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Preface

BeiDou Navigation Satellite System (BDS) is one of the four major navigation
systems in the world today, including the Global Positioning System (GPS) of
the USA, the Global Navigation Satellite System (GLONASS) of Russia, and the
Galileo system of the European Union. Navigation satellite system can send all-time,
all-weather, and high-accuracy positioning, navigation, and timing information. It
is an indispensable important space infrastructure for today’s national economy and
national defense construction.

China’s BDS has been implemented step by step according to the
general idea of “first regional, then global, first active, and then passive”,
forming a distinctive BDS development path that highlights the region
and faces the world. BDS-1 started construction in 1994 and was
completed in 2003. BDS-2 started construction in August 2004 and
was completed in December 2012. BDS-2 is compatible with BDS-1
radio determination satellite service (RDSS) and provides passive navigation
and positioning services to China and surrounding areas. At present, China has
completed the construction of BDS-3, which is composed of 30 hybrid orbit
satellites and a ground system. Twenty-four medium earth orbit (MEO) satellites
adopt the Walker 24/3/1 constellation configuration, three geostationary orbit (GEO)
satellites, and three inclined geosynchronous orbit (IGSO) satellites.

The BDS project is the first large-scale networking satellite system in China.
Compared with previous spacecraft development missions, navigation satellites have
typical characteristics such as high reliability and availability requirements, difficulty
in ensuring product consistency, and high risk of satellite batch launch. BeiDou
navigation satellite is also the first batch production spacecraft project in China.
Compared with the development of a single spacecraft, the batch production of navi-
gation satellites has the characteristics of multi-satellite compatible design, multi-
satellite parallel development, complex system state, large impact of technology
change, cross-overlap of verification, and so on. These characteristics of the BeiDou
navigation satellite project pose a great challenge to the development.

High reliability is of great significance for navigation satellites. On the one hand,
the risk caused by the design and process defects of a single satellite has doubled. The
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failure of a single satellite will lead to the change of all other navigation satellites and
may delay the launch, which is an unacceptable risk for the constellation construc-
tion. On the other hand, during the on-orbit operation of the constellation, even if the
failure lasts only a few minutes, it may lead to a decline in navigation performance
or even an outage of service. Therefore, compared with other spacecraft, it also puts
forward the requirements of “availability” and “continuity”, which raises new ques-
tions about the reliability work we previously knew. During the implementation of
BeiDou navigation satellite project, the development team planned and performed a
series of reliability work according to the basic methods of reliability engineering and
closely combined with the characteristics of navigation satellites, created the relia-
bility and availability evaluation indices of the BeiDou navigation satellite, expanded
the reliability work items and connotation of spacecraft, proposed and implemented
a set of effective reliability and availability design methods, and realized the goal of
successful construction, continuous and stable operation of China’s regional navi-
gation system. The indices and methods have been further verified and improved in
the design and implementation of the BDS-3 space segment.

In recent decades, the research on reliability has developed rapidly. From
reliability mathematics, failure physics to reliability tests and other fields, new
technologies and methods continue to emerge, and a large number of theoretical
and methodological books have been published. However, there are few reference
books on the reliability engineering methods and practices based on engineering
projects. How to apply the basic theory and method of reliability, effectively carry
out reliability work according to the characteristics of the projects, and ensure
that the requirements of long life and high reliability can be met “fast, well, and
economically” is the key problem that every spacecraft project must face. Because
it is difficult to carry out quantitative verification of the reliability indices with high
confidence on the ground, qualitative means such as reliability design and analysis are
usually used to ensure that satellite reliability meets the requirements, which poses a
great challenge to the implementation of satellite reliability engineering. This book
gives the effective ways and experience of the application of reliability theory and
methods in satellite practical engineering, to promote the development of spacecraft
reliability engineering and the related reliability work of other aerospace products.

This book covers the reliability and availability requirements, reliability
management, reliability and availability design, reliability and availability analysis,
reliability process control, reliability test and verification, and other aspects of
the development process of BeiDou navigation satellites from project approval to
satellite delivery. From the perspective of reliability in a broad sense, this book
incorporates the work related to availability. At the same time, this book includes
reliability indices and analysis work at the constellation level. There are 10 chapters
in the book: Chap. 1 is the introduction, which introduces the characteristics of
navigation satellite engineering and the particularity of navigation satellite reliability
work; Chap. 2 describes the determination of the reliability and availability require-
ments of navigation satellites; Chap. 3 describes the methods and implementation
cases of reliability modeling and prediction of navigation satellites; In Chap. 4,
from the perspective of availability, according to the typical characteristics of high
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requirements for continuity and availability of navigation satellites, the design
methods and experience related to availability are described; Chap. 5 introduces the
modeling and analysis of the availability of navigation satellites and constellation;
Chap. 6 introduces the work of navigation satellite in redundancy design, environ-
mental adaptability design, and other designs from the perspective of long life and
high reliability; Chap. 7 introduces the reliability analysis of navigation satellite,
including failure mode and effect analysis (FMEA), fault tree analysis (FTA), sneak
circuit analysis (SCA), etc.; in Chap. 8, the methods and experience of reliability
assurance in the batch production process are described; Chap. 9 describes the
methods and implementation of reliability development test, life test, screening, and
verification of navigation satellites; Chap. 10 introduces the reliability management
work of navigation satellite, such as the planning, review, monitoring, etc.

This book is mainly written by Yang Hui and Zhao Haitao. Also participating
in the writing of this book are Li Haisheng (Sects. 2.1 and 5.4), Xiong Xiao
(Sects. 3.2, 4.3.3, 6.1 and 7.3), Zheng Yuzhan (Sects. 4.3.1 and 4.3.2), Zhu Jiantao
(Sects. 6.3 and 9.3), Hu Yanqgi (Sect. 6.5), Xu Hao (Sects. 7.4 and 7.5), Dong
Fangcheng (Sects. 10.4 and 10.5). This book is mainly translated by the original
author. Also participating in the translation of this book are Zhang Meng (Chap. 8)
and Chen Lei (Sect. 2.1).

Thanks for the strong support given by Beijing Institute of Spacecraft System
Engineering, China Academy of Aerospace Standardization and Product Assurance,
and National Defense Industry Press during the preparation and publication of this
book. Thank academician Yang Yuanxi for his guidance in this book. Thank research
fellows Xie Jun, Yu Jin, Gu Yan, and Liu Zhiquan for their valuable comments and
suggestions on this book. The book cites some examples from the BeiDou navigation
satellite project, and we would like to thank the designers concerned.

The contents of this book inevitably have omissions or improprieties. We earnestly
request experts, scholars in relevant fields, and readers to criticize and correct.

Beijing, China Hui Yang
Haitao Zhao
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Chapter 1 ®)
Introduction Check for

1.1 Reliability Engineering

Reliability engineering is a series of technical and management activities carried out
to meet the reliability requirements of the product. Reliability engineering through
the study of the occurrence, development, and prevention of product failure, through
design, analysis, testing, and other means, to prevent and control the occurrence and
development of failure, and improve the inherent reliability of products, to ensure
the success of product missions and reduce life cycle costs. Reliability engineering
is an important part of the whole system and life cycle management of spacecraft. It
includes the determination of reliability requirements, reliability design and analysis,
reliability tests, reliability management, and other aspects. It runs through the feasi-
bility phase, preliminary definition phase, qualification and production phase, and
on-orbit operation phase of the project, and is applied to spacecraft systems, subsys-
tems, equipment, components and parts, as well as electronic, electromechanical,
optoelectronic, mechanical, structural, software and other types of products.
The basic implementation approaches of spacecraft reliability engineering are:

(1) According to the determined reliability work items, the reliability design, anal-
ysis, test, and other technologies or methods are used to ensure that the products
meet the qualitative and quantitative requirements of reliability specified in the
contract or assignment book.

(2) Trade-off with the requirements of function/performance, safety, maintain-
ability, testability, environmental adaptability, etc.

(3) Identify and control technical risks, eliminate or reduce risks to an acceptable
level, and achieve the best cost-effectiveness.

(4) Integrate the reliability program plan into the development plan of the system,
subsystem, or equipment, ensure the necessary resources (human, financial,
material, etc.), and determine the progress requirements and management
actions.

© National Defense Industry Press 2024 1
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(5) Determine the reliability critical items through reliability analysis and carry out
effective control.

(6) Formulate and carry out reliability design according to reliability design rules.

(7) Through reliability analysis and reliability development/growth tests such as
failure mode and effect analysis (FMEA), fault tree analysis (FTA), and worst
case circuit analysis (WCCA), weaknesses in product design and manufacturing
are found and improved.

(8) Strictly control the production, testing, inspection, screening, and other
processes of products and the application of technology, components, and
materials to avoid reducing the inherent reliability of the design.

(9) Evaluate the reliability of the system and its components through analysis,
verification, and review.

In the reliability work of a certain project, the goal of reliability engineering is
usually achieved by specifying and executing a series of reliability work items. The
basic contents of spacecraft reliability engineering can be divided into five categories.

1. Reliability design

Reliability design is to meet the reliability needs of users as the goal, systemat-
ically consider various factors affecting reliability in product engineering design,
and carry out targeted design, analysis, and evaluation of products, to ensure the
inherent reliability of products. Reliability design is an organic part of engineering
design. It is to comprehensively weigh the performance and reliability of products
at different phases of development, to obtain the optimal design of products under
certain constraints.

According to the experience of reliability design at home and abroad, combined
with the characteristics of spacecraft products, reliability design mainly includes the
following work items:

(1) Reliability index demonstration and allocation;
(2) Redundancy design;

(3) Mechanical environmental adaptability design;
(4) Space environmental protection design;

(5) Thermal design;

(6) Derating design;

(7) Electromagnetic compatibility (EMC) design;
(8) Margin design, etc.

2. Reliability analysis

Reliability analysis is to analyze and identify the weakness of product reliability or
find out the failure cause and failure mechanism through engineering analysis, failure
mechanism analysis, mathematical simulation analysis, and other methods. Relia-
bility analysis and reliability design are closely related and carried out iteratively.
The specific methods of reliability analysis include:
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(1) FMEA,;

(2) FTA;

(3) Sneak circuit analysis (SCA);

(4) WCCA;

(5) Failure physical analysis;

(6) Reliability modeling and prediction.

3. Reliability control of the production process

The reliability level of the product given by the design needs to be controlled through
the production process to ensure that the inherent reliability is not reduced. The basic
contents of reliability control in the production process include:

(1) Process reliability control;
(2) Process control of reliability critical items;
(3) Stress screening (including thermal cycling, aging, running in, etc.).

4. Reliability test

Whether the reliability design is effective or not needs to be tested. The reliability
test of spacecraft generally includes:

(1) Reliability development test: it is used to verify the design and process of the
product, and continuously improve and optimize the product through the process
of “test, analysis, and improvement” to improve the inherent reliability of the
product.

(2) Environmental stress screening (ESS): by applying the specified environmental
stress to the product, the quality defects introduced in the product manufacturing
process can be found and eliminated, the early failure can be eliminated, and
the operational reliability of the product can be improved.

(3) Life test: accelerated test is usually used to verify whether the product life meets
the requirements.

5. Reliability management

Reliability management is a series of activities to plan, organize, coordinate, and
monitor the life cycle of products, various reliability technical work, and all contrac-
tors and personnel, to achieve the predetermined reliability objectives. Reliability
management usually includes the formulation of a reliability program plan, reliability
review, monitoring of supplier reliability work, etc.

The life cycle of a spacecraftis generally divided into five phases: feasibility phase,
preliminary definition phase, detailed definition phase, qualification and production
phase, and on-orbit operation phase. The process of spacecraft reliability work is
shown in Fig. 1.1.

Compared with ground-based products, spacecraft usually has the characteristics
of long life, high reliability, small sample size, and non-repairable in orbit. From
launch to the end of its life, it will experience complex and harsh environmental
conditions, including harsh overload, vibration, noise and impact environment during
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Fig. 1.1 Reliability workflow of spacecraft

launch, high vacuum, strong radiation, microgravity, ultra-low temperature and high
temperature alternating, etc. Therefore, the reliability work of spacecraft has many
significant characteristics, such as:

(1) Itemphasizes reliability design and verification of correctness and effectiveness
of design, and seldom carries out reliability evaluation or reliability statistical
test verification;

(2) Carry out protection design for various space environments, paying special
attention to single event effect protection design and total radiation dose
protection design;

(3) ESS is usually combined with an acceptance environmental test;

(4) Carry out highly reliable design, for example, the use of components should
meet the requirements of class I derating, and aerospace components should be
selected.

1.2 BeiDou Navigation Satellite Engineering

1.2.1 BeiDou Navigation Satellite System

BeiDou Navigation Satellite System (BDS) is one of the four major navigation
systems in the world today, including the Global Positioning System (GPS) of the
United States, the Global Navigation Satellite System (GLONASS) of Russia, and
the Galileo system of the European Union. Navigation satellite system provides all-
time, all-weather, and high-accuracy positioning, navigation, and timing services
to global users. It is a temporal-spatial infrastructure of national significance. The
system is widely used in many fields of the national economy and has formed a huge
navigation satellite industry.
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In the late twentieth century, China started to explore a path to develop a navigation
satellite system suitable for its national conditions, and gradually formulated a three-
step development strategy: By 2000, the construction of BDS-1 was completed to
provide services to China; by 2012, the construction of BDS-2 was completed to
provide services to the Asia—Pacific region; the construction of BDS-3 was completed
to provide services worldwide in 2020. BDS is mainly comprised of three segments:
a space segment, a ground segment, and a user segment. The BDS space segment
consists of many satellites located in the Geostationary Earth Orbit (GEO), Inclined
Geo-Synchronous Orbit (IGSO), and Medium Earth Orbit (MEO).

1.2.2 BeiDou Navigation Satellites

BeiDou navigation satellites are the space segment of BDS. It constitutes a constella-
tion system and includes three different types of satellites: MEO satellite, IGSO satel-
lite, and GEO satellite. Its basic function is to receive the navigation message sent by
the ground control system, store, process, and generate the navigation signal, and send
it to the ground control system and users. The satellites are divided into payload and
platform according to their functions. The basic composition of the payload includes
anavigation subsystem and an antenna subsystem. The basic composition of the plat-
form includes the attitude and orbit control subsystem, propulsion subsystem, inte-
grated electronic subsystem, telemetry, tracking and command (TT&C) subsystem,
power supply and distribution subsystem, thermal control subsystem, and structure
subsystem. The BDS-3 navigation satellite is equipped with crosslinks, and some
satellites are equipped with short message communication payload, search and rescue
payload, etc.

1. Navigation subsystem

The navigation subsystem completes the functions of satellite time system establish-
ment, uplink signal reception and ranging, navigation signal generation and trans-
mission, and navigation signal integrity monitoring. The navigation subsystem is
composed of an uplink signal unit, time—frequency unit, navigation processing unit,
and signal broadcasting unit. The time—frequency unit is used to generate and main-
tain high-precision and reliable satellite reference frequency and time. The uplink
signal unit completes the reception and processing of uplink signals. The navigation
processing unit completes time management, navigation information processing,
navigation signal generation, and integrity monitoring. The navigation signal broad-
casting unit completes the frequency conversion, amplification, and filtering of the
navigation signal.

2. Antenna subsystem

The antenna subsystem is used to receive the ground uplink signal and transmit the
navigation signal to the user. The basic components of the antenna subsystem are the
uplink antenna and downlink transmit antenna.
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3. Attitude and orbit control subsystem

The task of the attitude and orbit control subsystem is to complete the attitude and
orbit control of the satellite separated from the launch vehicle or upper stage to
the operating orbit, overcome the influence of the satellite itself and environmental
interference torque, and meet the control accuracy requirements. The attitude and
orbit control subsystem is composed of a control computer, fault-tolerant control
circuit, sensor, and actuator. The sensors include the sun sensor, the earth sensor, the
gyro components, etc.

4. Propulsion subsystem

The task of the propulsion subsystem is to cooperate with the attitude and orbit
control subsystem to provide the thrust and control torque required for phase acqui-
sition, phase maintenance, phase adjustment, and attitude control for the satellite. The
propulsion subsystem includes thruster components, propellant tanks, and various
control valves and pipelines.

5. Integrated electronic subsystem

The integrated electronic subsystem cooperates with other subsystems to complete
energy management, attitude and orbit control, power distribution, telemetry and
remote control management, data bus management, software maintenance, and other
functions. The integrated electronic subsystem is composed of a central management
unit, integrated business unit, data bus network, etc.

6. TT&C subsystem

The TT&C subsystem receives the uplink TT&C signal sent by the ground TT&C
station and sends the satellite telemetry signal to the ground TT&C station, and
provides a tracking signal for the ground TT&C station. The TT&C subsystem is
composed of the transponder, fixed amplifier, antenna, etc.

7. Power supply and distribution subsystem

The power supply and distribution subsystem provides the required energy for
the satellite, which is generally composed of the solar array, battery pack, power
controller, and overall circuit. The solar array supplies power for the satellite load
during sunlight and charges the battery pack at the same time; The battery pack
provides power for the satellite in the launch phase, power for the satellite during the
shaded area of the transfer orbit and operating orbit, and power for the high current
pulse load on the satellite.

8. Thermal control subsystem

The main task of the thermal control subsystem is to meet the requirements of
each subsystem on the satellite for the thermal environment through the control
of the internal and external heat exchange of the satellite, ensure that the temper-
ature of all equipment during the mission is within the required range, and meet
the temperature indices such as temperature change rate and control accuracy. The
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thermal control subsystem is composed of a variety of thermal control materials and
components, including thermal control coatings, multilayer thermal insulation mate-
rial components, heat pipes, thermal conductive fillers, thermal insulation gaskets,
electric heating devices, temperature sensors, etc.

9. Structural subsystem

The structural subsystem is used to maintain the integrity of the satellite, support
the satellite and onboard equipment, and bear the effects of various external forces
during the satellite flight and ground operation. According to the function, the struc-
tural subsystem is divided into three compartments: load compartment, propulsion
compartment, and service compartment, which are composed of a truss structure and
honeycomb sandwich structure plate connected to the truss.

10. Autonomous operation subsystem

The autonomous operation subsystem completes inter-satellite ranging and commu-
nication, which is the main part of the crosslinks of the BDS-3 system. The
autonomous operation subsystem is mainly composed of the signal transceiver unit
and phased array antenna.

1.3 Reliability Engineering of BeiDou Navigation Satellite

1.3.1 Reliability Work Needs of BeiDou Navigation Satellite

BeiDou navigation satellite project is the first large-scale networking satellite system
in China. Compared with the previous space projects, the BeiDou navigation satellite
project has the remarkable characteristics of high technical indices, high require-
ments for reliability and availability, batch parallel production, hybrid constellation
configuration, and continuous launch, which not only put forward very high require-
ments for the management mode, development process, and support resources of the
satellite project but also poses a major challenge to the method and implementation
of reliability work. In terms of reliability, short-term failures of satellites that were
not paid much attention to in the past may lead to the loss of navigation signals and
service outages. In the past, the design or process defects of a single satellite not only
increased the failure probability under the batch production of navigation satellites
but also caused more serious consequences due to the wider impact of various quality
problems. Therefore, the reliability of the BeiDou navigation satellite not only needs
to meet the general requirements of spacecraft development but also presents many
particularities.

1. The operational characteristics of the navigation system put forward high
requirements for availability and continuity

To achieve all-time, all-weather, and high-accuracy positioning, navigation, and
timing services, navigation satellite constellations must meet the strict requirements
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of accuracy, availability, continuity, and integrity. The accuracy is the difference
between the position coordinate parameters determined by the user equipment and
the real coordinate parameters in the given service area or during a mission, which
reflects the basic performance of the navigation system. Availability is the percentage
of time that the system can be used for navigation in a period based on reliable infor-
mation provided to users. Continuity refers to the probability that the system will
maintain the specified performance during the operation phase, which can also be
expressed as the probability that the healthy spatial signal can work continuously
and healthily without unscheduled outage within the specified time interval.

Ensuring the continuity of navigation signals is a significant mission feature of
navigation satellites, which is different from other spacecraft. If the navigation signal
transmitted by the navigation system is frequently interrupted and unavailable due to
various reasons, no matter how high the accuracy of the system is, it has no practical
value. Therefore, availability and continuity determine the ability of navigation satel-
lite system to provide services. The continuity and availability of space signals are
closely related to the functional outage of navigation satellites. For this reason, BDS
has put forward the availability index for the first time in China’s spacecraft engi-
neering, which puts forward very strict requirements for the reliability and availability
of satellites. Accordingly, the BeiDou navigation satellite must carry out innovative
work in availability design and analysis, on orbit short-term failure prevention and
rapid recovery.

2. Batch production puts forward high requirements for the design and implemen-
tation of product reliability

BeiDou navigation satellite is the first spacecraft project produced in a batch in China.
The so-called batch production in this book means that in the same engineering
project, there are more than or equal to three spacecraft with basically the same
technical state and the mission profile and operating conditions of each spacecraft
are allowed to be different.

Under the background of batch production, the reliability design, production, and
management of the BeiDou navigation satellite show particularity, which is mainly
reflected in:

(1) Due to the wider range of hazards caused by design defects, reliability design
must be strictly required. Because the mission profiles, life cycle operating
conditions, and equipment selection of multiple satellites are different, the reli-
ability design and analysis must be carried out according to the maximum enve-
lope principle. The focus of reliability analysis of the first and subsequent satel-
lites is different, and the technical status may also be different due to different
data sources. The characteristics of batch production and the constraints of
the system also affect the final results of reliability design. For example, the
crosslink should be considered in the design of information flow. These charac-
teristics determine the particularity of batch production of BeiDou navigation
satellites in reliability design and analysis.

(2) Due to the wider range of hazards caused by process defects, process identifica-
tion, and process control must be strictly required. Even if it is the same design
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and technology, the implementation process of different satellites will inevitably
have differences and fluctuations in details. The process control and verifica-
tion work must match the development process of satellite parallel development
and batch test, and cover all operation modes. Batch production has doubled
the number of test data and in-orbit flight data, providing good conditions for
data consistency comparison, trend analysis, and reliability verification. These
characteristics determine the particularity of batch production of the BeiDou
navigation satellite in reliability process control and verification.

(3) The important changes in management mode, development process, and support
resources brought by multi-satellite batch production directly affect the organi-
zational form, planning, and implementation of various management elements of
navigation satellite reliability. The difficulty of reliability management increases
due to the increase of subcontractors. The quality problems in the development
process involve a wide range and are difficult to handle. These characteristics
determine the particularity of batch production of BeiDou navigation satellites
in reliability management.

3. The operation of multi-satellite networking puts forward high requirements for
launch success rate and long-term maintenance

The development of the BeiDou navigation satellite is a multi-satellite and multi-
batch hybrid. Constellation requires a high degree of consistency of satellite products
in batch production mode. According to the requirements of constellation networking
and operation performances, a certain number of satellites must be launched into
orbit within the specified time, and higher requirements are put forward for failure
handling under the conditions of dense launch and “narrow window” on-time launch,
and the success rate of multi-satellite launch with one launch vehicle.

BDS will provide long-term operational services to global users, with a large
constellation scale, wide coverage area, and complex operational modes, posing great
challenges to the operation and maintenance of the integrated network of satellite
and ground segment.

1.3.2 Reliability Practice of BeiDou Navigation Satellite

During the development of reliability engineering, the concepts of maintainability,
testability, and availability have been put forward and developed. Maintainability is
the ability of a product to facilitate maintenance, rapid maintenance, and economic
maintenance. Testability is a design feature of a product that can timely and accurately
determine its state (operable, inoperable, or degraded performance) and isolate its
internal faults. Availability describes the ability of the system to be put into use
at any time and is a synthetical index of the reliability, maintainability, testability,
and support resources of the product. Because the concepts of maintainability and
testability are developed in reliability engineering, the generalized reliability concept
includes maintainability and testability.
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According to the analysis in Sect. 1.3.1, the most prominent characteristics of
the BeiDou navigation satellite are high reliability and high availability. In the BDS
reliability project, the concept of generalized reliability is applied. For the conve-
nience of management and the close correlation of technology, the availability work
is included in the reliability work, including the availability indices, availability
design, and availability analysis. At the constellation level, the service reliability is
proposed, which is decomposed into the on-orbit reliability, mean time between short-
term unscheduled outages, mean recovery time of short-term unscheduled outages,
and other indices from the availability and continuity. Compared with the reliability
work of most satellite projects, the reliability work scope of the BeiDou navigation
satellite is wider.

At present, more than 50 BeiDou navigation satellites have been produced
in batches, and the satellite system has accumulated considerable experience in
reliability implementation in many years of engineering development. According
to the spacecraft development specifications and the significant characteristics of
navigation satellites, the main contents of BDS reliability engineering include:

(1) According to the requirements of constellation performance and service reli-
ability, the reliability and availability indices of BDS and each system are
demonstrated in-depth, and the simulation model is established and analyzed;

(2) Carry out comprehensive, detailed, and focused reliability program planning
and organize the implementation;

(3) Facing the requirements of high availability and continuity, continuously deepen
the availability design and verification, and carry out qualitative and quantitative
analysis of availability;

(4) To meet the requirements of long life and high reliability, the reliability design
and verification are carried out in-depth, the reliability analysis is carried out
from a multi-dimensional, and the analysis is integrated into the design process
to ensure inherent reliability;

(5) According to the characteristics of batch production and testing, carry out reli-
ability assurance in process control, and strengthen the control of critical items
and quantitative control of the production process;

(6) Carry out special reliability tests and/or life tests for newly developed critical
equipment;

(7) Improve the technical support means for the constellation operation, realize
intelligent operation and maintenance, collect and analyze flight data in real-
time, and support the reliability improvement and growth of products at all
levels.

1.4 Scope and Content of This Book

This book takes the BeiDou navigation satellite as the object, summarizes the expe-
rience of navigation satellite reliability engineering, and systematically expounds
the theoretical methods applied in navigation satellite reliability practice from the
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aspects of reliability requirements, reliability modeling, reliability design and anal-
ysis, reliability assurance for batch production, reliability test and verification, relia-
bility management, and the availability design and analysis method. The engineering
implementation experience or engineering examples are introduced, and the particu-
larity and targeted work of navigation satellite reliability are described. As mentioned
earlier, the availability of navigation satellites is included in the reliability work
system, and this book also includes the work on availability.

The core of realizing the high availability of navigation services is the high relia-
bility and high availability of every navigation satellite. However, the realization of
navigation service needs to be completed through navigation constellation. The avail-
ability of navigation service has both requirements for navigation constellation and
navigation satellite. In navigation satellite engineering, it is necessary to decompose
the reliability and availability indices from the constellation level, conduct avail-
ability modeling and analysis, and support reliability and availability demonstration
and constellation design optimization. Therefore, this book is aimed at the reliability
engineering of the BeiDou navigation satellite, but it also includes the availability
technology at the navigation constellation level.

The overall framework and content arrangement of this book not only considers
the classification of reliability engineering activities but also corresponds to the devel-
opment process of navigation satellites. This book is divided into 10 chapters, and
the overall framework is shown in Fig. 1.2.

The main contents of each chapter are as follows:

This chapter, introduction. This chapter briefly describes the basic concept of
reliability engineering and the general situation of BeiDou navigation satellite engi-
neering, analyzes the characteristics of navigation satellite reliability engineering,
and defines the scope of this book.

Chapter 2, reliability requirements. This chapter first introduces the concept of
constellation service reliability and its indices decomposition and then expounds on
the reliability indices and qualitative requirements of navigation satellites from both
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Fig. 1.2 Overall framework of the book
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quantitative and qualitative aspects. Finally, for subsystems and equipment, the idea
of satellite system level reliability indices decomposition, the method of allocation,
and the process of how reliability forms product technical requirements as part of
technical requirements are explained.

Chapter 3, reliability modeling and prediction. Based on the analysis of quanti-
tative reliability requirements, this chapter introduces the static reliability model
and dynamic reliability model related to navigation satellites, expounds on the
process of system reliability modeling and navigation satellite reliability modeling,
and introduces the basic methods and examples of navigation satellite reliability
prediction.

Chapter 4, availability design. According to the high availability requirements
of navigation satellites and constellations, this chapter first proposes four types of
elements of availability design, then introduces the constellation configuration redun-
dancy design method, constellation configuration maintenance design method, and
engineering examples, and expounds on-orbit continuity design methods of the single
satellite such as single event soft error protection design, software robustness design
and on-orbit scheduled maintenance design, and the design methods of rapid recovery
from outage, such as rapid replacement design of satellite, rapid recovery design of
orbit control, and fault recovery strategy design.

Chapter 5, availability analysis. This chapter first introduces the outage anal-
ysis method from the perspective of availability weakness analysis, expounds on
the implementation of outage analysis, and introduces how to identify critical soft
faults through quantitative analysis of outage effects. Then, from the perspective of
quantitative analysis of the availability indices, the method of availability analysis
and the process of system availability analysis are described. Finally, the process and
methods of constellation availability analysis are introduced.

Chapter 6, reliability design. This chapter introduces the reliability design work
of navigation satellites, including redundancy design, derating design, mechanical
environmental adaptability design, thermal design, EMC design, space environ-
mental protection design, etc. For each design element, the basic design method
or design requirements are usually described first, and then the implementation of
the navigation satellite is introduced.

Chapter 7, reliability analysis. This chapter introduces the reliability analysis
methods applied in the design process of navigation satellites and the specific analysis
work carried out, including mission profile analysis, Design FMEA, FTA, WCCA,
and SCA. Mission profile analysis is the basis of reliability and related critical char-
acteristic analysis. FMEA and FTA are used to identify potential weaknesses and
determine critical items. WCCA is used to find weaknesses in circuit design. SCA is
used to identify potential states that cause non-expected functions or inhibit expected
functions.

Chapter 8, reliability assurance for batch production. According to the charac-
teristics of batch production and batch production process of navigation satellites,
this chapter introduces the reliability-related work focused on and carried out in the
production process of navigation satellites, including the control of reliability critical
items to eliminate or control the technical risks of the satellite; Process reliability
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assurance and Process FMEA to identify weakness in the batch production process
and ensure process consistency and process stability; The assembly, integration,
and test (AIT) process control focusing on electrostatic protection control, pollu-
tion control, and mandatory inspection; Test data consistency comparison to find the
product weakness through data analysis; The backup satellite demand demonstration
and spare parts guarantee for continuous launch and long-term operation risk, and
the storage reliability guarantee for production tasks.

Chapter 9, reliability test and verification. This chapter focuses on the basic
methods of reliability development tests, life tests, and implementation examples
according to the characteristics of many newly critical equipment and high lifetime
requirements of navigation satellites. This chapter also introduces the implementation
method of ESS and reliability verification.

Chapter 10, reliability management. Reliability management runs through the
whole process of navigation satellite development. This chapter first summarizes
the basic methods and work contents of reliability management, then introduces the
implementation of navigation satellite in the aspects of reliability program plan, reli-
ability review, reliability management of subcontractors, and reliability information
management.
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Reliability Requirements e

Reliability requirements are the basis for reliability design, analysis, test, and verifica-
tion. Reliability requirements can be divided into qualitative requirements and quan-
titative requirements. Qualitative requirements are to design, evaluate, and assure the
reliability of products in a non-quantitative form. Quantitative requirements specify
the reliability parameters, values, and verification methods of products, to evaluate
or verify the reliability level of products with quantitative methods in the process of
design, production, and use.

The reliability requirements of a navigation satellite system correspond to four
levels: constellation, satellite, subsystem, and equipment. At the constellation level,
the navigation system emphasizes the continuous availability of services and on-orbit
maintainability, so the connotation of constellation reliability includes continuity,
availability, and integrity. At the satellite level, the reliability indices includes not only
the on-orbit reliability and on-orbit service life but also the availability-related indices
such as mean time between outages (MTBO) and mean time to repair (MTTR).

2.1 Service Reliability of Navigation Constellation

2.1.1 Concept and Connotation of Service Reliability

2.1.1.1 Overview

The service performance parameters of navigation constellation mainly include
service accuracy and service reliability. Service accuracy includes positioning accu-
racy, timing accuracy, and speed measurement accuracy, which refers to the differ-
ence between the position coordinate parameters determined by the user equipment
and the real coordinate parameters in a given service area or during the naviga-
tion task. Service accuracy is the most basic performance parameter, and also the
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basis and constraint of service reliability. Service reliability includes service avail-
ability, continuity, and integrity. It is an important parameter to measure the ability of
the system to provide continuous, stable, and reliable services. Note that reliability
here is a generalized concept. Service reliability is not only related to the operating
environment conditions of the user segment but also closely related to constellation
performance and satellite reliability, as well as the navigation operation control and
satellite management capabilities of the ground segment. To build an available navi-
gation satellite system, the satellite system and the ground segment must meet the
relevant requirements of service reliability in addition to meeting the conventional
functional and performance requirements.

Service availability is the focus of users’ attention. At present, there is no unified
definition of service availability. Galileo system defines service availability as the
average percentage of the time that the service meets the specified “accuracy, integrity
and continuity” at any point within the service scope during the design life. The
International Civil Aviation Organization (ICAO) defines service availability as the
percentage of the total time that the system can be used for navigation based on reli-
able information provided to users within a period. There are different understandings
of “reliable information”. ICAO requires that as long as it meets the accuracy and
integrity requirements, and does not need to meet the continuity requirements, the
Federal Aviation Administration (FAA) stipulates that it must meet the requirements
of accuracy, integrity, and continuity at the same time to be reliable information.

Continuity and integrity are the special characteristics of satellite navigation
systems, which are closely related to life safety applications. Continuity refers to the
probability that healthy Signal in Space (SIS) can work continuously and healthily
without unscheduled outages within the specified time interval, that is, the descrip-
tion of the ability of “continuous available” within this period. Integrity is a measure
of confidence in the correctness of the information provided by the system. It covers
the ability of the SIS to send warning information to the receiver in time when the
SIS cannot be applied. Integrity is often described as “Integrity Risk (IR)”. IR refers
to the probability of an error that can cause the calculated position error to exceed
the maximum Alert Limit (AL) and fail to notify the user within the specified Time
to Alert (TTA).

The relationship between availability, continuity, and integrity of navigation
constellation is as follows:

(1) According to the accuracy and integrity requirements, availability can be divided
into accuracy availability and integrity availability. Accuracy availability refers
to the availability when the accuracy is used as the judgment threshold, and
integrity availability refers to the availability when the integrity is used as the
judgment threshold. When the integrity protection margin is adopted, the risk
of false alarm is considered in the margin calculation.

(2) The continuity and availability of SIS are related to the satellite outage. Satellite
outage includes scheduled outages and unscheduled outages. All outages will
affect availability. Continuity is only related to unscheduled outages, such as
hard failures and soft failures. Outages that can be notified in advance within the
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specified time, such as satellite orbital maneuvers, on-orbit maintenance, etc.,
will lead to the satellite being unavailable, but will not cause continuity risk.

(3) Service continuity mainly refers to the probability that the position service will
not have unscheduled interruption over a specified time interval. The higher
the integrity requirements of users and the more stringent the AL and IR
requirements, the greater the probability of causing an alarm and the greater
the continuity risk.

(4) The integrity and continuity of SIS are related to alarms, which are interrelated
and restricted. When the satellite sends an alarm indication within the specified
TTA, it indicates that the satellite is unavailable, but it will not cause a loss of
integrity and continuity. However, if the satellite does not send an alarm within
the specified TTA, it will lead to the loss of integrity and continuity.

2.1.1.2 Service Availability

This book defines the service availability of the navigation constellation as the
percentage of time that the Radio Navigation Satellite Service (RNSS) meets the
specified performance standards within a period.

The service availability is different for different user locations, and different obser-
vation times. The availability of a certain location at a certain time is called instanta-
neous availability, the statistics of availability of the same location at different times is
called single point availability, and the statistics of different single point availability
of a service area is called service area availability. Taking the constellation operation
cycle as the observation period, single-point availability can be obtained by statistical
analysis of instantaneous availability on sampling time. Within the service area, grids
are divided according to certain longitude and latitude intervals, and the service area
availability can be obtained by statistical calculation of the single-point availability
results of all grids. Generally, service availability refers specifically to accuracy avail-
ability. The accuracy requirements here refer to the positioning availability accuracy
limit.

The positioning availability accuracy limit is related to the User Equivalent Range
Errors (UERE) and the Dilution of Precision (DOP). When the UERE is fixed and
assuming that the UERE values of all satellites are the same, the accuracy limit is
determined by the DOP limit. DOP limit value adopts DOP value under a certain
hypothetical limit state.

For example, the Standard Positioning Service (SPS) position availability stan-
dards of GPS are listed in Table 2.1.

2.1.1.3 Service Continuity
In this book, the service continuity of navigation constellation is defined as the

probability that the system will continue to meet the accuracy and integrity require-
ments over a specified time interval, under the condition that the system meets the



