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Abstract: The feedback stabilization problem for nonlinear discrete-time systems with a reduced-
order observer is investigated, in which the nonlinear terms of the systems satisfy the quasi-one-sided
Lipschitz condition. First, a discrete-time reduced-order observer for nonlinear systems is designed.
Then, a feedback controller with a reduced-order observer is designed for realizing the stabilization of
nonlinear discrete-time systems. We prove that the design of a feedback controller and reduced-order
observer of systems can be carried out independently in the case of discrete-time with nonlinear
terms, which largely reduces the computational complexity of the observer and controller. The
introduction of the quasi-one-sided Lipschitz condition simultaneously enhances the robustness and
stability of nonlinear control systems. Finally, the feasibility and effectiveness of the proposed design
approach is verified by a numerical simulation.
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1. Introduction

Feedback control, whether classical or modern, is fundamental for designing systems
that exhibit desired behavior. It allows for adjustments based on system states or outputs,
enhancing system performance and stability. However, a practical challenge arises when
the direct measurement of system states is unfeasible due to factors such as measurement
limitations, sensor costs, or technical constraints. In such cases, state estimation techniques
become indispensable [1,2]. Observers, such as full-order and reduced-order state observers,
play a crucial role in estimating system states based on available measurements [3,4]. These
estimates can then be used in feedback control strategies, effectively circumventing the need
for direct state measurements. Compared to the full-order observer, the dimensionality of
the reduced-order observer is lower, and its structure is simpler. Simplifying the observer
structure can reduce sensitivity to modeling inaccuracies or noise in measurements, leading
to more robust performance. Therefore, in some cases, a reduced-order observer may offer
improved robustness to modeling errors or disturbances compared to a full-order observer.
These advantages make reduced-order observers an attractive choice for many practical
control-system applications.

Study of nonlinear systems presents greater complexity compared to linear systems,
yet it holds immense practical significance as most real-world systems exhibit nonlin-
ear behavior. However, due to the inherent complexity of nonlinear behavior, it is often
challenging to directly model or analyze these systems without making simplifying as-
sumptions or approximations. Whether in the past or now, the Lipschitz condition has
frequently been applied to deal with the nonlinearities in the literature, for instance, the
design of observers for nonlinear systems [5,6]. However, for Lipschitz nonlinear systems,
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the existing observer design techniques typically consider the nonlinear terms of systems
as disturbances. To better evaluate the impact of systems nonlinear terms, in 2006, Hu [7]
first introduced the one-sided Lipschitz condition instead of the Lipschitz condition for
observer design of nonlinear systems, which showed that the sufficient condition for the
asymptotic stability of state observer has lower conservatism. Subsequently, many scholars
have studied different approaches of state observers design and output stabilization for
nonlinear systems with one-sided Lipschitz condition, for instance, [8-14]. Furthermore,
the research on reduced-order state observer, which is equally important in many engi-
neering fields, has been reported in [9,10,15-18]. In [15], a systematic approach to design
simple reduced-order observers for a large class of MIMO nonlinear discrete-time systems
is proposed. Unlike most of the existing results, neither the detectability of the linear
part nor the resolution of the Sylvester constraint is required. In [10], the observer design
problem for a class of one-sided Lipschitz time-delay systems subject to unknown inputs is
investigated. The Ho, observer design and asymptotic observer design with reduced order
are presented.

In addition, observer-based control, propelled by control inputs and measurement
output of control systems, has become an actual method for solving the problem in re-
cent decades [11,12,19-23]. In [11], on the basis of existing and new one-sided Lipchitz
nonlinear processing methods, two design conditions of observer-based controllers are
assessed to derive the solution. In [12], a finite time He control problem about a nonlinear
continuous-time system, including uncertain parameters and disturbance inputs, is investi-
gated. It has been proven that the designed controller guarantees the system has finite time
boundedness (FTB).

Compared with continuous-time control systems, the analysis and research on discrete-
time control systems are of great significance. While both continuous-time and discrete-
time control systems aim to achieve stability and desired performance, they differ in
representation, analysis techniques, design methods, and implementation approaches
due to the discrete nature of sampled data in discrete-time systems. Understanding these
differences is crucial for effectively analyzing, designing, and implementing control systems
in various applications. In recent decades, the topic of state observer design and feedback
stabilization for nonlinear discrete-time systems have also gained much interest [13,14,24-32].
In [27], state observer design for nonlinear systems with one-sided Lipschitz condition is
studied, which first proposes several mathematical artifacts about Lyapunov functions to
obtain feasible stability conditions. In [30], a framework for the design of fault estimation
observers for discrete-time systems is provided. By introducing relaxation variables, design
results for fault estimation observers under finite frequency have been improved, allowing
for the design of separate Lyapunov matrices for each constraint. In [32], an observer-based
controller has been designed to stabilize a class of discrete-time switched nonlinear systems
with state delay and external disturbances. Based on the concept of passivity, average
residence time method, and auxiliary matrix, sufficient conditions are derived to make the
closed-loop system finite, time-bound, and passive in the presence of disturbances, which
are not very conservative.

In 2008, Hu [33] presented the quasi-one-sided Lipschitz condition instead of the one-
sided Lipschitz condition for observer design of nonlinear systems. The conservatism of
the asymptotic stability of the observer is further reduced. Subsequently, the research for
observer-based stabilization with quasi-one-sided Lipschitz condition is reported in [34-37].
In work by Dong et al. [35-37], the separation principle of the quasi-one-sided Lipschitz
nonlinear system is proposed in the sense of discrete-time and continuous-time, respectively.

However, until now, no results have been on the research of reduced-order observer
design for nonlinear systems with quasi-one-sided Lipschitz condition in the case of
discrete-time, let alone feedback stabilization problem for nonlinear discrete-time systems
based on the reduced-order observer. Therefore, it is necessary to study this problem. This
article is a natural continuation of [37].
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Motivated by the above discussion, this paper is devoted to the feedback stabiliza-
tion of quasi-one-sided Lipschitz nonlinear discrete-time systems with reduced order. A
reduced-order observer for nonlinear systems is designed. Then, a feedback controller
under a reduced-order observer is studied. We prove that the design of a feedback con-
troller and reduced-order observer for nonlinear discrete-time systems can be carried out
independently.

The primary contributions can be briefly stated as follows:

1. By introducing quasi-one-sided Lipschitz conditions into discrete-time systems, the
article extends the applicability of quasi-one-sided Lipschitz conditions to a broader
class of systems. The quasi-one-sided Lipschitz condition has lower conservatism
for observer design of nonlinear systems compared to the Lipschitz condition and
one-sided Lipschitz condition, which reflects the superiority of our results over some
existing results in the literature, for instance, [24-27].

2. The design of a reduced-order observer for nonlinear discrete-time systems is investi-
gated. Compared to the full-order observer, the dimensionality of the reduced-order
observer is lower, and its structure is simpler. Simplifying the observer structure can
reduce sensitivity to modeling inaccuracies or noise in measurements, leading to more
robust performance.

3. We prove that the design of feedback controller and reduced-order observer of systems
can be carried out independently in the case of discrete-time with quasi-one-sided
Lipschitz nonlinear terms, which largely enhances the flexibility of design with low
computational complexity.

4.  The use of the quasi-one-sided Lipschitz condition in the development of observers
and controllers enables the handling of challenging scenarios where system parameter
(A, B) is not stabilizable, or (A, C) is not detectable. This approach enhances the
robustness and stability of control systems, making them applicable to a broader range
of real-world situations.

This paper is organized as follows. Section 2 gives the system description and pre-
liminaries. Section 3 proposes sufficient conditions for the existence of the reduced-order
observer for a nonlinear discrete-time system with quasi-one-sided Lipschitz condition. In
Section 4, a feedback controller with a reduced-order observer is designed for the stabiliza-
tion of the systems, which shows that the design of a feedback controller and reduced-order
observer can be executed independently. In Section 5, a numerical example is given to
show the effectiveness of the obtained results. Finally, this paper ends with a conclusion in
Section 6.

2. System Description and Preliminaries

In this article, we investigate the nonlinear discrete-time systems with constant coefficients
{ x(k+1) = Ax(k) + Bu(k) + g(x(k)), 1)
y(k) = Cx(k),

where x(k) is an n-dimensional state vector, u (k) is a m-dimensional input vector, y(k) is a g-
dimensional output vector. A € R"*", B € R"*™ and C € R7*" are appropriate dimensions
matrices, g(x(k)) € R" represents a real-valued nonlinear vector field. Throughout this
paper, let g(0) = 0.

Definition 1 ([37]). The nonlinear vector function g(x) is called satisfying quasi-one-sided Lips-
chitz condition, if inequality

(g(x) —g(2),x = %) < (x = £)TM(x — %) (2)

holds for any x, £ € R", where matrix M is the quasi-one-sided Lipschitz matrix for g(x). Since
<(0) = 0, when £ = 0, inequality (2) reduced to inequality
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(g(x),x) < x" Myx, 3)

then the nonlinear vector function g(x) is called satisfying the weak quasi-one-sided Lipschitz
condition, and matrix My is the weak quasi-one-sided Lipschitz matrix.

Definition 2 ([37]). The nonlinear vector function g(x) is called satisfying quadratic inner-
boundedness condition, if there exist appropriate constants a, € R, such that

(8(x) —g(2) (g(x) —g(#)) <a [l x =2 | +B(x — 2,8(x) — g(%)) (4)

holds for any x, £ € R", where «, B are the quadratic inner-boundedness constants. Since ¢(0) = 0,
when £ = 0, inequality (3) reduced to inequality

gl (x)g(x) <ag || x> +Bolx, g(x)), )

then the nonlinear vector function g(x) is called satisfying weak quadratically inner-boundness
condition, and wg, Bo are the weak quadratically inner-boundness constants.

Definition 3 ([5]). The nonlinear function g(x) is said to be Lipschitz if there exists a positive
constant vy such that

I8(x) —g®) <7 x—2] ©6)
holds for and x, % € R", inequality (6) is called the Lipschitz condition and <y is called Lipschitz constant.

Definition 4 ([7]). The nonlinear vector function g(x) is called the one-sided Lipschitz condition,
if inequality
(p(x) —¢p(2),x— %) <v]x—2 > @)

holds for any x, £ € R", where v is called the one-sided Lipschitz constant. The constant v can be
positive, zero, or even negative.

Remark 1. It is worth emphasizing that the quasi-one-sided Lipschitz matrix M and weak quasi-one-
sided Lipschitz matrix My only need to be symmetric and do not need to be positive definiteness or
negative definiteness, which is the key point of the superiority of conditions (2) and (3). As is shown
in [37], the weak quasi-one-sided Lipschitz condition (3) and weak quadratic inner-boundedness
condition (5) are weaker than quasi-one-sided Lipschitz condition (2) and weak quadratic inner-
boundedness condition (4). In general, we assume that v.= Apyax(M), when M = vI, the
quasi-one-sided Lipschitz condition (2) is reduced to the one-sided Lipschitz condition (7). Therefore,
the quasi-one-sided Lipschitz condition (2) is an extension of the one-sided Lipschitz condition (7).

Remark 2. As verified in [24], if nonlinear function g(x) satisfies the Lipschitz condition (6), it
must satisfy the quadratic inner-boundedness condition (4) with « > 0, 3 = 0, on the contrary, it
does not hold true. The constant B, By € R can be positive, negative, or zero, and the nonlinear
function g(x) must be Lipschitz when B or By is restricted to be positive.

Remark 3. The weak quasi-one-sided Lipschitz condition (3) and the weak quadratic inner-
boundedness condition (5) give the follow inequalities

e3x T (k) Mox (k) — eng(k)g(x(k)) >0 (8)

and
eqox’ (k)x(k) + eaBox” (k)g(x(k)) — eag” (x(k))g(x(k)) > 0 )

hold, where €3 and &4 are arbitrary strictly positive constants.
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Now, We review a full-order state observer for nonlinear discrete-time systems (1)
proposed in [37] with the following structure

= Ax(k) + Bu(k) + g(2(k)) + L(y(k) — Cz(k)), (10)

where % (k) represents the estimated state of vector x(k), L € R"*1 is an observer gain matrix.
Let error estimation e(k) = x(k) — £(k), from state observer (10) and systems (1), we
can obtain error estimation equation

e(k+1) = (A—LC)e(k) +g(x(k)) — g(£(k)). (11)

The following Lemma proposed in [37] give the sufficient condition for observer (10)
to be an asymptotically stable observer of systems (1).

Lemma 1 ([37]). Assuming that systems (1) satisfy conditions (2) and (4). The observer (10) is an
asymptotically stable observer for system (1), if there are positive-definite matrix P, gain matrix L
and appropriate constants €1, €3 satisfying matrix inequality

< (A—LC)TP(A - L(,;) —P+eMI+eal (A— LC)TII; +€%512/31 — 1l > <0 (12)
— 2

Moreover, assume L = P~'RT, inequality (12) can be converted into the following condition:
there is positive-definite matrix P and real matrix R satisfying linear matrix inequality

—P+eyMI+enl ATP—CTR+ e8I — 1ey1 ATP—CTR
* P—egl 0 < 0. (13)
* * —-P

Remark 4. The superiority of quasi-one-sided Lipschitz condition (2) compared with one-sided
Lipschitz condition and Lipschitz condition for the design of full-order state observer design of
discrete-time nonlinear systems (1) has been shown in [37].

In this article, we will continue to investigate the design of a reduced-order observer
for nonlinear discrete-time systems and output stabilization problems with a reduced-order
observer by means of the quasi-one-sided Lipschitz condition and Lyapunov stability theory.

3. Discrete-Time: Reduced-Order Observer Design

As we know, full-order state observers aim to estimate the complete state of a system
based on the system dynamics and the available output information. However, in some
cases, the output of the system already provides information about certain state variables
directly, making it unnecessary to estimate them again in the observer. Reduced-order
state observers are designed to estimate only the parts of the state that cannot be directly
obtained from the output signal. In this section, a reduced-order observer for nonlinear
discrete-time systems (1) is designed. This approach can lead to simpler observer designs
and potentially better control performance overall.

At first, decompose systems parameters matrices A and B into block matrices:

A A > ( By >
A= ,B = , 14
< A Ap By (14
where Ay € R1%9, Ay € RI(=0) Ay € RO-DX0, Ay € R(1-9)%(n=0) B, ¢ RI9*™M and
B, € R("=9)X"_For simplicity, we only consider the case of output matrix C = (I 0).

In fact, when C # ( I; O ), as long as C is row full rank, we can transform any g x m-
dimensional row full rank matrix C into this form through appropriate transformation.
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By system state transformation z(k) = Ux(k), let U = q 1 , where H €
n—q
R("=0xq  Since C = (I; 0), wehave
z1(k) = x1(k) = y(k),
10 = x1(0) = y(&) )

2(k) = Haxy (k) + x2(k) = Hy(k) + x2(k),
where z; (k) € R7 and z;(k) € R"7. From (1) and (15), by calculation, we can obtain

zp(k+1) = Hxy(k+1) + xp(k+1)
= (A22 + HAlz)Zz(k) + (HAH — HApH A+ Ay — AzzH)]/(k) + (HB]

+Bu(k)+ ( H Lig )g< zZ(k)y—(kILy(k) >

From (16), a discrete-time reduced-order observer for systems (1) can be constructed by

(16)

22(k—|— 1) = (Azz + HAu)fz(k) + (HAH — HA{pH + Ay — AzzH)]/(k) + (HBl

B0+ (H 1oy )3 0 ) 47
21(k) = #1(k) = y(k),
22(k) = £5(k) — Hy(k).

Let estimation error e (k) = zp(k) — 22(k), then from (16) and (17), the error estimation of
ey (k) is given by

ea(k+1) = (A + HAp)ea (k) + ( H I,4 )Agkz (18)

where Ag, = g( Zz(k)y—(kl){y(k) ) - g( 22(k)y—(kgly(k) )

Next, a sufficient condition for the existence of reduced-order observer for nonlinear
discrete-time systems (1) is given.

Theorem 1. Assuming that systems (1) satisfy conditions (2) and (4), then there exists a reduced-
order observer in the form of (17) for systems (1) if there exist positive-definite matrix P, gain matrix
L, and appropriate constants €1, €y such that matrix inequality (12) holds, where reduced-order
observer gain matrix H = P3_1P2T € R1—9)xq,

P P

Proof of Theorem 1. Set P = ( PZT Py

) is positive-definite solution of inequality (12),

M; M,
M M;

Let T = ( 0 DLyy4 ), for matrix on the left side of inequality (12), multiplying it by T
and its transpose on the left and right sides, respectively, we can obtain matrix inequality
as follows:

matrix M = ( ),where Py, M; € R1%9, Py, My € R1*<(1=0) Py My e R(—49)x(n=4),

O AQRPL+ALP] ALPr+ ARPs+ 5eBlap = 3e1ln—yp
0 = * P — Ezlp P <0, (19)
where

O = A{2P1A12 + AgZPgAn + A1T2P2A22 + A52P3A22 — Py +e1Ms +epaly—p.
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Construct the discrete-time Lyapunov functional
V(ea(k)) = e (k) Psea (k). (20)
The difference of V(ep(k)) is
AV = V(ez(k+1)) — V(ez(k))
= e (k+1)Pses(k +1) — e (k) Pae (k)
= ¢ (k)[(Ax2 + HA12) " P3(Aps + HA12) — Pslex(k) +2¢3 (k) (A + HA1) " Ps-
H Ly )Age+8g[( H Lip )'Ps( H Liop )Ags.

(21)

—~

For convenient, let Agy = ( ﬁgl Ellg ), where Agy (k) € RY, Agr(k) € R" 9. From quasi-
2

one-sided Lipschitz condition (2), we can attain the following inequality

a0 @)t 3 ) (e )-al0 dw)( 380 )20 @

where ¢ is arbitrary strictly positive scalar, i.e.,
e1es (k)Mzea (k) — ered (k)Aga(k) > 0. (23)

From quadratic inner-boundedness condition (4), there exists e, > 0, such that

(0 M) (0 ) +e2p(0 ) G50 ) e (agT 0,051 (1)

(28 )=0

holds, i.e.,

(24)

exaej (K)ea(k) +e2 Beg (k)Aga(k) — &2 (A1 (k) - Aga (k) +Ag3 (k) - Aga(k)) 2 0. (25)
Let H = Py 1P2T and substitute inequalities (23) and (25) to equation (21), we can obtain
AV < eZT(k) [A1T2P2P371P2TA12 + AgzpzTAu + A{2P2A22 + Agng,Azz — P3+¢e1Mj
T eaullea(k) + 265 (k) (AT, PaP; 'Y + ALPT) Mg (k) + 263 () (AT, Py

1 1 _
+ ApPs — se1ln g+ 5€2Pln—q)0g2 (k) + AgT (k) (PoPy ' Py — e21,) Agy (k)

. . (26)
+ 2Ag1 (k) P2Aga (k) + Mgy (k) (Ps — ealn—q)Aga (k)
ez (k)
< (el(k) Agl(k) Agl(k) )| Agi(k) |,
Agy (k)
where
My ALPPy P+ ALP] AlPr+ ALPs + 3e2Blug — 3811ny
Ih=| = PPy P — el P , (27)
* * P; —erly—4

Il = ALP Py PY Ajp + AL P Aip + APy Ay + Al P3Agy — Py + 1 M3 + exal,—g.

By Lyapunov stability theory, equation (17) is a discrete-time reduced-order observer
of systems (1), so long as
I, <0 (28)
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holds. From (19) and (27), we have
AL(P,Py'P] — P)Ay,  AL(PPy'P] —Py) 0
I - = * PPy Pl - Py 0 . (29)
* 0 0
. P b
Since P = pT p > 0, by the Schur complement lemma [36], we have
2 3
PPy P — P <0, (30)
Therefore,
AL(PPTPf — P A AL (PP P - Pr)
% PPy 'Pf — Py
AL, 0 PPy P — P 0 Ap 1
— 12 283 19 1 12 g <
( I; 0 >( 0 0 0o 0 )~ 0 (1)
That is to say, [I; — (21 < 0. From (19), we know that (31 < 0; therefore,
I, <0 (32)

holds, it follows that AV} < 0 from (26). The proof is completed. O

Next, by Lemma 1 and Theorem 1, the following conclusion is proposed for designing
a discrete-time reduced-order observer of nonlinear systems (1).

Theorem 2. Assuming that systems (1) satisfy conditions (2) and (4). If there exists matrices
P > 0, R and constants €1, €5 satisfying the linear matrix inequality

—P+eM+eal ATP—CTR+ JeBI — Je;1 ATP—CTR
* P—el 0 <0, (33)
* * -P

then a reduced-order observer in the form of (17) for nonlinear discrete-time system (1) can be

designed, reduced-order observer gain matrix H = Py 1pl e R(m—9)xq,

Proof of Theorem 2. Let L = P~ !RT, matrix inequality (12) can be transformed into linear
matrix inequality (33). Therefore, Theorem 2 can be obtained easily. O

Remark 5. If matrix inequality (33) holds, then we can obtain the feasible solutions P and R of
matrix inequality (33) through optimization algorithms, then the reduced-order observer gain matrix
H can be calculated, the reduced-order observer (17) for nonlinear discrete-time systems is designed.

4. Discrete-Time: Feedback Stabilization Based on Reduced-Order Observer

As a reduced-order observer (17) for nonlinear discrete-time systems (1) is designed,
subsequently, we design a feedback controller with the reduced-order observer for sta-
bilization of the systems (1). We will prove that the design of the feedback controller
and reduced-order observer can still be executed independently in the case of nonlinear
discrete-time systems.

First, we consider a full-state feedback controller for systems (1) described as

u(k) = —Kx(k), (34)
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where K € R™*" i called controller gain matrix to be detemined later. From (1) and (34),
the nonlinear discrete-time closed-loop systems are of the form

x(k+1) = (A—BK)x(k) + g(x(k)),
{ y(k) = Cx(k). * (35)

The following Lemma proved in [37] gives the sufficient condition for asymptotic
stability of zero solution for nonlinear discrete-time closed-loop systems (35).

Lemma 2 ([37]). Assuming that systems (1) satisfy conditions (3) and (5). The sufficient condition
for the asymptotic stability of the zero solution for a nonlinear discrete-time closed-loop system
(35) is

(36)

T, = ( (A —BK)TPy(A — BK) — Py + e3Mp + eangl (A — BK)TPy+ JeaBol — el ) “0
* Py — g4l !

where Py > 0, K are appropriate dimensions matrices, €3, €4 are appropriate constants.
Furthermore, Let Q = Py Yand K = WQ™Y, matrix inequality (36) can be transformed into
matrix inequality

* Q—e4QQ 0
* * —Q

( —Q+e30MoQ + £440QQ QAT — WTBT + 1,800Q — 363Q0Q QAT — WTBT )
<0 (37)

Now, a feedback controller based on the reduced-order observer (17) for nonlinear
systems (1) is designed. Combining the observer-based controller

u = —Kz(k) (38)
with reduced-order observer

22(k + 1) Z(A22 + HAlz)iz(k) + (HAH — HAppH+ Ay — A22H>y(k> + (HB]

y(k) (39)
#8418 ™y )
I 0
from z(k) = Ux(k) = ( y )x(k),we have
H ITl*L]
sy =utz=( % Vw (40)
—H Iy '
. I 0 .
For convenient, set F; = < 1 >, F = < >, we can obtain
—-H In—q
x(k) = Fiz1 (k) + FQZz(k) = Fly(k) + FzZz(k). 41)
Subsequently, the estimated state is acquired as
£(k) = Fiy(k) + Fxa(K). “2)

Take the observer-based controller (38) to systems (1), then nonlinear discrete-time systems
with reduced-order observer (39) is given as

x(k+1) = Ax(k) — BK2(k) + g(x(k))
= Ax(k) — BK(Fry (k) + F222(k)) + g (x(k)) (43)
= (A= BKFC)x(k) — BKF23 (k) 4 g(x(k)).
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The reduced-order observer (39) with the feedback control law (38) is obtained as
22(]( + 1) :(Azz + HAlz)ﬁz(k) + (HAH — HApH A+ Ay — AzQH)CX(k) - (H31 + BQ)K-

(RCx(K) + B&2(0) + ( H 1y )g< y(K) )

2,(k) — Hy(k) (44)

:H122(k)+H2x(k)+< H  In— )g< 22(k)y—(kl)iy(k) >

where
Hy =Ay + HA;p — (HBy + Bo)KE,,
H, :(HAH — HApH A+ Ay — AzzH)C — (HBl + BZ)KHC.

fp 0 )x(k), we have z3(k) = Jx(k). Since
H I,

ez (k) = zp(k) — 22(k), closed-loop systems (43) can be transformed into

Let ] = ( H Ii—q ), from z(k) = (

x(k+1) = (A — BREC)x(k) — BKE;(22(k) — e2(K)) + g (x(K))
= (A — BKF,C — BKE])x(k) + BKFyey (k) + g(x(k)) (45)
= (A — BK)x(k) + BKFey (k) + g(x(k))

and the error equation of the reduced-order observer is

er(k+1) = (Ap+HAp)er(k)+ ( H Li—p )Agk. (46)

Since the state transformation

x(k) ) < Ip 0 ) ( x(k) )
R — 47
(o) =(F ) (e 4
is nonsingular, therefore, closed-loop systems (43) with reduced-order observer (44) can be
converted into closed-loop systems (45) with estimation equation (46).
Subsequently, we will prove that when nonlinear discrete-time systems (1) execute

the feedback stabilization with a reduced-order observer, the design of the feedback con-
troller (34) and reduced-order observer (17) can be still carried out independently.

Theorem 3. Assuming that nonlinear discrete-time closed-loop systems (45) satisfy conditions (2)—(5).
If both matrix inequalities (28) and (36) hold, then the zero solution of closed-loop systems (45) is
asymptotically stable with feedback controller (38) based on the reduced-order observer (39). The
controller gain matrix is attained as K = WQ ™1 and reduced-order observer gain matrix is obtained
by H=P;'P].

Proof of Theorem 3. Construct the discrete-time series Lyapunov functional

V(x(k),ex(k)) = cxT (k) Pox(k) + e3 (k) Psea k), (48)
where ¢ > 0. The difference of V(x(k), ex(k)) is obtained as

AV =V(x(k+1),ea(k+1)) — V(x(k),ez(k))
=cxl(k+1)Pyx(k+1) + el (k4 1)Psea(k+1) — cxT (k) Pyx (k) — el (k) Psep (k)
=c[(A — BK)x(k) + BKFey (k) + g(x(k))]TPy[(A — BK)x(k) + BKFaes (k) (49)
+8(x()] + (A + HAp)ea (k) + ( H In—p )Agi)" P3[(Axa + HA1z)ea (k)
+( H ILi—p )Ag) —cx’(k)Pox(k) — e} (k)Psea (k).



Mathematics 2024, 12, 1553 11 of 16

Let H = P; 1PZT , from equations (8), (9), (23) and (25), we can obtain
AV, < 0T (k) Zw(k), (50)

where
T

wk)=( xT(k) g'(x(k) ej(k) Agi(k) Agi(k)) ),
Y11 X2 Xz 0 0

Yp Xz 0 0

* Yz X34 235 |,

% % 244 245

* * * 255

™
I
* % % %

Y11 = c¢[(A — BK)TPy(A — BK) — Py + e3My + egaol,],

1 1
Y1, =c[(A—BK) Py — 5531,1 + Ee4ﬁ()1n],

Y13 = ¢ (A — BK)TPyBKF,

Yoo = c(Po — e4ly),

223 = CP(]BKFQ,

233 = A{2P2P3_1P2TA12 + AgZPZTAlz + A1T2P2A22 + AgngAzz —P3+e1M3 +ealy—p
+ ¢ (BKF,)TPyBKF,,

Y34 = ARPaPy Py + AQP,

1 1
235 - A{ZPZ + Agzp3 - 5811117;; + Eszﬁlnfp,
Y4 = PPy P] — e,
Xy5 = Py,
255 = P3 - 821,17,7.
By Lyapunov stability theory, the zero solution of closed-loop systems with a reduced-
order observer is asymptotically stable as long as matrix inequality ¥ < 0 holds.
Assume that p(k) = (xT(k), g7 (x(k))T and 6(k) = (el (k), Agl (k), Agl (k))T, then we
can obtain

AVi =cp" (k) TIz0(k) + c xT (k) (A — BK)T PyBKFyes (k) + c g" (x(k))PyBKFye (k)
+ 6T (k)T116(k) + cel (k) (BKF,)T PyBK ez (k)
<cAmax(T13) || p(k) 1> ¢ [ (k) (]| (A = BK)TPoBKE ||| 6(k) || +¢ || p(k) ||
I PoBKFEy [[[| 6(k) || +Amax(TTh) || 6(k) [|* +c || 6(k) |||l (BKF2)" PoBKE; ||| 6(k) |l,

(51)

where matrices Iy and I13 are given by (27) and (36), respectively. By Lemma 2, we have

I, — ( (A —BK)TPy(A — BK) — Py + e3Mp + eangl (A — BK)TPy+ JeaBol — el ) -0

* Py — e41 (52)

It means that Ay (I13) < 0. When LMI (36) holds, the feedback controller is given as
K =WEh,.
From Theorem 1, we can obtain

I = = PPy P — ol P (53)

My ALPPy P+ ALP] APy + ALPy+ yeaBlup — 3e1luy
<0
* * P3 - Szlnfp

It means that A4, (IT)) < 0. When matrix inequality (28) holds, gain matrix H of reduced-
order observer is attained as H = P; 1P2T .
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Let Ry = (A — BK)TPyBKF,, Ry = PyBKF, and R3 = (BKF;)” PyBKF,. From (51), we have

AmaaT) —c(I Ry [+ [ Rs )
0] G A M L IO o

where (k) = (|| p(k) || || 6(k) | )T. Let the matrix

[ —cAa(Ts) (| Ry ||+|R2H))
H4‘< ; Amax(Th) — ¢ || Rs || )" %9)

Afterwards, the necessary and sufficient condition for Iy > 0is

and
¢ Amax (TT1) Aax (T13) +C2)\mux(n3) | Rz || _CZ(H Ry ||+l Rz ||)2 > 0. (57)

Due to ¢ > 0, Apax (T11) < 0 and Apax(I13) < 0, it is not difficult to find that

/\max (Hl )Amax (HB)

O0<c< .
—Amax(I3) || Ra || +(]| Ry || + [| Rz [})?

(58)

If inequality (58) holds, AVy < 0 for any (x(k),ex(k)) # 0, the conclusion holds. In
other words, the design of the feedback controller (34) and reduced-order observer (39) can
be carried out independently for systems (1). The proof is completed. [

Remark 6. We emphasize that the advantage of the quasi-one-sided Lipschitz condition still holds
when nonlinear discrete-time systems implement the control with a reduced-order observer. System
parameter (A, C) can be not detectable, and system parameter (A, B) can be not stabilizable, which
means that there is no need for a gain matrix L or gain matrix K to ensure that the modulus of all
eigenvalues of matrix A — LC and matrix A — BK is strictly less than unity.

5. Numerical Example

Consider nonlinear discrete-time systems with the following parameter matrices:

05 0 007 0.1
A= 0 1004 0 |,B=| 0 |,C=(10 0),
006 0 092 0

the nonlinear term g(x(k)) is given by

. —0.02x2(k)  —0.02x3(k) !
g(x(k)) = ( 0.025 sin(x1 (k) 1-0.6e 20 1-0.6¢ 3®) ) '
First, a reduced-order observer for estimating the partial states of systems is proposed.
By calculation, we know that matrix parameter (A, C) is not detectable. Therefore, the
design of a reduced-order observer for systems requires useful information from the
nonlinear terms of the systems. Obviously, it is impossible to use the classical Lipschitz
condition (6).
From conditions (2) and (4), using the mean-value theorem, matrix M and parameters
«, B can be chosen as

0.025 0 0
M = 0 —0.01109 0 ,& = 0.0025 and g = —0.075.
0 0 —0.01109
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From Theorems 1 and 2, we can obtain the solution of the linear matrix inequality (33) is

e1 = 3.0605,¢; = 4.3566,R = ( 02811 0 0.2429 ),

2.5533 0 —0.1871
P = 0 1.6552 0 ,

—-0.1871 0 1.9868

and

where

Py =25533,P, = ( 0 —0.1871 ) andP; = ( 1'6552 1 9(2)368 )

Subsequently, the gain matrix of a reduced-order observer is

_ 0
— 1pT _
H=h"h = ( —0.0942 >

Then, we can obtain the following reduced-order observer of systems:

Zak+1) :< 1'%04 0.9234 )22(1‘) + < 0.0%89 >~‘/(k> + < —0.8094 )”(k)

0 10 y(k)
+< —0.0942 0 1 >g< (k) — (0 —0.0942 ) y(k) )

It is worth emphasizing that when using the one-sided Lipschitz condition (7), the
one-sided Lipschitz constant v = Ay (M) = 0.025 > 0. Obviously, we cannot design
an asymptotically stable reduced-order observer for the system (1). It fully reflects the
superiority of quasi-one-sided conditions over one-sided conditions in observer design of
nonlinear discrete-time systems.

Next, a feedback controller is designed for the stabilization of the systems. Since
system parameter (A, B) is not stabilizable, when designing controllers for systems, useful
information on the nonlinear terms of the systems is also required. By Conditions (3) and (5),
matrix My and parameters «g, o can be chosen as

0.025 0 0
My = 0 —0.02 0 , g = 0.0025 and By = —0.075.
0 0 —0.02

According to Lemma 2, solving inequality (37), the feedback controller gain matrix can be
obtained as
K= (08569 0 0.6951 ).

Let initial condition x(0) = (-2, —6.53,4.38)T and £,(0) = (2.67, —4.71)7, then the
simulation results are shown in Figures 1-4. The response curve of state x; (k) of nonlinear
systems is shown in Figure 1, the response curve of states x,(k) and x3(k) and their
estimated states £,(k) and £3(k) of systems with reduced-order observer are shown in
Figures 2 and 3, separately. The response curve of estimation errors ey (k) and e3(k) for
states x, (k) and x3(k) are shown in Figure 4. As can be seen from Figures 1-4, under the
observer-based control, all the states and estimation errors of the systems asymptotically
tend to 0. Therefore, the partial states of nonlinear systems can be well evaluated by the
reduced-order observer, and nonlinear closed-loop systems can achieve asymptotic stability
under the control based on the reduced-order observer.
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response curve of state x, (k)
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N response curve of state xz(k)
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—
7 . . .
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Figure 2. State x; (k) and estimated state £, (k).

Figure 3. State x3(k) and estimated state £3(k).
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Figure 4. Estimation error ep (k) and e3 (k).
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6. Conclusions

This work considers feedback stabilization for quasi-one-sided Lipschitz nonlinear
systems with a reduced-order observer in the case of discrete time. Sufficient conditions
are proposed for the existence of a reduced-order observer of a nonlinear discrete-time
system. Furthermore, a controller design method with reduced-order observer for systems
is proposed. We prove that the feedback controller and reduced-order observer can still
be carried out independently when systems execute the feedback stabilization with the
reduced-order observer in the case of discrete-time systems with nonlinear terms.

Our next research goal is to extend the quasi-one-sided Lipschitz condition to the
research of stability and output feedback stabilization problems for nonlinear discrete-time
systems with periodic coefficients and different types of time-delay systems.
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