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Abstract: This paper tackles the saturation and fault-tolerant attitude tracking problem without un-
winding for rigid spacecraft with external disturbances and partial loss of actuator effectiveness faults.
A hybrid saturation and fault-tolerant attitude control (HSFC) is proposed. The Lyapunov method is
employed to prove that the tracking errors of the spacecraft system tend to the equilibrium point
asymptotically with HSFC. The advantages of the HSFC are that it is fault-tolerant, anti-unwinding
and explicitly upper bounded a priori which means that both actuator saturation and the unwinding
phenomenon can be avoided. Simulations verify the effectiveness of the proposed approach.
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1. Introduction

In the last few decades, the attitude control of rigid spacecraft has attracted extensive
attention and several elegant attitude control strategies for rigid spacecraft have been pro-
posed. More specifically, the authors of [1] using the passivity theory develop an adaptive
control scheme for the attitude control of rigid spacecraft. In [2], an adaptive finite time non-
singular terminal sliding mode attitude tracking control (AFNTSMC) scheme is presented
for uncertain rigid spacecraft. In [3], the authors propose a simple non-singular terminal
sliding mode control (NTSMC) to obtain high precision and robust finite-time bounded
attitude tracking for rigid spacecraft with finite-time stability. In [4], a new integral sliding
mode control integrating the bi-limit homogeneous theory is explored to obtain fixed-time
stability for rigid spacecraft attitude tracking. Recently, the authors of [5] exploit the
predefined-time guaranteed performance takeover control for non-cooperative spacecraft.

But, these aforementioned controls are formulated with the assumption that the
actuators could supply any requested torque for the attitude control of spacecraft. In a
practical scenario, when the requested control torque exceeds the maximum value that
the actuator can supply, the performance of the spacecraft system cannot be guaranteed
and even leads to instability. Obviously, it is more unrealistic to design a robust control
strategy under the above assumption [6,7]. Recognizing this drawback, several approximate
solutions that take into account actuator constraints have been proposed. Particularly, the
authors of [8] propose a continuous globally robust attitude saturation control for spacecraft
in the presence of parametric uncertainty and external disturbances. In [9], a nonlinear
backstepping attitude saturation control integrating the inverse tangent-based tracking
function and a family of augmented Lyapunov functions is exploited to achieve attitude
maneuver of rigid spacecraft. In [10], an adaptive saturation attitude tracking control is
designed for rigid spacecraft with unknown system parameters and disturbance. In [11],
two very simple saturated PD (SPD) controllers are developed for rigid spacecraft to obtain
global asymptotic stabilization. Subsequently, velocity-free asymptotic attitude stabilization
control is introduced for rigid spacecraft in the presence of actuator constraints [12]. In [13],
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a unified formulation of simple but effective SPD control is proposed for asymptotic
stabilization of spacecraft in the presence of actuator constraints. In [14], a simple single
saturated PD (SSPD) control is proposed for spacecraft stabilization. In [15], a saturated
output feedback finite-time proportional-derivative control is developed for spacecraft
subject to actuator constraints and attitude measurements only.

In spite of the above-mentioned schemes addressing the attitude saturation problem of
the spacecraft, they do not consider the actuator faults. It should be pointed out that actuator
faults of spacecraft may dramatically degrade the attitude tracking performance [16,17].
To eliminate this weakness, a fault-tolerant technique is added to the spacecraft attitude
control scheme to improve the safety and accuracy of the attitude tracking. Recognizing this
benefit, several effective fault-tolerant control schemes for spacecraft attitude control have
been developed to compensate actuator failure. The authors of [18] develop an adaptive
robust fault-tolerant control to tackle the spacecraft attitude tracking problem. In [19],
an adaptive fault-tolerant control with fast transient is proposed to address spacecraft
attitude tracking. The authors of [20] introduce a fault-tolerant on-line control to solve
the spacecraft attitude tracking with actuator failure. In [21], a fixed-time fault-tolerant
attitude tracking control is explored for rigid spacecraft described by the unit quaternion
subject to model uncertainties, external disturbances and actuator faults. In [22], based
on the fixed-time disturbance observer, a quantized fixed-time control is introduced to
obtain attitude stabilization. In [23], an incremental nonlinear control technology is used to
simplify the attitude control system with a synthetic uncertainty or fault term.

For the unit-quaternion representation, although it is a global nonsingularity, it has
the weakness of the unwinding phenomenon [24]. In comparison with the almost ‘global’
stability in the above quaternion-based controls, the hysteresis-based hybrid attitude control
can ensure that the global stability of the spacecraft system is obtained. Recognizing these
advantages, several hysteresis-based hybrid attitude control schemes have been exploited.
The authors of [25] propose a quaternion-based hybrid feedback scheme to address global
attitude stabilization without the angular velocity measurement. The authors of [26] present
a smooth control system, which can provide almost semi-global exponential stability. The
authors of [27] introduce a hybrid certainty equivalence controller scheme with a hybrid
observer for the rigid spacecraft with only quaternion measurement. More recently, in [28],
a global finite-time attitude control based on the hybrid control technique is designed
to solve the attitude tracking of a rigid body using a quaternion description. In [29], a
saturated hybrid output feedback PD plus (SHOPD+) scheme with attitude measurements
only is developed to achieve global stability for rigid spacecraft subject to the actuator limit.
Furthermore, a velocity-free saturated hybrid proportional-derivative (PD) plus (PD+)
control is constructed to achieve global finite-time attitude tracking for spacecraft [30]. The
authors of [31] present a novel anti-unwinding finite-time attitude tracking control law
with a designed control signal which works within a known actuator-magnitude constraint
using a continuous nonsingular fast terminal sliding mode (NFTSM) concept.

In this paper, a simple hybrid attitude saturation and fault-tolerant control is proposed
to address the spacecraft attitude tracking problem subject to external disturbances and
partial loss of actuator effectiveness faults. An adaptive hybrid robust saturation control is
developed to obtain global stability which means the tracking errors tend to the equilibrium
point asymptotically without the unwinding phenomenon. In comparison with the existing
saturation attitude controls of spacecraft in [29,30], the proposed control can tackle actuator
faults. Compared with the available fault-tolerant control schemes for spacecraft in [31],
the proposed control can remove the possibility of degraded or unpredictable motion
and actuator failure due to excessive torque input levels by selecting control gains a
priori. Advantages of the proposed control include anti-unwinding, global stability, control
constraint, fault-tolerance and robustness. Simulations are performed on the spacecraft to
verify the effectiveness performance of the developed HSFC.

Throughout this paper, notations A, (K) and Ap;(K) are utilized to denote the smallest
and largest eigenvalues, respectively, of a symmetric positive-definite bounded matrix K.
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We use || x| = VxTx to define the norm of a vector x € R” and the corresponding induced
norm ||K|| = /Ay (KTK) is used to define the norm of a matrix K, and I3 denotes an R3*3
identity matrix.

The framework of this paper is organized as follows. The preliminaries are given
in Section 2. The control design including hybrid system and controller formulation is
presented in Section 3. In Section 4, asymptotic stability analysis is given. In Section 5,
numerical simulations are illustrated to verify the effectiveness performance of the proposed
approach. Finally, the conclusion is presented in Section 6.

2. Preliminaries
2.1. Spacecraft Model and Properties

The attitude kinematics and dynamics of a rigid spacecraft are formulated as [2,32]:

Go = %(‘7413 + 45 )w,

(1)
s = —3q5w.
Jo=-w*Jw+u+d. )

where a unit quaternion g € 5> = {x € R*: xTx = 1} is used to describe the attitude

orientation of the spacecraft in the body frame with respect to an inertial frame, and $*
denotes the three-dimensional sphere embedded in R*, § = (gy, q4) includes vector g, € R®
and scalar g4 € R and satisfies the constraint g1 g, + g7 = 1, w € R® represents the angular
velocity, ] € R¥*3 denotes the constant symmetric positive-definite inertia matrix of the
spacecraft, u = [uT1,uT2,uT3]T € R3 denotes the control torque, d € R3 represents the
external disturbances, and the operation ()< e R3%3 denotes a skew-symmetric matrix,
that is

0 —Z3 Z
X = z3 0 -z |, Vz=|[z1,22,23) € R 3)
) Z1 0

Assumption 1 ([21,23]). The desired angular velocity wy and its first derivative are bounded by
|wall < cqand ||wyll < ca, respectively, where c1 and cp are known positive constants.

Assumption 2 ([8,33]). Assume that the disturbance d is bounded by ||d|| < l where lg is a
known positive constant.

Assumption 3 ([29]). The inertia matrix | is bounded by ||J|| < Jar, where ] is a known positive
constant.

Property 1 ([29]). The following properties hold for the skew-symmetric matrices a* and b> with
a,beR3

a*b* =ba’ —a'bl;. (4)
a*b=—b*a. (5)
la* || = llall. ©)

Property 2 ([29]). The matrix (Cwy)™] + J(Cwy)”™ is skew-symmetric matrix and C is the
rotation matrix.
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2.2. Problem Statement
The desired attitude q; = (q},,944)" € R® x Ris defined by [8,32]

dao = 3 (qaals +q5,) wa,
) @)
Gas = — 505,Wa-

The relative attitude tracking error of the spacecraft is defined by g, = (el,e4)T € 53
where e, = [e1,ez,e3] € R3 and e; € R. Then, the attitude tracking problem can be
described as follows.

€y = %(6413 + e;;)we/
8
6y = — %eg We.
Jwe = —w* Jw + ] (w; Cwy — Cavg) + Tu +d. )
we = w — Cwy. (10)

where the diagonal matrix T' = diag(y1(t), 72(t), 73(t)) € R3*3 denotes the actuator
health condition and +;(t) satisfies v9 < 7;(f) < 1, (i = 1,2,3) with a known positive
constant yg. Clearly, v;(t) = 1 indicates the fault-free spacecraft and vy < 7;(f) < 1 denotes
that the ith actuator partially loses its power [18,19]. The rotation matrix C is defined by
C = (5 —eley) I3+2epel —2e4e) where ||C|| = 1and C = —wC [8]. The error quaternion
(€0, e4) satisfies ele, + e = 1.

We assume that exact attitude and velocity measurements are available and each
actuator has a known maximum torque #; 5, satisfying

lttei max| > Tmt (e% i C2> + 1. (11)

In this paper, the objective is to develop an adaptive hybrid fault-tolerant control law
u subject to actuator constraints given by (11) to guarantee that the attitude tracking errors
converge to the equilibrium point asymptotically without the unwinding phenomenon,
which means (0, 0,0, :I:l)T is global stability for the rigid spacecraft in the presence of the
actuator fault described by (8) and (9).

‘uri| < Ui max- (12)

3. Control Design
3.1. Hybrid System

Motivated by the work in [25,29], the following hysteresis-based hybrid function is
introduced firstly to avoid the unwinding phenomenon.

h{ ¥=M(x), x€D, (13)

xt =N(x), x€E.

where the flow map M : R" — R" belongs to the flow set D, the jump map N : R* — R"
belongs to the jump set E and x™ represents the state value immediately after a jump [29].
Based on the hybrid system, we first introduce the following coordinate transforma-

tion S
S = w, + hy’e,. (14)
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where 7 denotes the update law defined in (20) and the auxiliary variable h € i = {—1,1}

satisfies h* = —h. The continuous set D and the jump set E are defined, respectively,
as follows.
D:{x653><R3><h:he4>—;7}. (15)
E:{xeS3><R3><h:he4§—17}. (16)

where x = {q., w,, h}, n € (0,1) indicates the hysteresis gap.

Remark 1. It is worth noting that h is chosen to change the desired rotation direction to push g, to
either (0,0,0,1)7 or (0,0,0, —1)". Thus, the desired rotation direction changes only when there is
a significant benefit in switching it, where “significant” is defined precisely by the selection of 1.
The hysteresis width y manages a trade-off between robustness to disturbance and a small amount of
hysteresis-induced inefficiency [25].

3.2. Controller Formulation

The hybrid saturation and fault-tolerant attitude control (HSFC) is proposed as:

U =1+ up. (17)

where S
U = —km+(de)X]de+]de. (18)
Uy = — (1 ;O’YO ||u1||>sign(w€). (19)

3
. xy heyicwe; |wei|(1 + 5) ) 1 T
= kE — — —kihe, S |. 20
7 1+2ak1<1—he4)< i_1<<|sz-|+vza> wal + 21 +0)) 20 20

where sign(-) denotes the sign function, k, ki, a, 6 are positive constants and k > lg.

Remark 2. It should be pointed out that the equilibrium point (0, 0,0, :I:l)T represents the same
physical attitude for rigid spacecraft formulated by quaternion. When this double covering is
neglected, the traditional controller can induce the notion called “unwinding”, which leads to the
spacecraft making an unnecessarily full rotation [25] and consuming more unnecessary energy. The
proposed HSFC is designed to tackle the unwinding phenomenon.

Utilizing the facts that ||C|| = 1, |leslz + €| = 1, |e;/ < 1 and h? = 1, the control
torque u given by (17) can be upper bounded by

1 2 T
;] < - (k+IM (61 +Cz)), U = (U1, Ur2, Ur3] (21)

Rewriting T'u as u; — (I3 — I')uj + T'up and utilizing the fact w = w, + Cwy, we have

Jwe = —wi Jwe — w} JCwy — (Cwy)™ Jwe — (Cwy) ™ JCwy

+(wrCwy— Cwy) +up — (I3 = T)ug + Tupy +d. (22)

4. Stability Analysis
Now, Theorem 1 of the main result of this paper is stated as follows.

Theorem 1. Considering the rigid spacecraft described as (8) and (9), the developed approach
defined by (17)—(19) ensures the attitude tracking errors globally converge to the equilibrium point
asymptotically.
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Proof. The proof includes the following two consecutive main steps. First, when x € D, all
the states are continuous and / remains unchanged such that /1 = 0; we prove that system
states are stable in set D by using LaSalle’s invariance principle for the hybrid system.
Second, when x € E, the jump only occurs with the variable /# and the other system states
are still continuous; we prove that system states are stable in set E.

Step 1. The following positive-definite Lyapunov function candidate is proposed.

vzyzﬁ[a—he )> +ele } +1wT1w +12 (23)
2 H TRt e e T oy
Note that the following equality holds with the fact ele, + ¢} = 1.
(1— hey)* +ele, =1 —2hey + €3 +ele, = 2 — 2hey = 2(1 — hey). (24)
In light of (24), we can rewrite (23) as
2 1 r 7
V = 97k1(1 — hey) + ~w; Jwe + ——. (25)
2 2u
The time derivative of V along (22) takes
1
= 72k1hé4+weT]we+"w<a + 2k (1 h€4)>. (26)
By virtue of the fact é, = — %eg We, (26) can be further formulated as
o1 1
V= zyzklhegwe+w31we+w(a + 2k (1 he4)). (27)

When x € D, substituting Jw, from (22) into (27), it follows that

V = bykihelwe + 3y (L +2Kk1 (1 - hey) )

vl —weJwe = wl JCwy = (Cwa) ™ Jwe = (Cwq) " JC0y (28)
+J(w)Cwy—Cwy) +uy — (Is —T)ug +Tuy +d '

Using Properties 1 and 2, this yields

w
wSCwy = *(de) Xa)e; (29)
Wl ((Cwn) T+ (Cwn) )we = 0.

Upon utilizing the above facts, Equation (28) yields

V= bykuhelwe + (L +2Kk1 (1 - hey) )

30
+weT<u1 +d— (de)X]de — ]de) ‘I»CdeT(*(Ig — F)u1 +FM2). (30)

Upon substituting the controller (18) into (30) and applying the fact that w, = S —
hvy?e,, we obtain

V = 19%kihel (S — hvyey) + "y’y(l + 2k1(1 — he4))

twld 4wl (—(I3 — T)uy +Tuy) — k 2 ‘5‘]’17125)

(31)
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In light of (14), we can rewrite (31) as

V = 19%kihel (S — h2ey) + w(l n 2k1(1 — hey))

32)
T T w +h’7 Evlw(’l (
By virtue of the triangle inequality, we have

3 w? 3 w?

1§1 (BED ,g (|wei+hy? ew|+725)

3 2 S 3 W2 33

L Tontipen i) = X Taalt o) (33)

3 z 3

_ weily®(140) )
L Taarme) = & (il = gt

3
Upon applying (33) and the facts that }_ |w,;| > ||w,|| and ||d|| < I, to (32), we obtain
i=1

V < doPkael (S = hyPeo) + 4y (1 + 21 (1~ hey))
—|—w€Td+weT(—(I—I’)u1+Fu2) (34)
3 2 3 2
. |w€i"7 (1+5) h vi Wei
—k & (lwail - 354 ) —k & (s,

After substituting the update law (20) into (34), we obtain

. 1
V< *574k1h2€gev + [Jwel|lg — k||| +w, (—(Is = T)uy + Tup). (35)

3
Recalling the facts that Y |w,i| > ||wel|, 0 < viand |3 —T|| = Ap(I3 —T) < 1— 1y,
i=1

we have

wlTu = wzr(—(ﬂnuln)sz’gn(wa) < Ain(T) (52 1) £ e

_ 3 36
< —o(S58 ) £ foul = (1 =20} ]| £ e %0
=
< —(1=70) ]l IIWeH
Substituting (19) and (36) into (35) yields
. 1
V < —cllwe|l = 57 kih?eg e0 + [lwel| (1 = yo) |l = (1 = 7o)l | ece- (37)
In light of h* =1, (37) can be rewritten as
. 1 4 T
V < —cljw,]| — 57 kie,ep. (38)
where
c=k—1g>0. (39)
When x € E, the jump occurs in V and we have
V(xt) = V(x) = 292k  hey. (40)

In view of (16), we obtain

V(xT) = V(x) < =292k < 0. (41)
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It is clear from (38) that V < Owherec > 0, 74 > 0and k1 > 0, when x € D. Moreover,
V=0 implies that e, = 0 and w,(t) = 0. Otherwise, when x € E, we can conclude that
V < 0 from (41). Hence, by applying LaSalle’s invariance theorem [34] and theorem 7.6
from [35], we can conclude that tli_)rglo ey(t) = 0and tli_)ngo we(t) =0.

Step 2. When x € E, no jump occurs. Thus, we have
V(xT)—V(x) =0. (42)

Actually, the set {x € E: V(x*) — V(x) = 0} is empty. Using Theorem 4.7 in [35], the
tracking errors converge to the largest invariant set ¥ = { (we, ge, h)| V =0, heg > —17}.
By virtue of (38), it is clear that V = 0 means that e, = 0 and w,(t) = 0. O

Remark 3. Comparing with our recent work in [5,32,33], the proposed control not only can
quarantee the control torque of the actuator can be upper bounded a priori by selecting the controller
parameters but also can compensate the partial failure of the actuator. This is in contrast to the work
of [29,30] who only tackle the attitude tracking problem for the fault-free spacecraft system.

Remark 4. The saturation vector W(w,) = [w(wel),w(wEZ),w(wg3)]T is used to eliminate
chattering caused by the discontinuous vector function sign(w,) in controller (19) and w(we,) is
given by
ﬁ |w€i‘ > &
w(we,) = (43)
T el <t

where € is a small positive constant.

Remark 5. To avoid control torque over the real actuator maximum output (that is actuator
saturation) in advance, the parameters k and -yy are chosen to constrain the control amplitude,
and k and g satisfy k >l and vy < 7;(t) < 1, respectively. Moreover, 7o in Equation (19) is
designed to compensate the partial loss of actuator effectiveness faults. For a healthy actuator, vy is
chosen as vy = 1, while vy is selected as vy < y;(t) < 1 for the actuator partial loss effectiveness
to compensate the fault. Finally, to avoid the unwinding phenomenon, h = {1, —1} is chosen to
change the desired rotation direction to push q. to either (0,0,0, 1)T or (0,0,0, —1)T. In addition,
a large value of 0 < & < 1 will decrease the convergence rate.

5. Simulation

The simulations are performed on the spacecraft used in [2] to illustrate the effective-
ness and the improved performance of the proposed HSEC. It should be pointed out that
the parameters used in the simulation except actuator failure are completely the same as [2].
The inertia matrix is | = [221.20.9;1.219 1.4;0.9 1.4 18] kg - m?. The desired angular
velocity is selected as w;(t) = 0.05 [sin(7tt/100), sin(27tt/100), sin(37wt/100)] rad/sec,
the desired attitude is generated by (7) and the initial desired attitude is chosen as q4(0) =
[0, 0, 0, l]T. The initial update law is chosen as (0) = 2.5. The initial attitude and
angular velocity of the spacecraft are g(0) = [0.3, —0.2, —0.3, 0.8832]T and w(0) =
[0.06, —0.04, 0.05]"rad/sec, respectively. The external disturbance is chosen as d(t) =
[0.1sin(t), 0.2sin(1.2¢), 0.3sin(1.5t)] N - m.

In light of the above system parameters and utilizing Assumptions 1-3, we obtain

Jm=228kg-m?, lg=03N-m, ¢;=5x10"2, c =471 x10°. (44)

5.1. Verification of the Effectiveness of HSFC with Fault Compensation

The comparison is performed on both HSFC and HSFC without fault compensation
term up for the actuator faulted spacecraft to verify the fault-tolerant property of the
proposed HSFC. It is assumed that the actuator failure matrix is chosen as I' = diag (0.5 +
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0.01sin(10¢), 0.5 + 0.02cos(20t), 0.5 + 0.03sin(30¢)) and 7y = 0.2. The other parameters of
the proposed HSFC are chosenask =5,k =5,k =5, 2 = 0.01, € = 0.005 and 6 = 0.05.
The maximum torque of the actuator in practical system is assumed to be |t/7; max | = 10N - m.
According to Equations (21) and (44), the upper bound of the control torque is 8.6 N - m
and satisfies |ur;| < 8.6 N-m < |urimax] = 10 N - m, which means that the proposed
HSFC can be an anti-saturated controller, due to the maximum actual control torque being

constrained to 10 N - m.

The simulation results of the HSFC without fault compensation term u, for the ac-
tuator faulted spacecraft are shown in Figures 1-3, while those of the HSFC with fault
sation term u, are illustrated in Figures 4-6. Clearly, the HSFC with fault compen-
sation term 1, converges to the equilibrium point fast due to the fault-tolerant property, as
we see in Figures 4 and 5, while the HSFC without the fault compensation term u, takes

compen

more time to complete its tracking, as we see in Figures 1 and 2.
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Figure 1. Attitude tracking errors.
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. Angular velocity tracking errors.
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Figure 6. Control torque.

5.2. Comparisons with the AFNTSMC and SHOPD+

Firstly, a comparison with the AFNTSMC in [2] is performed to show the anti-
unwinding performance of the proposed HSFC. Because the AFNTSMC does not consider
actuator failure, the comparison is conducted on the fault-free spacecraft. Thus, the ma-
trix I' = diag(1.0, 1.0, 1.0) is chosen to describe the healthy actuator and 9 = 1. The
AFNTSMC is formulated as follows.

w= = (T uagy (1)) (1) — Bosig(s).

S = w,+ ]_(260 + I_chau.

(45)

(46)
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[ e, ifS;=00rS; #0, |ej| >¢,
Saui = { 1e; + 1psign(e;)e?, ifS; #£0, |ej] <e. (47)
and iy = (2—v)e' 1, p = (v—1)e'2

S_i = Wy + ]_Czel‘ + 7(36;-/. (48)
Ugdp = diﬂg()&')- (49)
551 2Pi+ 861 A (50)
§i() = —esifilt) + pmies? 1S (51)

: 1 )
¢ (t) = —eqipi(t) + nzlséfls ()11 (52)

where T and By are diagonal constant matrices, and T, Bo;, i = 1,2, 3, ko and k3 are positive
constants, ¢ is a small positive constant, 0 < xo < 1, v1, v, are positive odd integers and

satisfy 0 < v = % <1,and ||E]| = max{||w|]2, |w||

The initial conditions are changed to g(0) = [0.3, —0.2, —0.3, —0.8832]" and
w(0) = [0.06, —0.04, 0.05]Trad/sec to verify the anti-unwinding performance. The fol-
lowing parameters of the AFNTSMC are chosen the same as [2]: &3, = €4 = 0.35,
€5; = €gi = 0.16, l_(z = ]_€3 = 1, X0 = 0.5, & = 0.001, T = 20, Vp = 5, V1 = 3, ny = Ny = 6,
Boi = 10 and §;(0) = ¢;(0) = 0.1. The parameters of the proposed HSFC are selected as
k=5k =5k =5a=01,&=0.005and § = 0.01.

The comparison results are shown in Figures 7-10. From the comparison of Figure 7, it
is clearly seen that the proposed HSFC can guarantee the attitude tracking errors converge
to the equilibrium point (0,0,0, —1) instead of (0,0,0,1), which means that the unwinding
phenomenon is tackled in comparison with the AFNTSMC. It is important to note that the
unwinding property of the proposed HSFC has the benefit of decreasing excessive energy
consumption compared to AFNTSMC, as we see in Figure 10.

Attitude tracking errors
‘ ‘ AFNTSMC = HSFC

0 2 4 6 8 10
05 ‘ ‘ ‘ AFNTSMC == HSFC
N
o 0 T,
0.5 1 1 1 1
0 2 4 6 8 10

AFNTSMC = HSFC

1 1 1 1 1

0 2 4 6 8 10
2 T T T T
o ofF \ AFNTSMC == HSFC
) 1 1 1 1
0 2 4 6 8 10

Time t(sec)

Figure 7. Comparison of attitude tracking errors.
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5 Angular velocity errors
Q) [= = AFNTSMC —— HSFC
g o s —— =
- N -
3® S~ - e
-2 - L L L L
0 2 4 6 8 10
0.5 T T T T
Q) RalN [— = AFNTSMC —— HSFC
® ~ -7
= 0 N -
—_ -~
3
3
_05 1 1 1 1
0 2 4 6 8 10
2 , , , ,
Q) e~ [— = AFNTSMC ——HSFC
[s2]
[}
3
_2 1 1 1 1
0 2 4 6 8 10
Time t(sec)

Figure 8. Comparison of angular velocity tracking errors.

Control inputs
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£ f Y~ o
Z 0 = —
=8 /
v
-100 L L L L
0 2 4 6 8 10
50 T T T T
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=, m
N 0 N~ /
=}
-50 L L L L
0 2 4 6 8 10
50 T T T T
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Z 00— e
(32l
=}
-50 L L L L
0 2 4 6 8 10

Time t(sec)
Figure 9. Comparison of control torque.

Secondly, a comparison with SHOPD+ in [29] is also illustrated to show the improved

performance of the proposed HSFC. Both HSFC and SHOPD+ are anti-unwinding con-
trollers. The SHOPD+ is given as follows

u = —kghe, — ks (e + )" Sa + (Cwg) ¥ JCwy + JCa, (53)

N sign(v;), |vi| >1
Sa(vl) - { Vi/ |Vi| < 1 7 (54)

v =g+ Bey
{ Ge = —Av . (55)

The parameters of the SHOPD+ are selected as: ky = 30 and k5 = 8, A = diag(1,1,1)
and B = diag(3,3,3).
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Energy Consumption
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Figure 10. Comparison of energy consumption.

The comparison results are demonstrated in Figures 11-13. Obviously, HSFC and
SHOPD+ can completely track their desired attitude and angular velocity within the
allowable torques. Compared with SHOPD+, the proposed HSFC can achieve a fast
transient over the SHOPD+ due to the fault compensation ability of HSFC, as we see in
Figures 11 and 12. Moreover, the proposed HSFC has the benefit of decreasing excessive
control torque compared to SHOPD+, as we see in Figure 13.

Based on the above simulation results, one can conclude that the designed HSFC can
tackle the actuator saturation and partial loss failure problem of rigid spacecraft subject
to external disturbances. Furthermore, in contrast to AFNTSMC in [2], the proposed
HSEC also can overcome the unwinding phenomenon of rigid spacecraft. Compared
with SHOPD+ in [29], the proposed HSFC can obtain a fast transient and compensate the
actuator failure within the allowable torques of spacecraft.

Attitude tracking errors
0.5 ‘ ‘

\ The proposed HSFC = = SHOPD+
o 0r TSITT————==
705 Il Il Il
0 5 10 15 20
0.2 T
_ The proposed HSFC = = SHOPD+
ol 0r - - T~ =
o . =
P
0.2 | | |
0 5 10 15 20
05 The proposed HSFC = = SHOPD+
el - =
© 0 -
705 1 1 1
0 5 10 15 20
0851 [ The proposed HSFC — — SHOPD+
o -097% 1
095 o . B
71 ~ fd— L L
0 5 10 15 20
Time t(sec)

Figure 11. Comparison of attitude tracking errors.
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Angular velocity errors
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Figure 12. Comparison of angular velocity tracking errors.

Control inputs
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Figure 13. Comparison of control torque.

6. Conclusions

In this paper, a robust hybrid saturation and fault-tolerant control has been proposed
for rigid spacecraft subject to external disturbances and actuator partial loss failure. The
proposed HSFC can avoid actuator saturation and partial loss failure by selecting the
control gains in advance, which implies that degraded performance of the actuator or
unpredictable attitude tracking can be completely eliminated. Lyapunov’s method is
borrowed to prove the global asymptotic stability. The main features of the proposed
HSFC include actuator saturation, fault-tolerance and robustness. Simulations verify the
effectiveness and improved performance of the proposed control.
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