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Abstract: In this paper, a robust fault-tolerant attitude control scheme is investigated for the near space vehicles (NSVs)

with actuator faults, input saturation and unknown external disturbances. Firstly, a super-twisting second order sliding

mode disturbance observer is developed to estimate the unknown compound disturbances including system uncertainties,

external disturbances and actuator faults. Then, based on the backstepping technology and an auxiliary system constructed

to solve the input saturation problem, a attitude fault-tolerant controller is proposed. In addition, the convergence of all

the closed-loop system signals under the designed controller is rigorously proved using Lyapunov method. Finally, the

proposed control scheme is applied to the attitude control of the NSV, and the effectiveness of this proposed control scheme

is demonstrated by the simulation results.
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2 (Problem formulation)

[25]:⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

ẋ1 = F1(x1) + ΔF1(x1) +G1(x1)x2 + d1,

ẋ2 = F2(x1, x2) + ΔF2(x1, x2)+

G2(x1, x2)F sat(u) + d2,

y = x1,

(1)

: x1 ∈ R
n, x2 ∈ R

n , y ∈ R
n

, u ∈ R
m .

n =m = 3. F1(x1) ∈ R
n, F2(x1,

x2) ∈ R
n , G1(x1) ∈ R

n×n

G2(x1, x2) ∈ R
n×m , Fi, Gi

. d1 ∈ R
n, d2 ∈ R

n

. ΔF1(x1),ΔF2(x1, x2)

. F = diag {f1, f2, · · · , fn}
, fi ∈ (0, 1]. fi = 1 i

, 0 < fi < 1 i . sat(·)
, :

sat(ui) = sgnuimin{umaxi, |ui|},
i = 1, · · · ,m, (2)

umax i i .

δ = (F − I)sat(u), F

F sat(u) = sat(u) + δ. (3)

D1 = ΔF1 + d1, D2 = ΔF2 + δ + d2. (4)

(1) :⎧⎪⎨
⎪⎩

ẋ1 = F1(x1) +G1(x1)x2 +D1,

ẋ2 = F2(x1, x2) +G2(x1, x2)sat(u) +D2,

y = x1.

(5)

:

(1),

, y yr.

, [24]:

1[18] b > 0, z̄,

:

0 < |z̄| − z̄tanh
z̄

b
� bζ, (6)

ζ = 0.2785 .

1 (4) Di,

τi ‖Ḋi‖ � τi, i = 1, 2.
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2 (5) G1(x1)

, G2(x1, x2) , (G2G
T
2 )

−1 .

ḡi ‖Gi‖ � ḡi (i = 1, 2).

3 Δu , ‖Δu‖ � η,

Δu = sat(u)− u, η .

1 , ,

F δ ,

, 1 .

G1 ,

, , G1 ,

2 . 3

, .

3 (Design of the disturban-

ce observer)
, super-twisting ,

.

D1, super-twisting
[23]:⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

s1 = p1 + x1,

ṗ1 = −F1(x1)−G1(x1)x2 − D̂1,

D̂1 = L11diag{|s1|
1
2 }sgn s1 + L12s1 + η1,

η̇1 = L13sgn s1 + L14s1,

(7)

: D̂1 D1 . s1 = [s11 · · ·
s1n]

T .

sgn s1 = [sgn s11 · · · sgn s1n ]
T,

diag{|s1|
1
2 } = diag{|s11|

1
2 , · · · , |s1n|

1
2 }.

L11, L12, L13, L14

[22]:⎧⎪⎪⎪⎨
⎪⎪⎪⎩
L11 =

√
l1(t)L̄11 =

√
l1diag {l111, · · ·, l11n} > 0,

L12 = l1(t)L̄12 = l1diag {l121, · · ·, l12n} > 0,

L13 = l1(t)L̄13 = l1diag {l131, · · ·, l13n} > 0,

L14 = l21(t)L̄14 = l21diag {l141, · · ·, l14n} > 0,
(8)

l1(t) , l1(t)

:⎧⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎩

l̇1(t) =

{
l10, ‖s1‖ � ε,

0, ‖s1‖ < ε,
l1(0) > 0,

l11i > 0, l12i > 0, l13i > 0, l14i > 0,

16l211il14i > 2l212il13i + l211il
2
12i,

32l212il13i > 4l211il14i + l211il
2
12i, i = 1, · · · , n,

(9)

l10 > 0 , ε > 0 .

D̃1 = D1 − D̂1, (5)

(7)

ṡ1 = ṗ1 + ẋ1 = D1 − D̂1 = D̃1 =

D1 − L11diag{|s1|
1
2 }sgn s1 − L12s1 − η1. (10)

ω1 = D1 − η1, σ1 =
√
l1(t)diag{|s1|

1
2 }sgn s1,

(10)

ṡ1 = ω1 − L̄11σ1 − L12s1. (11)

|ṡ1| = [|ṡ11| · · · |ṡ1n|]T. σ1 ,

σ1 {s1 = 0} , , s1
, s1 {s1 = 0} ,

σ̇1. s1 = 0 ,
d |ṡ1|
dt

= ṡ1sgn s1, (7) (11) ω1, σ1

[22]

ω̇1 = Ḋ1 − η̇1 = Ḋ1 − L13sgn s1 − L14s1 =

Ḋ1 − l1(t)diag{|σ1|−1}L̄13σ1 − l1L̄14l1s1,

(12)

σ̇1 =
1

2
l−1
1 l̇1σ1 +

1

2

√
l1(t)diag{|s1|−

1
2 )(ω1−

L̄11σ1 − L12s1} =
1

2
l−1
1 l̇1σ1 +

1

2
l1(t)diag{|σ1|−1}(ω1−

L̄11σ1)− 1

2
l1(t)L̄12σ1, (13)

diag{|σ1|−1}=diag{|σ11|−1
, |σ12|−1

, · · ·, |σ1n|−1}.

(10) (12){
ṡ1 = ω1 − L̄11σ1 − L12s1,

ω̇1 = Ḋ1 − l1(t)diag{|σ1|−1}L̄13σ1 − l1L̄14l1s1.
(14)

,

L11, L12, L13, L14 , ṡ1
= s1 = 0, D̂1

D1
[22].

S1 = [σ1 l1s1 ω1]
T

, Lyapunov [21]

Vs1 =
n∑

i=1

ST
1iΠ1iS1i, (15)

:

S1i = [σ1i l1s1i ω1i]
T
,

Π1i =
1

2

⎡
⎢⎣4l13i + l211i l11il12i −l11i

l11il12i l212i + 2l14i −l12i
−l11i −l12i 2

⎤
⎥⎦ .

(13)–(14),

Ṡ1i =
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⎢⎢⎢⎢⎢⎢⎢⎣

1

2

l̇1
l1
σ1i +

1

2

l1
|σ1i|(ω1i − l11iσ1i)− 1

2
l1(t)l12iσ1i

l̇1
l1
l1s1i + l1ω1i − l1l11iσ1i − l1(t)l12il1s1i

Ḋ1i − l1
|σ1i| l13iσ1i − l1(t)l14il1s1i

⎤
⎥⎥⎥⎥⎥⎥⎥⎦
=

⎡
⎢⎢⎢⎢⎢⎢⎢⎣

1

2

l̇1
l1
σ1i +

1

2

l1
|σ1i|(ω1i − l11iσ1i)− 1

2
l1(t)l12iσ1i

l̇1
l1
l1s1i + l1ω1i − l1

|σ1i| l11il1s1i − l1(t)l12il1s1i

Ḋ1i − l1
|σ1i| l13iσ1i − l1(t)l14il1s1i

⎤
⎥⎥⎥⎥⎥⎥⎥⎦
=

l1(t)|σ1i|−1
Q11iS1i + l1(t)Q12iS1i +Q13i, (16)

:

Q11i =

⎡
⎢⎣−0.5l11i 0 0.5

0 −l11i 0

−l13i 0 0

⎤
⎥⎦ ,

Q12i =

⎡
⎢⎣−0.5l12i 0 0

0 −l12i 1
0 −l14i 0

⎤
⎥⎦ , Q13i =

⎡
⎢⎣0.5l

−1
1 l̇1σ1i

l−1
1 l̇1l1s1i
Ḋ1i

⎤
⎥⎦ ,

Lyapunov [21]:

V̇s1 =−
n∑

i=1

l1|σ1i|−1
ST
1iΨ11iS1i −

n∑
i=1

l1S
T
1iΨ12iS1i +

n∑
i=1

ST
1iΨ13iḊ1i +

l̇1
2l1

n∑
i=1

ST
1iΨ14iS1i, (17)

:

Ψ11i =

1

2

⎡
⎢⎣ l311i+2l11il13i 1.5l211il12i−l12il13i −l211i
1.5l211il12i−l12il13i 2l11il

2
12i+4l11il14i −1.5l11il12i

−l211i −1.5l11il12i l11i

⎤
⎥⎦,

Ψ12i =

1

2

⎡
⎢⎣ l211il12i+4l12il13i 1.5l11il

2
12i−l11il14i −1.5l11il12i

1.5l11il
2
12i−l11il14i 2l312i+2l12il14i −2l212i

−1.5l11il12i −2l212i 2l12i

⎤
⎥⎦,

Ψ13i = [−l11i −l12i 2]T,

Ψ14i =

⎡
⎢⎣4l13i+l211i 1.5l11il12i 0.5l11i
1.5l11il12i 2l212i+4l14i −l12i
−0.5l11i −l12i 0

⎤
⎥⎦ . (18)

(8)–(9)

Ψ11i Ψ12i .

Lyapunov Vs1

λmin(Π1i) ‖S1i‖2 � Vs1i =

ST
1iΠ1iS1i � λmax(Π1i) ‖S1i‖2 . (19)

[22–23]

|σ1i| � ‖S1i‖ � V 1/2
s1i

(λmin(Π1i))
1/2

. (20)

, Ψ14i

ST
1iΨ14iS1i � ST

1iΨ̄14iS1i, (21)

Ψ̄14i = diag{4l13i + l211i + 1.5l11il12i + 0.5l11i,

2l212i + 4l14i + 1.5l11il12i + l12i, 0.5l11i + l12i}.

(17)(19)–(21)

V̇s1 � −l1
n∑

i=1

λmin(Ψ11i)

(λmax(Π1i))
1/2

V 1/2
s1i −

l1
n∑

i=1

λmin(Ψ12i)

λmax(Π1i)
Vs1i +

n∑
i=1

τ1 ‖Ψ13i‖
(λmin(Π1i))

1/2
V 1/2
s1i +

l̇1
2l1

n∑
i=1

λmax(Ψ̄14i)

λmin(Π1i)
Vs1i �

−
n∑

i=1

R11iV
1/2
s1i −

n∑
i=1

R12iVs1i, (22)

:

R11i = l1
λmin(Ψ11i)

(λmax(Π1i))
1/2
− τ1 ‖Ψ13i‖

(λmin(Π1i))
1/2

,

R12i = l1
λmin(Ψ12i)

λmax(Π1i)
− l̇1

2l1

λmax(Ψ̄14i)

λmin(Π1i)
. (23)

l1(t) > 0, l̇1(t) > 0, l1(t)

R11i > 0, R12i > 0, ,

(14) s1 ω1 ts 0,

ṡ1 ts 0. (10)

D̃1 0. ,

, , ‖D̃1‖ �
γ1, γ1 > 0.

4 (Design of the attitu-

de fault-tolerant control)
super-twisting ,

.

, ,

, Λ(t) = [Λ1 Λ2]
T[14]:{

Λ̇1 = −C1Λ1 +G1(x1)Λ2,

Λ̇2 = −C2Λ2 +G2(x1, x2)Δu,
(24)

: λmin(C1) >
1

2
, λmin(C2) >

1

2
ḡ21 +

1

2
.

backstepping , .

1 {
z1 = y − yr − Λ1,

z2 = x2 − α1 − ẏr − Λ2,
(25)
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α1 .

(5) (24), z1

ż1 =F1(x1) +G1(x1)x2 +D1 − ẏr −
G1(x1)Λ2 + C1Λ1 =

F1(x1) +G1(x1)(z2 + α1 + ẏr) +

D1 − ẏr + C1Λ1. (26)

α1 :

α1 =− ẏr −G1(x1)
−1(K1z1 + D̂1+

F1(x1) + C1Λ1 − ẏr + γ̂1Tanh
z1
b1
), (27)

K1 = KT
1 > 0 , D̂1 D1

, (7) .

Tanh
z1
b1

=

[tanh
z11
b11

tanh
z12
b12

· · · tanh
z1n
b1n

]T,

: b11, b12, · · · , b1n > 0 , γ̂1 γ1 ,

˙̂γ1 = β1(
n∑

i=1

z1itanh
z1i
b1i
− γ̂1), β1 > 0. (28)

(27) α1 , (26)

ż1 = −K1z1 +G1(x1)z2 + D̃1 − γ̂1Tanh
z1
b1
. (29)

Lyapunov

V1 =
1

2
zT1 z1 +

1

2β1

γ̃2
1 + Vs1. (30)

γ̃1 = γ̂1− γ1, (28)–(29) 1,

V1

V̇1 =−zT1 K1z1 + zT1 G1(x1)z2 + zT1 D̃1 −
γ1

n∑
i=1

z1itanh
z1i
b1i
− γ̃1γ̂1 + V̇s1 �

−λmin(K1) ‖z1‖2 + zT1 G1(x1)z2 + γ1 ‖z1‖ −
γ1

n∑
i=1

|z1i|+ γ1ζ
n∑

i=1

b1i − γ̃1γ̂1 + V̇s1 �

−λmin(K1) ‖z1‖2 + γ1ζ
n∑

i=1

b1i − γ̃1γ̂1 +

zT1 G1(x1)z2 + V̇s1. (31)

2γ̃1γ̂1 = γ̃2
1 + γ̂2

1 − γ2
1 � γ̃2

1 − γ2
1 , (32)

(31)

V̇1 �−λmin(K1) ‖z1‖2 + γ1ζ
n∑

i=1

b1i − 1

2
γ̃2
1 +

1

2
γ2
1 +

zT1 G1(x1)z2 + V̇s1. (33)

2 (5)(24) z2 ,

z2

ż2 =F2(x1, x2) +G2(x1, x2)u+D2 −
α̇1 − ÿr + C2Λ2. (34)

u :

u=−GT
2 (G2G

T
2 )

−1(K2z2 +GT
1 z1 + D̂2 −

α̇1 + F2 + γ̂2Tanh
z2
b2
− ÿr + C2Λ2), (35)

K2 = KT
2 > 0 , D̂2 D2

, D̃2 = D2 − D̂2, (7)

, D̂2 :⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

s2 = p2 + x2,

ṗ2 = −F2(x1, x2)−G2(x1, x2)satu− D̂2,

D̂2 = L21diag(|s2|1/2)sgn s2 + L22s2 + η2,

η̇2 = L23sgn s2 + L24s2,

(36)

L21, L22, L23, L24

(8) , :⎧⎪⎪⎪⎨
⎪⎪⎪⎩
L21 =

√
l2(t)L̄21 =

√
l2diag {l211, · · · , l21n} > 0,

L22 = l2(t)L̄22 = l2diag {l221, · · · , l22n} > 0,

L23 = l2(t)L̄23 = l2diag {l231, · · · , l23n} > 0,

L24 = l22(t)L̄24 = l22diag {l241, · · · , l24n} > 0,

(37)

l2(t) , l2(t)

(9) .

Tanh
z2
b2

=

[tanh
z21
b21

tanh
z22
b22

· · · tanh
z2n
b2n

]T,

b21, b22, · · · , b2n > 0 . , 2

‖D̃2‖ � γ2, γ2 > 0. γ̂2 γ2 ,

:

˙̂γ2 = β2(
n∑

i=1

z2itanh
z2i
b2i
− γ̂2), β2 > 0. (38)

, (34)

ż2 = −K2z2 −GT
1 z1 + D̃2 − γ̂2Tanh

z2
b2
. (39)

Lyapunov

V2 = V1 +
1

2
zT2 z2 +

1

2β2

γ̃2
2 + Vs2, (40)

: Vs2 =
n∑

i=1

ST
2iΠ2iS2i, S2i = [σ2i l2s2i ω2i]

T
,

Π2i =
1

2

⎡
⎢⎣4l23i + l221i l21il22i −l21i

l21il12i l222i + 2l24i −l22i
−l21i −l22i 2

⎤
⎥⎦,

ω2 = D2 − η2, σ2 =
√
l2(t)diag(|s2|

1
2 )sgn s2.

γ̃2 = γ̂2 − γ2, (38)–(39) 1,

V2
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V̇2 = V̇1 − zT2 K2z2 − zT2 G1(x1)
Tz1 + z2D̃2 −

γ2
n∑

i=1

z2itanh
z2i
b2i
− γ̃2γ̂2 + V̇s2 �

V̇1 − λmin(K2) ‖z2‖2 − zT2 G1(x1)
Tz1

γ2ζ
n∑

i=1

b2i − γ̃2γ̂2 + V̇s2 �

−
2∑

k=1

λmin(Kk) ‖zk‖2 + ζ
2∑

k=1

n∑
i=1

γkbki −
2∑

k=1

n∑
i=1

Rk1iV
1/2
ski −

2∑
k=1

n∑
i=1

Rk2iVski −
1

2

2∑
k=1

γ̃2
k +

1

2

2∑
k=1

γ2
k �

−κV2 + χ, (41)

:

κ=min{λmin(2Kk), Rk1i, Rk2i,
1

2
},

χ= ζ
2∑

k=1

n∑
i=1

γkbki +
1

2

2∑
k=1

γ2
k. (42)

, Kk , z1, z2 ,

ai ‖zi‖ � ai .

Vλ =
1

2

2∑
j=1

ΛT
j Λj , (23)

2 3, Vλ

V̇λ =−
2∑

k=1

CkΛ
T
kΛk + Λ2G2Δu+ ΛT

1G1Λ2 �

−
2∑

k=1

C̄k ‖Λk‖2 + 1

2
ḡ22η

2, (43)

: C̄1 = λmin(C1)− 1

2
, C̄2 = λmin(C2)− 1

2
ḡ21−

1

2
.

[14]

‖Λ1‖2 � 1

2
C̄−1

1 ḡ22η
2. (44)

z1 (44)

‖y − yr‖ � ‖z1‖+ ‖Λ1‖ � a1 +

√
1

2
C̄−1

1 ḡ2η.

(45)

y

yr, .

5 (Simulations)

,

.

[25]:⎧⎪⎪⎨
⎪⎪⎩

Ω̇ = Fs +ΔFs + (Gs +ΔGs)ω + ds,

ω̇ = Ff +ΔFf +GfMc + df ,

y = Ω,

(46)

: Ω = [α β μ]T , ,

. ω = [p q r]T ,

, . Fs

Ff , Gs Gf

. ΔFs, ΔGs ΔFf ,

.

±20% . ds df ,

df :

df =5× 106 × [sin(7t) + 0.5

cos(5t) + 0.7 sin(6t)]T N·m.

(45) Mc = [lc mc nc]
T ,

, , Mc max

= 104 × [0.2 2 2]T kN·m. F

F =

{ {1, 1, 1}, t < 5,

{0.5, 0.5, 0.7}, t � 5.

α0=1◦, β0=1◦, μ0=−1◦, p0=r0=q0=0((◦) · s−1),

H0 = 21000 m, V0 = 2000 (m·s−1).

yr

yr =

⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

αr = 2× (sin(πt) + 0.5× sin(0.5πt))◦,

βr =

{ − 1◦, t � 2,

2◦, t > 2,

μr = (sin(4πt) + 2 sin(2πt))◦.

, (7) (36)

, (27) (35) .

K1=diag{10, 10, 10}, K2=diag {30,
60, 60}, β1 = 20, β2 = 5,

l2(t) l2(t) = t, L̄21=

diag{2, 2, 4}, L̄22 =diag{2.5, 2.5, 5}, L̄23 =diag{4,
4, 8}, L̄24 = diag{8, 8, 16}. C1

= I3, C2 = 20I3.

,

,

1–6 . 1–4 ,

, ,

,

,

, .

5 , , 5 s

, .

6 , 5 s

, ,
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.

,

,

.

.

1 α

Fig. 1 The attack angle α

2 β

Fig. 2 The sideslip angle β

3 μ

Fig. 3 The roll angle μ

4 y − yr

Fig. 4 The output tracking error y − yr

5

Fig. 5 The response of the attitude angular rate

6 Mc

Fig. 6 The control input Mc
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