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New Exponential Estimates for Time-Delay Systems

Shengyuan Xu, James Lam, and Maiying Zhong

Abstract—This note considers the problem of exponential stability for
time-delay systems. In terms of linear matrix inequalities, a new sufficient
condition for exponential stability is obtained. Based on this, an improved
upper bound of the decay rate can be easily calculated. When time-varying
norm-bounded parameter uncertainties appear, a new sufficient condition
for robust exponential stability of uncertain time-delay systems is also pro-
vided. The reduced conservatism of the proposed conditions is illustrated
via two numerical examples.

Index Terms—Exponential stability, linear matrix inequality (LMI),
time-delay systems, uncertain systems.

[. INTRODUCTION

Time-delay systems have been investigated by many researchers
since they are encountered in engineering systems, biology, eco-
nomics, and other areas [7], [11]. Stability analysis of time-delay
systems is of both practical and theoretical importance since time de-
lays are frequently the main cause of instability and poor performance
of a system. A great number of stability results have been proposed
in the literature; see, e.g., [1]-[4], [6], [14]-[16], and the references
therein. These results can be classified into two types according to
their dependence of the delay size; that is, delay-dependent stability
results and delay-independent ones. Delay-dependent stability results
are generally less conservative than delay-independent ones.

It is noted that many stability results for time-delay systems are con-
cerned with asymptotic stability. In practical applications, however,
it is also important to find estimates of the transient decay rate of a
delay system. Therefore, the problem of exponential stability has been
studied. For instance, an estimate of the decay rate of a linear stable
delay systems was given in [10], which was further improved in [5].
By using the properties of matrix measure, sufficient conditions for
the exponential stability of time-delay systems were obtained in [13].
When time-varying delays appear, some robust exponential stability re-
sults were proposed in [12]. However, the conditions in both [12] and
[13] are not easy to check. Very recently, by a linear matrix inequality
(LMI) approach, exponential stability conditions were presented in [8]
and [9], respectively. These conditions can be easily checked.

In this note, we provide a new exponential stability condition for
time-delay systems by choosing an appropriate Lyapunov—Krasovskii
functional and introducing slack variables. Based on this, an upper
bound of the decay rate can be easily calculated. When time-varying
norm-bounded parameter uncertainties appear, a robust exponential
stability condition is also provided. Both the exponential stability and
the robust exponential stability conditions are given in terms of LMIs.
The proposed conditions in this note are less conservative than some
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of those in the literature, which is demonstrated via two numerical
examples.

Notation: Throughout this note, for real symmetric matrices X and
Y, the notation X > Y (respectively, X > Y') means that the matrix
X —Y is positive semidefinite (respectively, positive definite). I is an
identity matrix with appropriate dimension. The superscript “I"’ rep-
resents the transpose. The notations | - | and || - || refer to the Euclidean
vector norm and the induced matrix two-norm, respectively. We use
Amin (+) and Amax(+) to denote the minimum and maximum eigen-
value of a symmetric matrix, respectively. Matrices, if their dimensions
are not explicitly stated, are assumed to have compatible dimensions.

II. MAIN RESULTS

Consider the following time-delay system:

(Z): 2(t) = Az(t) + Avx(t — I) (1)

x(t)=p(t)  Vte[-h,0] @

where x(t) € R"™ is the state, and () is the initial condition. The
scalar h > 0 is the delay of the system, A and A, are known real
constant matrices.

Definition 1: System (X)) is said to be exponentially stable with a
decay rate \ if there exist scalars o > 1 and A > 0 such that |z(¢)| <
ge”Mpln where [p]n = sup_j<p<o l@(0)]-

We provide a new exponential stability test for delay system (X) in
the following theorem.

Theorem 1: For given scalars A > ( and 1» > 0, the time-delay
system (X) is exponentially stable with a decay rate X if there exist
matrices P, > 0,P; > 0,0 > 0,7, > 0,722 > 0,Y,W, 5, and P»
such that the LMIs, as shown in (3) and (4) at the bottom of the next
page, hold.

AN) = A+ M )
4’/11()\) = ekh.{'ll (6)

Q) = PLAN) + AN P+ Py
+P -Y-Y'+Q+h2 )
TN =PAN-P+Y -W" ®)
To(\) = AN R+ P - 5" ©
Ts(\)=A (N Po— P+ 5", (10)

Proof: Let
e(t) = eMa(t). (11)
Then, it is easy to see that the delay system (X)) is transformed to

£(t) = AQNE) + Ar (NE(t — h) (12)
§() = o(t) = eMp(t) Vi [=h,0]. (13)

Under the condition of the theorem, we first show the asymptotic sta-
bility of the delay system (12). To this end, we define a Lyapunov func-
tional candidate for (12) as follows:

V(&) = Vi(&) + Va(&) + Va(&) (14)
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where t > h, and

&G =¢&(t+0) —2n<H<0
Vi(&) = &) Pie(t)

t
Va(&)) = 2¢(6)" P / £(a)da
t—h
t T t
+ |:/t_h E(a)doz] Py |:/t_h E(a)doz]
ot -
+ /t_f(o‘) Qé(a)da
0 t . o A
Va(&:) I/’ t 95(5)1215(5)(i.sdﬂ
B L.(] +/.t
+ / £(s)" Z&(s)dsdp.
—h Jt+3

Then, we have the time derivative of V;(&),i = 1,2,3, along the
trajectories of (12) as

Vi(&) = 26()" PUANE®) + A (VE(E — h)] (15)
Vz(ﬁz)z2[]1()\)5(1%)—l—fh()\)f(t—h)]TPz/ ¢(a)da
Jt—h
+26()" Po[é(t) — £(t — )]
+2[e(t) —€(t—h)]" Py £(a)do
Jt—h
+eTQE() — €t — h)TQE(t = h) (16)
Va(&) = h&(H)T Z1E(t) + he(t)T Zo£(t)
- / ) 2iE(3)dp
Jt—h
- / £(0)" ZoE(o)dor (17)
Jt—h

By using the Newton-Leibniz formula
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t
+26(t = h)T[A (M) Py — B3] £(a)da

t—h
— &t — 1) QE(t — h) + h[A(N)E(t)
+ A (NE = )T Z[ANE) + Ay (Ve — h))T

- / E3)" Z1é()dp — / £(0)" Zot(a)da
t—h t—h

+26()"Y / E(B)dP — 26TV IE(t) — £t — )]
t—h

+26(t—n)W &(3)dp
t—h

—26(t = b)) TWIE(t) — £(t = D)
t t

2 N das (3)dp

4 [_f(a) a /,,_f‘ ),

=3 _ E(e)T daS[EW) — £(t - 1]

t t
= iz/ C(t o, )TN, B)dad 3 (18)
2 Jen Jion
where
(taB)y=1e)” et-mn" o) BT
Q(\) T, ()) hUy(\)  RY
‘ T, (N7 —Q=-W-=WT r¥;(\) AW
INCYES NI aRYs _ 2
LT, (N) hTs(X) hZy h=S
Yy’ T 28T —nzy
ANz, ANTz 77
ATz AN Z
+h 1(0) 1 Z1 1 1( 0) 1
0 0

Now, by Schur complement, it follows from (3) that I'(A) < 0. By this
and (18), it is easy to have

. V(&) < —alé(o)f? (19)
/t_,lgw)dﬁ:ﬂ“_&(t_h) where @ =  Auin(=T(\)) > 0. Now, let ky =
) max(|[AM]], |41 (M)|]). Then, for any t > 0, it follows
and (15)—(17), we obtain from (12) that
ey er\T i T Lo N
Ve =&0” [PAK + AW P €1 = 60+ [ LA + et = s
+P2+P;'+Q+hzg] £(t) °
© 2 (P ) — PAe(t— ) <1+ [ [l +1ets = s
t t
260 AN P4 P [ ey <le@+26: [ letias.
t—h —h
QN T, (\) KU, (A)  RY  hAN Z)
TN wH+wE—Q ¥\ RW RA (N Z
hu, (MNT ey ()T —hZy  h%S 0 <0 3)
ny” T n2ST  —hZ, 0
hZiA(N)  hZiA(\) 0 —hZ,
P P
{ P PJ >0 )



IEEE TRANSACTIONS ON AUTOMATIC CONTROL, VOL. 51, NO. 9, SEPTEMBER 2006 1503

Then, for any 0 < t < h, we have Now, by (4), (14), and (19), it is easy to see that for any ¢t > h
0 t
€] < [£(0)] + 2k /} |£(s)|ds+2k1/ £ (s)|ds Amin (P)[ED < V(&) < V(En).
—h 0
< (2kyh 4 1)|6]n + 2k /f sup |€(r)|ds. This together with (24) implies that for any ¢ > h
0 0<r<s
2 k3 2
Therefore, for any 0 < ¢ < A, ()" < )\4(P)|(b|h (25)

. , Noting the relationsh 11) and th lity in (25), we have that
sup [€(s)| §(2k1’1’+1)|<ﬁ|h+2k1/ sup |&(r)|ds. oting the relationship in (11) and the inequality in (25), we have tha
0<s<t 0 0<r<s forany t > h,

Applying the Gronwall-Bellman Lemma to this inequality gives that ) ks Conel 1
forany 0 < ¢t < h lo(t)]” < 7)\111111(1—,)6 leln (26)
Similarly, by (20), we have
sup [€(s)| < (2k1h + 1)|@|n exp(2k1 1). (20)
0<s<t —As
sup |z(s)| = sup e "°|&(s)|
Thus 0<s<h 0<s<h
< (2k1h + 1)|¢|n exp(2kih).  (27)
) < (2k1h + 1)%[0]% exp(4ki b 21 i
s [E()[F < (2hh A 170l exp(4kih). (1) Then, it follows from (26) and (27) that for any ¢ > 0

Note that
|z(t)] < max [ (2kih + 1)

0 t t
/ / £(5)" Z1é(5)dsd < h / £5)" Z1é(s) ds p
—hJi4p t—h X exp(2kih + Ah), A—?)(P)> e Mol

(22)

Therefore, by Definition 1, we have that the time-delay system (X) is
(23)  exponentially stable with a decay rate A. This completes the proof. [J
Remark 1: Theorem 1 provides a new exponential stability condi-
tion for time-delay system (X) in terms of LMIs. With this result, an

upper bound of the decay rate can be calculated easily.
N 5 Remark 2: Tt is worth pointing out that the method in Theorem 1
V(&) < ko [| ¢(h )|2 + < / £(s) ds) can also be used to obtain exponential stability condition for neutral

Jo

0 t t
/ €(s)F Zot(s)dsdB < h / €(s)F Zo6(s) ds.
J—nJit4p Jt—n
Then, by (14) and (21)—(23), we have

systems. To show this, we consider the following neutral system:

+'/Oh E(s)[Pds + 2./0’7 |£<s>|2ds]

y ) 2(t) + Da(t — h) = Ax(t) + Ara(t — h). (28)
< ka(h” 42k +1) sup |&(s)|
0<s<h

By (11), it is easy to see that the neutral system in (28) is transformed

h
+ laz/ |E(s) P ds to
0
< ka(h4+1)° sup [€(s)] . . . . .
0<s<h () + DOVE( = h) = ANE®) + ANt —h) (29)
h
kb [l + le(s = mIds where
J0

< ko [(h4 1) + 2nk7 ? X R R
< ke [(h 17+ 20k sup 16(5)] D) =MD AN = A+ AN

+ 2ka ki h|O|} =M (4, 4+ D).
< ksloli (24)

Choose a Lyapunov functional candidate for (28) as follows:
where

V&) =Vi(& Vo (& V5 (& V(&
k'} = Inax()‘max(P): h/\nmx(Z1 )~ hAnmx(Z2)~ /\ma‘x(Q)) (6 ) 1(£ ) * 2(£ ) * %(6 ) * 4(£ )

ks = ko [(h + 1)2 4 Qhkf] where V;(&;),7 = 1,2, 3, are given in (14), and
X (2kih + 1) exp(4kih) + 2kakih

P DB ) ¢ .
r= |:P; P;] ‘/4(&):'[7h5(3)TZ3§(s)dsd,6



1504

IEEE TRANSACTIONS ON AUTOMATIC CONTROL, VOL. 51, NO. 9, SEPTEMBER 2006

TABLE I
COMPARISON OF THE DECAY RATES IN EXAMPLE 1

h 0.8

1.2 1.4 1.6 1.8 2.0

X by Mondié and Kharitonov [9]

0.7344 0.6715 0.6145

0.5642 0.5202 0.4818 0.4481

X by Liu et al. [§]

0.9367  0.5903  0.3400

0.1813  0.0752 0.0014 0

X by Theorem 1

0.9366 0.9192 0.8991

0.8115 0.6990 0.6148 0.5494

with Zs > 0. Then, following the same line as in the derivation of
Theorem 1, we can easily obtain a sufficient condition for exponential
stability of the neutral system in (28).

By Theorem 1, it is easy to obtain the following delay-dependent
asymptotic stability result for time-delay system (X).

Corollary 1: The time-delay system (X) is asymptotically stable

Remark 3: It is worth mentioning that although the Lyapunov—
Krasovskii functional in (14) was also used in [14] to investigate the
asymptotic stability of time-delay systems, the slack variable S in
Theorem 1 has not been introduced in [14] since in the derivation of
asymptotic stability in [14] only single integrals were used while we
use double integrals (see the proof of Theorem 1); the use of double

if there exist matrices P, > 0,P; > 0,Q > 0,Z; > 0,Z, > integrals makes it possible to introduce the slack variable S in our
0,Y, W, S, and P such that the following LMIs hold: case. It is now well known that it is helpful to reduce conservatism
in stability results for delay systems by introducing slack variables.

O \ifl h\ilz Y AT Z Thus, the 1ntr0du.ct101'1 of the slack vgrlable.S in Cor.ouar)f 1 may also

W7 waw” i MW hATZ reduce conservatism in the asymptotic stability condition in [14].

}T + . T —Q M Y el To show the reduced conservatism of the exponential stability con-
h‘IlQT h’\I/?’T _OhZTZ h™S 0 <0 dition in Theorem 1, we consider the time-delay system in [8] in the
hY h h*S* —=hZ, 0 form of (1) with
thA ’lZléll 0 0 —h,Zl N

PP N [—3 —2] 1 {—0.5 0.1]
,1, 2 = A1 = 5 .
Pl P >0 1 0 03 0
The upper bounds of the decay rate X calculated by the methods in
where [8], [9] and Theorem 1 are compared in Table I. It can be seen that the
result in Theorem 1 is less conservative than those in [8] and [9] for
this example.
QO=PA+ATP +P+ PZT Now, we consider a time-delay system with time-varying norm-
Y Y+ Q+ b (30) bounded parameter uncertainties described by
U, =P A -P+Y -WwT (31) (%) : P(t) = (A4 AA(t))2(t)
Vo =A"P, 4+ P, — 57 (32) + (AL + AA (D) a(t — h) (34)
Uy = AP -P+ 5", (33) w(t)=(t) VYt e [-h.0)] (35)
Q\) +eBTE U1 (\) +eBTEy h¥(\)  RY  hANTZy  PD
(N +eE[E WA+WT —Q4€eE[Er hUz(\) W hA(NZ 0
hBa(N)T (0T ~hZ,  hS 0 hPID <0
RY" W RSt —nZy 0 0
hZiA(N) hZiAi(N) 0 0 —hZ, hZ,D
D'p 0 rDTP, 0 DTz, —el
P B
R
O+ ¢E"E U, +¢E"E, R, ny wATZ, PD A
Ul +eEl'E W4+WT —Q+e¢E'E,  n¥s  wnW  hAlZ 0
hod h¥d ~hZy RS 0 hP3 D <0
RY" W KRSt —hZy 0 0
hZ1 A hZ1 Ay 0 0 -hZy  WZiD
D" P 0 hD"P, 0  hD"Z  —el |
P P
pop
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COMPARISON OF THE DECAY RATES IN EXAMPLE 2

Dordrecht, The

h 0.3 0.5 0.7 0.9 1.1 1.3 1.5
X by Mondié and Kharitonov [9] 0.6255 0.4760 0.3825 0.3191 0.2735 0.2392 0.2125
A by Theorem 2 1.0108 0.8366 0.7103 0.6156 0.5425 0.4845 0.4375
where [2] E. Fridman and U. Shaked, “An improved stabilization method for
linear time-delay systems,” IEEE Trans. Autom. Control, vol. 47, no.
11, pp. 1931-1937, Nov. 2002.
[AA() AAR(t)]=DF®#)[E Ei] (36) [3] H. Gao and C. Wang, “Delay-dependent robust H., and Lo-L fil-
tering for a class of uncertain nonlinear time-delay systems,” IEEE
. . . . . Trans. Autom. Control, vol. 48, no. 9, pp. 1661-1666, Sep. 2003.
and F(t) € R** is an unknown time-varying matrix function bounded [4] H. Gao and C. Wang, “A delay—depenggnt approach to rorl))ust H. fil
by tering for uncertain discrete-time state-delayed systems,” IEEE Trans.
Signal Process., vol. 52, no. 6, pp. 1631-1640, Jun. 2004.
T [5] A.Hmamed, “Comments on ‘On an estimate of the decay rate for stable
P Ft)<I Vvt (37 linear delay systems’,” Int. J. Control, vol. 42, pp. 539-540, 1996.
[6] E.T.Jeung,J. H. Kim, and H. B. Park, “H ., -output feedback controller
By Theorem 1, it is easy to have the following result. design for linear systems with time-varying delayed state,” IEEE Trans.
. R Autom. Control, vol. 43, no. 7, pp. 971-974, Jul. 1998.
. Theorem 2: For gAth"_n scalars A > () an.d h > 0, th.e uncertain [7]1 V.B.Kolmanovskii and A. D. Myshkis, Introduction to the Theory and
time-delay system (X) is robustly exponentially stable with a decay Applications of Functional Differential Equations.
rate A if there exist matrices 1 > 0,P3 > 0,Q > 0,72, > 0,22 > Netherlands: Kluwer, 1999.
0,Y, W, S, P, and a scalar € > 0 such that the first set of LMIs shown [8] P-L. Liu, “Exponential stability for linear time-delay systems with
at the bottom of the previous page hold, where Q(\), ¥ (), T(N), delay dependence,” J. Franklin Inst., vol. 340, pp. 481-488, 2003.
. . . [9] S. Mondié and V. L. Kharitonov, “Exponential estimates for retarded
and W5 () are glve%n .ln (7)~(10), respectively. . . time-delay systems: An LMI approach,” IEEE Trans. Autom. Control,
By Theorem 2, it is easy to have the following robust asymptotic vol. 50, no. 2, pp. 268-273, Feb. 2005.
stability results. [10] T. Mori, N. Fukuma, and M. Kuwahara, “On an estimate of the decay
Corollary 2: The uncertain time-delay system (X)) is robustly Tlgtngor stable linear delay systems,” Inz. J. Control, vol. 36, pp. 95-97,
asymptotically stable lf.thir e exist matrices Py > 0, P > 0,Q > [11] S.-I. Niculescu, Delay Effects on Stability: A Robust Control Ap-
0,21 > 0,22 > 0,Y,W, 5, P, and a scalar ¢ > .0 such that the proach. Berlin, Germany: Springer-Verlag, 2001.
second set of LMIs shown at the bottom of the previous page hold, [12] S.-L Niculescu, C. E. de Souza, L. Dugard, and J.-M. Dion, “Robust
where €, W1, ¥, and U3 are given in (30)—(33), respectively. exponential stability of uncertain systems with time-varying delays,”
To compare the robust exponential stability result in Theorem 2 with {EEE Trans. Autom. Control, vol. 43, no. 5, pp. 743748, May 1998.
that in [9], we consider an uncertain time-delay system in the form of [13] S. 8. Wang, B. S. Cf‘en’ and T. P. Lin, “Robust stability of uncertain
(34)~(37) with time-delay systems,” Int. J. Control, vol. 46, pp. 963—976,_1987. o
[14] M. Wu, Y. He, and J.-H. She, “New delay-dependent stability criteria
and stabilizing method for neutral systems,” IEEE Trans. Autom. Con-
, -4 1 0.1 0 trol, vol. 49, no. 12, pp. 2266-2271, Dec. 2004.
A= 0 —4 Ar = 4 0.1 [15] S. Xu and J. Lam, “Improved delay-dependent stability criteria for
time-delay systems,” IEEE Trans. Autom. Control, vol. 50, no. 3, pp.
384-387, Mar. 2005.
and D = 0.2I,F = E; = I. Then, it is to see that this system [16]

can be rewritten in the form of that in [9, Ex. 2] with [|[AA(¥)|] <
0.2, ||AA1(t)]] < 0.2.The comparison of the upper bound of the decay
rates X obtained by [9] and Theorem 2 is given in Table II, which shows
that the condition in Theorem 2 is less conservative than that in [9] for
this example.

III. CONCLUSION

This note has provided a new exponential stability condition for
time-delay systems in terms of LMIs. Based on this, an upper bound of
the decay rate can be calculated easily. When parameter uncertainties
appear in a time-delay system, a new robust exponential stability con-
dition has been proposed. Both the exponential stability and the robust
exponential stability conditions proposed in this note are less conser-
vative than some of those in the literature, which has been illustrated
via two numerical examples.
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