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Decentralized adaptive control for
large-scale interconnected systems with dynamic uncertainties
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Abstract: We present a decentralized adaptive control scheme based on neural networks and dynamic surface control
for a class of interconnected nonlinear large-scale systems in strict-feedback form with similar structure and unmodeled
dynamics. In the designed scheme, unmodeled dynamics is described by using the Lyapunov function method, and neural
networks are used to approximate the unknown nonlinear continuous functions which are produced in theoretical analy-
sis. The interconnected terms are effectively dealt with by using Young’s inequality and decomposition of the threefold
summation term, and the decentralized control is realized by utilizing dynamic surface control technique. Compared with
the existing results, the designed decentralized control laws do not contain the lower bound of control gain. By the con-
structing method and the compact set introduced in dynamic surface control design, the unmodeled dynamics and uncertain
continuous functions generated in the recursive design are effectively handled. By theoretical analysis, the closed-loop
control system is shown to be semi-globally uniformly ultimately bounded, with the tracking error converging to a small
neighborhood of the origin. Simulation results of two numerical examples show the effectiveness of the proposed scheme.
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Dz %, min — Yi,min =
]Z i+ gi T g, 5
cad?y A()
i, min a0 55
Gimin—5 | + = (55)
/ﬁ‘:qjgi(ﬂ :0 i—/lvgdﬂﬂ" %%18117'” Szn17y227' )
yzn,sll = 17 )N9 >\1g>" )\Ngs dlg," ng, Y1,
YN 2 an e AT AL A7) — (18) T A

Qo, Wiz, Tiz € Lo, B — 0 1130 (28) — (29) AT 411 Qijj,
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wij,xijELoo,j:?),-‘- , Ny ﬁﬂ:tuj 'f{f]: € Loo R.

WA ) LR, T UAFAEIEH O, 13 A(-)/2]
<C. %
N n; n;—1
N/ = Z [ Z D E Z H—l
i=1 j=1 j=1
T2 o; dfg
gi,min 12 E + gi,mm 22 d ] + C (56)

T, K@) A (56) AKX (55) 15
V< —agV + p. (57)
MV = ¢, ap > ple, WATV < 0, BT 412401 1 4
RV (0) < i, V(1) < e, Vt > 0. KR (GST)Pi L A e
evoln {4 1
7 (V™) <e'p. (58)
W EPIAAE (0, t] LR

0< V() <L 40 - aﬁ]e—aof. (59)

(&%)) 0
PR, PFR S R e T 15 5 515, i g1 Aigs digs
||ZZH%|K7E ﬁgﬁ}éﬁﬁﬁm,y\ﬁﬁj, 7,,]+1,wijsuim
IR — SR L.

5 {HE45E (Simulation results)
TEATH, R T Ik P sl L A 0k, AN
B EL R,
Bl HEAAREBEAR N FUE R
Fgel18:22.3030 WA B AR
(4 = —22, + 1.5y sin(yit),
T11 = X120 + 0.52q,
T12 = 1%11 + G3U1 + g2Z21—
G127y + ga) + 227,

Y1 = T11,

L (60)
Zo = —229 + 0.5y5 sin(yat)
To1 = Tog + 229,
Tog = 121 + g3l + GaZ11—
(ﬂ2$§2 - 94) + 3257
Y2 = a1,
o
T =01, 12 = 917 To1 = Oa,
0 g !
€T = = — — = 0,
2= Y2 w1 BT
g2 =k x a(t) x (a(t) — e x 1) X g,
g1 =k x (a(t) — e x1) x (yl_'yQ)XQSs
/61 —m Sln xll ’ /32 Slelw.fL'Ql :
_m
C m+ M

/V‘f\fﬁ = ($11, 5012)T7 To= (952173322)T7 T = ($1T7 ﬂsz)T

M/ ERIEA

(1) = ——fa(t)(a(t) — ¢ x D~ + 1) —
(a(t) = 0.5) (51 — v2)];

(1) = ——[a(®)(a(t) — e x D)rn — o) -
(a(t) — e x U)(y2 — y1)].
Hy
a(t) = sin(5t), y; = sin(2t),
Yy = L +sin(3t), k =1,
M=m=10,1=1,
L=2g=1¢c=05
SJiie
i <ot 2 |+l i=1,2, (6D
fir(@1) =0, fra(Tr2) = 2211 — fraty,
g11(z11) = 1, g12(Z12) = g3, A1n = 0.52y,

)
)

Ay = 22? f21($21) =0,
)

FREZITIHERINIE (Y14, y2a)™ = (0,0)T.
Eiﬁ@ﬁ%ﬂ?ﬁﬁiﬁ%&ﬁﬁﬂ?'
. 2
Aig = Vit [ Z r 2 HSU( nl 232 Uzl)‘zg}
(62)

dig %2[ Z |1Zial|** 8% — 010dig ) (63)

Qo = —ki18i1 — o )\zgSuHSn( DI?, (64)
1
ui(t) = —kigsio — 27281‘2/\@”51'2(21'2)”2 —
Qo
Lo N 2 :
Sdig > [[1Zi2]*Fsia), i = 1,2. (65)
2 70
fhEH, I

kir = ko1 = k1o = kg = 15,

Y11 = Y12 = 19, Y01 = 722 = 15,

011 = 012 = 0.001, 091 = 092 = 0.001,
719 = 0.01, 790 = 0.02, ay; = a9 = 1.5,
Q12 = Qoo = 2.25.

PIUEARZSHCA
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A1(0) = A2(0) = 0.1, wi2(0) = 0, wae(0) = 0.

P E A R —4PR. s =20] LUA Y, AR
Y PR 3 42 T 0k R AT A P R R R R 2 (1 R

ERTERE.

0 10 20 30 40
t/s

1 iﬁﬁ:ﬂyﬁﬂﬁﬁﬁ%ﬁl@yld
Fig. 1 Output y; and tracking trajectory y14

0.1 T T T
>
>
t/s
B 2 Hirth o FIERERNL yog
Fig. 2 Output y2 and tracking trajectory yoq
02}
0.0

11° 821

0 10 20 30 40
t/s

K 3 EREFRZE 511 Mllsoq

Fig. 3 Tracking errors s11 and sg1

150 T T T

100 [ —u,

-100 f

_150 1 1 1
0 10 20 30 40

t/s
4 PG T ug Fug

Fig. 4 Control signals u1 and ug

B2 BREHARERS)AK3AME IR
WA R G M, Hhasriid an T

TRE1:
= q(z1, %),
T1 = T2,
Tip = %sinyl + u+ (66)
Avg(21,91) + di(Y1, Y2, y3),
Y1 = T11-
TRY2:
Zo = qa(22,42),
Tp1 = Tag,
Gy = %sin Yo + 0. Tup+ 67)
Aoz (22, Y2) + da(y1, Y2, Ys),
\ Y2 = T21-
TRHA3:
Z3 = q3(23,¥3),
T31 = T3z,
gy = %sin ys + 1. 2us+ (68)
Asz(23,y3) + ds(y1, Y2, Y3),
Y3 = Ta1,

b wp BRIV L, g TR B, Mt 5
i MR BT, DR — MK, afe SR BRI
JIHO R EE B, Ky Koo 2 BB IR BAME R B, w, s B
MF RGN AFE, BT SRR 71897 18, X
KBNS N q(zi,y) = -2z + 2, WE TN
Avg(21,y1,t) = 27, Aoa(22, Y2, t) = 25 sint, Asy(zs,
ys, t) = 23 cost, MyarfEHIA
di(y1, Y2, y3) =

k1a2

M, 12
d2(yla Yo, 2/3) =

2

(sinys cosya — siny; cosyy),

kla

Myl
2

(siny; cosy; — siny, cosys) +

koa
Myl2
ds(y1, Y2, y3) =
koa?
Ml?
IR R N ysq = 0, 4= 1,2, 3.

3 AR BT G

(sinys cos Yz — sin y, cos Ya),

(sinyz cos ya — sinys cos y3),

3 201 .
Mg = V[ 20 55 [195(Zi) P83 — oin Aig]
=1 2a3;
(69)
X 1 .
dig = Yi2 [*5?2 - UiQdig]v (70)

2
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Qo = —ki18i1 — 2 /\zgSﬂHSZl(Z )”2a (71)
Ui(t) = —kiasi — 27251‘25\@”51'2(@2)”2 -
Qjo
1 .
idigsu, 1= 1, 2, 3. (72)
i EH:

M,=5,9g=1k=1,1=1, a=0.25,

Si1 = Yi, ki1 = ko = 5, T2 = 0.01,

Yi1 = Yiz = 15, 041 = 052 = 0.001,

ayp = 1.5, a;p =2.25,1=1,2,3,
HIEARASHC

2(0) = (1,0,—1,0,1.4,0,0.1,0.1,0.1)"

Xig(0) = 0.1, d;,(0) = 0.5,

wi2(0) = 0.5, i =1,2,3.
PrECas Rl 5 —6 .

1.5 T T
) _ 4
-——— y2
_-_-y3 -
1 1
2 4 6
t/s
Bl 5 iy, yoflys
Fig. 5 Outputs y1, y2 and y3
40 T T T T T
_ul
-——u,
- _.u3
1 1 1 1
2 3 4 5 6

t/s
Kl 6 #HlfESur, uoflus

Fig. 6 Control signals u1,ug and us

E2 GIP RS EI E A 2R P = 1, 1
B2 R AR I E AR Z TR IR P = 0. 1 1145 BRI A
SCPTR P I EVE R SCERI17] 70 133 3L 4% R G A ).
PRI SFN SR 7T R ST Ja01, AR SR Pt 30 N B2 R b
) L SCRR[ 17154

6 %5i8(Conclusions)
ARSCHFSE T —J A R AR SRS S I)

TRE BB AR Z MR B KRGS 23 W B I A o )
K M Lyapunov & AIOK fifi 38 R i 45 2 248 1) e 4, A1 H
Young’ sK%iﬁD:ESJ@FDIﬁ (K10 ik, A RCBACHE TR
/\ﬂf JH15 A, A T Eh A R B T i %
iﬁfrT%ﬁﬁ E IRV R 24 i . L AT 4
FHEE, Prstt i ez b A Aﬁ}ﬁﬁ%JiEnﬁT?? i
2, BTG AR R T AR I 2 A5 i i pR AL
o), A T RS A S 4 JF Ha
Ge A AT 5 R, AT RO T IS S0
Fhah. W BT, B T AIMEBRI R G T

AL, B ZEEIE R R A
LBk

S ik (References):

[1] KANELLAKOPOULOS I, KOKOTOVIC P V, MORSE A S. Sys-
tematic design of adaptive controller for feedback linearizable sys-
tems [J]. IEEE Transactions on Automatic Control, 1991, 36(11):
1241 - 1253.

[2] SWARROOP D, HEDRICK J K, YIP P P, et al. Dynamic surface
control for a class of nonlinear systems [J]. IEEE Transactions on
Automatic Control, 2000, 45(10): 1893 — 1899.

[3] WANG D, HUANG J. Neural network-based adaptive dynamic sur-
face control for a class of uncertain nonlinear systems in strict- feed-
back form [J]. IEEE Transactions on Neural Networks, 2005, 16(1):
195 - 202.

[4] LITS, WANG D, FENG G, et al. A DSC approach to robust adaptive
NN tracking control for strict-feedback nonlinear systems [J]. I[EEE
Transactions on Systems, Man, and Cybernetics—Part B: Cybernetics,
2010, 40(3): 915 —927.

[5S] CHEN W S. Adaptive backstepping dynamic surface control for sys-
tems with periodic disturbances using neural networks [J]. IET Con-
trol Theory and Applications, 2009, 3(10): 1383 — 1394.

[6] ZHANG T P, GE S S. Direct adaptive NN control of nonlinear
systems in strict-feedback form using dynamic surface control [C]

/IIEEE International Symposium on Intelligent Control. New York:
IEEE, 2007: 315 - 320.

[71 ZHANG T, GE S S. Adaptive neural network control for strict-
feedback nonlinear systems using backstepping design [J]. Automat-
ica, 2000, 36(12): 1835 — 1846.

[8] YANG ZJ, NAGAI T, KANAE S, et al. Dynamic surface control ap-
proach to adaptive robust control of nonlinear systems in semi-strict
feedback form [J]. International Journal of Systems Science, 2007,
38(9): 709 — 724.

[9] SUNGJ Y ,JINBP, YOON H C. Adaptive neural control for a class
of strict-feedback nonlinear systems with state time delays [J]. [EEE
Transactions on Neural Networks, 2009, 20(7): 1209 — 1215.

[10] ZHANG T P, GE S S. Adaptive surface control of nonlinear sys-
tems with unknown dead zone in pure feedback form [J]. Automatica,
2008, 44(7): 1895 — 1903.

[11] JIANG Z P, PRALY L. Design of robust adaptive controllers for
nonlinear systems with dynamic uncertainties [J]. Automatica, 1998,
34(7): 825 — 840.

[12] JIANG Z P, HILL D J. A robust adaptive backstepping scheme for
nonlinear systems with unmodeled dynamics [J]. IEEE Transactions
on Automatic Control, 1999, 44(9): 1705 - 1711.

[13] SRR, WSk, Voiadh, 5%, HATR BB ) G R 104 2% )
AT (7). FEHELE LV, 2013, 30(4): 475 - 481.

(ZHANG Tianping, SHI Xiaocheng, SHEN Qikun, et al. Adaptive



356 oW oo 5 N M 0324
neural network dynamic surface control with unmodeled dynamics rections [J]. IEEE Transactions on Neural Networks, 2009, 20(3):
[J]. Control Theory & Applications, 2013, 30(4): 475 — 481.) 483 —497.

[14] ZHANG T P, SHI X C, ZHU Q, et al. Adaptive neural tracking con- [25] CHEN M, GE S S, REN B B. Adaptive tracking control of uncer-
trol of pure-feedback nonlinear systems with unknown gain signs and tain MIMO nonlinear systems with input constraints [J]. Automatica,
unmodeled dynamics [J]. Neurocomputing, 2013, 121: 290 — 297. 2011, 47(3): 452 — 465.

[15] DU H, GE S S, LIU J K. Adaptive n-eural network O}Jtput feedback [26] 4eutit, KT, BIRRT.— AT R HEh 2 K R4 5L S
control for a class of non-affine non-linear systems with unmodelled EHASTIR [C] /4533 0 rp EE A s ek, A2 WA SR TT
dynamics [J]. IET Control Theory and Applications, 2011, 5(3): 465 T2, 2014: 2080 — 2085.

—477. (ZHU Hongbin, ZHANG Tianping, XIA Xiaonan. Decentral-

[16] LIU Y S. Robust adaptive observer for nonlinear systems with un- ized adaptive dynamic surface control of large-scale intercon-
modeled dynamics [J]. Automatica, 2009, 45(8): 1891 — 1895. nected systems with unmodeled dynamics [C] //Proceedings of the

[17] LIUY J, TONG S C, PHILIP CHEN C L. Adaptive fUZZy control 33rd Chinese Control Conference. New York: IEEE, 2014: 2080 —
via observer design for uncertain nonlinear systems with unmodeled 2085.)
dynamics [J]. IEEE Transactions on Fuzzy Systems, 2013, 21(2): 275 [27] LIN W, QIAN C J. Adaptive control of nonlinearly parameterized
—288. systems: a non-smooth feedback framework [J]. IEEE Transactions

[18] YOO S J, HOVAKIMYAN N, CAO C. Decentralised L, adaptive on Automatic Control, 2002, 47(5): 757 - 774.
control for large.—scale non-linear systems with interconnected un- [28] SANNER R M, SLOTINE J E. Gaussian networks for direct adap-
modelled dynamics [J]. IET Control Theory and Applications, 2010, tive control [J]. IEEE Transactions on Neural Networks, 1992, 3(6):
4(10): 1972 — 1988. 837-863.

[19] LIUYS, I_‘l X Y. Decentralized ?obust adaptive contro.l of nonlinear [29] GES S, HANG C C, LEE T H, et al. Stable Adaptive Neural Network
systems with unmodeled dynamic [J]. IEEE Transactions on Auto- Control [M]. Boston: Kluwer Academic, 2001.
matic Control, 2002, 47(5): 848 — 856.

. [30] ZHANG T P. Stable direct adaptive fuzzy control for a class of

[20] YOUSEF H, HAMDYB M, EL-MADBOULY E, et al. Adaptive . i .

i K . MIMO nonlinear systems [J]. International Journal of Systems Sci-
fuzzy decentralized control for interconnected MIMO nonlinear sub-
. ence, 2003, 34(6): 375 — 388.
systems [J]. Automatica, 2009, 45(2): 456 — 462.
[31] HUANG Y S, WU M. Robust decentralized direct adaptive output

(21]

[22]

(23]

[24]

MEHRAEEN S, JAGANNATHAN S, MARIESA L C. Decentral-
ized dynamic surface control of large-scale interconnected systems
in strict-feedback form using neural networks with asymptotic stabi-
lization [J]. IEEE Transactions on Neural Networks, 2011, 22(11):
1709 — 1722.

LIU Y J, TONG S C, LIT S. Observer-based adaptive fuzzy tracking
control for a class of uncertain nonlinear MIMO systems [J]. Fuzzy
Sets and System, 2011, 164(1): 25 — 44.

TONG S C, LI Y M. Adaptive fuzzy output feedback control of
MIMO nonlinear systems with unknown dead-zone inputs [J]. [EEE
Transactions on Fuzzy Systems, 2013, 21(1): 134 — 146.

ZHANG T P, GE S S. Adaptive neural network tracking control of
MIMO nonlinear systems with unknown dead zones and control di-

feedback fuzzy control for a class of large-sale non-affine nonlinear
systems [J]. Information Sciences, 2014, 181 (11): 2392 — 2404.

e wAa:

IR (1970-), &, -k, YR, FT AR R G
AT R 4 R R B IR M R R 4 R4S D 9 AT, B-mail:
xnxia@yzu.edu.cn;

KR (1964-), 55, T+, B, A0, Hl B2 AIE
I R ASOR A TR B AE L A e i) B AR e 2 R S RT L AR, E-mail:
tpzhang @yzu.edu.cn.



