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1. Introduction

Over the past decade, autonomous spacecraft systems have attracted sustained research interest due to
their critical roles in deep-space exploration, on-orbit servicing, satellite formation flying, and space situational
awareness [ 1,2]. Unlike traditional ground-assisted spacecraft, the attitude dynamics of flexible spacecraft (FS)
exhibit strong nonlinearity and rigid-flexible coupling characteristics, which make controller design challenging [3].
The Takagi-Sugeno (T-S) fuzzy model is widely regarded as a mainstream modeling approach for such systems
due to its strong nonlinear approximation capability and systematic analysis framework [4]. For instance, robust
fuzzy control schemes for flexible spacecraft were developed in [5], where elastic coupling effects were explicitly
considered. In [6], a hybrid nonfragile observer-based T-S fuzzy attitude control scheme was proposed for flexible
spacecraft subject to input saturation. Moreover, anti-disturbance quantized control based on dynamic event triggers
was investigated for flexible spacecraft attitude stabilization in [7]. However, further investigation is still necessary.

Sampled-data control has been widely employed in safety-critical cyber-physical systems since it enables
continuous-time plants to be controlled through digital networks while reducing communication and computation
burdens. Significant progress has been made in the stability and control of non-uniform sampled-data systems [&].
For instance, a semi-looped-functional-based stability analysis approach was proposed in [9], which provides
an effective framework for verifying the stability of sampled-data systems. Furthermore, a sampled-data-based
event-triggered fuzzy control scheme for networked systems subject to cyber-attacks was proposed in [10]. On the
other hand, actuator saturation is prevalent in many practical aerospace systems, and neglecting this phenomenon may
severely degrade transient performance or even lead to instability. To address this issue, actuator-saturation-aware
control under multi-rate sampling was studied in [ 1] to handle sampling and saturation effects jointly. Moreover,
sampled-data control approaches have also been investigated for nonlinear systems with actuator nonlinear
characteristics [12].
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In autonomous spacecraft systems operating over networked environments, non-differentiable time-varying
delays, sporadic bounded sampling and packet losses are inevitable, which significantly complicates stability analysis
and control design. In addition to deterministic and fuzzy frameworks, semi-Markov jump systems were adopted
in [13,14] to characterize system uncertainties. For instance, resilient fuzzy control schemes for nonlinear networked
systems under denial-of-service attacks were developed in [15]. Moreover, delay-dependent stability criteria and
fuzzy control schemes subject to communication delays were presented in [16, 1 7]. Existing delay-related results
for T-S fuzzy systems are generally classified into delay-independent and delay-dependent categories, where the
latter can achieve less conservative stability conditions by incorporating delay information [18,19]. In [20], the
finite-time fuzzy sampled-data control problem for nonlinear flexible spacecraft with stochastic actuator failures
was investigated. In [21], the attitude tracking problem of flexible spacecraft with quantization, actuator dead-zone,
and disturbances was addressed by a quantized adaptive fuzzy integral sliding mode control method. However,
the study of sampled-data T-S fuzzy systems with non-differentiable delays and bounded sporadic sampling under
realistic network environments remains insufficient.

In autonomous spacecraft systems applications, rigid-flexible coupling dynamics, external disturbances, and
network-induced uncertainties further increase system complexity. Therefore, the following challenges need to
be overcome:

1.  How to model networked autonomous spacecraft systems with aperiodic sampling and actuator saturation
within the T-S fuzzy framework.

2. How to construct an improved Lyapunov functional depending on both delay information and sampling
interval bounds.

3. How to design the fuzzy sampled-data controller with actuator saturation to stabilize the autonomous
spacecraft systems.

Inspired by the above discussion, this paper mainly explores the sampled-data control of T-S fuzzy networked
control systems with non-differentiable delay and actuator saturation. Compared with the existing work, the
highlights of this paper are summarized as follows:

1. Unlike the delay-dependent approaches in [18, 19], which assume differentiable delays or impose restrictive
delay constraints, this paper develops a networked sampled-data control framework for autonomous spacecraft
systems that can accommodate non-differentiable time-varying delays and bounded sporadic sampling within
a unified T-S fuzzy modeling framework.

2. A Lyapunov functional depending on both sampling interval and delay information is constructed for the
networked autonomous spacecraft system. Compared with the conventional delay-independent and classical
delay-dependent approaches in [16, 17], the proposed functional effectively integrates delay information and
sampling interval bounds, thus reducing the conservatism of the stability criteria.

3. A fuzzy sampled-data controller explicitly considering actuator saturation constraints is proposed in this
paper. Compared with the existing sampled-data fuzzy control methods in [11,22], which mainly focus on
deterministic sampling or standard H ., performance, the proposed controller guarantees the global exponential
stability under non-differentiable delays and bounded sporadic sampling.

This paper is organized as follows. Section 2 presents the T-S fuzzy model of the networked flexible
spacecraft with non-differentiable time-varying delays and actuator saturation, together with necessary definitions
and preliminaries. Section 3 develops the sampled-data stabilization criteria and provides the controller synthesis
method based on a Lyapunov functional that incorporates both delay information and sampling interval bounds.
Section 4 demonstrates the effectiveness and superiority of the proposed T-S fuzzy networked sampled-data control
through a practical example of a flexible spacecraft. Finally, Section 5 concludes this paper. The overall framework
of the proposed method is illustrated in Figure 1.
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Figure 1. Framework of the proposed sampled-data stabilization method.

2. Model Description and Preliminaries

Based on the FS dynamics described in [20], the attitude kinematics of the system can be characterized by the
following positive quaternion representation:
Po=cosd/2, §=7Fsind/2,
where ¢ = [p] p3 P1]"T together with $y denotes the quaternion representation satisfying the normalization

constraint 2?21 @2 = 1. Here, § denotes the Euler-axis rotation angle and 7 represents the associated unit vector.
Based on this quaternion representation, the attitude kinematics of the flexible spacecraft can be expressed as:

%
®
where % = [#]T #,F #55|T denotes the angular velocity associated with the pitch, roll, and yaw axes. The matrix

H(Po, P) is defined as H(Po, 9) = [—@, (pol + 7 ($))T]T. Based on this representation, the rigid-flexible
coupled dynamics of the spacecraft can be described as:

1

2

= %(607¢)W7 (1)

IH () + i) = = (P (O)( IV () + (1)) + ult) + v(t),
ii(t) + Gaib(t) + Han(t) = —CH (0), @
where ¢ > 0 represents the inertia matrix of the overall spacecraft system including both rigid bodies and flexible
appendages. The matrix ¢ characterizes the rigid-flexible coupling effect, while )(¢) denotes the elastic displacement
coordinate. Accordingly, 7(¢) and #j(¢) represent the elastic velocity and acceleration of the flexible appendages,
respectively. The signal u(t) corresponds to the control input and v(t) represents the external disturbance acting
on the system. Moreover, € = diag{2m;#,,;} and ¥, = diag{#,2},i € {1,..., N*}, denote the damping and
stiffness matrices, respectively.

According to (2), the rigid body motion and elastic vibration are coupled through the terms ¢ T7j(t), (T9(t)
and (T (t). To facilitate the subsequent analysis, a lumped disturbance term is introduced as 7(t) = v(t) +
CY(En(t) + Hn(t)) — L (H ()1 (t), where .7 (# (t)) denotes the skew-symmetric matrix associated with
the angular velocity vector # (t), defined as:

0 W W
IW)=| W 0 -
Wy M 0

Substituting the above expression into (2) yields the following simplified dynamic model of the
flexible spacecraft:

(F =T () = =L (# () +ult) + B(1), ©)
where U (t) € L£2[0,.7). Moreover, it is assumed that there exists a positive constant & such that
g
/ pT(t)o(t)dt < b,
0
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Define the state variables as z; = #; and z; 13 = @;,i = 1,2,3. Letxy = [x1, 22, 23])T, 25 = [14, 25, 26] T,
and x = [x:f,, xg]T. By combining the attitude kinematics (1) and dynamics (3), a unified nonlinear state-space
model is derived. With the quaternion ¢ and angular velocity % as outputs, the nonlinear flexible spacecraft
dynamics can be rewritten as the following T-S fuzzy form:

Rule i: TF 71 (t) is Nj 1, - -+, 7,(t) is NV; », THEN
(t) = (t) + ST a(t — 7(t) + Bisat(u(t)), 4

where N; , represents the fuzzy sets, 71(t),...,7,(t) denote the premise variables, o denotes the number of
fuzzy rules, and z(t) € R™ is the state vector of the system. Moreover, the actuator saturation is described by
sat(u(t)) = u(t) — ¢(u(t)), where ¢(u(t)) characterizes the nonlinear saturation component and satisfies the sector
condition 0 < ¢T (u(t)) (u(t) — ¢(u(t))). In addition, the function 7(¢) : Ry — [0, 7] denotes a time-varying delay
that is not required to be differentiable. Accordingly, the system matrices A;, A7, and B; are given by:

_ —(F =T L (awe) I 0
= | R )

M:%z 8}7 %:[(/_5%1}’

where <77, denotes the delay-state coefficient matrix introduced to characterize the network-induced delay effect in
the angular-velocity channel. In this paper, 7 is used to describe the influence of the delayed state z(t — 7(t))
caused by communication and transmission constraints in the networked spacecraft system. The output matrix is
taken as C; = 1.

Definition 1. (Ref. [23]) For the control input u(t) € R™, the actuator saturation function sat(u(t)) is defined by

sat(u(t)) = [sat(u1(t)),sat(ua(t)), . .., sat(um ()],
with
Uk, max > uk(t) > Uk, max;
sat(ug(t)) = § ug(t), lup ()] < Ukmax, Kk =1,2,...,m,

—Uk, max> uk(t) < —Uk,max;

where Uy, max > 0 is the saturation bound of the k-th actuator.

Remark 1. Since the flexible spacecraft system is considered in a networked sampled-data environment,
communication and transmission delays cannot be neglected in practice. Hence, based on the nominal flexible
spacecraft model in [20] and the time-delay approach widely adopted in [24], the delayed-state term <7, x(t — 7(t))
is introduced to describe the network-induced delay effect.

Remark 2. Since actuator outputs in practical spacecraft systems are physically bounded in amplitude, actuator
saturation should be explicitly considered in the controller design. In this paper, the actuator saturation is described
by sat(u(t)), which enables the controller to better capture the practical input constraints. Moreover, by rewriting
sat(u(t)) = u(t) — ¢(u(t)), the nonlinear effect caused by actuator saturation can be incorporated into the
subsequent Lyapunov-based stability analysis via a sector condition.

Utilizing the center-average defuzzifier, system (4) can be rewritten as:

4

i(t) = Z Si(r(t) [a(t) + o x(t — 7(t)) + B;sat(u(t))], 5)
i=1
where 6;(r(t)) = %, and 9;(r(t)) = [lh_; Nik(rx(t)), with N ;(rx(t)) denotes the grade of

membership of 7y (t).
Furthermore, the measured output of system (5) is given by

4

y(t) = 6i(r(®)Cia(te), tE€ [te,tesr), (©6)

i=1
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in which C; is the output matrix with appropriate dimensions, and ¢, denotes the sampling instant satisfying
{te} € F(no,m) 2 {te|no < tes1 — te < m1}. The sampled-data control strategy is designed as follows:
Rule j: IF r1(t) iS N 1, ..., ro(t) is N} », Then

U(t) = ’ij<t€)7 te [téa tf-i-l)a (7)

where KC; represents the control gain matrix. Accordingly, the overall fuzzy sampled-data controller is

0
253 Kjy(te), te€ [te,tesr)-

j=1

Let composite variable z(t) = [zT(t) uT(t)] * By adopting the actuator saturation model sat(u(t)) £

u(t) — ¢(u(t)) in [12], it follows that:

o

8i(r(t) Y 8;(r(0)[Fz(O)+eT 2(t=7 (1)) + Brd(u)] t # te,

j=1

261 ))%J (t_)at:tl’

15=1

:(t)

e

o
Il
—

®)

pllqm

7

where z(t,) = hng+ z(te+m), 2(t;) = lm z(ty —m), o = F{l O} , ] = [ﬂi O} , By = —B; {I},
m—

m—0~
I 0
d~;,; = .
a5 = e, o)

Accordingly, the form can be further abbreviated as follows:

{Z’(t) =i (8)z2(t)+; (1)2(t — () +Bi(1)D(t), T # to,
_ _ 9
2(t) = 7, (t)z(t7), t = ty,
with
Bi(t) =D 6i(r(t)6;(r(1)%i, () =D ) 6i(r(t)6;(r(t),
] (t) = Z Z 8 (r(£))8;(r (1)), Vij(t) = Z Z 6i(r(2))6; (r(t))%ij-

Next, a definition required for the subsequent analysis is introduced.

Definition 2. (Ref. [25]) For a given sampled-data interval {t;} € F(no,m ), the closed-loop system (4) under the
controller (7) is said to be globally exponentially stable, if there exist positive constants M > 0 and 3 > 0 such that

l2(t, to, )1 < Ml[llne™1), ¢ > o, (10)
where (0) = z(to + 9) for 0 € [—h, 0] denotes the initial function, and ||¢[|n = supsci_p,0 [1¥(0)]]-

Remark 3. Compared with asymptotic stability, global exponential stability provides a stronger characterization of
system performance, because it ensures not only the convergence of the closed-loop state to the equilibrium point,
but also an explicit exponential decay rate. This is particularly meaningful for the considered networked flexible
spacecraft system with non-differentiable delays and actuator saturation.

3. Main Results

In this section, the stability of the closed-loop networked autonomous spacecraft system under the proposed
fuzzy sampled-data controller is analyzed. By constructing a Lyapunov functional incorporating delay and sampling
information, LMI-based conditions are derived to ensure global exponential stability.
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3.1. Stabilization criterion

In this subsection, the following auxiliary functions and a Lyapunov functional are introduced to establish the
stabilization criteria.
For the sampled-data interval {¢;} € §(no,n1), the following auxiliary variables are defined:

1
e(t) =T te [t5717t5)7 f(t) = /J’LLO(t)7 te [t2717t4)7
ty —to—1
t—1ti_q
t10=——"—, tElti—1,1p),
ty —to—1 [ )
— o(t)— =
{gg)—11’ w71, T~ o <M,
t2,0 = 13,0 = poom
1’ K= 1, I o ="M,

in which g > 0 is a design parameter related to the weighting function £(¢). Define ¢y 1 = 1 — 10, k = 1,2, 3.
Based on the definitions of ¢3 ¢ and ¢3 g, it follows that:

1 1
. 1
£@t) = Z vt () = Z t3i—,t € [ti—1,te). (1D
— — m
7=0 =0
Let
Liga(t) = t1,i(t)e2,5(t)esa(t),4, 5,1 € {0, 1} (12)

Consider the following Lyapunov function:
V() =£(t)2" () F()(t), (13)

where ]:'(t) = Z::o Ll’i(t)}:l,i, t € [te_1,te), Fo>0,F >0. Itis applied to the closed loop system (8) to
obtain the following stabilization criteria. And 71 € {ng,n } forl =0, 1.

To handle the actuator saturation in the Lyapunov analysis, introduce a constant matrix £ with appropriate
dimensions and define I; = [0 I . Let the augmented state vector be z(t) = [zT(t) uT ()] T which implies
that u(t) = I 2(t). According to the sector-bounded property of ¢(u(t)), the following inequality can be obtained
—2¢T(u(t)) E [p(u(t)) — I,2(t)] > 0, which is utilized in the subsequent stability analysis.

Theorem 1. Given parameters ng > 0, 71 > 0, w > 0 and consider the system (8) over the sampled-data interval
{te} € F(no,m), the system (9) is globally exponentially stable, if there exist a scalar p > 0, positive definite
matrices F; > 0 (i =0,1), @ > 0, S > 0, and a function w(t) = e**™®), such that

Fi>Q, i=0,1, (14)
Ezl,j,l(t) E?,j,z(t)~ E?,j,z(t)
Eij(t) = * ~w(t)oQ 0 <0, (15)
* * -28
[—0']:1 (I+’71;7jf0):| <0, (16)
* —Fo
where
=1 1 20T F
=10 = o' (T (®) + w07 Fi ),
E7,.) = IR (),
2l =ITET = Fiy,
Ino ~ - _ 1.~ _
Hi,l(t) = 7 +2w| Fi—; + sym{fl_,’ﬂ;(t)} + E [.Fl - Fo]
Proof. See Appendix A. O

Remark 4. Compared with [9, 26], which mainly consider differentiable time-varying delays or deterministic
sampling structures, and [18,22 ], where delay-dependent criteria rely on smoothness assumptions or restrictive
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delay constraints, the proposed criteria provide a more general framework by accommodating non-differentiable
time-varying delays and bounded sporadic sampling, thereby reducing the conservatism of the stability conditions.

Remark 5. It should be noted that the conditions (15) and (16) in above Theorem 1 is a stable and discriminant
condition, but it cannot find the gain matrix. To address this issue, Theorem 2 presents a controller condition for
determining the control gain matrix.

3.2. Controller design

Theorem 2. Given parameters ng > 0, 71 > 0, controller gain is K; = Yflf( i, and consider system (8) over
the sampled-data interval {t;} € F(no,m), the system (9) under the sampled-data controller (7) is globally
exponentially stable, if conditions (14) and (15) hold and there exist scalars o > 0, k > 0 and positive definite
matrices ISz é Y;, and I~{l such that

|:—0'I:)1 FoFo + IaCrkKF 0 KT

. ' E ]<Q (17)

where B
~ ‘l{"/ ~
Fy— {yo yﬂ P = |:y1:| -
x
Yo s
* 1
condition (16) in Theorem 1, which completes the proof. O

Pmﬂmﬁ{ %mﬁﬁﬂwmm%MmmmmmmmmmWWMm

Remark 6. The condition (15) in Theorem I relates to time t, which is mainly affected by the membership degree of
the model. The processing technique of this inequality is mainly based on reference [19], on which it can be easily
solved, due to space limitations, the detailed derivation is omitted.

4. Simulation Results

In this section, a practical example of a flexible spacecraft is provided to illustrate the effectiveness of the
proposed T-S fuzzy networked sampled-data control scheme.

Example 1. Consider a fuzzy FS system whose parameters are adopted from [20]. The system matrices A;, B; and
C; are defined according to (4). In this example, the T-S fuzzy model consists of o = T rules.
The principal inertia matrix is given by:

350 3 4
F =% 200 10|kg m?
* * 190

and the coupling matrix

6.45637 1.27814 2.15629
¢ = |1.25619 0.91756 1.67264| kg'/? - m,
0 10 190

and other parameters are chosen from [27].  For numerical simulation, the total simulation time is
set to 30 s and the integration step size is chosen as dt = 1073. The initial condition is taken as
x0=[-1.270.351.2 —0.251.5 0‘75]T . To characterize the network-induced delay effect, the non-differentiable
time-varying delay is selected as h(t) = | cos(0.8t)| + 1.2|sin(2t)|, whose evolution is shown in Figure 2. Since
the adopted delay function contains absolute-value terms, it is non-differentiable at some instants, which is
consistent with the considered networked communication scenario. In addition, the aperiodic sampling sequence
{t¢} is randomly generated under the constraint ng < tg11 — tg < 11, where ng = 0.02 and n; = 0.25. To ensure
reproducibility of the simulation results, the random seed is fixed in the numerical implementation. The control
signal is updated only at the sampling instants and held constant over each interval [tg,toy1).
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Figure 2. Evolutionary trajectory curve with non-differentiable delay.

In the expression of the lumped disturbance v(t), the term v(t) represents external disturbances, such as
gravitational torques or aerodynamic effects, and is assumed to take the following form:

—1.6 4 2co0s(0.16t) — 1.1 cos(0.4¢)
v(t) =10""- | 3.5 4 1.5sin(0.16t) — 2.0 cos(0.4t) | N - m.
—1.6 4 2.0sin(0.16t) — 1.8sin(0.4¢)

The state trajectories of the fuzzy FS described by (4) without control, under the initial condition ro =
[-1.27 0.35 1.2 —0.25 1.5 0.75], are shown in Figure 3. It can be observed that the open-loop system is unstable.
Motivated by this observation, the extended dissipative performance of the system will be investigated using a secure
Sfuzzy sampled-data control strategy.

20 T T T T T T T T T
1 Etg
xo(t
15 wa(t)
z4(t)
L z5(t) |
10 ()
5 | - -

S ———

Jﬁ

10k 4

15 F .

Time (sem.)
Figure 3. The state trajectory of the open-loop system.
The parameters are chosen as 19 = 0.02, n; = 0.25, p = 0.09703, o = 0.00155. By solving the conditions

in Theorem 2, the following control gain matrices are obtained for system (4) under non-differentiable delay and

actuator saturation:
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Ky

K, =

Ky =

K¢ =

K; =

[—146.17
93.34
3.35

[—145.29
94.87
2.79

[—145.29
94.87
2.79

[—148.22
95.87
2.75

[—136.96
105.73
| —1.31

[—149.46
96.62
2.62

[—143.78
100.91
1.06

90.81
—97.10
36.23

88.44
—99.08
37.56

88.44
—99.08
37.56

90.09
—102.37
37.85

72.20
—118.91
44.22

90.63
—103.71
38.47

83.12
—103.86
40.57

195.16
54.69
421.29

197.06
56.90
420.99

197.06
56.90
420.99

197.37
56.38
426.97

201.07
63.32
411.99

198.43
56.96
431.54

204.02
61.69
425.43

—214.11
—52.67
56.41

—212.88
—49.41
56.23

—212.88
—49.41
56.23

—214.98
—49.26
53.90

—184.07
—1.31
37.51

—216.59
—49.40
53.62

—216.73
—43.41
58.53
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71.56
—4.17
—16.13

69.61
—6.90
—15.20

69.61
—6.90
—15.20

70.44
—8.82
—14.47

49.27
—36.87
—4.39

70.83
-9.53
—14.12

68.01
—11.85
—14.68

203.18
58.3123
—54.62

201.73
54.87
—53.24]

201.73
54.87
—53.24]

204.497
55.99

—51.60]

178.177
13.89
—35.87]

205.947
56.22
—51.20]

202.64
46.43

—53.51]

)

The actuator responses under the prescribed saturation bounds uy max = 2, k = 1,2, 3, are illustrated in
Figure 4, where uj, max denotes the saturation bound of the k-th actuator. From Figure 4, it is seen that the control
inputs are always confined within the prescribed bounds, showing that the actuator saturation constraints are
properly respected. Furthermore, Figure 5 depicts the state trajectories of the closed-loop system obtained by using
the above state feedback gain matrices. As can be observed, all state variables converge to the equilibrium point in
a stable manner. These results confirm that the proposed fuzzy sampled-data controller (7) can effectively stabilize
the closed-loop fuzzy FS (8) under actuator saturation constraints.

2
— — sat(u,(t)
157 — — sat(u,(t) |
A Sat(u, 1)
I e — — sat(u,(t) |
"‘0;: - — — sat(ug(t)
5 08 =l sat(ug (1) | ]
N' 1
Toof | = e
s E=1
S 05 J |
"a " '
n
qF - |
A5F = |
-2 L L L 1 L L L | i

0 2 4 6 8 10 12 14 16 18 20
time t

Figure 4. The trajectory of saturated control input signal.
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State x,

10 1 - 10 1
15 Virtual Dimension 15 Virtual Dimension
Time (sem.) 20 Time (sem.) 20 ©

(a) (b)

0.05

0.1

10
15 Virtual Dimension
Time (sem.) 20

Time (sem.) 20 0O

(© (@)

°
3
State x,

10

10
15 Virtual Dimension

0 Time (sem.) 20

15
Time (sem.) 20

(e) ®

Figure 5. (a)-(f) The state trajectory of the closed-loop system (8).

To further verify the effectiveness of the proposed method, comparative simulations are conducted with the
method in [20] under the same simulation settings. The main results are summarized in Table 1. It should be
emphasized that the proposed method is developed for a more practical control framework, where non-differentiable
time-varying delays, aperiodic sampling, and actuator saturation are explicitly taken into account, while the method
in [20] does not explicitly address actuator saturation or network-induced delay effects. As shown in Table 1, under
these more general conditions, the proposed method still achieves comparable convergence performance, together

with a smaller peak state norm and terminal state norm.
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Table 1. Comparison of control performance

Method Settling Time (s) Peak State Norm Peak Control Norm Terminal State Norm

[20] 15.754 3.0543 6.6793 0.27169
This paper 14.939 2.9785 6.9282 0.23347

5. Conclusions

In this paper, the sampled-data control problem for networked autonomous spacecraft systems subject to
aperiodic sampling and actuator saturation has been investigated. To ensure the global exponential stability of
the closed-loop system under bounded sporadic sampling, a fuzzy sampled-data controller has been developed,
and a new sufficient stability condition has been established by constructing a Lyapunov functional incorporating
both delay information and sampling interval bounds. Tractable LMI-based criteria have been derived to facilitate
controller synthesis, and MATLAB can be utilized to verify the feasibility of the proposed approach. The results
indicate that stability can be achieved without requiring the differentiability of time-varying delays or imposing
restrictive delay constraints. Finally, the effectiveness and practicality of the proposed method are demonstrated
through a practical example of a flexible spacecraft.
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Appendix A. Proof of Theorem 1

Proof. By Schurs complement lemma, condition (16) is equivalent to:
(I +5)" (I + %) < o Fr. (AD)

Deﬁne Q(t) = 82w(t7t0)V(t), and let Ot171 = maxi=1,2{amax(]:"i)}, 05172 = minizlg{amin(‘fi)}. FOI' any
given € > 0, the feasibility of the following inequality is proven below:
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Q(t) < 6&171”2150”2,1' S [tg_l,tg). (A2)
From the definition of W(t), it follows that (A2) holds for ¢ = 0. Assume that for some ¢ € Ny,
Qt) < ear ||z |t € [T, te). (A3)

Then, for t € [tg, tes1),
Q(t) < earllz, |I?,t € [t tes). (A4)

From (A1), it follows that:

Otr) = expl2w(te — to)E(te)z T (te) F(te)2(te)
= exp[2w(te —to)]z " (t) (I + i) " Fo(l +7i4)2(t;)
< o exp[2w(ty — to)]z" (¢ Z)flz(te ) (AS)
= exp[2w(ty — )& (t; )2 T () F(t;)2(t; )
=Q(t,).
Suppose that (A4) does not hold. Then there exists ¢. € [t¢, t¢+1) such that:
Q(ts) = eara |z 1%, 2(1) € [to — 7 %), (A6)
and
Q(t.) > 0. (A7)
From (A6), it follows that:
Qt) > Qt. — 7(t)).
Using £(t) > o, and condition (14), it follows that:
0 <w(t) [exp(2w7_')§(tc)zT(tc)]}(tc)z(tc) — 0z (t —7(t ))]Qz(t 7(te))- (A8)

For t € [tg,t¢+1), along the trajectory of the closed-loop system (8), the derivative of Q(t) satisfies:

fz(t) =¢(t) exp (2w(t — t9)) [ZT(t) ((Qw +1nob(t))F(t)
+0(t)(Fy — Fo) + sym { F (). (t)})z(t) (A9)
+ 22T () F(t) T (t)2(t — T(t)):| .

Substituting (A8) and (A9) for t = t, and using —2¢ " (u) E[¢(u) — I, 2(t)] > 0, yields:

1

. 1
Q(t) < exp (2wt —10)) DY

=0 j=01

i ji(te)=i 5(te). (A10)

MH

I
=)

By virtue of condition (15), it can be clearly found that Q(t) < 0 is obviously in contradiction with (A7).
Thus, for any € > 0, it holds that

Qt) < avallzillz, ¢ to.

Consequently,

110
(@) < ;’12 210l exp (= w(t — to)). (A1D)

s

Therefore, the closed-loop system is exponentially stable under the sampled-data controller. The proof
is completed. O
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