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On Dwell Time Minimization for Switched Delay Systems:
Free-Weighting Matrices Method

Ahmet Taha Koru, Akin Delibasi and Hitay ézbay

Abstract—In this paper, we present a quasi-convex mini-
mization method to calculate an upper bound of dwell-time
for stability of switched delay systems. Piecewise Lyapunov-
Krasovskii functionals are introduced and the upper bound for
the derivative of Lyapunov functionals are estimated by free
weighting matrices method to investigate non-switching stability
of each candidate subsystems. Then, a sufficient condition for
dwell-time is derived to guarantee the asymptotic stability of the
switched delay system. Once these conditions are represented
by a set of linear matrix inequalities (LMIs), dwell time
optimization problem can be formulated as a standard quasi-
convex optimization problem. Numerical examples are given
to illustrate improvements over previously obtained dwell-time
bounds.

Index Terms— Time delay systems, dwell time optimization,
switched systems, free weighting matrices method

I. INTRODUCTION

A switched system is a dynamical system that includes
a set of subsystems and a discrete switching event between
those subsystems. General behaviour of a switched system
is governed by following differential equation:

B(t) = for (x(t)),

where o denotes the switching signal which belongs to an
index set. See the survey [12] for a review of the recent
results and further references.

The stability analysis encountered in switched systems can
be classified into three categories [13]. The first one is to find
conditions that the switched systems are stable under any
arbitrary switching signal [16], [4], [9]. The second one is to
construct a switching signal that makes the switched system
asymptotically stable [11]. The third category is the slow
switching strategies such as dwell time stability or average
dwell time stability for which the system is asymptotically
stable [14], [8], [21]. The class of switching signals can
be restricted to signals with the property that the interval
between any consecutive switching times is not less than a
value called the dwell time. The switched delay system is
asymptotically stable if all of the candidate subsystems are
asymptotically stable and the dwell time is large enough [15].

The literature is abounded with various of approaches for
the stability analysis of time-delay systems, one can refer
to [5] for a review on the topic. Main methods to deal
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with delay-dependent stability problems are model trans-
formations. Stability analysis with model transformations
leads to a sort of conservatism since analysis operates on
the transformed system instead of the original system [5].
A less conservative approach to stability analysis is the
free-weighting matrices method which does not include any
model transformation of the original system [13], [6], [19].

There are recent results on dwell time stability of the
switched delay systems. In [18] and [10], stability conditions,
for a given average dwell time, are presented. There are
some optimization based methods to calculate minimum
dwell time [3], [20]. In [3], the calculation of dwell time is
formulated as a semi-definite programming (SDP) in terms of
LMIs. Piecewise Lyapunov-Krasovskii functionals is derived
by model transformation methods. The upper bound of the
derivative of the Lyapunov function is minimized which
ends up with a sub-optimal solution to the dwell time
minimization problem. The present paper proposes a quasi-
convex optimization approach to directly minimize the dwell
time for which the switched delay system is asymptotically
stable. To reduce conservatism due to model transformation,
we derive the stability conditions by using free weighting
matrices.

The notation to be used in the paper is standard: R (RT,
Rg ) stands for the set of real numbers (positive real numbers,
non-negative real numbers), C is used to denote the set
of differentiable continuous functions, Z* symbolizes the
set of positive integers. The identity matrices are denoted
by I. We use X > 0 (=, <, <X 0) to denote a positive
definite (positive-semidefinite, negative definite, negative-
semidefinite) matrix. oqq [X] and o, [X] denote the
maximum and minimum singular values of X, respectively.
The asterisk symbol (x) denotes complex conjugate transpose
of a matrix. The operator diag [X1, Xs,..., X,,] denotes a
block diagonal matrix whose elements on the main block
diagonal are X7, Xs, ..., X,,. The norm || - || is defined as
the Eucledian norm for a vector in R™ and the norm on C is
defined as follows:

| f 1, :maX{ sup [[f(®)], sup IIf(t)|}

tela,b] te(a,b]

II. PRELIMINARIES AND PROBLEM DEFINITION
Consider a class of switched delay system given by

i(t) = Apyx(t) + Apyx(t — oy (t), t>0
z(0) = p(0), V0 € [~Tmax, 0] (1)
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where z(t) € R™ is the pseudo-state and o(t) is the
piecewise switching signal such that o(t) : Rt — P,
P :={1,2,...,m} is an index set, m € Z™ is the number of
subsystems and initial condition belongs to Banach space of
continuous functions such that () € C. Time delay, 744 (%),
is a time-varying differentiable function that satisfies

0< To(t) (t) < To(t)s (2

where 7, (), dy(¢) > 0 are piecewise constants. We introduce
the quartet

Y= (A, Aj,7i,d;) € R™™ xRV x Rx R

to describe the '"
maX;ep T;.

Similar to [20], we modify the stability definition in [7]
to switched delay system as in definition 1.

' candidate subsystem of (1) and Tax =

Definition 1. We say that switched delay system is stable if
there exists a function /5 of class IC such that

[N < B2l tt0—rmas.to))

along every solution to (1). Furthermore, switched delay sys-

tem is asymptotically stable when it is stable and flim z(t) =
L— 00

0.

Lemma 1. (/5]) Consider the non-switched linear subsystem
> of the system (1) for an i € P. Suppose u;, wv;,
w; : RY — R are continuous, non-decreasing functions
satisfying u;(0) = v;(0) = 0, w;(s) > 0 for s > 0. If there
exists a continuous functional V', such that

ui([le@)]) < Vilt,ze) < vi(lzljp—r,0),  VE2t0 4
Vi(t, x1) < —wi(|lz(8)]]),

then the solution x = 0 of the subsystem %; is uniformly
asymptotically stable.

Let us construct the following piecewise Lyapunov func-
tion:

Vi(t,ay) := T( VPix(t) + / T(s)le(s)ds

L

Lemma 2. Consider non-switched subsystems X; for i €
P of switched system (1) with varying delays, r;(t). Given
scalar 7; > 0 and d; > 0 for which (2) and (3) hold, the i*"
subsystem is asymptotically stable if there exist symmetric
matrices P; =~ 0, Q; = 0, Z; = 0, and

X Xz
*  Xoyg

x(s)dsdd, YieP (5)

|-

and any appropriately dimensioned matrices N1; and No;
such that the following LMIs hold:

o110 P20 AT Z;
P = * ooy TATZ; | <0, (6)
* * —7:7;

Xi1i Xi12s Ny
P = *  Xog; No | =0, (7
* * Z;

where
b11i = PiA; + AT P, + Ny + N+ Qi + 7 X114,
¢12i = PiA; — Nyj + N + 7, X 19,
pa2i = —Na; — NJ; — (1 — d;) Qi + 75 X 20;.

Proof. (For complete proof, see [19], page 45). The deriva-

tive of the Lyapunov function in (5) can be bounded as
follows,

Vit 2) < €7 (06 (1) / s @

where

a(t) = [, a"(t -7,

&ty s) = [27(), 2" (t — ), 37 (s)] ",
=3 (bllv + TvA Z A ¢121 + TvA Z A
—t * (15227 —|—7'7A ZA

The variable ¢; in (6) is the Schur Complement of =;. Hence,
ith subsystem is stable if both (6) and (7) hold. |

Now, some specific lower and upper bounds for the
Lyapunov function (5) can be given as

ul(s) ‘= Omin [Pz] 82

1
’Ui(S) = <Jmam [Pz] + TiOmax [Q ] + 27—¢ Omax [Zz]> 32
Another lower bound of the Lyapunov function with
respect to norm of Z(t) can be defined as

1 .
ua, | @)% 1= 577 omin [Z] |2 < Vilt, 20).
III. MAIN RESULTS
The following proposition is a modified version of a result
obtained in [3].

Proposition 1. For any non-switching subsystem ¥; satis-
fying lemma 1 with hm u;(8) — 0o, assume there exists a

Sfunction uq, such that
ua, ([[&(0)[]) < Vit ).

For an arbitrary n, 0 < n < do,
implies

x|[to*‘ri,t0] < O < 02

|$|[t7‘rmax,t] < 7, vt > to + Tmax + E(n)

where T;(n) = [vi(61)] /v (n), vi defined as in the lemma 1
and ~;(n) = inf, <s<s, wi(s).

Proof. Let T, > 0 and let ||z(¢1)|| > n for a time instant
t1 > to + T.. Let v;(n) = inf,<s<s, wi(s). Since the
subsystem 3; is stable and V; is a Lyapunov-Krasovskii
functional, from lemma 1, we have the following

Vi(t,ze) < —willlz@)]]) < —viln), vt >to
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This implies

Vilt, zi) < Vilto, ) — (£ = to)7i(n)
< vi(d1) — (t —to)vi(n)-
Let T% > [v;(01)] /7:. Then for every t > to + T, we have

Vi(t,x¢) < 0. However, we assume that there is a time instant
t1 > to + T. such that ||z(¢1)|| > 1. This implies that

Vilty, w) 2 wi(lz(t)l]) = wi(n) >0

This is a contradiction. Therefore time instant ¢; cannot exits
and this implies

vi(dl)
yi(n)

Similarly, assuming there is a time instant ¢; > to + 7% such
that [[&(t1)[| =

lz(®)] <n, Vt>to+

V;(tlaxh) > U'd7(

|Z(t1)[]) = wa, () >0
which is also a contradiction. Hence,

le@®l <n, (@I <n,  VE>to+T.

If we wait for a period of maximum time-delay such that
t > to+ T + Tmax, the inequality |z(t)|;—r,.. 4 < n holds,
which concludes the proof. O

Proposition 2. Consider the system (1) with each 3; satis-
fving Lemma 2, if there exist matrices W = W, = 0 such
that following LMIs hold,

B i+ Wi o A} Z;
¢i = * pa2i AT Z;

* * —TiZ;

<0, ©)

then Vi(t,zy) < —2T () Wiz (t).

Proof. Consider the inequality (8). Since 1; = 0, we know
that V; (¢, 2¢) < €T (t)Z;&1 (). Bounding this inequality,

& (2 (t) < —aT (1) Wia(t)
yields &] (t)D;&1(t) < 0 where

D, | Q1+ Wit Al ZiAi prai + AT ZiA;

t * Pooi + T AT Z;A; |
Sinpe (;_57 is the Schur Complement of D;, if (9) holds,

then V;(t, ) < —aT (t)W;z(t). O

Then we can define the upper bound for the deriva-
tive of the Lyapunov function in lemma 1 as w;(s?) :=
Omin [Wz] 82.

Theorem 1. Consider the switched delay system described
in (1). Assume all of the candidate subsystems satisfy
lemma 2. Then, the switched delay system is asymptotically
stable for all switching signals satisfying dwell time require-
ment Tp

(10)

Vi
Tp = — mMmax — —+ max 7y,

or any o € (0,1
a? ieP w;  iEP f Y 0,1)

where

1
Vi = Omax [Pz] + TiOmax [Qz] + 57712Jmax [Zz] 5
Wi = Omin [Wi]

Proof. Let’'s choose 1 = «ad; where 0 denotes norm
of the state at the k" switching instant such that &, =
|| (£, —7rnax,t]- Introducing the dwell time as

Tp = max 7; + max T;(n)
ieP ieP

leads us to an inequality from proposition 1 as following,

2]t —rmatn] < Tty —romasertea]s V& > te—1 + 7D

where

U;
T; =T;(ady) = —.
(1) = Ti(ady) = 5
From (4), we know that

tk*'rmax;tk]

Uj
(@)l < 4/ lel;

for any 7 € P. Let’s define

Vi
[ =max,/—.
i€EP U;

Then,

Hx(t)” S ﬁ|x|[tk77'max;tk]

< Ba|x|[tk71_7—max7tk71]

S ﬁak |x|[t077—max7t0]

< Ba|x|[t0_7—lnaX7tO]7 Va € (07 1)

which is satisfying the stability condition described in defi-
nition 1. U

Remark 1. The parameter o can be regarded as a measure
of the decay rate. This parameter quantifies a trade-off
between the dwell time and the decay rate, i.e.; the larger
a, the smaller dwell time but the slower decay rate.

IV. MINIMUM DWELL TIME VIA QUASI-CONVEX
OPTIMIZATION

In order to minimize dwell time given by (10), the cost
function f(v;,w;) := max;ep v;/w; should be minimized.
This is a quasi-convex function since it is the composition
of a convex function with a nondecreasing function [2].
It is known that an optimization problem with a quasi-
convex cost function and convex constraints can be solved by
iterative methods such as bisection algorithm [1]. We define
a parameter ¢ to denote an upper bound for the cost function
such that f(v;, w;) <t.

Let’s define

X, = { X Xz ] .

*  Xoyg
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For the free parameters H, Qi’ Zz', VVi, Xlu, Xlgi, XQM,
Nli,NQi Pis qis Zi, Wi, t, minimum dWCH time can be
computed via following optimization problem:

min ¢

s.t. diag[P;, Qq, Z;, Wi, X;] = 0,
diag[P;, Qi, Z;, —W;] < diag [p; I, q; 1, z; 1, —w; 1],
P = 0, (qu <0

(1)

1
p7;—|-7'7;q1'+§7'i22’7;—t’w7;<0, VieP

where 1); and ¢; are defined in (7) and (9), respectively.
Then, dwell time is 7p = t + Tyq,- However, optimization
problem in (11) involves a bilinear matrix inequality when ¢
is considered as a free parameter.

Searching for minimum ¢ with bisection algorithm gener-
ates a sequence of linear semi-definite programming (SDP)
feasibility problems which can easily be solved by SeDuMi
[17].

V. NUMERICAL EXAMPLES

In this section, the examples are taken from [3] and [20]
for comparison purposes.

Example 1. Let X; be
-2 0 - -1 0
Al_{o —0.9]’ Al_[—o.5 —1]’

and let X5 be

~1 05 5 -1 0
AQ_[O —1]’ AQ‘[0.1 —1]’

7o = 0.6s,

Corresponding minimum dwell times for different 7; and
d; values are illustrated in table II.
Example 2. Let X; be

~1.799 —0.814 . -1 0
A = { 02  —0.714 ] A= { 045 -1 }

T = 0.15587 d1 =0.
and let Y5 be

—1.853
—0.853

—0.093 L] 1o
~1.1593 |’ 271005 -1 |
ds = 0.

oe|

T2 = 0.28,

Comparison of present paper with previous works for
examples 1 and 2 can be seen in table I. Corresponding
minimum dwell times for different 7; and d; values are
illustrated in table III.

TABLE I
DWELL TIME FOR o = 0.99

Ex.  Paper [20]  Paper [3]  Present Paper

1 6.51 s 345 1.11s

2 - 0.72 s 0.58 s
TABLE II

DWELL TIME FOR DIFFERENT 7; AND d; VALUES OF EXAMPLE 1

1 T2 d1 d2 D
0.15s 03s 0s 0s 0.69s
0.15s 03s 0.15s 03s 0.69s

03s 06s 0s 0s 1.11s

03s 06s 03s 03s 1.11s

03s 06s 06s 06s 1.11s

06s 12s 0s 0s 254s

06s 12s 03s 03s 2765

0.6s 12s 06s 06s 351s
TABLE III

DWELL TIME FOR DIFFERENT 7; AND d; VALUES OF EXAMPLE 2

T1 T2 dy d2 D
0.08s 0.1s 0s 0s 0.46 s
0.155s 025 0s 0s 0.58 s
0.155s 02s 0.15s 0.15s 0.58 s
03s 04s 0s 0s 0.84 s
03s 04s 0.2s 0.2s 0.84 s
06s 08s 0s 0s 1.38 s
09s 12s 0s 0s 1.38 s
09s 12s 03 s 03s 2.39 s
09s 125 0.6 s 0.6 s 3.15s
09s 12s 09 s 09s 17670 s

VI. CONCLUSIONS

We performed the calculation of minimum dwell time
to ensure stability of switched delay systems. Minimization
of dwell time is formulated as a quasi-convex optimiza-
tion problem. Stability conditions are derived by using free
weighting matrices method to find appropriate Lyapunov-
Krasovskii functionals. By the numerical examples, it is
shown that the results obtained in [3] and [20] can be
improved using the method proposed in the present paper.
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