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Abstract: Once a satellite experiences extreme abnormal conditions, it may face serious consequences such as
structural damages, material low-temperature failures, propellant freezing, and even whole satellite failures if it is not
rescued in time. Therefore, it is significantly important to study emergency recovery technologies for satellites. The
research progress on attitude determination and control technologies during satellite emergency recovery is reviewed in
detail. Moreover, the research achievements in the design and implementation of satellite emergency modes are

summarized. By synthesizing and analyzing relevant literature, this paper aims to provide reference and guidance for
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emergency recovery technologies in response to extremely abnormal satellite states.

Key words: satellite emergency recovery; attitude determination; attitude control

CLC number: V41 Document code: A

0 Introduction

With the development of space technologies,
satellites have been widely used in various fields,
such as communication, navigation, meteorological
observation, scientific research, and military de-
fense. They have become the most frequently
launched and the most numerous spacecraft in orbit

[1-2

among human space activities'"*'. Since satellites op-

erate in a complex space environment, on-orbit fail-

4 Among them, the number of

ures are inevitable
failures in the attitude determination and control sys-
tem (ADCS) is increasing. The statistical analysis
of on-orbit failures in 28 remote sensing satellites
from September 1988 to October 2014 is shown in
Table 1. The ADCS was responsible for 58 fail-
ures, accounting for nearly 40% of all incidents,
with a failure rate of 2.07 occurrences per satellite.
Satellite systems are highly valuable and difficult to

repair. If failures are not promptly and effectively ad-

dressed, they may lead to serious consequences, af-
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Table 1 Statistics of satellite on-orbit failures

Fault location Number Percentage/ %
ADCS 58 37.2
Payload 32 20.5
Power 8 5.1

Data 24 154
Telemetry 26 16.7
Data management 7 4.5
Thermal control 1 0.6
Total 156 100

fecting mission success and even causing the satel-

% Therefore, to address these

lite to disintegrate
challenges, fault-tolerant control and emergency
mode are often designed to enhance the reliability
and safety of satellites' ™',

In the design of satellite ADCS, fault-tolerant
control and emergency mode are two important
strategies for addressing failures. Fault-tolerant con-
trol primarily focuses on potential failures during the
design phase, ensuring that even if some compo-

nents fail, the overall system can still maintain its
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basic functions, or safely complete control missions
with slightly reduced but acceptable performance

metrics™ !

. However, when the satellite encounters
severe unexpected failures, the existing fault-toler-
ant control strategies of the ADCS are no longer suf-
ficient to save the satellite. In such cases, the emer-
gency mode becomes the final safeguard to ensure
the satellite safety. In this mode, the available actua-
tor and sensor resources on the satellite are utilized
to implement specific emergency measures to en-
sure power supply and maintain basic functions,
thereby rescuing the failing satellite'"’.

Satellites that experience severe failures usual-
ly exhibit the following characteristics: (1) The sat-
ellite is typically in a high-spin state, with fluctuat-
ing illumination conditions and unstable power sup-
plies; (2) the satellite’s telemetry and control con-
ditions are intermittent. As a key component of the
satellite power system, the solar array is essential
for the satellite’s survival and reliable opera-
tion'***'. Once the satellite enters the emergency
mode due to anomalies, the primary mission is to
adjust the satellite attitude so that the solar array re-
mains safely oriented towards the sun, thereby en-
suring the satellite power supply. Subsequently, the
telemetry and command channels are established to
provide the necessary conditions for fault diagnosis.
Once the fault is resolved, the satellite’s operation-
al attitude is restored.

The emergency mode primarily involves two
key components: Emergency attitude determination
and control. The structural of the satellite ADCS
system in emergency mode is shown in Fig.1. Emer-
gency attitude determination utilizes limited sensor
resources and specially designed attitude determina-
tion algorithms to quickly and accurately obtain real-
time attitude information of the satellite, which
forms the basis for subsequent emergency control
and recovery operations. Emergency attitude control
adjusts the satellite attitude based on the determined
attitude and the remaining actuators, such as reac-

tion wheels or magnetorquers, to ensure the satel-

lite power supply and restore stable attitude control.

Based on the background that the emergency mode
needs to be designed to rescue satellites after severe
anomalies occur, this paper investigates and discuss-
es the relevant research on emergency attitude esti-
mation and control for satellites both domestically
and internationally. The structure of satellite emer-

gency recovery methods is shown in Fig.2.
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Fig.1 Structural of the satellite ADCS system in emergen-

cy mode

Section 1: Introduction of the satellite attitude
control system

Section 2: Satellite emergency attitude determination |

Limited sensor resources and loss of
satellite attitude information
u I
[ |
Attitude angle and angular Sun position
velocity estimation estimation

Satellite
emergency | |
recovery
methods

Section 3: Satellite emergency attitude control
(Partial actuator failure and unstable satellite state )

I
[ | | ]
Control
moment
gyroscope
failure
& 4

{ Section 4: Further research directions for J

Reaction
wheel
failure

Thruster
failure

Magnetorquers
failure

satellite emergency rescue

Fig.2 Structure of satellite emergency recovery methods

1 Satellite Attitude Control System

In the satellite emergency recovery processes,
the specific recovery measures vary depending on
the configuration of the satellite ADCS. With the
continuous advancement of space technology and
the improvement of product performance, the con-
figuration of the satellite ADCS has also been up-
graded. Satellites are equipped with sensors of vary-
ing performance specifications and actuators with
different control capabilities according to the mis-
sion requirements. Figs.3—5 illustrate several typi-

cal satellite ADCS configurations.



No. 6 WANG Zhenhua, et al. Review on Attitude Determination and Control Methods for--- 677
Differential
Semi-floating gyroscope | frequency Attitude control computer system
assembly x2 — RS422
_ _ Nominal | | Monitoring <—>{ Reaction wheel x4 |
Hemispherical resonator RS422
program | | Emergency | [
gyroscope assembly
RS422 Computer A —’{ Momentum wheel |
| Star sensor 1 }-—»
RS422 Nominal MOl‘litOl’il‘lg
| Star sensor 2 x2 F—» program | [Emergency ——{ Magnetorquer x4 |
RS422
| Infrared Earth sensor x2 }4—> Computer B
—— RS422 .
| 0-1 Sun sensor x5 }—» ‘ Switching unit 0——{ Solar array drive subsystem |
| Analog Sun sensor x4 }—» ‘ Integrated circuit box ‘ —.{ Propulsion subsystem |
| Three-axis magnetometer }—» ‘ Propulsion circuit box ‘

Fig.3 Composition of the Gaofen-5 Satellite ADCS

Controller

Hemispherical resonator RS422 = - L Reaction wheel x5 |
gyroscope assembly Attitude control | | Guidance [
RS422 software software
[ Fiber optic gyroscope assembly | Computer A
Jpaok ¥ ——l Magnetorquer x4 |
| Star sensor 1 | O :
RS422 Switching unit
| Star sensor 2 | ! RS422
Attitude control | | Guidance 4—.| Solar array drive subsystem |
| Analog Sun sensor 3 | software software
Computer B
| 0-1 Sun sensor x4 |
: 5 - - T |
| Three-axis magnetometer | | Attitude controlexpansion unit | ‘—’l hruster
Fig.4 Composition of the Atmospheric Environment Monitoring Satellite ADCS
| Analog Sun sensors x2 |<—> Sun sensor <—>| Reaction wheel A |
processing circuit :
| Digital Sun sensors %2 , 2 Reaction wheel B |
Dedicated g ivnccl drive <—>| Reaction wheel C |
o = nterface electronics (A/B/C/D/E) s
yroscope z
assembly g circuit <—>| Reaction wheel D |
Dedicated <——| Reaction wheel E |
| A A interface Central
Fiber optic gyroscope |~T> tiazement
Synchronous : 4——| Solar array drive assembl
| _— A serial port unit ik 4 |
arth sensor |<—>
Parallel port 4—>| 10 N thruster
SZ:;E;‘;:)?S P Integrated service unit |
| Earth sensor B |<—' Emergency 1553B <—>| 490 N actuator |
control unit <—>| Magnetorquer
| Star sensor A li - |
Health monitoring | |_1553B bus (Primary)
| Star sensor B li circuit 1553B bus (Primary)

Fig.5

The Gaofen-5 Satellite successfully
launched in May 2018. The satellite adopted the
sun-synchronous retrograde orbit with a descending
node local time of 13:30, an orbital altitude of 705
km, and an orbital inclination of 98.203°. The atti-

was

tude sensors include star sensors, gyroscope assem-
blies (semi-liquid floating gyroscopes and fiber optic

gyroscopes) , Earth sensors (infrared horizon sen-

Composition of the Beidou-3 IGSO Satellite ADCS

sors), Sun sensors, and three-axis magnetometers.
The

wheels and reaction wheels) , magnetorquers, solar

actuators include flywheels (momentum

array drive mechanism, and the propulsion subsys-
tem. The controllers include the attitude and orbit
control computer, integrated circuit box, and pro-

[14]

pulsion circuit box The composition of the

Gaofen-5 Satellite ADCS is shown in Fig.3.
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The Atmospheric Environment Monitoring
Satellite was successfully launched in April 2022.
The satellite is positioned in a Sun-synchronous ret-
rograde orbit at an altitude of 705 km. The attitude
sensors include star sensors, gyroscope assemblies
(hemispherical resonator gyroscopes and fiber optic
gyroscopes) , Sun sensors (0-1 Sun sensors and ana-
log Sun sensors), and three-axis magnetometer.
The actuators include reaction wheels, magnetorqu-
ers, solar array drive mechanisms, and the propul-
sion system. The controllers include the attitude and
orbit control computer and the attitude and orbit con-
trol expansion unit'””’. The composition of the At-
mospheric Environment Monitoring Satellite ADCS
is shown in Fig.4.

In April 2019, China launched its first Beidou-
3 IGSO satellite. The attitude sensors include star
sensors, gyroscope assemblies (gyro units and fiber
optic gyroscopes) , Sun sensors (analog and digital
Sun sensors) , and Earth sensors. The actuators in-
clude reaction wheels, solar array drive mecha-
nisms, and the propulsion system. The controllers
include the central control unit and the integrated
service unit'”". The composition of the Beidou-3 1G-
SO Satellite ADCS is shown in Fig.5.

2 Satellite Emergency Attitude De-
termination

During the satellite emergency recovery pro-
cess, the most important control objective is to en-
sure that the solar array is accurately aligned with
the Sun. Therefore, the satellite emergency attitude
determination involves obtaining the Sun orientation
relative to the satellite body, the satellite angular ve-
locity, and the satellite pointing state. The common-
ly used sensors include gyroscopes, Earth sensors,
star trackers, Sun sensors, and magnetometers.
These devices allow for satellite attitude estimation
through direct measurements or combined determi-
nation methods. However, when the satellite is in
an emergency state with high-speed spin, it presents
a series of challenges for attitude determination.

The drawback of gyroscopes is that their angu-
lar velocity measurement range is limited. When the

measured angular velocity exceeds this range, the

gyroscope can experience saturation, resulting in
distorting of the output data. Since star sensors have
weaker dynamic performance, they may struggle to
quickly and accurately identify stars during rapid sat-
ellite maneuvers. Additionally, star sensors are sus-
ceptible to interference from factors such as Earth
obstruction and sunlight. Due to field-of-view limita-
tions, Earth sensors may fail to detect the Earth un-
der certain situations, and thus cannot provide point-
ing information about the Earth. In view of the situa-
tion that the above-mentioned sensors cannot be
used normally after the satellite enters the emergen-
cy mode, this section discusses how worldwide re-

searchers determine the satellite attitude.

2.1 Attitude angle and angular velocity estima-
tion

In general, the satellite attitude angle and angu-
lar velocity information are provided by star sensors
and gyroscopes, respectively''”’. However, in emer-
gency situations, only reliable vector sensors such
as magnetometers and Sun sensors are available for
use. In the case of severe shortage of attitude sensor
measurement information, how to accurately obtain
the satellite attitude information based on limited
measurement information becomes an urgent chal-
lenge for satellite attitude anomalies.

In Ref.[11], Xu addressed the situation of the
Fengyun-1B satellite losing control. The orientation
of angular momentum H in inertial space was indi-
rectly determined by the measurement information
from the rolling infrared horizon sensor, which was
used to calculate the angle between the angular mo-
mentum and the inertial coordinate system, thereby
determining the attitude of the uncontrolled satellite.
The rotational angular velocity of the uncontrolled
satellite could be obtained through the variations in
the output current of the solar array or the changes
in signal strength received by ground control sta-
tions. When the rotational speed decreased, it could
be directly measured using pitch gyroscopes. In
Ref.[ 18], Peng et al. focused on the first Chinese
Sun-synchronous orbit Earth observation remote
sensing satellite, which entered a high-speed spin
state due to an abnormal failure. The telemetry data

from the satellite’s solar array charging current and
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the azimuth information from the 0-1 type Sun sen-
sor were used to determine the relationship between
the solar vector and the plane of the solar array dur-
ing one rotation cycle. The measurement data from
the magnetometer was then used to establish the re-
lationship between the directions of the geomagnetic
field and the satellite magnetic field. Based on the
geomagnetic vector and solar vector information,
the cone intersection method''’ was used to deter-
mine the inertial direction of the rotation axis and
the relationship between the spin axis and the solar
position. Using over a month of data after the satel-
lite failure, the rotation axis attitude of the satellite
was successfully estimated by this method. In
Ref.[19], Wang et al. proposed a method to esti-
mate satellite attitude using only magnetometer mea-
surement data, which was used to deal with the atti-
tude anomaly problem when all attitude sensors ex-
cept the magnetometer were ineffective. By estab-
lishing the geometric relationship between the mag-
netometer measurement vector and the satellite spin
axis, the spin axis vector and spin angular velocity
of the satellite in a spinning state were estimated.
This identification method has been applied to atti-
tude determination in the attitude anomaly and flip
state of a certain meteorological satellite, yielding
positive results and extending the satellite operation-
al lifespan. In Ref.[20], Lei et al. proposed a meth-
od for determining satellite spin angular velocity
based on measurements from Sun sensors, specifi-
cally for satellites experiencing on-orbit attitude
anomalies. By analyzing the variation of the solar
vector in the satellite body coordinate system during
high-speed spin, the orientation and rotational speed
of the satellite spin axis were calculated using the
change in the solar vector sequence. Furthermore,
the measurement accuracy of the spin angular veloci-
ty was analyzed by considering the measurement er-
rors of the Sun sensor and its measurement princi-
ples. A strategy is provided to ensure the accuracy
of determining different spin rates without altering
the method of obtaining Sun sensor telemetry data.
In addition, many studies have been conducted
on improving the accuracy and robustness of attitude

estimation. Zhou et al.'?" studied a method that re-

lied solely on magnetometer measurement data to
obtain the satellite’s three-axis attitude angles and
angular velocity. By combining the Kalman filtering
algorithm, the impact of measurement noise was re-
duced, and the estimation accuracy was improved.
However, magnetometers could only instantaneous-
ly resolve the two-axis attitude of the spacecraft.
Typically, magnetometers were used in combina-
tion with other sensors to fully resolve the three-axis
attitude. In Ref.[22], Searcy et al. proposed a two-
step extended Kalman filter to address this issue. In
the first step, the magnetic field data was filtered to
obtain the magnetic field derivative vector, which
was then combined with the magnetic field vector in
the second step to fully resolve the satellite three-ax-
is attitude. The two-step extended Kalman filter
method provided relatively accurate estimation and
did not require the propagation of multiple state vec-
tors or the additional states that would decrease co-
variance propagation efficiency. In Ref.[23], Li et
al. proposed a method that combined three-axis mag-
netometer signals with solar array signals. Based on
dual-vector attitude determination, the unscented
Kalman filter estimation algorithm was used to
achieve real-time continuous estimation of the three-
axis attitude angles and angular velocity. Compared
to the traditional extended Kalman filter estimation
algorithm, the unscented Kalman filter algorithm
made better use of the statistical characteristics of
system noise, resulting in more accurate satellite at-
titude information. Considering that the inertial sen-
sors are susceptible to performance degradation in
the space environment, Chen et al.'”’ proposed a
scheme includes two-layer fault detection with isola-
tion and two-layered recovery. The first layer of
fault detection consisted of an adaptive unscented
Kalman filter, the Quaternion estimator algorithm,
and a residual generator, and the second layer of
fault detection was composed of radial basis function
neural networks and an adaptive complementary fil-
ter. These two layers were designed to isolate and
identify faults while reducing false alarm rates. This
scheme effectively addressed the problem of sensor
outliers and provided higher accuracy. When one of

the inertial sensors failed, the scheme could detect
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the fault and maintained high-precision attitude esti-
mation through trained neural networks. Moreover,
the secondary fault detection and isolation layer min-
imized false alarm rates, ensuring more reliable atti-

tude information for satellites.
2.2 Sun position estimation

Before implementing Sun-pointing control on
the satellite, it is necessary to determine the satel-
lite’s motion state, particularly the orientation of
the solar array relative to the Sun and the satellite
body. If this orientation is not correctly estimated,
the normal direction of the solar array may deviate
from the solar incident vector when adjusting the sat-
ellite attitude, which affects the illumination condi-
tions of the solar array. If the battery cannot be nor-
mally used, the satellite abnormal state will spread
further. A severe on-orbit anomaly occurs when the
satellite battery power system fails before the solar
array has established a stable power supply environ-
ment, which can suddenly cause the satellite to lose

5] Under such circumstances,

power and contact
the satellite can only regain power when sunlight il-
luminates the solar array, allowing telemetry signals
to be received again on the ground. Currently, solar
arrays are typically driven by stepper motors, and
the rotation angle is generally recorded using a step-
counting method'®'. After the satellite power fails,
it is impossible to determine the rotational angle of
the solar array. Therefore, during the satellite emer-
gency recovery process, it is necessary to determine
the rotation angle of the solar array relative to the
satellite body in order to achieve sun-pointing align-
ment of the solar array.

Regarding the issue of estimating the solar ar-
ray’s rotational angle, the simplest solution is to
use a star sensor to determine the satellite attitude,
and then combine the data from Sun sensors on the
solar array to determine the orientation of the solar
array relative to the satellite. However, star sensors
cannot provide attitude information when the satel-
lite is spinning at high speeds. In Ref.[27], He et
al. proposed a method that used measurements from
gyroscopes and Sun sensors to determine the solar
array rotational angle. First, based on the transfor-

mation relationship between the satellite body frame

and the solar array coordinate system, along with
the kinematic equations of the satellite attitude, an
analytical form for estimating the rotational angle of
the solar array was derived. Second, given the low
measurement accuracy of the Sun sensors, a Kal-
man filter based estimation method was proposed
based on the analytical solution of the solar array ro-
tation angle, which could suppress the influence of
measurement noise and improve the accuracy of ro-
tation angle estimation. In Ref.[28], He et al. also
used measurements from gyroscopes and Sun sen-
sors to determine the solar array rotational angle.
First, based on the transformation relationship be-
tween the satellite body frame and the solar array co-
ordinate system, as well as the rotation formula us-
ing Rodrigues parameters, an algorithm for indirect-
ly measuring the solar array rotation angle was pro-
posed. Second, considering the relatively low mea-
surement accuracy of the Sun sensor, interval analy-
sis techniques were used to provide interval-based
rotation angle estimates and assess the impact of un-
known noise. Based on the determined point mea-
surements and interval analysis results, a zonotopic
Kalman filtering method was further proposed to im-
prove the accuracy of the measurements. This meth-
od only required simple mathematical operations
and the Kalman filtering algorithm, resulting in low
hardware requirements, low algorithm complexity,

and easy applicability to engineering practice.

3 Satellite Attitude

Control

Emergency

3.1 Thruster failures

A thruster failure means that the satellite prima-
ry propulsion system cannot function properly or
produce thrust under certain conditions. Such fail-
ures may occur due to a variety of reasons, includ-
ing mechanical or electronic component faults in the
propulsion system, fuel depletion, control system
issues, effects of the space environment, power sup-
ply failures, and communication link interruptions.
When a satellite experiences thruster failures, it los-
es the ability to adjust orbit, maintain positioning,

or perform missions. Therefore, it is crucial to de-
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velop effective emergency control strategies to ad-
dress thruster failure situations.

Xu'" addressed the case of the Fengyun-1B
meteorological satellite, which has lost control,
leading to the depletion of onboard stored gas due to
uncontrolled venting. Since the satellite had only
three remaining star-mounted magnetorquers and a
biased momentum wheel, a technical solution was
designed to rescue the satellite by utilizing the exter-
nal torques generated from the interaction between
the Earth’s magnetic field, the gravitational field,
and the satellite magnetic moment and mass charac-
teristics. In Ref.[ 18], Peng et al. addressed a situa-
tion where a remote sensing satellite experienced a
failure, resulting in the depletion of fuel in the main
storage tank and the exhaustion of the battery pow-
er, with the propulsion system’s pipelines and tanks
frozen due to the propellant freezing. At this point,
the magnetorquer is the only available actuator dur-
ing the satellite’s recovery process. To reduce the
overall load on the satellite, magnetic desaturation
and magnetic precession control measures were im-
plemented to enhance the power supply capability of
the solar array, enabling continuous power supply
to the satellite. Then, magnetic damping capture
and magnetic control stabilization measures were ad-
opted to maintain the satellite’s motion state, there-
by ensuring the power supply capability of the solar
array. In Ref.[29], Li et al. proposed a safety con-
trol scheme based on magnetorquers and momen-
tum wheels to address the satellite attitude control
issue under the conditions of gyroscope and thruster
failures. This scheme was capable of controlling the
satellite Sun-pointing orientation under arbitrary ini-
tial attitude and initial angular velocity, with limited
field of view from the Sun sensors, and utilized a
control dead zone to eliminate the adverse effects of
Earth’s shadow. In Ref.[30], Li et al. derived a
fault-tolerant control method based on the Lyapu-
nov theory and genetic algorithms, which enabled
the spacecraft to maintain attitude stability in the
event of a thruster failure. In Ref.[31], Cai et al.
conducted research on attitude fault-tolerant control
of spacecraft equipped with thrusters as actuators.

The uncertainty of the spacecraft moment of inertia

was considered, and the upper bounds of all uncer-
tainty factors affecting the spacecraft were estimat-
ed. The results showed that the adaptive control
method could successfully complete the system des-
ignated tasks in the event of a thruster failure.

Patton et al.l**

proposed a robust fault detec-
tion and isolation scheme for the Mars Express Sat-
ellite system in response to thruster failure. This
scheme took into account measurement errors, un-
certainties, and disturbances. Additionally, by em-
ploying a combination of state estimation and un-
known input decoupling methods, it achieved robust
fault detection and isolation under dynamic uncer-
tainties during the deployment of the main engine.
In Ref.[33], Peng et al. proposed a novel reinforce-
ment learning (RL) method to reorient the satellite
antenna toward Earth and re-establish communica-
tion in scenarios where thrusters experienced stick-
ing or minor explosions. In such emergencies, the
RL controller learned through interaction with the
environment and attempted to maximize returns
based on a designed reward function. The results
showed that the RI controller could develop a con-
trol strategy to maximize rewards, which in turn re-
oriented the antenna towards the Earth steadily or
regularly, therefore at least an intermittent commu-
nication was possible.

3.2 Reaction wheel failures

Reaction wheels, commonly used as the main
attitude control actuators for satellites, are prone to
fail after a long-term operation. If these failures are
not detected and addressed in a timely manner, it
may lead to loss of satellite attitude control. To ad-
dress attitude control issues in the event of reaction
wheel failures, a hardware redundancy backup
scheme is commonly adopted, such as the widely
used 3+ 1 reaction wheel configuration, which can
still complete the satellite three-axis attitude control
mission in the event of a single reaction wheel fail-
ure. However, due to strict limitations on volume,
power, and weight of spacecraft, reaction wheel
failures cannot be simply addressed by adding more
reaction wheels. To meet constraints on power con-
sumption, mass, and cost, small satellite attitude

control systems only implement hardware redundan-
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cy in a few critical components. Therefore, explor-
ing effective attitude control methods in the event of
reaction wheel failures has become an important top-
ic in the design of modern small satellite attitude
control systems. Currently, there are two main ap-
proaches for handling attitude control problems relat-
ed to satellite reaction wheel failures: (1) Fault-tol-
erant control algorithms are designed to manage re-
action wheel failures; (2) combined control using
magnetorquers and the remaining reaction wheels,
or solely using magnetorquers, is employed to ad-
dress reaction wheel failures.
3.2.1 Faulttolerant control for reaction wheel
failures

Jin et al."™ designed an attitude tracking fault-
tolerant controller based on a time-delay method to
address reaction wheel failure. Hu et al."*’ proposed
a fault diagnosis method based on the Kernel Fuzzy
C-Means algorithm for reaction wheel faults. Ma et
al.”*" considered reaction wheel failures and de-
signed a spacecraft attitude compensation controller
using an adaptive control method. Cao et al.”" pro-
posed a fault-tolerant attitude control strategy based
on the nonsingular terminal sliding mode control
method, which could address the reaction wheel fail-
ure problem in small satellites. Jin et al.”*® estab-
lished an accurate open-loop system model for the
reaction wheel and designed a second-order nonlin-
ear continuous extended state observer. This meth-
od treated the reaction wheel failure as an external
disturbance and performed fault detection and recov-
ery for the satellite reaction wheel system. Huo et
al.”"! proposed an attitude stability control method
for rigid body satellites based on the sliding mode
control theory, which achieved fault-tolerant control
for partial reaction wheel failures and compensatory
control for mounting deviations. Zhang et al."*" pro-
posed a fault-tolerant attitude control method based
on an iterative learning observer to address issues
such as installation deviations, failures, and exter-
nal disturbances of the reaction wheels on the satel-
lite.

Baldi et al.*"" designed a fault diagnosis algo-
rithm for satellite reaction wheel failures using a dis-

turbance decoupling method. Based on the diagnos-

tic information, the attitude controller was recon-
structed through parameter adjustment to achieve
high-precision stable attitude control. In Ref.[42],
Petersen et al. proposed a method to restore the lin-
ear controllability of underactuated spacecraft by
considering the effects of solar radiation pressure.
This method established a solar radiation pressure
torque model related to the spacecraft’s attitude and
provided the necessary and sufficient conditions for
restoring linear controllability when the solar radia-
tion pressure torque was included in the spacecraft’s
attitude model. Once linear controllability was re-
stored, conventional controllers could be designed
for the underactuated spacecraft. In Ref.[43], Ku-
mar et al. studied two configuration structures of re-
action wheel assemblies: The traditional four-wheel
setup and the pyramid-shaped four-wheel setup. In
addition, an adaptive fault-tolerant nonlinear control
scheme based on a linear sliding surface was pro-
posed. This algorithm provided precise three-axis at-
titude control without requiring explicit fault detec-
tion and isolation mechanisms, even when reaction
wheels in either configuration experienced failures.
3.2.2 Combined control of magnetorquers and
remaining reaction wheels

Chen et al."*' and Duan et al."”' proposed a
fault-handling scheme for attitude control in the
event of reaction wheel failures, which utilized a
combined control of magnetic torquers and reaction
wheels. This approach introduced a control alloca-
tion layer between the control algorithm and the ac-
tuators. Additionally, based on this, a control allo-
cation strategy and a magnetic unloading algorithm
under fault conditions were derived. Xiang et al."*”
addressed the problem of three-axis attitude control
in the case of microomomentum wheel failures and
proposed a method to achieve attitude recovery us-
ing only magnetorquers. This method included the
design of two magnetic control strategies: Propor-
tional-derivative (PD) control and constant-coeffi-
cient linear quadratic regular (LQR) control, which
could achieve attitude reorientation to Earth after
the reaction wheel failures. Zhang et al."*”’ devel-
oped an attitude magnetic control scheme for small

satellites that used only magnetometers for attitude
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determination and magnetic torquers as the active
control components. The scheme featured an im-
proved PD control law for the pitch channel, with
the introduction of a low-pass filter to enhance the
controller’s ability to suppress system noise.
Roberts et al.** proposed a combined control
strategy of reaction wheels and magnetic torquers
for the FUSE satellite, where two of its four reac-
tion wheels had failed. This strategy utilized the ex-
isting magnetic torquers to substitute for the reac-
tion wheels, restoring three-axis control. Ousaloo"*”
investigated the attitude control problem for three-
axis satellites and studied a hybrid control strategy
combining magnetorquers and reaction wheels. The
magnetorquers were used for momentum unloading
of the reaction wheels and for rate damping of the
satellite, while the reaction wheels were used to
control the satellite’ s attitude. Two reaction wheels
were installed on the spacecraft in three different
configurations. This control algorithm ensured glob-
al and asymptotic stability of the spacecraft’s atti-
tude, and the method was not limited by the zero an-
gular momentum assumption used in most existing

two-wheel control techniques.
3.3 Control moment gyroscope failure

Control moment gyroscopes (CMGs) enable
continuous high-torque output to meet angular mo-
mentum requirements, and are regarded as ideal ac-
tuators for satellites requiring rapid attitude maneu-
vers. Based on their structure and working princi-
ples, CMGs are primarily divided into single-gimbal
CMG (SGCMG) with a fixed rotor speed, double-
gimbal CMG (DGCMG),
CMG (VSCMG). SGCMGs offer advantages such

as high torque amplification, simple structure, and

and variable-speed

high reliability, and are suitable for applications re-
quiring large control torques. However, it is a criti-
cal challenge to address singularity avoidance. DGC-
MGs are structurally complex and have low torque
amplification capability. They are typically used in
scenarios where both momentum exchange and out-
put torque requirements are low. VSCMGs com-
bine the characteristics of SGCMGs with constant
rotor speeds and reaction wheels with variable rotor

speeds, achieving singularity avoidance by introduc-

ing an additional degree of freedom through rotor
speed variation.

Considering the dual requirements of three-axis
attitude control and singularity avoidance for space-
craft, most satellite systems are designed with con-
figurations using no fewer than four CMGs. When
only two CMGs remain operational during a failure,
the system degrades into an underactuated configura-
tion. A significant amount of research literature has
addressed the issue of underactuated control for sat-
ellite motion.

Lei et al.” studied the attitude control prob-
lem of a three-axis stabilized Earth-pointing satel-
lite, where only two SGCMGs remained operation-
al after a failure. Then, a hybrid control strategy
that combined the two SGCMGs with magnetorqu-
ers was proposed. By decomposing the three-dimen-
sional control torque command space into two or-
thogonal subspaces, each was executed by the con-
trol moment gyroscopes and magnetorquers. Con-
trol decoupling for these two types of actuators with
significantly different torque output characteristics
was achieved, thereby overcoming the robustness is-
sues in underactuated control.

Kasai et al.’®V

studied the problem of attitude
maneuvering using two SGCMGs. Although two
control moment gyroscopes can generate torque
around all satellite axes, they cannot independently
generate torque around each axis. Therefore, satel-
lite control methods designed for two reaction
wheels cannot be directly applied to the three-axis
attitude maneuvering problem of satellites equipped
with two SGCMGs. To simplify the problem, ma-
neuvers around the x-axis and z-axis were first con-
sidered, followed by maneuvers around the y-axis
induced by the angular effects of maneuvers around
the x-axis or z-axis. By constructing a new operation

large-angle attitude maneuvers were
l.ﬁsz]

sequence,
achieved using only two SGCMGs. Sasaki et a
proposed two control modes using DGCMD as actu-
ators: The parallel DGCMD mode and the single
double-gimbal variable-speed CMD (DGVSCMD)
mode. Both modes achieved system stability and
control performance simultaneously by constructing

an LPV model. When one of the gyroscopes failed,
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the system switched from the parallel DGCMD
mode to the single DGVSCMD mode to realize
three-axis attitude control of the spacecraft. Choi et
al."™ proposed a method based on fuzzy logic and Q-
learning for fault detection and isolation in satellites
equipped with small CMGs. Fuzzy logic was used
to handle the nonlinear characteristics of the CMG
system and detected faults through residual analy-
sis, while Q-learning optimized the rules of the
fuzzy inference system to enhance fault detection
performance. This approach overcomed the optimi-
zation issues of traditional fuzzy logic, providing a
reliable fault detection solution for satellite systems

with limited redundancy.
3.4 Magnetorquers failure

In the complex environment of satellite attitude
control, magnetorquers have become an important
component in the design of satellite safe mode sys-
tems due to their advantages of being lightweight,
low-power, cost-effective, simple in hardware, and
highly reliable. When reaction wheels and thrusters
are unable to function properly, emergency control
schemes using magnetorquers as the sole actuators
can ensure that the satellite maintains its expected
orbit and attitude. However, even though magne-
torquers consider the ultimate fallback solution,
they are not entirely immune to failures.

Failures in satellite magnetorquers can be
caused by various factors, including electronic com-
ponent malfunctions, magnetic field sensing issues,
or coil damage. When a magnetorquer fails, the sat-
ellite may lose all primary means of attitude control,
resulting in an unstable or uncontrolled state. To ad-
dress magnetorquer failures, it is crucial to fault-tol-
erant control strategies that can minimize the impact
of such failures and ensure the reliability and success
of satellite missions.

Das et al.l*¥!

proposed a novel method for re-
configuring Earth-pointing satellite attitude control
based on magnetic dipole moment modulation.
When one magnetorquer failed, this method could
reconfigure the magnetic dipole moment to maintain
the control capability of the satellite system. This
approach was independent of the control law de-

sign, allowing it to be combined with any control

55]

law for a stable system. De Ruiter™ proposed a
spin-stabilized fault-tolerant control algorithm using
only magnetorquers, specifically for actuator fail-
ures in the JC2Sat-FF spacecraft. Under reasonable
assumptions about the Earth’s magnetic field, the
control law could remain asymptotically stable even
when only two magnetorquers were operational for
an axially symmetric spacecraft. Giri et al.'”™ con-
ducted research on fault-tolerant attitude control for
purely magnetically controlled satellite systems in
the event of a single magnetorquer failure. This
method used a PD controller to calculate the re-
quired control torque and focused on analyzing the
controllability and stability issues of satellites with

1.5 also con-

partially failed magnetorquers. Giri et a
sidered a novel nonlinear sliding mode surface and
proposed a fast terminal sliding mode control algo-
rithm for magnetically driven satellite systems. Ad-
ditionally, the applicability of the algorithm to sce-
narios involving single magnetorquer faults was veri-
fied. Prabhat et al.”™® proposed an improved super-
twisting terminal sliding mode control algorithm for
satellite attitude control using only magnetorquers.
This algorithm could achieve fast convergence and
reduced chattering even in the presence of distur-
bance torques, ensuring system stability even if one

of the magnetorquers failed.

4 Conclusions

When a satellite fails and enters emergency
mode, immediate recovery actions are required to
rescue the satellite. However, at this stage, only a
limited set of sensors and actuators are available.
This paper focuses on the satellite emergency recov-
ery under extreme anomaly conditions, and pro-
vides a detailed review of the research progress in
satellite emergency attitude estimation and control
techniques. Emergency estimation needs to use the
remaining available sensor data to estimate the cur-
rent satellite attitude and Sun-pointing direction,
which forms the foundation for subsequent emergen-
cy control and recovery operations. Emergency con-
trol focuses on making effective attitude adjustments
with the limited actuators to ensure the satellite sta-

bility and maintain energy supply. The scenarios in-
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volving failures of various actuators are discussed,
including thrusters, reaction wheels, CMGs, and
magnetometers.

Over the past few decades, significant progress
has been made in the research and application of sat-
ellite emergency attitude determination and control
technologies. However, there remains a certain gap
between the current state of these technologies and
the intelligent autonomous emergency control capa-
bilities required for deep space exploration missions.
Based on the current research status in both domes-
tic and international contexts, the following issues
require further in-depth investigation.

(1) Diagnosability and maintainability analysis
during the design phase

Although the current emergency mode design
process emphasizes reliability, the diagnosability
and maintainability of the attitude determination and
control system are equally critical to the safety of
the satellite. Integrating diagnosability and maintain-
ability concepts into the design, manufacturing, and
testing phases can provide feedback that helps refine
design and testing processes, rather than devising
countermeasures only after system design is com-
pleted. Neglecting the analysis and design of diag-
nosability and maintainability in the early stages
may lead to unforeseen costs and workloads during
system integration. Although modern spacecraft sys-
tems are increasingly complex, early-stage design
for fault management remains underdeveloped and
requires further exploration.

(2) Intelligent autonomous fault diagnosis and
fault-tolerant control for satellites

Satellites operate in harsh space environments,
where environmental changes may trigger unfore-
seen faults. For example, space radiation can cause
single-event effects, leading to failures in critical
electronic components. Additionally, during the
mission, the satellite internal parameters may
change due to fuel consumption, liquid sloshing,
and rapid maneuvers, which pose significant chal-
lenges to emergency attitude determination and con-
trol. Given the limited capability for ground interven-
tion, these internal and external changes can compli-

cate fault diagnosis and fault-tolerant control. There-

fore, it is essential for satellite emergency mode to
possess high levels of intelligent autonomy, en-
abling real-time adjustments and diagnostics. En-
hancing the intelligent autonomous capabilities of
fault diagnosis and fault-tolerant control systems us-
ing artificial intelligence and automation technolo-
gies 1s an important future research direction.

(3) Comprehensive emergency control ap-
proaches for engineering applications

Current research on satellite emergency mode
often focuses on a single approach. Whether based
on model-driven, data-driven, or knowledge-based
techniques, each approach has its own limitations.
For instance, model-based methods require accu-
rate mathematical models of the system, data-driv-
en methods need extensive historical data, and
knowledge-based approaches face challenges in
knowledge acquisition. Satellites are complex sys-
tems, and relying on a single approach to handle
emergency attitude control is often insufficient.
Hence, developing integrated solutions that com-
bine multiple methods to enhance the accuracy of
fault diagnosis, improve fault tolerance, and broad-
en the applicability of fault-tolerant control is a criti-
cal area of future research.

(4) Ground verification of emergency control
technologies

Unlike typical industrial systems, satellites are
highly customized systems, which adds complexity
to the research and verification of emergency atti-
tude control technologies. Currently, most research
in this field remains theoretical, with a considerable
gap between theory and practical engineering appli-
cations. Ground verification is a vital step in translat-
ing these technologies into practical use. Developing
efficient and streamlined methods for performance
evaluation of fault diagnosis techniques is an area
that requires more attention. However, there is cur-
rently a lack of a systematic theoretical framework
and practical, feasible rapid validation methods,
which requires further research.

In conclusion, further research on these key is-
sues is essential to enhance the practical application
of satellite emergency attitude determination and

control technologies. Through the development of
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more intelligent, efficient, and reliable control sys-

tems

, the success and safety of satellite missions

can be better ensured.
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