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For the problem of spacecraft attitude actuator failure, an adaptive terminal sliding mode fault-tolerant controller (ATSMFTC)
based on the differential manifold SO(3) modelling is designed in this paper. First, SO(3) is used to provide a global and
unique description of the spacecraft attitude dynamic model. This modelling method not only avoids the problems of
singularity and unwinding that exist in traditional modelling methods but also the SO(3) modelling has a simple formulation
of the dynamic equations. Then a left attitude error descriptor function is constructed on SO(3) to design an ATSMFTC. This
controller is capable of fast and accurate tracking of the time-varying desired attitude. At the same time, it can react quickly to
maintain system stability in case of spacecraft attitude actuator failure. The controller designed based on the left attitude error
description system of SO(3) has the features of small computational effort and simple design process. Finally, the numerical
simulation of the attitude tracking error verifies the feasibility and high efficiency of the controller designed in this paper.

1. Introduction

Attitude control of spacecraft is a key component of the
spacecraft control system. The accomplishment of some
major space missions requires the consideration of space-
craft attitude control, such as spacecraft rendezvous and
docking [1, 2], satellite imaging [3], and spacecraft forma-
tion flight [4, 5]. To ensure that the spacecraft serving in
orbit can follow the expected trajectory, the spacecraft’s
attitude should be precisely tracked. However, during the
spacecraft mission, the instability of its actuators and the
disturbance of the complex external environment may cause
the spacecraft attitude actuator to malfunction and deviate
from the expected trajectory [6, 7]. Therefore, it is necessary
to design a controller to resist these disturbing factors.

Considering the above problems, an idea of fault-tolerant
control (FTC) with strong robustness was proposed [8]. In
[7], aiming at the buffeting problem generated by the control-
ler, a sliding mode control algorithm without buffeting is
designed based on the model. Some remarkable achievements
have been made in the design of fault-tolerant controllers for
spacecraft attitude [9–11]. A finite-time active FTC scheme

was proposed in [12] for spacecraft attitude actuator failures
and uncertainties. In [13], an adaptive variable structure
FTC was designed based on the method of estimating the fault
minimum. In [14], an adaptive fault-tolerant attitude control-
ler based on fixed-time convergence is designed to effectively
solve the spacecraft attitude controller parameter uncertainty
and external disturbance problems. In [15], an adaptive robust
saturation fault-tolerant controller has been designed to
effectively solve the problem of FTC of uncertain spacecraft
attitude tracking with full-state error constraints.

The control of spacecraft attitude stability is often done for
its model uncertainty, and then its dynamical model is
modelled by the corresponding attitude description methods.
Commonly used spacecraft attitude modelling methods are
quaternion [16–19], Euler angles [20], Roglis parameters
[21], and differential manifold SO(3) [22, 23]. Most existing
spacecraft attitude tolerance controls are based on quaternions
[24–27] for controller design. However, quaternions are not
unique in describing the attitude, and there is singularity and
unwinding in describing the attitude. Compared with quater-
nions, the differential manifold SO(3) not only describes the
spacecraft attitude uniquely and globally but also has no
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ambiguity and rewinding [28, 29]. Therefore, in this paper, we
design the spacecraft attitude-tolerant controller on the differ-
ential manifold SO(3).

Due to these advantages of SO(3), it is widely used in the
design of controllers for spacecraft attitude stabilization
[30–32]. However, few scholars have combined SO(3)
attitude description with fault-tolerant control for fault-
tolerant control of spacecraft attitude stabilization. The latest
research has been done in [33] by constructing a second-
order sliding mode surface on SO(3) and then designing a
fault-tolerant controller based on this new sliding mode sur-
face to deal with actuator failures and external disturbances
in attitude control. [34] constructed the FTC framework
on Lie group SE(3) to solve the large-scale disturbance prob-
lem. However, the controllers designed in [33, 34] were stud-
ied for the case of the fixed desired attitude. It does not have
universal applicability. In contrast, there will be a time-
varying desired attitude for spacecraft tracking in real situa-
tions. Therefore, in this paper, based on the existing
research, the time-varying attitude of spacecraft is tracked
by constructing a left attitude error description system on
SO(3). The concept of the left attitude error function was
first introduced by Bullo in [35]. At the same time, he also
proposed the right attitude error function on SO(3). Almost
all existing studies are based on the right attitude error func-
tion for controller design [36–38]. However, it is difficult for
the right error function description system to track the time-
varying desired attitude quickly and accurately. In contrast,
the left attitude error description system on SO(3) can not
only track the desired attitude of the time variation quickly
and accurately but also make the controller design less com-
putationally intensive and the control process easier.

In summary, to achieve high accuracy and fast spacecraft
attitude time-varying tracking fault-tolerant control, the
ASTMFTC is designed in this paper. Firstly, the spacecraft
attitude is modelled based on the Lie group SO(3). Then,
considering the actuator parameter uncertainties or external
disturbances that may still exist after the spacecraft reaches
the desired trajectory, a left error description system is con-
structed on SO(3) to track the spacecraft’s time-varying
desired attitude effectively. And an adaptive terminal sliding
mode control approach is used to design the fault-tolerant
controller. The stability of our designed controller is verified
by Lyapunov stability. Finally, numerical simulations based
on MATLAB simulation software are performed to prove
the feasibility of the controllers designed in this paper
can be effective. The method proposed in this paper is
suitable for the system where the complete attitude can
be obtained. If the attitude of the system cannot be directly
obtained or observed [39], the control scheme may not be
directly applied.

Compared with the existing research results [33, 34], the
innovations in this paper are summarized as follows:

The error dynamic equations for the left attitude error
function on SO(3) are derived and applied to the design of
an ATSMFTC. The designed controller can not only track
the time-varying desired attitude quickly and accurately
but also can effectively solve the spacecraft attitude actuator
failure problem and maintain the system stability.

The rest of this paper is organized as follows: in Section
2, SO(3)-based spacecraft rigid body attitude modelling and
left attitude error description are constructed. In Section 3,
the adaptive terminal sliding mode fault-tolerant controller
is designed. In Section 4, the analysis and illustration of
the numerical simulation are performed. In Section 5, the
control scheme of this paper is summarized.

2. SO(3)-Based Spacecraft Rigid Body Attitude
Modeling and Left Error Description

2.1. Spacecraft Rigid Body Attitude Dynamic Modeling. In
this section, the attitude of the spacecraft body in the inertial
system can be uniquely described by the nonlinear differen-
tial manifold SO(3), as depicted in Figure 1. The attitude
R ∈ SOð3Þ is an element in SO(3) and is represented by
an orthogonal cosine matrix as follows.

SO 3ð Þ = R ∈ℝ3×3 RTR
�� = I, det R½ � = 1

È É
: ð1Þ

The attitude kinematics as well as the dynamics of the
spacecraft rigid body can be represented by Equation (1)
as follows:

_R = R bΩ ,

J _Ω = −Ω × JΩ + u + dΩ,

(
ð2Þ

where

bΩ =

0 −Ω 3ð Þ Ω 2ð Þ
Ω 3ð Þ 0 −Ω 1ð Þ
−Ω 2ð Þ Ω 1ð Þ 0

2
664

3
775, R ∈ SO 3ð Þ ð3Þ

is the attitude of spacecraft.Ω ∈ℝ3 is the angular velocity of
the spacecraft in the airframe coordinate system. J ∈ℝ3×3 indi-
cates the rotational moment of inertia. u ∈ℝ3 indicates the total
control torque. dΩ is an unknown random disturbance.

2.2. The Left Error Function Description System on SO(3).
The concepts of left and right errors were first intro-
duced by Bullo in [35]. By denoting the desired trajectory
as fRdðtÞ, t ∈ℝ+g and the desired velocity as f bΩd = RT

d
_Rdg

and then using group operations, the left and right attitude
errors are defined as

The left error function:

Re,l ≜ RRT
d : ð4Þ

The right error function:

Re,r ≜ RT
d R: ð5Þ

Considering that the left attitude error is easier and more
efficient to calculate than the right error when performing
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the controller design. So in this paper, we choose to con-
struct the left attitude error on SO(3), which is defined as

Re ≜ RRT
d : ð6Þ

The error function is then defined as

φ R, Rdð Þ ≜ ϕ Reð Þ, ð7Þ

where ϕ : SOð3Þ⟶ℝ+ is the error parametrization
[34], which is defined as

ϕ Reð Þ = 2 −
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 + tr Reð Þ

p
: ð8Þ

The error vector is expressed as

eR =
1

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 + tr Reð Þp Re − RT

e

À Á∨,

eΩ =Ω −Ωd:

8><
>:

ð9Þ

The error dynamic equation is as follows

d
dt

ϕ Reð Þ = eR · RdeΩð Þ,
_eR = EeΩ,

_eΩ = J−1 u + dΩ −Ω × JΩð Þ − _Ωd ,

8>>><
>>>:

ð10Þ

where

E =
1

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 + tr RRT

d

À Áq tr RdR
TÀ Á
I − RdR

T + 2eReTR
À Á

Rd: ð11Þ

3. Adaptive Terminal Sliding Mode Fault-
Tolerant Controller Design on SO(3)

The system actuator is affected by the uncertainty of system
parameters and external interference when the spacecraft

performs the mission in space, which may cause the
spacecraft attitude actuator to fail and make the spacecraft
deviate from the desired attitude. In order to solve this
problem, the controller design will be derived in this section
from two cases of spacecraft attitude actuator failure before
and after failure.

3.1. Situation 1 Terminal Sliding Mode Controller Design
when no Actuator Failure Occurs. First, the sliding mode
surface is constructed as follows:

s = k1RT
deR eRk km0 + eΩ, ð12Þ

where k1 and m0 are constants greater than 0. The deriv-
ative of Equation (12) is

_s = β + _eΩ, ð13Þ

where

β = k1 _R
T
d eR eRk km0 + k1RT

d _eR eRk km0 + m0k1RT
d eR eRk km0−1:

ð14Þ

The control rate of this section is designed as follows:

u = J −k2s − β + _Ωd

� �
+Ω × JΩ − ε sign sð Þ, ð15Þ

where ε is a constant greater than zero. sign ðsÞ =
½sgn ðsð1ÞÞ, sgn ðsð2ÞÞ, sgn ðsð3ÞÞ�T .

Theorem 1. Under the action of the control rate of Equation
(15), the system error can converge to 0. At this time, the sys-
tem reaches stability.

Proof. (1) Firstly, it is proved that the systematic error will
converge to 0 when the sliding mode surface s converges
to 0.
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Figure 1: Spacecraft body in the inertial system.
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The first Lyapunov function is selected as follows:

V1 = ϕ Reð Þ, ð16Þ

According to Equation (10), the derivative of Equation
(16) is

_V1 = eR · RdeΩð Þ: ð17Þ

When the sliding mode surface s = 0, there is

eΩ = −k1RT
deR eRk km0 : ð18Þ

So there is

_V1 = eR · RdeΩð Þ = eR · −Rdk1R
T
deR eRk km0

À Á

= eR · −k1eR eRk km0ð Þ = −k1 eRk km0+2 ≤ 0:
ð19Þ

So the systematic error will converge to 0.

Proof. (2) In this part, it will be proved that s will converge to
0 when the control rate u is entered

The second Lyapunov function is chosen as

V2 =
1
2
sTs: ð20Þ

Combine Equation (10) with Equation (13), the deriva-
tive of Equation (20) is

_V2 = sT _s = sT β + _eΩð Þ = sT β + J−1 u + dΩ −Ω × JΩð Þ − _Ωd

� �

= sT
β + J−1

J −k2s − β + _Ωd

� �

−εsgn sð Þ +
dΩ +Ω × JΩ

−Ω × JΩ

0
BBBBBBB@

1
CCCCCCCA

− _Ωd

0
BBBBBBBBBBB@

1
CCCCCCCCCCCA

= sT −k2s − J−1 εsgn sð Þ − dΩð ÞÀ Á
≤ −k2s

Ts ≤ 0:
ð21Þ

The above equation holds when ε is sufficiently large.
Therefore, the sliding mode surface s will converge to 0. In
summary, the control rate designed in this section ensures
that the system error will converge to 0, which means that
the system remains stable when the spacecraft actuator does
not fail. By now, Theorem 1 is proven.

3.2. Situation 2 Adaptive Terminal Sliding Mode Fault-
Tolerant Controller Design in Case of Actuator Failure. There
are two main types of actuator faults: one is multiplicative
and the other is additive. The control output of the former
is related to the input, and the control output of the latter
is not related to the input. And the actuator failure in most
cases is mainly input-related [40]. Therefore, in this section,

adaptive terminal fault-tolerant controller design is per-
formed for actuator multiplicative faults. The control input
in the event of a multiplicative fault is expressed as

uc = δu, ð22Þ

where δ is the failure factor, when δ = 1, the actuator does
not fail, and when δ < 1, the actuator fails. Therefore, the
dynamic model and the error dynamic equation are updated
as

_R = R bΩ ,

J _Ω = −Ω × JΩ + δu + dΩ,

(
ð23Þ

eR =
1

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 + tr Reð Þp Re − RT

e

À Á∨,

eΩ =Ω −Ωd ,

8><
>:

ð24Þ

d
dt

ϕ Reð Þ = eR · RdeΩð Þ,
_eR = EeΩ,

_eΩ = J−1 δu + dΩ −Ω × JΩð Þ − _Ωd:

8>>><
>>>:

ð25Þ

A new terminal sliding surface was designed as follows:

sc = k1R
T
deR eRk km0 + eΩ: ð26Þ

The derivative of Equation (26) is

_sc = k1 _R
T
d eR eRk km0 + k1RT

d _eR eRk km0

+ m0k1RT
d eR eRk km0−1 + _eΩ

= β + _eΩ:

ð27Þ

Let ρ = 1/δ, the adaptive terminal sliding mode fault-
tolerant control rate is designed as follows:

u = −ρ2α, ð28Þ

where α = Jðk2s + β − J−1ðΩ × JΩÞ − _ΩdÞ + ε sign ðsÞ
and ρ2 denotes the estimated value of the actual value ρ.
The adaptive rate is designed as

_ρ2 = γ sgn δj jsT J−1α, ð29Þ

where γ is a constant greater than 0.

Theorem 2. Under the action of this adaptive terminal fault-
tolerant control rate, the system error can converge to 0, and
the system remains stable after the failure of the system
actuator.

Proof. (1) Firstly, it is proved that the system error will con-
verge to 0 when the slipform surface sc converges to 0.
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The Lyapunov function is selected as follows:

V3 = ϕ Reð Þ: ð30Þ

According to Equation (25), the derivative of Equation
(30) is

_V3 =
d
dt

ϕ Reð Þ = eR · RdeΩð Þ: ð31Þ

When sc = 0, there is

eΩ = −k1R
T
deR eRk km0 : ð32Þ

So, there is

_V3 =
d
dt

ϕ Reð Þ = eR · RdeΩð Þ
= eR · −Rdk1R

T
deR eRk km0

À Á

= −k1 eRk km0+2 ≤ 0:

ð33Þ

Therefore, the system error will tend to 0 when the slid-
ing surface sc tends to 0.

Proof. (2) In this part, the sliding mode surface sc will
converge to 0 under the action of adaptive terminal fault-
tolerant control rate are proved

The Lyapunov function is chosen as follows:

V4 =
1
2
sTc sc +

δj j
2γ

~ρ2, ð34Þ

where ~ρ = ρ2 − ρ denotes the error between the estimated
value ρ2 and the actual value ρ Combine Equation (27) with
Equation (29), the derivative of Equation (34) is

_V4 = sTc _sc + ~ρδsTc J
−1α = sTc _sc + ~ρδsTc J

−1α

= sTc _sc + ~ρδJ−1α
À Á

= sTc β + _eΩ + ρ2δ − ρδð ÞJ−1αÀ Á

= sTc β + J−1 δu + dΩ −Ω × JΩð Þ − _Ωd + J−1 −δu − αð Þ
� �

= sTc β + J−1 δu + dΩ −Ω × JΩ − δu − αð Þ − _Ωd

� �

= sTc β + J−1 dΩ −Ω × JΩ − J k2s + β − J−1 Ω × JΩð Þ − _Ωd

� �
− ε sgn sð Þ

� �
− _Ωd

� �

= sTc β + J−1 dΩ −Ω × JΩ − Jk2s − Jβ + Ω × JΩð Þ + J _Ωd

� �
− ε sgn sð Þ

� �
− _Ωd

�

= sTc β + J−1dΩ − J−1Ω × JΩ − k2s − β + J−1 Ω × JΩð Þ + _Ωd − J−1ε sgn sð Þ − _Ωd

� �

= sTc J−1dΩ − k2s − J−1ε sgn sð ÞÀ Á
= sTc −k2s − J−1 ε sgn sð Þ − dΩð ÞÀ Á

≤ −k2sTc sc ≤ 0:

ð35Þ

It can be concluded that with the adaptive terminal fault-
tolerant control rate, the sliding mode surface sc will con-
verge to zero. In conclusion, the adaptive terminal sliding
mode fault-tolerant controller designed in this section can
ensure the stability of the system after the failure of the sys-
tem actuator.

By the now, all controller stability is proven to be
complete.

Remark 3. Controller parameters affect controller perfor-
mance. Increasing k1, k2, and m0 can reduce the convergence.
Increasing γ can improve the sensitivity of adaptive. However,
the initial control input will be large correspondingly.

4. Simulation Background and Numerical
Simulation Result

An adaptive terminal sliding mode fault-tolerant control
approach to design and validate spacecraft attitude tracking
is designed in this section. Attitude tracking simulation
experiments are carried out to validate the effectiveness of
the adaptive terminal sliding mode fault-tolerant method.

In order to verify the validity of the proposed method,
three cases are set up, respectively. Case 1 represents the sim-
ulation of the sliding mode control when no faults occur. Case
2 represents the simulation of the sliding mode control when
faults occur. Case 3 represents the simulation of the adaptive
terminal slidingmode fault-tolerant control when fault occurs.

The initial and the desired attitude of the spacecraft is
described by the exponential coordinate x of SO(3) which
can be found in Equation (A.1) from Appendix A.

The initial attitude of the spacecraft is given by x = 0:6
π½−1:6 2 1�T . The initial angular velocity of the space-
craft is given by Ω = ½0 0 0�T . The spacecraft desired
attitude is xd = ½π sin ð0:01tÞ 0:008t π sin ð0:012tÞ�T ,
and the mass and moment of inertia of the spacecraft are
m = 56:7kg and J = diag ð4:85 5:10 4:76Þkg · m2. The
disturbance input of the system are assumed as

dΩ =

1 + sin πt/125ð Þ + sin πt/200ð Þ
1 − sin πt/125ð Þ − sin πt/200ð Þ
1 + cos πt/125ð Þ + cos πt/200ð Þ

2
664

3
77510−5N ·m:

ð36Þ

Assuming a simulation time of 50 seconds and a mal-
function in the attitude actuator occurring at time tT , the

Table 1: Control parameters for simulation.

Parameters Values Parameters Values

δ 0.00001 k1 10

γ 500 k2 50

m0 1/12 ε 0.0006

tT 10 s

Table 2: Error situation table for three cases at 50 s.

Parameters Case 1 Case 2 Case 3

ϕ 7.7730e-05 0.0686 7.7724e-05

eRk k 0.0088 0.2597 0.0088

eΩk k 0.0554 0.0627 0.0554
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method presented in this study is able to immediately detect
and respond to the fault without considering the potential
effects of time delays in the system. The simulation parame-
ters are shown in Table 1. Furthermore, the results for three
cases at 50 seconds are presented in Table 2.

Figures 2–5 illustrate the curves of error parametrization,
angular velocity, attitude, and input variation in the simula-
tion experiment.

Figure 2 illustrates the variation of the spacecraft’s
attitude error scalar over time. In case 1, the error parametri-
zation converges to zero within 1 second. This indicates

effective tracking of the desired attitude trajectory by the
control system. In case 2, when using sliding mode control
with faults, the spacecraft converges to zero when t is less
than 10 seconds. However, when a fault occurs at t = 10
seconds, the convergence curve diverges and fails to reach
zero. This indicates the control system’s vulnerability to
faults and its inability to maintain stability. In case 3, the
attitude error scalar converges to zero within 1 second. By
implementing the fault-tolerant control method, the space-
craft can maintain stability and converge to zero even when
a fault occurs at 10 seconds. This indicates the effective
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mitigation of fault impacts and stability maintenance by the
fault-tolerant control method.

Figure 3 illustrates the variation of the spacecraft’s angu-
lar velocity error vector over time. In case 1, case 2, and case
3, the angular velocity error vector converges to zero within
1 second. This indicates successful tracking of the desired
angular velocity trajectory by the control system.

Figure 4 illustrates the variation of the spacecraft’s atti-
tude error vector over time. In case 1, the attitude error vec-
tor converges to zero within 1 second. In case 2, when using
sliding mode control with faults, the spacecraft converges to
zero when t is less than 10 seconds. However, when a fault

occurs at t = 10 seconds, the convergence curve diverges
and fails to reach zero. In case 3, the attitude error vector
converges to zero within 1 second. By implementing the
fault-tolerant control method, the spacecraft can maintain
stability and converge to zero even when a fault occurs at
10 seconds. Conversely, case 3 demonstrates the effective-
ness of the fault-tolerant control method, as the attitude
error vectors converge to zero within 1 second despite the
fault, showcasing stable and accurate attitude tracking.

Figure 5 illustrates the time-dependent variation of the
spacecraft’s input. The input converges to a small vibration
near zero after the error converges, due to the slow rotation
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of the desired attitude trajectory. In case 1, the input con-
verges to a small vibration near zero within 1 second. In case
2, the input of the spacecraft converges to a slight vibration
near zero before the failure occurs at t less than 10 seconds.
However, after a fault occurs at t = 10 seconds, the conver-
gence curve disperses and does not remain stable. In case
3, with the fault-tolerant control method, the input rapidly
increases after a fault occurs to ensure the stability of error
tracking. In contrast, case 3 demonstrates rapid increases
in the input with the fault-tolerant control method to ensure
the stability of error tracking after the fault occurrence. This
demonstrates the fault-tolerant control method’s ability to
adapt and compensate for faults, ensuring stability in the
control input.

In summary, Figures 2–5 present a comprehensive anal-
ysis of the control system’s performance in various scenar-
ios. The results emphasize the effectiveness of the adaptive
terminal sliding mode fault-tolerant control method (case
3) in maintaining stability and accurate tracking of attitude,
angular velocity, and control input, even in the presence of
faults. These findings demonstrate the potential of the pro-
posed control method for real-world applications, where
faults and disturbances are likely to occur, ensuring the
robustness and reliability of the control system.

5. Conclusions

To solve the problem of spacecraft attitude actuator fault, an
ATSMFTC based on differential manifold SO(3) modelling
is designed in this paper. First, SO(3) is used to provide a
global and unique description of spacecraft attitude dynam-
ics. This modelling method not only avoids the problems of
fuzziness and unwinding existing in traditional modelling
methods but also provides a simple expression of the
dynamic equation of SO(3) modelling. Then a left attitude
error description function is constructed on SO(3) to design
an ATSMFTC. The controller can track the time-varying
desired attitude quickly and accurately. At the same time,
when the spacecraft attitude actuator fails, it can react
quickly to keep the system stable. The controller designed
based on the left attitude error description system of SO(3)
has the characteristics of small computation and a simple
design process. Finally, the practicability and scientificity of
the controller are verified by numerical simulation. It can
provide theoretical support for practical engineering
applications such as spacecraft rendezvous and docking,
formation flight, and asteroid companion flight. Through
rigorous numerical simulation analysis, the control scheme
designed in this paper can be realized in practical engineer-
ing applications.

Appendix

A. Exponential Map

For the Lie groups SO(3), their Lie algebra so(3), the expo-
nential is defined below [37] and [41, 42].

Lemma A.1. Given any Lie algebra x̂ ∈ soð3Þ, the map
expSOð3Þ : soð3Þ⟶ SOð3Þ is defined as

expSO 3ð Þ x̂ð Þ = I +
sin xk k

xk k x̂ +
1 − cos xk k

xk k2 x̂2, ðA:1Þ

where k·k is the standard Euclidean norm. (A.1) is the
Rodrigues’ formula kxk < π and x/kxk represent the rotation
angle and axis between R and I3. x ∈ℝ3 is the exponential
coordinates of Lie groups SO(3).

B. Table of Nomenclature

All the terms in this article are represented in Table 3.

Table 3: Nomenclature.

Name Implication

SO 3ð Þ The differential manifold

R The attitude

I Identity matrix

Ω The angular velocity

J The rotational moment of inertia

u The total control torque

dΩ An unknown random disturbance

Rd The desired attitude

Re,l The left error function

Re,r The right error function

φ The error function

ϕ The error parametrization

eR The attitude error vector

Ωd The desired angular velocity

eΩ The angular velocity error vector

s The sliding mode surface

k1 The controller parameter

m0 The controller parameter

k2 The controller parameter

ε A constant

uc The control input in the event of a multiplicative fault

δ The failure factor

sc The sliding mode surface

ρ Reciprocal of δ

α Adaptive rate parameter

ρ2 The estimated value of the actual value ρ

γ A constant greater than 0

~ρ The error between ρ2 and ρ

tT Time of failure
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