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Abstract: A decentralised state feedback control scheme is proposed to stabilise a class of
nonlinear interconnected systems asymptotically based on the characteristics of the system
structure. Under the condition that all the nominal isolated subsystems have uniform relative
degree, the considered class of interconnected systems is transferred to a new interconnected
system formed of single input systems, which facilitates the decentralised control design. A
new term, weak mismatched uncertainty, is introduced for the first time to recognise a class
of mismatched uncertainties in the isolated subsystems. The study shows that the effects of
both matched and weak mismatched uncertainties in the isolated subsystems can be rejected
completely by appropriate choice of control, and the effects of matched interconnections can be
largely reduced if the control gain is sufficiently high.

Keywords: Nonlinear interconnected systems, decentralised control, time delay, relative degree.

1. INTRODUCTION

With advances in technology, systems are frequently net-
worked together to form large scale interconnected systems
in order to fulfil complex requirements. Such systems ap-
pear in power networks, urban traffic networks, ecolog-
ical systems and energy systems and the corresponding
large scale systems are usually distributed geographically
in space. This may cause issues with economic cost and
reliability of communication links and thus provides an
impetus for considering decentralised control which only
uses local information within the design (Bakule, 2008).

Decentralised control strategies have been studied for
many years and there are numerous results concerning the
development of decentralised schemes for interconnected
systems including decentralised output feedback schemes
(Yan et al., 1998; Bakule, 2008). Much existing work con-
siders interconnected systems with either linear isolated
subsystems or linear interconnections, and/or it is required
that the nonlinearity or uncertainties satisfy linear growth
conditions (Mahmoud, 2009; Ye et al., 2012; Wang et al.,
2015). Time delay is another important factor which brings
additional complexity to the study of large scale inter-
connected systems (Yan et al., 2013). A class of time
delay interconnected systems is considered in Mahmoud
and Bingulac (1998) where delay does not appear in the
interconnections. However, the interconnections between
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two or more physical systems are often accompanied by
phenomena such as material transfer, energy transfer and
information transfer, which, from a mathematical point of
view, can be represented by delay elements (Michiels and
Niculescu, 2007). This has motivated the study of large
scale time delay interconnected systems (Bakule, 2008;
Hua et al., 2008; Ye et al., 2012).

Due to the richness of nonlinear phenomena, there is
no general approach to deal with nonlinear systems as
for the linear case. It is necessary to study a class of
systems and employ the system structure to complete
the design for complex systems. A class of interconnected
systems with similar structure is considered in Yan and
Zhang (1997) where delay is not involved. A class of
nonlinear interconnected systems with triangular structure
is considered in Hua et al. (2008), and a large scale
system composed of a set of single input single output
subsystems with dead zone input is considered in Zhou
(2008). In both Hua et al. (2008) and Zhou (2008), the
control schemes are based on dynamical feedback which
increases the computation greatly. A class of feedforward
nonlinear systems are considered in Ye et al. (2012) in
which the developed results are only applicable to systems
with relatively small delay.

In this paper, a decentralised time delay dependent state
feedback controller is synthesised to stabilise a class of
large scale time delay interconnected systems with un-
known nonlinear interconnections. The interconnections
are separated into matched and mismatched parts and



dealt with separately to reduce the conservatism. Geomet-
ric transformations are employed to explore the system
structure and transfer the nominal isolated subsystems to
a set of single input subsystems to facilitate the design.
Discontinuous decentralised controllers are designed using
the bounds on the uncertainties relating to each compo-
nent instead of the bounds on the vector of uncertainties.
Using the Lyapunov Razumikhin approach, a set of suf-
ficient conditions are derived so that the corresponding
closed-loop systems are uniformly asymptotically stable.
The concept of weak mismatched uncertainty is intro-
duced. The study shows that all the matched and weak
mismatched uncertainties in the isolated subsystems can
be completely rejected by appropriately designed control.
Moreover, the effects of the matched interconnections can
be largely rejected if the control gain is sufficiently high.

Notation: In this paper, R™ denotes the nonnegative set
of real numbers {t | ¢ > 0}. For a square matrix A €
R™*"™, the expression A > 0 represents that the matrix
A is symmetric positive definite and the symbol Ayax(A)
(Amin(A)) represents its maximum (minimum) eigenvalue.
Suppose the function g : R™ — R is differentiable, and
f = (A0), f20), fa(-)T + R™ — R". The notation
Lyg(x) denotes the derivative of g(x) along f defined by
Leg(z) =31, aIf( x) and Ll}’g
k—1
defined by L’}g(x) = 6Lgx ? f(z) with L} := g(z). Finally,

| - || denotes the Euclidean norm or its induced norm.

(x) represents a recursion

2. PROBLEM FORMULATION

Consider a nonlinear interconnected system described by

@i = fi(wi) + gi(@i) (ui + ¢i(t, Tiy Tia,)) + &i(t, iy Tia,)

+i(t, x, 24q), i=1,2,--n (1)
where z := col(z1,...,2,) E X := X1 XXX, 2, € X; C
R™ is the system state of the i-th subsystem (X is a neigh-
borhood of the origin) and w; € R™: is the input to the i-th
subsystem. x4 := col(Z14,, - - -, Tnd, ) With z;q, := x;(t—d;)
denote delayed state vectors where d; := d;(t) represent a
time varying delay which is assumed to be known and
bounded by d; := sup,cr+{di(t)} < +oo. The initial
conditions relating to the time delays are given by z;(t) :=
0:i(t) for t € [—d;, 0] where g;(-) are continuous. The func-
tion matrices g;(zi) = [gi1(2i), gi2(@i), - - -, Gim, (i)] €
R™i*™i describe the input distributions. The terms ¢;(-) €
R™i represent the uncertainty in the input channel of the
i-th subsystems, and &(-) € R™ denote the mismatched
uncertainties in the i-th isolated subsystems. The terms
¥;(-) € R™ are unknown interconnections of the i-th sub-
system. All the vector fields f;(x;) € R™ and g;(-) € R™
are assumed to be smooth enough for i = 1,...,n and
l= 17 e,y

Definition 1. Consider system (1). The system

& = fi(x:) + gi(x
+&i(t, i, id, )

i=1,....n (2)

is called the i-th isolated subsystem of (1), and the system

xlzfi(xi)—l—gi(xi)ui, 1=1,....n (3)

is called the i-th nominal isolated subsystem of system (1).

Definition 2. System (3) is said to have uniform rela-
tive degree (71,742, .-.,"im,) in domain X; if there exist
functions h;j(x;) defined in A; such that for any x; € &;,
i) L L ‘hi(w;) = 0 for all j,l = 1,2,...

9ij
,27...,n

,m; and 1 =

ii) the m; x m; function matrices A;(-) defined by
Lo L hin () Ly, L hia ()

A, = Lg“LT’Z 1h12() Lg1m LT12 1h12()

Tim; —1 Timy
Lg’l.lL ' hlmq () U LgiMi Lfi '

are nonsingular for i =1,...,n

"R, ()

Remark 1. The definition of uniform relative degree above
is from Isidori (1995). The uniform relative degree implies
that, for any point x; € X, the system has relative degree,
and the relative degree is independent of x; € X;. A full
discussion about relative degree appears in Isidori (1995).

Assume that the i-th nominal isolated subsystem of the
interconnected system (1) has uniform relative degree
(41,732, - - -, Tim, ) in the domain X; for i = 1,2,...,n. The
objective of this paper is to design a decentralised control
i=1,2,...,n (4)
such that the corresponding closed-loop systems formed
by applying (4) to the interconnected system (1) are
uniformly asymptotically stable. This problem is called
decentralised state feedback stabilisation. The controllers
u; in (4) depend on the local states z; and delayed states
x;q, but are independent of z; for j # 4, and are called
decentralised time delay dependent controllers

w; = i (t, T4, Tid, ),

3. INTERCONNECTED SYSTEM ANALYSIS

Consider the interconnected system (1). The distributions
generated by g;1(-), gi2(*), - - -, gim, (-) in the domain X; are

denoted by
Gi(z;) == span{gi1 (i), gi2(w4), - - - Gim,; (%4) } (5)
fori=1,2,...,n

In this section, it is assumed that the nominal isolated
subsystem (3) has uniform relative degree

(rivsmizy 3 Tim,)
and the distribution G;(z;) defined in (5) is involutive in
the domain X; for i« = 1,2,...,n. The objective is to
transfer the system (1) to a new interconnected system
to facilitate design.

Let r; == > ;% ry for i = 1,2,...n. From the defini-
tion of relative degree r; are nonnegative constants and
r; < n;. Then, the differentials dhy(z;), dLy, hy(x;i), -,

dL};’ lhll(xz) are linearly independent for [ = 1,2,...,m;

and i =1,2,...,n. Let
hi(2;)
Ly hi(xi)
Zil = . , l:1,2,m1 (6)
L;Zl_lhil(l’i)
for ¢ = 1,2,...,n. Since the distributions G;(z;) are

involutive for ¢ = 1,2,...,n, there exist n; — r; functions



Zi(ri41)y Zi(ri42)s "0 s Zin; defined in X; such that the
Jacobian matrix of the mapping

Ty : x> 2 == col(2, 2%) (7)
is nonsingular in X;, where z¢ := col(z;1, zi2, - - - , Zir; ) With
zg € R" for | = 1,2,--- m; and 2} := col(Zi(r, 41>
Zi(ri42)s " Zin;) € R™77. Thus the transformations
z; = T;(x;) are diffeomorphisms in X; for i = 1,2,...,n,

and z = T'(z) with

T(z) :=col (T1(z1) To(za) - Tp(xn)) (8)
defines a new coordinate system z := col(z1, 22, - , 2n)-
Let
It is clear to see that the domain X; is transformed to
Z; € R™ for i =1,2,...,n in the new coordinate system
z € Rzizl i

Construct a feedback

U; = 7A71(Ii)0ti(l‘i) + Ail(lfi)vi (9)

where v; € R™ are the new inputs, the matrices A;(-) €

R™Mix™Mi defined in Definition 2 are nonsingular for any
z; € X, and

L2 hio (2

hae) |

i

L™ him,
fi v
It follows from Isidori (1995) that in the new coordinates z,
the closed-loop systems formed by applying the feedback
transformation (9) to the system (1), can be described by
z =diag {Ai1, Ai, -+, Aim, } 2 + diag{ Bi1, Bia,
“++, Bim, } (vi + ®4(t, 2, 2ia,)) + EL (L, 24, 2ia,)

+U¢ (L, 2, 2q) (11)

2P = wi(2%, 20) + 2b(t, 21, zia,) + VO (1, 2, 2q) (12)
H;(t,z,zq)

where z? = col(zi1, zi2,+* , Zim;) € R with z; € R

for I = 1,2,...,mi, 20 = col(Zi(r,41), Zi(ri42)s " ** > Zin,) €

RM~Ti 2z = col(28,2?), and 2z = col(z1, 29, - ,2n)-

The symbols z;q, := z;(t — d;(t)) denote the delayed
states where d;(t) are time varying delays, and z4 :=
col(z1dy s Z2dy, " " * 5 Znd,, ). The matrix pairs (A;, B;) have
the Brunovsky standard form as follows

010---00 0
001---00 0

A'Ll— oot , Bu= : (13)
000---01 0

000---00 Tl X Tl it X1
forl=1,2,...,m;, and
®i() =i (6,17 (), T; ' (2:(di)) (14)
(15)

=0] _fon,

[Ef()‘| = {%gl(taxzaxzdi)] mq',:T;l(Zi)
i)
HO!

= |:aTZ:| ~1¢ vwi(taTil(z)vTil(zd)) (16)

where Z¢(-) € R"™. The terms W¢(-) € R" and W(-) €
R™ ™" denote the interconnections of the i-th subsystems

in the new coordinates z.
4. BASIC ASSUMPTIONS

In this section, the focus is on the nonlinear interconnected
system (11)—(12). Some basic assumptions are imposed on
the system.

Assumption 1. The interconnection terms W(t, z, zq)
have the decomposition

O ()
, Oiz(")
\I/;-l(t,Z,Zd) = dlag {BilyBi27' .. 7Bimi} (17)
where the scalars 0;;(¢, z, z4) are uncertainties satisfying
©i(t, 2z, za)| < I5i(ts 20, zia, )05 (¢, 2) |1zl (18)
and the terms H;(t, z, zq) in (12) satisfy
[1Hi(t, z, za)|| < @i, 2)|zall (19)

where the functions 99(-), 9¥%(-) and w;(-) are known
nonnegative continuous in the considered domain for [ =
1,2,...,m;andt=1,2,... ,n.

Remark 2. Assumption 1 is the limitation on the intercon-
nections. The equation (17) is equivalent to that the inter-
connection terms U¢(-) are matched. The terms H; (¢, z, z4)
in (12) include all the mismatched interconnections in the
i-th subsystems. The conditions (18) and (19) imply that
the interconnections of the systems considered are required
to be bounded by known functions.

Under the condition (17), system (11)—(12) can be rewrit-
ten by

Zin = Ainzin + B (vir + @i (t, 23, 2ia,) + Oin(t, 2, 2a))
+Ei1 (¢, 2i, Zid;) (20)
Zig = Ainziz + Bia (vig + ®ia(t, 2i, 2ia;) + Oia(t, 2, 2a))
+EZi2 (t, i, Zid,) (21)
= Aim, Zim; + Bim, (Vim, + ®im, (¢, 2, Zia,)
+Oim, (.2, 2a)) + Zim, (£, 2i, 2ia;)
22 = (28, 22) + H; (t, 2, 2q)

(2 177

where z; € R™t, 2 € R,z = col(zf,2)),
z = col(z1,29, ,2n), Zid, = zi(t — di(t)), zq :=
col(21dy s 22dyy* * * 5 Znd,, ), ©ul(+) satisfy (17) and (18) for
l=1,2,...,my, the interconnection H;(t, z,z4) is defined
in (12) and

Vi1 D (-) Eil(')

Vio Pia(:) Zia(+)

= v, } = P, . = =7
Vim, (Dimq‘, () E'imi ()

where ®;(-) and Z¢(-) are defined in (14)—(15) for i =
1,2,...,n.

From the fact that (Aj;, B;) have Brunovsky standard
form, it is follows that there exist K; € R'*™ such that



the matrices A;; — B;; K;; are Hurwitz stable. Therefore,
for any matrix @;; > 0, the Lyapunov equations

(Ay — BuKy)" Py + P(AyPy — BuKi) = —Qu
have unique solutions P;; > 0 for [ = 1,2,...,
i=1,2,....n

(24)

m; and

Now, consider the mismatched uncertainties =¢(-) existing
in the isolated subsystems (20)—(22). For convenience, the
following definition is introduced.

Definition 3. Consider system (20)—(22). The mis-
matched uncertainty Z; (¢, z;, 2i4,) is called weakly mis-
matched if

|2k PuZa(t, zi, 2ia,) a(t, zi, 2ia,) | BY wza|  (25)
for some nonnegative known continuous function (;(-),
where P; satisfy (24) for [ = 1,2,...,m; and i =
1,2,....n
Remark 3. It should be noted that the weakly mismatched
uncertainty identified in Definition 3 describes a class
of mismatched uncertainties. It only has limitations on
the bounds of the uncertainties and has no structural
limitation on the uncertainties. It implies that the weakly
mismatched uncertainty vanishes in the kernel space of the
image space of the matrix B; P;; where Bj; is the input
matrix.

Assumption 2. All the uncertainties Z; (¢, z;, ziq,) are
weakly mismatched and satisty (25) with ®;;(-) satisfying

[Par(t, zi, 2id; ) 1 (t, i, zid;) (26)
where 7;;(-) are nonnegative known continuous functions
forl=1,2,...,m; andi=1,2,...,n.

Assumption 3. There exist C! functions V(¢ 20) : R x

R~ — RT such that

culZ 12 < V(=) < el 27IP (27)
vy ovY b2
0,z —ciz||2 28
5 g (02 < —eall] (28)
8Vb
<cull 2| (29)
. avp
where ¢;1, ¢io, ¢;3 and ¢;4 are positive constants, 5
vy vy vy . :
(8%(”1“) 8z1<r1+2)"” ’8zt;i)’ and the nonlinear func-
tions w; (2%, 20) in (23) satisfy Lipschitz conditions with

respect to z¢ and uniformly for 2? in the considered domain
Zifori=1,2,...,n

If wz(zf,zf) are Lipschitz with respect to z¢ and uni-
formly for z¢ in the considered domain Z;, then, for any
col(z2,28) € Z; and col(¢, 2) € Z;, there exist nonnega-

tive functions L, () such that
; _wl( Zis z)” < ‘sz(

[wi(z, 27) Dl — 2]
5. DECENTRALISED CONTROL SYNTHESIS

(30)

In this section, controllers which only use local state infor-
mation are designed for the nonlinear interconnected sys-
tems (1) such that the corresponding closed-loop systems
are uniformly asymptotically stable.

Consider the control law defined by

= —Kizf + vl + ) +vf
where K; := diag{ K1, K;2,- -
satisfying (24), z& = col(z;1, zi2, -+

i:1,2,...,n (31)
7sz1} with K’il c Rlxr“
) Zim, ) With z; € R™,

and
Uy v; (o
el B P Bl PR R € )
Vi, (*) 0, (4) Vi, ()
where
i (+) = =nalt, 2, zia, )sen (B Puzi) (33)
7-9;'1 t? Ziy Zid,
v () = —M | B, Puza| sgn(B] Pyzi) (34)

261

zl( ) Czl(t Ziy Zid; )Sgn(le lezzl) (35)

where the symbol ‘sgn’ is the usual signum function, the
functions 7;;(-), ¥%(-) and (;(-) are defined in (26), (18)
and (25) respectively, and €;; are any positive constants.

Now, applying control (31) into the interconnected system
(20)—(23), the corresponding closed-loop system can be
described by

zin = (Ai — Ba K1) zin + Bia (U%(') + 0l () + 05 ()
F 0 (t, 20, 2ia,) + Oun(t2,70)) +Ea () (36)
Zio = (A2 — BiaKio) zi0 + B12< () 4+ v () + 05 ()

+®io(t, 25, zid,) + Oia(t, 2, Zd)) +EZi2 (°) (37)

2iml = (Azml - -B'Lm1 szq) Zim; + B’Lml (/Ugmi () + Ufmi ()
Uiy () + Pimn, () + O, (2, 20) ) + B, () (38)
Zf = wi(ziavzé)) + H; (t,Z,Zd) (39)

where v%(-), v5(+) and vg(+) are given by (33)—(35) respec-
tively for [ =1,2,...,m; and 1 =1,2,...,n.

Theorem 1. Under Assumptions 1-3, the nonlinear in-
terconnected systems (20)—(23) are stabilised uniformly
asymptotically by the control (31)-(35) if the 4n x 4n
function matrix W(-) := (W;;) is positive definite in
the considered domain where the n x n matrices W;; for
i,j = 1,2,3,4 are defined by

Wll = diag{)\min(Ql) - quax(Pl)a Tty

)\min(Qn) - q)\max(Pn)}

Wag = diag{ciz — qci2,+ , 3 — qCpa}

. ) 2
W33 = dlag{Apl - Z Z(gjl (ﬂil(tv Z)) sy

j=11=1
n mj 5
Ap, = D) (e (95t 2)) }
Jj=11=1

W12 = W21 = diag{cM,Cwl(zi’), s ,Cn4£w"(22)}



W23 = W32 = W24 = W42

= diag{c1aw1(t,2), -+, Crawn(t, 2)}

Wig=Wis = Waz = Woy = W34 =Wy3 =0
where P; := diag {P;1,- - , Pi, } and Qz = diag{Qi1, -,
Qim, } satisfy (24), ¢ > 1 e > 0, 19 (-) and w(-) are

defined in Assumption 1, and c¢;; w1th j =1,2,3,4 are
defined in Assumption 3 for 1=1,2,....n

Proof: From the analysis above, it is only necessary to
prove that the closed-loop systems (36)—(39) are uniformly
asymptotically stable.

For system (36)—(39), consider the Lyapunov function

candidate
V(t,z(t):=V(t, 21(t), 22(t), -+ , 2 (t))
= Z Zzzl lezl ) + Z V;b(t Zb) (40)
i=1 (=1 i=1

where P; > 0 satisfy equation (24) for [ = 1,2,...,m;
and i = 1,2,...,n, and V(-) satisfy Assumption 3 for
i=1,2,....,n

Then, the time derivative of V(-) along the trajectories of
system (36)—(39) is given by

n

V= Z; { — Z 2h (O)Quza(t) +

Z 221! llBll zl( ) + eil(ta

Z 228 PyBy (v ()

+q)zl t Zzazzd

2, Zd))
mg

+ Z 225 P (Bav§i () + Zalt, 2, zia,)) }

ovy oV
+Z{ g e (Wi HHi 2 2)) (D)
From (26) and the design of v$, in (33),
Z 225 PuBa (v () + ®a(t, zi, 2iq,))
= Z 22 PuBi (= nu(t, 2, zia,)sen(B} Puza)
=1
+ @i (t, 2, 2id,))
= 2{ = nalt, 2, zia,)| B}, Puza|
=1
+®4(t, 2i, Zig, )BiTlPuZil)}
<0 (42)

From (18), the designed v (-) in (34) and Young’s inequal-
ity, it follows that for any constant £;; > 0,

Z 22, Py B (vi(-) + Ou(t, 2, 2a))
=1

mg

Z {2221 PyBivl () + 2 |2, PuBul| [©ult, 2 Zd)|}

<Y { = = PuBa (9t 20, 20))” | B Pazal
=1

il

sgn(Bjy Pyzit) + 2 | Bjj Pz | 05(-)0%(t, 2) HZdII}
myg

1
< Z{ - a(ﬁﬁ(bzi,zidi)f !BZ-TlPilZil|2 +
l 1 ‘

2
- |BE Pzl (95t 51,20))° + 2 (938 2))° el

= Z €l (19?[(12, z))
=1

From the definition of v (-) in

2
lzal® (43)

(35),
Z 228 Py (Bav§ () + Za(t, 2, 2ia,))
=1

mq

=92 Z { _

=1

T —_
+25 PaZalt, zi, 2id, )}

2 PyBuCul(t, zi, 2ia,)sen( By Pizir)

m;
<2y { — |z PuBal Ca(t, zi, zia,) + 2 PaZal(t, zi, Zidi)}

<0 (44)

where Assumption 2 and (25) are used to obtain the
inequality above. From Assumption 3, (30) and (19),

ag‘)/t;b %VZ( (2 ,)+H(tzzd))
_ ag/;b %‘gwi(o,zf) + 6‘2’ (wi(22, 22) — wi(0, 20))
681/; i(t, 2, 2q)
< —cis|27|I* + H%V: [ wi(28, 22) — w; (0, 22|
+ (2)‘2/? |1H;(t, z, za)l

< —cisll2] 1 + cialw, (D) 127111127 ]

+einmi(t, 2))|27 || ||zl (45)
Since "
lzall < (128, i 1I)
i=1

lzall* =

> (Ul 1P + N8, 1%)
i=1
submitting (42)—(45) into (41) yields that

n  m;

Z Z >\m1n Qll ||leH2 + Z { - CvSHZz ”

=1 =1
m;

+> ea (W4t 2))
=1

+eiamilt, 2))120) | zal

2 NI
zall® + caaluw, (D)2 1 1221



- mem(@ouziln? - Zcisnzﬂl?
5SS (Zsu 9(6,2))* ) (5, 12 + 128,17

11]1:

+ Z Cl4ﬁwl

b
DIzEl12l

Y eumt L (lg, 1+ D220, 1) (46)
i=1 j=1
From the design of V(-) in (40), the fact that
V(21dy 22dss - - > #nd,,) < 4V (21,22, .., 2Zn), (¢g>1)

implies that
Z mm ||Z 2)
i=1
q max HZGH2+622”Z17H ) (47)

1
Therefore, from (47) and (46),

7

it follows that when

V(z1dys -y Znd,) < qV (21, ., 2n),
n n n m;
V<=3 + 303 (Y e (9h(t.2)?)
=1 =1 j=1 =1

n
(I, 12+ 1280, 117) = 3 casll22
i=1
+ZC’4£“’7
£33 cumit ) (A=)
i=1 j=1

+q Z max(
- Z mm ||Z

b
e N

P21 + caall=11%)

>+ cnllzly,11?)

S — Z ()\min(Qi) - q)\max( )) ||Za||2 Z (67;3
i—1 i=1
e szll2+ZZ(Zfﬂ h(t.2)")
=1 j=1 =1

IESNEA

(W, 12 + 128, 12) + Zcmﬁm

+ 33 cumilt,2) (126, 1+ 1254, 11) 11221

=1 j=1
_Z mm ||Z +Ci1H2bi 2) (48)
_rwz (49)
where Z = ([[2f[l, [|2¢1] -~ s Nzl 1zl l2fa, Il (1204, I

Mz, I lzna, DT

Hence the result follows from W(-) > 0 by using the
Razumikhin Theorem. ]

6. CONCLUSIONS

A discontinuous decentralised control scheme has been
proposed to stabilise nonlinear interconnected systems un-
der the assumption that all the system states and time
delays are available for design. The designed controllers
can reject the effects of the matched and weakly mis-
matched uncertainties in the isolated subsystems com-
pletely if bounds on the uncertainties are known. It is
not required that the nominal isolated subsystems are
linearisable and there is no limitation on the rate of change
of the time delays. Therefore, the obtained results can
be applied to a wide class of nonlinear interconnected
systems. Further study of interconnected systems using
output feedback control scheme may be carried out under
the framework of this paper.

REFERENCES

Bakule, L. (2008). Decentralized control: an overview.
Annual Reviews in Control, 32(1), 87-98.

Hua, C., Wang, Q., and Guan, X. (2008). Memoryless
state feedback controller design for time delay systems
with matched uncertain nonlinearities. IEEFE Trans. on
Automat. Control, 53(3), 801-807.

Isidori, A. (1995). Nonlinear Control Systems (Third Edi-
tion). Great Britain: Springer-Verlag London Limited.
Mahmoud, M.S. (2009). Decentralized stabilization of
interconnected systems with time-varying delays. IFEFE

Trans. on Automat. Control, 54(11), 2663-68.

Mahmoud, M.S. and Bingulac, S. (1998). Robust design
of stabilizing controllers for interconnected time-delay
systems. Automatica, 34(5), 795-800.

Michiels, W. and Niculescu, S.I. (2007). Stability and
stabilization of time-delay systems: an eigenvalue-based
approach. Philadelphia: the Society for Industrial and
Applied Mathematics.

Wang, Z., Wang, X., Liu, L., and Huang, M. (2015).
Optimal state feedback control for wireless networked
control systems with decentralised controllers. [IET
Control Theory and Applications, 9(6), 852-862.

Yan, X.G., Spurgeon, S.K., and Edwards, C. (2013). De-
centralised stabilisation for nonlinear time delay inter-
connected systems using static output feedback. Auto-
matica, 49(2), 633-641.

Yan, X.G., Wang, J., Lii, X., and Zhang, S. (1998). De-
centralized output feedback robust stabilization for a
class of nonlinear interconnected systems with similar-
ity. IEEE Trans. on Automat. Control, 43(2), 294-299.

Yan, X.G. and Zhang, S.Y. (1997). Design of robust
controllers with similar structure for nonlinear uncer-
tain composite large-scale systems possessing similarity.
Control Theory € Applications, 14(4), 513-519.

Ye, H., Jiang, Z., Gui, W., and Yang, C. (2012). Decen-
tralized stabilization of large-scale feedforward systems
using saturated delayed controls. Automatica, 48(1), 89—
94.

Zhou, J. (2008). Decentralized adaptive control for large-
scale time-delay systems with dead-zone input. Auto-
matica, 44(7), 1790-99.



