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Abstract: The variable-structure fault-tolerant attitude control system is investigated for an orbiting three-axis stabilized

flexible satellite with redundant thrusters. In this system the thruster failures, the control-input saturation and external dis-

turbances are explicitly considered simultaneously. In the proposed controller, a single parameter is dynamically adjusted,

independent of the fault detection and mechanism isolation; only the remaining active thrusters are required to be able to

produce a sufficient combined force to maintain the satellite in operation for performing the given tasks. By explicitly

considering the saturation magnitude of the available control input to the thruster, we develop a direct relation between this

magnitude and those of the desired trajectories and disturbances in continuous control. Lyapunov stability analysis shows

that the closed-loop system is stable; and the effect of the external disturbances and faults can be reduced by appropriately

choosing the design parameters. Numerical examples show that the proposed control algorithms are robust to external

disturbances, and are able to handle thruster failures under a limited value of saturation.
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2 (The

dynamic and kinematic equations of flexible

spacecraft)
,

, ,
[6, 16]:

Jω̇ + δTη̈ = −S(ω)Jω + DEu(t) + d(t), (1a)

η̈ + Cη̇ + Kη + δω̇ = 0, (1b)

: J , δ

, ω = [ω1 ω2 ω3]T

, u(t)
, D ∈ R

3×N

, E , :

E = diag{e1, e2, · · · , eN}, (2)

ei i , 0 � ei �
1(i = 1, 2, · · · , N), d(t)

, (1b) C K

{
C = diag{2ξiΛ

1
2
i }, i = 1, 2, · · · , n,

K = diag{Λi}, i = 1, 2, · · · , n,
(3)

: n , Λ
1
2
i ξi i

, (1)

S(ω)

S(ω) =

⎡
⎢⎣ 0 −ω3 ω2

ω3 0 −ω1

−ω2 ω1 0

⎤
⎥⎦ . (4)

,
[16][
q̇0

q̇

]
=

1
2
E(q0, q) ω, (5)

[q0 qT]T

, q2
0 + qTq = 1,

E(q0, q) Δ=

[
−qT

q0I3×3 − S(q)

]
.

, ,

:

1 ,

,

|ui| � umax, i = 1, 2, 3, (6)

: ui(i = 1, 2, 3) 3 ,

umax , .

2
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, dmax |di| �
dmax, di(i = 1, 2, 3) 3

.

1 1 2, ;

, , ,

; , ,

, .

, : (1)

(5),

, ,

,

, ,

.

3 (Variable

structure fault tolerant attitude controller de-

sign)
:

,

,
[11∼15].

ϕ = η̇ + δω. (7)

ψ = [ηT ϕT]T, (1b)

ψ̇ =

[
0 1

−K −C

]
+

[
−δ

Cδ

]
ω. (8)

, (1a)

J0ω̇ = −S(ω)J0ω + DEu(t) + d(t) +

δT[K C]ψ − (
δTCδ + S(ω)δTδ

)
ω, (9)

J0 , J0
Δ= J − δTδ. ,

(10)

.

3.1 (Variable struc-

ture fault tolerant attitude controller design)
: 1

; 2 ,

. [12]:

σ = ω + k2(t)q, (10)

k(t) , k(t) > 0
t � 0.

:

u =
umaxD

T

‖D‖ ū, (11)

ū = [ū1 ū2 ū3]T, :

ūi =
σi

|σi| + k2(t)ε
, i = 1, 2, 3, (12)

: ε > 0 , σ = [σ1 σ2 σ3]T.

, , :

1 (1)(5)

, ε, γ

k(t)

k̇ =− γ

k(4(1− q0)γ+1)
(
λ̄ umax

‖D‖
3∑

i=1

|σi||ωi|
(|σi| + k2δ)

+

λ̄umax

‖D‖ ‖ω‖ + ωTσ), (13)

λ̄ ,

λ̄ > λmax and
λ̄umax

‖D‖ > dmax, (14)

λmax DEDT ,

(11)

, 2 .

Lyapunov

V =
1
2
ωTJ0ω + k2

[
qTq + (q0 − 1)2

]
+

k2

2γ
+

1
2
ψTPψ, (15)

P , Q

P

[
0 1

−K − C

]
+

[
0 − K

1 − C

]
P T = −2Q (16)

(15) ,

V̇ = ωTDEu(t) + ωTd(t) + k2qTω −
ψTQψ + kk̇[4(1 − q0) +

1
γ

] +

ωTδT[K−P C+CP ]ψ − ωTδTCδω.

(17)

Q P⎡
⎢⎣ δTCδ −δT(K−PC+CP )

2
−(K−PC+CP )δ

2
Q

⎤
⎥⎦�0.

(18)

(11),

V̇ � ωTDEu(t) + ωTd(t) + k2qTω +

kk̇[4(1 − q0) +
1
γ

] =

−ωT DEDT

‖D‖ umaxū + ωTd(t) +

ωTσ − ωTω + kk̇[4(1 − q0) +
1
γ

]. (19)

, λ̄ (14),
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(13), :

V̇ � λ̄umax

‖D‖
3∑

i=1

|σi| |ωi|
(|σi| + k2δ)

+ ‖ω‖ dmax +

ωTσ − ωTω +
4(1 − q0)γ + 1

γ
kk̇ =

−(
λ̄umax

‖D‖ − d̄) ‖ω‖ − ωTω � 0. (20)

ω, ψ k . ,

(20) 0 → ∞ ,

V (0) − V (∞) �� ∞

0
(
λ̄umax

‖D‖ − d̄)‖ω‖ − ωTω dt. (21)

, ω̇, η, η̇ .

Barbalat [17] , lim
t→∞

k2q → 0, lim
t→∞

ω → 0,

lim
t→∞

σ → 0, lim
t→∞

η → 0 lim
t→∞

η̇ → 0.

, γ > 0, (21) ,

αU(γ) > 0, β1(γ) > 0 β2(γ) > 0
:⎧⎨

⎩
� ∞

0
‖ω‖dt < β1(γ), k(t) < αU(γ),� ∞

0
‖ω‖2 dt < β2(γ),

(22)

αU(γ), β1(γ) β2(γ) k(t),
� ∞

0
‖ω‖dt� ∞

0
‖ω‖2 dt .

:

2 (11) ,

J δ dmax,

.

3 (11)

, ;

λ̄ ,

, ,

(11) ,

.

4 , DEDT

, ,

, , ;

,

.

3.2 k(t) (The analysis of the

low bound of k(t))
, t → ∞, k2q → 0,

k(t) αU(γ),

: αL > 0 k(t) � αL t �
0, k(t) > 0 t � 0, t → ∞

, q → 0. , :

1 k(t) (13),

k(0) = k0 > 0 αL > 0, αL <

k0, γ > 0
k2

0 − α2
L

2
� γ[(

λ̄umax

‖D‖ (2 +
1
δ

) + α2
U)β1 + β2 +

λ̄umax

‖D‖ (1 +
1
δ

)α2
U ], (23)

k(t) � αL t � 0, lim
t→∞

q → 0.

[11] , (13)

kk̇ =− γ

4(1 − q0)γ + 1
[
λ̄ umax

‖D‖
3∑

i=1

|σi||ωi|
(|σi| + k2δ)

+

λ̄umax

‖D‖ ‖ω‖ + ωTσ], (24)

|q0| � 1, ‖q‖ � 1 ,

kk̇ =− γ

4(1 − q0)γ + 1
[
λ̄umax

‖D‖
3∑

i=1

|σi||ωi|
(|σi| + k2δ)

+

λ̄umax

‖D‖ ‖ω‖ + ‖ω‖‖σ‖] �

−γ
3∑

i=1

[(
λ̄umax

‖D‖ (2 +
1
δ

) + k2)|ωi| +
λ̄umax

‖D‖ (1 +
1
δ

)k2 + |ωi|2]. (25)

(25) 0 ∞ ,

k2(∞) �−2γ
3∑

i=1

� ∞

0
(
λ̄umax

‖D‖ (2+
1
δ

)+k2)|ωi|+
λ̄umax

‖D‖ (1 +
1
δ

)k2 + |ωi|2dt + k2
0. (26)

, γ (23), k2(∞) > α2
L,

k(t) , , k(t) � αL,

t � 0, lim
t→∞

q → 0 .

5 (12), γ

(23) ,

; γ ,

.

4 (Simulation results)
,

.

J , δ [18].

n = 4,
√

Λi(i = 1, 2, 3, 4)
0.7400, 0.7500, 0.7600 1.1600; ξi

(i = 1, 2, 3, 4) 0.004, 0.005, 0.0064 0.0085.

, 4 (1 )

,
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D =

⎡
⎢⎢⎢⎣
−0.0247 −0.1684 −0.2301

0.0247 −0.1684 0.2301
−0.0247 0.1684 0.2301

0.0247 0.1684 −0.2301

⎤
⎥⎥⎥⎦

T

, (27)

1 N.

qT(0) = [−0.5264 − 0.2632 0.7896],

ω(0) = [0 0 0]T rad/s,

:

d(t) =

⎡
⎣ 3 cos t + 4 sin(0.3t) − 10
−1.5 sin(0.2t) + 3 cos(0.5t) + 15

3 sin t − 8 sin(0.4t) + 10

⎤
⎦ · 10−4.

(28)

,

3 :

1 4 ;

2 4 ,

I :

⎧⎪⎪⎨
⎪⎪⎩

e1 = 0.2, t � 5 s,
e2 = 0.8, t � 10 s,
e3 = 1, t � 0 s,
e4 = 0.6, t � 5 s.

(29)

3 4 ,

II :

⎧⎪⎪⎨
⎪⎪⎩

e1 = 0.8, t � 5 s,
e2 = 0.6, t � 10 s,
e3 = 1, t � 0 s,
e4 = 0, t � 10 s.

(30)

3 1

2 . , :

1) ,

,

,

. , PID

, ,

,

PID ;

, PID ,

[7] .

2) 2 , ,

I , ,

, ; PID

,

, ,

.

3) 3 , 3 ,

II ,

,

(12), ,

; PID ,

.

1

Fig. 1 Time responses of quaternion

2

Fig. 2 Time responses of vibration modes
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