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Abstract: This study investigated the adaptive fault-tolerant control (FTC) for a flexible variable
structure spacecraft in the presence of external disturbance, multiple actuator faults, and saturation.
The attitude system model of a variable structure spacecraft and actuator fault model are first given.
A sliding mode-based fault detection observer and a radial basis function-based fault estimation
observer were designed to detect the time of actuator fault occurrence and estimate the amplitude of
an unknown fault, respectively. Then, the adaptive FTC with variable structure harmonic functions
was proposed to automatically repair multiple actuator faults, which first guaranteed that the
state trajectory of attitude systems without actuator saturation converges to a neighborhood of
the origin. Then, another improved adaptive FTC scheme was further proposed in the actuator
saturation constraint case, ensuring that all the closed-loop signals are finite-time convergence.
Finally, simulation results are given to illustrate the effectiveness of the proposed method.

Keywords: fault-tolerant control; fault estimation; fault detection; multiple actuator faults; actuator
saturation

1. Introduction

In recent years, the advanced spacecraft control technology has been able to achieve
more and more functions, and the control technology in many harsh environments has also
been developing rapidly. They meet many new needs including satellites and hypersonic
vehicles: anti-interference, anti-interception, super maneuver, etc. [1-4]. Fault-tolerant
control (FTC) can also ensure spacecraft stability when the faults occur [5,6]. However,
space exploration is increasingly diversified, and the engineering requirements for control
technology are far from being met, such as multi-channel multi-type concurrent fault
compensation, variable structure dexterity avoidance, etc. The purpose of this paper was
to design an improved adaptive FTC scheme so that the spacecraft with saturation and
multiple faults can realize flexible variable structure stability control and meet the design
requirements of a new-generation spacecraft.

New progress has been made in spacecraft control technology that satisfies tracking
stability in complex environments and missions [7,8]. In [9], disturbances in the hypersonic
re-entry vehicles were revisited, a disturbance effect indicator was defined to demonstrate
the pros and cons of the disturbances’ influence on the system, and based on the disturbance
estimation, a disturbance estimation-triggered control scheme for the attitude tracking was
established. In [10], the proposed control law was able to guarantee the prescribed transient
and steady-state behavior for both attitude and angular velocity errors in the presence
of bounded external disturbances. In [11], a novel fixed-time convergent nonsmooth
backstepping control scheme was proposed for flexible hypersonic vehicles via augmented
sliding mode observers to overcome the uncertainty and measurement noise. In [12], to
track the desired velocity and the desired altitude, a data-driven supplementary control
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approach with adaptive learning capability was proposed for the rigid aircraft controller
based on action-dependent heuristic dynamic programming. However, the above schemes
seldom considered actuator failure and saturation, so their algorithm reliability is difficult
to guarantee. This paper designed an anti-saturation FTC scheme on this basis to solve the
above problem.

Anti-saturation control technology can normally control the system to complete the
task when the actuator is limited, so it is widely used in spacecraft with a strict upper
limit of payload [13,14]. In [15], a low-complexity adaptive tracking control strategy for
a class of pure feedback nonlinear spacecraft systems was developed in the presence of
completely unknown non-affine nonlinearities, full state constraints, and input saturation
constraints. In [16], to improve the agent’s solution quality during a search, an agent soft
search constraint was designed, setting the soft search constraint filters from the obviously
inferior solutions, thereby improving the solution quality of the spacecraft. In [17], a
combination of feedback linearization and disturbance observer-based control was adopted
for the design of a state-feedback controller that regulated the velocity and altitude of
spacecraft subject to constrained inputs. However, the above methods did not consider
the fault and flexible active variable structure mode, and the reliability and environmental
adaptability are insufficient. On this basis, this paper studied variable structure adaptive
FTC to realize the dexterous maneuvering FTC of anti-interception.

Spacecraft FTC is a relatively popular branch of space control technology, and due to
borrowing the mature information technology of high-speed trains, it is a field with rapid
progress and more achievements in recent years [18-21]. In [22], a passive FTC scheme
was proposed for the full re-entry trajectory tracking of spacecraft in the presence of
modeling uncertainties, external disturbances, and actuator faults. In [23], a finite-time FTC
scheme with command filtering was applied to the general nonlinear uncertain systems.
In [24], based on the type-II fuzzy logic, a robust adaptive fault diagnosis and FTC scheme
was proposed for multisensor faults in the variable structure hypersonic vehicles with
parameter uncertainties. In [25], indirect passive compensation factors shielded system
faults, and an observer with adaptive learning rates that combined the fault magnitude
and fuzzy premise variable was then designed to estimate actuator faults, where a novel
bionic variable parameter algorithm improved the spacecraft sensitivity of estimation to the
incipient fault deviations. In [26], an FTC scheme was considered for a cascade nonlinear
spacecraft system with mismatched uncertainties and unknown actuator faults. However,
the above-mentioned FIC methods did not consider active flexible variable structure
and actuator saturation, and thus, it is difficult to meet the space warfare requirements
for dexterous maneuvering. This paper improved the adaptive control on the basis of
finite-time control in [23] or the methods of other references mentioned above so that the
spacecraft can achieve attitude fault-tolerant tracking in a multi-mechanical configuration
and create conditions for avoiding enemy interception, grabbing, and space junk.

This paper focused on an active adaptive FTC for the attitude systems of a flexible
variable structure spacecraft to tackle multiple actuator faults and saturation. The main
contributions are as follows:

1. A fault diagnosis approach was developed for the attitude systems with variable
structure parameters, detects the occurrence time and amplitudes of all faults in
different actuators: partial loss of effectiveness (LOE), bias, and complete failure.
Finally, the FTC under the complete failure of general spacecraft has been solved
firstly in the world.

2. According to fault estimation, an adaptive fault-tolerant controller without actuator
saturation was designed by utilizing the fast terminal sliding mode control technique,
such that all the closed-loop signals of the attitude systems are finite-time convergence.
Then, the FTC scheme under the actuator saturation case was further proposed; it has
good tolerance capability to multiple actuator faults;

3. A variable structure improved adaptive scheme was proposed where the harmonic
functions based on variable structure parameters were designed. It was combined
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with the fault-tolerant algorithm so that the fault repair process can maintain the
stability under multiple mechanical configurations and multiple faults. Finally, the
control of a universal variant spacecraft is first achieved in the world.

The rest of the paper is organized as follows. Section 2 provides the attitude system
mode of a flexible variable structure spacecraft and the actuator fault mode. In Section 3,
a fault detection observer detects the occurrence time of an unknown fault. Then, a fault
estimation observer estimates the amplitude of the actuator fault. In Section 4, a fault-
tolerant controller with variable structure harmonic functions self-repairs actuator faults,
guaranteeing the finite-time convergence. Then, an improved adaptive FTC scheme is
developed to deal with the actuator saturation. Section 5 verifies the effectiveness of the
developed FTC method by simulation. Finally, Section 6 provides the conclusion.

2. Problem Statement

In this section, the Euler-angles moment equations are adopted to describe the attitude
systems of spacecraft, and the equations of motion in terms of kinematics are given by [7]:

¢ = wy — tan O(w, cos ¢ — w3 sin @)
0 = wysin¢$ + w3 cos ¢ @
P = (wocos¢p — wssing)/ cos O

where ¢, 6, and ¢ are roll angle, pitch angle, and yaw angle, respectively. w1, wy, and w3

denote the angular velocities with respect to the body-fixed frame.
For simplicity, the kinematic Equation (1) can be rewritten in the following form

c=G(0r)w 2)
where
U= [4” 6, 4)]T’ w = [wll wy, w3}T (3)
and
1 cosf —cos¢sinf singsind
G(o) = 0 sin¢cos®  cos¢cosf 4)
cos 6 .
0 cos ¢ —sin¢

According to reference [7], the dynamic equation of a flexible variable structure
spacecraft is modeled as

(J+Jvs +A)w = =A(] + Jvs + A])w + Du(t) +d(t) ©)

where | € R3*3 is the symmetric inertia matrix, Jys € R>*3 is the added value of inertia
matrix generated by changing the mechanical structure of the spacecraft, that is, the
variable structure parameter, A] € R>*3 is the norm-bounded inertia uncertainty, u(t) € R"
is the control torque generated by 1 reaction wheels, D € R3*" is the reaction wheel
distribution matrix, and 7 is the number of reaction wheels. d(t) € R3 is the bounded
external disturbance, and A is a skew-symmetric matrix and has the following form

0 —ws3 Wy
A= w3 0 —wW1 (6)
—wy Wy 0

After some manipulations, Equation (5) can be transformed into the following form

w=—(J+Jvs) 'A(J + Jvs)w + (J+ Jvs) Du(t) +p(t) )

where
p(t) = —(J + Jvs) 'AJw — (J+ Jvs) "ADJw + (J + Jvs) Hd(t) ®)
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represents the generalized perturbation caused by disturbance and inertia uncertainty,
which is unknown and satisfies

o)l <P ©)

All the environmental disturbances due to solar radiation pressure, gravitation, mag-
netic forces, and aerodynamic drag can be assumed to be bounded, and thus it is reasonable.

The actuator considered in this study is the reaction wheel, which is usually composed
of a flywheel and an electric motor. If the speed of the flywheel is changed, the flexible
variable structure spacecraft starts to rotate in reverse by keeping the angular momentum.
Several components of the reaction wheel may cause fault, such as electronics, motor, and
power supply; the reaction wheels are susceptible to the following three types of faults:
LOE, increased bias torque, and complete failure.

It was noted that the three different types of actuator faults described above may
happen in the attitude systems of a flexible variable structure spacecraft, and the actual
control torques generated by the faulty actuators could be modeled as the following form

u(t) = ET(t) + F (10)

where 7(t) € R” is the desired torque of the reaction wheel produced by the attitude
controller. E = diagfey, ..., e,} is the effectiveness matrix of the reaction wheel and satisfies
0<e;<1(i=1,2,...,n). Ife; =1, the ith actuator works normally, 0 < ¢; < 1 indicates that
the ith actuator produces a reduced effectiveness, and ¢; = 0 implies that the ith actuator
undergoes a complete failure. Apart from this, F = [f1, ..., fn]T is regarded as the actuator
bias fault. The relations between fault parameters ¢;, f;, and the actual actuator faults are
summarized in Table 1.

Table 1. The reaction wheel fault types of spacecraft.

Fault Type Loss of Effectiveness Fault Bias Fault Complete Failure
e; 0< e; < I I 0
fi 0 fi#0 0

Substituting Equation (10) into Equation (7), the faulty dynamics equation can be
described by

@=—(J+]Jvs) 'AJ+Jvs)w+ (] +Jvs) ' DE(t) a1
+(J +Jvs) "' DF +p(t)

In this paper, it was assumed that all of the state variables are measurable. To achieve
the objective of this paper, the following Assumptions and Lemma are introduced, which
are used in the controller design and the closed-loop stability analysis.

Assumption 1. The desired output trajectory o and its first-time derivative are continuous and
bounded; moreover, there exists a known compact set I1 such that [(7, (f] eIl

Assumption 2. The bias fault introduced in the fault model (10) satisfies

IF|l < fo (12)

where fy is a positive constant.

Assumption 3. The nonlinear functions AJw and AJysw in the dynamics Equation (11) are
locally Lipschitz bounded with respect to a Lipschitz constant ¢, namely

1A+ Jvs)w = A(J + Jvs)@| < Ell@ — w]| = &[] (13)
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Lemma 1 ([7]). The extended Lyapunov description of finite-time stability with a finite-time
convergence is given as

V(X) -+ /\1V(x) +/\2V’(x) <0, Vt > ty, V(Xto) >0 (14)
Then, for any given ty, the convergence time is given as

1 /\1V1‘r(xt )+ Ag
T, < 1 g
,_t0+A1(1_r)n Ay

(15)

where Ay, Ay > 0,and 0 < r< 1.

Remark 1. The n actuators (n > 3) may suffer from LOE fault or complete failure, but the number of
totally failed actuators is no more than n — 3, such that DE3DT is a positive definite matrix, which
can be viewed as the requirement of controllability of the plant and the existence of a fault-tolerant
controller for compensating the effects of actuator faults.

Remark 2. Because of increased friction between stator and rotor, inadequate lubrication, marginal
failures in bearings, and decreased motor torque, the rate of change of the wheel speed might be less
than the nominal value. Consequently, the generated reaction wheel output torque can be less than
the torque commanded, and therefore, it is modeled as partial LOE fault. Because of changes in
coulomb friction and viscous friction of the bearings caused by aging and lubrication, the wheel may
not be capable of holding its speed, which may decelerate the wheel gradually. Therefore, a low-bias
torque is produced even when the commanded attitude control torque is zero, and it is modeled
as bias fault. If malfunction occurs in the drive motor and power supply, the reaction wheel may
decelerate slowly or hold its speed without response to control signals, and it is modeled as complete
failure fault.

3. Actuator Fault Detection and Diagnosis Scheme
3.1. Neural Network Approximation

Radial basis function (RBF) neural networks have good capability in function ap-
proximation which is unknown and continuous. In this section, the following RBF neural
networks are used to reconstruct the generalized perturbation p(t) in Equation (11), which
can be expressed as

o(t) = Wo(t) + ¢ (16)

where W € RP*3 is an ideal but unknown weight matrix and p is the number of the implicit
layer. g is the extremely small and unknown bounded approximation error. ¢(t) = [¢(t),
.., ¢p()]" represents the known basis function, which can be expressed by a Gaussian

function as 5
w — v ,
_M),lzl,...,p (17)
i
where v; and #; are the center and width of neural cell of the ith neurons, respectively. The
uncertain parameters are unknown, but their distribution area can be obtained through
experiments. Based on this, the basis functions with the centers in the distribution area and
the widths superimposed to cover this area can construct ¢(t).
The optimal weight value W of RBF neural network is given by

¢i(t) = exp(

~

W = arg minWeR,.X3{supwer’p(t) - WT(p(t)‘} (18)

Since the optimal weight value W and approximation error gy are unknown, we have

~

p(t) = Who(t) + & (19)



Appl. Sci. 2022,12, 5319

6 of 21

where §(t) is the estimated value of p(t).

3.2. Fault Diagnosis Scheme Design

In this section, a sliding mode-based fault detection observer is designed for the
dynamic Equation (7) in the actuator healthy case in order to detect the occurrence of an
unknown fault, namely

@ = A1(w—@) = (J+ Jvs) "A(J + Jvs)@ + (J + Jvs) ' Dt +psign(@)  (20)

where A is a positive definite matrix given in advance.
Define
W=w-—w (21)

the following error equation is obtained by subtracting Equation (20) from Equation (7).
@ = —Mad+ (J+ Jvs) A + Jvs)@ = AT + Jvs)ew] 22)
+p(t) — psigh(w)

In this position, the first result of this study is given in the form of Theorem 1.

Theorem 1. Considering the healthy dynamics Equation (7) of a variable structure spacecraft, a
sliding mode-based fault detection observer is designed in Equation (20), for a given positive definite
matrix Az, if exists a symmetric positive definite matrix P1, such that inequality (23) holds

—1,T —
L=[A1=&(+Jvs) '] P+ Pi[A1 = &(J+]vs) '] > 0 (23)
then, a fault detection threshold is designed as follows
_ )\maX(Pl) *(/\min(L)//\max(Pl))(t*tO) B 2 2
Jin = (/\min(Pl)e H(U(to)“ ) (24)

If the 2-norm of the estimation error of w generated by fault detection observer (20) surpasses
the detection threshold [y, then at least one actuator is suffering from an unknown fault.

Proof of Theorem 1. Considering the following Lyapunov candidate function

1 7 -
Vi=5 TP (25)

Taking the derivative of V; along the trajectory of Equation (22) yields
Vi < 30T (AL + ATP)@ + 0T Py (] + Jvs) '@ + @TPr(p(t)
—psign(@))
< —%@T{Pl [A1 =80 +Jvs) ]+ A1 =80 + fvs>‘1]TP1}cv 26)
P[]l - p)
< 36T Pilr = £+ Jva) T+ (41— +Tvs) R @

According to the inequality (23), it can be seen that

)\min(L)
)\max(pl)

From Equation (27), the following inequality is derived

: 1 ~
V1< =5 Amin(L)|@]* < — Vi (27)

~ Amax P — . — ~
||a;||2 S Amin((PI))e ()\mm(L)/)\max(Pl))(t tO)”w(tO)HZ (28)
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Defining the fault detection residual signal r = w, a so-called threshold Jy, is proposed
to evaluate the residual signal 7, and the following fault detection mechanism is given by

Irllor > Jin = a fault occurs = Alarm

29
Irllor < Jin = no fault (29)
where D
]th < (ME*(Amin(L)//\max(ﬂ))(tfto) H(:)(tO) ||2) (30)
/\min(Pl)
and the residual evaluation function ||r||, 7 is described as
T 1/2
H}’ 2T = [/O rT(t)r(t)dt] (31)

where t € (0, T] is the finite time window.

When the unknown actuator fault signal is detected successfully by the designed fault
detection strategy, the fault alarm triggers the fault estimation observer to start working. In
the following description, a fault estimation observer is designed using an adaptive neural
network technique.

For the design of a fault estimation observer, two new variables are defined as:
P=Jer,...,e,) and B = diag{ty, ..., Ts}, and Equation (11) can be transformed into
the following

w=—(J+Jvs) "A(J + Jvs)w + (] + Jvs) ' DE®

- 32
+(J +Jvs) ' DF + WTg(t) + o 2
A RBF neural network-based fault estimation observer is given by
@ = Ay — §]+ fvsA)fllA\(]-F Jvs)@+ (] + Jvs) ' DED (33)
+(J+Jvs) DE+WTo(t) + &
where w is the estimation error which satisfies
w=w—w (34)

Aj is a known Hurwitz matrix. ®, F, and WT¢(t) + &y denote the estimated values of
LOE fault factor, bias fault factor, and the generalized perturbation, respectively. They are
determined by the following adaptive updated estimation algorithms

' & 1 ~1rm T __
d=-0 1+ Ch,l(]VS) [(]+ ]VS) D‘—‘] Pz(d (35)
F=-F ! “p @ 36
= —m[(]‘i'fvs) | Pw (36)
Ao L ; _T
W= c3 +cna(Jvs) ()@ Py 7
éo = —¢ ;Pzw (38)

0—
co +cno(Jvs)

where ¢; >0 (i =0, 1, 2, 3) are known constants, and ¢;, ;(Jys) are the variable structure
harmonic functions of their respective updated algorithms, which change continuously
with the change of Jys and have known expressions. P, is an unknown positive definite
matrix to be determined later.
Let
P=d- (39)
F

(40)
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W=W-W (41)
€ = & — o (42)

the following error dynamics equation is obtained by subtracting Equation (32) from
Equation (33):

@ = Agw + (] + Jvs) AU + Jys)w — A(J + Jvs) @]
+(J+ Jvs) 'DE®+ (J + Jvs) ' DF+ WTg(t) + &

. 43
= Ao+ (] + ]ng)il[/\(]ﬂL Jvs)w = A(] + Jvs)@] @)
+(J + Jvs) 'DE® + (J + Jvs) ' DF +p(t)

where N
p(t) = We(t) +& (44)

In this position, the second result of this study is given in the form of Theorem 2. [

Theorem 2. For the faulty dynamics Equation (11), a RBF neural network-based fault estimation
observer is designed in Equation (33) with the adaptive parameter updated algorithms (35)—(38),
and for a given Hurwitz matrix A, if exists a positive definite matrix P, with a known positive
scalar ¢, such that inequality (45) holds

Q=PolAs+ &0+ Jvs) T+ Al + &+ Jvs) ™) P <0 (45)

then, the error dynamics Equation (43) is ultimately uniformly bounded (UUB).

Proof of Theorem 2. Considering the following Lyapunov candidate function

Vo = Y& Pyw + L (c1 + ey (]vs))&’ D+ (e +epp(Jvs))FTF

+1(c3+cna(Jvs) ) tr(WTW) + X(co + ¢y, o(fvs))eo €p (46)

Taking the derivative of V, along the trajectory of Equation (43) yields

Vy = 2(w hw+w TPyw) + Cyjys @7 & +G ]VSFTF

+C3 Wstr(w W)+C0 Wssoso +CG ]vs<1> & +G ]vsF £

+C3,]V5tr(W W)—I—CkossOeo

— " { (AT + &+ o) ) 1Pt Pl 0+ Jys) ) @ @)
+@" Po(J + Jvs) ' DED + @' Pao(] + Jvs) ' DF

+@ P, WTg(t t) + @I Pygy + Cpjvs®Td + C, ]VSFTF

+C3,]V5tr(W W) + CO,]V5€OSO

where

48
G jvs =3 tepa(Jv (48)

(
Covs = c2 +cna(Jvs
(
Co,jvs = co + cno(J
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Substituting the adaptive updated laws (35)—(38) into Equation (47), it leads to

Vs = 30" Q@ + @' Po(] + Jvs) ' DE® + @' Po(] + Jys) " DF

+@ T WTg(t) + @' Py — Cqp jys®Td — OT[(] )

+Jvs) ' DE|TPy@ — Cy jysETE — FT[(J + Jvs) ' D] Pa@

—Cg,fvstr(WTW) - tr(WTgo(t)wTPZ) - CO,]V5§g§0 — Egpzw (49)
= o’ Qu - Lclgvs TP — Légvs FTF - ngvs tr(WTW)

_ OéVSE%"E'O + léVS (I)T(I) + Z,éVS FTF + 3,£V5tr(wTw)

C
+ ogvs €g€0

According to the inequality (45) described in Theorem 2, the following result is easily
obtained

Vz < —aVi+8 (50)
where
= min{_)\min(Q)/Amax(PZ); 1} >0 (51)
Cyvs Gy pvs G3vs Co,jvs
p= 20| + 2L NF|P + 222 WP+ =20 ol (52)

According to Lyapunov stability theory, it is easily known from the above inequality
that the error dynamics Equation (43) is UUB. This completes the proof. []

Using reachable set computation [27-29], the robust fault diagnosis was extended
to linear uncertain systems. Then, a sliding mode fault detection was designed for the
nonlinear attitude systems of a flexible variable structure spacecraft in this study. The
sliding mode psign(w) offsets the uncertainty effects, and therefore, the designed detec-
tion threshold is sensitive to unknown faults. Hence, the fault estimation observer was
designed by utilizing the approximate ability of RBF to unknown functions, such that the
uncertainty’s negative impact on the fault estimation accuracy is reduced.

Remark 3. Compared with existing state-of-the-art detectors [30,31], the proposed detector consid-
ers complete failure and variable structure conditions, and is more suitable for dexterous spacecraft.
It is seen from Figure 1 that the output signal of attitude controller T and the angular velocity w are
measured by the gyro as the inputs of the fault detection and estimation observer and the estimated
angular velocity is the output of the fault detection and estimation observer. In addition, the esti-
mated parameter values which can be obtained using the designed adaptive updated algorithms (35)
and (38), were also used in the design of the fault estimation observer.

Faults External
disturbance
A4 \4
Fault-tolerant T u_| Attitude system of variable
1 > Actuator > ! >
contﬁo er structure spacecraft o,
Fault detection | _
- observer N
- Fault estimation
EF,p " observer

Figure 1. The structure of the active FTC scheme.
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4. Fault-Tolerant Controller Design
4.1. Active FTC without Actuator Saturation

In this section, an active FTC strategy is proposed for the faulty attitude systems
(1) and (11) without actuator saturation. First, a fast terminal sliding model surface is
designed as

S = w+ (ki + ki1 (Jvs))o + kasig(o) P/ T Uvs)) (53)

where S =[S1, Sy, S3]T € R3is the sliding mode variable; k1 >0, k, > 0 are two positive scalars;
kn1(Jvs), h(Jys) are the variable structure harmonic functions with Jys as the argument,
which are all known scalars, and 0 < (p/(gq + h(Jys))) < 1; and p, g are positive odd integers.
The function sig(c)p/(q + h(Jys)) is defined as

|p|P/ @+hUvs)sion ()
Sig(U)P/(q+h(lvs)) — |9‘P/(q+h(]\/5))sign(9) (54)
)

WJ‘P/(‘HhUvs )sign(tp)

Taking the derivative of sliding variable S with respect to time yields

S : k2P Giae (0| P/ @h0vs)-1y
S=w+ (ki +k + d pAMTIIYS 55
w ( 1 h,l(]VS))(T q+h(]VS) 1ag(|0| )(T ( )

It was noted that Equation (55) contains a negative fractional term [p/(q + h(Jys))]~*,
the singularity occurs while ¢ = 0 and its derivative is nonzero. To avoid the singularity
problem, the derivative of S is modified as

S =w+ (k1 +ku1(Jvs))o + kaS* () (56)
where
S*(0) = [S¥(0), Si(0), Si(0)]! e R®! (57)
1 2 3
with ,
m| o; | P/ aFhUvs)I=1 0'1', ifo; #0, |07 > e
S{@) = gt el e, if 6 £ 0, ol <e ©8)
0, zf oi=0

where 5;*(0) is the ith component of S*(c) and ¢ is a small positive constant.
Substituting Equation (11) into Equation (56), it is easily known that

= —(J+Jvs) 'A( + Jvs)w + (] + Jvs) " DET+ (] (59)
+Jvs)T'DF +p(t) + (k1 + ki1 (Jvs))o + ke S*(0)

According to the sliding mode control idea, sliding mode dynamics need to match a
reaching law. This study selected an improved exponential reaching law as

S =—(v1+vy,(Jvs))S — (V2 +vpp (Ivs))Sig(S)p/(HhUVS)) (60)
where
vy = diag{vy1, vip, vz} >0 ©61)
vy = diag{vy;, v, U3} >0

{ vpa(Jvs) = diag{vp11, vp12, Upaz} >0 62)
vpp(Jvs) = diag{vpo1, Upz, Uppz} >0
Equations (61) and (62) are the diagonal matrices. vy 11, U 12, Up,13, Un21, Up22, and

vy, 23 are the known harmonic functions with Jys as the argument. To derive the FTC scheme
of this paper, an assumption is introduced in this position.
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Assumption 4. There exists two unknown constants -y > 0 and 6 > 0, such that the following
inequalities are satisfied

I=(J + Jvs) "A(J + Jvs)wl|| < (63)
(k1 + ki1 (Jvs))& + kaS* (o) || < 0] (64)

In the following, the third result of this study is given in the form of Theorem 3.
Theorem 3. Considering the faulty attitude systems (1) and (11) of a flexible variable structure

spacecraft without actuator saturation, a fast terminal sliding mode-based active FTC scheme is
given by

= —E2DT[(] + ]VS)ilDESDT}_l(Tl + 1) (65)
with
T = (v1 +vp1(Jvs))S + (v2 + Uh,z(fvs))Sig(S)p/(HhUVS)) (66)
S - 1 .
w = e G191+ + 10+ Jvs) "DE|| + |[WTo(t) + &ol|) (67)
4 = (ca+cna(Jvs))ISI (68)
5= (cs+ens(vs))lISHIG] (69)

where ¢ > 0 is a small positive scalar, c; > 0(i = 4, 5) are positive scalars, and cy, ; are the variable
structure harmonic functions; additionally, these parameters can be preset. Then, the state trajectory
of the faulty attitude systems can converge to a neighborhood of the origin in finite time.

Proof of Theorem 3. Let

{f:‘f‘s (70)
Y=97—7°

a Lyapunov candidate function was selected as

1 1 1
V3= 8T+ ¥+
372 2(ca+ enaUvs)) T " 2(cs + cns(vs))

P4V (71)

Taking the derivative of V3 along the trajectory of Equation (59) yields

Vs =ST[—(J+ Jvs) "AU + Jvs)w+ (J+ fvsrlDEw (J
+]vs)71DF +po(t) + (k1 + ky1(Jvs))o + kaS*(0)] +
+ +V2

(72)

C4 ]vs

Cs ]vs

where
{ Cajvs = ca+cna(Jvs) (73)
Cs,jvs = ¢5 +cps(Jvs)

Substituting Equation (59) into the above equation, it can be seen that

Vs < [IS[I(ll(ky +kh1(1vs))t'7+k25* o)l =8lal) + 7Sl + 8ISl
HISIU= + Jvs) AU+ Jvs)wl| = 4) + ST[=(v1 + vy1 (Jvs))S
~(v2 -+ o2 (Jys)sig(8)7 TV vy 4

< ST[=(v1 + o1 (Jvs))S = (v2 + th(]vs))Sig( s)r/retivl) 4 p

< —ST(v1 +vp1(Jys))S — 2{lp/ q+h(lvs))]+1}/2[ ST (v,

+Up2 (]VS))S]{[P/(ﬂ+h(fvs))]+1}/2 +B

< —2Amin(v1 + Um(]vs))(l — ?)VC* — 2/ ath(vsI+13/2) (v,

(74)
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where
Q = (1/2C4jvs) 7 (t) + (1/2Cs v5)d2(t) + Va (75)
and
(Q/Vg,) <1
(V) [P/ a+h(vs)}+1}/2 g (76)
Define

81 = 2Amin(v1 +vp,1(Jvs)) (1 — (Q/V3)) (77)
8, = 2{[’”/(q+h(]‘/5))]+l}/2?\min(vz + v (Jys))[1 — (Q/VS){[P/(‘Hh(]vs))]H}/Z] (78)

then, we have
Vi< - V5 — 192V3{[p/(q+h(]‘/5))}+1}/2 + ,B (79)

If V3 > B/ 04, the inequality (79) is further rewritten as
Vs < —(8y — B/ V3) V3 — o,V P/ R I +1)/2 (80)

According to Lemma 1, the convergence time satisfies the following inequality

— [1=p/(q+h(Jvs))]/2
Ts < to+ ! ln{ (61— B/ V3) V(o)

+1 81
(01— B/V3) (1= o5 5) ) } ®1)

where { is the initial time and V3(ty) is the initial value.

If V?;{[p/ (gh(vsDIH1}/2 B/ 9, the inequality (79) is rewritten in the following form

Vs < 04V — (8 — py v AP/ @IV 12y Gp/ (g1} /2 ®2)

Similarly, the convergence time satisfies

(1-p/(g+h(Jvs))]/2
Ts < to + ! )ln{ 61 V3(to) +1} (83)

A R DN T

Therefore, the state trajectory of the faulty closed-loop attitude systems can converge
into a neighborhood of the origin in finite time. This completes the proof. []

Remark 4. In the study by [29], a non-singular terminal sliding model surface was designed as:
S=w-+ ksig(”/b) (0),

where k> 0and 1 < (a/b) < 2. It provides a fast convergence rate at a distance from the origin and
becomes slow as it nears the equilibrium. The closer to the origin, the slower the convergence rate.
In this paper, a non-singular fast terminal sliding model surface was designed in the form:

when the system states are far away from zero, the linear term kq0 offers a fast convergence rate,
and when the system states are close to zero, the nonlinear term kysig(c)P@+1TVS) guarantees the
finite-time convergence. Therefore, the system states converge quickly to the sliding model surface
designed in this study.
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4.2. Active Anti-Saturation FTC

To address the problem of actuator saturation, the other active FTC scheme is further
presented in this section. Consider the dynamics Equation (7) of a flexible variable structure
spacecraft under actuator saturation, which is described by

w=—(J+Jvs) "A(J + Jvs)w + (] + Jvs)~ Dsat(t) + p(t) (84)

in which sat(7) is given by

N_ ) T if |t < Tmax
sat(7;) = { TmaxSign(T;), otherwise (85)

where ¢ is the designed control input and ¢4 is the upper boundary of saturation nonlin-

earity.

Here, a nonlinear saturation function is introduced to handle the saturation input

sat(t) = x(7)T (86)

where x(7) = diagi{x1(11), ... , xn(Tn)} represents the saturation characteristic of the actua-

tors with '
1, lf |Ti| < Tmax

Xi(Ti) :{ T“‘TI_Z‘XSign(Ti), otherwise (87)
It was assumed that x;(7;) satisfies the following constraint
0 < p <min(x(7)) <1 (88)

By referring to the fault modeling method developed in the study by [21], the faulty
dynamics equation in the actuator saturation case is written as

@ ==(]+Jvs) AU +Jvs)w+ (] + Jvs) " D(Esat(7) (89)
+F)+o(t)

By designing the same fast terminal sliding model surface
S = wt (ki + ki (Jys))o + Kasig (o) (1) 90)

the derivative of S is given by

S=—(J+Jvs) AU+ Jvs)w+ (] +Jvs) "' D(Esat(r) + F) 1)
+p(t) + (k1 +ky1 (Jvs))o + kaS*(0)

Based on the above content, the fourth result of this study is given in the form of
Theorem 4.

Theorem 4. Considering the faulty attitude systems (1) and (89) in the actuator saturation case, a
fast terminal sliding model-based active FTC scheme is designed as

T = —E2DT[(J + Jys) 'DEDT] (1 + 1) (92)

with
T = (v1 4+ v (Jvs))S + (V2 + vpp (]vs))Sig(S)p/(q+h(]V5)) (93)

gﬁ[’?+5lldll + 1T+ Jvs) 'DE[| + |[WTo(t) + 2] (94)
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The adaptive parameter updated algorithms are given by

¥ = (c6+cne(Jvs)) 18] (95)

6 = (c7 +enz(Jvs))lISllle] (96)

i = (cs +ang(Jus DA ISI(Y + 817l + (T + Jvs) ™' DE|| 97)

+HIWTo(t) +&ll)

where ¢ > 0 is a small positive constant, ¢; > 0 (i = 6, 7, 8) are positive scalars, and cy, ; are the
variable structure harmonic functions, all of which can be preset. Then, the state trajectory of the
faulty attitude systems can converge in finite time.

Proof of Theorem 4. Defining
p=p (98)
a Lyapunov candidate function was selected as

_1c¢T 1 ;2 1 2
Vo= 355 T o, v U T e, Tvan ©9)
RS S A

2(cg+eng(Jvs))

Set

Cryvs = ¢z +cnz(Jvs) (100)
Cgvs = cs +cng(Jvs)

and taking the derivative of V4 along the trajectory of Equation (91) yields

{ Co,jvs = ¢6 + cne(Jvs)

Vi =ST[—=(J+ Jvs) "A(J + Jys)w + (J + Jvs) ' DEsat(7)
+U+ Ivs)fl'DF +p(t) + (k1 + k1 (Jvs))o + k2S*(0)] (101)

74 3 _ iRy
+C6,]VS + Cryvs  Cgjvs +V2

Substituting Equation (92) into V4, it is easily known that

Vi < ISII=(J + Jvs) 'AU + Jvs)wl — 4 = 8]&]

—[|(J + Jvs) "DE| — [WTo(t) + 2ol + ||(J + Jvs) " 'DE|| + lo(t)]]
[ (k1 + ki1 (Jvs))6 +kaS* (@) | + 7S]+ 3NIS ||| + ST [ (v1
+0,1(Jvs))S — (v2 + vpa(Jvs))sig(S)?/ T Uvs)] v,

< ISITU=( + Jvs) "AT + Jvs)wll — 1) + (o) || — WT(t) + &)
+(| (k1 + k1 (Jvs)) (T + Jvs)o +ka(J + Jvs)S*(o)|| = éllo])

+(I(T+ Jvs) "'DF| = |(J + Jvs) ' DE|)] + uS" [ (v1 + vp1 (Jvs))S (102)
—(v2 + U2 (Jvs))sig(§)P IHHIVSI] — vy + B

< uST[—(v1 + 01 (Jvs))S — (v2 + v o (Jws))sig(S)P/ THHUIvs)] 4 g

< —2u[1ST(v1 + vp1(Jvs))S] — 20 P/ lathUvs D112 [ 15T (v,
+Uh’2(]VS))S]{[P/(ﬂJrh(fvs))]Jrl}/z +B

< =2 min (01 + 0,1 (Jvs)) (1 — ) Va — 2L/ GHHOvS DI 20 i (0,
+up2(Jvs)) (1 — (Q){[p/(q+h(fvs))]+l}/2)Vf[ﬂ/(q+h(Ivs))]+1}/2 +B

Vy
where , ,
0= Y2 (1) + 52 () + () + Vs 103
2Corvs ! ) 2Crvs (t) 2Ca " (t) + V2 (103)
and

n (104)
(%){[P/('i‘i'h(fvs))]-i-l}/Z <1
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Define o
83 = 2uAmin(v1 + vp,1(Jvs)) (1 — (74)) (105)
© Alp/(a+h(vs))]+1}/2
Oy = 2{[70/(‘Hh(lvs))]Jrl}/Zy/\min(vz +vpo(Jvs)) (1 — (74) ) (106)
then, we have
V4 < —03Vy — 194‘/4{[17/(‘7'*‘;1(]%))]'*‘1}/2 + ,B (107)

By referring to the proof process of Theorem 3, all the state trajectory of the considered
closed-loop attitude systems can converge to a neighborhood of the origin in finite time.
This completes the proof. The unknown P; and P, could be obtained by solving (23) and
(45) using the linear matrix inequality toolbox in MATLAB. Hence, the fault detection
threshold Jy; and the adaptive fault parameter updated algorithms could be accomplished
online and the final FTC (64) or (91) was successfully reconstructed to the faulty attitude
systems. The whole active FTC scheme in this study had an acceptable computational
burden and could be easily applied. [J

Remark 5. In this study, the variable structure control has one more Jyg including the harmonic
functions with Jyg as the independent variable than the non-variable structure control. When
Jvs = 0, the harmonic functions in the controller are 0. This shows that the control method without
the variable structure is the same as the control method after all harmonic functions are removed. In
NASA’s 1979 technical report 'Simulator study of stall/poststall characteristics of a fighter airplane
with relaxed longitudinal static stability’, the mechanical structure of the aircraft in the angular rate
channel is represented by the inertia coefficient, and the active variable structure causes the inertia
coefficient to change. That is, nine incremental functions are added after the reported c1—cq. The
flexible variable structure parameter Jys in this paper is this incremental function, and its physical
meaning is completely consistent.

5. Simulation

In this section, we use the Links-Box semi-physical simulator to verify the effectiveness
of algorithms. Links-Box automatically converts the MATLAB simulation models to the
embedded control prototype and support engineering hardware to test in the models. The
physical device can be directly connected to the rapid prototyping simulator to dynamically
verify controller performance. The features of software package Links-RT are: (1) adapting
to the models built in MATLAB; (2) providing input and output hardware to enable
users to integrate the hardware environment into the simulation models; (3) automatic
conversion of MATLAB model codes to VxWorks codes; (4) providing communication,
storage, scheduling, and other services in VxWorks.

To illustrate our adaptive method and evaluate its effectiveness, we applied it to an
attitude system of a variable structure spacecraft where the physical parameters were
set according to [32]. The fixed structure inertia J, variable structure parameter Jyg, and
actuator distribution matrix are given by

1

0 12 9 100 &
J=]12 90 14 |kg-m?>, D=|0 1 0 % ,

9 14 40 1

00 1 |
10tanh[10(t — 20)] 0 5tanh[10(t —20)] ]

0 7tanh[10(t — 20)] 0 kg-m3, t>20s
Jvs = B B

3tanh[10(t — 20)] 0 5tanh[10(t — 20)] |

0, 0<t<20s
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where tanh(-) is the hyperbolic tangent function which satisfies:

10(t-20) _ ,—10(t—20)
¢10(t=20) 4 —10(t—20)

tanh[10(f — 20)] =

The inertia uncertainty was chosen as AJ = 2diag{sin(0.1t), 2cos(0.2t), sin(0.1t)} kg~m3,
and the external disturbance vector was chosen as d(t) = [0.1sin(0.1¢), 0.2sin(0.2¢), 0.1sin(0.3¢)]
N-m. The initial attitude angles were chosen as o = [0.5, 0.3, —0.5]7 deg, and the initial
angular velocities were selected as wg = [0.5, 0.3, —0.6]T deg/s. The gyro was used for
the angular velocity measurement, and it will inevitably encounter measurement noise in
practical applications. The output signal of each gyro could be modeled as

we(t) = w(t) + wy(t) (108)

where wg(#) is the actual measured angular velocity, wy(f) is the zero mean Gaussian white
noise process, and the covariance of wy(t) is given by

E{wn(Hwf ()} = Lfa(t —h) (109)

where a(t — h) is the Dirac delta function [21]. All the variable structure harmonic functions
are linear functions.

It was set that there are four reaction wheels used for the attitude control of a variable
structure spacecraft. The actuator saturation is addressed in the position, namely, the
maximum torque of each actuator was constrained to be the value of 0.8 N-m. The first
reaction wheel works normally, the second reaction wheel decreases 40% of the control
effectiveness after f = 2 s, the third reaction wheel occurs a bias fault f3 = 0.4 N-m after
t =25, and the fourth reaction wheel occurs a complete failure fault after t =2 s.

In the design of the fault detection observer, the positive matrix A; was chosen as
diag{2, 6, 2}, and the unknown positive matrix P; could be solved from Equation (23) as
diag{20, 10, 20}. In the design of the fault estimation observer, the Hurwitz matrix A, was
chosen as diag{—3, —6, —5}, and the unknown positive matrix P could be solved from
inequality (45) as diag{19, 21, 6}. In addition, the other constant parameters were selected
ascy=0.9,c1=08,c,=0.7,c3 =09, and W(0) = diag{1, 1, 1}. The parameters of the
FTC controller (92) were selected as follows: k; = 0.25,k, =0.11, p =4, g =7, v; = diag{1.9,
2.5,4.5}, v, = diag{3.6,4.8,1.5},6=0.03,c6 =1.5,cy =14, and cg = 1.4.

Figure 2 shows the evolution of residual evaluation function ||7||,r, in which the
dashed line represents the fault threshold, and the solid line represents the fault detector
residual norm. It can be seen that once the actuator faults happened, the designed residual
exceeded the threshold Jy; at t =2 s, which could trigger the fault estimation observer to
start working.

At t =20 s, the system entered the variable structure mode, and Figure 2b shows that
as long as no fault occurs, the residual never exceeds Jy;, and therefore, the proposed fault
detector could adapt to the variable structure mode.

Figure 3 is the corresponding fault estimation result, and the three different types of
actuator faults could be estimated accurately using the fault estimation observer (33) and
the adaptive estimation algorithms (35)-(38).

For the purpose of comparison, the passive non-singular terminal sliding mode-based
FTC scheme designed in [32] and the FTC scheme designed in this article are adopted to
simulate the same faulty attitude systems in this section. When the considered actuator fault
occurs, the corresponding semi-physical simulation results (including the attitude angle
o, and the angular velocity w) using the proposed FTC scheme are depicted in Figure 4,
and it is seen from Figure 4 that the simulation results using the proposed FTC scheme
developed in this paper had fast and accurate tracking performance. The comparison with
the scheme of [32] is in Table 2, which shows that the passive non-singular terminal sliding
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mode-based FTC scheme could not make the output converge, and the scheme of this study

had obvious advantages.
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Time(s)
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Figure 2. Fault detection results. (a) Detection results in the case of failure. (b) Detection results

without failure.

o
©

-------- Actual value

Estimate value | |

1.4 | , : T T
-------- Actual value
121 Estimate value | |
1 —1 )
1 08f 1

0.6 [ b

LOE fault e2
o
o

o
ES
T

02

L L L

LOE fault e4
o
N

15 20 25
Time(s)

(a)

0.6 T T

021 1
] ol v
1 0.2 4
04 1
\ . . , \
30 0 5 10 15 20 25 30
Time(s)

\

Bias fault f3

-0.1 : :

15 20 25 30

Figure 3. The actuator fault estimation results. (a) Estimation results of LOE fault e,. (b) Estimation

results of LOE fault e4. (c) Estimation results of bias fault f3.
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Figure 4. Variable structure FTC curves in multiple flight modes. (a) FTC response curves of attitude
angles. (b) FTC response curves of angular velocities.
Table 2. Comparative analysis of performance with the prior art in [32].
FTC Scheme Con.vergence St'eaildy Con.vergence St'efldy
Time: o Precision: o Time: w Precision: w
FTC in [30] — 2 — 1.5

FTC in this paper 5.1 4x107° 5.2 6 x 107>

The biggest difficulty of this study was to take into account the nominal mode and the
variable structure mode. Because of the uncertainty brought by the variable structure, this
study designed many harmonic functions that were nearly twice as much as the nominal
control to solve this problem. Finally, the effect of overshoot was limited and the final
parameter setting was successful.

To further emphasize the superiority of the proposed method, the control performance
comparisons using three different FTC schemes are also given in Tables 2-5. Where “—”
indicates that the curve does not converge and therefore has no convergence time, “co”
indicates that the curve diverges and thus the maximum steady precision tends to infinity
as time increases.

Table 3. Comparative analysis of performance with proposed FTC without fault estimation.
FTC Scheme Convergence Time: o Steady Precision: o Convergence Time: w Steady Precision: w
Passive FTC w1.thout . 0.73 . 052
fault estimation
FTC in this paper 5.1 4x10°° 5.2 6 x 107°
Table 4. Comparative analysis of performance with proposed FTC without variable structure har-
monic functions.
FTC Scheme Convergence Time: Steady Precision: o Convergence Time: w Steady Precision: w
FTC without variable

— o) — (o)

structure method
FTC in this paper 5.1 4 x 1075 5.2 6 x 1072
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Table 5. Comparative analysis of performance with proposed FTC without anti-saturation method.

FTC Scheme Convergence Time: Steady Precision: o Convergence Time: w Steady Precision: w
FTC without 4 4
anti-saturation method 345 210 3.7 4510
FTC in this paper 5.1 4 %1075 5.2 6 x 1072

If the method of this paper removes the variable structure harmonic functions, the
tracking curves diverge. If the method of this paper does not have an anti-saturation
scheme, i.e., only uses Algorithm (65), the maximum convergence time increases by a factor
of seven. If the method of this paper does not have a fault estimation scheme (passive FTC
of Table 3), the static errors of the tracking curves are still more than 5% of the expected
outputs. As can be seen, none of the above three comparison schemes can meet the demand.
Our improved adaptive FTC scheme with fast terminal sliding mode and variable structure
harmonic functions could achieve higher attitude tracking accuracy and faster convergence
rate than [32], the proposed FTC without variable structure method, and the proposed FTC
without anti-saturation method.

6. Conclusions

In this paper, an improved FTC scheme was developed for the attitude systems of
a flexible variable structure spacecraft in the presence of disturbances, multiple actuator
faults, and saturation. A fault detection and estimation approach is presented to detect
the time of actuator faults occurrence and estimate the amplitude of unknown faults. On
this basis, the improved adaptive FTC with variable structure harmonic functions was
designed in the framework of the fast terminal sliding mode technique, which ensures that
the faulty attitude system is asymptotical convergence in finite time. Thus, the proposed
FTC scheme achieves unified compensation for multi-location (different actuator channels)
multi-type (bias and complete failures) concurrent faults in nominal and variable structure
flight modes. Simulation results verified the good fault-tolerant performance using the
proposed active FTC scheme. However, the proposed FTC scheme did not consider the
sensor fault problem, and how to design a FTC strategy to compensate the effects of sensor
fault is our future research works.
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