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FUNCTIONAL OBSERVERS DESIGN FOR
NONLINEAR DISCRETE-TIME SYSTEMS WITH
INTERVAL TIME-VARYING DELAYS

YALl DoNG, LAIJUN CHEN AND SHENGWEI MEI

This paper is concerned with the functional observer design for a class of Multi-Input Multi-
Output discrete-time systems with mixed time-varying delays. Firstly, using the Lyapunov—
Krasovskii functional approach, we design the parameters of the delay-dependent observer. We
establish the sufficient conditions to guarantee the exponential stability of functional observer
error system. In addition, for design purposes, delay-dependent sufficient conditions are pro-
posed in terms of matrix inequalities to guarantee that the functional observer error system
is exponentially stable. Secondly, we presented the sufficient conditions of the existence of
internal-delay independent functional observer to ensure the estimated error system is asymp-
totically stable. Furthermore, some sufficient conditions are obtained to guarantee that the
internal-delay independent functional observer error system is exponentially stable. Finally,
simulation examples are provided to demonstrate the effectiveness of the proposed method.

Keywords: functional observer, discrete-time systems, exponential stability, interval time-
varying delays, Lyapunov—Krasovskii functional

Classification: 93C55, 93C10, 93D09, 93D05

1. INTRODUCTION

The state estimation of dynamic systems that include time delays in their models has
received considerable attention in the last few decades [0, [I5]. This is justified by the fact
that the time-delay is a common phenomenon encountered in various practical systems
and the existence of the time-delay may significantly affect performances and causes
instability in dynamic systems. In recent years, the problem of observer design for time-
delay systems has been a subject of intensive research. Some results were presented in
2, 7, [14].

Functional observers are a class of observers that deal with estimating one or multiple
functions of the states of a system [J, [I3]. This type of observers has a wide range of
applications in system monitoring, fault diagnosis, and observer based control of dynamic
systems [8,[T]. Unlike Luenberger type full order observer design for delay systems ([11]),
functional observer design for time-delay systems is a relatively new field of research.
To date, a significant portion of the papers on the design of functional observers for
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time delay systems has been devoted to systems with state delays [3, [ 12]. In [3], a
method of design of the linear functional observer for time-delay systems was presented.
In [4], an algebraic method for functional observer design was given. In [12], the design
of reduced-order unknown input functional observers for a class of nonlinear Lipschitz
systems was investigated. However, to the best of our knowledge, the observer design
for discrete-time nonlinear systems with time-varying delays is relatively rare.

This paper investigates the problem of functional observer design for a class of
discrete-time systems with interval time-varying delays. The delay-dependent functional
observer for this system is designed to assure the error system is globally a-exponentially
stable. We derive the sufficient conditions of the existence of these functional observers.
In addition, for the purpose of design, the delay-dependent sufficient conditions, which
guarantee the functional observer error system is a-exponentially stable, are established.
Furthermore, an internal-delay independent functional observer is proposed for the sys-
tem. The sufficient conditions of the existence of internal-delay independent functional
observer, which ensure estimated error is asymptotically stable, have been obtained.
In addition, we give some sufficient conditions to guarantee internal-delay independent
functional observer is a-exponentially stable. Finally, three numerical examples are
provided to illustrate the results.

This paper is organized as follows. In Section 2, the system description and some
preliminaries are given. The design of globally exponentially stable functional observer
scheme is presented in Section 3. The internal-delay independent functional observer
design method is demonstrated in Section 4. Section 5 gives three simulation examples
to show the performances of our method. Finally, Section 6 concludes the paper.

Notations. The symbol Z represents the set of integers, Z+ represents the set of
non-negative integers. In symmetric block matrices, we use an asterisk * to represent
a term induced by symmetry. I and O represent the identity matrix and null matrix
of appropriate dimensions, respectively. X is the pseudo-inverse or the generalized
inverse of the matrix X. X' is the right orthogonal of X in a way that XX+ = 0.
C and C* sequentially are the set of complex numbers, and complex numbers with
positive real parts, respectively.

2. SYSTEM DESCRIPTION AND PROBLEM FORMULATION

Consider a class of discrete-time systems with time-varying delays:

(k1) = Ax(k)+ Aqalk — di(k) + Aga(k — da(k)) + Bu(k) + Ef(y(k)),
y(k) = Ca(k),
(k) = La(k),
k) = o(k), k=—dy—ds+1,-- 0,

(1)
where z(k) € R™ is the state vector, u(k) € R™ is the input vector, y(k) € RP is
the measurement output, A, A4, , Ag4,,C, L and B are known real constant matrices of
appropriate dimensions and matrices C' and L are full row rank. Moreover, z(k) € R!
is the functional to be estimated. The sequence ¢(k) is the initial condition; the time-
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varying delay d;(k) satisfies the following condition:
0<dy <di(k)<dy, i=1,2,

where d; and dy are non-negative integers.

Definition 1. (i) The delayed discrete-time system (1) is said to be a-exponentially
stable if there exist two scalars a > 0, 8 > 0 such that the following inequality holds:

(k) < ﬂe_“kk sup |u(k)ll,  Vke ZT, (2)

€2n[—ds,0]
where u(k) = z(k).
(ii) Let the estimation error e(k) = 2(k) — z(k). A minimum-order functional observer

error systems for the system (1) is said to be a-exponentially stable if there exist two
scalars & > 0, 5 > 0 such that (2) holds, where u(k) = e(k).

Lemma 1. (Zhu and Yang [16]) For any constant matrix W € R"™" with W = W7T >
0, integers ny < ng, vector function w : {ny, n; +1,--- ,na} — RY such that the sums
concerned are well defined, then

na n2 T n2
(ng—my1+1) Z Wl (Ww(i) > <Z wT(i)> %% (Z wT(i)> .

i:nl i:nl i:n1

Our goal is to design the functional observer for a class of discrete-time systems
with mixed time-varying delays such that the minimum-order functional observer error
system for the system (1) is a-exponentially stable.

3. DELAY-DEPENDENT OBSERVER DESIGN

3.1. Observer structure and stability analysis

Consider the following minimum-order observer:

s(k+1) = Ws(k)+ Wy, sk —dy(k)) + Wy,s(k — da(k)) + Gu(k) + Ef(y(k))
+Hy(k) + Ha,y(k — di(k)) + Ha,y(k — da(k)),
2(k) = s(k)+ Vy(k),

(3)
where s(k) € R' is the observer’s state. W, Wy,, Wy,, H, Hg,, Hg,,G, E and V are con-
stant matrices of appropriate dimensions.

Let us define the auxiliary error signal

p(k) = s(k) —Tx(k),

where I' € R*™ is a constant matrix.
The corresponding estimation error is

e(k) = 2(k) — 2(k). (4)

Now, we can state the sufficient conditions of the exponential stability of the observer.
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Theorem 1. The functional observer error system for the system (1) and (3) is globally
a-exponentially stable if
(a) the discrete-time system

p(k +1) = Wp(k) + Wa, p(k — d1(k)) + Wa, p(k — d2()), (5)

is globally a-exponentially stable;
(b) there exists a matrix I' , such that the following equations are satisfied:

WT + HC —TA =0, (6a)
W4T + Hy C — T Ag, =0, (&)
WdQF + HdzC - FAdz =0,

G-TB=0,
E-TE =0, (Ge)
I—L+VC=0. (6d)

Proof. From (1) and (3), we get

plk+1) = sk+1-Tz(k+1)
— W) + Ways(k — da (k) + Ways(k — da(k)) + Gu(k) + Ef (y(k))
FHy(k) + Hay(k — dy (k) + Hayy(k — da(k)) — T(Az(k)
A (k= dy (8)) + Ay (5 = do(k)) + Bu(k) + EF(Cx(R)))
— Wolk) + Wayplk — dy(k)) + Wayp( — da(k)) + (WT + HC — DA)a(k)
+(Wa, ' + Ha, C = T'Ag, )z (k — di(k)) + (G — T'B)u(k)
+(Wa,I' + Ha,C' — T'Ag, )a(k — da(k)) + (E — TE) f(C(k)).
(7)
Hence, if there exists a matrix I' , such that conditions (6) as well as Condition (a) hold,
then p(k) is globally a-exponentially stable.
The calculation of the error signal e(k) gives,

e(k) = 2(k)—=z(k)
s(k) + Vy(k) — Lz(k) (8)
= plk)+ (= L+VC)x(k).

From (6d), we get e(k) = p(k).
So, if condition (6d) is satisfied, then the estimated error e(k) is globally a-exponen-
tially stable. O

For the discrete-time system (5), we give the following delay-dependent criterion of
exponential stability.

Theorem 2. For given scalars o > 0, d; and ds with do > d; > 0, the system (5)
is globally a-exponentially stable if there exist matrices P > 0, Z; > 0, Zy > 0,
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Ry >0, R >0, Q1 >0, @2 > 0 such that the following matrix inequality holds:

1, O 0 7 Zy WTP di1Z, dylZ,

* —R1 0 0 0 XP d1XZ1 d2XZQ

* * —R2 0 0 AP dlAZ1 d2AZ2

* * * —-Q1— 244 0 0 0 0

* * * * Q9 — Zo 0 0 0 <0, (9
* * * * * -P 0 0

* * * * * * —7Z1 0

* * * * * —Zs

where IIj; = —P + dio(Ry + Ro)+ Q14+ Qo+ Ry + Ry — Zy — Zo, dig =dy —dy, I =
(eW — DT, x = eaead2WdT1, A= eo‘eo‘dQWg;.

Proof. We introduce the new variable v(k) = e**p(k). The system (5) is reduced to
v(k +1) = e“Wo(k) + e*[Wa, e Bk — dy (k) + Wa,e®= Bk — dy(k))]  (10)
Consider the Lyapunov—Krasovskii functional:

V(k) = Vi(k) + Va(k) + Va(k) + Va(k) + Vs(k),

where

Vi(k) = UT(k)Pv(k),
k—1 k—1

k) = X O+ X v (0)Q(i)
1:k—0§€1_1 i=k—ds 1
+ UT(i)Rl’U(’L')'F' > 0T (i)Ryv(i),
i=k—ds (k) i=k—dg (k)
—di k=1

Va(k) = > > 0"()(Bi+ Ra)v(h),

i=—da+1 j=k+i
21 Tkt
Vilk) = dv X X 07 () Zin(),

i=—dy j=k+i
V) = b 5 _f%nT(j)zm), 0(j) = v+ 1) - ().

Define AV (k) = V(k+ 1) — V(k) . Then along the solution of (10), we have
AVi(k) = vT(k+1D)Pu(k+1) —oT(k)Pu(k),

2
= V(K[ WTPW — Plo(k) + 2 Y e*Me T (k — d;(k)) W] PWu(k)
i=1 )

+ 223 eQaeQ‘*di(k)vT(k — di(k))WdfPWdiv(k —d;(k))
i=1
+2e?e0 (K eada T (| — dy (k)W PWa,o(k — da(k)),
AVa(k) < oT(k)(Q1+ Q2+ Ry + Ro)u(k) — o™ (k — d1)Qrv(k — dy))
—’UT(k' — d2)Q2U(k — dg) — v (k‘ — dkl(s‘))Rl’U(k' — dl(k'))

Tk = dy (B Ravlk ~ (B + 5 0TGR4 Bl
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A = R TOERRG - S o (G)(Re + Rau()
i=—da+1 j=k+1+1i hds i=—da+1 j=k+1
= d2vT (k)(Ry + Ro)v(k) — _ > T (G)(R1 + R2)v(j).
j=k+1—ds
(13)
Using Lemma 1, we have
k-1 k-1
AVy(k) < din” (k) Zin(k < > ) A ( > 7](])) (14)
j=k— d1 j=k—d;
din" (k) Zin(k) — (v(k) — v(k — d1))" Z1 (v(k) — v(k — dv)),
AV = B (BZ0) ~ds S () Zan() -

< B () Zan(k) — (0{k) — v(k — do))T Zo(w(k) — ok — ).
From (11)—(15), it follows that

AV (k) < 0T (k)[e2*WTPW — P+ di2(Ry + Rs) + Q1+ Qa+Ri+Ry— 271 — Zy
+(e*W — DTY(e*W — D]v(k) + 2e Z e*®eT (k — d; (k)W PWo(k)

26206200 T (1 — dy (k)W PWao(h - da(k))
2020ty T (1 — dy (k))WT YW, o(k — dy (k)
Le20e2002y T ( — dy ()W Y Woyu(k — da(k)
H2e2cg2adzyT (k — dy( ) WgTWdZ (k‘ — dg(k‘))
—’UT(k‘ — dl)[Ql + Zl] (k‘ dl) — UT(/{; - d2)[Q2 + ZQ]U(]{i — dg)
+2UT(k)Z1’U(/€ — dl) + 2UT(1€)Z2U(]€ — dz)
vl (k — dy(k))[—Ry + e**e** W1 PWq,Ju(k — di(k))
o (k — da(k)) [~ Ry + €222 W1 PWiJo(k — do(k))

2
+20T (k) (eOW — I)Te® S Wy, e %y (k — d;(k))
1=1

= ¢I(kIls(k).
(16)
where
s(k) = (T (k) " (k —di(k)) v" (k = da(K)) v" (k — di) vT (k — d2)")T,
II;; ILp I3 A Zy
* H22 H23 0 0
11 = * * 1155 0 0 5
* * * -7 0
* * * * Q2 — Zs
II,;, = 62aWTPW—P+d12(R1+R2)+Q1+Q2+R1+R2—Z1—ZQ
+(e*W — DTY(e*W —I),
Oy = e2%e2WTPW, + ee(e*W — )TYWy,,
M3 = e2%e2WTPW,, +ee®2(e*W — I)TYWy,,
I, = g2 p2adz Wd’l; TWdl — Ry + e20p20udz WdI: PWdl,
My = e2e2WTI PW,, + e*@e?eWITW,,,

Mgy = —Ry+ 20t VT PIW,, + 20e20aWITW,,, T = d2Z; + d3Z.
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Using Schur complement, IT < 0 if

0, O 0 A Zy Wt diI dol

*  —Ry 0 0 0 X dix  dax

* * —R2 0 0 A dlA dgA

* * * —Q1— 74 0 0 0 0

* * * * —Q2 — Zo 0 0 0 <0, (17)
* * * * * —p-1 0 0

* * * * * * —Zfl 0

* * * * * * _Z’;l

where II1; = —P 4+ dio(R1 + Ro) + Q1 + Qo+ Ry + Ry — Z1 — Zy, T = (e*W —I)7,
X = eaeadedTN A= eaead"‘de;.

Pre- and post-multiplied (17) by diag{I,I,I,1,I,P,Zy,Z>} yield

M, O 0 7 Zy eWTP diI1Zy dylZs
* —R1 0 0 0 XP dlle d2XZ2
* * *RQ 0 0 AP dlAZl dQAZQ
* * * —-Q1— 7 0 0 0 0 <0
* * * * —Q2 — Zy 0 0 0 ’
* * * * * —-P 0 0
* * * % * -7 0
* * * * * —Z>

From (9) it follows that AV (k) < 0, which implies that the function V' (k) is decreasing
and
V(k) <V(0), Vke ZT.

We can verify that
Mlo(R)[* < V(k) < V(0) < Azl (18)

where

>
=
|

- )\min(P)a

)\2 = )\Inax(P) + dl Amax(cgl) + dQArnax(QQ) + d2 ()\max(Rl) + Amax(RQ))
3d12(d1 + dz — 1) (Amax(R1) + Amax(R2))

+2d3(dy + 1) Amax(Z1) + 2d3(da + 1) Amax(Z2).

Hence from (18) it follows that
Ao\ .
o) < /2216l i € 2°.
1
Returning to the variable v(k) = e**p(k), we have

A -
p(k)[l < \//\?6 Flloll, Ve ZT.

which implies that the zero solution is exponentially stable. This completes the proof of
the Theorem 2. O
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3.2. Observer design
Let C = [CT C4]. First, the following parameters are introduced:

[y To]=TC, [L, Ly =LC,

A9 A
+ L 11 12 — + 1
[ct CH] [ Wl } — Alct ¢,

AL Al
C+ CL |: 11 12 :| — A C+70L’
[ ] A%l A%z d1[ ]
A A?
C+CJ_|: 11 12]=A2C+CL
R T A e

From (6d), we have
rjct cHy+veet ¢t - Ljict ctj=o.
From (19), we get
'y = Lo,
I'h-L,+V =0.
From (6a) and (6b), we have
WT[Ct CH+ HC[Ct CH]—-TA[Ct ¢4 =0,

WdIF[C+ CL]—FHdlC[C'F CL]—FAdl[CJ'_ CL]:O,
W, T[C CH] 4+ HyC[OF CH —TAg[Ct ¢ =o.

Then, it follows that

Wiy + H — FlA(l)l — FgAgl =0,
Wdll“l + Hd1 — FlAh — FQA%I =0,
Wd2F1 + Hd2 — FlA%I — PQA%l =0,

WTly —T14Y, —T9A3, =0,
W4, Ty —T1 A}y — T AL, =0,
Wy, To —T1 A2, —T2A%, = 0.

Now, considering (21) and (25), we have

W Wi, Wi —Ti)X =73,

where
Ly 0 0
0 L 0
X=1 49 7 [, |0 E=[LeAn LaAs LoAb).

0 1 2
A12 A12 A12

(20a)

(200)

(20¢)

(23)

(26)

It can be shown that (26) has a solution if and only if the below condition holds [I0]:
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Condition I:

Lo 0 0 Lo 0 0
0 Ls 0 0 Ly 0
rank 0 0 Lo = rank 2 (27)
0 1 2 0 0 Lo
A12 A12 A12 AO Al A2
L2A(2)2 L2A%2 L2A%2 12 12 12
If Condition I holds, then it is concluded from (26) that
W Wa, Wa, —Ti] =Y+ 2ZYs, (28)

where Y1 = XX+, Y, =1 — XX71 | and Z is an arbitrary parameter.
From (28), we have

W = Y11 + ZYa1, Wy, = Yia + ZYa2, Wy, = Y13+ ZYo3, —T'1 = Yia + ZYa4, (29)

where Y7; and Ya;, ¢ € {1,2,3,4}, are the partitions of Y7 and Y2 with appropriate
dimensions, respectively.

Theorem 3. Assume that Condition I holds. For given scalars o > 0,d; and do with
dy > dy > 0, the functional observer error system for the system (1) and (3) is globally
a-exponentially stable if

(a) there exist positive scalars k1, k2 and matrices P > 0, Ry > 0, R2 > 0, Q1 >
0, @2 > 0,K;, Ko, Kswith appropriate dimensions such that the following matrix
inequality holds:

Q:(% gz><o, (30)
where
J1 0 0 I<61P KJQP
*  —Ry 0 0 0
Ql = * * —RQ 0 0 5
* * —@Q1 — k1 P 0
* * * —Q2 — k1P
eo‘JQ dl(eamJg - >\1P) d2(6aH2J2 - Iﬁ:gp)
e®ed2 J, die®e®2 g Js dye®e®2 5 Js
Qg = eo‘eo‘d2 J4 dleo‘eo‘d%ﬁh dgeaead2ﬁ2J4 5
0 0 0
0 0 0

Q3 = diag{—P — k1P — KkoP},

with J; = —(1 + K1 + k)P + d12(R1 + Ra) + Q1 + Q2 + Ry + Ra, Jo = YL P + K,
J3 = Ylgp + Ky, Jy= qu:;P-i- K;.

(b) the below rank condition is satisfied:



376 Y. DONG, L. CHEN AND S. MEI

Condition II:

PYsy PYss PYas
rank([ KT kI KT ])zrcmk([PYzl PY2, PYas ).

In addition, the observer design parameter Z can be computed from the below equation

Z=TY", (31)
where I' = (P7'KT P'KT P'KT), Y = (Ya; Yoo Ya3).
Proof. (9) can be written
2 Q
Q= ( . O ) <0, (32)
where
;0 0 Z Zy
x —Ry 0 0 0
Ql = * * —R2 0 0 5
* * * —-Q1— 74 0
* * * * —Q2 — Zs

eaWTP d1 (eaW — I)T21 dg(eaW — I)TZQ
eo‘eo‘d2WdT1P clle"‘e"“’l"‘WdT1 Z4 dge“e“dQWrz Zo

Qo = e“eadZqu;P dleo‘eo‘deg; Z dgeaeadzwdj;Zg ,
0 0 0
0 0 0

Qs = diag{—-P —Z1 — Z»},
I —P+dis(Ri+Ra)+Q1+Qa+ R+ R — Z1 — Zs.

From (29), we have

(VAP + K1) di(e*(Y1 21 +Uh) = Z1)  do(e*(Y{}Z2 + O1) — Zo)
eetd2 (YIEP =+ KQ) dle"‘e"‘d"’ (YféZl + UQ) dgeo‘eo‘d"’ (Y1€Z2 + 02)

Qy = e ez (Yigp + Kg) dleo‘eo‘d2 (Y113:Z1 + U3) dgeo‘ead"‘ (YIEZQ + Og) R
0 0 0
0 0 0

where K; = Y.L ZTP, U, = YEZTZ,, O; = Y.EZTZ,y, i = 1,2,3. In this line, it is
assumed that 77 = k1P, Zs = koP, then U; = k1 K;, O; = koK;, i = 1,2,3, and
Q;, 1=1,2,3, can be written as

eo‘Jz dl(eo‘mJg — Iﬁ:lp) dz(ealigjg — IiQP)

Eaead2 J3 dleaead2H1J3 d26a6ad2 Hng
QQ = eo‘eo‘dQ J4 dleo‘ead‘zm J4 d2€a€ad2 K2J4 5
0 0 0

0 0 0
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—Jl 0 0 /@1P K/QP
* —R, 0 0 0
0 = * * —Rs 0 0 ,
* * * —Q1— kP 0
* * * * —Q2 — ko P

O3 = diag{—P — k1P — k2P},

where J; = —(1 + k1 + k2)P + dia(Ry + Ro) + Q1 + Q2 + Ry + Ro, Jo = Y{{P + Ky,
J3 = YlgP + Ky, Jy= Y1€P+ K;.
We have

Z(Yay Yop Yo3) = (P 'K] P 'KI P 'KI).

The parameter Z has a unique solution as (31), if and only if Condition II is satisfied.
As aresult, the observer parameters W, Wy, , Wy, , H, Hg,, Hg, and V can be respectively
computed from (29), (24), and (22), which implies that Condition (b) of Theorem 1 is
also satisfied. This completes the proof of the theorem. ]

Remark 1. For given k1, k2, we note that (30) is linear matrix inequalities which
can be solved efficiently by Matlab LMI Toolbox. Computing the parameters of the
functional observer has certain complexity. In order to solve inequality (30), we first use
(19), (20) to solve A%, Aly, A2y, AY,, ALy, A2,, Using (21), we then get X, 3. Using X
and E, we get Y1 = (Y11 }/12 leg)7 }/2 = (Y21 Y22 Y23),. Then, Matlab LMI Toolbox
is used to solve Z, by which the parameters of the functional observer are computed.

Remark 2. The steps of calculating the observer parameters are as follows:

Stepl. Using Matlab LMI Toolbox to solve (30), we can obtain matrices P, Ry, R2, @1,

Q2, K1, K2, K3. B

Step 2. According to (31), we calculate Z ;

Step 3. According to (29), we calculate W, Wy, , Wy,,T'1;
Step 4. According to (24), we calculateH, Hy, , Hy,;
Step 5. According to (22), we calculate V;
Step 6. According to (6¢), we calculate G and E.

4. INTERNAL-DELAY INDEPENDENT OBSERVER DESIGN

We consider the following observer

s(k+1) = Ws(k)+ Gu(k) + Ef(y(k)) + Hy(k) + Ha,y(k — d1(k))
+Ha,y(k — da(k)), (33)
(k) = s(k)+Vy(k),

where W, H, Hy,, Hy,G, E and V are constant matrices of appropriate dimensions.
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Corollary 1. Consider the functional observer (33) for system (1). The estimated
error system is globally asymptotically stable if

(a) the matrix W is stable.

(b) there exists a matrix I' such that the following equations hold:

WI'+ HC —-TA =0, (34a)
—TA; +HyC=0,
P Ag, + Hy,C =0, (34D)
G—-TB =0,
E-TE=0, (34¢)
I+VC—L=0. (34d)
Proof. The proof is similar to the proof of Theorem 1. Thus it is omitted. O

Following the same procedure as explained in Section 3.2, for the observer parameters,
the following equation is obtained

W —IX: =% (35)
where
| Le 0 0 _ 0 1 2
Xl — A?2 A%2 A%2 :| 5 21 — [L2A22 L2A22 L2A22].

It can be shown that (35) has a solution if and only if the below condition holds:
Condition IIT :

L2 v g L 0 0

rank A, A, A3, = rank <[ A02 AL a2 ]) . (36)
L2A82 L2A%2 L2A§2 12 12 12

If Condition IIT is satisfied, then it is concluded from (35) that

where Y] = Ele',Yg =1 - X1X1+, and Z is an arbitrary matrix.
From (37), we have

W =Yy + ZYa1, —T1 = Yio + 2V,
where Yy; and Ya;.,i € {1,2}, are the partitions of Y; and Y, with appropriate di-

mensions, respectively. W is stable if and only if the pair [}711 1721]is detectable, or
equivalently the below condition is achieved:

Condition IV: B
rank ([ sI—Yu ]) =1, VseCt.
Yo1
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Theorem 4. If Conditions III and IV are satisfied, then there exists internal-delay
independent functional observer (33) for the system (1) such that the estimated error
system is a globally asymptotically stable.

Theorem 5. Assume that Condition IIT holds. For given scalars o > 0, d; and dy with
dy > dy, the functional observer error system for the system (1) and (33) is globally a-
exponentially stable if

(c) there exist positive scalars k1, k2, and matrices P > 0,R; > 0, Rs > 0, Q1 > 0,
Q2 > 0, K; with appropriate dimensions such that the following matrix inequality holds:

A M Qs
Q_( . f23><0’ (39)
where
Jl 0 0 K',lp HQP
*  —Ry 0 0 0
=] * * Ry 0 0 ,
* * —Q1— k1P 0
* * —QQ — ko P
€aJ2 dl(eam.]g —)\1P) dg(eaKQJQ —Iigp)
0 0 0
Oy = 0 0 0 ,
0 0 0
0 0 0

Qs = diag{—P — 1P — kaoP},

with J; = —(1 + k1 + k2) P + di2(R1 + Ra) + Q1 + Q2 + Ry + R, Jo = Y/ P + K;.
(d) the below rank condition is satisfied:

Condition V
rank <[ Py%l ]) = rank(PYa;).
Kj

In addition, the observer design parameter Z can be computed from the below equation
Z=TY", (40)
where T = P~1K], Y = Ya.

Proof. The proof of Theorem 5 is similar to that of Theorem 3, and the detailed proof
is omitted. g

Remark 3. In [4], Darouach considered the problem of design of linear functional
state observers for the linear discrete-time system with constant delay, and derived
some sufficient conditions. In this paper, we investigate functional observer design for
a class of discrete-time systems with time-varying delays. Compare to [4], the results
obtained in this paper have a wider range of applications.
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Remark 4. In [9], Mohajerpoor et al. studied the functional observer design of linear
time-invariant systems which are continuous-time systems with constant delays and
given the design method. Mohajerpoor et al. [J] did not consider the discrete-time
systems. In this paper, we consider functional observer design for a class of discrete-
time systems with multiple mixed time-varying delays in the states of the systems. The
new method of functional observer design for discrete-time systems is proposed.

Remark 5. In [0], the state vector (k) is estimated, but in this paper, the functional
z(k) = Lx(k) is estimated. In addition, the design method of this paper is different from
the design method in [6]. When L = I, we have z(k) = z(k), and the estimation for
z(k) is equivalent to the estimation for z(k). Compared with [6], the design method of
this paper has wider application scope.

5. NUMERICAL EXAMPLES

Example 1. Consider system (1) with the following parameters:

0 -1 0 0 0.1 0 0 0 0
A=| 2 3 —1|, A= 0 0 —01/|, As,=|0 08 001 |,
-1 0 -1 -1 0 -1 0 02 0.2
L 0 1 0 0
B=|0|,E=|01], C= { ] , L=10.110.1], f(Cx(k)) = sin(z1(k)).
0 0 0 1 0

Firstly, it can be observed that Condition I is satisfied. For given k1 = 0.06,x2 =
0.05,dy = 3,d12 = 2, = 0.5,d; = 1, solving the LMIs (30) yields

P =9.1182, Ry = 0.7761, Ry = 0.6259, Q; = 0.6087, Qs = 1.0603,
Ky =1.1989, K, = 8.1309, K5 = —1.7252.

The observer parameters are obtained as

W = 0.4894, Wy, = —0.8511, Wy, = 0.1815, I'; = [0 — 0.1489],G =0, V = [0.1 1.1489)]
H =[-0.3978 —0.3738, Hy, = [-0.1 —0.1267], Hg, = [0 — 0.0716], E = —0.01489.

Moreover, it can be seen that these parameters satisfy Condition II. According Theo-
rem 3, the functional observer (3) is globally a-exponentially stable.

Simulations were performed with input signal equal to u(k) = 0.1sin(x1(k)).

Figure 1 shows the response of z(k) and its estimation with a = 0.5.

For given k1 = 0.06, ko = 0.05,dy = 4,d12 = 2, = 4,d; = 2, solving the LMIs (30)
yields

P =6.0831, Ry = 0.4171, R = 0.3299, Q; = 0.3444, Q5 = 0.6612,
K1 = —0.4348, Ko = 5.4261, K3 = —1.1500.

The observer parameters are obtained as
W =0.2895, Wy, = —0.8711, Wy, = 0.1871, I'; = [0 —0.1289],G =0, V = [0.1000 1.1289]
H =[-0.3578 —0.3494], Hy, = [-0.1 —0.1123], H4, = [0 — 0.0590], E = —0.0129.
Figures 2 shows the response of z(k) and its estimation with u(k) = 0.1sin(z1(k)) and
a = 4. These simulation results demonstrate that our proposed design is very effective.
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4 6
Time (sec)

Fig. 1. Responses of z(k) and 2(k) in Example 1 with oo = 0.5.

10 1
Time (sec)

Fig. 2. Responses of z(k) and 2(k) in Example 1 with o = 4.

Example 2. Consider system (1) with the following parameters

-1 01 -02 0 01 0.1 0 0.1 0.3
A=1] 02 —03 —01 |, Ag=| 0 02 —01 ], Ag,=|0 01 04 |,
—01 0 -1 01 0 01 0 02 0.2

1 100
B=1|0|, O:{ ],L:[O.llO],E:O.
0 01 0

It can be observed that Condition III is satisfied. For given x; = 0.005, ko = 0.05,dy =
3,d12 =2, =0.15,d; = 1, solving the LMIs (39) yields

P =6.3865, R; = 0.8026, Ry = 0.2867, @1 = 0.5661, Q2 = 0.5047, K1 = 9.3346.
The observer parameters were obtained as

W =0.3824, T; = [~0.9663 0.0426], V = [~0.8663 1.0426], G = 0.9663
H =[~1.3545 0.1001], Hy, = [0.0100 0.0966], Hg, = [0 0.0157], £ = 0.

Moreover, it can be seen that these parameters satisfy Condition V. According Theo-
rem 5, the functional observer (33) is globally a-exponentially stable.

Simulation were performed with input signal equal to u(k) = 0.1sin(x2(k)). Figures 3
shows the response of z(k)and its estimation.
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6
Time (sec)

Fig. 3. Responses of z(k) and 2(k) in Example 2.

Example 3. Consider the discrete-time system which is the model of some electrome-
chanical systems [5]

z(k+1) = Azx(k) + Bu(k) + Ef(y(k)),

y(k) = Cx(k), (41)
z(k) = Lx(k),
where
1 h 0 0 0
A= 0 1- hCLQ hbl s B = 0 s E= —ha1 5
0 —ha3 1-— ha4 th 0

C=1[1 0 0], f(y(k) = sin(y(k)), L=1[0 1 1].

We let by = 40, by = 15,a; = 35, as = 0.25, az = 36, ag = 200. These values are close
to the numerical values given in [5]. Let h = 555.
Firstly, it can be observed that Condition I is satisfied. For given k1 = 0.06, k2 =

0.05,dy = 3,d12 = 2, = 0.5,d; = 1, solving the LMIs (30) yields

P = 15864, Ry = 0.0673, Ry = 0.0673, Q1 = 0.4708, Qo = 0.4549,
K1 = —0.6979, K» = 0, K3 = 0.

The observer parameters are obtained as

W = 0.0070, Wy, =0, Wg, =0, Ty =-17.5998, V =17.5998,
H = —17.4766, Hy =0, Hy, =0, E=-0.1750, G =0.02.

Moreover, it can be seen that these parameters satisfy Condition II. According Theorem
3, the functional observer (3) is globally a-exponentially stable.
Simulations were performed with input signal equal to u(k) = 0.2sin(x1(k)).
Figures 4 shows the response of z(k) and its estimation with o = 0.5. The simulation
results demonstrate that our proposed design is very effective.
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Fig. 4. Responses of z(k) and 2(k) in Example 3.

6. CONCLUSIONS

Our paper considers the functional observer design for a class of discrete-time systems
with time-varying delays. We propose both the delay-dependent and internal-delay
independent observer structures. Firstly, the delay-dependent functional observer for a
class of discrete-time systems with mixed time-varying delays has been designed to assure
the error system is globally exponentially stable. We propose the sufficient conditions of
the globally exponential stability of the functional observer error system. In addition, the
delay-dependent sufficient conditions to guarantee the functional observer error system
is exponentially stable are established, and are expressed in terms of matrix inequalities.
Secondly, we also give the sufficient conditions for the existence of an internal-delay
independent functional observer. Besides, to guarantee the internal-delay independent
functional observer error system is exponentially stable, we establish some sufficient
conditions and designed the parameters of the internal-delay independent observer. In
the end, three numerical examples are provided to illustrate our approach.
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