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In this paper, an observer-based adaptive backstepping attitude maneuver controller (briefly, OBABC) for flexible spacecraft is
presented. First, an observer is constructed to estimate the flexible modal variables. Based on the proposed observer, a
backstepping control law is presented for the case where the inertia matrix is known. Further, an adaptive law is developed to
estimate the unknown parameters of the inertia matrix of the flexible spacecraft. By utilizing Lyapunov theory, the proposed
OBABC law can guarantee the asymptotical convergence of the closed-loop system in the presence of the external disturbance,
incorporating with the L2-gain performance criterion constraint. Simulation results show that the attitude maneuver can be
achieved by the proposed observer-based adaptive backstepping attitude control law.

1. Introduction

A new generation of large spacecraft have a complex
structure that can include flexible appendages such as solar
panels, antennas, and space manipulators. These flexible
appendages may effect the attitude control performance
of spacecraft due to the strong coupling between the
spacecraft main body and flexible appendages [1]. Therefore,
the attitude controller design for a flexible spacecraft
becomes a crucial topic [2]. Many researches have proposed
various attitude control approaches for flexible spacecraft
[3–10]. A PD control method was presented for an attitude
tracking problem in [3], which analyzed three controller
structures in detail including model-independent, model-
dependent, and parameter adaptive control structures. In
[4], an antidisturbance PD controller was proposed to deal
with attitude control of a flexible spacecraft in the presence
of multiple disturbances. Sliding mode controllers were
developed in [5, 6] to solve the attitude tracking problem
for flexible spacecraft in the presence of external disturbance
and model uncertainties. A second-order sliding mode

controller was designed by using a supertwisting approach
for flexible spacecraft attitude tracking issue in [7]. In [8], a
delay-dependent disturbance observer was utilized to esti-
mate the main disturbance caused by flexible appendages,
and an H∞ control scheme was developed to attenuate exog-
enous bounded disturbance. Moreover, some other control
approaches have also been investigated for the attitude
control problem of flexible spacecraft, such as the angular
velocity feedback control without angular velocity measure-
ment [9] and finite-time control technique [10].

The control techniques mentioned above are based on
the assumption that the inertia matrix of spacecraft is known
in advance. In fact, estimating the inertia matrix of the space-
craft effectively is a challenging task for spacecraft attitude
control law designers [11]. Several solutions to the inertia
matrix estimation problem have been presented. An adaptive
control law was presented in [12] to compensate the
unknown inertia matrix for a rigid spacecraft tracking issue.
In [13], an adaptive variable structure tracking control law
was presented for rigid spacecraft with inertia uncertainty.
An adaptive sliding mode control strategy with a synthesized

Hindawi
International Journal of Aerospace Engineering
Volume 2019, Article ID 6392175, 11 pages
https://doi.org/10.1155/2019/6392175

https://orcid.org/0000-0002-2411-3822
https://orcid.org/0000-0002-8264-0671
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2019/6392175


hybrid sliding surface was designed in [14]. In [15], a new
simple adaptive control law for the rotational maneuver of
a flexible spacecraft was designed. A model reference adap-
tive control was utilized to design an output feedback variable
structure adaptive controller in [16]. In recent years, a recur-
sive controller design called adaptive backstepping has
received much attention [17]. Adaptive backstepping, which
makes use of online parameter estimation laws to deal with
parametric uncertainties, is a recursive, Lyapunov-based,
nonlinear design method. The backstepping technique is
adequate for the nonlinear system that can be transformed
into a lower-triangular form. The basic idea is to use some
states to construct virtual control laws, which can control
other states. Based on this technique, a direct adaptive fuzzy
backstepping controller for a class of nonlinear systems was
developed in [18]. In [19], an adaptive controller for atti-
tude maneuver of flexible spacecraft with nonlinear charac-
teristics was proposed. In [20], an adaptive control law was
presented to estimate the unknown model parameters for a
large angle rotational maneuver of flexible spacecraft. In
[21], a nonlinear adaptive control law was designed for a
roll-coupled aircraft. On the basis of previous research
work, a robust adaptive controller was proposed with angu-
lar velocity bounded in [22]. This controller was designed
for attitude maneuver and vibration reduction with external
disturbance and inertia matrix uncertainty. In [23], an
adaptive attitude control with active disturbance rejection
was presented for rigid spacecraft. An adaptive gain
parameter was used to compensate disturbance with
known bound. In [24], a quaternion feedback attitude
tracking control law was developed for rigid spacecraft
with uncertain disturbance. A fault-tolerant controller
was designed for distributed tracking of a group of flexible
spacecraft in [25] under an undirected communication
graph. The singularity and ambiguity can be avoided effec-
tively with this controller. An adaptive fault-tolerant
control for attitude tracking of flexible spacecraft was pro-
posed in [26]. The modal variable was compensated by an
observer.

A typical feature of the aforementioned attitude con-
trol techniques is that the flexible modal variables are
assumed to be measurable. Unfortunately, this requirement
is not always satisfied in reality due to the impossibility or
impracticability of using appropriate sensors. Motivated by
the above discussion, we design an observer-based adap-
tive backstepping attitude controller in this paper for a
flexible spacecraft in the presence of external disturbance,
unknown inertia matrix parameters, and flexible append-
age vibrations. First, an observer is constructed to estimate
the flexible modal variables. Then, by designing a novel
adaptive law, an OBABC law is developed. Lyapunov sta-
bility analysis shows that the proposed control law guaran-
tees asymptotical convergence of the attitude angle and
angular velocity of the flexible spacecraft in the presence
of bounded disturbance, incorporating the L2-gain perfor-
mance criterion constraint. These results are illustrated
through various numerical simulations. Compared with
the designed control law in [27, 28], the proposed control-
ler in this paper possesses better performance.

2. Model Description and Problem Statement

2.1. Model Description. By using the Modified Rodrigues
Parameters (MRPs), the kinematic equation of a flexible
spacecraft can be given by [18]

_σ =Mω, ð1Þ

where σ ∈ℝ3 denotes the attitude MRPs, ω ∈ℝ3 represents
the angular velocity, and

M ≔
1
4 1 − σTσ

� �
I3 + 2σ× + 2σσT

� �
, ð2Þ

where I3 ∈ℝ3 denotes the identity matrix. In addition, for
any σ ∈ℝ3, σ× represents the following cross matrix:

σ× ≔
0 −σ3 σ2

σ3 0 −σ1

−σ2 σ1 0

2664
3775: ð3Þ

Without loss of generality, we consider a flexible
spacecraft with one flexible appendage. Suppose that the
flexible appendage has small elastic deformations, then
the attitude dynamic equation of a flexible spacecraft can
be expressed as [22]

J0 _ω = −ω× J0ω + δTψ
� �

+ δT Cψ + Kη − Cδωð Þ + u + d,

_η = ψ − δω,
_ψ = − Cψ + Kη − Cδωð Þ,

8>>><>>>:
ð4Þ

where δ is the coupling matrix between the flexible
appendage and the rigid body; J is the total inertia
matrix of the flexible spacecraft, which is an unknown
positive symmetric constant matrix, satisfying J = J0 + δTδ,
where J0 is the inertia matrix of the main body; η is the
modal coordinate vector of the flexible appendage relative
to the main body; u ∈ℝ3 is the external torque acting on
the main body; and d ∈ℝ3 represents the external distur-
bance torque. In addition, for flexible spacecraft dynamic
equation (4), N elastic modes are taken into consideration,
with ωni, i = 1,⋯,N , being the natural frequencies and ξi,
i = 1,⋯,N , being the associated damping ratio; C and K
are the damping matrix and stiffness matrix of the flexible
spacecraft, respectively, and are defined as

C ≔ diag 2ξiωni, i = 1, 2,⋯,Nf g,
K ≔ diag ω2

ni, i = 1, 2,⋯,N
� 	

:
ð5Þ
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Combining (1) and (4), the attitude control system of
the flexible spacecraft can be obtained as

_σ =Mω,
_η
_ψ

" #
= A

η
ψ

" #
+ Bδω,

J0 _ω = −ω× J0ω + δTψ
� �

+ δT Cψ + Kη − Cδωð Þ + u + d,

8>>>>>><>>>>>>:
ð6Þ

with

A≔
0 I4

−K −C

" #
,

B≔
−I5
C

" #
:

ð7Þ

2.2. Problem Statement. In this paper, a typical rest-to-rest
attitude maneuver control problem is considered for the
flexible spacecraft system (6) in the presence of unknown
inertia matrix, unmeasurable flexible modal variables, and
external disturbance. Our control goal is to propose an
attitude maneuver controller for the flexible spacecraft sys-
tem (6) combining the criteria of control performance
given by L2-gain constraint. In such a framework, all the
solutions of the designed attitude control system are uni-
formly bounded. Furthermore, it can be achieved that
the attitude variables (σ, ω) and flexible modal variables

(η, ψ) can be rendered small while arbitrarily attenuating
the effect of the disturbance d. In particular, for all T > 0,
the closed-loop system satisfies the following inequality:

ðT
0

y tð Þk k2dt ≤ γ2
ðT
0

dk k2dt + β, d ∈ L2 0, T½ Þ, ð8Þ

where γ is a constant which prescribes the level of vibration
suppression. Furthermore, if d = 0, the attitude variables σ, ω
will asymptotically converge to zero. In addition, the vibra-
tions induced by attitude maneuver operations are also
damped out passively, i.e.,

lim
t→∞

η = 0,

lim
t→∞

ψ = 0:
ð9Þ

3. Observer-Based Adaptive Backstepping
Attitude Control Law

3.1. Backstepping Attitude Control Law Design. First, we
assume that the inertia matrix and the upper bound of the
external disturbance are known. Then, the following theorem
is developed to construct a backstepping attitude control law
based on the observer.

Theorem 1. Consider a flexible spacecraft described by (6)
with known inertia matrix, unmeasurable flexible modal var-
iables, and external disturbance. When the following observer
based backstepping control law is applied to system (6),

where bη and bψ are the estimates of η and ψ, respectively; λ is a
nonnegative number; A and B are defined in (7), k1 and k2 are
positive numbers; and αðσ, bη , bψÞ, f1ðσÞ, and f2ðbη , bψÞ are in
the following:

α σ, bη , bψ� �
≔−k1f1 σð Þ − k2f2 bη , bψ� �

, ð11Þ

f1 σð Þ≔ 1 + σTσ
� �

σ, ð12Þ

f2 bη , bψ� �
≔ δT Cbψ − 2Kbη� �

: ð13Þ
The attitude variables ðσ, ωÞ converge to zero.

Proof. The proof is first to choose a Lyapunov function to
design a virtual control αðσ, bη , bψÞ, with which the asymp-

totic stability of the attitude variable σ can be guaranteed.
Then, by choosing another Lyapunov function, combined
with the preceding stability result and the developed virtual
control, the asymptotic stability of the angular velocity ω is
guaranteed. The following two steps are considered.

Step 1. Consider the following Lyapunov function candidate,

V0 ≔ 2k1σTσ +
k2
2 ~ηT ~ψT
h i

P
~η

~ψ

" #

+ k2
2 ηT ψT
� � 2K + C2 C

C 2I

" # η

ψ

" #
,

ð14Þ

_bη
_bψ

" #
= A

bηbψ
" #

+ B I + λCð Þδω,

u = α σ, bη , bψ� �
+ ω× J0ω − J0k1_f1 σð Þ − J0k2_f2 bη , bψ� �

+ ω×δT ~ψ − δTC~ψ − δTK~η + δTCδω − d,

8>>><>>>: ð10Þ
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where ~η = bη − η and ~ψ = bψ − ψ are the observer errors of η
and ψ, respectively; and P is a symmetric positive definite
matrix in the following form:

P≔
P1 P2

PT
2 P3

" #
, ð15Þ

with P1, P2, and P3 satisfying

P1 ≔
1
λ

2KC−1 + C
� �

,

P2 ≔
1
λ
I, PT

2 ≔ P2,

P3 ≔
2
λ
C−1:

ð16Þ

Denote

V1 ≔
k2
2 ~ηT ~ψT
� �

P
~η
~ψ

" #
: ð17Þ

By taking time derivative of V1, we have

_V1 = k2~ηT − P2C − P1ð Þ~ψ − P2K~η + λ P2C − P1ð ÞCδω½ �
+ k2~ψT − P3C − P2ð Þ~ψ − P3K~η + λ P3C − P2ð ÞCδω½ �:

ð18Þ

It can be derived from (14) that

_V0 = _V1 − k2ψTCψ − k2ηTCKη + k1σT I + σσT
� ��

+ k2 ψTC − 2ηTK
� �

δ�ω = −k2~ηTP2K~η − k2~ψT P3C − P2ð Þ~ψ
+ k2~ηT −P2C + P1 − KP3ð Þ~ψ − k2ψTCψ − k2ηTCKη
+ k1σT I + σσT

� �
+ k2 ψTC − 2ηTK

� �
δ

� �
ω

+ k2 ~ψTλ P3C − P2ð ÞCδ + ~ηTλ P2C − P1ð ÞCδ
h i

ω:

ð19Þ

Substituting (16) into (19) yields

_V0 = −k2ψTCψ − k2ηTCKη − k2λ
−1~ηTK~η − k2λ

−1~ψT ~ψ
+ k1σT I + σσT

� �
+ k2 bψTC − 2bηTK

� �
δ

h i
ω:

ð20Þ

Let

ω = α σ, bη , bψ� �
: ð21Þ

Then, substituting the virtual control (11) into (20), one has

_V1 ≤ 0: ð22Þ

It is obvious that the following relations hold for the flex-
ible spacecraft (6) under the virtual control (11),

lim
t→∞

σ = 0,

lim
t→∞

η = 0,

lim
t→∞

ψ = 0,

lim
t→∞

~η = 0,

lim
t→∞

~ψ = 0:

ð23Þ

Step 2. Define a new variable z as

z≔ ω − α σ, bη , bψ� �
: ð24Þ

Consider the following Lyapunov function candidate:

V2 =V1 +
1
2 z

T J0z: ð25Þ

By taking time derivative of V2, we have

_V2 = _V0 + zT J0 _z = _V0 + zT
�
−ω× J0ω − J0 _α σ, bη , bψ� �

− ω×δTψ + δTCψ + δTKη − δTCδω + u + d
�
:

ð26Þ

It can be derived from (11), (12), (13), and (26) that

_V2 = −k2ψTCψ − k2ηTCKη − k2λ
−1~ηTK~η − k2λ

−1~ψT ~ψ
− αT σ, bη , bψ� �

α σ, bη , bψ� �
+ zT

�
−α σ, bη , bψ� �

− ω× J0ω
+ J0k1 _f1 σð Þ + J0k2_f2 bη , bψ� �

− ω×δTψ + δTCψ + δTKη
− δTCδω + u + d

�
:

ð27Þ

Substituting the control law (10) into above relation
yields _V2 ≤ 0. Thus, the globally asymptotic stability of
the closed-loop flexible spacecraft system (6) can be
guaranteed by adopting the controller (10), which
means

lim
t→∞

σ = 0,

lim
t→∞

bη = 0,

lim
t→∞

bψ = 0,

lim
t→∞

~η = 0,

lim
t→∞

~ψ = 0,

lim
t→∞

ω = 0:

ð28Þ

Thus, this proof is completed.

3.2. Adaptive Backstepping Attitude Control Law Design.
Obviously, the developed observer-based backstepping
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control law (10) in Theorem 1 depends explicitly on the
inertia matrix J0 and the upper bound of the external dis-
turbance d. In fact, the inertia matrix J0 of the flexible
spacecraft (6) is unknown, and the external disturbance
is unmeasurable. To this end, an adaptive law is further
proposed in the next theorem to estimate the inertia
matrix J0. In addition, L2-gain constrain is used to
improve the robustness of the closed-loop system with

the external disturbance d. Finally, OBABC blaw is
presented.

Theorem 2. Consider a flexible spacecraft described by (6)
with known inertia matrix, unmeasurable flexible modal var-
iables, and external disturbance. The following OBABC law
can ensure the global asymptotic stability of the system (6):

where bη and bψ are the estimates of η and ψ, respectively; λ is a
nonnegative number; A and B are defined in (7); Γ is a 6 × 6
positive definite matrix; bθ is the estimate of the inertia matrix
J0; αðσ, bη , bψÞ is defined in (11); z is defined in (24); and k1, k2,
k4, ε1, and ε2 are positive tuning parameters satisfying the
following inequalities:

k2λ
−1K −

1
2
ε2I −

1
2
l21I > 0,

k2λ
−1I − ε1I −

1
2
l22I > 0:

ð30Þ

Fðσ, ω, bη , bψÞ is defined as

F σ, ω, bη , bψ� �
≔ −ω×L ωð Þ + L fð Þ, ð31Þ

where LðaÞ: ℝ3 ⟶ℝ3×6 is a linear operator defined as

L að Þ≔
a1 0 0 a2 a3 0

0 a2 0 a1 0 a3

0 0 a3 0 a1 a2

2664
3775, ð32Þ

with a = ½a1 a2 a3�T ∈ℝ3.

Proof. Consider the following Lyapunov function candidate,

V3 ≔ V2 +
1
2k4

~θTΓ~θ, ð33Þ

where ~θ = bθ − θ is the estimation error. Suppose

J0 =
J11 J12 J13

J12 J22 J23

J13 J23 J33

2664
3775: ð34Þ

Then, there holds

J0a = L að Þθ, ð35Þ

where LðaÞ is defined in (32) and

θ = J11 J22 J33 J12 J13 J23½ �T : ð36Þ

By using (35), the item that contain unknown inertia
matrix J0 in (27) can be integrated and rewritten as

−ω× J0ω + J0k1 _f1 σð Þ + J0k2_f2 bη , bψ� �
= −ω×L ωð Þθ + L fð Þθ,

ð37Þ

where

f = k1_f1 σð Þ + k2_f2 bη , bψ� �
: ð38Þ

By replacing η and ψ with (bη , ~η) and (bψ , ~ψ), respectively,
the items that contain η and ψ in (27) can be integrated and
written as follows:

zT −ω×δTψ + δTCψ + δTKη
� �
≤

1
2ε1

zTω×δTδ ω×ð ÞTz + 1
2ε1

zTδTCCδz + 1
2ε2

zTδTKKδz

+ ε1~ψT ~ψ + ε2
2 ~ηT~η + zT −ω×δT bψ + δTCbψ + δTKbη� �

:

ð39Þ

_bη
_bψ

" #
= A

bηbψ
" #

+ B I + λCð Þδω,

u = α σ, bη , bψ� �
− F σ, ω, bη , bψ� �bθ + δTCδω + ω×δT bψ − δTCbψ − δTKbη −

1
2ε1

ω×δTδ ω×ð ÞTz,

_bθ = k4Γ
−1FT σ, ω, bη , bψ� �

z,

8>>>>>>>><>>>>>>>>:
ð29Þ
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Consider the following inequality,

zTd ≤ 1
2γ2 z

Tz + γ2

2 dTd: ð40Þ

It follows from (31), (37), (39), and (40) that (27) can be
rewritten as

_V2 ≤ −k2ψTCψ − k2ηTCKη − ~ηT k2λ
−1K −

ε2
2 I

� �
~η

− ~ψT k2λ
−1I − ε1I

� �
~ψ − αT σ, bη , bψ� �

α σ, bη , bψ� �
+ zT

h
−α σ, bη , bψ� �

− δTCδω − ω×δT bψ
+ δTCbψ + δTKbη + 1

2ε1
ω×δTδ ω×ð ÞTz

+ 1
2ε1

δTCCδz+ 1
2ε2

δTKKδz + 1
2γ2 z + u tð Þ

+ F σ, ω, bη , bψ� �
θ
i
+ γ2

2 dTd:

ð41Þ

Define the following evaluating function for the flexible
spacecraft (6),

y ≔ l1~ηT l2~ψT l3zT
h iT

, ð42Þ

where l1, l2, and l3 are positive constants.
Substituting the control law (29) and the evaluating func-

tion (42) into (41), we have

_V2 ≤ −w −
1
2 y

Ty + γ2

2 dTd − zT F σ, ω, bη , bψ� �~θ, ð43Þ

with

w = k2ψTCψ + k2ηTCKη + αT σ, bη , bψ� �
α σ, bη , bψ� �

+ k3zTz + ~ηT k2λ
−1K −

ε2
2 I −

1
2 l

2
1I


 �
~η

+ ~ψT k2λ
−1I − ε1I −

1
2 l

2
2I


 �
~ψ,

ð44Þ

where k3 is a positive constant. In view of the second condi-
tion of (30), it can be obtained that w is positive definite.

Substituting the adaptive law (29) and the conditions in
(30) into (43), it can be deduced from (33) that

_V3 = _V2 +
1
k4

~θTΓ _bθ
≤ −w −

1
2 y

Ty + γ2

2 dTd:

ð45Þ

Next, the following two cases are considered to complete
the proof.

Case 1. When the external disturbance torque d = 0, there
holds

_V3 ≤ −Q σ, z, η, ψ, bη , bψ , ~η, ~ψ� �
, ð46Þ

where

Q σ, z, η, ψ, bη , bψ , ~η, ~ψ� �
=w + 1

2 y
Ty: ð47Þ

Apparently,Qðσ, z, η, ψ, bη , bψ , ~η, ~ψÞ is a positive semidefi-
nite function. This means _V3 ≤ 0. According to the LaSalle
invariance principle, we can conclude that

lim
t→∞

σ = 0,

lim
t→∞

ω = 0,

lim
t→∞

~θ = 0,

lim
t→∞

η = 0,

lim
t→∞

ψ = 0,

lim
t→∞

~η = 0,

lim
t→∞

~ψ = 0:

ð48Þ

Thus, the stability of the closed-loop flexible spacecraft sys-
tem (6) with d = 0 can be guaranteed.

Case 2.When the external disturbance torque d ≠ 0, (45) can
be equivalently written as

_V3 ≤
γ2

2 dTd − 1
2 y

Ty: ð49Þ

Taking integral of both sides of (49) over ½0, TÞ, ð∀T > 0Þ,
yields

2 V3 tð Þ −V3 0ð Þ½ � ≤ γ2
ðT
0

d tð Þk k2dt −
ðT
0

y tð Þk k2dt: ð50Þ

In view of (8), it can be found from the above relation that
the closed-loop flexible spacecraft system (6) achieves the
L2-gain performance with an attenuation level of γ. Thus,
the attitude variable σ of the flexible spacecraft system (6)
and the estimated flexible modal variables η, ϕ of the
observer (29) will converge into a neighborhood of the
origin, which means that these states are uniformly ulti-
mately bounded stable.

It can be known from Theorem 2 that the state of the
closed-loop system can be driven to origin by adopting the
control law (29). In order to further improve the robustness
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of the proposed adaptive backstepping control law (29), we
introduce project operator [20] to keep the estimates of
unknown parameters satisfying:

Ω = bθ : θmin < bθ i < θmax, i = 1, 2,⋯, 6ð Þ
n o

: ð51Þ

Define

E σ, ω, bη , bψ� �
= k4Γ

−1FT σ, ω, bη , bψ� �
z, ð52Þ

and the project operator [27]

with the following properties:

(1) bθ ∈Ω

(2) ~θTfΓProj½bθ , Eðσ, ω, bη , bψÞ� + k4F
Tðσ, ω, bη , bψÞzg ≥ 0

By using the project operator (53), the adaptive law (29)
can be replaced by

_bθ = Proj bθ , E σ, ω, bη , bψ� �h i
: ð54Þ

Thus, the following observer-based adaptive backstep-
ping control law can be obtained:

where k1, k2, k3, k4, ε1, and ε2 are adjustable positive
parameters and satisfy (30); γ > 0 is the given vibration-

suppressing value; bθ is the estimate of unknown parame-

ters of inertia matrix J0; Proj½bθ , Eðσ, ω, bη , bψÞ� is defined
in (53); αðσ, bη , bψÞ is presented in (11); z is a function vector
of system state ðσ, ω, bη , bψÞ denoted in (24); Fðσ, ω, bη , bψÞ is a
function matrix of system state variable ðσ, ω, bη , bψÞ defined
in (31); and LðaÞ: ℝ3 ⟶ℝ3×6 is a linear operator defined
in (32).

Compared with the proposed OBABC law (29), the
improved OBABC law (55) can ensure the obtained esti-
mated parameters being in an interval and avoid the param-
eter drift.

4. Example

To demonstrate the effectiveness of the proposed OBABC
law (55), a rest-to-rest attitude maneuver problem for the
flexible spacecraft (6) is investigated in this section. The

flexible spacecraft is characterized by a main body inertia
matrix [22]

J =
350 3 4
3 270 10
4 10 190

2664
3775 kg · m2, ð56Þ

and the coupling matrix

δ =

6:45637 1:27814 2:15629
−1:25619 0:91756 −1:67264
1:11687
1:23637

2:48901
−2:6581

−0:83674
−1:12503

266664
377775 kg1/2 · m,

ð57Þ

Proj bθ , E� �
i
= 0, if bθ i = θmax, Ei σ, ω, bη , bψ� �

> 0 or if bθ i = θmin, Ei σ, ω, bη , bψ� �
< 0,

Ei, otherwise,

(
ð53Þ

_bη
_bψ

" #
= A

bηbψ
" #

+ B I + λCð Þδω,

u = α σ, bη , bψ� �
− F σ, ω, bη , bψ� �bθ + δTCδω + ω×δT bψ − δTCbψ − δTKbη −

1
2ε1

ω×δTδ ω×ð ÞTz − 1
2ε1

δTCCδz − 1
2ε2

δTKKδz − 1
2γ2 + 1

2 l
2
3 + k3


 �
z,

_bθ = Proj bθ , E σ, ω, bη , bψ� �h i
,

8>>>>>>>>><>>>>>>>>>:
ð55Þ
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respectively. The following first four flexible modes have
been taken into consideration:

ωn1 = 0:7681 rad/s,
ωn2 = 1:1038 rad/s,
ωn3 = 1:8733 rad/s,
ωn4 = 2:5496 rad/s,

ð58Þ

with the associated damping ratios:

ξ1 = 0:005607,
ξ2 = 0:00862,
ξ3 = 0:01283,
ξ4 = 0:02516:

ð59Þ

The external disturbance dðtÞ is

d tð Þ =
0:3 cos 0:1tð Þ + 0:1

0:15 sin 0:1tð Þ + 0:3 cos 0:1tð Þ
0:3 sin 0:1tð Þ + 0:1

2664
3775N · m: ð60Þ

The initial attitude condition is σ1ð0Þ = −0:22425,
σ2ð0Þ = 0:67278, and σ3ð0Þ = −0:44852, which means that
the flexible spacecraft is maneuvering in a rotation of 160°.
The controller regulates the MRP to the equilibrium point
½0 0 0�T . The initial attitude angular velocity is ωð0Þ =
0 0 0½ �T . The initial values of the flexible modes are
ηið0Þ = 0:001, ψið0Þ = 0:001, i = 1, 2, 3, 4. The initial values
of the observer are assumed to zero, i.e., bη ið0Þ = 0, bψ ið0Þ = 0,
i = 1, 2, 3, 4. The initial vector of the adaptive controller is

bθ 0ð Þ = 42 30 35 0:7 − 1:5 2½ �T : ð61Þ

The tuning parameters of the control law (55) are chosen
as

k1 = 0:35,
k2 = 0:01,
k3 = 0:1,
k4 = 0:5,
ε1 = 100,
ε2 = 100,
γ = 0:01,
λ = 10−5,

l1 = l2 = l3 = 1,
Γ = diag 0:1,0:1,0:1,0:1,0:1,0:1f g:

ð62Þ

To examine the robustness of the proposed OBABC con-
troller (55), the compared simulation results of the designed
controller in [27] and the developed observer-based adaptive
backstepping controller are given in Figure 1. The coupling
items considered in [27] are less than that in this paper. In
addition, it is assumed that there are only three unknown iner-
tia matrix parameters in [27], but in this paper, six unknown
parameters are considered. In Figures 1(a)–1(d), the solid
red lines (marked by A) represent the response of the flexible
spacecraft (6) under the developed OBABC (55) and the
dashed blue lines (marked by B) represent the response of
the flexible spacecraft (6) under the control law proposed in
[27]. The time response of attitude MRP and the angular
velocity are shown in Figures 1(a) and 1(b), respectively. In
addition, the estimated flexible modal coordinates and the
estimated errors are illustrated in Figures 1(c) and 1(d),
respectively.

It can be seen from Figures 1(a) and 1(b) that the attitude
variable response curves of OBABC (55) law are smoother
than the controller proposed in [27]. In addition, the over-
shot and the steady-state error of the proposed OBABC law
(55) are smaller than that of the proposed controller in
[27]. It can be seen from these two pictures that σ and ω
converge to the neighborhood of ð0, 0, 0Þ in 60 s. From
Figure 1(c), the control torque of the proposed controller in
this paper is smaller than that of the controller presented in
[27]. It can be observed from Figure 1(d) that the flexible
modal displacement of the proposed controller is the
smallest.

Furthermore, in order to verify the performance of the
constructed observer in this paper, the observer designed in
[28] is adopted to estimate the flexible modal variables. The
flexible modal estimation errors are shown in Figure 2. The
solid red line and the dashed blue line represent the response
of the flexible spacecraft under the OBABC law (55) and the
developed controller in [28], (named Controller D for conve-
nient), respectively. It can be observed from Figure 2 that the
flexible modal estimation errors of the constructed observer
in this paper is smaller than that of the observer proposed
in [28]. This illustrates the effectiveness of the constructed
observer in this paper.

Moreover, the estimation of the unknown elements of the
inertia matrix J are shown in Figure 3. It can be concluded
from Figure 3 that the estimates of the unknown elements
of the inertia matrix converge to a steady level in about
25 s. From the previous comparison results, the proposed
OBABC controller (55) can accomplish the attitude control
during maneuvers. Moreover, the information of the external
disturbance, the inertia matrix, and also the flexible modal
variable are not required beforehand. It can be concluded
from Figures 1 and 2 that the control performance of the pro-
posed OBABC controller (55) in this paper is better than the
compared controller in [27].

5. Conclusion

In this work, an observer-based adaptive backstepping con-
trol law is presented for the attitude maneuver control issue
of a flexible spacecraft with unknown inertia matrix and
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0 50 100 150 200

0 50 100 150 200

0 50

A
B

100 150 200
Time (sec)

–0.3
–0.2
–0.1

0
0.1

𝜎
1

𝜎
2

𝜎
3

–0.5
0

0.5

–0.6
–0.4
–0.2

0
0.2

(a) Time response of the MRPs

0 50 100 150 200

0 50 100 150 200

0 50 100 150 200
Time (sec)

𝜔
1 (

ra
d/

s)
𝜔

2 (
ra

d/
s)

𝜔
3 (

ra
d/

s)

A
B

–0.6
–0.4
–0.2

0
0.2

–1
–0.5

0
0.5

–0.5
0

0.5
1

(b) Time response of the angular velocity

Time (sec)

0 50 100 150 200

0 50 100 150 200

0 50 100 150 200

𝑢
1 (

N
m

)
𝑢

2 (
N

m
)

𝑢
3 (

N
m

)

A
B

–50
0

50

–100
0

100

–150
–100
–50

0
50

(c) Time response of the control torques

0 50 100 150 200

0 50 100 150 200

0 50 100 150 200
Time (sec)

𝜂⌃
1

𝜂⌃
2

𝜂⌃
3

A
B

–5
0
5

–2
0
2

–1
0
1

(d) Time response of the estimated flexible modal coordinates

Figure 1: Comparison results of OBABC law (55) and controller in [27].

–0.2
0

0.2

–0.2
0

0.2

–0.05
0

0.05
0.1

OBABC
Controller D

0 50 100 150 200

0 50 100 150 200

0 50 100 150
Time (sec)

200

𝜂∼
1

𝜂∼
2

𝜂∼
3

Figure 2: Comparison result of OBABC law (55) and controller
in [28]

t (s) t (s)

t (s) t (s)

t (s) t (s)

41.95

42

29.8
29.9

30

34.9
34.95

35

0.7
0.8
0.9

–1.7
–1.6
–1.5

2
2.1
2.2

0 50 100 150 200 0 50 100 150 200

0 50 100 150 200 0 50 100 150 200

0 50 100 150 200 0 50 100 150 200

𝜃
1⌃

𝜃
2 ⌃

𝜃
3⌃

𝜃
4⌃

𝜃
5 ⌃

𝜃
6⌃

Figure 3: The estimates of the unknown elements of inertiamatrix J .

9International Journal of Aerospace Engineering



flexible modal variables, which is subjected to external distur-
bance. In the designed control law, the observer is designed to
estimate the flexible modal variables. The backstepping con-
trol technique is adopted to improve the transient response
of the attitude variables of the flexible spacecraft. The adap-
tive law is constructed to estimate the unknown inertia
parameters of the flexible spacecraft. The asymptotical stabil-
ity of the closed-loop flexible spacecraft system is proven by
using Lyapunov theory. Numerical simulations illustrate that
the proposed controller can accomplish the attitude maneu-
ver control for the flexible spacecraft in the presence of
external disturbance. Further research will consider the
attitude tracking or large angle maneuver control issue for
flexible spacecraft under actuator saturation problem and
design an active vibration suppression controller to suppress
the flexible modal vibrations.
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