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Abstract. A method of attitude stabilization control, based on observer design is proposed for an
on-orbiting spacecraft in the presence of partial loss of actuator effectiveness, external disturbance
and actuator control input saturation problem. In this approach, observer is employed to estimate the
value of actuator fault, and a Backstepping attitude controller is then designed to achieve fault tolerant
control and external disturbance rejection. The Lyapunov stability analysis shows that the closed-loop
attitude system is guaranteed to be almost asymptotically stable. The simulation results show the
effectiveness of the derived control law.

Introduction

It is inevitable that the satellite components is in trouble, so it is one of the hot spots in the research of
attitude control to design the control algorithm to achieve the fault tolerant control. A spacecraft
attitude compensation controller is designed using adaptive control method in literature [13]. In
literature [14], a fault tolerant attitude control strategy is proposed for the non singular terminal
sliding mode control method. In literature [9], a passive fault tolerant controller is designed based on
time delay method. The attitude tracking control can be realized in the case of 4 flywheels, but the
controller must obtain the fault information of the actuators. Application of two stage Kalman
filtering algorithm in literature [11]. The Backstepping control method has many advantages such as
the decomposition of the complex nonlinear system into many subsystems and the simple design
procedure of the controller. Therefore the backstepping can be used to design the attitude controller.
Considering the problem of actuator failure, external disturbance and actuator control input constraint
in this paper, a method of attitude stabilization control is proposed to achieve high precision and high
stability attitude stabilization control.

Mathematical Model of the Satellite

For description method using Euler angles of satellite attitude exists the singular problems, this paper
adopts MRPs describe the satellite attitude, and then the rigid satellite attitude mathematical model
can be described by:

. _1 X
J—Z[(1—0T0)13 +20 +20Ta]a)
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where ¥~ [a‘l « a%] UR is that coordinate system relative to the inertial coordinate system of

r=[r,r,r,]' OR’

angular velocity to project on the body coordinate system, is the total control

d=[d d,d,] OR’

moment that is actually applied to satellite coordinate system, is external disturbs
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matrix of the satellite. Matrix J U R (positive definite and symmetric) is the moment of inertia of
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the satellite array. In particular, Ep.(1) is the satellite attitude kinematics, and Ep. (2) is a rigid satellite
attitude dynamics, and all of them is satisfied with Assumption 1.

Assumption 1: Assumes that the external disturbance d is bounded, and there is constant

A >0 to make ”d” S e to be established.

Considering actuator partial failure and the fault is modeled as a multiplicative factor, so the
actuator failure acting on the total control torque of the satellite ontology is as follows:

r=p(y, 3)

— T 3
Where Tc - [Tcl T62 TC3] DR

p(1) =diag ([ p.(1) p,(1) p,(0)] ) O R

is actuator command control torque,

0<p(t)<li=123

is actuator fault degree, , and where

PO~ andTi = T , actuator normal operation and control torque is consistent with the actual torque;
<<l [z|=p0lp.| <o

, actuator partial failure.

Controller Design

In this approach, observer is employed to estimate the value of actuator faults, and a Backstepping
attitude controller is then designed.

Observer Design. Because the fault factor P(Dis a diagonal matrix, Eq. (3) can be rewritten by

pT. =Up(1) 4)

— . T 3x3
where U= e ([0 7.0 7,0 )OS 5 = [0 .00 0]
dynamics Eq. (2) can be rewritten in the form of partial failure Eq.(3)

the satellite state

Jw= —afJa)+U,0(t)+d (5)
According to the attitude dynamics of spacecraft actuator fault Eq.(5), the design follows the

observer to estimate the fault © () .

Jw= - Jw+Up(t)

T (- w) =1, sng (- ) ©6)
() =1Lt =T) +1; (&= ) @)
where @and P() are the respectively estimated value of Wand P TOR is the update time of

R [OR

the observer. ' U *is Observer gain. In order to evaluate the performance of the observer

Eq.(6) - Eq.(7) fault estimation, the energy index L is defined.

1= L[l et o

1< . . .
Attitude Stabilization Controller Design. When|r’| = T (i=1, 2, 3), application of observer

Eq.(6) - Eq.(7) can realize the accurate estimation of the failurepart p(1)

Variable and BT, According to Eq.(1) and Eq.(5), there are
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X, = X, (9)
x, = F(x,)x, (10)

where O() = diag([[% P ﬁ;]T) , o= diag([d 0, 53]T)-
From the Eq.(9) to Eq.(11) shown in the form of the system structure, the standard Backstepping

method can be used to design the controller.
To carry out the following transformation

=% T4 =54, (12)

3 3
a R 4 &UR

=X I

Where are the virtual control inputs for backstepping control. The following
steps can be divided into the controller design
Step 1: According to the formula Eq.(12), available

Z, =X, =x,=z,tQ, (13)

_ T
Selected Lyapunov candidate function V=052 2 and design the virtual control Variable .where

@ = 6% and where 1 is constant.
;T — T — 2 T
Vi=z 'z =z (Zz _clzl) =7¢ ”Zl ” tz, 2, (14)
: 2
=0V, =—¢|z . .
So when 2 0 , ! 1” 1” ,“1will be at the asymptotic convergence.

Step 2: according to the type of %2 derivative Eq.(16) available.

2, =X, =4, = F(x,)x; +ox, (15)

.V, =V, +0.5z,'z a : : :
Select another Lyapunov function "2 ! 2 “2 and 2 for the design of virtual control input.

a, :F_l(xz)(—z1 —CX, —czzz) (16)
Where 2 is constant. Apply (16), there are

V,=—¢ ”Zl ”2 +2'2,+2,) [F(XZ)X3 * Clxz]
=7q ||Zl||2 G ||Z2||2 +2, F(x)x, {17

yo— 2_ 2
The same type from Eq.(17) to prove that when 2, =0 , V=76 ”Z‘” “ ”Z‘” . At this

time “ and “2 will converge.
Aiming at the fault spacecraft attitude control system Eq.(1), Eq.(5), the application of observer
Eq.(6) design command control:

7, =Sat(v,1,..) (18)

The controller % input V OR s designed as
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dF”(x,) (
dt

z tex, + szz)

v(t) =p(0)” {J[

+F7(x,) (2, + o, +¢,2,)]
+x,"Jx, — ¢z, —kx, = F'(x,)z,
_ Xras
Xra |23 + € exp(=B1)
Where A7¢ = Tmax * i ’ €UR
x, R

}
(19)

c .
and 3 for control gain,

*is an arbitrary small constant. k, DR*, B

* 1is the state variable of the following auxiliary system.

X

a

x, =—k,x,

x, — p(t)Au

(20)
Au=r, —v’k2 OR, ¢

2
c,;-1>0,k, —£—1>0
2 2 (21)

The whole closed-loop attitude control system is stable.
Prove: By Eq.(11) and Eq.(16) available
=07 =5y + (0T, +d |

L)
dt

+F7'(x,) (2, + X, +¢,2,)

Z tex, t czzz)

(22)
If a Lyapunov candidate function is defined

1 1
I/3 = I/2 +EZSTJZS +§xaTxu

(23)
The function of the time derivative of V3, and put Eq.(22) into

. 2 2 2 2
Vs__Cl”Zl” _Cznzzn _03”23” —k,

“le@l |auf - x," A
+2,1{p(0)Du ~ kyx, = (D),

X

a

+d - 23X2Td )
||Z3||XTd +£exp(—ft)

(24)

| . | _|-ewr +d|<1,, +d
According to the characteristic of saturation function,

prove

"% Can further

. 2 2 2
is—¢ ”ZIH TG ”Zzn - (C3 - 1)”23”

2
(k1
2 2

<=i(Ja =)+

X

a

‘¥ gexp(—Lt)

xa

min

4
Zz”

e (25)
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_ 2
Wheren_1=min{cl,62,c;—l,k2—k—l—l}J = A (/) >0

According to the definition of V3,

V,<2mV, +&

(26)
From Eq.(26) to prove ‘[ha‘[V3 is uniformly ultimately bounded
According to the formula Eq.(18) and
|Ti| = |Ioz(t) Tci < Tci < Tmax (27)

The input limitation of satellite actuator can be solved.

Simulation

In order to verify the effectiveness of the proposed attitude control algorithm, the numerical

simulation of attitude stabilization control for a rigid spacecraft is carried out in this paper. Satellite
moment of inertia and constant failure respective as

330 6 9
J=|6 26010 |kg/m®
9 10182 (28)
p,(t)=0.4,if t 2 8sec
P,(1)=0.5,if t =2 5sec
P5(t) =0.8,if t =210sec (29)
The maximum torque of the actuator is 5N * m.

d :(”a“2 +0.05)[sinOSz‘,<:osO.5t,cosO.3t]T NUn o . . .
,The initial attitude of the satellite is
o(0)=[-03-0.4-02]

and its initial angular velocity is a(0) =0deg/sec e controller Eq.(18)
with a fault observer Eq.(6) - Eq.(7) parameter selects the value of these parameters asl1 =30 N
L=02 =2 T =diag([800 8501000]T) Cy=10 ¢=6,=05 =125 k=055
k,=1.5 . £=0.001 4pq B=0.55

The following is the simulation results:

10 12 14 16 18 20

Figure 1. The velocity under the controller
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Figure 2. The attitude under the controller

The control method can realize attitude stabilization control. The observer Eq.(6) - Eq.(7) can
accurately estimate the actuator fault in a short time, therefore the controller Eq.(18) is able to deal
with the faults quickly and realize the attitude stabilization control.

Conclusion

The controller can realize the attitude stabilization control of the actuator and the external disturbance,
and solve the problem of the actuator input limitation. But the design of the controller requires
satellite attitude and angular velocity measurement information and can only handle single actuator
faults.
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