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Abstract—In present paper the tracking control problem of lin-
ear discrete-time systems with disturbance in a finite time interval
is considered. We constructed a new system so that the problem
can be turned into finite-time boundedness(FTB) problem of the
output vector. Then a finite-time state feedback controller of the
system is derived by designing the state feedback controller for
the new system via the linear matrix inequality(LMI) approach.
Based on this result, a finite-time bounded tracking controller of
the original system is obtained. Finally, a numerical example is
presented to illustrate the feasibility of the controller.

Index Terms—discrete-time, finite-time bounded tracking Con-
trol, disturbance, state feedback controller, LMI approach

I. INTRODUCTION

Many researchers have studied asymptotic stability of dy-
namical systems since its emergence at the end of the 19%h
with the fundamental theorem of Lyapunov in [1]. But there
is an important property which concerns this kind of stability:
finite-time stability. Now we call a system is to be finite-
time stable(FTS) if its state dose not exceeds some bounds
during a fixing time-interval. In many practical applications,
for example, in robot control systems, communication network
systems, or biochemical reaction systems, people are more
interested in what happens over a finite-time interval rather
than the asymptotical property in a infinite time. To discuss
this transient performance, Dorato [2] firstly defined finite-time
stability for linear deterministic systems. Recently, significant
contributions have been given in this field, especially in the
case of linear systems.

With the development of linear matrix inequality(LMI)
theory, the researches on FTS yielded fruitful results. In
[3-4], Amato et al. extended the concept of FTS to the
linear continuous-time system with external disturbances and
gave the concept of finite-time boundedness(FTB), and the
discrete-time system was also investigated in [5-6]. The further
researches we refer the readers to [7-10].

Tracking control is one of the dynamic problem and most
significant topic, both in control field and practice. In general,
the tracking problem is very much difficult in contrast to
stability problem[11-12]. One of the most important problem
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about tracking control is the controller design[13-14]. Tracking
controller is generally regarded as a device to control the
response of a system to track a desired trajectory in an
exact manner. According to the desired values, there are two
categories for tracking problem[15]: output tracking problem
and state tracking problem. The tracking control design is
already proposed in the continuous-time domain[16]. Now,
many controllers are designed in discrete-time domain. In
contrast to continuous-time, discrete-time approach has many
advantages(e.g. better implementation, adaptable). It can han-
dle a very much wider class of control laws over continuous-
time domain[17-18].

Throughout this paper, R" represents n—dimensional real
Euclidean space. The matrix P” represents the transposed
matrix of P. For a symmetric matrix, P = PT > 0 means
that matrix is positive definite. P > () means that P —Q > 0.
Amaz (A)(Amin (A)) denotes the maximal (or minimal) eigen-
value of a real symmetric matrix A. By diag(---) we denotes
a block-diagonal matrix.

The rest of this paper is organized as follows. In Section
II, we provide the considered system description and some
definitions and results. In section III, we constructed a new
system according to the orginal system so that the problem
can be turned into FTB problem of the output vector. Section
IV is the main part of this paper. A finite-time state feedback
controller of the system is derived by designing the state
feedback controller for the new system via the LMI approach.
Based on this, a finite-time bounded tracking controller of the
original system is obtained. In section V simulation results
provided to illustrate the feasibility of the controller.

II. DEFINITIONS AND PRELIMINARY RESULTS

The paper is concerned with the trajectory tracking control
problem for a class of linear discrete-time systems, whose
dynamics can be described by

z(k+1) = Az(k) + Bw(k), x(0) =z (1)



where x(k) € R™ is the state vector, w(k) € RP is the
disturbance generated by the exosystem

w(k+1) = Sw(k), w(0)=wp 2)

and all matrices are bounded of compatible dimensions.

The finite-time bounded(FTB) of system with exosystem
was described as follows: system (1)-(2) is said to be finite-
time bounded with respect to (0, d.,¢, R, N), where N >
1,0, >0,e >0,0, >0, and R > 0, if

2T (0)Rz(0) < 62, wl (0)w(0) <62 = 2T (k)Rx(k) < €2,

Vk e {1,2,--- ,N}.

For convenience, hereinafter, the state vector of system
(1)-(2)is also said to be finite-time bounded with respect to
(0z,0u,, R, N). The object of this paper is to discuss the
finite-time bounded tracking of system (1) with exosystem
(2). Now we first propose a definition of finite-time bounded
tracking.

Consider the discrete-time system

z(k+1) = Ax(k) + Ew(k)
w(k +1) = Sw(k) 3)
y(k) = Cx(k),

where z(k) € R",w(k) € RP and y(k) € R? are the state
vector, the disturbance vector, and the output vector of the
system, respectively. A € R"*" E € R"*P S € RP*P and
C € R?7*"™ are known constant matrices.

In some practical problems, it is hoped that the output of
system (3) is always located in a neighborhood of a reference
signal under some certain conditions. This kind of problem
is referred to as “finite-time bounded tracking problem”. Let
the reference signal be (k) € R? generated by the following
system

r(k+1)= Mr(k), r(0) = ro. 4)

The error signal e(k) is defined as
e(k) = y(k) —r(k). )

The concept mentioned above can be described by the follow-
ing definition.

Definition 1 System (3) is finite-time bounded tracking
of the reference signal (k) with respect to (d¢, 0y, €, R, N),
where N > 1,6, > 0,0, > 0,6 >0, and R > 0, if

el (0)Re(0) < 52, wT (0)w(0) < 62 = el'(k)Re(k) < €2,

Vk e {1,2,--- ,N}.
To deduce an LMI feasibility problem, the Schur comple-

ment lemma is also needed.
X1 Xio

< 0 if and onl
Xi2 X22> Y
if one of the following two conditions is satisfied:

Lemma 1 Symmetric matrix (

(1) X1 < 0,
(2) X22 < 07

Saa — 81,811 S12 < 0.
Si1 — S12555' St < 0.

III. CONSTRUCTION OF THE ERROR SYSTEM

Now consider the following discrete-time system with dis-
turbance generated by an exosystem

xz(k+1) = Az(k) + Ew(k) + Bu(k)
w(k +1) = Sw(k) (6)
y(k) = Cu(k),
where z(k) € R™, u(k) € R™,w(k) € RP and y(k) € R? are
the state vector, the input vector, the disturbance vector, and
the output vector of the system, respectively. A € R"*" B €
R F € R"P S € RP*P and C € R?*" are known
constant matrices.
The difference operator A of vector and matrix is defined

Av(k+1)=v(k+1) —v(k).

Taking the operator A on both sides of the first equation of
(6), one can follows

Azx(k +1) = AAz(k) + EAw(k) + BAu(k).  (7)
Applying A to e(k+1) = y(k+ 1) — r(k + 1) and noting
that Ae(k + 1) = e(k + 1) — e(k), we have

e(k+1)=e(k)+ Ay(k+1) - Ar(k+1)
e(k)+ CAx(k) — Ar(k+1)
e(k) + CAAz(k) + CBAu(k)
+ CEAw(k) — Ar(k + 1).

Introduce the formal state vector

e(k)
X (k)= (m(@)
and matrices

- I CA = CB = CFE = -1
=0 D) 2= (F) £ (%) 2= ()
then by (7) and (8) we get

X(k+1) = AX (k) + EAw(k) + BAu(k) + RAr(k +1).

®)

Combine the terms Aw(k) and Ar(k + 1) in above equation
and take them as the external disturbance, we have

X(k+1) = AX(k) + BAu(k) + (E R) <Af(1]g(f)l)> .
)
Awk) \ #_ 7 oy o (S0
et Wik = <Ar(1/5(+)1)> = (B RS- <0 M>'
Define a new exosystem and output as follows, respectively,
W(k +1) = SW(k), (10)
Y (k) = CX(k), (i

where k = 1,2,--- | N,C = (I 0). Combine (9)-(11) one
can get a new system with a new exosystem
X(k+1)= AX(k) + EW (k) + BAu(k)
W(k+1)= gW(k)
Y (k) = CX (k)

12)



Now we set a formal reference signal R(k) = 0,k =
1,2,---, N. Obviously, e(k) = Y (k) — R(k). Thus, an error
system can be gotten as follows:

X(k+1) = AX (k) + EW (k) + BAu(k)
W(k+1) = SW(k)

Y (k) = CX(k)

e(k) = Y (k) — R(k)

13)

IV. DESIGN OF THE CONTROLLER
Consider the following state feedback controller
Au(k) = FX(k),

where F' = (F6 Fw) will be determined later. By (13) it
follows
X(k+1) = (A+ BF)X (k) + EW (k)
W(k+1)=SW(k)
Y (k) = CX(k)
e(k) =Y (k) — R(k)

Let 77(0)r(0) = 62. Then

(14)

WIW) = (8w’ A7) (R0

= AwT (1)Aw(1) + ArT (2)Ar(2)
< 2(Amaz(STS) +1)6% +2(\2

+ Amaz (MTM) +1)52.
Let Ao = max{\naz(STS), Anax(MTM)}, and 63, =
2(Xo + 1)82 + 2(A\2 + Ao + 1)42, it follows that

WTW (1) < 6%

Theorem 1. The closed-loop system (14) is finite-time
bounded tracking of the reference signal R(k) with respect
to (e, 0w, e, R, N), if for a given scalar v > 1, there exist
matrices P; > 0, P, > 0 and scalars A\; > 0, Ao > 0 such that

(A+ BF)TCTP,C(A + BF) — ~CTP.C
ETCTP.C(A + BF)
(A+ BF)'CTPCE
ETCTPCE—~p, ) <0 19
R<P1 <)\1‘R7 (16)
0< Py < Ao, (17)
N 22
AOZ+Xa > My < T (18)

i=1
Proof Construct the Lyapunov function as follows:

V(e(k)) = 7 (k) Pre(k).

Then

Vie(k+1))=e (k + 1) Pe(k+1)
= (CX(k+1)'P(CX(k+1))
= (C((A+ BF)X (k) + EAW (K)))"
Py(C((A+ BF)X (k) + EAW (k)))
( D(A+ BF)X (k) + CEAW (k)T
P,(C(A+ BF)X (k) + CEAW (k)
= (XT(k) WT(k)) ((A *E’??TTCT)
P (C(A+ BF) CE) <v)§.((?)>
= (XT(k) W' (k))
(A+ BF)TCTP,C(A+ BF)
( ETCTP,C(A + BF)
(A+ BF)"C"PCE >
ETCTP CE

By (15) one can obtain

Vie(k +1)) <AV(e(k)) +yWT (k) P,W (k)
<AV (e(k)) + Mnaz (Po)yW T (K)W (k) (19)

Using recurrent calculation with (19) we have

Ve(k)) <yV(e(k — 1)) 4+ Mgz (P)YW T (k = D)W (k — 1)
<YV (e(k —2))
+ Mz (P)V?WT (k= 2)W (k — 2)
+ )\mam(P2)7WT(k - I)W(k - 1)
<AV (e(1))
k—1
+ Anar(P2) Y AW (k=)W (k—i).  (20)

Taking v > 1 into account, one can get from (20) that

V(e(k)) <7*HV(e(1))

k—1

mam P2 ZWT —Z)] (21)

Since for all k € {1,2,---, N} (21) holds, we have
V(e(k)) <N HV(e(1)

N—1

ma:c P2 Z WT (N—Z)} (22)
1=0



Note that Aa.(STS) = Ao, so

N-1 N
SOWTN —)W(N —i)=> W)W ()
i=0 ]

N
< oW mw(Q)
’L]:Vl
<D Xobw (23)
i=1
Denoting P, (R) = R"2P,R™ 2, then
V(e(1)) =e(1)" Pre(1)
Ninaz (PL(R))e(1)" Re(1). (24)

Substituting (23) and (24) into (22) yields the following
estimation:

V(e(k)) <7V

N
: ()\maz(Pl(R))e(l)TRe(l) + Amaz(P2) D /\66W> .

=1

(25)

Since condition (16) is equivalent to I < RféPlRfé < M\,
ie. I < Pi(R) < M1, it follows

1< )\min(Pl (R)) < )\maz(Pl (R)) < )\1. (26)

In addition, condition (17) implies
0< )\mzn(PZ) S )\maz(P2) < )\2'

Thus, if (16) and (17) hold, it can be followed from (25) that

N
Vie(k)) <AN-1! (mg +A2) Agaw> )

=1

By (26) one can get

V(e(k)) =e(k)" Pre(k)
>Amin(PL(R))e(k)T Re(k)
>e(k)T Re(k).

Thus, by (18) we have

N
e(k)T Re(k) <~AN~! (Alég +X2 ) Ag(SW)
i=1
<’ (28)

The proof is completed.

Next we will give a sufficient condition that guarantees the
system (6) is finite-time bounded tracking of the reference
signal r(k) with respect to (de¢, 0w, &, R, N)

Theorem 2. The closed-loop system (6) is finite-time
bounded tracking of the reference signal r(k) with respect
to (0, 0w, e, R, N), if for a given scalar v > 1, there exist

matrices Q1 > 0, P, > 0 and scalars A} > 0,y > 0 such
that

Q1 0 0
0 0 0
0 0 —’7P2
Q+CBL CA+CBF, H
Ql 4 LTBTOT
TT T RT T
ATC J}{J;xB c <0, (29
—Q1
MR1'<Q <R, (30)
O<P2<)\2_[7 (31)
Nod? — 5 6.
Rl < 0. 32
< 5. Y (32)
where H = (CE -I), d = Zfil NooZ,, 0%, =

200 + 1682 + 2003 + X + 1) X =
max{Amaz(STS), Amaz(MTM)}. In this case the controller
is Au(k) = F.e(k) + F,Az(k) with F, = LQ; "

Proof Let

py= (P D2 'y coBR, v=cAtCBE,.
Py Py
Note that

= (0 ) 0= (54): (%) 2- (),
E=(E R),C=(I 0), F=(F. F,).

Plug above equations into the following inequality:

( (A+ BF)TCTP,C(A+ BF) — ACTP,C

ETCTP,C(A + BF)
(A+ BF)'CTP,CE
ETCTPCE P, ) <0 OY
we have
UTQI'U — 4@yt UTQT'V
vIQr'u vIQr'v
(CE)Tcgl’lU (CE)TC%fV
-Q1U -Q1V
U'Qy'CE ~UrQ;!
VTQ'CE -vrQrt <0
(CE)TQy'CE —~vPy  —(CE)TQy" —+Prs
—Q7'CE — 4Py Qi — VP
That is
UrQr'u - Q! UTinv
viQru viQTv

(‘) arw () )arv
UtQy' (CE —I)
VIQ' (CE —I)

((C_EI)T> Q7L (CE —I)— 4P, -



Let H = (CE —I), then
UTQr'U — vyt UTQ'V UTQ'H
vIiQi'U vIiQ'v VIQ'H
HTQ['U HTQT'V HTQ'H —~P,
<0.

Pre- and postmultiplying above inequality by the symmetric
matrix diag(Q1,I,I) and its transpose, respectively, we have

QUTQT'UQL — Q1 QiUTQT'V
oo™ oy
H* Q7 Ut HYQy'V
QUTQ'H
VTQ'H < 0.

HTQ'H — P

Obviously, it Is equivalent to the following inequality:

—@1 0 0
0 0 0
O O —’}/PQ
UQ)"
- VT ) (-Q7Y) (U@, VvV H)<o.

HT

Since —@); < 0, by lemma 1 we get

-vQ1 0 0 Q.UT
0 0 0 VT <0
0 0 —P HT :
v, V.o H -1

Replacing U and V by I + CBF,,CA + CBF, in above
inequality, respectively, one can follow that

—Q1 0 0
0 0 0
0 0 —vPs
(I + CBF,)Q: CA+CBF, H
Qi(I + CBF.)"
T
i
-1
Q1 0 0
0 0 0
0 0 —’YPQ
Q.+ CBF,Q. CA+CBF, H
Q1+ F'BTCT
T AT T RT AT
A J}ﬁﬂﬁB <o @4
-Q1

Set L = F.QQ:. By (34) one can see that (15) is finally
converted to an equivalent LMI (29):

—Q1 0 0
0 0
0 O —’)/PQ
Q1 +CBL CA+ CBF, H
Q1+ LTBTCT
ATCT + FIBTCT
g <0.
—@Q1
Since Q1 = by (16) one can obtain
/\—1R <Qi <R (35)
So 1 needs to satisfy the condition
Lp <0.
N -1

Let \] = A%’ then (35) is converted into a computationally
tractable condition (30).
Since \| = Ai, (18) can be written as

A—,(sg + Ao Z A2, <

Since A} > 0, by lemma 1, it follows that

2 2
/\Zd - .Ylflfl 56 < 0.
5 X,

This completes the proof.

V. NUMERICAL EXAMPLE

Consider the discrete-time system

z(k+1) = Az(k) + Ew(k) + Bu(k)

w(k + 1) = Sw(k)

y(k) = Cx(k),

1 0 02 0
where A= {5 o75) 8B = (—o 1 1> B =
1 05 0.6 0.3 —0.1
(—0.25 0.5> 5 = ( 0 —0.9) ¢ = <o.3 0.6 >
Let 6, = 0.1,6, = 0.,e = 1LR = (, /). N = 10.

The reference signal is (k) € R? generated by the following
system

r(k +1) = Mr(k) = (é O%) r(k),

and 62 = 77 (0)r(0) = 0.01. Then by a simple calculation we
have

r(0) = ro,

/\0 = max{)\maz(STS), /\mam(MTM)} = 1

SON6§V = 2(Xo + 1)d7, +2(Af + Xo +1)07 = 0.1, and d* =
Zi:l /\105124/ =1



Using the LMI toolbox in Matlab to solve the LMIs (29)-
(32) in Theorem 2, the feedback gain matrices are given by

0.0000 —0.7500
Fo— Q7 = (4.7620 0.7939 ) '

P = (5.0()()0 0.0000 ) ,

0.9524 —1.5080

This numerical example illustrates the feasibility of the con-
troller in Theorem 2.
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