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NON-FRAGILE CONTROLLERS
FOR A CLASS OF TIME-DELAY NONLINEAR SYSTEMS

LUBOMIR BAKULE AND MANUEL DE LA SEN

The paper deals with the synthesis of a non-fragile state controller with reduced design
complexity for a class of continuous-time nonlinear delayed symmetric composite systems.
Additive controller gain perturbations are considered. Both subsystems and interconnec-
tions include time-delays. A low-order control design system is first constructed. Then,
stabilizing controllers with norm bounded gain uncertainties are designed for the control
design system using linear matrix inequalities (LMIs) for both delay-independent and delay-
dependent stability approaches. The main result shows that when such a non-fragile low-
order controllers are implemented into each local controller of the decentralized controller
for the global system, the global closed-loop systems are globally asymptotically stable.

Keywords: decentralized control, large scale complex systems, nonlinear systems, contin-
uous-time systems, delay, reduced-order systems

AMS Subject Classification: 93A14, 93A15, 93B51, 93C10, 93D15

1. INTRODUCTION

Modern control design approaches assume that the stable controller designed off-line
will be implemented exactly. Unfortunately, this is not the case in practice. Even
small implementation changes in controller parameters may destabilize the close-loop
system. Sources of controller parameter uncertainties include finite word length, in-
herent imprecision in analog-digital and digital-analog conversions, finite resolution
measuring equipments, round-off errors in numerical computations, etc. The im-
portance of fragility, i.e. sensitivity of controller parameters for small changes, is
underlined in large scale complex systems when implementing low-cost low-order
local controllers. It motivates the development of new control design methods which
include the solution of the fragility problem mainly for large scale complex systems.
Symmetric composite systems represent an important class of these systems.

1.1. Prior work

Recent papers starting with [10, 11, 17] point out the possible fragility of robust
controllers. To cope with this difficulty, several types of controller uncertainties
have been considered. Fragility within an additive uncertainty for state feedback
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controllers is considered in [25], while [18] extends this issue on Ho, robust state
feedback control for time-delayed systems. A multiplicative uncertainty for H,
controllers is considered in [30]. A guaranteed cost control approach is studied
in [33]. LMI results for Ho, state feedback controller for both types of controller
uncertainties are dealt in [22]. Digital controller implementation and fragility issues
studies [16]. [4] deals with resilient output stabilization. The most complete recent
exposition on this issue is presented in [20]. It includes also the stabilization of
nonlinear systems [24].

The motivation for studying plants possessing features of symmetric composite
systems arises in very different application areas. Real world system examples can be
found in parallel systems such as flow splitting parallel reactors with combined pre-
cooling [14], electric power systems operating in parallel [6], industrial manipulators
with several degrees of freedom [27], flexible structures [26], space crystal furnace
[12], homogeneous interconnected systems such as seismic cables [13], or the problem
of formations of vehicles in cyclic pursuit which has been solved using circulant matri-
ces in [21]. Relevant references on applications are presented in [12, 13, 14, 21, 26, 27].
Relevant theoretic results are presented in [1, 2, 3, 7, 8, 15, 19, 29, 31, 32]. Low-order
control design for delayed uncertain symmetric composite systems is considered in
[7, 8, 14, 15, 19, 29, 31, 32].

One of the new open research directions is the inclusion of the fragility issues
into the solution of the resilient stabilization for a class of symmetric composite
systems. The present paper mainly extends the results on the fragility with additive
uncertainties for centralized control design in [18, 20, 22, 25], and [24]. It extends also
the results on the low-order fragile and also non-fragile control design for linear or
uncertain symmetric composite systems with nominally linear parts in [2, 3, 4, 7, 31]
on continuous-time nonlinear delayed symmetric composite systems.

The preliminary version of this paper was published in [5].

1.2. Outline of the paper

This paper presents the synthesis of a non-fragile state controller with additive per-
turbations and reduced design complexity for a class of continuous-time nonlinear
delayed symmetric composite systems when considering both delay-independent and
delay-dependent cases. The paper presents first the construction of a low-order con-
trol design system. Then the delay-independent stability and the delay-dependent
stability of the overall system, the reduced control design system, and their rela-
tion are studied. The non-fragile state controller design is performed by using well
known LMIs for the reduced control design system. Finally, it is proved that when
such a controller is implemented into each subsystem, then the resulting non-fragile
decentralized controllers globally asymptotically stabilize the overall system. The
proposed method originally contributes with an essential reduction of control design
complexity when considering non-fragile controllers for this class of systems.
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2. PROBLEM FORMULATION
2.1. Subsystem and interconnections

Consider a nonlinear symmetric composite system consisting of N > 2 subsystems,
where the ith subsystem is described as follows
@i(t) = Awi(t) + Aqiwai(t) + Bui(t) + hi(t, 25) + hai(t, 24:) + 524(1)

1
(Ei(to):q)i(to) Vi, € [—d70] ’L:].,,N N >2 ( )

where x;(t), u;(t), and s,;(¢t) are n-, m-, and ps-dimensional vectors of the subsystem
states, control inputs, and interconnection inputs, respectively. ®;(t,) is a given
initial function. The interconnections are described in the form

N
s20(t) = D (Ligyss () + hij(t:y25) + Laigyaz; () + haij (£, yaz5)) (2)
=Lt

where y,;(t) is the p,-dimensional vector of the interconnection output from the
subsystem j which is related to the state vector in the form

Yzj (t) = szj (t) Ydzj = Cdzwdj (t) (3)

x4;(t) = x;(t—d), d denotes a point time delay. Further, the notation vg(t) = v(t—d)
is used for any signal or vector v(t) throughout this manuscript. The interconnection
matrices L;j, Lqi; have the following structure

Ly =1L, Lgii = Ly
Lij=Lq  Laij=Lag (i# )

A Aq,B,C,,Cqz, Ly, Ly, Lay, and Lgq are constant nominal matrices.

(4)

Assumption 1. The nonlinearities h;(t,-), hi;j(t,-), hai(t,-), haij(t,-) are uncer-
tain arbitrarily time-varying piecewise-continuous functions belonging to a class of
piecewise-continuous real functions H (,) as follows

H, < {hi(t,) : R™ = Ry (t, ) hilt, )

< an?HZpri} c D,
def n
Hi; = {hy(t,-) : R" = R"[h(t, ) hi (2, )
<a*:THTHz;} c D
et o ’ (5)
Hdi = {hdi(t, ) R — Rn‘hdi(t, ')Thdi(t, )
< CTZZL'Zl;Hg;Hdp(Edi} C de
def n n
Hij = {haij(t,-) s R" = R"haij(t,-) haij (¢, -)
< le'g;Hng{Edj} C Dy
over the domains of continuity D,, D, Dg,, Dg, where H,, H, Hgy,, Hg are given
constant matrices and « > 0, o > 0 are given scalars.
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Assumption 2. Suppose that the structure of the unknown nonlinear intercon-
nections has the form

where e(t,z;) € [-1, 1] and e, (t, zq;) € [-1, 1], for all 4.

The goal is to find a non-fragile decentralized state controller with additive norm-
bounded uncertainties globally asymptotically stabilizing the system (1)—(5). The
controller is composed of N local identical controllers of the form

wi(t) = (K + AK;(t) z:(t)  i=1,...,N (7)

where x;(t) is the n-dimensional controller state of the subsystem i. AK;(t) =
DF;(t) E are controller gain perturbations, where D and E are given constant ma-
trices. F(.)(t) are unknown arbitrarily time-varying Lebesgue measurable functions
satisfying F(.y(t)TF()(t) < I. K is the controller matrix to be determined. Note
that this matrix is identical for all subsystems, thus one can take advantage of the
symmetric structure of the large scale composite system to reduce the control design
complexity.

2.2. Compacted description
Let the compacted description of the system (1)—(6) be as follows

i(t) = Ax(t) + Agwa(t) + Bu(t) + h(t,z) + ha(t, za)

a (8)
2(to) = Bt,) Vt, € [~d,0]

where z(t), u(t) are nN-, mN-dimensional vectors of the system states and control
inputs, respectively. ®(t,) is a given initial function. The nominal matrices are
defined as follows

A= (le) Z” =A + chz Zij = chz
Aq = (Aaij) Agii = Ag+ LapC. Adij = LayCas 9)
B = diag(B,...,B)
The admissible nonlinearities h(t,z) and hy(t,z4) in (6) are uncertain piecewise-
continuous functions satisfying the following inequalities
H < {(t,) : RN — R [h(t, )"t )
< a2$TﬁTﬁ$} cD
Hy ™ {ha(t, ) : RN = Rt ) hat, )

—T— —
< 0’2.’Eng ded} C Dy

(10)
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From Assumption 1, the bounding matrices H and Hy are N block-partitioned
matrices defined as follows
H = diag(Hy,...,Hy) H;,=(H---H H, H---H)
Fd = diag(ﬁdl, e 7FdN) Fdi = (Hd cee Hd Hdp Hd e Hd)

with H), located at the ith position in H;. Analogously, the same location holds for
the position of the Hgp in Hy;.
Consider the non-fragile stabilizing controller for the system (8)—(11) in the form

u(t) = (K + AK(t)) x(t) = diag(K + AK1(t),..., K + AKN(t)) 2(t) (12)

which is a compacted equivalent description of (7), where AK(t) = DF(t)E are
controller gain perturbations. D = diag(D,...,D) and E = diag(E,...,E) are
constant matrices. F(t) = diag(Fy(t),...,Fx(t)) are unknown arbitrarily time-
varying Lebesgue measurable functions satisfying F(t)T F(t) < I.

2.3. The problem

The goal is to derive a complexity-reduced procedure for designing a non-fragile
globally asymptotically stabilizing decentralized state controller (7) with additive
gain perturbations for a class of nonlinear state-delayed symmetric composite sys-
tems (1)—(6).
Consider two cases as follows

— delay-independent stability approach

— delay-dependent stability approach

3. SOLUTION
3.1. System transformation

The system (8) has the bounding matrices H, Hy4 which have the structure of sym-
metric composite systems. This structural feature can be exploited by using the
transformation of states to get two reduced order models. Consider

#(t) = Ta(t) (13)

by using the nN x nN nonsingular matrix T = G~1.
Suppose a real sn x sn matrix T'(n, s) in the form

T(n,1)=1
1 0 0 I
0 1 0 I
(14)
T(n,s) = : 5> 1
0 0 I T
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where I denotes here n X n identity matrix. Then T is defined through

T(i) = diag[T'(n, N —i)I,...,I| € RNnXNn

The constructive way of how to use this transformation is presented in [31].

Lemma 1. Consider the matrix H by (11) and any given J = diag[J,, ..., Jo),
where J, J, are nIN X nIN, n X n matrices Then, the following equalities

G 'HG = diag(H,, ..., H,, H.)
GTHG = diag(QHS, 6HS, ...,N(N —1)H,, NH,)

16
G~ 1J( = diag JO, ”7m]0> (16)
GTJG = diag(2J,,...,N(N —1)J,, N.J,)
hold, where H, = H, — H and H. = H, + NH.
Applying now the transformation (13) on the system (8), we get the system
E(t) = AZ(t) + Agia(t) + Bu(t) + h(t, Z) + ha(t, Za) )
Z(to) = ®(t,) Vi, € [—d,0)
where
A = diag(As, ..., As, Ac)
Aq = diag(Aas, - ., Aus, Auc)
B = diag(B, ..., B, B) (18)
h(t,#) = diag(hs(t,%1),. .., hs(t, En—1), he(t, En))

,izd) = diag(hds (t, fgdl), ey hds (t, fd,N—l); hdc(t, de))

The individual elements of diagonal blocks in (18) are given as follows (when drop-
ping a subsystem index)

As=A+ (L, — L,)C,

Ao = A, + NL,C.
Ags = Aq + (Lap — Laq)Cas
Age = Ags + NLqyCoy,

(19)
hs(t, ;) = e(t, &i) (H, — H)Z:i(t)
he(t,Zn) = hs(t,Zn) + e(t,zny) NHZ N (1)
has(t, Za;) = ea(t, Tai)(Hap — Ha)ZTai(t)
hae(t, Zan) = has(t, Tan) + ea(t, Zan) NHaZan (t)
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The transformation (13) yields the relation z; = #; — &y fori =1,..., N — 1 and
TN = TN — ZN 11 Z;. It is evident that the trajectory of the ith bubsystem can be

described by the system

&i(t) = Agdi(t
t

t) 4+ Agizai(t) + Ba(t) + hi(t, 2;) + hai(t, 2a;) 20)
i(to) = Pi(to)

Vt, € [—d,0] i—1,...,N—1
where &; = (&, #%)7, @ = (@], a§)7T, A; = diag(4,, Ac), Agi = diag(Ags, Aae),
B = diag(B, B). The nonlinear terms are h;(t,#;) = diag(hs(t, %), he(t, in)),
ﬁdi(t,idi) = diag(has(t, Zai), hac(t, T4ny). Therefore, the dynamics of the original
overall system can be described by the subsystem model (20) consisting of two
parts operating in parallel. A “subsystem state” Z; and the “average state” Zy.
The system (20) has identical structure for all subsystems ¢ = 1,..., N — 1. All
phenomena encountered in the whole system can be studied by means of the model
(20). It leads finally to two systems of order n. To simplify the notation, denote
x5(t) a generic state for any Z;(¢) in (20) and z.(t) = xn(t). We get the systems

s(t) = Asws(t)
Bs(to) = By(t
dc(t) = Acwc(t)
Belto) = De(t

where 245(t) = 25(t — d) and 24.(t) = z.(t — d). The transformation T in (13) is
non-singular. Its application on the system (8) results in the system (17) with block
diagonal structure where the first N — 1 blocks are identical. This fact is reflected in
(20). The generic system (21) is directly based on (20). It means that the dynamic
properties of (8) and (21) are equivalent.

Note that each subsystem state of the closed-loop system can be thought as
the closed-loop system consisting of the plants (21) and the controller u(t) = (K +
AK(t))z(t) = (K+DF(t) E) z(t) simultaneously stabilizing both these plants. D, E
are given constant matrices, while F'(¢) is the uncertainty matrix.

+ Agstas(t) + Bu(t) + hg(t, z5) + has(t, z4s)
s(to) Vi, €[—d,0]
+ Ageac(t) + Bu(t) + he(t, zc) + hae(t, Tac)
(to) Vi, €[—d,0]

(21)

2. Reduced control design system

The control design for the systems (21) belongs to the problem of simultaneous
stabilization. The structure of the plants (21) has a specific structure, where the
difference between both systems in simply given by the differences between A, — As.
Adc — Adm hc(t, ZZ‘N) — hs(t,fN), and hdc(t,de - hds(t,f,ﬂv) as follows from (19)
It offers to use the specific structure of the systems (21) to construct a single system
which includes both of these plants as their particular cases. The motivation for such
a construction is that the control design methods for a single system are available,
while the solution of the problem of simultaneous stabilization is less developed.
Moreover, the state dimension of a single system is n, while the system (21) has the
dimension 2 x n. It leads to an additional reduction of the control design complexity.
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Define the matrix
N N
?chz = Ha EquCdz = Hda (22)

Construct the n-dimensional system as follows
Em(t) = Am@m () + AgmTam (t) + B, () + hin(t, Tm) + ham (t, Tam) (23)

where the matrices are defined by the expressions

N N
Ap = A+ L,C, + (5 - 1)chz Adm = A + LapyC, + (5 - 1)quch
(24)
The admissible nonlinearities in (23) are piecewise-continuous real functions satisfy-
ing the following inequalities

Hy = (it ) R R b (t, ) o (£, )
<o®2TH'H, 20} C Dy

Hap = {ham(t,) : R = R gy (t, ) ham (t,-)

2, T T
<o xdeded'mxdm} C Danm

where H,,, = |Hp|+0.5(N —1)|H|+|H,| and Hgp, = |Hap|+0.5(N —1)|Hg| + |Haal-
Consider a non-fragile stabilizing controller for the system (24)—(26) in the form

U () = (K + AKp(£)) 2 (t) (26)

where AK,,(t) = DF,,(t) E are controller gain perturbations. D, E are given con-
stant matrices. F,,(t) are unknown arbitrarily time-varying Lebesgue measurable
functions satisfying F, (t)T Fy.(t) < I.

The closed-loop system (23)—(26) has the form

Em(t) = (A +BEK+DF,(t) E) T (t) + AdmTa(t) +hon (8, T )+ R (8, Tdm,)-
(27)
The gain matrix K can be determined by the procedure which follows. Note
that D, E are given constant matrices, while the uncertainty is included in an un-
known time-varying matrix F,,(t) with known bounds. Therefore, the procedures
for designing K must include this gain perturbation so that the resulting closed-loop
system is asymptotically stable for all admissible gain perturbations.

3.3. Stability analysis

The motivation for the stability analysis is the evaluation of the performance between
the overall open-loop system and the reduced control design open-loop system. The
results are subsequently used is the synthesis of controllers in the closed-loop systems.
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3.3.1. Delay-independent stability

The robust delay-independent stability of the system (23) as introduced for instance
in [20], can be established by using the Lyapunov—Krasovskii functional as follows

v«mxm):J%A@Tpxmu)+}Cdxm(@Tme@)ds (28)

where P € R™*"™ and Q) € R™*™ are symmetric positive definite matrices.

Using the results of the Lyapunov theory, the requirements on negative definite-
ness of the derivative of (28) along the trajectories of the system (23) leads to the
following result [20]. Denote X = P!, y=a72, n=0"2.

Theorem 1. Given symmetric matrices P > 0, @ > 0, then the system (23) with
Uy, = 0 is robustly delay-independent stable if

min 7, 7
st. X >0
AnX + XAT XW XH, I Adm
. -w 0 0 0 (29)
Y(Am) = . . —~1 0 0 <0
. . . —1 0
. . . . W + andem

exists, where W = w™1Q, X = wP~! are matrices, while w > 0, y = a2, n =02

are scalars.

Note that the symbol « in (29) and later on denotes standard symmetric terms
used in LMIs.

The subsequent results compares delay-independent stability and robustness is-
sues among the systems (8), (21), and (23) in order to evaluate their performance
relations.

Theorem 2. The system (8) is robustly delay-independent stable if and only if
both systems (21) are robustly delay-independently stable.

Proof. Consider the Lyapunov—Krasovskii functional for the system (8) as follows
t

Vi(t,z) = 2(t)" Px(t) +/ z(s)TQx(s) ds (30)
t—d

where P = diag(P,...,P), Q = diag(Q,...,Q). Therefore P € R¥N"*N" and Q €

RN™XN™ are symmetric positive definite matrices.

Denote Y (A) the matrix with the same structure as the matrix Y (4,,) when
substituting A,, — A, Agm — Aq, Hy — H, Hgpp — Hg and X = diag(X, ..., X).
Applying the standard Lyapunov theory with the Lyapunov function (30) to the
system (8), we get the LMI stability condition of Theorem 1 with the matrix Y (A).
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Denote analogously Y (A,) and Y (A.) through testing negative definiteness of the
matrix Y (A,,) when considering the system (21), respectively. Taking into account
the transformation T = diag(T,T,T,T,T), we get the relation

T'Y(A)T = diag[2Y (4,), ..., N(N — 1)Y(A,), NY(A.)] (31)

Hence, the assertion of Theorem 2 follows immediately. O

Theorem 3. Given the systems (21) and (23). If the system (23) is robustly delay-
independent stable, then the systems (21) are robustly delay-independent stable.

Proof. Suppose that the system (23) is delay-independent stable. This system
includes both systems (21) as two particular cases by construction. The construction
leads to the relations
hn(t, Tm) = hs(t, 2m) + e(t, Tm)Ho@m (t)
= he(t, Tm) — e(t, Tm)HaZm (t)
hdm(ty l'dm) = hds(ta xdm) + ed(tv xdm)Hdaxdm(t)
= hc(ta xdm) - Bd(t, xdm)Hdmxdm(t)

where hg, he, has, hae are given by (19), while H,, Hy, are defined by (22). Con-
sider two particular cases of nonlinearities such as e(t, ©,,) = eq(t, am) = 1 and
e(t, xm) = eq(t, xam) = —1. It leads directly, when taking into account (11), to the

relations (32).
The subsequent result is concerned with the robust delay-independent stability of
the system (8) provided that the system (23) is robustly delay-independently stable.
O

Corollary 1. Suppose that the system (23) is robustly delay-independent stable.
Then the system (8) is robustly delay-independent stable.

(32)

Proof. The assertion follows immediately from Theorem 2 and Theorem 3. |

3.3.2. Delay-dependent stability

The robust delay-dependent stability of the system (23) as presented for instance in
[20], can be established by using the Lyapunov—Krasovskii functional as follows

t
Vilt, ) = ()T P (£) + / o (5)T Qo (5) ds + W + Wy + W
t—d

t t ot
Wy = / r1hE (8) Ry (s) ds + / / rihk (8)ham(s)dsdf
t t—d Jt+0

—d

t gt (33)
Wy = / o2l (s)AL Ay (s) dsdd

t—d Jt40

t gt
W3 = / / 3zl (s) AL Agmam(s)dsdf

t—d Jt+0—d
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where P € R™*"™ (@ € R™™"™ are symmetric positive definite matrices and ry,rq, 73
are positive scalars.

Using the results of the Lyapunov theory, the requirements on negative definite-
ness of the derivative of (33) along the trajectories of the system (23) leads to the
following result [20].

Theorem 4. Given the system (23), symmetric matrices P > 0, @) > 0 and positive
scalars r1, 79,73, d*. The system (23) with u,, = 0 is robustly delay-dependent stable
for all d € (0, d*] if

min v, n

st. X >0, R>0,¢e1>0,e0>0,e3>0,e4>0

W XAT XAT A4, XHT 0 0 0

« —al 0 0 0 0 0 0

. ° —62] 0 0 0 0 0 (34)
. . . —e3l 0 0 0 0

YalAm)=| |, . A S o | <Y

. . ] . . —R XHgm 0

° ° . . ° ° —’}’]I 0

. . . . . . ° —541

exists, where
X=P ' R=P'QP ' & =(dr)"" ey=(d"ry "
= (&'l s )T y=aT? p=0"" eg=—d'rs (35)

Remark 1. Theorem 4 holds for non-zero delay d. Zero delay requires to redefine
the matrix Y3(A,,) in (34) so that Agy, is zero and A,, + Agm — Asm. Note that the
solution of decentralized robust stabilization by using dynamic output feedback for
a class of nonlinear interconnected systems with zero delay is presented in [23].

The subsequent result compares delay-dependent stability and robustness issues
among the systems (8), (21), and (23) in order to evaluate their performance rela-
tions.

Theorem 5. The system (8) is robustly delay-dependent stable if and only if the
systems (21) are both robustly delay-dependent stable.

Proof. Consider the Lyapunov—Krasovskii functional for the system (8) as follows

Va(t,z) = z(t)T Px(t) + /_d 2(s)TQu(s)ds + Wy + Wy + W3

W, = /t i ()R (s) ds—i—/t d/+0r1hd 5)Fals) dsdd (36)

W :/ / A Az (s) dsdf
t—d Jt+0
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t ot
Wi = / / T3 [wT(s)ZdTde(s) dsdf
t—dJt+0—d

where P = diag(P,...,P), Q = diag(Q,...,Q). Therefore P € RN"*N" and Q ¢
RN™XN™ are symmetric positive definite matrices and r1, 79,73 are positive scalars.

Denote Y 4(A) the matrix with the same structure as the matrix Yy(A,,) when
substituting A,, — A, Agm — Ag, Hp — H, Hgp, — Hg, X = diag(X, ..., X), and
R = diag(R,..., R). Applying the standard Lyapunov theory with the Lyapunov
function (36) to the system (8), we get the LMI stability condition of Theorem 4
with the matrix Y 4(A4). Denote analogously Y 4(A) and Y 4(A.) the matrix with the
structure of Y;(A,,) when considering the first and the second systems in (21), re-
spectively. Taking into account the transformation Ty = diag(T,T,T,T,T,T,T,T),
we get the relation

T, Y o(A)Ty = diag[2Y (Ay),..., N(N — 1)Y(4,), NY (A.)] (37)

Hence, the assertion of Theorem 5 follows immediately. g

Theorem 6. If the system (23) is robustly delay-independent stable, then the
systems (21) are robustly robustly delay-dependent stable.

Proof. Suppose that the system (23) is delay-dependent stable. This system in-
cludes the systems (21) as two particular cases by construction. The proof continues
in the same way of reasoning as the proof of Theorem 3. ]

The subsequent result concerns the robust delay-dependent stability of the system
(8) assuming that of the system (23).

Corollary 2. Suppose that the system (23) is robustly delay-dependent stable.
Then the system (8) is robustly delay-dependent stable.

Proof. The assertion follows immediately from Theorem 5 and Theorem 6. ]

3.4. Control design
3.4.1. Delay-independent control design

The robust delay-independent stability of the closed-loop system (23), (26) can be
established by the inclusion of the system (27) into the test (29). The system
(27) includes gain perturbations which are manipulated into the LMI format given
by Theorem 7.8 in [20]. The resulting convex optimization problem presents the
following lemma using LMIs.
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Lemma 2. Given the system (23), perturbation matrices D, E in the controller
(26), and symmetric matrices P > 0 and ) > 0. Suppose there exist positive scalars
v and 7, matrices X = X7 > 0 and M so that the problem

min 7y, 7
st. X >0, M
W,, XW WHI I As, BD nWET
. -W 0 0 0 0 0
e« e AT 0 0 0 0 (38)
Yo(Am)=| . e I 0 0 0 <0
. . . . Wi, 0 0
° . . . ° —77[ 0
° . . . . . *77]

has a feasible solution. The block matrices in (38) are defined as W,, = A, X +
XA;L +BM +MTBT and W), = -W + Hgdem by using the variables X = P!
and W = Q.

The nominal controller gain matrix is given by

K=MXx"" (39)

Then the system (23) is robustly delay-independently stabilized by the controller
(26) with the gain matrix (39).

Lemma 2 is concerned with the control design method which is convenient for
direct computations of resilient controller gain matrix. The following theorem states
the main result when considering the delay-independent approach.

Theorem 7. Consider the non-fragile state controller design for a nonlinear de-
layed symmetric composite system defined by equations (1)—(6) with additive per-
turbations (7). Construct the reduced control design system defined by equations
(23) —(25). Select the matrix K satisfying (38)—(39) for the system (23)—(25) and
use it in (7). Then the overall closed-loop system (1) —(7) is globally asymptotically
stable.

Proof. Consider the closed-loop system (1)—(7) rewritten into the global form
(8)—(12). Consider also the closed-loop system (23)—(26). Suppose that the gain
matrix K leads to a feasible solution of the problem (38). This matrix is used in
the controller (7), (12), and also (26). As a result, the closed-loop system (23)—
(26) is robustly delay-independently stable. To verify this property according to
Theorem 1, we simply substitute the matrix A,, by the the term A,, + BK +
BAK,,. A controller is synthesized according to Lemma 2 when applying standard
manipulations eliminating uncertainty Fy, (t) in AK,, given by (26) and by using the
slack variable KX = M in (39). Substituting the matrix A in (9) by the matrix A,
defined by blocks A.i; = Aji+BK+BAK;; and Ag; = Ajj, eliminating uncertainties
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Ft) in (7), and using the scalars 7,7 obtained from Lemma 2. The stability problem
for the overall system (1)—(7) is reduced on the test of the matrix inequality

W. XW WH I 4 BD gWE'
o -W 0 0 0 0 0
o ° ° —’}/I 0 0 O O
V() =1 « . e« I 0 0 0 <0 (40)
° . . o Wh 0 0
° ° ° ° ° —’I’]I 0
° ° o 3 ° ° —77[

where W, = 4. X + XA, + BM + M B and W), = W + ¢HyHg X =
diag(X, ..., X),M = diag(M, ..., M), and W, = diag(Wy, ..., W}). Applying now

the transformation T. = diag(7,7,7,T,T,T,T) to the quadratic form
TZ?C(ZC)TC, Theorems 3 and 2 applied on the closed-loop system (1)—(7), the
result is proved. O

3.4.2. Delay-dependent control design

The robust delay-dependent stability of the closed-loop system (23), (26) can be
established by the inclusion of the system (27) into the test (34). The system (27)
includes gain perturbations which are manipulated into the LMI format in a similar
way as in the delay-independent case. The resulting convex optimization problem
presents the following lemma using LMIs.

Lemma 3. Given the system (23), perturbation matrices D, E in the controller
(26), symmetric matrices P > 0, Q > 0 and positive scalars r1, 7y, 73, d*. Suppose
there exist positive scalars €1, €9, €3, €4, 77, 7 > 0, and symmetric matrices X > 0,
R > 0 and M so that the problem

min 7, 7
st. X >0, R>0, M, e1 >0, e5>0, €3 >0, ¢4 >0,

Wy XAL XAT =~ Agm XHm O 0 0 BD nXET

. —e1d 0 0 0 0 0 0 0 0

. . —eal 0 0 0 0 0 0 0

. . . —e3l 0 0 0 0 0 0

. . . ° 7’}/1 0 0 0 0 0
YoeAm)=1 | . . . e« —R XH} 0 0 0

. . . . . . 7’[/)1 0 0 0

° ° . . . . . —E4I 0 0

[} ° . . . [} . . 717[ 0

. . . . . . . . . —nl

(41)

has a feasible solution. The block matrix Wy means Wy = (A, + Agm) X + X (A +
AdTm) +BM + MT BT while X, R, e1,¢9,¢3,£4,d*,7,n are defined in (35). The gain
matrix is given by

K=MXx""! (42)

<0
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Then the system (23) is robustly delay-dependently stabilized by the controller (26)
with the gain matrix (42).

The following theorem states the main result when considering the delay-dependent
approach.

Theorem 8. Consider the non-fragile state controller design with additive pertur-
bations (7) for a nonlinear delayed symmetric composite system defined by equations
(1)—(6). Construct the reduced control design system defined by equations (23)—
(25). Select the matrix K satisfying (41)—-(42) for the system (23)—(25) and use
it in (7). Then the overall closed-loop system (1)—(7) is globally asymptotically
stable.

Proof. The way of reasoning is identical with the proof of Theorem 7 when using
Lemma 3 instead of Lemma 2. Considering given X, M,~v,n,€1,...,£4 by (35), the
stability problem for the overall system reduced in this case on the test of the matrix
inequality

W, XA XA, A XH 0 0 0 BD nXE"
. —e1d 0 0 0 0 0 0 0 0
. . —eal 0 0 0 0 0 0 0
L] [ . —831 0 0 0 0 0 0
e . . . e« —I 0O 0 0 0 0
Yae(de)=1 . . . « -R XHY o 0 0 <0
. . . . . . -l 0 0 0
° . o ° ° 3 . 754[ 0 0
. . . . . . . . —nl 0
[} . . (] L] ° . o . —77[
(43)

where W, = (A+ A)X + X(A+A)" +BM+M' B' X = diag(X,..., X), M =
diag(M, ..., M), and R = diag(R,...,R). Applying now the transformation T4, =
diag(T, T,T,T,T,T,T,T,T,T) to the quadratic form Ty, Y go(A.)T e, Theorems 5
and 6, and Corollary 2 applied on the closed-loop system (1)—(7), the result is
proved. O

4. CONCLUSION

The main paper contribution consists of a new method of the low-order non-fragile
control design for a class of nonlinear delayed symmetric composite systems. Par-
ticular structural properties of this class of large scale systems are used for the
construction of low-order design systems. The non-fragile controller is designed for
the design system to guarantee the global asymptotic stability of the closed-loop de-
sign system. The controller is used as a set of local identical controllers in the overall
system. Both delay-independent and delay-dependent control design methods are
presented. The stability analysis is performed by discussion the stabilization of low
complexity systems which guarantee that of the overall system.
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