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Abstract: This paper investigates the fault tolerance problem of flexible satellites subject to actuator
faults and multiple disturbances. An adaptive sliding mode fault tolerant control (ASMFTC) approach
based on Takagi-Sugeno (T-S) fuzzy disturbance observer (TSFDO) is presented for attitude control
system (ACS) under loss of actuator effectiveness, environmental disturbance torque and elastic modal
generated by flexible appendages. Compared with the traditional disturbance observer based con-
trol (DOBC) methods, the T-S fuzzy technology is applied to estimate the unknown nonlinear elastic
modal. Then, the energy bounded disturbance is eliminated by designing an adaptive sliding mode
controller. The proposed ASMFTC design can guarantee the sliding surface to approach zero. Fi-
nally, the effectiveness of the control method proposed in this paper is further verified by comparative
simulation.
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1. Introduction

The rapid advancement of space technology and the growing demand for aerospace applications, a
new generation of satellites, space stations, manned spacecrafts and space probes generally have large
flexible accessories such as solar panels, mechanical arms and antennas [1,2]. Nowadays, one of the
most cutting-edge science and technology in the world is aerospace technology. With the complexity
and diversity of space missions, the attitude control of flexible satellites is required to be more accurate.
Therefore, there is no doubt that ACS is playing an important role in various satellite subsystems [3].
High-precision attitude control algorithms often determine the success or failure of scientific tasks.
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Robust control [4], PD (proportional-derivative) control [5], sliding mode control (SMC) technology
[6] and ACS [7, 8] have been commonly used in the ACS of flexible satellites.

In addition, exogenous disturbances widely exist in robotic manipulators [9], aerospace systems
and motion control systems [10] and so on. In order to protect the system performance from external
disturbances, many scholars have adopted different methods to solve the anti-disturbance control prob-
lems in ACS [11,12]. For the framework of DOBC, an observer is designed to estimate some unknown
disturbances and then equivalently compensate the disturbances in the controller [13, 14]. However,
the existing DOBC method cannot accurately describe nonlinear or irregular disturbances. Therefore,
it is particularly important to study a new disturbance modeling method. Reference [15] has a very
interesting research work, an event-triggered anti-disturbance attitude control approach is proposed for
the ACS with multiple disturbances. Meanwhile, a disturbance observer is designed to estimate uncer-
tain modeling disturbance and norm-bounded equivalent disturbance, and its effectiveness is verified
by simulation. In [16—18], the TSFDO was used to describe some irregular and nonlinear disturbances.
Compared with the traditional disturbance observer approaches, T-S fuzzy disturbance observers can
effectively estimate nonlinear disturbances.

In the past decades, fault-tolerant control (FTC) has become a research hotspot in the field of
aerospace, and it is also an effective way to improve the reliability of satellite ACS [19]. Satellites
that have been in orbit for a long time are likely to fail [20-22]. In [23], an adaptive variable structural
FTC scheme is introduced to address sensors and thrusters faults in spacecraft formations. In [24], the
synthesis of reliable state feedback control for T-S fuzzy systems with sensor multiplicative faults is
studied. Different from the existing research on sensor failure, the influence of sensor failure on the
premise variables is taken into account. In [25], an adaptive FTC approach based on disturbance ob-
server is presented for ACS with actuator faults, elastic modal and environmental disturbance torque. In
order to compensate for external disturbances, uncertainties and time-varying faults, a time-converged
robust sliding mode fault-tolerant controller (RSMFTC) is designed. Unlike general fault diagnosis
observers (FDO), the fault-tolerant controller did not require fault detection [26]. In [27], a fault di-
agnosis observer and a disturbance observer are proposed to observe the actuator failure and system
disturbances. Furthermore, an adaptive FTC method is proposed to improve the stability and reliabil-
ity of rigid satellites. In [28], based on a robust fault tolerant controller, system output can track the
desired signals for faulty nonlinear systems subject to parameter uncertainties and no full-state mea-
surements. An adaptive sliding mode fault-tolerant control scheme is proposed for flexible satellites
with saturation and partial failure of the actuator in [29], where an estimator and the neural network
are applied to estimate fault and the nonlinear dynamic, respectively.

This paper addresses an ASMFTC approach for for flexible satellite ACS subject to the loss of
actuator effectiveness and multiple disturbances. Compared to previous DOBC results [1, 30], the
disturbance is not restricted to be a constant or represented by a linear exo-system. In addition, com-
pared with references [1,27], the multi-source disturbance caused by flexible accessories is taken into
account. Firstly, the T-S fuzzy model (TSFM) is applied to describe the irregular and nonlinear dis-
turbances caused by the elastic modal, and a fuzzy disturbance observer (FDO) is further designed to
estimate the elastic modal. Then, based on the TSFDO, an ASMFTC method is investigated for ACS of
flexible satellites. Finally, the simulation results show that the introduction of the disturbance observer
and the proposed ASMFTC method can guarantee that the system reaches a steady state quickly and
show the efficiency.
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Figure 1. The schematic diagram of a flexible satellite.

The main chapters in this paper are arranged as follows. In Section 2, the structural diagram of
flexible satellite is introduced, and the mathematical model with multi-source disturbances and partial
actuator failure is given. Meanwhile, the T-S fuzzy disturbance modeling is discussed and designed.
In Section 3, a TSFDO is designed to estimate the disturbance which generated by the elastic modal.
Then, an ASMFTC is constructed for a flexible satellite. In Section 4, the effectiveness of the control
method is verified by comparing simulation examples. Last but not the least, the concluding comments
in this paper can be found in Section 5.

2. Mathematical model and and problem description

2.1. Mathematical model

Flexible satellite system is more complex, usually composed of satellite body, flexible accessories,
attitude control system, electronic power system, power system, etc. Among them, attitude control
system is the most important subsystem (see Figure 1). The mathematical model of a flexible satellite
includes a flexible appendage and a rigid body structure [25,31]. The Lagrange method is used to
describe the attitude dynamics equation as

{ JO + Hij = T.(t) o

i+Cn+En+H'9=0

where J is three-axis inertia moment. Variable 6 represents three attitude angles. 7,(f) = T.(t) +
T,(t) represent command control torques, including external disturbance torque 7,(f) and control
torque 7T.(¢). H is the rigid-elastic coupling matrix and 7 is the flexible modal coordinate. E =
diag {nf, i=1,2,.., n} represents the stiffness matrix, where n; (i = 1,2, .....n) represent the modal fre-
quency. C = diag{2en;,i = 1,2, ...... n} is the damping matrix, where &; (i = 1,2, ..., n) is the damping
ratio. The attitude dynamics equation (2.1) can be rewritten as the following matrix form by modal
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truncation of flexible structure.
(/- HH")8(t) = H(Ciy + En) + T.() + Ty(0) (2.2)
The disturbance dj(f) generated by the flexible appendages can be written as
do(1) = H(Cn + En) (2.3)

Define x() = [ () 67(r) ]T. Taking into account the multiple disturbances and partial actuator
failure in the flexible satellite, Eq (2.2) can also be rewritten as

x(t) = Ax(t) + By [p(Du(t) + do(t)] + B1d; (1) (2.4)

where x(¢) is the state variable of the system, u(¢) is the system control input and

0 1 0
A:[o O]’BO:BI:[(J—HHT)‘l ]

I is a unit matrix with suitable dimensions. dy(¢) is the modelable disturbance generated by flex-
ible appendages. d;(¢) is an equivalent energy bounded disturbance, which satisfies |d;(f)| < d,.
Its upper bound d; is positive and unknown. p(r) represents the actuator failure factor and p(f) =
diag{ pi(t) pa(t) p3(®) }.0 < p; < 1, i = 1,2,3. Ttis worth noting that p;(t)=1 means the i - th
actuator is healthy, and 0 < p;(f) < 1 means that the i — th actuator is working but partially fails. There-
fore, only partial failure and complete health of the actuator are considered here, Eq (2.4) is rewritten

as follows by a simple transformation.

X(t) =Ax(t) + Bou(t) — BoAp(t)u(t) + Body(t) + B1d, (1) (2.5
where Ap(t) = I — p(t). Here it can be assumed that p, = {Illi2n3 pi(t), then it can be concluded that

o = ||Ap(®)|| = 1 — po. Define ey(t) = 6,(t) — 6(t), where 6,(¢) represents the desired attitude and 6(z) is
the actual attitude. For clarity, e,(¢) is marked as ey.

2.2. T-S Disturbance model

TSFDO is described by a set of fuzzy If-Then rules, and the nonlinear and irregular disturbance
dy(t) cannot be described by a linear external system [1,27]. Since T-S fuzzy model has strong approx-
imation ability, a TSFDO with r rule will be applied to approximate nonlinear interference dy().

Rule j: If &y is pyj, ¥ 18 poj, - - - and 9, s u,j, then

W(t) = Ww(r)
do(t) = Vw(r)

where V; and W; are two known parameter matrices. @; and y;; i = 1,--- ,n; j = 1,--- ,r) represent
the premise variables and the fuzzy sets. r is the number of If-Then rules and n is the number of
premise variables. The whole TSFM is obtained based on fuzzy blending.

(2.6)

W = i@ )W)
F: 2.7)
do(t) = " hj@ V(o)

J=1
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12704

Environmental | | Modeling

Disturbance Error
Failure

— ] :
e(1) Adaptive Sliding a(z Flexible Attitude (1), p(7)

— ; )
AD;g:lrzd —( g ) CAttgu;lle Mode Fault » Actuator —>| i Measurement and >
tude | -ontrotier Tolerant Controller satellite Determination

() T-S Fuzzy d(1)
Disturbance Observer

Measurement
Sensor

Figure 2. The diagram of the ACS for the flexible satellite.

where ¢ = [ﬁla cees ﬁn]’ hj (ﬁ) = '_Y_i(ﬁ) s
2T

j=1

function of y;;. Here it can be supposed that

T; () = ﬁ Mij (19 j), and y;() is the grade of the membership
i=1

T2 0,j=1,- 5 > 1) >0
j=1

for any ). Therefore, h;(:?) satisfies the following formula

hj(@) >0,j=1,--,nY_hH=1.

Remark 1: It is noted that the existing DOBC approaches can observe some unknown constant and
harmonic signals [32,33]. However, in practical control systems, the disturbance is usually irregular
or nonlinear. Therefore, the traditional DOBC method is no longer applicable. The main task of anti-
disturbance control is to compensate or weaken disturbance, just as T-S fuzzy observer has the ability
to estimate nonlinear or irregular disturbances [34,35]. In this paper, the TSFDM is applied to describe
the elastic modal with high precision.

2.3. Control objectives

In this paper, an ASMFTC method based on TSFDO is proposed to deal with the fault-tolerant
problem of flexible satellites under actuator failure and multiple disturbances. By designing Lya-
punov function and selecting appropriate control parameters, the sliding surface can be guaranteed
to approach zero. The effectiveness of the proposed ASMFTC can be further proved by simulation
verification. The diagram of the ACS for the flexible satellite as shown in Figure 2.
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3. Anti-disturbance fault tolerant controller design

3.1. Design of T-S fuzzy disturbance observer

It can be obtained from Eq (2.7) and Remark 1, regular disturbance d,(¢) can be easily estimated by
constructing T-S fuzzy disturbance observer

&(t) = D (@)W, + LiBoV,)(&(t) = Lix(1))

j=1
+ Li[Ax(t) + Bou(?)]

) (3.1)
w(t) =&(t) — L1 x(¢)

do(t) = )" hy@)Vid(e)

J=1

where c?o(t) is the estimation of dy(#). Matrix L, is the unknown T-S fuzzy disturbance observer gain
to be designed later. £(¢) is the auxiliary function of design. The disturbance estimation error e, (?) is
defined as

ew(t) = w(t) —W() (3.2)

From Eqs (2.4), (2.7) and (3.1), and computing the time derivative along the trajectory of Eq (2.7),
the disturbance estimation error equation satisfies

e, (1) = Z hi(DI(W; + LiByV))e,(t) — LiBoAp(H)u(t) + L B,d;(?)] (3.3)

=

Theorem 1: If there exist matrices P; > 0, R satisfying

P\W:—RB,V; 2RB

Q= sym(PW; ~RB\V;) V2RBo | _ (3.4)
V2BIR” -1

j =1,---,r, then with the disturbance observer gain matrix L; = RPI1 , the estimation error system Eq

(3.3) is stable and ultimately uniformly bounded (UUB), where
sym(PiW; — RB,V,) = (P\W; — RB,V;) + (P,W,; — RB, V)|
Proof: Consider the following Lyapunov candidate function as
Vi(t) = el ()Pye, (1) (3.5)
Computing the time derivative along the trajectory of Eq (3.3), it can be shown that
Vi (t) =2¢! (t) Pié, (t)

=2 Z h; (79)65 () Pi[(W; + LBV ))e,(t) — LiBoAp(t)u(t) + Ly B,d,(1)]

J=1

Mathematical Biosciences and Engineering Volume 20, Issue 7, 12700-12717.
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<2 Z h; (Del, (1) Py (Wj + LiByV;) e, () + Z B (" (Du(?) + di dy)

J=1 J=1

2" hy(@)el, (1) PLiBoBS LT Pe, (1)
j=1

<2 Z hi ey, (1) (PY(W; + LiBoV)) + P1Li BoB{ L{ P)e, (1) + i’ it + d{ d,

= (3.6)
=¥, + el (Hle, (1)
where
Y, =u'i+d d (3.7)
T=2% hi@[Pi(W;+LiBoV)) + PiLi BoBf LT Py (3.8)

J=1

Next by using Schur’s complement formula that if Q; < 0, ¥, > 0 and I" < 0, the estimation error
system e,,(?) is stable and ultimately uniformly bounded.

3.2. Design of non-singular terminal sliding mode controller

In this paper, the TSFDO is used to observe the disturbance generated by elastic modal, and the vari-
able structure method is used to design the sliding mode controller. Finally, the modeled disturbances
are compensated in the designed controller to ensure reliable operation of the system.

Remark 2: In linear sliding mode control, the sliding mode variable is a linear function of the
system state, so the linear sliding mode control method can only make the system state converge
asymptotically. In order to realize the finite time convergence of the system state, this paper proposes
a terminal sliding mode control method. In terminal sliding mode control, the sliding mode variable is
a nonlinear function of the system state.

Select the terminal sliding surface as follows

s(t) = eg + NI/ (3.9)

where s(t) = [ ST Sy 83 ]T is the sliding mode function, N € R*¥3 is a reversible positive constant
diagonal matrix. k; and k, are odd and positive numbers, and satisfy 1 < k;/k, < 2.

Remark 3: It can be obtained from the above proof that the disturbance estimation error e, (¢) is
stable and bounded. From the definition m(¢) = d,(¢) + Ve, (1), m(t) is a continuous function and it has
an upper bound f.

Define 4 = 1/(1 — o), where o = ||Ap(?)||. From the fuzzy disturbance observer equation (3.1), a
compound controller based on terminal sliding mode can be designed as follows

s(t)
INOI|

k ; \
u(t) = —k—211N-1é;2‘k1/k2) —dy(t) - f - @ (3.10)
1
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where

S

A

f= —,Bdl {; )}Ns(t)

O=—6+ 16
A=ad ||s (1)

J, = -HH"

(3.11)

(3.12)

(3.13)

(3.14)

dy is the estimation of dy, f is the estimation of f. @ and 8 are two positive adaptive parameters, and

H__J N1k Al + 1o

where [ is a positive constant.
The derivative of the sliding surface s(f) can be written as

$(1) =ég + k Ne(k'/k2 Dg
ky

=ép + k—Negk' D 1o u(r) — Ap(tut) + do(t) + dy (1)]

ky
. & . (k1 /ka—1) 7—1 _]2 —1.Q-k1/k2) _ a
=ég + —N¢, Ji( JIN“¢é, f
k> ki
— do(t) - ﬁ —Ap (D u(t) +dy () + dy (1))

_k
ko

s(t)

2 Neé (kl/kz I)J V » 1))
HViewd - f = 0

+di(1) — Ap(Du(t))
Proof: Select the Lyapunov function as:
1 1 -0«
Vao(t) = =s" ()1 s(t) + —f* + ——A%(t
2(1) 5S (1) 1S()+2ﬁf g (1)

where f= f— f,A=21- 1
The derivative of V,(7) is calculated as:

— T ~2
Al

. 1. = 1
Va(r) =s" (1) J15(t) + Ef(_f) +
=7 (1) Ndzag{ Y (Ve () - f

o o
s

-0~z 1 A A
-2+ ~(f - FO)N=])
o« B

+d\(1) = Ap(Du())

(3.15)

(3.16)

(3.17)
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<0'—||s (t)” HNdlag (ki /ka= 1)

Lk BN B 117 + @) - L2235
ky a

- —||s (o) |[Netiag {e" Y| @

_a_ s @) HNdzag [eatia=b) H(ci— Iy + @)

1 — - —||s (o) |Vatiag {e "=~ | @

—toer s ] [t fe )|

+—||s o) |Viag {eg Y| 21 = o)

_1_,1@—”5 (t)||HNdzag bl ])}H

:_1oak— s @] [Viag (e < 0
2

It is not difficult to seen that the sliding surface s(¢) is uniformly bounded and lim V, (¢) = V, (c0)
[—0o0

holds. According to the Barbalat’s lemma, when ¢ — oo, then have ||s (¢)|| — 0. Furthermore, s () — O.
This completes the proof.
Remark 4: For general terminal sliding control, the sliding surface can be selected as follows:

51 (f) = &g+ N/ (3.18)

where s,(f) is the sliding mode function, N € R¥? is a positive constant diagonal matrix. k; and k, are
positive odd numbers and satisfy ky > ky. There are some non-linear terms when deriving the sliding
surface, such as k2 NekZ/ “1 6. A non- singular terminal sliding mode method is utilized to avoid this
similar situation 1n thlS paper.

Remark 5: In practical engineering applications, adaptive control methods usually add negative
feedback links to ensure reliable and stable closed-loop systems.

A= -y, A+ ad s @ (3.19)

f = —yzf + —ﬁdzag {eg ; l)}Ns (1) (3.20)

where y; and y, are two small positive numbers.

Remark 6: In fact, the chattering problem in a sliding mode variable structure control system must
exist, and the elimination of the chattering eliminates the anti-perturbation and anti-disturbance of the
variable structure control. In order to remove this undesirable phenomenon in sliding mode control,
people usually make corrections to minimize or eliminate chattering. The commonly used methods
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to eliminate tremor include quasi-sliding mode method, dynamic sliding mode method and high-order
sliding mode method [36, 37].

Therefore, it is impossible to completely eliminate the chattering, and it can only weaken it to a
certain extent to some extent. The nonlinear function in Eq (3.10) can be approximated by the nonlinear
function s/(]|s||+73) in practical engineering applications. Therefore, Eq (3.10) can be further rewritten
as:

s(1)
s(t) +v3

u(t) = J N8 —dyty - f - @ (3.21)

4. Simulation examples

Numerical simulations are presented in this section to verify the effectiveness of the proposed
ASMFTC control method. The controller is used in ACS of a flexible satellite. Assume that the
flexible satellite operates at a height of 900 km [25,27,31]. The orbit angular rate ny = 0.0011 rad/s.
The moments of inertia are

55 0 0
J=| 0 614 O 4.1)
0 0 2.18

Including sunlight pressure moments, combined with the actual engineering situation, the space
environment disturbance torque can be as follows

T,(t) = 45X 1073 (3cosngt + 1.5)
(1) = 45X 1073 (3cosngt + 1.5sinnt) “4.2)
Ts.(t) = 4.5x107°Bsinngt + 1.5)

Take the pitch angle of the flexible satellite as an example of numerical simulation. Since the
low-frequency vibration mode accounts for the main part of the vibration energy of the accessory.
Therefore, this paper only considers the effects of disturbances caused by low-order modes. The first-
order and second-order elastic modes are considered in this paper. Considering in a practical flexible
satellite system, the two elastic modes are n; = 3.17 and n, = 7.38. The corresponding damping
are &y = 0.001 and &, = 0.0016. The coupling matrix is selected as H(t) = [ 1.27806 0.91758 ]
Selecting the following Gaussian function as the membership function of the T-S fuzzy system:

Ay = e 15) EERT 1
exp(—5—=—) + €XP( )
X exp( (21 1) )
A1 =

exp(“4) + exp( )

Mathematical Biosciences and Engineering Volume 20, Issue 7, 12700-12717.
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The nonlinear disturbance in Eq (2.3) can be described as:
-1 2 0 -6
RIS N
Vi=[4 0].va=[3 0]

where o1 = 0.5, 05 = 1.
Selecting N = 5,k; =5,k =3,1p =05, a=8=1,vy, =y, =y; = 1. From Theorem 1, the gain
of the TSFDO is

Lo 1.54 % 1073
710 235x10*

Since the vibration generated by the flexible appendages mainly comes from the low-frequency
vibration mode, the first-order and second-order elastic modes of the flexible appendages are shown in
Figures 3 and 4, respectively. From the definition of dy(¢) in Eq (2.3), the responses of the disturbance
do(t) and its estimation are demonstrated in Figure 5. From Figure 6, it shows the estimation error of the
disturbance dy(¢). From Figures 5 and 6, it can be seen that the T-S fuzzy disturbance observer proposed
in this paper can effectively estimate the nonlinear disturbance generated by the flexible appendages.

0.5 T T

- — “First order elastic mode| |

0.4 n

o
o
_T=

°
~
T -

S o
s o =
T T T

1st modal disturbancement(mm)

S
o
T

0 5 10 15 20 25 30 35 40 45 50
Time(s)

Figure 3. The responses of the first order elastic mode.

From Figure 7, it demonstrates the control torque under Eq (3.10). It can be seen from Figure 7 that
the control torque remains stable after the system fails. However, the control input of the system still
has chattering and the chattering is still very large. Therefore, the quasi-sliding mode method is used
to reduce chattering as shown in Figure 8. As can be seen from Figure 8, the control input chattering
of the system is greatly reduced under the control method of Eq (3.21).

In Figures 9 and 10, the loss of actuator effectiveness is assumed to occur at 20th second with failure
factors 0.4, 0.8 and 1.0, respectively. From Figures 9 and 10, it can show the responses of the pitch
angle and pitch angular rate under different failure factors. The solid line represents the curve of failure
factor 0.4, dash line is the curve of failure factor 0.8, and dot line is curve of failure factor 1.0. From
Figures 9 and 10, it can be seen that the proposed ASMFTC control method has has an anti-disturbance

Mathematical Biosciences and Engineering Volume 20, Issue 7, 12700-12717.
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and fault accommodation ability. The curve of failure factor 1.0 can still maintain high accuracy after
20th second, meanwhile the curves of failure factors 0.8 and 0.4 are not as good as the counterpart of
1.0. Among these, the control accuracy of failure factor 0.4 is the worst. In other words, the smaller
the failure factor, the worse the stability and fault accommodation accuracy of the system. It can be
seen that the the responses of pitch angle and pitch angle rate under the two methods in Figures 11
and 12, with the proposed control method (ASMFTC), both pitch angle and pitch angular rate can be
stabilized quickly, and the anti-disturbance of the system performance is better.

h = = +Second-order elastic mode

0.2 [~

0.1 —

<01 —

2st modal disturbancement (mm)
°
T

02

03 B

25
Time(s)

Figure 4. The responses of the second order elastic mode.

25 i i

Actual
i - - - - Estimated

o -
o & - o
T T
1

Disturbance and its estimation(N*m)
S
&

0 5 10 15 20 25 30 35 40 45 50
Time(s)

Figure 5. Disturbance and its estimation.

5. Conclusions

In this paper, the problem of anti-disturbance control for a flexible satellite subject to actuator partial
failure and multiple disturbances have been investigated. An ASMFTC approach based on TSFDO is
presented for ACS with actuator partial fault, environmental disturbance torque and elastic modal.
Firstly, the TSFM technology is applied to describe elastic modal, where the modeled disturbance is
not restricted to be a linear exogenous system. Secondly, a flexible satellite rather than a rigid one
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Figure 11. The responses of pitch angle under the two methods.
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Figure 12. The responses of pitch angle rate under the two methods.

subject to multiple disturbances is considered. Thirdly, the composite fault tolerant controller consists
of TSFDO and an ASMFTC. Numerical simulations show that the designed controller can effectively
improve the attitude control performance of flexible satellites, and have certain engineering practical
value.

Acknowledgments

Jiangsu University “Blue Project” Outstanding Young Key Teachers Fund.
Conflict of interest

The authors declare there is no conflict of interest.

References

1. S. Cao, Y. Zhao, Anti-disturbance fault-tolerant attitude control for satellites subject to
multiple disturbances and actuator saturation, Nonlinear Dyn., 89 (2017), 2657-2667.
https://doi.org/10.1007/s11071-017-3614-y

M. H. Kaplan, Modern Spacecraft Dynamics and Control, Courier Dover Publications, 2020.

H. Lee, Y. Kim, Fault-tolerant control scheme for satellite attitude control system, IET Control
Theory Appl., 4 (2010), 1436-1450. https://doi.org/10.1049/iet-cta.2009.0159

4. M. Azadi, S. Fazelzadeh, M. Eghtesad, E. Azadi, Vibration suppression and adaptive-robust con-
trol of a smart flexible satellite with three axes maneuvering, Acta Astronaut., 69 (2011), 307-322.
https://doi.org/10.1016/j.actaastro.2011.04.001

5. B.Xiao, S. Yin, L. Wu, A structure simple controller for satellite attitude tracking maneuver, IEEE
Trans. Ind. Electron., 64 (2016), 1436—-1446. https://doi.org/10.1109/TIE.2016.2611576

6. S. Varma, K. Kumar, Fault tolerant satellite attitude control using solar radiation pres-
sure based on nonlinear adaptive sliding mode, Acta Astronaut., 66 (2010), 486-500.
https://doi.org/10.1016/j.actaastro.2009.07.027

Mathematical Biosciences and Engineering Volume 20, Issue 7, 12700-12717.


http://dx.doi.org/https://doi.org/10.1007/s11071-017-3614-y
http://dx.doi.org/https://doi.org/10.1049/iet-cta.2009.0159
http://dx.doi.org/https://doi.org/10.1016/j.actaastro.2011.04.001
http://dx.doi.org/https://doi.org/10.1109/TIE.2016.2611576
http://dx.doi.org/https://doi.org/10.1016/j.actaastro.2009.07.027

12715

7.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

L. Guo, X. Y. Wen, Hierarchical anti-disturbance adaptive control for non-linear systems with
composite disturbances and applications to missile systems, Trans. Inst. Meas. Control, 33 (2011),
942-956. https://doi.org/10.1177/0142331210361555

A. M. Zou, K. D. Kumar, Adaptive attitude control of spacecraft without velocity
measurements using chebyshev neural network, Acta Astronaut., 66 (2010), 769-779.
https://doi.org/10.1016/j.actaastro.2009.08.020

W. H. Chen, D. J. Ballance, P. J. Gawthrop, J. O’Reilly, A nonlinear disturbance
observer for robotic manipulators, [IEEE Trans. Ind. Electron., 47 (2000), 932-938.
https://doi.org/10.1109/41.857974

Z.J. Yang, H. Tsubakihara, S. Kanae, K. Wada, C. Y. Su, A novel robust nonlinear motion con-
troller with disturbance observer, in 2006 IEEE Conference on Computer Aided Control System
Design, (2006), 320-325. https://doi.org/10.1109/TCST.2007.903091

J. Yang, Z. Ding, W. H. Chen, S. Li, Output-based disturbance rejection control for non-linear
uncertain systems with unknown frequency disturbances using an observer backstepping approach,
IET Control Theory Appl., 10 (2016), 1052-1060. https://doi.org/10.1049/iet-cta.2015.1160

C. Zhao, Y. Huang, ADRC based input disturbance rejection for minimum-phase plants with un-
known orders and/or uncertain relative degrees, J. Syst. Sci. Complexity, 25 (2012), 625-640.
https://doi.org/10.1007/s11424-012-1022-4

J. Yang, Z. Ding, S. Li, C. Zhang, Continuous finite-time output regulation of nonlinear sys-
tems with unmatched time-varying disturbances, IEEE Control Syst. Lett., 2 (2017), 97-102.
https://doi.org/10.1109/LCSYS.2017.2755363

W. H. Chen, J. Yang, L. Guo, S. Li, Disturbance-observer-based control and re-
lated methods—an overview, IEEE Trans. Ind. Electron., 63 (2015), 1083-1095.
https://doi.org/10.1109/TIE.2015.2478397

S. Cao, L. Guo, Z. Ding, Event-triggered anti-disturbance attitude control for rigid space-
crafts with multiple disturbances, Int. J. Robust Nonlinear Control, 31 (2021), 344-357.
https://doi.org/10.1002/rnc.5276

H. Li, Y. Gao, L. Wu, H. K. Lam, Fault detection for ts fuzzy time-delay systems:
Delta operator and input-output methods, [IEEE Trans. Cybern., 45 (2014), 229-241.
https://doi.org/10.1109/TCYB.2014.2323994

Y. Yi, X. X. Fan, T. P. Zhang, Anti-disturbance tracking control for systems with non-
linear disturbances using T-S fuzzy modeling, Neurocomputing, 171 (2016), 1027-1037.
https://doi.org/10.1016/j.neucom.2015.07.039

M. 1. Ghiasi, M. A. Golkar, A. Hajizadeh, Lyapunov based-distributed fuzzy-sliding mode control
for building integrated-DC microgrid with plug-in electric vehicle, IEEE Access, 5 (2017), 7746—
7752. https://doi.org/10.1109/ACCESS.2017.2689807

Q. Hou, J. Dong, Cooperative fault-tolerant output regulation of linear heterogeneous multiagent
systems via an adaptive dynamic event-triggered mechanism, /IEEE Trans. Cybern., 2022 (2022).
https://doi.org/10.1109/TCYB.2022.3204119

Mathematical Biosciences and Engineering Volume 20, Issue 7, 12700-12717.


http://dx.doi.org/https://doi.org/10.1177/0142331210361555
http://dx.doi.org/https://doi.org/10.1016/j.actaastro.2009.08.020
http://dx.doi.org/https://doi.org/10.1109/41.857974
http://dx.doi.org/https://doi.org/10.1109/TCST.2007.903091
http://dx.doi.org/https://doi.org/10.1049/iet-cta.2015.1160
http://dx.doi.org/https://doi.org/10.1007/s11424-012-1022-4
http://dx.doi.org/https://doi.org/10.1109/LCSYS.2017.2755363
http://dx.doi.org/https://doi.org/10.1109/TIE.2015.2478397
http://dx.doi.org/https://doi.org/10.1002/rnc.5276
http://dx.doi.org/https://doi.org/10.1109/TCYB.2014.2323994
http://dx.doi.org/https://doi.org/10.1016/j.neucom.2015.07.039
http://dx.doi.org/https://doi.org/10.1109/ACCESS.2017.2689807
http://dx.doi.org/https://doi.org/10.1109/TCYB.2022.3204119

12716

20. S. Yin, B. Xiao, S. X. Ding, D. Zhou, A review on recent development of spacecraft
attitude fault tolerant control system, IEEE Trans. Ind. Electron., 63 (2016), 3311-3320.
https://doi.org/10.1109/TIE.2016.2530789

21. R. Sun, Y. Han, Y. Wang, Design of generalized fault diagnosis observer and active adaptive
fault tolerant controller for aircraft control system, Math. Biosci. Eng., 19 (2022), 5591-5609.
https://doi.org/10.3934/mbe.2022262

22. T. Li, G. Li, Q. Zhao, Adaptive fault-tolerant stochastic shape control with application to
particle distribution control, IEEE Trans. Syst. Man Cybern. Syst., 45 (2015), 1592-1604.
https://doi.org/10.1109/TSMC.2015.2433896

23. Godard, K. D. Kumar, Fault tolerant reconfigurable satellite formations using adaptive variable
structure techniques, J. Guid. Contro Dyn., 33 (2010), 969-984. https://doi.org/10.2514/1.38580

24. J. Dong, G. H. Yang, Reliable state feedback control of T-S fuzzy systems with sensor faults, IEEE
Trans. Fuzzy Syst., 23 (2014), 421-433. https://doi.org/10.1109/TFUZZ.2014.2315298

25. S. Cao, B. Hang, Adaptive fault tolerant attitude control of flexible satellites based on
takagi-sugeno fuzzy disturbance modeling, Trans. Inst. Meas. Control, 42 (2020), 1712—-1723.
https://doi.org/10.1177/0142331219895108

26. Q. Hu, X. Huo, B. Xiao, Z. Zhang, Robust finite-time control for spacecraft attitude
stabilization under actuator fault, Proc. Inst. Mech. Eng. Part I, 226 (2012), 416-428.
https://doi.org/10.1177/0959651811399542

27. S. Cao, Y. Zhao, J. Qiao, Adaptive fault tolerant attitude control based on a disturbance ob-
server for satellites with multiple disturbances, Trans. Inst. Meas. Control, 38 (2016), 722-731.
https://doi.org/10.1177/0142331215616180

28. H. Yang, V. Cocquempot, B. Jiang, Robust fault tolerant tracking control with application to hy-
brid nonlinear systems, IET Control Theory Appl., 3 (2009), 211-224. https://doi.org/10.1049/iet-
cta:20080015

29. B. Xiao, Q. Hu, Y. Zhang, Adaptive sliding mode fault tolerant attitude tracking control for flexible
spacecraft under actuator saturation, IEEE Trans. Control Syst. Technol., 20 (2011), 1605-1612.
https://doi.org/10.1109/TCST.2011.2169796

30. Z. Yang, D. Zhang, X. Sun, X. Ye, Adaptive exponential sliding mode control for a bearing-
less induction motor based on a disturbance observer, IEEE Access, 6 (2018), 35425-35434.
https://doi.org/10.1109/ACCESS.2018.2851590

31. H. Liu, L. Guo, Y. Zhang, An anti-disturbance pd control scheme for attitude con-
trol and stabilization of flexible spacecrafts, Nonlinear Dyn., 67 (2012), 2081-2088.
https://doi.org/10.1007/s11071-011-0130-3

32. L. Zhou, Z. Che, C. Yang,Disturbance observer-based integral sliding mode control for sin-
gularly perturbed systems with mismatched disturbances, IEEE Access, 6 (2018), 9854-9861.
https://doi.org/10.1109/ACCESS.2018.2808477

33. X. Yao, L. Guo, Composite anti-disturbance control for Markovian jump non-
linear systems via disturbance observer, Automatica, 49 (2013), 2538-2545.
https://doi.org/10.1016/j.automatica.2013.05.002

Mathematical Biosciences and Engineering Volume 20, Issue 7, 12700-12717.


http://dx.doi.org/https://doi.org/10.1109/TIE.2016.2530789
http://dx.doi.org/https://doi.org/10.3934/mbe.2022262
http://dx.doi.org/https://doi.org/10.1109/TSMC.2015.2433896
http://dx.doi.org/https://doi.org/10.2514/1.38580
http://dx.doi.org/https://doi.org/10.1109/TFUZZ.2014.2315298
http://dx.doi.org/https://doi.org/10.1177/0142331219895108
http://dx.doi.org/https://doi.org/10.1177/0959651811399542
http://dx.doi.org/https://doi.org/10.1177/0142331215616180
http://dx.doi.org/https://doi.org/10.1049/iet-cta:20080015
http://dx.doi.org/https://doi.org/10.1049/iet-cta:20080015
http://dx.doi.org/https://doi.org/10.1109/TCST.2011.2169796
http://dx.doi.org/https://doi.org/10.1109/ACCESS.2018.2851590
http://dx.doi.org/https://doi.org/10.1007/s11071-011-0130-3
http://dx.doi.org/https://doi.org/10.1109/ACCESS.2018.2808477
http://dx.doi.org/https://doi.org/10.1016/j.automatica.2013.05.002

12717

34.

35.

36.

37.

H. Wang, D. Ye, G. H. Yang, Actuator fault diagnosis for uncertain T-S fuzzy systems with local
nonlinear models, Nonlinear Dyn., 76 (2014), 1977-1988. https://doi.org/10.1007/s11071-014-
1262-7

M. J. Leamy, A. K. Noor, T. M. Wasfy, Dynamic simulation of a tethered satellite system us-
ing finite elements and fuzzy sets, Comput. Methods Appl. Mech. Eng., 190 (2001), 4847-4870.
https://doi.org/10.1016/S0045-7825(00)00352-2

Y. Shtessel, C. Edwards, L. Fridman, A. Levant, Sliding Mode Control and Observation, Springer,
2014. https://doi.org/10.1007/978-0-8176-4893-0

J. Fei, H. Wang, Y. Fang, Novel neural network fractional-order sliding-mode control with ap-
plication to active power filter, /IEEE Trans. Syst. Man Cybern. Syst., 52 (2021), 3508-3518.
https://doi.org/10.1109/TSMC.2021.3071360

, ©2023 the Author(s), licensee AIMS Press. This
3 is an open access article distributed under the

Aatms ATMS Press

@ terms of the Creative Commons Attribution License

(http://creativecommons.org/licenses/by/4.0)

Mathematical Biosciences and Engineering Volume 20, Issue 7, 12700-12717.


http://dx.doi.org/https://doi.org/10.1007/s11071-014-1262-z
http://dx.doi.org/https://doi.org/10.1007/s11071-014-1262-z
http://dx.doi.org/https://doi.org/10.1016/S0045-7825(00)00352-2
http://dx.doi.org/https://doi.org/10.1007/978-0-8176-4893-0
http://dx.doi.org/https://doi.org/10.1109/TSMC.2021.3071360
http://creativecommons.org/licenses/by/4.0

	Introduction
	Mathematical model and and problem description
	Mathematical model
	T-S Disturbance model 
	Control objectives 

	Anti-disturbance fault tolerant controller design
	Design of T-S fuzzy disturbance observer
	Design of non-singular terminal sliding mode controller

	Simulation examples
	Conclusions

