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Abstract In this paper we consider the problem of stabilizing a bilinear system with time- varying delay via linear state
feedback control. Based on the Lyapunov method, a delay-dependent criterion for determining the stabilization of system is
obtained in terms of linear matrix inequalities (LMIs) and used to express the relationships between the terms in the
Leibniz-Newton formula, which can be easily solved by efficient convex optimization algorithms. From the numerical
examples, the obtained results have some significant improvements over the recent literatures.

Keywords Bilinear system, time-varying delay, linear matrix inequalities (LMIs), convex optimization algorithms.

1. Introduction

The phenomena of time-delay are very often encountered in control systems, economic systems and even population
dynamics, etc. The presence of time-delay in the control or state evolution laws usually degrades system performance or
even causes instability. Since delay is usually time-varying in many practical systems, many approaches have been
developed to derive the delay-dependent stability criteria for systems with time-varying delays. Thus, the problem of stability
analysis for time-delay systems has been an important topic [1-12] and references therein. The stability criteria for linear
system with delayed state can be classified in two classes function on their dependence on the size of delay:
delay-independent [7] or delay-dependent [2-6, 8-12]. For systems with time-varying delays, the above-cited literature
usually demand that the upper bound of the derivative of delays must be smaller than 1. This implies that information on the
derivative of time-delay term /(1) is not used, which is obviously unreasonable. If the upper bound of derivative of delays
is larger than 1, results in [2, 3, 4, 5, 7, 9-12] do not apply. Recently, using various analyzing methods, the upper bounds of
delay derivative larger than or equal to 1 have been presented [6]. In order to reduce the conservativeness of the stability and
stabilization criteria, many methods have been proposed, such as the model transformation method [2], augmented
Lyapunov- Krasovskii functional method [10], free weighting matrices method [3], Jensen’s inequality [6] and
delay-partitioning method [8].

On the other hand, bilinear systems have found a rich field of applications in many areas of signal process and control
theory. Bilinear systems are derived from basic phenomena as natural models to describe the dynamics of numerous
processes in physics, biochemistry, and agriculture, as well as engineering. Furthermore, when dealing with nonlinear
systems it is often useful to consider bilinearization as opposed to linearization, in order to obtain a mathematical model
representation that is applicable for a wider range about a given operating point [7]. The great interest on the bilinear systems
is due to their simplicity and capability to describe real processes. The bilinear mathematical models are always used to
model real-world dynamic systems [4, 5, 7, 11, 12]. As for the stabilization of bilinear systems with time varying, only a
few works have been done on this subject.

More recently, the state feedback control of bilinear systems with time delay has been addressed by means of a linear
matrix inequality (LMI)optimization problem in [11, 12], where an estimate of the domain of attraction is also computed.
Hence, the stabilization problem of bilinear system is an important task for the control system engineers. However, the
result in [11] gives only stability conditions for the closed-loop bilinear time-delay systems with given controllers, and their
given controllers are state feedback controllers. It did not propose even state feedback controller design method. Then, the
research has extended to an output feedback control design of bilinear time-delay systems in [12] where the state feedback
control and observer design have been proposed. As for the stabilization of bilinear systems with time varying, only a few
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works have been done on this subject. When time-varying delay appears in bilinear systems, the stabilization problem
becomes more complex and challenging. However, to the best of our knowledge, the problem of stabilization for bilinear
systems with time-varying delay remains open, which motivates this paper.

The objective of this paper is to study the problem of stabilization of bilinear systems with time-varying delay by means of
state feedback control law. The main results of consist in investigating the conditions dependent on the size of delay for
closed-loop stability such a class of systems. All the results are expressed in term of LMIs, which can be easily solved
numerically by employing the convex optimization problem algorithm. The advantage of the approach is illustrated by
numerical examples.

2. Stability Description and Preliminaries

Consider the following bilinear system with time varying delay described by:
x(t) = Apx(1) + Ax(t = h(0)) + N u(O)x(1) + N u(0)x(t = h(1)) + Bu(t) (1a)
x(t)=¢(t), te[-h0] (1b)
where x(¢) € R" is the state vector; u(¢) € R" is the control input vector; is the measurement output; x, is the state at time ¢

denoted by x,(s)=x(t+5); A, As-No N, and B are known constant matrices with appropriate dimensions; @(¢) is a

smooth vector-valued initial function.
The time-delay A(¢#) may be unknown but is assumed to be bounded. It is also assumed to be a smooth function such that

0<h(t)y<h and  h(t)<h, )

where hand }, are some positive constants.
The following lemmas are useful in deriving the criteria.
Lemma 1 [6]: If there exist symmetric positive-definite matrix

Xn X Xo
X = XITZ X»n X»|20 (3a)
Xh X» X»

the following integral inequality holds
_Iz’—h(r))'CT(S)ng).C(S)dS
Xn X Xo x(t)

<[LoX'@) X@=h@) F©]Xh X Xu|| x(@=h() |ds (3b)
Xt X»n 0 x(s)

Lemma 2[1]: The following matrix inequality

{Q(x) S(x)} <0 -
S'(x) R(x)
where Q(x) =Q"(x),R(x) = R"(x) and S(x) depend on affine on x, is equivalent to
R(x)<0 , (4b)
O(x)<0 ’ @)
and
O(x)=S(x)R™'(x)S"(x) <0. 0

3. State Feedback Control for Time-Varying Delay Systems

In the section, we will focus on the controller synthesis for the bilinear system with time-varying delay (1) and the
objective is to construct a state-feedback control law.
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PKx(t)
1) =
“ JI+x (O K Kx(t) ®

where p isagivenscalar,and K isa constant matrix to be determined. Then, the natural choice of a controller is given by

u(t) = psiné(t)
= pKcosO(t)x(t) (6)

Kx(@) ,cos0(t) = !
JU+ X" (0 K TKx(t) S+ 2 (0K Kx(t)
The closed-loop system (1) with (6) is given by
x(t) = (4o + pBK cos 0(t) + N psind(1))x(t) + (4, + N psin0(t))x(t — h(t)) (7

A problem is to find a state feedback controller (5) that stabilizes the closed-loop system (5). The form of the controller (5)
is bounded by p, which makes the system

where sind(t) =

.and 9e[-2, 7.
272

analysis and controller design feasible.

We first give delay-dependent stability conditions of the closed-loop system (7), and then we propose a design method of
stabilizing controller for the system (1).
Theorem 1: For given scalars 7, ,, p, and control gain matrices| &1 th& elosddslpop system (7) is asymptotically stable if
there exist matrices P=p"' >0, Q= QT >0, R= RT >0, X=| X, X» Xux|>0,such that the following LMIs hold:

Ql] Q]Z l}l X; X33

Q=|0L Q. 0 [<0 (8a)
Qs 0 Qy
and
R-X20, (8b)
where

Qi =AP+PA+ NiNo+NIN\+K'B'BK+p PP+ Q+hX+ X1+ X5 +4hp NiRN o +5h AR 4,
Qu=PA+hX,—Xs+ X

Qi =\3phK"B'R,

Qu=hXn=Xu=X5—(1-h)Q+p'P+4hARA+4hp’NIRN ,

Qs =—hR.

Proof: We consider the following Lyapunov-Krasovskii functional candidate:
V(x)=Vix)+VAx)+Vs(x), ©)
where
Vi(x) = x"(O)Px(t),
Va(x) =[x ($)Ox(s)ds,
Va(x) =[] & ()R¥(s)dsd0,

with matrices P=p" >0, Q= QT >0, R=R">0, tobe determined.
Now, let us calculate the time derivative of V(z) for ¢ €[0,00)along trajectory (7).

V(x) =1 (x)+V.0e) +75(x) (10)

First the derivative of J/,(¢) is
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Vilx) = x"OPx(t)+x"(£)Px(t)

=x"(t)P[(4o+ pBK cos 0(t) + N ,osinf(t))x(t) + (4, + N ,psin6(t))x(t — h(t))]

+[( 4o+ pBK cos O(t) + N opsind(0)x(t) + (4, + N ,osin@(t))x(t — h(t))]’ Px(t)

= x"(O)P[ 4, + pBK cos O(1) + N psind(1)]x(t) + x" (1) Ao+ pBK cos (1) + N yosind())]" Px(7)
+x"(O)P(4,+ N psind(t))x(t = h(t)) + x"(t = h()[(4,+ N psin0())x(t — h(t))]" Px(z)
<x"(O[AP+PA,+ NiNo+ K B'BK + p’ P*(sin’0(t) + cos 0(1))]x(t)

+x" (P AX(t = h(0) + x"(t = h(©) ATPx(1) + x" (OONTN x(1) + x" (¢ = h(0)) p” Psin® O(1)x(t = h(2))
<x"(O[AP+PAy+ NiNo+ K B'BK + p’ P21x(t) + x"(£)P A x(t — h(2)) + x" (¢ — h(t)) 4] Px(t)
+x (ON{Nx(0)+ x"(t = h(t) p’ Px(t = h(1))

Second, we get the bound of J,(r) as

V(x) = x ()0x(0) = x" (¢ = h()(1= h(£) Ox(t — h(1))
< x"(O0x(t) = x" (t = (D)1= h)Ox(t — h(1))

Third, the bound of 74(¢) is as follows:

Vi(x) =& (OhR(t) - [, x"(s)Ri(s)ds
< X" (ORRE()~ [, 5 () R(s)ds

= x"(OhR(1) = [, " ()R = X 3)%(s)ds — [, 5" () X 55 (s)ds

t
t=h(t)

~[ i X7 () X 35X (s)ds
<[Lolx' @ xTE=h@) ()]
Xu Xo Xo x(?)

{X{z X Xzz:H:x(th(t))]dS
Xt Xn O x(s)
=x"OhX 1+ X5+ X5]x()

+x (OhX o= X s+ X 51x(t = k(1))

+xT(t_h(t))[hX{z_Xlra‘f'Xza]x(t)
+xT(f - h)[th —Xa —X;]X(l‘ - h(t))

x(s)ds, with Lemma 1 obtains

The operator for term x"(¢#)ARx(¢) is as follows:

X' (OhRx(t)

=[(4o + pBK cos O(t) + Noosin@(t)x(t) + (4, + N ,osin0(t))x(t — h(t))] x hR x
[(4o+ pBK cosO(t) + N,osind(t))x(t) + (4, + N,osinf(t))x(t — h(t))]

=x"(Oh(4y+ pBK cosO(t) + N,osind(t))’ R (4, + pBK cosO(t) + Nosind(t))x(t)
+ x"(Oh( 4, + pBK cos O(t) + Nopsind(t)) R(4,+ N,psind(t))x(t — h(t))

+x"(t = h(@©)h( 4, + N psin0)' R (4, + pBK cosO(t) + Nopsind(t))x(t)

+x"(t = ()4, + Npsind(0)) R(4,+ N,psind(t))x(t — h(t))

<x'(ORB AR Ao+ p°NIRN sin’0(t) + p’ K" B'RBK cos’0(t) + p’ NiRN,+ p’ K" B"RBK)x(t)

+x' (M2 A RA+ p°NoRN o+ p K" B'RBK + p' K" B'RBK sin’0(t) + p* Ny RN osin (1)) x(1)
+x'(t = h(t))h(24TRA,+ p"N{ RN, + p"N{ RN sin°0(t))x(t — h(1))
+x"(t = h(1)h(2 4] R4+ 2p” N{ RN isin’0(1))x(t — h(t))

<X'(ORGS AR A+ 4P’ NeRN+3p K" B'RBK)x(t) + x"(t — h())h(4 Al R4, + 4 p° NI RN )x(t — h(?)),

Combining (10)-(15) yields
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V() S EMBED) -, i (R~ X 1)%(s)ds (16)

= 12

= ,and
—T
=N 22

Eu= AP+ PAy+ NoNo+ NIN\+ K B'BK + p’ P+ Q+h X\ + X s+ X1:+3hp’ K" B'RBK +4hp’ N(RN + 5h AR Ao»
EIZZPA1+hX12_X13+X§39
En=hXn—Xn—X%— A-n)0+ P2P2 +4h A RA, + 4h,02N1TRN1-

[1]

where &'(0) =[x"(1) x"(t—h(1)],

[11 [1]

From Equation (16) and the Schur complement of Lemma 2, it is easy to see that ¥(x,) <0 holdsif R— X5 20. IfLMIs

(8) are feasible, system (7) is asymptotically stable. This completes the proof.

The following Theorem 2 gives an LMI-based computational procedure to determine state-feedback controller. Then we
have the following result.
Theorem 2: For given scalars 4, p,/,, the closed-loop system (7) is asymptotically stable if there exist positive-definite

. }1] }]2 }]3
matrices W=w’'>0, U=y'>0, V=p">0, S=8">0, X=|X, X»n Xu»|=0, and any matrix Y with
}TS };-3 }33
appropriate dimension such that the following LMIs holds:

Yi Yo Yo
Y=y, ¥, 0 [<0, (17a)
v, 0wy
and
W-x,20, (17b)
where

Wy =W AL+ AW +WNINWV +WNINW +Y B'BY + p' I +U + b, + X o+ X o+ 40’ NV No+5h AV Ao
Yo = AW +hX =Xt X
¥, =3hpY' B,
Yoo =hX 3~ X~ Xu—(—h)U+p’ T +4h A[VA+4hp NTVN,
Y, =—hS.
Then, the bilinear system with time-varying delay (7) is asymptotically stable within allowable time delay /# under the

state feedback control law and K =YW ™' is a stabilizing gain.
Proof: Pre- and post- multiplying both sides of (8) by diag{p',P',R"'} and letting W =p', Y =KW,

_ R _
POp'=U,p'RP'=V, P'X,P"'= X, (@,j=123), S=R" and [R" P {—X }P" =W -"x,, leads to (17). This

33
ends the proof.
Remark 1: In the stability problem, maximum allowable delay bound (MADB) /4 which ensures that bilinear system with
time varying delay (1) is stabilizable for any /4 can be determined by solving the following quasi-convex optimization
problem when the other bound of time-varying delay # is known.

Maximize h
Subject to Theorem 2 (18)

Inequality (18) is a convex optimization problem and can be obtained efficiently using the MATLAB LMI Toolbox.

3. Illustrative Examples

This section provides two numerical examples to demonstrate the effectiveness of the presented criteria.
Example 1. Let us consider a bilinear time-varying delay system as follows:
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x(t) = Ax(2) + 4x(t = h(2)) + Nu(0)x(1) + N ua(t = h(0))x(2) + Bu(t) (19)

o o0 [2 0 [-03 o0 _0.103_2
A=lo P71 2T 00 Zo2™ T o 02" Tlol

Now, our problem is to design a memoryless state feedback controller as (5) to stabilize system (19) and estimate the bound
of delay time /% to keep the stabililization of system.
Solution: Let p=0.5,4,>1, by using the LMI Toolbox in MATLAB (with accuracy 0.01), solving the following
quasi-convex optimization problem (19). Then, the solutions of the LMI given in (17) are found to be
K =YW =[-56.8981 -108.8760] and h <12.5989.

Example 2. Let us consider a bilinear time varying delay system as follows:

x(1) = Ax(1) + 4x(t = h(1)) + Nou(1)x(2) + N u(t = h(1))x(2) + Bu(t) (20)

o 1 30 [-03 0 _for o7 [
A=l 5P sPN T o 02N T 0 027 T|os )

Now, our problem is to design a memoryless state feedback controller as (5) to stabilize system (20) and estimate the
bound of delay time / to keep the stabililization of system.
Solution: The results of the maximum allowable delay bound (MADB) £ for different values of }, are also listed in
Table 1. Note that the results of [2, 4, 5, 7, 9, 10] fail to deal with this system since the matrix describing the relationship
between the slow and fast variables cannot be determined beforehand. For this case, it can be verified that stability
conditions in [3, 11, 12] do not apply when j, > 1. Hence, for this example, the robust stability criterion of this paper is less
conservative than the existing results [2, 3,4, 5, 7, 9-12].

where

where

Table 1. Maximum allowable delay bound (MADB) /; for different /3, ( pP= 0.8)

ha h Iterations Feedback gains

0.5 500 21 [-41.9844  41.2692]
0.6 38.6899 15 [-96.0227 120.9498]
0.7 6.9297 16 [-514.3448 799.8481]
0.8 0.1847 28 [-0.6771 1.05311x10’
0.9 0.1655 17 [-4.1691 5.4512]1x10*
>1 0.1655 18 [-0.7796 1.01931x10°

4. Conclusion

In this paper, delay-dependent stability conditions and state feedback stabilization of bilinear systems with time-varying
delays have been considered. The proposed design conditions have been casted in the form of LMIs feasibility problems, thus
the control law can be efficiently computed by means of convex optimization algorithms. Finally, examples were given to
illustrate our approach and to show the effectiveness over the existing results.
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