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ABSTRACT. In this paper, an iterative learning observer-based fault tolerant attitude
tracking control scheme is proposed to the satellite attitude system with mized actua-
tor faults. Firstly, the nonlinear satellite attitude control system model and the mized
actuator fault model are given. Next, an iterative learning observer is designed for the
faulty satellite attitude system to obtain the estimated unknown torque input produced by
the mized actuator faults. On this basis, a fault tolerant attitude tracking controller is
designed by using backstepping control technique to guarantee the stability of the satellite
closed-loop attitude system. Finally, simulation results are given to illustrate the effec-
tiveness of the proposed fault tolerant control approach.

Keywords: Fault tolerant control, Iterative learning observer, Fault estimation, Actu-
ator fault

1. Introduction. With the performance requirement increase of modern satellite, atti-
tude control system becomes more and more complex. Attitude stabilization is a very
critical technology for satellite during operation, many important results have been re-
ported in the past decade for spacecraft maneuver stabilization, but most of the existing
results deal only with uncertainty and external disturbance, it is assumed that there is
no actuator/sensor fault occurring during the entire attitude maneuver. In reality, the
on-orbit satellite often shows some unknown faults, and it may cause satellites to fail to
work or even ultimately fail to the mission. Therefore, it is necessary to design a fault
tolerant controller for the satellite attitude system to improve the reliability and security.

Recently, many researchers pay more attention to the research on fault diagnosis and
fault tolerant control (FTC) for satellite, for example, a fault tolerant control strategy
is presented in [1] for a faulty spacecraft based on variable structure control technique,
which is implemented without explicit fault detection and isolation (FDI) processes. A
fault tolerant attitude tracking control scheme with thruster redundancy is proposed in
[2] for a flexible spacecraft, and it guarantees that all the signals of the attitude system
are uniformly ultimately bounded. A robust actuator fault diagnosis scheme is developed
in [3] for satellite attitude system subject to model uncertainty, space disturbance torque
and gyro drift by using unknown input observer technique. An active fault tolerant at-
titude stabilization control approach is presented in [4] to a flexible spacecraft. This is
accomplished by an observer-based fault detection and diagnosis (FDD) mechanism to
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reconstruct unknown fault. In [5], the fault tolerant tracking control problem is studied
for a spacecraft with actuator faults by using on-line control allocation scheme, a time-
varying dead-zone modification technique is employed in parameter adaptation. In [6], a
finite time F'TC scheme is developed for a rigid spacecraft using both fuzzy logic system
and fast nonsingular terminal sliding mode control. A nonlinear fault estimation observ-
er is designed in [7] for a satellite attitude system to obtain the estimation of unknown
fault; on this basis, an active FTC approach is then presented utilizing backstepping
control technique. In [8], a prescribed performance index is introduced to FTC design
for a rigid spacecraft, such that the expected tracking error is guaranteed. In [9], the
cooperative tracking problem is investigated for a group of nonlinear system, and the de-
signed controller could tolerate the actuator faults and suppress the external disturbance.
An adaptive robust FTC approach is proposed in [10] for a spacecraft attitude system
using extended state observer technique, and it ensures that the closed-loop attitude sys-
tem reaches the designed sliding mode surface in finite time. It is noted that the FTC
schemes described above could only solve the fault accommodation problem in the case of
single type fault, the FTC problem in mixed type fault case for satellite attitude system
has not been fully investigated yet, and the corresponding results are very limited in the
literature, which remains challenging and motivates us to do this study.

In this paper, an iterative learning observer (ILO)-based fault tolerant attitude con-
troller is designed to the satellite attitude system with mixed actuator faults. A fault
estimation observer design method is proposed for the satellite dynamic equation by us-
ing iterative learning algorithm to obtain the estimated unknown input produced by the
occurring mixed fault. Then a fault tolerant attitude control scheme is presented by us-
ing backstepping control technique to guarantee the stability of the closed loop attitude
system. Simulation results demonstrate the effectiveness and good tracking performance
of the designed FTC scheme.

The remainder of the paper is organized as follows. The satellite attitude system with
actuator fault is presented in Section 2. Iterative learning observer-based fault estima-
tion scheme is given in Section 3. An integral sliding mode-based fault tolerant attitude
controller is developed in Section 4. To verify the effectiveness of the proposed FTC,
simulation studies are given in Section 5. Finally, the conclusion is given in Section 6.

2. Problem Statement and Preliminaries. In this section, the Euler moment equa-
tions are adopted to describe the attitude system of a rigid satellite. The kinematic
equation of satellite is given by [3]

2 1 cosf  singsind  cosysind w1 siny)
. . “o
= osd 0  cospcosf —sinpcost wy | + p—r cosflcost) (1)
cos 0 sing cosp w3 cos sinfsiny

where ¢, 0, 1 are roll angle, pitch angle and yaw angle, respectively. w, ws and ws are
the angular velocity of satellite in a body-fixed reference frame. wy is the constant orbital
rate.

It is assumed that the Euler angles vary in a small range, and then the kinematic
equation (1) is simplified as the following form

oc=w+Fo (2)
w1 %) 0 0 wg
wherew = | wy |,o=| 6 | and F = 0O 0 0
W3 w —Wo 0 0

The dynamic equation of satellite with inertia uncertainty is given by [3]

Jow=—-w Jw+u, +Ty (3)
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where J = Jy+AJ is the inertia matrix, Jy is the nominal part of inertia matrix, AJ is the
uncertain part of inertia matrix, u, = [Uq1, Ug2, Ua3]T is the control torques generated by
three orthogonal reaction wheels, Ty = [Ty, Tye, ng]T represents the external disturbance
torques, and w* is a skew-symmetric matrix with the following form

0 —Ws3 W2
w =1 ws 0 —w
—Wo W1 0

After some manipulations, Equation (3) is transformed into the following form
w=—Jy w Jow + Jy ug + Jy'd (4)

where d = Ty —w* AJw—AJw, which is viewed as a generalized perturbation for satellite.
In this paper, the actuator faults under consideration could be expressed as [5]

g = p(tju+ f(t) = u+uy (5)

where u = [u1,us,u3]?’ denotes the output commands of attitude controller. p(t) =
diag{p1, p2, p3} denotes the loss of effectiveness (LOE) factor with 0 < p; < p;(t) < 1
(i = 1,2,3), p; is the small positive scalar. f = [fi, fo, f3]° denotes the bias faults.
up = [ug1, use, ups]’ denotes the unexpected control input produced by the loss of effec-
tiveness fault and/or bias fault.

Substracting (5) into (4), it can be seen that

w=—Jy 'wJow + Jy (u+uyp) + Jy'd (6)

To achieve the objective of this study, the following assumptions are introduced, which
will be used in the controller design and the closed-loop stability analysis.

Assumption 2.1. The generalized perturbation d(t) is norm bounded and it satisfies
|d|| < d, where d is a positive constant.

Assumption 2.2. The nonlinear function w* Jw in the dynamics Equation (6) is locally
Lipschitz bounded with respect to a Lipschitz constant o, namely,

[0 Jow — w*Jow|| < ef|w — w]| = af|@]
3. Iterative Learning Observer Design. In this section, an iterative learning observer

is designed in (7) and (8) for the satellite dynamic Equation (6), which could achieve the
accurate estimation of the unexpected control input u;.

w=—J; '\ o + Jy N(u+ diyp) + Jy 'Ta + Jy  dsgn(@) (7)

iy = Lt — T) + b (8)

where W = w —w, T is the updating interval, which is taken as the sampling time interval
in this paper, I is a positive definite matrix, and /; and [l are two positive scalars.
Subtracting (6) from (7), one has

0= —Jy T+ Jy o™ Joo — Jy tw™ Jow + Jy tig + Jytd — Jy tdsgn(@) (9)

where @y = uy — uy.
Define the performance index

. 1 t ~112 ~ |12
o= Jim [P+ ) ae

The preceding analysis leads to the following theorem, which is useful in the FTC design.
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Theorem 3.1. For the faulty satellite attitude systems (1) and (6), an iterative learning
observer is designed as (7) and (8), if the following inequalities are satisfied

1
T = /\min(F) — 0 — 5 — 12 Z 0 (10)
7'2:1—771>O (11)
3 = 03[ Ar]]* >0 (12)

where my = B(14e14e2), 1o = 13 (1 +e3+ é) for some positive constants €; (i = 1,2, 3).

Then the observer error system (9) is ultimately uniformly bounded, and the designed
iterative learning observer (7) and (8) could achieve the satisfactory fault estimation.

Proof: Consider a candidate Lyapunov function of the form

Vi(t) = %@TJOQ + /t s (13)

Derivation along the Lyapunov function gives

. 1. 2 1. T - -
Vi(t) = 3 T Jow + EwTJOw + u?uf — u?(t —Tus(t—1T)
=07 [-Tw + " Jow — w™ Jow + Ty + d — dsgn()] (14)
gty —uy(t—T)ug(t—T)
It is noted that

Up =0 —up=hLus(t —T)+ o+ lus(t —=T) —ur=lLus(t —T)+ Lo+ A, (15)

where Ay = lyup(t —T) — uy, and then it follows that
wpuy = liuy (t —T)ag(t —T) + o' @ + AT Ay + 20 bty (t — T)@

16
+ 20y (t— T)A; + 2ba" Ay (16)
According to the Young’s inequality, it is not difficult to find that
- - - - B .
21lpty (t — T)w < eylyty (t — T)ag(t —T) + inw (17)
- N N 1
1
20,07 Ay < e3la0T @+ —ATA (19)
€3
where £ and €9 are two positive constant scalars.
Substituting inequalities (17)-(19) into (16) gives
1 1
aruy <i(1+er+e)uy(t —T)ag(t —T)+ 13 <1+—)@T@+ (1+—> ATA
FYr = 1( 1 2) f( ) f( ) 2 £ ) 121 (20)
= maf(t —T)ag(t — T) + @’ @ + nsAT Ay
where m; = 12 (1 4+ &1 + &2), np = I3 (1—#53—}—&) and n3 = 1+é—l—é.
From (14) and (20), it can be seen that
. 1 . - -
Vi < <a = Awin() + 5 + 772> 117 + (m = Dy (t = T)ag(t = T) + nsAi A
(21)

1 - -
= () == 5 = 1P = (1= gt = DIP + mllAu P

= —n@|* — rllas])? + 7
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In terms of the inequalities (10)-(12) and the Babalat lemma, it is easily known that the
observer error system (9) is ultimately uniformly bounded. By selecting the appropriate I,
the satisfactory fault estimation @y could be obtained online. Thus, the proof is completed.

4. Fault Tolerant Controller Design. In this section, a fault tolerant controller is
designed by using both the classical backstepping control scheme and integral sliding
mode technique. Firstly, two new error variables are defined as follows,

2 =0—04, Z3=wW-—Wwy (22)

where o4 is the desired attitude angle command, and wy is the desired angular velocity
command.
The first integral sliding mode surface is defined for the attitude angle loop

s1=2+a /t 21 dt (23)
0
where a; is a positive scalar.
Taking the derivation of (23) with respect to time yields
S1=z1+azr=w+Fo—04+a121 =2 +wg+ Fo—o,+ a1z (24)
In this study, the exponentral reaching law is chosen as,
$1 = —ky181 — pysign(sy) (25)

where k; > 0 and py > 0 are two positive real scalars.
From (24) and (25), the following virtual control law wy is formulated as

wg = —Fo+ 64— a1z, — kisy — uisign(sy) (26)

The second integral sliding mode surface is defined for the angular velocity loop

t
S9 = Z9 + ag/ ngt (27)
0

where zo = w — wy is the tracking error, and a, > 0 is a free parameter chosen by the
designer.
Taking the derivation of (27) with respect to time yields

S = Zo 4 a2y = W — Wa + gz = —Jy 'w Jow + Jy (U + up) + Jy'd — wa+ azzy  (28)
The exponential reaching law is selected for the above sliding surface.
ég = —k?QSQ — M2 Sigﬂ<82> (29)

where ko > 0 and uo > 0 are two positive real scalars.

Based on the above descriptions, the second result of this study is given in Theorem
4.1.

Theorem 4.1. For the faulty satellite attitude systems (1) and (6), a fault tolerant control
scheme is designed in (30) by using the estimated Uy

SQCZQ
Is2ld + ge=7"

where £ 1s a sufficiently small positive scalar and B is positive scalar. It guarantees that
the faulty closed loop attitude systems (1) and (6) are ultimately uniformly bounded.

u = Jy (Jo_lwx(]ow — Jotay — Jyt — 222 + wq — k282 — o Sigﬂ(32)> (30)

Proof: Consider the candidate Lyapunov function V5, as follows

1 1
Va= §S1T$1 + §3sz2 (31)
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With the aid of (24) and (28), the derivative of V5 can be derived as

: T T.
Vo =5781 4558

= —kisy 51— kasg 52— pu[[sl] — palls2|| + 57 2 (32)
+ st {ﬂ +d— 92Xa }
U sl ge
It is noted that
2 2 72
T 52Xa 52 st
Sy 9 d— < |ls2|||ld|| = ——=———= < &e 33
P{a- e < el - 2 (33)
Meanwhile, the following inequality can be obtained using the Young’s inequality
1 1 1 1
512, < 58{81 + EZQTZQ < 58{81 + 58552 (34)
saily < 15552 + laTaf (35)
=2 2/

Substituting inequalities (33)-(35) into (32) gives

. 1 1 1 7. _
Vo =— <k‘1 — 5) s181 — (kzz — §> 538y — p||s1]l — palls2 + §U?U,f + &Pt (36)

By selecting the appropriate k; and ko, such that the following inequalities hold

) 1 1 1, . =
Vo < — (k1 - 5) S1 81— (l@ - 5) S5 82+ §Huf|\2 +&< —nVo+¢ (37)

where 77 = min{2k; — 1,2k, — 1}, and £ > 0. Considering @y is the estimation error of
the unexpected input torque, it should be a small positive scalar, and € is also a small
positive scalar. From (37), it is seen that the attitude angles and angular velocities are
ultimately uniformed bounded.

5. Simulation Results. In this section, numerical simulation is carried out to verify the
effectiveness of the proposed control technique. The nominal inertial matrix Jy of rigid
satellite is given by

326 8.9 123
Jo=1 89 340 135 | kg m?
123 135 372

The uncertain part of inertial matrix AJ = £0.15Jy. The external perturbation T} acting
on the system is considered to be time varying, which incorporates all kinds of disturbances
such as gravitational perturbations, and atmospheric drag,

3sin(7t) + cos(37t) 0.001
T;=10"%| 2sin(37t) +cos(wt) | + | 0.001 | N-m
3cos(t) + 2sin(37t) 0.001

The initial values of attitude angles are chosen as ¢(0) = 0.3 deg, #(0) = 0.2 deg, ¥(0) =
—0.3 deg, and the initial values of angular velocities are chosen as w;(0) = 0.2 rad/s,
wy(0) = 0 rad/s, w3(0) = 0 rad/s. The desired attitude angle command o4 = [, 04, PVa]”
is given by ¢4 = 1 deg, 6, = 2 deg, ¥4 = 0 deg. In the simulation, it is assumed that the
first reaction flywheel shows a bias fault in the 30th second, the second reaction flywheel
loses 20% control effectiveness in the 30th second, namely, f3(t) = 6sin(t) and py, = 0.8
(t > 30 s). The gain parameters of iterative learning observer (7) and (8) are chosen as
[' = diag{5, 5,5}, 1 = 1.2, [, = 1.3. The gain parameters of the FTC controller (30) are
selected as follows: €1 = 0.5, g9 = 0.5, a; = 0.5, as = 0.5, k; = 0.8, ks = 0.9, p; = 0.5,
o = 0.5, 8 =08, & =0.2.
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To show the effectiveness of the proposed FTC scheme for satellite attitude system
with actuator faults, the necessary simulation comparison results are given in this posi-
tion. When the above described unknown actuator fault occurs, the estimated unknown
control input torque could be obtained by the updated algorithm (8), which is depicted
in Figure 1, and the observer performance index is as shown in Figure 2. Figure 3 shows
the attitude angle curves and the angular velocity curves using fault tolerant tracking
control scheme developed in this study, and it is not difficult to find that the designed
FTC approach could guarantee that the faulty closed loop attitude system has the satis-
factory fault tolerant capability by using active adjustment scheme. Figure 4 shows the
attitude angle curves and the angular velocity curves using fault tolerant tracking control
scheme developed in [6], and it can be seen that the FTC scheme designed in [6] could

10 T T T T T T T
The estimation of ug |

8+ -

The estimated unknown input torque uf(N*m)

10 I I I I I 1 I
0 10 20 30 40 50 60 70 80

Time(sec)

FIGURE 1. The estimated unknown input torque i using ILO
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25 <10 T T T T T T T

05| B

The performance index Ip

05 1

-1 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80
Time(sec)

FIGURE 2. The performance index I,(t)
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FiGURE 4. The attitude angle and
developed in [6]

angular velocity using FTC scheme

not fully compensate for the effects of unknown actuator fault to the closed loop attitude
system. Summarizing the two simulated cases, it is noted that the proposed FTC scheme
has better control performance and also has greater fault tolerance capability than the
FTC scheme developed in [6].

6. Conclusion. In this paper, a fault tolerant tracking control strategy is proposed for
a satellite attitude system with mixed actuator fault. By designing an iterative learning
observer, a novel fault estimation algorithm is derived for the faulty attitude system in
this study. On this basis, a backstepping-based FTC scheme is developed to guarantee the
uniform ultimate boundedness of the closed loop attitude system in actuator faulty case.
Finally, the effectiveness of the proposed approach is demonstrated in a satellite attitude
system subject to the mixed actuator faults. In the future, the active FTC problem in
mixed actuator case for satellite attitude system may be one of the issues that we need
to address.
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