Proceedings of the 17th World Congress
The International Federation of Automatic Control
Seoul, Korea, July 6-11, 2008

[FAC

Stable H>* Controller Design for Systems
with Multiple Time-Delays: The Case of
Data-Communication Networks

Hakk: Ulag Unal and Altug iftar

Department of Electrical and Electronics Engineering
Anadolu University, 26470 Eskisehir, Turkey

huunal@anadolu.edu.tr

aiftar@anadolu. edu. tr

Abstract: Stable H* controller design is considered for systems which involve multiple time-
delays. Flow control problem in data-communication networks is chosen to present the proposed
design approach. An algorithm, which produces a robust stable controller, is developed. An
example is also presented, where the optimal controller, which is unstable, fails to produce a
stable response due to nonlinear effects. The proposed controller, however, can robustly stabilize
the system and produce desired response despite uncertain time-varying multiple time-delays.

1. INTRODUCTION

Many systems, biological, economical, or physical, include
time-delays. These delays may be ignored for controller de-
sign, when they are sufficiently small. However, when they
become significant, they may have a detrimental effect on
the system. In such a case, time-delays should be taken into
account during controller design. Existence of time-delays,
however, challenges the controller design problem, since
such systems are infinite dimensional. In the literature,
numerous approaches have been proposed for controller
design for time-delay systems (see Niculescu (2001) for a
wide survey). Operator theoretical approaches have been
used by Curtain and Zwart (1995) and by Foias et al.
(1996) to design controllers for general infinite dimensional
systems. Toker and Ozbay (1995) used Hankel+Toeplitz
operator theory to design an H>° controller for single-input
single-output (SISO) infinite dimensional systems. The
state-space techniques were used to design a controller for
systems with a single time-delay by Meinsma and Zwart
(2000). Later, by using the chain-scattering framework
and J-spectral factorizations, an H°® controller design
approach for multi-input multi-output (MIMO) systems
with multiple time-delays was presented by Meinsma and
Mirkin (2005).

When an optimization approach, such as H*, is used to
design a controller for any system, the resulting controller
may or may not be stable. When the resulting controller
is unstable, although it theoretically stabilizes the overall
system and optimizes a certain performance/robustness
measure, the closed-loop system may become highly sensi-
tive to sensor/actuator faults, numerical errors, and non-
linear effects. Such effects, may indeed cause an unstable
behaviour in a practical implementation. To avoid such
undesirable behaviour, stable controller design problem,
which is also referred to as the strong stabilization problem,
has been considered in the literature for a long time (e.g.,

Zeren and Ozbay (2000)). Strong stabilization problem has
also been considered for time-delay systems (e.g., Abedor
and Poola (1989); Suyama (1991); Giimiigsoy (2004)).
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However, those studies have been limited to systems which
involve a single delay. To the author’s best knowledge,
stable controller design problem for systems which involve
multiple delays have not been considered in the literature
up to date.

In the present paper, we consider the stable H* controller
design problem for systems which involve multiple time-
delays. We take data-communication networks as an ex-
ample case. In particular, we consider the flow control
problem in data-communication networks. This problem
has been widely studied, not only in the control literature,
but in the computer and communication literatures as well
(e.g., see Quet et al. (2002) and references therein). In
the rate-based flow control, a controller is implemented at
the bottleneck node, in order to adjust the rates of the
sources that send data to that node so that congestion
can be avoided. The existence of time-delays between the
bottleneck node and the sources, however, makes this
problem challenging. Furthermore, these delays are usually
uncertain and time-varying. An H°° controller, which is
robust to uncertain time-varying multiple time-delays in
different channels was designed by Quet et al. (2002) using
the techniques of Toker and Ozbay (1995). However, since
the results of Toker and Ozbay (1995) were limited to SISO
systems, the controller proposed in Quet et al. (2002) was
obtained by defining seperate controller design problems
for each channel. Later, Unal et al. (2006) used the MIMO
techniques of Meinsma and Mirkin (2005) to present an
H>°-optimal controller to solve the same problem. For
technical reasons, however, Unal et al. (2006) assumed
that the uncertain parts of the time-delays were always
non-negative. This assumption was later removed in Unal
et al. (2007), using the result of Unal and Iftar (2007). The
approach was also presented in more detail in Unal et al.
(2007). In Unal et al. (2007), it was also realized that when
the controller, apart from the integral action, is not stable,
an unstable behaviour may result in the closed-loop system
due to nonlinear effects. Therefore, in the present paper,
starting with the optimal controller of Unal et al. (2007),
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we present an approach to find a stable controller (apart
from the integral action), which also robustly stabilizes the
overall system and produces a desired response.

1.1 Notation

For a time function z(t), &(t) denotes its derivative with
respect to the time variable t. For a matrix M, M7
denotes its transpose and M ! denotes its inverse. For
two symmetric matrices M and N, N < M means that
M — N is non-negative definite. For a positive integer k,
I denotes the k x k dimensional identity matrix. I and
0 respectively denote appropriately dimensioned identity
and zero matrices. For positive integers k and [, Jj; :=

I, 0O
0 —1I;
a k x k dimensional diagonal matrix with mq, ..., my on its
main diagonal. For appropriately dimensioned matrices A,

B, C,and D, [é g} denotes a realization of the transfer

function matrix (TFM) G(s) = C(sI — A)"'B+D. || - ||
and || - ||2 respectively denote the H> and £? norms (Zhou
et al. (1996)). A TFM is said to be stable if it is in H>.
A stable TFM is said to be bistable if its inverse exists in
H>°. A constant square matrix is said to be Hurwitz if all
its eigenvalues have negative real parts. A TFM @Q € H*
is said to be contractive if ||Q]|oc < 1. For TFMs G and K,
where G = | €11 G12 | g Gi1is kxk, Gog is Ix1, and K
G21 Gz

is k x [ dimensional, HM (G, K) denotes the homographic
transformation (Kimura (1996)), which is defined as

HM(G,K) = (G11 K + G12) (G K + Go) ™+ .
Two important properties of the homographic transforma-
tion are the chain property:

HM (¥, HM(G,K)) = HM(VG, K) (1)

is a signature matriz. diag(mq, ..., my) denotes

where ¥ is a TFM which has the same dimensions as G,
and the inverse property: if @ = HM (G, K), where G is
invertible, then

K= HM(G,Q). (2)
2. PROBLEM STATEMENT

In this section, we consider the flow control problem
for data-communication networks to illustrate stable H>
controller design for systems with multiple time-delays.

2.1 Network Model

A data communication network with n sources feeding
a single bottleneck node is taken as a model. The flow
controller, which is to be designed, is implemented at the
bottleneck node. The controller calculates a rate command
for each source to adjust the rate of data it sends to the
bottleneck node in order to regulate the queue length at
the bottleneck node so that congestion is avoided. The
dynamics of the queue length are given as (Quet et al.
(2002)) ¢(t) = Y7, r2(t) — c(t), where

q(t) is the queue length at the bottleneck node at time ¢,
7b(t) is the rate of data received by the bottleneck node
at time ¢ from the i*® source, i =1,...,n,

c(t) is the outgoing rate of data from the bottleneck node
at time ¢, which equals to the capacity of the outgoing
link assuming that ¢(t) is positive.

The rate of data received by the bottleneck node, rf (1), is
given in terms of the rate command at time ¢, r;(t), issued
by the controller as follows (Quet et al. (2002)):

1= ()it — ), t—7/ (1) >0
= { U= O =0 20,
Here, 7;(t) = 72(t) 4+ 7/ (t) is the round-trip time-delay at
time ¢ in channel i, where

7P(t) = hY + 8b(t) is the backward time-delay at time ¢,
which is the time required for the rate command to
reach the i*® source. Here, h? is the nominal time-
invariant known backward time-delay, and 62 (¢) is the
time-varying backward time-delay uncertainty,

I (t) = hl + 6/(t) is the forward time-delay at time t,
which is the time required for the data sent from
the i*® source to reach the bottleneck node. Here, hzf
is the nominal time-invariant known forward time-
delay, and 6Zf (t) is the time-varying forward time-
delay uncertainty.

The nominal round-trip time-delay for the i*" channel is
then given as h; = h® + hZf and the round-trip time-delay
uncertainty is given as 6;(t) = 62(¢) + 5{ (t). It is assumed
that the uncertainties are bounded as follows:

6] <85, 180 < B, 18] (0)] < B (4)

for some bounds 6 > 0 and 0 < 3/ < f; < 1. It is further
assumed that, 0;(¢) is such that 7;(¢t) > 0 at all times. In
a real application, there also exist some hard constraints,
such as non-negativity constraints and upper bounds on
the queue length and data rates. In this work, however, we
assume that such constraints are always satisfied for the
purpose of controller design. We will, however, explicitly
take these constraints into account while doing simulations
in Section 4.

2.2 Control Problem

It is desired to design a controller for the above described
system to regulate the queue length, ¢(t). The controlled
system must be robustly stable against all time-varying
uncertainties in the time-delays which satisfy (4). More-
over, assuming that lim;_,o ¢(t) =: ¢ exists, the nominal
system must satisfy the tracking requirement:

Jim q(t) = g (5)

and the weighted fairness requirement (Quet et al. (2002)):
lim 7;(t) = qicoo i=1,....,n. (6)
t—oo
Here, qq4 is the desired queue length, which is chosen as
some positive number (typically half the buffer size) and
a; >0,72=1,...,n, are the fairness weights, which satisfy
n

i i =1.

Now, we can describe the overall system as shown in Fig. 1,
where

P,(s) :==1[1--- 1] is the nominal plant,
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Fig. 1. Overall system (Unal et al. (2007)).

K is the controller to be designed,

ri=1[ry - )7,

Ay (s) := diag (e‘hls, e ,e‘hns) represents the nominal
time-delays, which are taken outside the plant and
ordered as h1 > he > ... > hy, > 0, in order to apply
the approach of Meinsma and Mirkin (2005),

A is a linear time-varying block, whose £2-induced norm
is less than 1 and which represents the uncertainties
in the time-delays, and

Wi(s) == [Wi(s) Wa(s)], where, for i = 1,...,n,

3774 BitB] o5t
W, =2 | === 26;
(5= V3 | 2L s,
The structure of A and the derivation of W; can be found
in Unal et al. (2007).

To solve the control problem defined above, the mixed
sensitivity minimization problem shown in Fig. 2, which
was first defined by Ataglar (2004), was considered in Unal
et al. (2007). Here, Wa(s) := L, Wa(s) :== 2, and
2210 0

o
a3

W4(S) = 1 )
g0 -1
aq

where o1 > 0 and o2 > 0 are design parameters. Further-
more, d := §q — ¢, €1 is the integral of the error, y := qq4 —
g, and is introduced to achieve tracking (5), and eg is
introduced to achieve the weighted fairness requirement
(6). The problem now is to determine a controller K which
minimizes the H° norm of the TFM from w := [w] d]*
to z:=[2{ e1 e}l]T in Fig. 2 with A block removed.

2.3 H*> Controller Design

To solve the problem defined at the end of the previous
subsection, a co-prime factorization, P,(s) = M’l(s)ﬁ(s),
in H is necessary. Here, as in Unal et al. (2007), we take
N(s) = S—}ré[l -+ 1] and M(s) = i for an arbitrary
€ > 0. Then the system in Fig. 2 can be shown as in Fig. 3,
where g := M‘ly and

K(s) . (7)

Then the problem is to design a controller K so that
|Fi(P,AuK)||xo < 7, for minimum possible 7, where
F;(P,A,K) is the closed-loop TFM from w to z in Fig. 3.

For a satisfactorily large given sensitivity level, v, a con-
troller K, which satisfies ||Fj(P,AyK)|lsc < 7, can be
obtained by applying the approach proposed by Meinsma
and Mirkin (2005), as shown in Unal et al. (2007). The
corresponding controller, K, can then be found from (7) as

K(s) = 574‘6}? (s). This controller has the structure shown

in Fig. 4, where k := ——2X— is a constant, F} and
22y, 60 )

F5 are blocks which consist of delays and finite impulse
response (FIR) filters, G is a bistable finite dimensional
TFM, and Q)5 is a contractive, but otherwise arbitrary,
TFM (see Unal et al. (2007) for details).

The optimal controller, K.y, can be found by an itera-

tive procedure on ~ as proposed in Unal et al. (2007).
The minimum -, for which there exists a solution to

|Fi(P, AuK)||so < 7, is denoted by 7°P%. Then, Kp(s) =
S Kopi(s), where Koy satisfies ||Fj(P, AyKopt)|loo <
,yopt.

Any controller K, including K,,:, obtained as above is
unstable due to the integral term (see Fig. 4). This is in

21 A wy d o
@5
Py +u+ _ u—i—
€2
Wy Ay K
u r Y

Fig. 2. System for the mixed sensitivity minimization
problem (Ataslar (2004)).

z w
g P u
Ay

P f

Fig. 3. Equivalent four-block problem (Unal et al. (2007)).

F

qd — ¢

+

s+ e€
K

P HM(G', Q) O

=
<

Fig. 4. Structure of the controller K.
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fact a desirable property which ensures tracking. The rest
of the controller, i.e., the part from ¢ to r in Fig. 4 (which

differs from K only by a constant), may or may not be

stable. When this part (equivalently K) is unstable, due
to nonlinearities in the system (i.e., the hard constraints),
an unstable behaviour may be observed, at least for certain
actual delays and/or initial conditions (see Section 4).
In order to avoid such undesirable behaviour, in the
next section we will propose a design methodology which
ensures that the TFM from 7 to r in Fig. 4 is stable.

3. PROPOSED DESIGN METHODOLOGY

In this section, we will propose a design methodology to
obtain a stable (apart from the integral action) controller
to solve the problem presented in the previous section.
For this, the TFM from g to 7 in Fig. 4 must be stable.
Note that both F; and F5 in Fig. 4 are stable, since
they contain only delays and FIR filters. Therefore, it is
sufficient to ensure that the TFM from ¢ to 7 in Fig. 4 is
stable. Furthermore, g, := || F2|| is finite. Therefore, by
the small gain theorem (e.g., see Zhou et al. (1996)), the
mapping from g to 7 is stable if

M (G Q) < 1/7r, - (8)

Therefore, to solve our problem, we will try to find a
controller which satisfies (8) in addition to the condition
[Qallooc < 1, which is required for the robust stability of
the overall system (see Subsection 2.3).

@11 GA\12
Go1 G2
n X n and @22 is 1 x 1. Then, HM(GXI, Qp) = (énQA +
élg)(éngA + égg)_l. Thus, (8) is satisfied if

1(G11Qa + G12) (v G21Qa + 75 Go2) Moo < 1. (9)

Let us partition GXI as GKl =: [ ] , where én is

By defining
I, 0 G G
G—l:[n }G_l Gu o G .0
Ay 0 ’szl A 7F21G21 7F21G22 ( )
(9) is equivalent to that
S:=HM(G,,Qn) (11)

is contractive.
To find a condition to guarantee contractiveness of Qx, let

gi g;z } , where Gy is

nxn and Gag is 1 x 1. Then, using (11) and (2), we obtain
Qr=HM(Gx,S) = (G115 + G12)(G215 + G22) 7' (12)

us also partition G A, as G Ay = {

Following Lee and Soh (2005), let us introduce a nonzero
tuning parameter A, so that

Qp = ()\@115 + )\@12)0\@215 + )\622)71 . (13)

Let us also define U := A(G11.S+G12), V :i= 1= A\(G21 S+
Goo), and I := V2 [g] Then

Qr=UQ1-V)'=HM(Gr,T),

[In O] 0 . . T

= n <

where Gr [[0 1] V2 and it satisfies G Jp,1Gr <

J(n+1),1- This property of Gr can be used to present a

sufficient condition for the contractiveness of Q. Let us

define zp, wr, ur and yr such that [ cr ] =Gr {UF] and

wr yr

ur = I'yp. Then, by (14), zr = Qawr. Since GITJ,MGF <
J(n—i—l),la then

T T
T Zr | _ | ur T ur
o] o] =[] et [

T
ur ur
< [yr ] Jnt1)1 {yr }
which gives 2% zr — wiwr < ulur — yLyr, which implies

3 = llwell3 < furll3 — llyrl3 - (15)
Since ur = Dyr, if T is contractive, ||ur||2 < ||yr||2. Then,
from (15), ||zr|l2 < ||wr]||2. However, since zr = Qawr, this
implies contractiveness of Q5. Therefore, Q5 is contractive
if I' is contractive. Furthermore, recall that S must also
be contractive. These two conditions are simultaneously
satisfied if

AMG118 + G12)
I 1l 12
H[S}H :H ﬁLMGmSJer) <1.(16)
00 S -

V2XG1y V2XGio

—V2\Go; \/5(1 — A\G22)
Let us define Gg := . . Then,

I, : 0
.0 ; 1 |

HM(Gg,S) = {F . Therefore, condition (16) is satisfied

s]
if and only if HM(Gg, S) is contractive. As a result, the
problem of finding a contractive @ which satisfies (8) is
solved if there exists A > 0 and a contractive S such that
|HM(Gg,S)|loc < 1. This condition is equivalent to that
there exists a (J,.J)-lossless factorization of Gg such as
Ge = O¢®q, where J == Jyi1im)1, J = Jn1, O is
(J, J)-lossless and ®¢ is bistable (Kimura (1996)). Since,
by (1), HM(Gg,S) = HM(Og, HM(®g,9)), (J,J)-
lossless property of O implies that |HM (Gg, )|l < 1if
and only if |HM (®¢q, S)|lec < 1 (Kimura (1996)). There-
fore, if an arbitrary but contractive Qg := HM (®g, S) is
chosen, then, using (2), contractive S is obtained as

S=HM(®:',Qq) - (17)

Then, a contractive @, which satisfies (8) is obtained by
(12).

To find the state-space solution of (., J )-lossless factoriza-
tion of Gg, note that lim,_, 4 le(s) = I,+1 (Unal et al.

(2007)) and let a minimal realization of Gy' be given as
A|Bi By

(18)
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Then a minimal realization of le is given as
Y

A |B, B,
Goo=| C |, 0 (19)
T C2| 0 g,
Thus, a minimal realization of G, is given as
fAl* §161 - §262 §1 ’7F2§2
Ga, = s I, 0 (20)
—C4 0 Y

Therefore, a minimal realization of G can be obtained as

where Ag := A — BiC1 — ByCs, Bg = [ By yr,Ba ],
V20, V2L, 0
C — \/5)\02 and DG _ 0 \/5(1 — )\"}/Fz)
0 ’ I, 0
0 0 1

Note that, since G is bistable, from (18), both A and
A — B1Cy — By(Cy = Ag are Hurwitz. Thus, G¢ is stable.

The state-space solution of (J, J )-lossless factorization of
G is given in the following theorem, which is taken from
Kimura (1996).

Theorem 1. Consider the stable system G¢g and its
minimal realization given in (21). Gg has a (.J, J)-lossless
factorization, Gg = OgP¢, if and only if there exists a
nonsingular matrix E¢g, such that

DEJDe = ELJE: , (22)
and a solution X > 0 to the following Riccati equation
XgAg + AL Xe — YE(DETIDG) Yo + C&LJICq = 0(23)

such that A, := Ag + BgF¢ is Hurwitz, where Fg :=
7(D£JDg)71YG and Yg = DgJCG + Bng. In that

_ A7r |BG —1
case, Og = [CG +DGFG|DG:| E;" and
A |—Bg
b =F s . 24
¢ ¢ |:FG In+1 ] ( )
- 2
Note that, DgJDG = |:(2>\ gl)In Od:|7 where d :=

4 v, — 2)\2712:2 — 1. Suppose E¢ is nonsingular and let
V := EZ'. Then, from (22), VIDLJIDgV = J. Let
y := Vz, where x :=[0--- 0 1]T. Then, y' DLJDgy =
2TJz = —1, which implies that ngDG must have at
least one negative eigenvalue. However, since ng Dg =
[(2)\2 +1)I, 0

0 —d
if E¢ is nonsingular. Equivalently, E¢ is nonsingular only
if d > 0. On the other hand, if d > 0, a nonsingular Eg

2X2+11, O

. Therefore,
0 \/E]
a nonsingular E¢ satisfying (22) exists if and only if d > 0.

}, and 2A\? 41 > 0, we must have —d < 0

can be obtained as Eg =

However, note that, d > 0 if and only if A is chosen in the
V21 v§+1)

V2yp, V2yr, )

Therefore, a controller which solves the problem of Subsec-

tion 2.2 and which is stable apart from the integral action

can be obtained by the following algorithm.

Algorithm 1:

interval (

1. Find the optimal sensitivity level v°P! (see Subsec-
tion 2.3) and let v = ~°Pt.

2. Find Fy, F», and G, (see Subsection 2.3) for the
current sensitivity level . Also compute vgr, :=
[|F2|lcc- Choose a sufficiently large | and equally
spaced values Ay, As, ..., A; within the interval

V2-1 V2+1 -
(\/%FZ , \/§’VF2)' Let ¢ = 1.

3. For A = ), if there exists a solution Xg > 0 to
the Riccati equation (23), go to step 6. Otherwise,
continue with step 4.

4. If i =1, go to step 5. Otherwise, set ¢ = ¢+ 1 and go

to step 3.

Increase v by a small amount and go to step 2.

. Let Qxn = HM(Gp,,S), where, by (10), Go, =

I, 0O _
Ga ||t vy amy s = mar(eg! Qo)

where ®¢ is given by (24) and Q¢ is contractive
but otherwise arbitrary. The desired controller is then
given by (see Fig. 4)

> o

K() = () o (25)
where H := HM(GXl,QA) and k1= ——2L |

N
N

<3
Il

-
~—
e
~—

M)

4. ILLUSTRATIVE EXAMPLE

In this section, a network with two sources is considered
as an example to demonstrate the time-domain perfor-
mance of the controllers obtained by the proposed design
approach. Simulations are done using MATLAB Simulink,
where non-linear effects (hard constraints) are also taken
into account. We consider two cases. In the first one the
nominal delays in both channels are the same; in the
second case they are different. In both cases, we take
hzf = hf = %h,-, i = 1,2. Moreover, the desired queue
length, ¢4, is taken as 30 packets and the buffer size (max-
imum queue length) is taken as 60 packets. The capacity
of the outgoing link is taken as 90 packets/second. The
rate limits for the sources are taken as 150 packets/second.
In both cases the optimal controller excluding the integral
action (i.e., Kop) turns out to be unstable. We present the
results for both the optimal and the proposed controller.
For the optimal controller, we take Qo = 0 and for the
proposed controller, we take Qg = 0. In Figures 5-11, ¢
(whose scale is on the right) is the queue length and r§ and
r5 (whose scale is on the left) are the actual flow rates at
source 1 and 2, respectively (r$(t) = ri(t—712(t)), i = 1,2).
Case 1: Welet hy = ho =2,07 =0.5,64 =1, 31 = o =
0.6,/ =55 =03, a1 =2, ay = 1, and 0y = 05 = 0.25.
Applying the approach of Subsection 2.3, the optimal

sensitivity level is obtained as v°P* = 6.5623. We apply the
optimal controller to the system for two different actual

13352



17th IFAC World Congress (IFAC'08)
Seoul, Korea, July 6-11, 2008

Table 1. Uncertain part of the actual time-delays.

Case i 82 (t) 5{ 0
la | 1,2 0.34+0.3sin( £ ¢) 0.140.1sin(Z 1)
b [ 12 ] 1.340.3sin(3%t) 0.1+40.1sin(3% 1)
le |12 1.3+0.3sin(ZE¢) 0.1
2 [ L] 13403sin(GH0) 0170 15in( 25 1)

2 0.3+0.3sin(Z5t) 0.1+0.Isin( 25 1)
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Fig. 5. Results for the optimal controller for Case 1la.
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Fig. 6. Results for the optimal controller for Case 1b.

time-delays, whose uncertain parts are given in Table 1 as
cases la and 1b. The results are shown in Figures 5 and 6,
respectively. In case la, where the uncertain parts of the
actual delays are relatively smaller, the optimal controller
can recover following some transient oscillations. However,
in case 1b, although the linear closed-loop system is stable,
a totally unstable response is obtained due to the nonlinear
effects.

We also design a controller which is stable apart from
the integral action, using Algorithm 1. The sensitivity
level obtained for this controller is v = 12.2123. We then
apply this controller to the system for the same actual
time-delays as in cases la and 1b. The results are shown
in Figures 7 and 8, respectively. It is seen that, unlike
the optimal controller, the proposed controller produces
a smooth response in both cases. Both the queue length
and the flow rates oscillate around their desired values
(given by (5) and (6), respectively) at steady-state. The
reason for these oscillations is the time-varying forward
delays, and they are unavoidable, unless the actual delays
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are known by the controller (see Quet et al. (2002)). If
the forward delays are taken time-invariant, as in case
lc in Table 1, for example, these oscillations disappear
as shown in Fig. 9. In this case, the proposed controller
robustly stabilizes the overall system and satisfies both the
tracking (5) and fairness (6) requirements exactly, despite
time-varying uncertain backward time-delays and time-
invariant uncertain forward time-delays.

Case 2: We let hy = 4, hy = 2, 5f = 0.5, 5; =1,
B1 =060 =04, =8 =03, a1 =2, a =1, and
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o1 = 03 = 0.25. Applying the approach of Subsection 2.3,
the optimal sensitivity level is obtained as v°P* = 7.6090.
We apply the optimal controller to the system for actual
time-delays, whose uncertain parts are given in Table 1 as
case 2. The results are shown in Fig. 10, where an unstable
behaviour is observed. For the controller designed using
Algorithm 1, the sensitivity level obtained is v = 12.2090.
The results for this controller are shown in Fig. 11, for the
same actual time-delays. As in case 1, a smooth response
is obtained, where the queue length and the flow rates
oscillate around their desired values at steady-state.

5. CONCLUSION

Stable H> controller design has been considered for sys-
tems which involve multiple time-delays. Flow control
problem in data-communication networks has been chosen
to present the proposed design approach. The main result,
which is summarized as Algorithm 1, however, can be
applied to any system which involve multiple time-delays,
once the problem is stated as in Subsection 2.2, and the
steps of Subsection 2.3 are applied.

REFERENCES

J. L. Abedor and K. Poola. On the strong stabilization of
delay systems. In Proceedings of the IEEE Conference
on Decision and Control, pages 2317-2318, Tampa, FL,
December 1989.

B. Ataglar. Robust flow control for data communica-
tion networks. Ph.D. Dissertation, Anadolu University,
Eskigehir, Turkey, July 2004. (In Turkish).

R. F. Curtain and H. Zwart. An Introduction to Infinite-
Dimensional Linear Systems Theory. Springer-Verlag,
New York, 1995.

C. Foias, H. Ozbay, and A. Tannenbaum. Robust Control
of Infinite Dimensional Systems: Frequency Domain
Methods. Lecture Notes in Control and Information
Sciences, No. 209. Springer-Verlag, London, 1996.

S. Giimiigsoy. Optimal H-infinity controller design and
strong stabilization for time-delay and MIMO systems.
Ph.D. Dissertation, The Ohio State University, Colum-
bus, Ohio, U.S.A., August 2004.

H. Kimura. Chain-Scattering Approach to Hy, Control.
Birkhauser, Boston, 1996.

P. H. Lee and Y. C. Soh.
stabilizing H*® controller.
Control, 78:1437-1446, 2005.

G. Meinsma and L. Mirkin. H, control of systems
with multiple I/O delays via decomposition to adobe
problems. [EEE Transactions on Automatic Control,
50:199-211, 2005.

G. Meinsma and H. Zwart. On H control for dead-time
systems. IEEE Transactions on Automatic Control, 45:
272-285, 2000.

S. I. Niculescu. Delay Effects on Stability: A Robust Con-
trol Approach. Lecture Notes in Control and Information
Sciences, No. 269. Springer-Verlag, London, 2001.

P. Quet, B. Ataslar, A. Iftar, H. Ozbay, S. Kalyanaraman,
and T. Kang. Rate-based flow controllers for commu-
nication networks in the presence of uncertain time-
varying multiple time-delays. Automatica, 38:917-928,
2002.

K. Suyama. Strong stabilization of systems with time-
delays. In Proceedings of the 1991 International Confer-
ence on Industrial Electronics, Control and Instrumen-
tation, pages 1758-1763, Kobe, Japan, October 1991.

O. Toker and H. Ozbay. H., optimal and suboptimal
controllers for infinite dimensional SISO plants. IEFE
Transactions on Automatic Control, 40:751-755, 1995.

H. U. Unal, B. Ataglar-Ayyildiz, A. Iftar, and H. Ozbay.
Robust controller design for multiple time-delay sys-
tems: The case of data-communication networks. In
Proceedings of the 17th International Symposium on
Mathematical Theory of Networks and Systems, Kyoto,
Japan, July 2006. _ )

H. U. Unal, B. Ataglar-Ayyildiz, A. Iftar, and H. Ozbay.
Robust flow control in data-communication networks
with multiple time-delays. 2007. Submitted for pub-
lication. ]

H. U. Unal and A. Iftar. A small gain theorem for
systems with non-causal subsystems. 2007. Submitted
for publication.

M. Zeren and H. Ozbay. On the strong stabilization
and stable H*°-controller design problems for MIMO
systems. Automatica, 36:1675-1684, 2000.

K. Zhou, J. C. Doyle, and K. Glover. Robust and Optimal
Control. Prentice Hall, Englewood Cliffs, 1996.

Synthesis of simultaneous
International Journal of

13354



