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Switching controller synthesis for discrete-time
switched linear systems with average dwell time

WEI HE, WEI XIE, WEILIN WU, LANGWEN ZHAGN

This paper addresses weighted L, gain performance switching controller design of discrete-
time switched linear systems with average dwell time (ADT) scheme. Two kinds of methods, so
called linearizing change-of-variables based method and controller variable elimination method,
are considered for the output-feedback control with a supervisor enforcing a reset rule at each
switching instant are considered respectively. Furthermore, some comparison between these two
methods are also given.
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1. Introduction

There is an increasing interest from the scientific community in the study of
linear switching system which comprises a collection of subsystems described by
linear dynamics (differential/difference equations), together with a switching rule
that specifies the switching among the subsystems; see the survey papers [1-3],
the books [4-6]. Because of its strong engineering backgrounds, such systems
can be used to construct a controller for a wide range of physical and engineering
plants in practice. When the switching law is assumed to be arbitrary, one way to
investigate analysis and synthesis problems of stability or control performance is
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to find a common Lyapunov function (CLF) for all the switching models [7-11].
Compared with results based on multiple Lyapunov functions (MLF) [12-14],
such CLF-based conditions might become too conservative when a particular
switching logic is concerned. Therefore, in the context of switched linear systems
with controlled switching, it is reasonable to constitute the switching logic in
the design and find a suitable one such that stabilization as well as performance
improvement can be achieved. In particular, the ADT switching logic has been an
efficient tool in switched system analysis and control synthesis, and also relevant
to many practical applications in [15-17].

As to the controller synthesis of switched linear systems, many results have
been obtained in the literature; see [12, 17-22] and the references cited in
therein. The authors in [12] have firstly investigated the problems of stability
and L,-gain analysis, and state feedback synthesis for a class of discrete-time
switched systems with ADT scheme. With the min-type, piecewise quadratic
Lyapunov function, the authors in [18] have presented sufficient matrix inequal-
ity conditions expressed in terms of Riccati—-Metzler inequalities, which can be
solved by any LMI solver [19] coupled to a line search. Recently, under a re-
laxed min-switching logic perspective, the authors in [20] have used a modified
Lyapunov—Metzler inequality to provide sufficient conditions of stability, L, gain
performance analysis, and output feedback control synthesis for switched lin-
ear systems. Different from state-feedback control of switched linear systems,
which can be solved with the multiple Lyapunov function (MLF) by LMI optimal
technology, the output-feedback control synthesis for switched linear systems
with the ADT scheme is non-trivial. The main difficulty stems from the fact
that the associated boundary condition that constraints the jump between two
adjacent Lyapunov-like functions always leads to non-convex synthesis condi-
tions, which can be expressed by nonlinear matrix inequalities with coupled
matrix variables. To deal with the problem, a two-step design method has ex-
cluded the boundary condition from the controller synthesis, but may result
in an unacceptable disturbance attenuation level and/or an unreasonably large
dwell time [21]. Different from the method by [21], the work in [22] has in-
corporated the boundary condition into the state feedback controller synthesis,
and the associated BMI problem has been circumvented by using a controller
state reset technique. More recently, with the reset control technique [23-26]
and congruent transformation [27], the authors in [17] have presented a hy-
brid control scheme for the output-feedback control of continuous-time switched
linear systems with ADT scheme. With a reset rule, both full-order and reduced-
order controllers with guaranteed stability and optimal weighted H., perfor-
mance can be solved directly by LMI optimizations. However, till now, the
output-feedback dynamic control scheme of discrete-time switched linear sys-
tems with ADT scheme has not yet been fully addressed with the reset control
technique.
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The main idea of this paper is to present switching state feedback and
output-feedback control of discrete-time switched linear systems with the ADT
scheme. Two kinds of methods, so called linearizing change-of-variables based
method and controller variable elimination method, are considered for the output-
feedback control with a supervisor enforcing a reset rule at each switching instant
are considered respectively. First, by the congruent transformation and lineariz-
ing change-of-variables based method, solvability conditions based on linear
matrix inequalities (LMIs) are presented for the existence of such switching
control schemes. Second, by the Finsler’s Lemma and controller variable elim-
ination method, different solvability conditions of LMIs are also presented for
the existence of such switching control schemes. Furthermore, since the solv-
ability conditions decouple the relation between the controller variable matrices
and multiple Lyapunov matrices, compared with linearizing change-of-variables
based method, the number of matrix variables of solvability conditions is sig-
nificantly reduced, which helps numerical efficiency in the design procedure.
With the increasing of the number of subsystems of switching system, the second
method has better numerical efficiency in the design procedure. Finally, a simple
numerical example is given to show the validity of the developed results.

Throughout this paper, R stands for the set of real numbers and R, for the
positive real numbers. R,,«, is the set of real m X n matrices. The transpose of
a real matrix M is denoted by M. The identity matrix of dimension d x d is
denoted by 1;. " and S are used to denote the set of real symmetric n X n
matrices and positive definite matrices, respectively. For x € R”, its norm is
defined as ||x|| := (xTx)"2. The space of square integrable functions is denoted
by L,. For two integers k| < k», we denote I[k, k2] = {ky, ki+1, ..., k2}.

2. Definition and problem statement
The state space realization of a discrete-time switched linear system P is
expressed as

3 {x,,(k +1) = Apsxp(k) + Bysu(k), "

P y(k) = Cy,éxp(k) + Dyu,du(k),
where the vectors x,(k) € R”", u(k) € R", and y(k) € RY denote the state,
the control input, the measured output, respectively. § is a piecewise constant
function of time, called a switching signal, which takes its values in the finite set
I[1, N,], N, > 1is the number of subsystems.

Itis assumed that (A1) The triple (A,;, B, C,;) is stabilizable and detectable
foralli € I[1, N,l; (A2) Dy,; = Oforalli € I[1, N,]. Note that the first assump-
tion guarantees the existence of a stabilizing dynamic output-feedback controller
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for each subsystem, and the second one can be relaxed by loop transformation.
We also assumed that ¢ is continuous from the right everywhere and obeys an
ADT switching logic [15], whose definition is recalled as following.

Definition 1 For a switching signal 6 and any ty > t| > tq, let Ns(t1,t2) be the
switching numbers of 6 over the interval [t1, t3). If Ns(t1, t2) < No+ (t2 —1t1)/ 74
holds for Ny > 1, 1, > 0, then 1, and Ny are called the average dwell time and
the chatter bound, respectively.

Problem 1 Given a discrete-time switched linear system (1), under what condi-
tions there exist state feedback and dynamic output-feedback with a supervisor
enforcing a reset rule that make closed-loop switched linear system globally
uniformly asymptotically stable (GUAS) and achieve a weighted L, gain per-
formance under zero initial condition for every switching signal with the ADT
scheme.

The following lemma is useful to provide a systematic method to find a
switching control scheme which guarantees globally uniformly asymptotically
stability and a weighted L, gain performance for the switched linear system (1).

Lemma 1 (weighted L2 gain performance with level 7) Consider a switched
linear system given in (1). Given three tunable positive scalars 0 < Ay < 1,
A > 1 and u > 1, if there exist symmetric positive definite matrices P; such that

ATPA; — A3Pi ATPB,, CL
T T T
Bu’,‘PiAi Bu,iPiBM,l' -7l Dyu,i

Cy,l' Dyu,i -7l

<0, 2)

Using the solution P;’s of (2), we define the following piecewise Lyapunov
function candidate V (k) = Vs (x) = xT(k)P(;(k)x(k), where Psi) is switched
among the solution P;’s of (2) in accordance with the piecewise constant switching
signal 6. Moreover, if the following inequalities are satisfied

Vixh) < uVi(x?) 3)

for all i € I[1, N,]. Then, the switched linear system is globally uniformly
asymptotically stable (GUAS) for every switching signal ¢ with the following
ADT scheme: for any positive integer j > 0,

J . In(

N 09 i < s -
sONS = W=

“4)
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and achieves a weighted L, gain under zero initial condition, i.e.,

DAl < 7 ) wlTiwli (5)
j=0 j=0

Proof. The results are easily derived from Theorem 5 in [10].

Remark 1 Using Schur complementary Lemma, according to [20, 29], LMIs (2)
are equivalent with the following conditions:
i) there exists symmetric positive matrices P; such that

_Pi_l A; B, 0
T 2 T
AT -2po0 o
T T
BT, 0 - DI,

0 Cyj Dyu,i -7l

< 0; (6)

ii) there exists symmetric positive matrices Q; such that

-Qi AiQi By 0

QAT -30; 0 ol

Bl 0 -7rI DT.
A yu,i

0 Cy,,‘Q,' Dyu,i -7l

> 0. (7)

3. Main results

In this section, a switching output feedback controller with the ADT scheme
is considered to achieve the weighted L, gain performance (5) for a generalized
switched linear system as

xp(k +1) = Apsxp(k) + By sw(k) + By su(k)
Z =1 2(k) = Cxp (k) + Dz gw(k) + Doy 5u(k) 8)
P k) = Cuxpk) + Dyyw(k).

Now, we seek to design a controller (Ag s € R"™>") of fixed order ny as

Xc(k+1)| _ |Axs Bis || xc(k)
utk) | |Crs Drs|| y(b) |’ 9)

xf(k) = Ajjx.(k), when switching occurs,
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where x.(k) € R" is the controller state. Just as introduced in [17], an important
characteristic for (9) is that no plant state information is required for controller

state reset.
Connecting the system (8) and controller (9), eliminating the variables u, y,

we obtain the closed-loop switching system as
x(k+1)| [ As Bys ] [f(k)]
B C_z,6 Dzw,é W(k) ’

z(k)
and x* (k) = T;;x(k), where
Aps + BrsDisCys BrsCrs B Bys + B 5Dy sDyy s
CrsCys Ars |’ Bi 5Dy s ’

(10)

w,0 —

As = [
Cos = [Cz,6 + Dz 5DisCys Dzu,ack,a] s Do = [Dzw,6 + Dzu,éDk,(SDyw,(S] :

and

I, 0 ] (11)

T, =
Furthermore, when controller gain matrices containing all the unknown con-
troller parameters are defined as

Aks Bis ] (12)

Js = [Ck,d Dy s

if we augment the open-loop switched system (8) with states corresponding to
the controller (9), the augmented system will be obtained as

[ x,(k+1) ]
x(k+1) xc(k+1)
z2(k) | = z(k)
y(k) xc(k)
|y
Aps 0| Bys | 0 Byus xp(k)
0 O 0 |I,, O xc(k) (13)
=|[Cis 0 |Dyws| 0 Dyys w(k)
0 I| 0 [0 0 ||x(k+1)
Chs 0 |Dyws| 0 0 u(k)
Aps Bus Bus | [ X(K)
= gz,d szé Dzu,(S @
| Cy.0 DyW(S 0 ﬁ(k)
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We have introduced the abbreviations as

- k _ c(k _ ck+1
"("):[feﬁgk;]’ y("):[xy((m)] and ”("):[X i(k+>)

which allow us to write the control law as u = Jsy with constraint condition
x,t = A; jx k-

Thus, the closed-loop system matrix is also an affine function of the controller
gain matrix Js as

b

Bu,6

Dzu,é

Ap,6 Bw,6

Js | Cy.s Dyns| - (14)
[Cs Do)

Dzw,é

[ A(S B w,0
CZ,6

3.1. Linearizing change-of-variables based method

According to LMIs (6) and the state space expression of the closed-loop
system (10), we have

-P; PA; PB,;, 0
AT 2 ~T
‘_4i P =45k 0 _Cz,i
BI.P, 0 -7l D! .

s _ _ 2l

0 C.i Dyzi -7l

<0, (15)

When the Lyapunov-like function V;(X) is chosen as V; = X! P;X, the inequality
(3) becomes
uP; =T}, PiTij > 0 (16)

foralli € I[1, N,].

The above inequalities (15) will be transformed into linear matrix inequal-
ity for dynamic output-feedback synthesis problem with linearizing change-of-
variables based method.

Let us partition the matrices P; and Pl.‘1 as

| ¥ N | Xi M
P = NT and  P7li= Mo | (17)

where matrices X; € R™"andY; € R™", *?” denotes block in these matrices with
no importance for the derivations to be presented in the sequel. From Pl-Pl.‘1 =1

we infer P; ( ;ZT) = ((I)) which leads to
) X; 1 1Y
P9 =9 with 9= M7 ol P = 0 ]ViT , (18)

1
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which has already been used in [4, 6]. Then the non-linear transformation is

shown as

A; = NiAiM! + NiByiCyi X + YiByiCiiM! + Yi(A; + BuiDiiCy) Xi,

B; := NiBy; + Y:B,;Dy,,
Ci := CoiM] + Dy ;Cy i X,

D,' = Dy, .

Then, appropriate congruence transformations with matrix ¢ can be applied
to (15) so that the resulting constraints only involves the following terms

M P A = [
A;
Bw,i + Bu,iDiDyw,i

9 P;B; = [ N
YiBw,i + BiDyw,i

Ciﬂ = [Cz,iXi + Dzu,iéi Cz,i + Dzu,i

X I

Tp.g _
ﬁP,ﬁ_[IYi

A X; +B,“C A; +BM,D Cy,
Y. A; +BCy,

|

bicy,i] B

We see that the above terms are affine with respect to A;, Bi,C;,, D, X; and Y.
Thus, the matrix inequalities (15) turn out to LMIs with respect to the variables

Aia éia éia ﬁia Xia Yl and 7.

Theorem 1 Given a discrete-time generalized switched linear system (1) and
three tunable scalars 0 < dg < 1, 4 > 1 and u > 1, if there exist n X n
symmetrlc positive definite matrices X;, Y;, and rectangular matrices A,, B i) C,-,

D;, A,] € R™" for alli € I[1, N,] such that

[-X; -1 AXi+By;Ci Ai+By;DiCy; Byi+B,;DiD,,,
e YA+BiCyi  Y:Byi+BiDyy,
O N C L 9. -2 0
OO O -A%; 0

OEN OO ()" -7l

OO OY ()" ()"

0
0
X; CT +CIpT .

iz
T T AT nT
C +Clel DZW

T

W0

-7l

<0, (19)
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uX; ply X; 1,

I, wY; AL Y X;

e TR Y [’* >0, (20)
X; A Xi I, I, Y,

L % LY

Once the variables A;, B;, C;, D;, X; and Y; satisfying the constraint conditions
above have been found, the output feedback controller matrices can be given as

I = Aki Bri| _ | Ni YiBy; T4 -vAX: B M 0
! Cri D, 0 1 ) Cy,,'Xi I

A 21
¢, D, (21)
foralli €1[1, N,].

Proof. Just as introduced in Lemma 1, according to the derivation above with
the congruent transformation and linearizing change-of-variables based method
[29], the conditions (2) can be reformulated easily into conditions (19).

For the condition (3), when switching occurs, we have V;(x*) = T P;x =
YTTi?PjT,- ;x. Then, the boundary condition (3) can be converted to a matrix
inequality, which can be further written by Schur complement Lemma as

[ P TSP
PiTi; P
Multiplying matrix diag{Z;, Z;} to the right and its transpose from the left

X; A )
on both sides of above inequality, since Z;P;T;; Z] = [ s ], where A;; =

>0

I, Y
XY + Xo jA;j Ysz’ the condition (19) can be deduced directly. O

3.2. Controller variable elimination method

By inserting (12) into (7), we can obtain the following matrix inequality
formulation for the weighted L, gain performance problem. Inequality (7) is
equivalent to the following formulation

—Pl._l A; B, 0 EW.
AT —22p 0 CT 0 ~ =

0! . , .
B0 55:{ +| o %[0 Cy Dy 0]

0 Cei Doy —7l Dz (22)
~ T
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The following theorem gives us existence conditions of the output feedback
controller with order nj that make closed-loop system achieve the weighted L,
gain performance by using MLFs under zero initial condition for every switching
signal 6 with the ADT scheme.

Theorem 2 Given a discrete-time generalized switched linear system (8) and

three tunable scalars 0 < 19 < 1, A > 1 and u > 1, if there exist n X n symmetric
positive definite matrices X;, Y;, and matrices A;; € R™" such that

T /lazAleAlT - X; /lazAiXiCZi

Bwi
Ng;|0 ' Ngri|O
= A52Ci XAl —11+ A2CiXiCL,| Dy RiEl <o, 23)
0 |7 - 7 0 |1
BT D -7l

w,i

r(A2ATGA; - Y, A2ATYB,,

ct.
Ny; |0 s (NG 10
((j" 1) A*BT YA, —tI+ A;*B! Y;B,;| D! . (OS” 1) <0, (24
Cz,i Dzw,i ‘ -7l
X; I
( I‘ Y) >0, (25)
1
and
X; I
rank( Il Y) <n+ng. (26)
l
,UX,' /Jln Xj Iy
- AT vy,
ply /fY; Aij Y; >0, 27)
Xj Aij X,‘ In
L Y I, Y

where Ng; and Ny; denote bases of the null spaces of (BMTJ., DZz,i) and (Cy, Dyy.i)
respectively. Then there exists a controller (9) with order ny that make closed-
loop switching linear system (10) with the condition (11) globally uniformly
asymptotically stable (GUAS) and achieve the weighted L, gain performance

under zero initial condition for every switching signal 6 with the ADT 7, > T,.

Proof. Consider the Lyapunov-like functions for the closed-loop system (10)

with (11) as
T
X; Xy
- ~T ',.._,: .xP 1 2,1 xP
Vi b [xc] [XzT,i X3J'] [XC].

Note that each V; has one-to-one correspondence with the subsystems in (10).
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We define
X X7 (% on) o [10
XTI X 7Y Y Y B

It is routine to verify that

Xi Xoi r [ Xi 1
<Z- Lz = .
0<Z [ xT X3,,-] Z =17y

Also the Schur complement relationship
X 1] _[1y'] [xi-yho] [1 0
I Y| |0 1 0 v| |y

X I
LY

implies that

rank( ):n+rank(Xi—Y_1):n+rank(XiY,~—I)<n+nk,

1

where the last inequality follows from I — X;¥; = X5,;Y) and Xp; € R™™,

X; 1 X; 1 . . .
(I Yi) >0andrank( I} Yi) < n+ng,inturn, P; > Oforalli € I[1, N,]. O

Here, we also need to prove these conditions (2) and (3) of Lemma 1 for the
system (10) with (11).

Just as introduced in Theorem 1, according to Schur complementary and
Finsler’s lemmas [29], the existence of n X n symmetric positive definite matrices
X;, Y; to conditions (23)—(26) is equivalent with the existence of symmetric
positive definite matrices P; to (22). That is, if there exist X;, ¥; satisfying (23)—
(26), there exist P; satisfying (22). Furthermore, these matrices X;, ¥; could be
used to construct P; satisfying (22), and then substituting these P; into (22), then
local controllers J; for the subsystems in (10) can be obtained by using standard
LMI optimal techniques. Consequently, the condition (2) of Lemma 1 could be
satisfied.

For the condition (3), the derivation is the same as the introduction in Theo-
rem 1. Then, we arrive at conditions (4).

Consequently, the solvability conditions of a switching controller (9) with
order nj could be obtained with (23)—(27).

Remark 2 Theorem 2 gives us solvability conditions on the existence of a switch-
ing output feedback controller (9) with order ny under which the weighted distur-
bance attenuation level can be attained with the ADT scheme. When the symmetric
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positive definite matrices X;, Y; satisfying (23)—(27) exist, just as introduced in
[29], we can construct a positive matrix P; € RUHMXU+10) by finding a matrix
Xi Xo;
Xy € R such that X; — Yl.‘l = XZ,iX2T," Then P; = [XTl ;l] is a proper
’ 2,
Lyapunov matrix for the switching controller design problem. The order ny; of
corresponding controllers need be no larger than n, and in general can be chosen
to be the rank of X; — Yl.‘l. Substituting this P; into (22), then controllers J; for
every local plant of the switched plant can be obtained directly by using standard
LMI techniques.

Theorem 2 states that a matrix P; in R"+4)X(+m0) can be constructed from
X;, Y; exactly when the LMIs (23)—(25) and (27) and rank conditions in (26) are
satisfied. Rank conditions are not in general LMI, but notice that

X; I

rank( I Y,

) < 2n. (28)

Therefore, if the order of controller n; > n is chosen, rank conditions become
vacuous and only LMI conditions are left. That is, when a full order controller
is considered, note that with any given pair of the dwell-time parameters (4, u),
these conditions besides rank constraint (26) are LMIs. Thus, the determination of
the minimal weighted L, gain 7, with respect to a given (A, w), can be formulated
and solved as an LMI optimization problem:

min T

S.T. (23)—(25) and (27) (29)

3.3. Comparison between linearizing change-of-variables based method
and controller variable elimination method

As to LTI plant, two kind of LMIs based conditions for the existence of
H infinity controller synthesis are equivalent. However, for switched plant or
LPV plant, numerical computation complexity of two methods is not consistent.
Assume that the number of local subsystems is N, the number of LMI matrix
variables is 8 N for the first method, that is solved by a one-step procedure. By
comparison, the second method has a two-step procedure, the number of LMI
matrix variables is 3N in the first step; and the second step merely includes N
LMI matrix variables. Even though the solution procedure for the second method
has two steps, the number of LMI matrix variables in each step is much less than
the first method. Consequently, the numerical efficiency in each step is better than
the first method.

From the derivation above, when the number of subsystems is N, besides

the matrices A; ; € R™", linearizing change-of-variables based method has 6N,
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LMI variables, which is much larger than the method presented here merely
including 2N,,.

In general, if the number of subsystems is quite large, with the increasing of the
number of the LMI variables, the solutions of output feedback controller matrices
for LMI conditions (21) may not be feasible. In comparison, since the method
proposed here decouples the relation between the controller variable matrices
and multiple Lyapunov matrices, the number of matrix variables is significantly
reduced, which helps numerical efficiency in the design procedure.

4. Example

To show the effectiveness of the proposed method, a simple numerical example
is illustrated with two vertices in [30] as

3 0 1 N 0 o
| =2+y —001 | T[] 30)
y=[10]x
Denote by A; and A, the values of the state matrix for y = —1 and 1,

respectively.
Assume two subsystems of the continuous-time switched plant above are
discretized with sampling time 0.1, respectively, as

0.985 9.95¢ -2 4.98¢ - 3
AL = [—0.298 0.984 ] B = [9.94e—2]’ c=[1o]

and

0.995  9.98¢ -2 4.99¢ - 3
Ao = [—9.98e—2 0.994 ] 2= [9.97e—2]’ G=[10].

As shown in Fig. 1, external disturbance rejection problem is considered here,

where we choose the weighting function as Wi (s) = T which is discreteized
s

4.758
m. This weight has bandwidth 1 rad/s,

so it might be used to get good tracking. The weighting L, performance optimal
constrained problem is considered here as (5).

Suppose that the switched plant (10) is required to operate over the time
interval ¢ € [0, 7]sec with the following switching signal

1, 200 < k< (21+1)-10, and k € [3, 50]
o(k) =

2, otherwise

with sampling time 0.1 as Wi (z) =
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w
\/V
P > > —> z
u
K y

Figure 1: Block diagram for design

where [ = 0, 1,2, 3. The ADT of this switching signal can be calculated by 7, =
7/6 = 1.17, where 6 is the number of switches occurred during the time interval
[0,7] sec. As such, we specify the dwell-time parameters (A, u) = (1.062, 4)
for the controller synthesis, such that the ADT 7, satisfies the requirement.
Meanwhile the positive number A is chosen as 41¢ = 0.998.

Solving the optimization problem (19), (20) with LMI toolbox [29], a state
feedback controller is designed in the form of (8) with the optimal value v = 20.01.
And solving the optimization problem (23)—(27), we obtain a full-order output
feedback controller in the form of (9) with the optimal value 7 = 25.49. As
expected, the resulting value of T appears to be 5.48 larger than that derived by
using the state feedback control strategy. When the switching signal with the
average dwell time 7, is given as Fig. 2, time-domain simulation results of the
state feedback and full-order output feedback control are obtained as Fig. 3 using
the external disturbance signal: w(k) = —1, k > 5.

2.5

2

1.5 1

1< -

0'50 1 2 3 Time 4 5 6 7

Figure 2: The switching signal

As seen in Fig. 3, from (a) the controlled output response of the state feedback
has a quicker transient process and better static properties than that of the output
feedback. Meanwhile, from (b) the control force of the state feedback is much
larger than that of the output feedback.
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(b) Controller output

Figure 3: Simulation results using state feedback and output feedback

5. Conclusions

This paper has presented solvability conditions of switching control schemes
for state-feedback control and output-feedback control of discrete-time switched
linear systems with ADT scheme respectively. Based on these conditions, the
design procedure is separated into two sequential steps. First, multiple Lyapunov
functions for each closed-loop system have been obtained to guarantee globally
uniformly asymptotically stability as well as the weighted L,-gain performance.
Second, by these multiple Lyapunov functions, each controller for each plant
subsystem could be solved directly by LMI optimal technology. Furthermore,
since these conditions decouple the relation between the controller matrices
and multiple Lyapunov matrices, the number of matrix variables of LMI based
solvability conditions is significantly reduced, which helps numerical efficiency.
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