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Abstract— Complexity reduced guaranteed cost control de-
sign problem is considered for a class of nonlinear symmet-
rically connected uncertain state-delayed systems. Nonlinear
systems with identical nominal linear both subsystems and
symmetric connections are supposed. Point time-delays and
norm bounded parametric uncertainties are considered. A
reduced-order guaranteed cost control problem is constructed
first. The dimension of its state equals to the dimension of a
subsystem in the original system. Then, a memoryless guaran-
teed cost dynamic output feedback controller is designed for
the reduced problem using the LMI approach. It is proved that
when this controller is implemented into each subsystem of the
original system then such decentralized output controller is a
guaranteed cost controller for the overall system.

I. INTRODUCTION

Guaranteed cost control approach has the advantage of
providing an upper bound on a given performance index.
Recent advances in the theory of linear matrix inequality
have allowed a revising of the guaranteed cost control
approach for various classes of dynamic systems. Guaran-
teed cost control approach offers to employ this advantage
also for large-scale systems. Symmetrically coupled sys-
tems belong to an important class of large-scale systems.
Generally, they are characterized as coupled systems with
identical subsystems and symmetric connections. Recently,
guaranteed cost control approach has been extended on
various classes of time-delayed uncertain systems to reflect
real world phenomena in a more realistic way.

A. Relevant references

Guaranteed cost control design for delayed uncertain sys-
tems has been recently considered usually within the LMI
approach. The state delay independent feedback considers
[1]. The output delay independent feedback design presents
[2]. Delay dependent output feedback includes [3]. The
decentralized delay-less control design for power systems
is studied in [4].

Motivation for studying a class of symmetrically coupled
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 [5], electric power systems operating in parallel
[6], industrial manipulators with several degrees of freedom
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[7], flexible structures [8], space crystal furnace [9] or ho-
mogeneous interconnected systems such as seismic cables
[10]. Recently, the problem of formations of vehicles in
cyclic pursuit has been solved using circulant matrices in
[11]. More exhaustive survey of other applications outside
mainstream control interests is given in [5], [12].

Complexity-reduced control design for delay-less uncer-
tain parameter symmetric composite system state space
models considered [5], [13]-[19]. The problem of robust
stabilization for a class of uncertain time delay systems
using output feedback solved [20], [21]. This approach has
been extended on a class of symmetric composite systems
in [22], [23].

One of new open research issues within the guaranteed
cost control approach for the class of symmetric composite
systems is the extension to both delay—less and delayed sys-
tems. The present paper extends the results in [1], [2], [3] as
well as [13], [14], [18], [22], [23] on the case of complexity-
reduced dynamic output feedback controller design within
the guaranteed cost control approach when considering a
class of continuous-time symmetrically connected uncertain
systems with state delays. Moreover, the results presented in
[13], [14], [18], [22], [23] consider models with rank-one
uncertainties which are overbounded by [24] to solve the
problem of complexity reduced control design. This paper
considers directly norm bounded uncertainties. It essentially
simplifies the solution. To the author’s knowledge, such
extension has not been considered up to now.

B. Outline of the paper

This paper presents complexity—reduced decentralized
guaranteed cost controller design for a class of nonlinear
continuous-time uncertain time-delayed symmetrically cou-
pled systems. The original guaranteed cost control prob-
lem is reduced to a low order control design guaranteed
cost control problem preserving structural properties of the
overall problem. The order of the reduced systems equals
to the order of a subsystem’s order of the overall original
system. Guaranteed cost memoryless dynamic controller is
designed for this reduced problem using the well known
LMI approach. It is proved that when such controller
is implemented into each subsystem, then the resulting
decentralized controller is a guaranteed cost controller for
the overall system. The presented procedure leads to an
essential reduction of control design complexity.
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II. PROBLEM FORMULATION

The uncertain linear symmetric composite system under
consideration consists of N subsystems, where the i—th
subsystem is described as follows

T; = l:A + AA; (t)] x; + l:Adi + AAy (t)] i+

{B + ABi(t)} Ui + S

xi(to) = ®i(to) Vi, €[-d,0] i=1,...,N
(D
where x;,u;,5,;,y; are n—,m—, ps—,p,—dimensional
vectors of the subsystem states, control inputs, intercon-
nection inputs and measured outputs, respectively. ®;(t,)
is a given initial function. Interconnections are described in

the form
N

sz = O _(Lijyzj + Laijyaz;) 2
j=1
where y.; is the p,-dimensional vector of the interconnec-
tion output from the subsystem j which is related to the
state vector in the form

Yzj = Crxj Ydzj = CazTq; 3)

zg; = z;(t — d), d denotes a point time delay. The
interconnection matrices L;j, L4;; have the structure as
follows:

Lgi; =0 Lgij = Laqg + ALqagi;(t), (i #J)
A Aq,B,C,C, and L4, Ly, are constant nominal

matrices, while AA;(t), AAg(t), AB;(t), AC;(t), and
ALygij(t), ALgqi;(t) are norm bounded uncertainties which
admit the following structure:

AAz(t) = DAFAi(t)EA

AAi(t) = DaaFaai(t)Eqa
AB;(t) = DpFpi(t)Exn “
ACy(t) = DoFou(t) Ec

ALgij(t) = DpFri;(tH)EL

ALgqij(t) = DarFari;(t)Ear

D4, ..., Eqr, are constant matrices. Uncertainties are lumped
in unknown Lebesgue measurable functions F,, satisfying
the bounds. F(Z)F(*) < I for all t > 0. I denotes a unit
matrix of appropriate dimensions.

Consider the performance index which is associated with
the system (1)-(5) as follows

N N 50
T=> Ji=)_ /0 (2T Ryxi(t) + ul Ryuy(t)]dt  (6)
=1 =1

where Ri, R, are given positive definite matrices.
The goal is to find global decentralized dynamic con-
troller quadratically stabilizing the system (1)-(5) and which

guarantees the upper bound of the cost (6) for any uncer-
tainty (5). We propose the decentralized dynamic full order
memoryless controller to be composed of /N local feedback
controllers of the form

& = Ac&; + By

7
i=1,...,N @

U; = Cc‘%z
where &; is the n—dimensional controller state of the
subsystem 4. A., B.,C. are the controller matrices to be
determined. Notice that these matrices are identical for
all subsystems, thus taking advantage of the symmetric
structure of the large scale system to reduce the control
design complexity.

Definition 1. Suppose there exist a controller (7) and a
positive scalar v satisfying for any point time—delay and
any realization of uncertainties (5) that the closed—loop
system (1)—(5), (7) is quadratically stable and the closed—
loop system value of the cost function (6) satisfies J < .
Then + is said to be a guaranteed cost and (7) is said to be
a guaranteed cost controller.

The problem

The goal is to derive a complexity-reduced procedure
for designing a guaranteed cost decentralized memory—less
dynamic output feedback controller (7) for the delayed sym-
metrically connected system (1)—(5) with the performance
index (6).

III. SOLUTION

In this section, we propose a constructive procedure to
design the matrices A, B., and C.. This procedure is
divided into two steps: first, a reduced-order guaranteed cost
control problem is constructed. The state dimension of the
reduced system equals to the dimension of any subsystem
in (1). The objective of such construction is to obtain a
low order guaranteed cost control problem with dynamic
properties which are equivalent to the overall guaranteed
cost control problem (1)—(6). It is proved in Appendix
that the particular structural features of (1)—(7) enable
such construction. Second, a dynamic output memoryless
feedback controller is considered to be designed using the
standard well known LMI procedure for the reduced-order
guaranteed cost control problem. If such controller exists,
then it quadratically stabilizes the reduced-order control
design system with guaranteed cost. When this output con-
troller is applied to each subsystem of the original overall
system (1)-(5) as a global decentralized controller with
identical local controllers, it renders the overall closed—loop
system (1)—(5), (7) quadratically stable with guaranteed cost
equal to the guaranteed cost of the control design system
multiplied by a constant depending on N in a nonlinear
way.

First, introduce

AA,(t) = Do Fo(t)E,

8
AAda (t) = DdaFdaEda ( )
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where D,, ..., F4, are constant block matrices given by
decomposing the matrices %LqCZ, %quCdZ into the form

N
5 LaC: = DE,
9

N
5 qu Cdz = Dda Eda

F)(t) in (8) are unknown Lebesgue measurable functions
satisfying F{,)(t)" Fi.(¢) < I for all ¢t > 0.

Define the n-dimensional system using the uncertainties
(8) as follows

+ (B + ABn(t))
Ym = (C + AC,, (1))

Um

Tm
(10)
where the nominal matrices are defined by the expressions

N
Ay =A+ (= —1)L,C.
2 (11)
N
Agm = Ag + (5 — 1)quCdz

with the uncertainties given as follows

AAu(t) = DaFa()Ba+ (5 ~1)DLFL(0)Ex
+ Do Fu()E,
— AA(t) + AAL (D)
= DamFam(t)Eam
AAgn(t) = (% —1)DgaFgayEaa
+ DaaFaaEda
= AA4(t) + AAga(t)
= D agmFaam(t)Eadm
AB,,(t) = DpFpm(t)Es = DpmFem(t)EBm
AC,,(t) = DeFom(t)Ec = DomFom(t)Ecm

(12)

F()(t) in (12) are unknown Lebesgue measurable functions
satisfying standard norm bounded conditions.

Consider the performance index which is associated with
the system (10)-(12) as follows

Im = / [J:ZlRlxm(t) + uﬁRgum(t)}dt (13)
0

where Ri, Ry are positive definite matrices given in (6).

Consider a full order memoryless dynamic feedback
controller for the guaranteed cost control problem (10)-(13)
in the form

ém = Aci'm + chm (14)

Um = chjm

The matrices A, B, C. can be determined by the proce-
dure as follows. Denote Z,,, = [z, 2T 17" The closed-loop
system (10)-(12), (14) results in

i‘m (t) - (A’m + Dl'rrLFlm(t)Elm)-fnL (t)
+ (Adm + Do Fom (t) B )z (t — d)

Am BOC A _ Adm
B.C A, dm =\ 0

Dlm — (DAm DBm 0

5)

where

Ay =

ET 0 EL =
Sm Egm 8171) E2m = EAdm

Flm = diag(FAmaFBmaFCm)

Ef,, =
F2m = FAdm
(16)
To establish the quadratic stability consider the Lyapunov
functional for the system (15)-(16)

Vi @y t) = T (1) P (t)

d (17)
+ / Ty (t — 8)T Pl (t — s)ds
0
where P,, € 127*2" and Py, € R"*" are positive definite
matrices.

Definition 1. The controller (14) is a quadratically sta-
bilizing controller for the system (15)-(16 if there exist
matrices P,, > 0 and Py, > 0 satisfying

Yllm Y12m
<0
(Yfgm Yoom
Wher? Ylhlz = ("Elm + plmFlm(t)Elm)T{Dm +
Em(14_m + D_lmFlm(t)Elm) + Pm’ ¥12m = Pm(Adm +
D2mF2m(t)E2m>’ Yv22’m = le, and Pm = diag(le; 0)
The closed—-loop system cost value has the form

(18)

Jm = / [l Rywp(t) + 21 CT RyCoitp (t))dt  (19)
0

Denote C,, = diag(Rlém, RémC’c).

Lemma 1. Consider the system (10)—(12 and the cost
function (19). Suppose there exist a controller (14) and
given matrices P, > 0, Py, > 0, V4,,, > 0, and V5,,, > 0
such that

o) =

Then this controller quadratically stabilizes the system (10)—
(12). The closed—loop system cost (19) satisfies the bound

(20)

Yiim + CLChp Yiom
m <0
ng Y22m

Im < tr{PnVmn} + tr{le/ T (8) 2 (8) T ds} = v

’ 1)

where V,,, = diag(Vim, B:VamBYL). (20), (21) hold for all
admissible uncertainties.

Lemma 1 is based on Theorem 3.1 in [2]. This result is

not convenient for computations of controller parameters.
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However, applying Schur complements to (20) and applying
the method of changing variables, we get two known LMIs
serving for the control design. They are given by Theorem
3.2. in [2]. This result enables also to solve the problem of
finding an output-feedback controller guaranteeing the cost
bound to be less than some specific value [2]. Because these
results are well known, they are omitted here.

To give the expression on the bounds of costs, consider

T;(1,1) =1
1 0 0 1
0 1 0 22)
Ty(1,8) =1 : T s>1
0 0 1 1
-1 -1 -1 1
Denote
T (i) = diag[T;(1,N —i),...,1],i =0,..., N — 1
G;=T;0)T;(1 T;(N -1
y=TyOTs(1) o Ty(N-1) o3

GTGy = diag(2 6
K;= t?”{Gg:GJ}

N(N—-1) N)

The following theorem states the main result.

Theorem. Consider the guaranteed cost control problem
defined by equations (1)—(6). Construct the reduced guaran-
teed cost control problem defined by equations (10)—(13).
Suppose the matrices A., B., C. are selected so that (14)
is a quadratically stabilizing output feedback controller for
the system (10)-(12) with a guaranteed cost <,,. Then,
using the matrices A,,, Agy, and the matrices A, B, C.
in (7), the global closed-loop overall system (1)—(5), (7) is
quadratically stable with a guaranteed cost v = K j7vu,.

Proof: See the Appendix.

Remark. Lemma 1 serves not only as a base for the
control design when it is rewritten into computationally
convenient well known LMIs by [2], but mainly as an as-
sertion which is required to prove the main result presented
by Theorem. Finally, the resulting reduced-order output
feedback controller is implemented to each subsystem of
the overall original system. The result states that the original
guaranteed cost control problem can be solved using a guar-
anteed cost dynamic controller design for the reduced-order
guaranteed cost control problem. The dimension of the
reduced-order control design problem equals to a subsystem
dimension. The resulting global controller is a decentralized
controller with identical local controllers. Moreover, the
bound on the cost is a constant determined as a nonlinear
function of N multiplied by the cost bound for the reduced
guaranteed cost control problem.

IV. CONCLUSION

The paper contributes by the procedure for a complexity—
reduced guaranteed cost control design when considering

a class of nonlinear uncertain state-delayed continuous-
time symmetrically connected systems. The construction
of a reduced guaranteed cost control problem has been
presented. It has been proved that the guaranteed cost
controller designed for this reduced problem can be used
as a decentralized guaranteed cost controller for the overall
system when implemented into each subsystem of this
system.
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APPENDIX

Necessary preliminaries are introduced only to prove
Theorem. First, the overall system description is given.
The systems has a specific structural properties which are
used to transform this systems into low order equivalent
system which is convenient for the proper control design.
Denote the global system description of the system (1)—(5)
as follows

&= [A + AA(t)} T+ |:Ad + AAd(t)] Tq
+ [B + AB(t)} u

y=(C+AC(t)x z(to) = Po(to) Vi, € [—d, 0]

24
where x, u,y are nN—, mN —, pN —dimensional vectors of
the system states, control inputs and measured outputs,
respectively. ®,(t,) is a given initial function. Further

xq(t) = z(t — d). The nominal matrices are defined as
follows
A= (4;;) Au= A;; = Li;C,
Zj = (Auij) Agii = A, Agij = LaijCas 25)
B = diag(B, ..., B)
C = diag(C, ...,C)
The uncertainty terms have the form
AA(t) =DaFA(t)E4
Azj (t)= ?dﬁf dA (QEdA 26)
AB(t) = DpFp(t)Ep
AC(t) = DcFc(t)Ec
The constant matrices are defined as follows
D, =diag(Dy,...,Dy)
D;=(Dy..Dy Dy Cr..Dyp)
E 4 =diag(E; ..., EN)

E, = (Ep..E;, Ea Ep..Ep)
Dgya =diag(Dgy, ..., Dan)

Dy; = (Dar,...Dar, Dga Dar...Dar)
Eqa =diag(Eqy ..., Ean)

Eg = (Ear-..Ear, Eaqr, Ear...Ear)

Dpg =diag(Dp,...,Dp)
Ep =diag(Epg,...,EB) 27
D¢ =diag(Dc, ..., Do)
E¢ =diag(Ec, ..., Ec)

D, is located at the ¢ — th position in D;. An analogous
symbols are used for the locations in E;, Dg;, E4;. The
uncertainty structure is lumped in uncertainty functions in
the form

FA(t) :diag(FAl, ey FAN)
Fy; = diag(Fr, ...
oFriic1, Fai, Friigt, - FLin)
Faa(t) =diag(Fyar, ..., Faan) -
Fypi = diag(Fqpi, ...
wFarii—1, Faai, Faviivt, -, Favin)
Fp(t) =diag(Fpy, ..., FN)
Fo(t) =diag(Fg, ..., Fon)

Uncertainties F o(t), Fga(t), Fp(t), Fc(t) are unknown
Lebesgue measurable functions satisfying standard norm
bounded conditions.

Consider the overall guaranteed cost control problem (6),
(24)—(28).

Denote the overall decentralized controller (7) rewritten
into a compact form as follows

+ By

H>

(29)

T
U

Q) :L\
>

c

o

where all matrices have a
ing dimensions.

Denote 7 = [T, 27]T
results in

iagonal form of the correspond-

. The closed—loop system (24)-(29)

Z(t) = (Ac + DicFic(t) Ere)Z(t)

T = 5 — 30
Ay + Do) Ba)alt —d) O
where
- (A BC. ~ Agm
= DA DB 0 _ _
D, = _ Doy, = D
1 ( o e ) o =Din )
nil
F1 = dlag(FA,FB,Fc) Fg FdA

To establish the quadratic stability using the specific
structure of the system (24)—(28), consider the Lyapunov
functional

V(z,
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where P € R2NX2N and P; € RV*N are positive definite
diagonal matrices with diagonal blocks of dimensions 2n X
2n and n X n, respectively.

Definition 2. The controller (29) is a d-quadratically
stabilizing controller for the system (24)—(28) if there exist
diagonal matrices P > 0 and P; > 0 with diagonal blocks
of dimensions 2n X 2n and n X n, respectively, satisfying

Yll YIQ
- <0 33
(¥ ) (3)
Where Y11 = (A+D1F1( )El)TP—‘rP(A D ( )El)—I—
P Ylg = P(Ad + DQFQ() ) Y22 = P and P =

diag(P;,0).
The closed—loop system cost value has the form
o — — — —
J= / [t Riz(t) + 2T CT Ry Coie(t)]dt  (34)
0
where R1 = diag(R%, ...,IRl) and RQ = diag(Rg, ceny RQ)
Denote C' = diag(R}?, R3C..).

Lemma 2. Consider the system (24)—(28) and the cost
function (6). Suppose there exist a controller (29) and given
positive definite matrices P = diag(Pp,, ..., Pn), P1 =
diag(le’ ""le and V1 = diag(th ceey ‘/1m) > 07
Vo = diag(Pam, .., Parm) > 0 such that

Y(A)—<Y11+C C Y12><0

35
IYE Vi (33)

Then this controller d-quadratically stabilizes the system
(30). The closed-loop system cost (34) satisfies the bound

J <tr{PV} +tr{P; /:: z(s)x(s)ldsy =v  (36)

where V' = diag(V1, B.VoBT). (35), (36) hold for all
admissible uncertainties.

Notice only a d-quadratic stability means a quadratic
stability with the corresponding diagonal matrices.

To get a deeper insight into the structural properties
of the considered system (24)-(28), introduce a useful
transformation as follows.

Consider a real snxsn matrix T'(n, s) in the form

T(n,1)=1
I 0 0 I
0 I 0 I 37
Tn,s)=|[:+ + -+ s>1
0 o ... I I
—I I —I I
where I denotes here nxn identical matrix. Denote
T(i) = diag[T(n,N —i)I,...,I] i=0,..,N—1
G= T(O)T(l T(N -1
(38)

Lemma 3 [18]. Consider the matrix A in the system
(24)-(28) and any given J = diag[J,, ..., J,], where J, J,
are nNxnN, nxn matrices. Then the following equalities

G 'AG = diag(A,...As  A.)
GTAG = diag(24, 6A .N(N—-1)A; NA,)
1 1 1
—1 7(—1 1 i, L
Gty —hHt dzag(zjo 6JO"'N(N—1)J0)
GTJG = diag(2J,..N(N —1)J, N.J,)
(39)

hold.

Proof of Theorem
Consider the system (1)—(5). Denote A, = A-L,C,, A. =
As +NLqCZ7 Ads = Ad _quCdZ7 Adc = Ads +NquCdz~
Consider two particular cases of the uncertainties (8) such as

AAa(t) = %LQCZ,AAda(t) = %quC’dz and AAa(t) =
—%LquAAda(t) = —%quCdz. It evident that using
(12)

A + AAL(E) = As + AAL(F) + AA(L)

= A, — AA(t)

= Ags + AAga(t) + AAL(L)
= Age — AAy(t)

Suppose given matrices Py, ..., Va,, by Lemma 1 and
the matrices A., B., C, satisfying (20) with the guaranteed
closed—loop cost 7,,, (21). Then by Theorem it is sufficient
to show that these matrices satisfy the relation (35) with the
guaranteed cost (36).

Denote Gy = diag(G,G), where G = diag(G,G) and
G defined by (38). We get using Lemma 3 when applying
only standard operations on all terms

40

. N(N - I)Ym(As) NYm(Ac)]
(4D
However, if Y;,(A,,) < 0, then also Y,,(A;) < 0 and
Yin(Ae) < 0 hold because the uncertainties of the system
(10), (11) includes both systems with the matrices A, A,
as special cases. The matrix Gy is nonsingular. Therefore,
the relation GLY (A)Gy < 0 holds.
Consider (36) and suppose given .J,,,. Now, applying the
above transformation using G

J <tr{GTPVG} + tr{GT P, / h z(s)z(s)TdsG} (42)
—d

and Lemma 3 for J, = 1 in (22), (23), we get directly the
relation v = K j7v,,.

Thereby, the closed loop system (1)-(7) is quadratically
stabilized using the guaranteed cost controller (7) with the
guaranteed cost bound (36). Q.E.D.
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