 S AL o b0l s es

ei(tk) = ii(t!tk)_yi(tk) =

Bis, OR KGN -5, ) k=L pye

' Uniformly Ultimately Bounded

Journal of Control, Vol. 12, No. 3, Fall 2018

QY ol o o5led VY W oJ 28 dlome



pobnl s Salin b (s 8 el s ot L3 gy S5lilejan

Sl (o 3L e (g ,B 4155

655 a0 gy W, eR¥,i=1..,N ol peas a5

oV.
03,15 dsgema 59, » VV; = a_é.lg Ml Vi do a5

.i:].,...,N (gl (o0 00 o, py Ojgo b Q
V. =W.0,(5)+®,(3,) , (%)
VV,=Vao'W, +Va, V)

St e gl al sy 07(5) RS T s

e Y gl o ol KT =10, N s e

Y I RS N OY ()
)fl . va)i = % 5 Gi — % . Vi — %
a5, a5, a5,

b s sl K00 i 0¥ ela g5 slaw
S sz 01(6) s Vo >0 5 @ >0 csis
degezma 59, ) L2, slie » [¥Y Y] das o Jitas 41l dcgorms

IVl <by, o<, Fi wp @ o

)
@

Vel by, sl <b,

Al oS 03l wilgs o8 ae lo aSLS 5SS @ L

o S & 5 Oyge & (M) pugieala Uy g Ui (Sosd slo

&l
H; (6 ’Wi’ui’uNi):WiTVUi[(pi*Zi (6,6, U;.Uy,)
1 1 1 R
+&, ]+ -Q(6) +SU R+ Z u;"Ryu; = ¢
T2 2 21N '
e, =—(V&y)" x
' (Y9)

[0 2 (%, %, U Uy ) + &7 1, i =1 N

BBl o emas o Al o 5l 8L eaile S slas €5
Jal,s D 65,8 acgazme (59, ouile Bb slalles cpl ) (o3 Co
. SUp,.o HeBi HSe‘i, 1=1..,N wwo

03 i degocna o (slp 45 398 o0 o8 (Vo] alan ¥ 55
=L, N, QR

ab % bes () - Fi06) <bg x| e

sl s slo 59 (7 - ||gi(xi)|| < bgi el NS atine

”\Ni ” <Vvi max S SIS ateie sle Coli bawgs sli  uac

ostastic @ s Wi =100, N JTowyl slo 35 815 0

(rlpln gl 00) ol > plej Oyge a4 b g andl e

5‘i:¢i*zi(xi’xj’ui’uNi)+gTi’ ")
o3 S 0T 3 sS
20, X, Ui U ) =2 2702 2 T 80s T
—€i0&o »(d; +e0)(5u;) ’ZfeijgjujT]T e R’
Ze,e :{eijéi | e Ni}’ L e :{_eijfj lje Ni}'
Zocn, ={-056iu; | 1€ N
Card(z,, )=Card(z, . )=Card(z, ) = IN;
d'=2" (ky +ky ) +k, +k, +k, +> K,

jeN; jeN;
o =[e) 0, 0.0, w0, TeR™ s un
@y =00 07] st e sl sl 055 el
s 0, =0 1ieN} 0, ={w I ieN]}
Card(g, ) = Card (gogj*) =Card (go%_*) =|N;| T

€& ’

Al o 1Sl aleas gl ole sled sutias 0L ||Ni||,

é‘i=¢izi(xi1leuiauNi)+gTi, (YF)

olas (5i:[éei1¢9j’é’é01'/}iv¢,,j]€mmdi

P R T NP RIS RUET
C gy ={01ieNg g, ={ilieNy o
G s sre s G) cipon. @y =[60,..6],
AL o SIS L SIS S 05 e ) 4038515055

( ||§7)I|| < b@. )

g (1) =g 1) -9 (1) (1)
ol piusw (S ilike od b g o - £
Palzol Gl ulyd b tas pé

Ja:'>}.3%&Gﬁfégsudw—)ﬂﬁ&@djﬂl‘ﬁwbo
Seolins gl aingn sl s e Lawihas SIS sl g5

20,5 oo il )l poleals
by as il glo ole anje plg oyl )

olas sas Lgl.tn S

aegoona dVFYY] ol 8 ly (VU a0 oy 8 bl
G, (5): Q>R =1L, N Lis ) Jir ol o
ol slo o355 VOi(0)=0.01(0)=0 w5 o5k «

Journal of Control, Vol. 12, No. 3, Fall 2018

QY ol o o5led VY W oJ 28 dlome



polnsl (sle $Sals b o b loloutir (6ls s bast y gy (6 5luile jan v
Sl (o Bl domes (UL &l 5

ol 0dds Bl Dlraos Codgaze 4z g L =Y ) Ul

b b e sl Jole 55 (sl Sl 5 Y
)mwsduw)'lcomJ

R B N | RN W S L

.\J‘saﬁwmAgﬁ)'ub)ydg‘vi(é‘i)ZWiTGi,i=1,...,N

U =—(di+eo)Ri (v’ +&g ) Vo'W, 9

S cwlbw guess Sles geas b 4SS 655 4 L
Sgd (oo Adg pj S0 & At S

U; :_(di+eiO)Rii_l(‘/?igi)Tvo_iTWHN o)

womas a5 JT ol ()59 5l oo 03} fueds laiie V\A/M\I as
JUewl slo o9 5l e omeds polie 5 W
e sl aSh eess slalbs sl W W4, 1=10 N

W, =W, -\, %)
Wi+N :\Ni _Wi+N )

aba, 51 J5aS slo (699,545 ol 4 azgi 5 (YY) 5l eolaul b
Jole yo gl ol crae slo 4l o il (gl oo 00ls (YO)
Y _ Bi+N

i = —ai ~ ~
(1+ Bi+NT Bi+N )2

[ i+NTV\7i

+%Qi (0,)+ % (d; + eiO)ZWHNT IﬁiV\A/H—N A

1 nt TR
+§Z(dj+ej0) Wi,y Ejo+N]
jeN;
&l)mswﬂbwd)ldﬁgmélﬁ&%;w‘@
e o St i lgd i ol 4 S sl sl

V\;]HN = _ai+N{(SiV\7i+N - FW.) - |jiV\7i+N X

E’ NT ) 2\ 4 E'+NT 'y Y
Wi - Z EWey : Wi}
2msi+N jeiy; J 2msj J

sl ylo Si EERKiXKi 9 Fi EERKiXKi QT J &S

5 Qi (5 ka8 (e oo

ot S ol SWolan s Vi (6]) s rme slo oSt s >

gl ALdgh 5 O yseo Ay )T Ay alilgl

Vi =W o;(5) )

A A T
€h, :WiTvo-i((piI:Zi(xi'xj’ui’uNi)] )
1 1 . 1 : R
+=Q.(6)+—=u RuU +— u. R.u.
2Q|( |) 2 i i ZJEZ:NI ] 7]
i?

oWy @=005.9.0.0001.9,] o 5

peba @ ole jo ol G35l @l (50,8 Ty alte (9351 aiily (o

A

&l @5 4 cenl oass o W,

ol e glo a5 sl ol
S el gy Bae b el S8l eHi oy DS glas a5

E =—e, e, (rv)

wisS 3l oslial b ol e 458 slo (i waals s
Sl o Sews 4y 25 Oy50 @ 0nd VL5 Jg55 pbolS

H ) oe
W, =—¢, a—EJ =-ae, =
ow, oW, -
- B e, =—«a Ee
i (1+ éiTéi)Z H; i mSi H;
QT JRRLY
ms, =1+ éiTéi, gl Z%,
| 1+BTB,

B =Voi(p [Zi(xi’xj’ui’uNl)])!
oy (+BB) s stz o >0,i=1..,N
el 00l a8 3 5 @y g3l s
sl asgome Sy e 1, (U Uy ), VT Y
st B ploie 1) (1Y) 9 00 oS0 a3 50 Joud BB SIS (Soad
MMGMQ}SMG‘ﬂ‘)(Y')ﬁow@mduw
wlbLl S Bl e 285wk s Sl
Sygo 4 ol ‘_ghb).';abl.& oz lul s o, slalas ol olS1
Ded oo Koo oaile BL acgame 4y oled

ne e S, W

Si iZ

2)

— (0F
(EACHSRTITI I 1K +5) L

Si iZ

Journal of Control, Vol. 12, No. 3, Fall 2018

QY ol o o5led VY W oJ 28 dlome



Y
pobnl s Salin b (s 8 el s ot L3 gy S5lilejan
e 5 5 s (5,0 155

N T

ey p ~ oo, . - o oo,
L(t)_izzl“{vi(t) E;= 85.1 (‘//jgj)Rjj TRiiRiJ l(‘/’jgj)T 85.1 )
() ] i

Li(t) Ly (1)

-W aiiwi _WiJrNTaHNinN }

|j' =Vo, (l/}igi)R"iT (l/;igi)Tvo-iT7
B' _VG (¢| I:Z (XU j? |+N’u (i+N)):|)’

Ll g (YY)-(YF) 9 OA) «(YA) 5l oolal b (FV) alos opdol
el 9 ) " B} B ~ ;‘rJB u (i) Z{uj+N |j€ N_}
%‘@woﬂﬁ)u)wﬁu@bﬂ)ld‘o)k - o
N . N -~ - 60 ms|+ _1+ B|+N BH~N 1 :{J :(Iij)ez}v
DVt =YL, - Q (&) +W, _ n
=1 i=L i i+N —H ~ y | =1,..., N
l+ B|+N Bi+N

{~(di+e0)" (i 6+ )Ry x
(7 +y)6) Vo W, +(d, +e,)° x
(w6 + &y, R+ )) Vo W,

+;eij((dj+ejo)(y/j*gj+ggj)R”.-1x ™
((;7,-I+v/,-*)§,-)TVG,-TW
(€)W 'c; + &y )Ry x
@40 )5 Vo W, Y o

_ o s S
Z Z{ '[J;‘:eu(f(x) f,(x;))
+6,0(, (%) = fo(%,)) — (d; + &) g; (X)) x
R, (1) 685" o +J§,e.,(d +8) X

T

9; ()R W6 =X W, 13,
AP i%i 65, i

- oo .
L, =-W' a_é[_(di"'eio)z(l//i G &)X
Ri(ws; t+é, ) Vo'W, + Z € %

jeN;

(d;+e;0)y;’s; +891)Rii_l(l//j*gj +591)T %

1 .
vo—jTWj]_E(di_'_eiO)ZWiTvo-i (7 +ggi)x

T, = 1
R; T(‘//i Gi +ggi)TV0iTWi _E ZN (dj+ej0)2 X
je
Wijaj(l//j*gj +891)R TR'JRJJ_l

* T T
Wigj+&,) Vo, W, +eg,

a5 god 43015 5929 S5 (B ojlusl 4 bg Cdie ol

€20 05 Y 5 X s m lr (S sl Y

(YOl atl (oo 5130 25 alad,

2 2
s
2

2¢

Gl s ol Fen Jlos oY

ol 4 bz o] Koo g aiy ail> (gl a5 SLLasd aslsl jo
pobael lo Salus b (o (S5 elewiz 3l e (o8
wlowtpm@w@b
O amaal gla o5 b (YY) (Seald e ~(oli Shoe
S5 ek @l s Y |jeNi’|=1"“’N s Y
Zi a5y byt o Jlo 0 00,05 5 5 1y halesiy il
Sloyiey @ (Vo) alaly 55 Lulids ceae aSd lo (59 «ounl 1,85
Ol 5 W (oo 0ols (Y0) ala) 51 (S8 sla (5399 09t (o0
5055 o ALl (FAY alal, b 1 Jole (gl ol e oS e
ool (1) alal 51 1 Jale b jblie Shoe rae 4K walass 5il5
D3 Y s sle (odgail e bl o By, Vi
‘Mdbmélfu5f@l5al.\ud)..f)lSmL,oli—l..\,.;LGA
ceae aSs gl g O (1) ares dils i gl slo CJl>
Slee rae s s, WLI=L0, N s
RECTI ORIt SR PERN UK 4 W.+N" =1..,N

lge o aS el S8 4y o3¥ Gl plosl 1 iy Y anad oL

IS yie 4 i 4 Wi G T& s 9. §i T &y,
e 5 bl aliwigs ooslial O 5 T wly Jobes sla

Qs 5l 0 55 Sjse 4 i B A ]y B Gl

5l 0,550

LO=3 00

Li(t) Lian (1) ARD)

~ T 4~
i+N ai+N ]\Ni+N}

Journal of Control, Vol. 12, No. 3, Fall 2018

QY ol o o5led VY W oJ 28 dlome



sl 5ln Sl b st ot (51 (e L s (55l T
e S AL s (5500 135

C;= (dj+ej0)’ ¢, =(d;+€),

D = Cizvgi (l//i*gi ) Rii_T (l//i*gi )’ vO'iT ,

lji = Cizvai (‘/7i§i)Rii7T (‘/7i§i)TV0iT !

E; :CJ-ZVGJ- (y/j*gj)R TRR. (l//j*g-)TVG-T,

i

2 -
E;=c;"Vo,(7;5;)R; 'R

T

Ry W6) Vo,

Iji =D, +D +¢*Vo,(7g)R, " (v 's))' VO'i
+Cizvai (l//i*gi)Rii_T (‘/ZG])TVO'-T

B, =E,+E,+c/Voi,cR,TRR, Ty, x

i

ii i
Jus . Dy, Ej, i=1...,
u)lp u_,b.uL.u RIS

Iwow, twow, iwew twTEw.
4 ] 1 1 4 1 1 1 4 ] ] ] 4 ] ] ]

T 2 * -T T
Vo, +¢, Vo, ¢iRi RyRy” gj 78 VGJ

N,jeN; s & @5t

N, Li (t) 04
Ko, 5 KK Ks Ky oKy f0) o 5 ass s

1
:
1
:

Bk [E <%,

25 Doz 4 5 Nish e el 1=1,0,

s ISl gls el

SkH , H; iT Ai i SkGi'

<k, |2

<k (t0)

= Yj'

b s (F o)) gy wslunsls 5 (FV)-(YD) «(F0) 5l oolicl L

w5 ogea L) 7 b

. .. B T .
I‘i (t) < L_I +Wi+NT i"Vi+N Z;N Wi
E i+N (‘:?)
+ Z Wj+NT j ~J+N 2|+N WI
JENi Si+N
ol as

Z IIw.o||<Z {by,,beb; 6] +Dy,,
(di +ei0) ”gi(xi)”Gmm(Ru)(Hl//| gl H

+[7isi Db, (W, ||+”Wi+N ‘)++bVa), X
> &; (d; +€55) |9 (X;)] orin (R} ) %

jeN;

by, (H'ﬁig i H + H'/’ iP5 H)(”WJ H * ‘M’HN

ZN: L, :—ZN: VViTai’l\A?i L e e sl

i=1 i=1

D}

ko gi =V, G +6'gi 5 OVA) «(YA-(YF) «(YA) 3l oolazul b

B|+N
(1+ B|+NT B|+N )

{\N vo—((plzl(xl’ j? |+N' i+N))

_Bi+NTV\7i +E(\Ni _Wi+N )T Iji (Wi _V\7i+N)

L——Wa]W =W

1 ~ A . (FY)
+EZN (ij _Wj+N)T Ej(Wj _Wj+N)
JeN;

_WiT Z_C;:((dl +ei0)('//i*gi)(ui —U;)
_Z & (V/j*gj)(uj

+&. +€g,

~4;)) _WiTVO'igTi

&, = —%(di-l-eio)ZWiTVO'i w's +é&g)%
R (wi's + & )TVO"TW'

—fZ(d +eJO)2W Vo (g//J Gi+e, ) x

JeN
R. ’TRUR” (y/j S +ggj) VO'J- Wj,
(%)
et 1=10 N G T s as

Journal of Control, Vol. 12, No. 3, Fall 2018

ARV ol o o5led VY W oJ =S e



Yy

pobnl s Salin b (s 8 el s ot L3 gy S5lilejan

Sl (o 3L e (g ,B 4155

i+W.,

T
D, x

Lt)sL_Vi+ZN:{L_
i=1

R T
B v "DW, 28i+—NWi

i+N i i+N
2m
SisN SieN

B T . k -
BH—NVVi_iWiWHN
2m 2

SisN _ (fv)

T
B|+N W-I-ZW TEW Bi+N W.
SirN jeN; SieN

+V\7i+ N ! Ijlvvl

X

+N +N i
J 1) om

.. BT .
T i+ T
=YW, JEW, #wﬁthN X

jeN; Sian jeN;
£ z”iNW} S,
z LWi,,N = _ZWHNTC(HN_WHN
i=1 i=1
T TR\ B, NT \/
+§Wi+N DiWi+N Z;;TWI

N .~ BT
Y T +N
+ZZW1+N EWin ij W)
i=1 jeiy

Sj

ZWHN ZEWHN HN A

Jeing
Cawd & ) Oygo & Wi+N ‘ LWHN 3l oolaiwl b ygeST

A

W. . =—«a

i+N - F|V\7|) - IjiV\7i+N x
T (fA)

W}

i+N {(SiWHN

8.7 . .. B,
=W, - z EjWi+N 5
SisN iety; msj

o ofle ez b Ly a8V 0 (FA) 55 w0 L

Q}m
W, TSW. —W.  "SW
i+N il i+N i"Vi+N

W, "FW, + W TRW,

i+N
S,ls sg>g Qi(é})>0’ i:]., .,N aS s.buT 3

s« 606, <Q(8) & sk o ViG>0
-57438,>-Q(3)

(fH

Ogd (o0 Algi py Djge A L

L :_rW BI+N BI+N Wi ~iT —hN x
SisN
Ky B..T .
a +k )+<a 575 —;wleN Bun v
' I 2 ‘ msi+N
Ni 7 B\~ ko e B .7 -
—— Wi W, ~ Wi_zijwj Wj+N iWi
4 mSHN ieN; 4 mSHN
T
—Z W,,,'W B”N N W 1 (d,+,,)° W,V o, x
JeN; msi+N
10 % \T T AR Bin o
Wis)Ri (vic) Vo, W,y _Wi)n:;iNWi
SieN
-W."DW, B’ N _\W W DW, B’ W,
SisN SieN
+WiTVO'iZ(dj+ejo)eij(ngj)Rﬁl(‘//;gj)Tvo'jTX

jeN;

7 WJ+N) By’ W W Vo, Y (d+e;0)e; %

Si+N jeN;

~ -1/~ \/ §i+ T
('//jgj)Rjjl('//jgj)TvajT (ij _Wj+N)m7NWi

SisN

5 T
+(eB. téy —WiTVo'ing )%\/\7' _WiTVO'i [V/i*gi x

(d;+e,)(—(d;+e,)R, (i, c) Vo, W, —(d,+e,,) x
Rii’l(é:gi ) Vo'W, +(d;+€,)R, (17, +w,)g,)" %
VGiTWi —(d;+ eiU)Rii’l(((ﬁi + l//i*)gi )’ VO‘iTV\N/”N)
= &(w's; +e, )((d;+e,0)R (W 6)) Vo'W

jeN;
—(dJ.JreJ.O)Rjj’l(ggj ) Vo'W, +(d;+e,)R; " x
~ * T T -1
(((//j +V )gj) VO—] Wj _(dj+ej0)Rjj X
~ * \7 §i+ T
(((//j +V )gj)TVO-jTWjJrN )]7N\Ni’
m

SiaN

MiTVGi (z eij (éué:. _éjgj)+eio(éi§i _éo‘fo)) <

jeN;

a +a.
h iy

kg =k Yk ri_l—gm

JE 1 SisN
4 (F)) (TY) ~(F0) 5 (VA) « (F£) «(FY) ooz 5l oslital L

Wl oo 0 5 Ojge

Journal of Control, Vol. 12, No. 3, Fall 2018

QY ol o o5led VY W oJ 28 dlome



polnsl (sle $Sals b o b loloutir (6ls s bast y gy (6 5luile jan

Y¥

Sl (o B daen (UL 41 5

D T
Bi+N Wi’ dll

Me=-2 E, 2m

jeN;

~b__byb,

SisN

i E'N 2\W T ~

d, :nl1_+(ai1+ kTi)_(di"'eio) W, Vo, (7s) %
i g T g T

Ry ) VoW —N__WTDW, =N

Si+N Si+N

_WiTvo'i JZN (dj+ej0)eij (lﬁjGj)Rj_jl(l//;gj)T X
VO'TW B, T—W VO'Z(d +€0)8; (¥;6,)x
] s jo/ Sij i
N g -:—
Ry (7,5,) Vo'W, —~ —N WV [yg x

(—(di+eo)Ri (v s +&y ) Vo'W, +(d;+ &) x
Riiil((lﬁi +‘//i*)§i)Tvo'iTWi) - Z €ij (Wj*gj +5gJ)X
jEN|

(=(d;+e,0)R; (v’ +5,) Vo'W,

- 7 * §|+
+(dj+ejO)Rjj 1((Wj +y; )gj)TVGjTWj)]m—N
5 T
_WiTVO-igT.) Bin 1
m

SieN

+(eg +&,,

d; =-W'Vao, (d+ eio)z(t,//i*gi +té&, YR, x
B

.
((w; +Wi*)gi ) VO-iT -DW, 2|+—NWi
m

Si+N

WS, ~W'F +b_(d; +€,)*[g; ()]

dy =WV, (2 e ((d;+e0)(w; s+ )

Omin (R )(H‘//i*gi H + ||l/7, Si ”)bw

i+N

ieN;
Ruil(('ﬁj +l//j*)gj)TVGjT ) - z Iéj\NJ’ X
jeN;
B,
ZI;N W +bVa; Zeu (d +e]0)“g (X )H

O-min(Rjj)bVaj (H‘/7j§j H+H‘//j S H) ”\ij '

™. Z +DZ },
0-)

L(t) = z {C. -

Z,=[5 W, WHN,WM]T

D =[d, d;, dj, d; ]| i

, :
m, m, Mmz; my,
i i i i
M = My My My My,
U m. m. m. m
31 MMz Mg Tllag
i i i i
My My Myz My, |
i o_mi _mi i
My, =My =My, =My, =My,

i 2 [ B g T
m, =0 _Eaul , My =B By
: 1 A= BT
My = — DW.B,,," + . W, =X

4m5i+N msi+N

SisN SisN

WV (6 )(AHeo)R,

5 T
~ * i+ 1 i
(7, +v; )gi)TVO'iT—N_EFi :mszT )

SieN

1
+§Zkojx

jeN;

24___ZEW

JeN

—%WiTVai D (dj+e;,)e;x

jeN;

|+N

3

SisN
T

_ EV\/_T %
2

~ 1y % NT T
('//jgj)Rjj (‘//j gj) vo—j

i
Si

Vo—iZ(dj+ej0)eij(&jgj)Rjjil(l/;jgj)Tx
jeN;

B, 1
jTr;]_JrN _EWiTVO-izeij(Wj Gj)x

Si jEN|

Vo

(d; +e,0)R; (7, +v)s,) Vo,

Journal of Control, Vol. 12, No. 3, Fall 2018

QY ol o o5led VY W oJ 28 dlome



Yo

pobnl s Salin b (s 8 el s ot L3 gy S5lilejan

Sl (o 3L e (g ,B 4155

~ D.
Pl s

2O_min (M i)
S S oY)
I A

oL{ST‘og))I‘)éWQ‘ﬁ;&j‘(AT’)ﬁ‘J&}L)@OML&&
o ailin] Gobl) arwg b llae ol ol 0g sl e L
s sl 5 e slallas > a5 ams oo Las YU slo Julos
ST w3, OF) Lo [¥9] as cs1eSy sl WIS s
C 0> BZ}G;&” >y, 53 BZ, U IR VR
>B; W ,>B; W ;>B,
[ | 28,8 oo Jul5 @l
Ll plos o 00 %0 5 53 ~( Jolas @ (ol o) Y 4
s g ol e 4Ses (Gl olSST sl S35 Y acdd sls 58
sl 39,500 Gl 4 b gl o [Fan o ,85 CHY aoles sl &

Y

%Ae5)3¢x‘.“‘-!~w j+N

degaze (o dgdia LKen Wi e slo 03 &6 Wi e
S 63l e g Jos Joa Uy T=100 N lagsss
g oo Kot pglasl Salis b (s (6ls w51 (hondlyino

Wil o ¥ i ) s 4t o Sl Y i L]
Silwans s -°

4 ool o2, S ol B me sy b3 Sl el 03

O s ledir g K3 8 o Jlesl iland e K

Vela Jb 05 5 Jlast sl 035 2SS i 53 1) S b gillas o 8
Bl p ) Do b Jele oSCalus bl ok 4t § L s

_ ( P Xo2 J
’ P2Xor + P3Xp + PusXg, X012 ,
X =f(x)+0g;(x) U=

[plxiz J {0 }
, |+ uj,
P2 Xy + P3Xip + PyXio Xy PisaXiaXiz

Xi1 .
X, = , 1=12,...,5.
XiZ

P =[Py Pases Po] uton e Syl
ol bl sl olie & ok 4 el plast

P=[1,-10.5,-0.5-0.8,1,0.5-0.2,1.4]
(e sl S sla Slatis o2, S 55 bl ods 8 5 i o
S, ase st s @a=40, p=1000, I'=70

C = Ijvi _WiTVUi{(di"‘eio)z(Wi*gi)Rii_lX
(7 +v)s) Vo W, +(d, + eiO)Z(ggi ) X
Rii_l(('/;i 'H//i*)Q'i )TVO-iTWi) - Z €; X

((d;+e50) W Ry (7 +y)g) Vo'W,
+(d;+e50)(g, Ry (07 +v)s;) Vo, 'W))}
by, (0 +€0) 85 0] e (R s
i Do, W] ++bg,, D &;(d; +€50)x

jeN;
|9, 0 (Rydbeg, (7,6, |+, p i .
s Cinax o cttas D, <D C <C
Sl 5 665 4 b ealass (sla el by ansl o JSul Dy

w3l ere ot My G ile o (s p5b & it

imax 9 imax 9

1
—-g 0 O
ZQ.
M;=| 0 I Mg ’Mé3=[m|23 m|24]'(m)
0 Mg Mg

. m! om0
M3|2=|: ,32:| ’Mel,3=|: ® i :l
m42 0 m44

sl 3 5 sle (Shs ol My Gos ene cote ol
ey e @ - 1>0@ . g >0
bl b w5 asb . Dy =1 =MLML ML >0
Maz 1y 598 Jae (o il 30 5 o By 5 S s
bl b s sl o D =ML -MLIT'M, >0 .

sl i uls o By S el

ol (04) sl e
(<SR o M)+ Do 2] Cr 0
i=1

wss oo, My oy luie 2555 0 (M) &
51 09 anlss e ol sis clagye 0,5 LelS L

' Schur Complement

Journal of Control, Vol. 12, No. 3, Fall 2018

QY ol o o5led VY W oJ 28 dlome



Pl gla Sl b ot b leloitir Glb e Lo gy (g5 lile jon v#

S o Bl dame (5,60 415

Fourth Critic Fifth Critic
1 08
=—————1
07
0.8 l
06
\
06 050
@ L— @
=S 5%
@ 04 °
= = 03
02§ 0.2
01
oL
o
02 01
0 500 1000 1500 0 500 1000 1500
Time (s) Time (s)

0 5F s b ol Jole 2li ols S gle 055 ol Ken ¥ IS8

o S s e Ol s Jele gl e sl slas B S
o, b fele obsy gl NFer by s (63555 55 Code
Gy Olge 4 ¥ 5 Y Q) sls Jole ¢ gbay las) Ll ods | Kas i
CJ;L‘SLAJiZJJPQUG}'@‘JKM‘\{A?}:\{.(.-U‘e.UanJjT

el ol 031> OLES a4 bs ole aen (g5l Ol jon

Delta1 Delta2 Delta3
15 8 1
—_—i(1) —_—2(1) —_—d3(1)
—d1(2) —d2(2) —d3(2)
4
0.5
2
0
0 h
0.5
2
-1
4

E -1.5
0 500 1000 1500 O 500 1000 1500 O 500 1000 1500
Time (s) Time (s) Time (s)

T bl gle Jale Sbsy sl F S

63%0&@)}3‘%;)}}{&)}@‘4{4&3@0&3@@
b oategy Ol o b eledir b men ilibejen ol
el 0 | S a4 sbaals Sl s

& 5 4o -
el el w55 e RS 2 S M sl s
luile jon dlis Lo iy Jo (12 (o A5 SL gy (S 20 4l ST
el ol 4l slaas Salus ghols o b eledr sl o
o5 4 b ele el Sy g b b o B
3 eslizl b cods w55 Sk oS s 8 plels Dlejen
g S b B g sl Sles ae sls Sl
Gl Sllis dla fole pohaols ¢Salys lulid (1 45 4l OS5l
Sy 2l Rhes sl L2 1S s Ol S 4 e sla Sl
Lyt dil gl I (1S il ok 8 5,5 4 fole a

s 4 sla Cnlow &5 s 03l DL 5 ol DU Do 5L (gl

w,% ks, =15 Gl a4t 0.001
10

(5)=6"Q.5 =5 o,

QI( I) 1 Q|| 1 1 O 1 1

4 r.::_))iﬂ B 'Rii :10, Rij :l, (l ij, jE NI)
5 S, =F =100l < w4 b o bl s,
5 ool s, s ol 1=1.,5 ¢ o =1
s O :[5}1’6}2]T, =15 (ot sl o s
S SIlab @l 5 sl 0k 3 gdomn (LI B1E Lo 5 oS S
Sope 4 e fule gl Sl s e gl

0, =[64",646,,, 85", 6,4°,6,°6,5,848,,"
8104106120 04°6,, 640" 5
5 Oy sols b 0,1=1..,5 » .8 .ol
(e § o 5 G S 35k e 5 L o F a3 ) Oi
bayd o Lol J S gls 355 4V Fr e B b sl 51 S S
i 55 682k s B s sh e 035 L S o b2
SIS Gl 4 plerl a6l Y 4B 53 0dd B ae gy
¥ St oks Jlasl pshaals $SCalys S o b Al s
el pslasl sla il 6855 4 aas . Ol
4 (Ll ol 0357 @ ge5 Olsie 4 Y5 ) la Jole )y sla el )ly)
Sl bl ble S G165 @ aph o 1 Ken 355 dly olie
338 o1 8an 5 polie 4 lelodiz (s
P=[1,-1,0.5-0.5-0.79,0.98,
0.45,-0.21,1.37]

leader Parameters  Agent 1 Parameters Agent 2 Parameters
15 15 1.5

P1 PS5 P10
—p2 —p6 —_—r11
1 —— P 1 — P7 A P12
Pa P8 P13
——Ps ——rP1a
0.5
0.5 0.5 }—
o
o o
05
05 05
-1
\_
! 1 15
.15

15 -2
0 500 1000 1500 0 500 100D 1500 0 500 1000 1500
Time (s) Time (s) Time (s)

S ele Y 5 ) e gls fale sl eyl o Kan Y IS g
=Y
St glbe 03) as e il 1 sl sls St sls 035 o Ken

.(.-\J\a.Una:J)TAJ}QJQ\_,;;qb;?dudﬁb‘suﬁdh

Journal of Control, Vol. 12, No. 3, Fall 2018

ARV ol o o5led VY W oJ =S e



Yy

pobnl s Salin b (s 8 el s ot L3 gy S5lilejan

Sl (o 3L e (g ,B 4155

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

of Intelligent Control,” Ed. D.A. White and D.A.
Sofge, New York: Van Nostrand Reinhold, 1992.
Vrabie D., Pastravanu O., Lewis F. L., Abu-Khalaf
M., 2009, “Adaptive optimal control for continuous-
time linear systems based on policy iteration,”
Automatica, 45(2), 477-484.

Vamvoudakis K., Lewis F.L., 2011, “Multi-player non-
zero-sum games: online adaptive learning solution of
coupled Hamilton-Jacobi equations,” Automatica, 47,

1556-1559.

Vrabie D., Lewis F., 2010, “Integral Reinforcement
Learning for Online Computation of Feedback Nash
Strategies of Nonzero-Sum Differential Games,”
49" |EEE Conference on Decision and Control,
Atlanta, GA, USA.

Vrabie D., Lewis F.L., 2011, “Integral
reinforcement learning for finding online the
feedback Nash equilibrium of Nonzero-sum
differential games,” Advances in Reinforcement
Learning, Intech, 2011.

Vamvoudakis K. G., Lewis F. L., Hudas G. R.,
2012, “Multi-agent differential graphical games:
Online  adaptive  learning  solution  for
synchronization with optimality,” Automatica, 48,
1598-1611.

Abouheaf M. I., Lewis F. L., 2013, Multi-Agent
Differential Graphical Games: Nash Online
Adaptive  Learning  Solutions, 52nd IEEE
Conference on Decision and Control, Florence,
Italy.

Tatari F., Naghibi-Sistani M. B., Vamvoudakis K.
G., 2017, “Distributed Optimal Synchronization
Control of Linear Networked Systems under
Unknown Dynamics,” Proc. American Control
Conference, 668-673, Seattle, WA.

Tatari F., Naghibi-S M., 2015, “Distributed Optimal
Control of Nonlinear Differential Graphical Games
based on Reinforcement Learning,” Journal of
Control, 8 (4),15-30.

J. Li, H. Modares, T.Chali, F. L. Lewis, L. Xie, 2017,
“  Off-policy reinforcement learning  for
synchronization in multiagent graphical games,”
IEEE transactions on neural networks and learning
systems, 28(10), 2434 - 2445.

Kyriakos G. Vamvoudakis, 2017 “Q-learning for
continuous-time graphical games on large networks
with completely unknown linear system dynamics,”
International Journal of Robust and Nonlinear
Control, 27(16), 2900-2920.

Vamvoudakis K., Lewis F. L., 2011, “Online actor-
critic algorithm to solve continuous-time infinite
horizon optimal control problem,” Automatica, 46,
787-788.

Modares H., Lewis F.L., Naghibi-Sistani M.B.,
2013, “Adaptive Optimal Control of
Unknown Constrained-Input ~ Systems  Using
Policy Iteration and Neural Networks,” IEEE
Transactions on neural networks and learning
systems, 24(10), 1513-1525.

Zhang H., Cui L., Luo Y., 2013, “Near-optimal
control for nonzero-sum differential games of
continuous-time nonlinear systems using single-
network ADP,” IEEE Trans. Cybern, 43, 206-216.
Abu-Khalaf M., Lewis F. L., 2005, “Nearly optimal
control laws for nonlinear systems with saturating
actuators using a neural network HJB approach,”
Automatica, 41, 779-791.

Finlayson B. A., “The method of weighted residuals
and variational principles,” New York: Academic
Press, 1990.

(1]

(2]

(6]

[7]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

Slgtey (2 S G s o o 5 (65U B B I3 T

258 B g 5 Sl At 53 35 e
&lp

Hong Y., HuJ., Gao L., 2006 “Tracking control for
multi-agent consensus with an active leader and
variable topology,” Automatica, 42 (7), 1177-1182.
Ren W., Moore K., Chen Y., 2007, “High-order and
model reference consensus algorithms in
cooperative control of multivehicle systems,” J.
Dynam. Syst., Meas., Control, 129(5), 678-688.
Wang X., Chen G., 2002, “Pinning control of scale-
free dynamical networks,” Physica A, 310(3-4),
521-531.

Wu Y., Meng X., Xie L., Lu R., Su H., Wu Z. G,,
2017, “An input-based triggering approach to
leader-following problems,” Automatica, 75, 221—
228.

Zhang D., Xu Z., Wang Q. G., Zhao Y. B., 2017,

“Leader—follower HOO consensus of linear multi-

agent systems with aperiodic sampling and
switching connected topologies,” ISA Transactions,

68, 150-159.

Wang B., Wang J., Zhang B., Lin H., Li X., Wang

H., 2016, “Leader—follower consensus for multi-
agent systems with three-layer network framework
and dynamic interaction jointly connected
topology,” Neurocomputing, 207 (26), 231-239.

Han T., Guan Z., Chi M., Hu B, Li T., Zhang X.,
2017, “Multi-formation control of nonlinear leader-
following multi-agent systems,” ISA Transactions,
DOI: 10.1016/j.isatra.2017.05.003.

Semsar-Kazerooni E., Khorasani K., 2009, “Multi-
agent team cooperation: A game theory approach,”
Automatica, 45, 2205-2213.

Mao D., He Y., Ye X., Yu M., 2011, “Inverse
optimal stabilization of cooperative control in
networked multi-agent systems,” Control and
Decision Conference (CCDC), 1031 - 1037.

Tijs S., “Introduction to Game Theory,” India:
Hindustan Book Agency, 2003.

Isaacs R., “Differential Games,” New York, Wiley,
1965.

Tolwinski B., Havrie A., Leimann G., 1986,
“Cooperative equilibrium in differential games,”
Journal of Mathematical Analysis and Applications,
119, 182-202.

Esparza L. G., Torres G. M., Saynes Torres L. M., 2013,
“A  brief introduction to differential games,”
International Journal of Physical and Mathematical
Sciences, 4(1), 396-411.

Bagar T., Olsder G. “Dynamic Non-cooperative Game
Theory,” 2nd edition, Classics in Applied Mathematics.
SIAM: Philadelphia, 1999.

Freiling G., Jank G., Abou-Kandil H., 2002, “On global
existence of Solutions to Coupled Matrix Riccati
equations in closed loop Nash Games,” IEEE
Transactions on Automatic Control, 41(2), 264- 269.
Gajic Z., Li T., 1988, “Simulation results for two
new algorithms for solving coupled algebraic
Riccati equations,” Third Int. Symp. On Differential
Games. Sophia, Antipolis, France.

Sutton R., Barto A., “Reinforcement Learning—An
Introduction,” Massachusetts: Cambridge, MIT
Press, 1998.

Werbos P., “Approximate dynamic programming
for real-time control and neural modeling Handbook

Journal of Control, Vol. 12, No. 3, Fall 2018

QY ol o o5led VY W oJ 28 dlome


http://www.sciencedirect.com/science/journal/00190578/68/supp/C
http://www.sciencedirect.com/science/journal/00190578/68/supp/C
http://www.sciencedirect.com/science/journal/09252312
http://www.sciencedirect.com/science/journal/09252312/207/supp/C
http://www.sciencedirect.com/science/journal/00190578
https://doi.org/10.1016/j.isatra.2017.05.003
http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=5946174
http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=5946174
http://ieeexplore.ieee.org/xpl/tocresult.jsp?isnumber=8038919
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Vamvoudakis%2C+Kyriakos+G

sl 5ln Sl b st ot (51 (e L s (55l A

S o Bl dame (5,60 415

[34] Hornik K., Stinchcombe M., White H., 1990,
“Universal approximation of an unknown mapping
and its derivatives using multi layer feedforward
networks,” Neural Networks, 3(5), 551-560.

[35] Hardy G., Littlewood J., Polya G., “Inequalities,”
2nd ed. Cambridge, U.K.: Cambridge Univ. Press,
1989.

[36] Khalil H. K., “Nonlinear systems,” Prentice-Hall,
1996.

Journal of Control, Vol. 12, No. 3, Fall 2018 WAV Sl oF oyl Y Ao oJ 28 alome



J S e

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

. X . G
YA-FY amio YAV ol OF oyled Y e Sl

ST g SO B 4 Comd T gy — diannd”™  F U 55 (S 3l Jomo
2R

T 0L g sl oLl ST e ¢ gunn d

V_saeidi@shu.ac.ir « zig dgs o&ails (28 03 8 (51 qwdign (557> ol 56
afzalian@sbu.ac.ir ¢ zig ded oKtils (J 28 05 8 (G p owbige 48K o, Lils "
d_gharavian@sbu.ac.ir ¢ zig des oKiils (ol plius 0 S 05 oumign 518305 skl ™

WAg/ANAL \WAPVNO 53 il s WAS/F/A ) il AR/ b s

) 5L s5leesly 5 ot Slalous (Sbomy Cob bl slad 2l T i anS Glagt )l J 287 o1 b 55 o0y
S Sosh 4 o3y e Gl SIS 4 S BL el sliam 2l (sl (s 4SS U (g5l o 3 5le o [ 3
Silwesly 03 5ad o5l (gl dlae opf Hs il S b &S Jsles .L«Tuiﬁfumf e s slrouiSTd S Ole e s Shes
G305 Sl By 53 el ol yme p o d ST ladaT iy 51K 8 4 Cod B (63l s ¢ axis (Slaptns (555 5ol S
ol 53 03,8 on plnil OT & Comd U (5l s 87 (505 51 b 2,38 Il s 53 il oks 5Lty DU (55la e 3 g o
s oS Wl S eI TRy £33 s 0 55,8 o il (lons Jbb L 1,08 0T 8 4 LK LG I el
338 on sl (5 o3k Jua 5 ok (om0 oo it OT g i B (55l oo o7 (6 b J 287 508 51 8 bl Jlob 8 4 LSS
3 sn i 4 e ok B e Sla gy 33,8 n o3l BL Al pb.);i“ Heslinal b ag LSS LU sy 93 51K o plnil 31 g
Al O ol (e ) 93 4 o 358 0 Cab e 53 (6 S Sl sl gt Sl (San 5 035 5 Ty Sllan

LM S (6 e el - ainng (slagiuns « HlU GEalS oy 5 &) 2o 208 cilals

Localization of DES Supervisory Control with Respect to Each
Controllable Event

Vahid Saeidi, Ali A. Afzalian, Davood Gharavian

Abstract: Supervisory control synthesis in discrete-event systems may encounter increasing the state
cardinality. Increase in the number of states causes the computational complexity in supervisor synthesis
and makes the implementation of the supervisor in industrial systems difficult. Localization of a supervisor
is a method to reduce the number of states in the monolithic supervisor w.r.t. each component of the plant.
Also, the synchronization of local controllers with the plant is control equivalent to the monolithic
supervisor. In this paper, localization of a monolithic supervisor w.r.t. each controllable event is proposed,
in order to facilitate implementation of local controllers. Two methods are proposed based on generalizing
existing methods. The first method localizes a supervisor based on self-looping some states by disabled
events which cannot be disabled by the corresponding local controller. The second one executes the
supervisor localization based on removing transitions in the plant model that are disabled in some states of
the monolithic supervisor, and are not supposed to be disabled by the corresponding local controller. In
both methods, the supervisor is reduced w.r.t. the (reduced) plant model. The proposed methods are more
flexible and may lead to less number of states, comparing to the results of existing method. It is proved
that the two methods yield same results.

Keywords: Supervisor reduction procedure, Discrete-event systems, Supervisor localization
procedure.
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An Optimal Design and Fabrication of Microfluidic Material
Detection Sensor and Limit Cycle Based Readout System

Maysam Zamani Pedram, Mansour Mohtashamifar, Ahmad Afifi

Abstract: In this Study, according to microfluidic structure and bio inspired techniques, a
material detection sensor has been designed and fabricated based on micro fabrication method. The
capacitive sensing has been designed numerically and optimized by a familiar multi physics software.
In this type of sensor, a defined aptamer has been coated on the capacitor electrode surface and by
flowing the fluid through the microchannel, the targeted material would be involved between the
aptamer string structure and it makes a change in capacitor value. In this research, a novel readout
system based on limit cycle has been introduced and implemented. In this method, a virtual nonlinear
dynamic has been supposed beside the real system and makes the whole system behave in a limit
cycle (LC). By measuring LC frequency and amplitude, capacitor value is estimated.

Keywords: Material Detection Sensor, Microfluidic, Novel Capacitor Readout, Limit Cycle
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Complete mesh consists of 746345 domain elements, 81281 boundary elements, and 2740 edge elements,
Formed union of 4 solid objects,
Finalized geometry has 5 domains, 52 boundaries, 124 edges, and 80 vertices.
Mumber of degrees of freedom solved for: 1750001,
Mumber of degrees of freedom solved for: 2473157,
MNumber of degrees of freedom solved for: 3193173,
Mumber of degrees of freedom solved for: 3914702,
Mumber of degrees of freedom solved for: 4635132,
Solution time (Study 1): 2809 s, {46 minutes, 49 seconds)
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5.0000E-7 |1.3452E-4
6.0000E-7 |1.6190E-4
7.00006-7 188854
8.0000E-7 2.1587E-4
9.00006-7 2.4286E-4
1.0000E-6 | 2.6984E-4
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Cyber intrusion detection on critical infrastructures using fuzzy
neural first order hybrid Petri net

Z. Ghazi and A. Doustmohammadi

Abstract: Due to the growing demand to achieve more secure and reliable systems, development
of models, analysis and design of appropriate procedures seems to be necessary. The aim of this paper
is designing a controller in order to detect cyber intrusion. In this paper fuzzy neural first order hybrid
Petri net is used to design a controller that is capable of detecting cyber intrusions accurately as soon
as possible. The stability of the proposed intrusion detection system has been proven for any network
conditions and input parameters. To evaluate controller performance, DARPA standard data set is
used. The simulation results confirm proper detection rate, low of false positive rate, and also
surprisingly high convergence speed.

Keywords: critical infrastructures, cyber attacks, intrusion detection systems, fuzzy neural first
order hybrid Petri net.
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Identification and Modeling of Gas Turbine and Response Investigation
of the Model to the Frequency Variation of Grid Power

A.Rabbani, A.Karimpor

Abstract: On the grid power, the generation power should be used immediately to maintain the grid
frequency constant. Therefore, grid generation power at any moment must be equal to the grid
consumption power. Increasing or decreasing grid consumption power leads to the request for an
increase or decrease in grid generation power; and if this request is not provided by the units in the
grid generation power, a power difference will be created causing the grid frequency deviation from
its nominal value. This grid power control process is called frequency control. In Iran, the main
component of frequency control is provided by gas turbines. As gas turbines have been more installed
in the country, the response of gas turbines to grid frequency variations has become more and more
important. In order to study the frequency response of these systems, an appropriate gas turbine model
is required. In this paper, the frequency model of a gas turbine has been identified. After modeling,
the model's response against the errors applied to the gas turbine from the grid power is investigated
by MATLAB software.

Keywords: Gas Turbine, Governor, System Identification, Modeling.
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