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Abstract

This paper proposes a robust fault tolerant control scheme for a class of second-order
uncertain nonlinear systems. First, a novel PI full-order sliding mode (PI-FOSM) con-
trol, which integrates a new PI-FOSM sliding surface and a continuous control law,
is developed. The crucial parameters of the controller are optimally selected by Bat
algorithm so that the nearly optimal performance of the controller can be achieved.
In addition, the unknown system dynamics is approximated by using a radial basic
function neural network (RBFNN) so that the proposed controller does not require an
exact model of the system. Compared with other existing sliding mode controllers for
fault tolerant control system, the proposed method provides very strong robustness, low
oscillation, fast convergence and high precision. The superior performance of the pro-
posed robust fault tolerant controller is proved through simulation results for attitude
control of a spacecraft.
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1. Introduction

Fast development of science and technology in recent decades helps to improve
quantity and quality of the products significantly. However, this increases the com-
plexity of the operational system. Consequently, since the number of component and
complexity are increased, faults occur more frequently within the system. The effects
of faults not only reduce quality of products but also harm to the users and workplaces.
Therefore, it is significant to investigate fault diagnosis (FD) and fault tolerant con-
trol (FTC) to improve quality of the products and reliability and safety of the system
[L} 2L 13]. The integration of the FD into the system will help to detect, isolate and iden-
tify the magnitude of the faults, whilst FTC helps to reduce the effects of the faults,
and thus improve performance of the system [4,|5]. In general, faults in the system can
be compensated by either active or passive way [6]. In the active fault tolerant control
(AFTC), faults are compensated by reconfiguring the nominal controller based on the
information feedback from a FD observer [[7, 18} 9} [10, [11]. This approach, however,
requires an additional design of fault diagnosis/fault detection and isolation (FD/FDI)
scheme, which increases the complexity and computational burden of the system. In
addition, since the system can compensate the fault only until it received the fault in-
formation from the FD observer, it delays the fault compensation time and therefore,
the system could become unstable during the transient period from normal operation
to fault operation. In the passive fault tolerant control (PFTC), a robust controller is
designed to compensate the faults,which are considered as an additional disturbance
in the system,without requiring information feedback from a fault diagnosis observer
[12} [13]]. Compared to the AFTC, the PFTC obviously compensates the fault much
faster, and thus provides higher capability to stabilize the system [13]]. However, since
the faults effects imposed on the nominal controller of the PFTC are heavier than that
of the AFTC, the nominal controller of the PFTC requires stronger robustness against
the effects of faults. Several robust controllers, which can be applied for the design of
FTC, have been developed in the literature; for example PID controller [14], fuzzy
logic controller [15} [16]], neural network controller [17] or sliding mode controller

(SMC) [18.119,120]. Among them, SMC is widely applied due to its robustness against
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the uncertainties and disturbances [21]. However, the conventional SMC has several
drawbacks that reduce its effectiveness for real applications, i.e., it provides singular-
ity and chattering and it does not provide finite time convergence. To overcome these
drawbacks, several approaches have been proposed in the literature. First, to obtain a
defined finite time convergence, terminal sliding mode control (TSMC), which uses a
nonlinear sliding surface instead of a linear sliding surface of the conventional SMC,
has been proposed [22] 23 24]]. However, the TSMC has not considered the singular-
ity problem. In order to tackle this issue, nonsingular terminal sliding mode control
(NTSMC) has been developed [25, 26, 27]. The NTSMC has a similar property to
the TSMC, but the singularity problem is removed. However, both the TSMC and
NTSMC have not considered the chattering problem in their designs. In the literature,
several individual approaches have been proposed to eliminate the chattering, includ-
ing boundary layer method [28]], disturbance observer [29} 30], or high-order sliding
mode (HOSM) control [31} 32]. Although the drawbacks of the conventional SMC
have been solved individually by the above-mentioned approaches, no approaches in
the literature could solve all the drawbacks simultaneously. Recently, full-order sliding
mode control(FOSMC), which employs the full order of the state variables into the de-
sign of the sliding surface, has been developed to resolve this issue [33]]. The FOSMC
takes all the weaknesses of the conventional SMC into account and solves them all
simultaneously. Generally, the conventional SMC and its advanced techniques, i.e.,
the NTSMC or FOSM, provide high robustness, but, unfortunately, they provide high
steady-state errors. In recent years, by taking the merits of the integral component as
in the design of the PI [34] or PID [35,|36] controllers, some approaches have demon-
strated that the robustness of the SMC can be improved and the steady-state errors can
be reduced by adding an integral term of the sliding surface into the design of the SMC
[37, 38, 39]. This statement has been proved in the previous work [39]]. However,
the work in [39] only considers the linear sliding surface in the design, and thus the
aforementioned drawbacks of the conventional SMC still exist. On the other hand, one
of the most challenges in the design of robust controller is to obtain an exact dynamic
model of the system, which is usually difcult to obtain in advance in real applications

(14} 1150 (164 (17, (181119} 20]. In an attempt to approximate the unknown system model,
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universal approximation techniques based on neural networks (NNs) or fuzzy logic
have been utilized [40, 41} 142} 43| 44]. In this paper, a PFTC based on a novel PI-
full order sliding mode (PI-FOSM) control is proposed to integrate the merits of the
full-order sliding surface and the PI sliding surface. However, similar to the properties
of the PI controller, the performance of the PI-FOSMC depends hugely on the selec-
tion of the proportional and integral gains of the PI sliding surface. In the literature,
several approaches based on fuzzy logic [45], genetic algorithm [46], particle swarm
optimization (PSO) [47], or bee algorithm [48] have been developed to select the op-
timal parameters of the conventional PI and PID controllers. In recent few years, a
relatively new swarm intelligent technique, called Bat algorithm (BA), has been intro-
duced [49]]. The BA computing employs a frequency tuning method to increase the
searching diversity of the solutions. It has been successfully utilized as a new power-
ful heuristic optimization method to solve many optimization problems in the practical
applications [50} 51]]. The superior performance of the BA compared to other heuristic
optimization methods has been demonstrated in [52]. Therefore, the BA is employed
in this paper to effectively select the gains of the proposed sliding surface to enhance
the performance of the system. In addition, an adaptive radial basis function neural
network (RBFNN) is employed to exclude the requirement of the exact model of the
system and the prior knowledge of the fault in formation in the design of the proposed

controller. In summary, the major contributions of this paper are as follows:

e APFTC based on a novel PI-FOSM controller, which combines a PI-FOSM slid-
ing surface and a continuous control law, is proposed. This design mechanism
provides many advantages compared to the existing approaches. For example,
compared to the conventional SMC [18| [19, 20], the proposed technique over-
comes all the existing drawbacks of the conventional SMC. Compared to the
NFTSMC [25! 26, 27], or FOSMC [33]], the proposed method provides lower
steady-state error and faster convergence. Compared to the HOSMC [31} 132],
the proposed method has the same property in terms of chattering reduction, but

provides higher robustness against the effects of the uncertainties and faults.

o The crucial parameters of the proposed PI-FOSM controller, i.e., the proportional
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and integral gains, are optimally selected off-line using BA so that the nearly op-
timal performance of the system can be achieved. This results in higher tracking
performance of the proposed approach compared to the conventional PID-SMC

[39].

e The unknown components in the system dynamics are approximated using an
adaptive RBFNN so that the proposed controller does not require an exact model
of the dynamic system. Since the exact dynamic model of the system is very
difficult to obtain in advance in the practical systems, the use of RBFNN in this
paper is useful because it makes the proposed approach more applicable for wide

practical applications.

The remainder of this paper is organized as follows. Section 2 introduces some
preliminaries. Problem statement is described in section 3. Section 4 presents the
design of the finite-time integral sliding mode control. The nominal controller of the
integral sliding mode control based on a finite-time backstepping control is presented
in section 5. The effectiveness of the proposed approach is demonstrated in section 6.

Section 7 provides conclusions and proposes future works.

2. Problem statement

Without loss of generality, the following second-order dynamical model is consid-

ered:

X1=X;
ey
Xo=f(X)+GX)u+A
where X; = (x1,...,%,)7 € R", Xo = (Xy11,..,X2,)7 € R" and X = (X1,X2)7 are the
state vectors, f(X) € R" and G(X) € R™ are the dynamic nonlinear smooth func-
tion with f(0) =0. u = (uy,...,u) € R with m > n is the actuator inputs, A =
(Ar,...,Ay)T € R" represents the system uncertainties and/or disturbances, and (-)”

denotes the transpose of a vector or a matrix.

Remark 1. The dynamic model under consideration (|I)) introduces a general second-

order mechanical system. Therefore, the controller developed for this model can be
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applicable for several practical systems such as surface vessels, robot manipulators,

mobile robot and aircraft, etc.

In this paper, we consider actuator faults because they are the most popular faults
and have severe effects on the system [26]. When a fault occurs, the actual control
input of the system u differs from the designed input u,. The relationship between

them can be described as

u:ud+p(t—tf)5u(X,t) (@)

where p(t —17)8u(X,t) represents the unexpected actuator fault components, and ¢
denotes the time instant that the fault occurs. The function p(r —t¢) characterizes
the time profile of the fault, and du(X,r) is bounded but uncontrollable portion of the
actuator output. Two types of faults have been widely considered in the literature:

(i) Abrupt Faults:

plt—tf) = ‘ 3)

(ii) Incipient Faults:

0, t <ty
p(t—tr) = S
1—ePU) . 1>y
where f8 > 0 represents the unknown fault evolution rate. A small value of  represents
the incipient fault, while a large value of § characterizes the abrupt faults.
Letug = (ugy, ..., tgm) € R be the designed actuator input, and 8, = (dy1, ..., Oum) €

R"™ the actuator faults. When a fault exists in the system, (1)) can be described as:

X=X
5
X = f(X)+G(X)(ug+ 6u)+A
The system @ can be rewritten as [3]]:
X=X
(6)

Xo = f(X)+G(X)ug+M(X,8u)+ A
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where M (X, du) € R" is utilized to represent the effects of the faults in the system. The
aim of this paper is to design a robust FTC law u = u, such that the desired performance

of the system can be achieved for both normal and fault operations.

3. PFTC based on PI-Full Order Sliding Mode Control

In the design of the PFTC, the effects of faults in the system are usually treated as
the effects of an additional disturbance, and a robust PI-FOSM is developed to com-
pensate all the effects of the uncertainties, disturbances and faults in the system. As
a similar design procedure to the conventional SMC [24]], the design of the PI-FOSM
controller consists of two steps. In the first step, a novel PI-FOSM sliding surface is se-
lected. Then, a continuous reaching law is reconstructed based on the selected sliding
surface to get a continuous system.

For the first step, a PI-FOSM sliding surface is selected as:

t
spi—rosm = Kpsrosm (t) +Ki/0 srosm (t)dt @)

where, the full-order sliding surface is selected as [33]]:

SFOSM = Xz + C2|X2 \azsign(Xg) +c1 |X1 |a' Sigl’l(Xl) (®)

where sp;_rosy is the sliding variable, c1,c2,a; and a, are constants, which are se-
lected as in [33]]. K}, and K; are the proportional and integral gains. The main idea of
the proposed PI-FOSM sliding surface in (7)) compared to the conventional FOSMC is
to integrate an integral component to improve the robustness and transient response,
while reducing the steady-state errors of the system. The following assumptions are

made for the design of the PI-FOSM controller.

Assumption 1. The system uncertainties and faults and their derivative are bounded

by:

|M(X,8u)+A| <E ©))
d
|2 (M(X . 8u) +4)| <TI (10)
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where = and IT are constants.

The above assumption is a generic assumption and has been widely utilized in
the design of FTC system [53]. This condition states that the FTC is designed for
the situations where the system is not exploding. It means the Lipschitz condition is
practically satisfied in the considered operational region [S3]]. This assumption may
not be satisfied for some conditions when the changing rates of the faults are high. In
these conditions, the system might become unstable. Fortunately, due to the benefits of
the proposed PI-FOSM sliding surface, the system responses against the effects of the
faults very quick, and thus the stability of the system can be recovered quickly. This is
one of the major contributions of the paper. This exciting feature will be verified in the
results and discussions section.

To obtain the desired performance, the following controller is proposed for the
system (6):

1

Up[—FOSM = —FG+(X)(Meq +Kpu,) an
p

where,

teq = Kp f(X)+Kp(c2|Xa| “sign(Xa) + c1|X1 % sign(X,))
. (12)
+Ki/0 (X2 + 2| X2 | %2 sign(X2) + c1| X1 | % sign(X,) )dt

and,

ity = (I1+ §)sign(spr—rosm) (13)

where the pseudoinverse G (X) = G” (X)[G(X)G" (X)]~', the initial value of the reach-
ing phase u,(0) = 0. I1 is defined as in and { is a positive constant. The stability

and convergence of the system is stated in Theorem 1]

Theorem 1. Consider the nonlinear dynamic model (6)). If the proposed control laws
in (I1)-(13) are employed for the system (6), then the stability of the system and the

convergence of the tracking errors are guaranteed.

Proof. Substituting the composite control law (TI)-(I3)) into the sliding surface (7),



one yields

'
Sp],FOSM:KP(X2+C2|X2‘a2Sign(X2)+C||X1|alsign(X1))+Ki/0 SFosmdt
=K, (f(X)+G(X)upr—rosm +M(X,8u) + A+ c2|Xa|%sign(Xp) + c1 | X1 | M sign(X1))
t
+Ki/ SFOSMdt
0

=K,(M(X,0u)+A—u,)
(14)

Differentiating (T4) with respect to time and combining the result with (T3], we

have

d
Spr-rosm = K, <dt(M(X’ ou)+A—u,)— (IT+ C)Sign(SPIFOSM)) (15)

Consider the following Lyapunov function candidate:

1

T
V= ESPI—FOSMSPI—FOSM (16)

Differentiating the Lyapunov function (T6) with respect to time and combining the

result with (T3)), we have

. d .
V= b rosu (5 M0X50)+ A1) = T+ Lsign(snrrosw)
d
= (M(X,0u) +A—u,)spr—rosm — (I1+ C)|spr—rosum| an
d
= (dt(M(X’ Ou) +A—uy)Spi—rosm — H|SP1—FOSM|> —Clspi—Fosm|

< —Clspr-rosm| <0
Therefore, based on the Lyapunov criterion, we can verify that the stability and conver-
gence of the sliding surface, i.e., sp;_rosm, 1s guaranteed under the composite control
o law (TINT3) despite the existing of the uncertainties, disturbances and faults. This com-
pletes the proof.
Once the ideal sliding mode sp;_rosy = O is established, then based on (]Z]), we
have sposy = 0. As a result, from , we have
X=X,

(18)
Xy = —c2| Xz | ®sign(Xa) — 1| X1 |“ sign(X;)
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With suitable chosen parameters of cy,c2, 04 and o, the tracking errors of the
system (18) can converge to its equilibrium point X = [X;,X>]” = [0,0]7 from any
initial condition X (0) # 0 along the terminal sliding surface sposy = 0 in a finite-time

[33].

4. Adaptive Neural PI-Full Order Sliding Mode Control

4.1. Radial Basis function Neural Network

The RBFNN is a three-layer forward neural network, consisting of one input layer,

one hidden layer, and one output layer. The output of the RBFNN can be defined as:

f(r)=0Ty(1) +e(t) (19)

where T and f(7) are the input and output of the RBFNN, respectively. 87 € R™ is the
weight matrix of the hidden nodes. y(7) € R/ is the nonlinear function of the hidden
nodes. €(7) is an approximating error with bound. A Gaussian function is chosen for

the nonlinear function

A — N (7 —_ 4.
l//i(‘c):exp< (z “’;Z(T “’)>,i:1,2,...,1 (20)

1

where 1 and o are the center and width of the Gaussian function, respectively. The
representative schematic of a RBFNN is illustrated in Fig. [1] It is noted that the approx-
imation capability of the RBFNN depends on the the selection of the number of hidden
nodes in the hidden layer. The higher number of the nodes, the better approximation
achieves, but higher computational burden needs, and vice versa. In this paper, the
selection of nodes are based on experience to guarantee both acceptable approximation

capability and computational burden.

4.2. Design of PFTC based on Adaptive Neural PI-Full Order Sliding Mode Control
In the control laws (TT)-(T3), the design is based on the assumption that the system
dynamics f(X) is known and the bounded value ITin the Assumption 1 can be obtained
in advance. However, these parameters are difficult to obtain in advance in the practical
engineering applications. In this paper, a RBFNN is employed to approximate these

parameters.

10
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The unknown components in the system (6] can be represented as
QX) = f(X)+M(X,bu)+A 2y

Denote Q(X) as the estimation function of the Q(X ). According to [54], the estimation,

Q(X ), can be represented by an integral neural network:
t A
a(x) = / T w(X)dr 22)
0
where 6 denotes the adjustable parameter vector.
Then, the optimal parameter 6* can be defined as

6; :argmin{sup |Q(X)—Q(X,é)|} (23)

xeUy

Consequently, Q(X) is approximated to arbitrary accuracy by the RBFNN as

stated in Lemmal[ll

Lemma 1. [43| [44)] For any given real continuous function Q(X) on a compact set

U, € R" and an arbitrary € > 0, there exists a neural approximator € in the form of

such that

sup [Q(X) —Q(X,6)| < e (24)

x€Ux

Due to the approximation capability of the RBFNN, system (6) can be rewritten as:

X 1=X5

L (25)
X, = / ()T w(X)di +G(X)ug + @

Jo

where ® = f(X) +M(X,8u) +A— [; 6(t)*T w(X)dt denotes the lumped uncertainty. It

is assumed that the lumped uncertainty and its derivative are to be bounded by unknown

constants, i.e., ® < @ and % (w) < K,. Due to the approximating capability of the

neural network, this assumption is usually satisfactory in the practical systems [43}144].

An adaptive neural PI-FOSM control law can be designed as

1
UgPI-FOSM = — KiGJr (X) (uaeq + Kpuar) (26)
p

12



where,
Tor
uaeq:Kp/O 0" (1)y(X)dt+K), (2| X2 |®2sign(Xa) + c1)X1 | % sign(Xy))
ot
+K,-/O (X2 + 2| X | %sign(Xa) + 11X |* sign(Xl)) dt
and,

ttar = (Ko + §)sign(spi—rosm)

where the adaptive laws are designed as

" 1
K, = 1 |sp1—rosm|

A 1
0= g Pi-Fosm y(X)

where A and o are the constant adaptive rates.

27

(28)

(29)

(30)

Theorem 2. Consider the dynamic system ([6) and the selected sliding surface (7). If
w  the control laws in (26]28) with the tuning laws in (29)-(30) are used to control the

system ({6), then the stability of the system and the convergence of the tracking errors

are guaranteed.

Proof.
From (7)) and (26), (27), the sliding surface (7) becomes

t ~
SPI—FOSM = Kp </0 BT(t)q/(X)dt + (D+um«>

where 6 = 6* — 0 are the approximation errors of the NN’s weights.

Differentiating the sliding surface (31)) with respect to time, we have

~ d
Spi—rosm =K, (97(t)1//(X) + E(w) + b'tar>
Consider the following Lyapunov function candidate

_ L
- 2K,

1

1, 7~ R
14 S;;lfFOSMSPlfFOSM + ElKaTKa +-0b70

[\S}

13

€19}

(32)

(33)



s where K, = K, — K, is the adaptation gain error.
Differentiating the Lyapunov function (33)) with respect to time and combining the

results with (31)), we have:

. 1 ~ A ~ A~
V= 7A9£17FOSM;S:P]7FOSM +A«KaTKa + O£9T9
K,
. T
=sh rosm <6T(t)l//(X) + (@) + ua,> + A (R, — KK, + 878
Inserting (28)-(30) into (34), we have
o1 ‘ R A
V= Kis}T’IfFOSMSPlfFOSM +A (K, —Ko)Ka— 0876
P
= spi—rosm—(®) — Ka|spr—rosm| — C|spr—rFosm| (35

dt
< —Clspi-rosm| <0
Therefore, based on the Lyapunov criterion, we can verify that the stability of the
tracking errors is guaranteed under the control law (26}28) despite the existing of the

uncertainties and faults. This completes the proof.

Remark 2. Although the proposed PI-FOSMC provides several advantages, its design
200 based on the Assumption 1, which is difficult to obtain in the practical applications,
prevents its applicability for wide applications. In order to overcome this limitation, an
adaptive neural network is used in this paper. Although the use of NN is very popular
in the literature to approximate the unknown function, however, it is still important
to represent it here since it can help to facilitate the implementation of the proposed
25 approach. In addition, the design of the integral NN in this paper is considered as a
novelty because, in this paper, the integral NN is used instead of the conventional NN,

as described in (27).

Remark 3. The design of the proposed PI-FOSMC requires the measurement of posi-
tion, velocity and acceleration of the state variables. In the case that the velocity and
20 acceleration cannot be measurable, the second-order exact differentiator method [132)]

can be applied to obtain the estimations of these parameters.

Remark 4. Some approaches in the literature used learning techniques, i.e., neural

network or fuzzy logic, to compensate for the unknown function in the system with-

14
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a5 formance for compensating the uncertainty and disturbance, but might not provide
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good performance for tackling the effects of faults since the effects of faults are much
stronger. This paper integrates the SMC technique with the RBFNN to get the merits
of both. This is particularly important for FTC system since the SMC possesses high

robustness against the effects of faults.

5. Design of Optimal Adaptive PI-Full Order Sliding Mode Control

Similar to the analysis of the PI controller [34], the selection of the proportional
and integral gains, i.e., Kp and Kj, of the PI sliding surface affects on the performance
of the whole system significantly. Therefore, in order to get the best performance, these
parameters need to be optimally selected. In this paper, we employ Bat algorithm (BA)
to select these parameters automatically.

BA [49] is a heuristic method based on the echolocation behavior of bats. In BA,
the initial position y; , velocity v; and frequency f; are initialized for each bat b;. For
each time step ¢, the movement of the virtual bats is given by updating their velocity

and position using the following equations:

fi - fmin + (fmin - fmax)¢ (36)
vi(e)y =vi(t—1)+ [/t — 1) —best]f; 37)
X () =%/ (t—=1)+v] (1) (38)

where f; and vlj (¢) are the frequency and velocity of variable j for bat i at time step
t. The result of f; is used to control the pace and range of the movement of the bats.
x} (t — 1) is the position vector of variable j for bat i at time step ¢ — 1, and j denotes
a randomly generated number within the interval [0;1]. The variable best represents
the current global best location (solution) for decision variable j, which is achieved by

comparing all the solutions provided by the M bats.

15
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_f Xi (x,)dt
0

Figure (2) Structure of the proposed optimal adaptive neural PI-full order sliding mode controller

In order to improve local search capability of the algorithm, once a solution is
selected among the current best solutions, a new solution for each bat is generated

locally using a random walk

Xnew = Xold + PAI (39)

where p € [—1,1] is a random number, while A’ is the average loudness of all bats at
this time step. The loudness A and pulse emission rate r are updated as a bat gets closer
to its target. Loudness A is decreased while pulse emission rate r is increased as the

following two equations:

AT = pA! (40)

AT =91 — ) (41)

where ) and ¥ are constants, r? is the initial pulse emission rate value of the ith bat.
The basic steps of the selection of the parameters K), and K; are described as in
The structure of the proposed optimal adaptive neural PI-FOSM control is
depicted in Fig[2]

Remark 5. Other heuristic optimization methods such as genetic algorithm (GA), par-
ticle swarm optimization (PSO), etc., can be used to get optimal parameters as a similar

way as BA. However, this paper employs BA because it provides faster convergence and

16
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closely optimal value. Due to the inherent property of a heuristic optimization method,
the use of BA to optimize parameters may not give a global optimal performance for
the system. However, this approach at least provides a local optimal value so that the
performance of the system is usually better than the system with the parameters cho-
sen randomly or chosen based on experiences. Since the optimization process is the
time consuming process, it is done offline to get the nearly optimal parameters. The

obtained parameters are then used for online process.

6. Results and Discussions

While the proposed method can be applied for a class of second-order nonlinear
system such as spacecraft, robot manipulator, its performance is tested for a spacecraft
as a case study. The considered nonlinear dynamic model of a spacecraft used in this
paper is taken as the same model as in Liang Y et al [57]. The dynamic model of
a spacecraft can be described as the same form as the system (I)-(2) with n = 3 and
the system dynamic functions are [57]: f(X) = [fi(X), £(X), 5(X)]T , where X; =
(xhxz,)q)T = ((pa,ea,l//a)T , Xo = ()C47)C57)C6)T = 4,0, , and X = (Xl,Xz)T , =
(uy,uz,u3,us)” , and A = [A1,Ap,A3]" . The three parameters @, 6,, and y, indicate
the three Eulers angles with respect to x,y,z axes of the spacecraft, respectively. u
denotes actuators, and the components f(X) and G(X) are defined as in
The initial condition is given as X (0) = [~0.7,—0.07,1.5,0.3,1.3,—0.2]7 and the
disturbance is generated as A = 0.5[sin(t),cos(2t),sin(3t)]”.

In this paper, the performance of the system is simulated in three different work-
ing scenarios. First, from the starting time (Os) to 10s, we assume that the system
works in normal condition. Second, from the time 10s to 30s, we assume that a
bias fault Au; = 5+ 15cos(t) occurs in the first actuator. Third, from the time 20s
to 30s, the partial lost Aup = —0.8u, is assumed in the second actuator (the second
actuator lost 80% of its effectiveness). It means that we assumed an actuator fault
Au =[5+ 15cos(t)(10s), —0 : 8u2(20s),0,0]” occurs in the system. In this simula-
tion, only abrupt faults are simulated since the effects of the abrupt faults are much

heavier than that of the incipient faults. In addition, in order to verify the superior
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performances of the proposed PI-FOSM controller and optimal PI-FOSM controller,
we compare these methods with the recent advanced sliding mode control techniques
such as the nonsingular fast terminal sliding mode control (NFTSMC) [25. |26] and the
FOSMC [33]. The design of the NFTSMC and FOSMC are represented in
[C and respectively. The selected parameters of the NFTSMC and the
FOSMC are shown in Table |l} The parameters of the NFTSMC were chosen as the
same values as the ones used in [25] 26], while the parameters of the FOSMC were
chosen as the same values as the ones used in [33]]. For fairer in comparison, the pa-
rameters of the PI-IFOSMC are selected as the same as the parameters of the FOSMC
with K, = 20 and K; = 5, as shown in Table The values of the K, and K; are selected
based on trial and error experiments. The parameters of the Optimal PI-FOSMC are
selected as the same as the PI-FOSMC, but the parameters of K, and K; are automat-
ically selected based on the BA. The parameters of the BA are selected as in Table
Under the effects of the assumed faults, the system performance under the inputs of the
four controllers, i.e., the NFTSMC, FOSMC, PI- FOSM and the optimal PI-FOSM,
are shown in Figs. [land[6] Particularly, the position tracking performances of
the four controllers are shown in Fig. whilst Fig. 4] shows the velocity tracking
performance. From Figs. [3| and [d] some important results are discussed as follows.
First, the conventional NFTSMC provides good performance when the system works
in normal operation. However, when a fault occurs, the system tends to be out of con-
trol; the tracking errors are very big. It means that the NFTSMC has weak robustness
against the effects of faults. Second, the FOSMC provides better performance than the
NFTSMC in terms of tackelling the effects of the faults. Third, the PI-FOSMC and the
Optimal PI-FOSMC provide much better performance compared to the NFTSMC and
the FOSMC. This results proved that the integration of the PI sliding surface into the
FOSMC provides higher robustness and faster transient response against the effects of
faults. This feature is very important in the design of FTC system because it helps sta-
bilize the system quicker. Fourth, the comparison results between the PI-FOSMC and
the Optimal PI-FOSMC show that the selection of the proportional and integral gains
affects on the performance of the system significantly. Since the Optimal PI-FOSMC

selects the proportional and derivative gains optimally, its performance is always better
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than the PI-FOSMC, where the gains are selected randomly or based on experiences.
The convergence of the fitness function of the BA of the Optimal PI-FOSMC is shown
in Fig. [5] Figure[6|shows the control inputs of the four controllers. It can be seen from
Fig. [0] that the Optimal PI-FOSMC provides continuous control input. In summary,
from the results discussed above, two important conclusions can be made. First, the
integration of the PI and the FOSM sliding surfaces increases robustness and transient
response against the faults effects in the system. Second, the employment of the BA to

automatically select the parameters help to improve the performance of the system.

Remark 6. There is no particular reason to assume the values of disturbance and
fault components, i.e., A and du, used in this paper. However, these parameters are
selected to model a scenario of uncertainty and fault effects, which can be occurred in

the practical applications.

Remark 7. In this paper, a robust FTC is designed to compensate for the effects of
actuator or component faults only, in which the actuator faults are particularly con-
cerned. The proposed method might not be able to compensate for the effects of sensor
faults. Solving the effects of sensor faults will be investigated in our future work. In the

literature, fault diagnosis for sensor faults has been investigated, for example in [58)].

Remark 8. From the design structure of the NFTSMC, FOSMC and the proposed PI-
FOSMC, it is obvious to see that the computational burden of the proposed PI-FOSMC
is higher than that of the NFTSMC and the FOSMC (the FOSMC is higher than the
NFTSMC). However, with the recent advance on hardware development for computing,
it is believed that all three controllers, i.e., NFTSMC, FOSMC and PI-FOSMC, are

implementable real time in the practical applications.

7. Conclusions

This paper presented a robust fault tolerant control based on the passive approach
for a class of second-order nonlinear system using an optimal adaptive neural PI-

FOSMC. The PI-FOSMC was designed to integrate the benefits of the FOSM and PI

19



Table (1) Selected parameters of the controllers

Controller Parameters Value
NFTSNC o] diag{10,10,10}
ol diag{5,5,5}
o,p,q,J1+¢,0 1.4,9,7,20,1000
FOSMC C1,C2,00, 00 10,9,9/23,9/16
In+¢,0 20,1000
PI-FOSMC K, K; 20,5
C1,C2,00, 00 10,9,9/23,9/16
Optimal PI-FOSMC ¢y, ¢z, 01, 02 10,9,9/23,9/16
Number of particle of BA 10
Number of iteration of BA 10
Jmins fmax,€1,¢2 0,2,2,2

Emission rate r(0), loudness A(0)  0.9,0.95
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sliding surfaces. The unknown components in the system dynamics were approximated
using an adaptive RBFNN so that the proposed controller can be implementable with-
out the prior knowledge of the exact dynamic model and fault information. In addition,
the crucial parameters such as the proportional and integral gains of the proposed con-
s troller were optimized using Bat algorithm so that the nearly optimal performance of
the system can be achieved. While the proposed method can be utilized for a class
of second-order nonlinear system, a computer simulation was performed for attitude
control of a spacecraft as an example. The simulation results verified that the proposed
approach, i.e., adaptive neural PI-FOSMC, provided superior fault tolerant capability

a5 compared to other advanced robust fault tolerant controllers.

Appendix A.

The selection of K}, and K; based on BA are as follows:
Step 1: Sets an initial bat population P, by randomly generating a certain number
of position vectors. Initializes the two dimensions of the position for the ith bat, as
w  x;(t) = (x%,x5) (x| represents for K, and x), represents for K;) and the two dimensions
of velocity, v;(¢) = (v{,v}), is initialized in [0, 1]. Defines frequency f; and initializes
pulse emission rate » and loudness A.

Step 2: Evaluates the fitness value of each initialized bat. In this paper, the fitness
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function is calculated as

1

I(x) = e X2 (x0)dr

(A.1)

Since the objective is to minimize the error Xj, the higher the value J the better fitness
will receive. After this step is finished, the best solution is stored.

Step 3: For each bat, updates bat velocity with and bat position with to
generate a new population.

Step 4: If rand > r;, then: selects a solution among best solutions and generates
new local solution around the selected best solution.

Step 5: Generates new solution by flying randomly.

Step 6: If rand < A; and J(x;) > J(best), then: accepts the new solution, and
decreases A;, increases r; according to @I) and @)

Step 7: Evaluates the fitness value of each initialized bat as a similar procedure to
Step 2 and finds the best solution best.

Step 8: If the maximum number of iterations is not yet reached, increases the
number of iteration and returns to Step 3. Otherwise, proceeds to Step 9.

Step 9: Selects the global best position, best, in the population as the ultimate
solution. The values encoded from the global best position, best, are assigned as the

optimal values for K, and K.

Appendix B.

The components f(X) and G(X) are computed as follows [57]:

L1

S1(X) = @pxecxscxy — @pxssxzsxy + [x5x6

X
“+ WpXx5CX1SX35X2 + WX5CX35X] + WpX6CX3CX]
1 1
+ Ewgs(ng)clesxz + Ewgczxgs(le) (B.1)

1
— W XgSX3SX28X] — Ewgszxzsz)gs(le)

— @s(2x2)sx25° (x1) — % @3 c*(x2)s(2x1)]
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FH(X) = aoxgsxzcx) + Wpxacxssx) + Opxecxzsxasxy
—+ WpX55X3CX28X] + WX4SX35X2CX

Iz_lx

+

[X4x6 —+ WpX4CX15X35X2 + WX4CX35X28X] (B.2)
y

1
— WXeSX3CX) — Ewgs@xg)sz (x3)exy

1 3
— Ewgcxzsxls(2x3) + Ea)gs(sz)cxl]

F3(X) = @pxasx;sx35x — WpXCX]CX35X)

— WpX5CX1SX3CX2 + WpXeSX38X] — DpX4CX3CX|

+= I, % [X4X5 + @ox4Cx3CX] — BX4SX35X25X] (B.3)

1
— WX55X3CX) — Ea)gs(Zm)cxzcxl

1 3
- Ea)gsz)@sxls(sz) ~3 @3 5(2x7)sx1]

067 0.67 067 0.67
G(X)=10.69 —0.69 —0.69 0.69 (B.4)
028 028 —0.28 —0.28

s0 In the above equations, ¢ and s denote the cos and sin functions, respectively. Iy, I, and
I, are the moment of inertia with respect to the three body coordinate axes, @y denotes

the constant orbital rate.

Appendix C.

The PFTC based on NFTSMC for system (3) can be designed as follows [25} 26]:

First, the nonsingular fast terminal sliding mode surface is selected as:

snrrsm = X1+ Gle[a] + 0'2X2[P/q] (C.1)

s where syprsy is the sliding variable, o = diag(o11,012,...,01,) € R™" and o, =

diag(0s1,022,...,00,) € R™" are positive definite matrices, p and ¢ are positive odd
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numbers and satisfying the relation 1 < p/g <2 and oe > p/q, Xl[a] = (|X1|%sign(X1), ...,

R, and X/ = (X0 9sign(Xy), .., | X P/ sign(X,,) € R,
Under assumption 1, a PFTC based on NFTSMC can be designed as

u=—G"(X)(teq—NFTSM + Ure—NFTSM) (C2)
where,

g NFTSM = ——|X2|2 P19 4 61y)x, 1% — IX FrOL ) (€3
and,

Ure-NFTSM = (E+ C)sign(snrrsm) (C4)

where E is a constant defined in the Assumption 1. In order to alleviate the chatter-

eOSNFTSM —1

ing phenomenon, a sigmoid function ONFTSM L1

is used to replace the sign(syrrsm)

function, where ©® is a constant.

Appendix D.

The PFTC based on FOSMC for system (5) can be designed as follows [33]:

First, the sliding surface is designed as:

SFOSM = X2 + c2|X2\azsign(X2) +c1 |X1 |O€l sign(Xl) (D.1)

where sposy € R” is the sliding variable, cj, ¢z, &) and o are constants. Based on

[33], the PFTC control law can be designed as follows:

urosm = —G " (X)(teg—Fosm + Ure—rosm) (D.2)
where,

Ueg—rosm — f(X) + c2|Xa| 2 sign(X2) + c1 X1 | * sign(X,) (D.3)
and,

tre—rosm = —(I14C)sign(srosm) (D.4)

For the stability and convergence, the interested readers can refer to [33] for more

detail.
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