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Abstract: In order to support the development of high—precision spacecraft, the current state of the
Stewart vibration isolation platform in the field of aerospace micro—vibration was surveyed. First,
based on analyses of the causes and characteristics of spacecraft micro—vibration, the principles,
characteristics, advantages and disadvantages of four vibration isolation technologies are summa-
rized. Second, the development process of the Stewart vibration isolation platform, from structural
proposal and theoretical calculation to application in various fields, is introduced. Then, the current
state of kinematics, dynamics and braking control algorithms of the Stewart platform is investigated,
and related work on rigid/flexible platforms in the field of aerospace micro—vibration is introduced
in detail. Finally, the idea that the Stewart platform can be fabricated by 4D printing technology
is proposed. The novel Stewart platform can be combined with artificial intelligence algorithms
and advanced control strategies, allowing for further development in the direction of an integrated
omnidirectional, full-frequency and multi-function platform with variable stiffness.

Keywords: spacecraft; micro-vibration; vibration isolation technology; Stewart platform; active and
passive integration

1. Introduction

With the rapid development of science and technology and high—precision industries
in the world, precision instruments have attracted more attention. The development of
products and equipment with high precision, high density, and high reliability is a major
trend in the current era. The problematic term closely related to precision instrumenta-
tion is “vibration”. Negative vibration will affect the function of precision instruments,
aggravate the fatigue and wear of equipment, and seriously restrict the development of
the high—precision industry [1-3]. Since the beginning of the 21st century, with the rapid
development of space technology around the world, all kinds of spacecraft carrying a
large number of high—precision and precise equipment are continuously entering space,
and the requirements for a spacecraft attitude adjustment, communication transmission,
and stable operation are gradually changing [4,5]. In addition, spacecraft platforms are
developing rapidly in the direction of integration, large scale, and flexibility. This will
aggravate the instability of spacecraft, cause more serious disturbances, and may have a
significant impact on the stable operation of spacecraft [6]. Therefore, how to suppress
negative vibration and maintain the good performance of spacecraft in orbit is still a hot
and difficult research issue [7].
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For a spacecraft in orbit, vibration will be generated due to the environmental impact
and mechanical operation of the spacecraft itself. Take an orbiting satellite, for exam-
ple, the momentum wheel [8-10], solar sail [11,12], refrigerator [13,14], and sweeping
mechanism [15,16] on the fuselage will vibrate during operation. These vibrations are
characterized by small amplitude, wide frequency band, sensitivity, inherent existence and
difficulty in measurement [17]. Scholars have divided the vibration characteristics of space-
craft into three categories: quasi-static micro—vibration (less than 0.001 Hz), low—frequency
micro-vibration (0.001-10 Hz), and medium- and high—frequency micro—vibration (higher
than 10 Hz). The specific introduction is in chapter 2.1. Because damping in the spacecraft’s
working environment is very small, micro—vibrations can last for a long time, which will
worsen the working environment of onboard instruments [13] and even lead to the failure
of space missions [18,19]. Therefore, in order to ensure the normal operation of spacecraft
with high—precision and precision equipment, it is necessary to control the micro vibrations.

In engineering technology, vibration isolation technology is the most effective means
to suppress vibration [20]. According to the characteristics of low—frequency vibration
of on—orbit spacecraft, some quasi-zero—stiffness isolators can be used [21]. However,
this control method is in the category of passive vibration isolation and cannot meet the
requirements of active vibration suppression. Therefore, many researchers have proposed
semi-active, active, and integrated active/passive vibration isolation technology [22]. The
most typical and widely used active technology, with a great vibration isolation effect, is the
Stewart vibration isolation platform with a six-degree-of—freedom (6-DOF) parallel mech-
anism. Based on the Stewart six-degree—of-freedom parallel platform and combining the
advantages of an intelligent structure, it has the characteristics of compact structure, strong
fault tolerance, large bearing capacity, high pointing accuracy, and stable dynamics [23].
It can be used as a connecting device between high—precision space-borne equipment
and the spacecraft body to suppress micro—vibrations [13]. At the same time, it is also
widely used in motion simulation [24-27], industrial manufacturing [23,28], mechanical
docking [25,29,30], micro—vibration control [31-33], and medical assistance [34-36].

Based on current research, there has been no significant qualitative change in the
Stewart platform community. However, with the development of 4D printing technology
and the use of a low-melting—point alloy as a variable stiffness material, novel development
ideas are being put forward for structural modification of the Stewart damping platform. It
is thus necessary to summarize the development process and research status of the Stewart
platform. First, the source of micro—vibrations and the advantages and disadvantages
of four vibration isolation technologies are briefly discussed. Second, according to the
characteristics of high motion accuracy and large stiffness mass ratio, the development
process of the Stewart vibration isolation platform in the field of aerospace micro-vibration
control is summarized. Then, the theoretical research results of the platform in the field
of micro—vibration and the research status of the rigid/flexible platform in the field of
aerospace micro-vibrations are sorted out. Finally, the development of the novel inte-
grated omnidirectional, full-frequency, multi—functional Stewart platform with variable
stiffness and active control is proposed using electro thermal intelligent materials and
low—melting—point alloys as substrates and 4D printing technology in order to meet the vi-
bration isolation/damping requirements of the current spacecraft toward the development
of miniaturization and integration.

2. Classification and Suppression of Micro—Vibrations
2.1. Classification of Micro—Vibrations

Micro—vibration usually refers to mechanical vibration or disturbance occurring at
a frequency between 0.01 Hz and 1 kHz [37]. Scholars have conducted a great deal of
research on the dynamic micro-vibration environment of spacecraft and have divided the
interference source into three frequency bands [38], as shown in Figure 1.
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Figure 1. Frequency distribution of micro—vibration sources.

The three frequency bands are as follows: quasi-static micro—vibration (less than
0.001 Hz), low—frequency micro-vibration (0.001-10 Hz), and medium- and high-frequency
micro—vibration (higher than 10 Hz). Among them, quasi-static micro—vibration is mainly
induced by thermal deformation, atmospheric resistance, gravity gradient effect, and
solar radiation pressure, and the vibration acceleration is 107%¢q (g0 = 9.8 m/s?, and the
same below). Low—frequency micro—vibration is mainly induced by the low—frequency
operation of space-borne equipment, such as thruster operation, liquid shaking, refrigerator
operation, and attitude adjustment movement of the solar panels [39]. The vibration of
low—frequency micro—vibration is random and complex, and the vibration acceleration is
107> go~10_2 0. The frequency of medium- and high—frequency micro—vibration is high,
the amplitude is small, and the acceleration is greater than 10~2g, and is mainly caused by
the high—frequency operation of space-borne equipment such as sensors and momentum
wheels [40-42].

These micro—vibrations have small amplitude and a wide frequency band and are
difficult to measure, diverse, and inherent, which makes the space mechanics environment
extremely complex [43]. They will not only stimulate vibration of the overall structure of
the spacecraft but also cause attitude instability. Therefore, how to control micro—vibration
in spacecraft is a very challenging topic.

2.2. Suppression of Micro—Vibration

Micro—vibration suppression technology mainly refers to vibration isolation, which
mainly uses corresponding active or passive components to reduce the interference energy
in the vibration propagation. According to different suppression principles, vibration
isolation technology can be divided into passive, semi-active, active, and integrated active—
passive vibration isolation technology [13]. These four vibration isolation technologies
are briefly described below in terms of the principles, characteristics, structural design
characteristics, and advantages and disadvantages of the vibration isolation effect.

2.2.1. Passive Vibration Isolation Technology

Passive vibration isolation technology reduces the vibration intensity in the vibration
propagation path by using passive elements [6]. The most important feature of passive
vibration isolation technology is that it does not need external energy to obtain good
vibration isolation by changing the stiffness and damping coefficient of some structures. To
demonstrate the mechanisms, the working principle of a typical passive vibration isolation
system is shown in Figure 2.
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Figure 2. Typical schematic diagram of a passive vibration isolation system.

2.2.2. Semi-Active Vibration Isolation Technology

To obtain ideal vibration isolation efficiency, semi-active vibration isolation technology
can change the stiffness or damping of the whole system according to different vibration
environments [44]. Different from active vibration isolation technology, semi-active tech-
nology needs a small amount of external energy to change the damping or stiffness. To
demonstrate the mechanisms, the working principle of a typical semi-active vibration
isolation system is shown in Figure 3. Semi-active vibration isolation technology has the
advantages of active adjustment, small-scale suppression of micro-vibration, less energy
consumption, and high stability, among others. However, this technology cannot com-
pletely isolate low—frequency vibration interference [13], and there is still a large resonance
peak at a certain natural frequency. Therefore, semi-active vibration isolation technology is
rarely used for micro—vibration suppression in a spacecraft.

F (D x F (p) x
- -

(a) (b)

Figure 3. Typical schematic diagram of a semi-active vibration isolation system: (a) variable stiffness;
(b) variable damping.

2.2.3. Active Vibration Isolation Technology

Active vibration isolation technology requires external energy for active control. A
feedback system needs to be added to the control system to change the stiffness or damping
of the vibration isolator through the processing of feedback information so as to achieve the
effect of vibration isolation [45]. To demonstrate the mechanisms, the working principle
of a typical active vibration isolation system is shown in Figure 4. The bandwidth and
parameters of this technology can be adjusted, providing the advantages of fine control
and strong adaptability. The feedback control system can be used to adjust the stiffness or
damping of the system in time to achieve the purpose of substantial vibration reduction.
The vibration isolation effect will be better for vibration in the low—frequency range, which
is suitable for high—precision vibration isolation control [46]. However, it also has the
disadvantages of complex structure, low damping reliability, and high cost.

Figure 4. Typical schematic diagram of an active vibration isolation system.
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2.2.4. Integrated Active-Passive Vibration Isolation Technology

Integrated active—passive vibration isolation technology combines the advantages of
passive and active vibration isolation technology. It can not only isolate relatively high—
frequency vibration but also change stiffness and damping parameters, change the control
law in time, attenuate low—frequency vibration, broaden the suppression bandwidth, and
achieve the ideal effect of vibration reduction. To demonstrate the mechanisms, the typical
schematic diagram is shown in Figure 5 [13].
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Figure 5. Typical schematic diagram of an integrated active—passive vibration isolation system.

In short, according to different vibration isolation requirements, different technolo-
gies can be selected to achieve the ideal vibration isolation effect. The advantages and
disadvantages of the four vibration isolation technologies are shown in Table 1.

Table 1. Comparison of characteristics of four vibration isolation technologies.

Vibration Isolation

Technology Advantages Disadvantages
Does not require external energy, simple structure, Vibration isolation bandwidth conflicts with
Passive high stability, good reliability, easy operation and  system capacity, damping element is easily affected
maintenance, mature technological development by temperature, hard to adjust after modification

Semi-active

Stiffness and damping of the system can be adjusted
according to vibration isolation requirements, less

Limitations of passive vibration isolation technology
make it easy to be disordered when changing
parameters, disturbing system stability, and unable

energy consumption, high stability to isolate the influence of low—frequency vibration

Wide frequency band, good vibration isolation and  Structure is complex, requires external energy, cost

Active control effect at low frequency, strong adaptability,  is higher, instability of control system will lead to
high precision failure of the entire vibration isolation system
Integrated Combines advantages of passive and active Wrong solution of active control law will affect

active—passive

vibration isolation technology, good safety

. 2. ive vibration isolati
performance, high stability passive vibration 1sofation

Note: Adapted from [13].

3. Development of Stewart Platform

The disturbance of micro-vibration in spacecraft has become an important factor
affecting the normal operation of high—precision space-borne equipment. Considering the
harshness and complexity of vibration reduction requirements in the aerospace environ-
ment, the vibration isolation system must have high precision, small mass, strong stiffness,
strong bearing capacity, and radiation resistance [46]. The Stewart damping platform has
the advantages of high motion accuracy and large stiffness mass ratio and is widely used
as a vibration isolation mechanism in spacecraft.

3.1. Introduction to the Stewart Platform

The Stewart damping structure is a classical 6-DOF parallel mechanism. The original
structure was proposed by British scholars Gough and Whitehall in 1947 and was mainly
used to test the compression of tires in all directions, as shown in Figure 6 [47]. In 1965, the
German scholar Stewart designed a six-degree—of—freedom flight simulator controlled by
six motors in any combination, subsequently setting off a wave of research and development
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of the parallel mechanism in the academic community, which came to be called the Stewart
platform, as shown in Figure 7 [48].

Figure 6. The schematic diagram of Gough'’s parallel tire test mechanism.

Figure 7. The schematic diagram of Stewart’s parallel mechanism.

Research on the Stewart platform mechanism gradually matured until the 1970s. The
specific development process is shown in Figure 8. In 1978, Australian scholar Hunt
designed a parallel robot with high precision, high stiffness, and strong bearing capacity
based on the Stewart platform [31]. Based on this, Callion and Pham first applied the
parallel robot manipulator arm based on the Stewart platform to industrial production
in 1979 [31]. After the 1980s, Merlet [49] and Fichter [50] conducted research on the
kinematics, dynamics, and control methods of the Stewart platform. In the 1990s, with the
maturing of computer technology and related software, research and development of the
Stewart platform were further promoted. After 1994, Ingersoll and Giddings Lewis in the
United States exhibited the hexapod parallel CNC machine tool and VARIAX machining
center based on the Stewart platform at the Chicago International Machine Tool Expo,
which once again pushed research on the Stewart platform to a new level. Later, with
the development of miniaturization technology and the recognition of micro—vibration
requirements, research on the Stewart platform was improved for application in the field
of aerospace micro—vibration. Since 1995, Spanos [31], Anderson [51], Denoyer [52], and
others have used the Stewart platform as a vibration isolation platform between the main
body and the interference source so as to achieve the effect of blocking low—frequency
micro—vibration. In the 21st century, the Stewart platform has gradually developed in the
field of micro—vibration as a vibration isolation platform.
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Figure 8. Development history of the Stewart Platform [31,49-52].

3.2. Stewart Platform Features

The Stewart platform is composed of an upper platform, a lower platform, and six

retractable driving rods connected by hinges, as shown in Figure 9. Under the twisting
action of six retractable driving rods, if the lower platform is fixed, the upper platform
can realize three translational movements in the axial direction and three rotations around
the axial direction. Compared with the series mechanism, the Stewart platform has the
following characteristics [53,54]:

)
@)

®)
4)

®)

5

L

High stiffness: Six driving rods connect the upper and lower platforms, making the
platform stable and rigid;

High bearing capacity: As there is high structural stiffness, under the condition of the
same mass or volume compared with the series mechanism, a much larger mass can
be loaded;

High precision: Since the error tends to be average in each driving rod of the parallel
mechanism, it will not cause error accumulation, and the structural precision is higher;
Perfect dynamic performance: Since each driving rod is arranged on the lower plat-
form, when the platform is moved, the six driving rods will act directly, with high
movement efficiency and perfect dynamic performance;

Easy to solve: When solving the kinematics of the Stewart platform, it is easy to obtain
the inverse solution of equations. The inverse pose solution can be used to obtain the
relevant motion parameters.

= Upper platform
1 ) o ® » Hinge

» Drive strut
[ |9

\ L |
| S
-@f = Lower platform

Figure 9. Six—degree—of-freedom parallel Stewart Platform.
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4. Research Progress of Stewart Platform in the Field of Micro—Vibration

Since the Stewart platform was proposed, many experts at home and abroad have
conducted a lot of research on the theory and application. This paper summarizes the
theoretical research status and the research progress in the field of micro—vibration.

4.1. Theoretical Research Progress of Stewart Platform

In order to examine the theoretical research progress of the Stewart platform in detail,
three aspects of kinematics, dynamics, and control methods are investigated, which are
widely used in current research.

4.1.1. Research Progress of Kinematics

Research on the kinematics of the Stewart platform is conducted mainly to analyze the
mapping relationship between the output and input parameters, including pose, velocity,
and acceleration. The kinematics problems can be divided into forward and inverse
problems [55,56]. The forward kinematics problem is to give the input parameters of the
platform and solve the six generalized coordinate parameters of the moving platform; the
inverse kinematics problem is the opposite.

Due to the strong coupling and nonlinear characteristics of the Stewart platform, it is
difficult to obtain a forward analytical solution. However, many researchers still conduct
deep research on the forward kinematics solution. The solutions of the forward kinematics
problem mainly include the analytical method, numerical method, and intelligent algorithm,
as shown in Figure 10. The research status of each solution is summarized below.

Analytical method
Inverse FiChter, Yang
kinematics Huang, Liu, Wen
Kinematics problem Porta, Gao
Research of
Stawart Numerical method
Platform Forward
k“;il::li tlmcs Innocenti, Zhu, Kizir
P Kim, Xie
Intelligent Algorithm

Geng, Boudreau
Parikh, Rahmani
Su, Sheng, Taherifar
Zhang, Bingul

Figure 10. Studies on kinematics of Stewart Platform [50,56-74].

The analytical method mainly includes geometric analysis and algebraic elimination.
It is a method of converting kinematic equations to solve polynomials. As early as 1984,
Fichter [50] proposed a method to solve the forward kinematics of the Stewart platform,
which also proved that the exact analytical solution could not be obtained. Yang [57]
constructed a set of nonlinear equations to solve six variables of the Stewart platform, and
by solving the equations, the forward kinematics problem can be solved. Liu [58], Wen [59],
Porta [56], Gao [60], and others also contributed to finding forward kinematics solutions;
however, the analytical method can only give the upper limit of all solutions of forward
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kinematics, and when the joint variables change, it is impossible to predict the number of
corresponding moving platforms.

As the calculation of the one—dimensional search algorithm, three-dimensional search
method, and Newton Raphson iterative algebra method is simple and efficient, it is gener-
ally used for the numerical solution and is suitable for the solution of the Stewart platform
mechanism. In 1993, Innocenti [61] proposed a one-dimensional search algorithm, which
virtualized a driving rod of the Stewart platform mechanism into a support rod with vari-
able length, simplified the overall platform, and solved the new structure with a special
method to obtain all real solutions. Subsequently, Zhu [62], Kizir [63], Kim [64], and Xie [65]
solved the forward problem of the Stewart platform by the numerical method. While the
numerical algorithm takes a long time, the convergence effect is not good, and the solution
result is incomplete, it can avoid having to solve nonlinear higher—order equations.

Around 2000, with developments in science and technology, artificial intelligence
algorithms were constructed, and many scholars used these algorithms to solve the forward
problem of the Stewart platform. Intelligent algorithms include neural networks, genetic
algorithms, particle swarm optimization algorithms, and so on. Geng [66], Boudreau [67],
Parikh [68], and Rahmani [69] applied the neural network method to calculate the forward
kinematics of the Stewart platform. Su [70], Sheng [71], and Taherifar [72] used genetic
algorithms to optimize the solution, and Zhang [73] and Bingul [74] used the particle
swarm optimization algorithm to establish a mathematical model of the forward kinematics
problem. Using these optimization algorithms directly, the unique solution of the kinematic
equation of the Stewart platform can be obtained; however, these algorithms are time—
consuming and cannot meet the real-time requirements of vibration reduction.

The different configurations, geometric parameters, and sensor positions of the Stew-
art platform increase the complexity of the forward kinematics solution. However, the
current research is mainly aimed at finding a simplified configuration. Therefore, it is
of great significance to study the general forward kinematics solution methods of the
Stewart platform.

4.1.2. Research Status of Dynamics

Dynamics analysis includes forward and inverse problems. The forward problem of
dynamics describes the solution of the pose parameters of the upper platform when the
driving force of the lower platform is given. The inverse problem of dynamics is to give
the target pose of the upper platform and solve the driving force of the lower platform to
achieve the pose. Due to the special structure of the Stewart platform, its dynamic model
usually has the characteristics of multivariable, strong coupling, and high nonlinearity [54].

Common methods for dynamic analysis include the Newton Euler, Lagrange, virtual
work principle, and Kane methods, among others, as shown in Figure 11.

Kinetic
Positive Classification Newton-Euler
Problem (Fichter, Dasgupta, Mcinroy )
Dynamie
inverse
problem Lagrange
Dynamics of the| Analyze (Lebret, Xie, Tamir)
Stewart -
Platform
Multivariate Virtual work principle
(Wang, Tsai, Pedrammehr)
Strong
Highly Characteristic Kane

(Asadi, Taghizadeh, Jiao)

nonlinear

Figure 11. Studies on dynamics of the Stewart Platform [26,50,75-90].
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The Newton—Euler method [75] uses Newton’s second and third laws and Euler’s
equations to establish kinematic equations. The process is intuitive and easy to understand,
but the derivation and solution are complex. The solution process requires vector operation
to describe, and there are many equation groups, redundant and complicated calculations,
and low efficiency. The Lagrange method [76] establishes the relationship between the
system energy and generalized coordinates based on the energy of the system as a whole
(quantitative kinetic energy and potential energy). The derivation is simple and can
clearly express the coupling characteristics between various components, but the amount
of calculation is too large to directly calculate the constraint reaction. The virtual work
principle method [77] eliminates the calculation of joint force when establishing pure
differential dynamic equations (excluding the binding force of the kinematic pair) and
dynamic equations mixed with algebra and differentials (including the reaction force of the
kinematic pair constraint), which is easy to program and has high calculation efficiency.
The Kane method [78] is relatively simple in form and avoids the derivation process. When
solving the calculation, the velocity bias and angular velocity bias should be introduced,
and the vector point product and cross product can be calculated. The generalized active
and inertial forces are used to establish the dynamic equation of the system, and the
calculation process is relatively abstract.

Fichter [50] established the dynamic equation of the Stewart platform as early as
1986 but ignored the inertia of the driving rod. After 1998, Dasgupta [79], McInroy [80],
Khalil [81], and Fan [75] successively established the dynamic equation by the Newton
Euler method. Combined with vector projection operation, they designed an appropriate
coordinate system for the Stewart platform and simplified its derivation process. By 1993,
Lebret [82] and others were the first to establish and analyze the dynamic equation by using
the Lagrange method. Later, Xie [83], Tamir [76], and Wang [84] solved the dynamic model
by the Lagrange method, which improved the calculation efficiency. Earlier, Wang [85]
and Tsai [86] used the virtual work principle to solve the inverse dynamic problem of
the Stewart platform. Later, Pedrammehr [77], Ahmadi [87], Kazezkhan [26], and others
introduced virtual displacement and virtual work for the Stewart platform and adopted
the idea that the sum of virtual work carried out by inertial force and driving force is
zero to solve the inverse dynamics problem. Asadi [78], Taghizadeh [88], Jiao [89], and
Shariatee [90] used the Kane method to establish the dynamic equation, including the
relationship between the speed and acceleration of the driving rod and the platform and
solved the dynamic problem of the Stewart platform.

4.1.3. Research Status of Control Methods

After obtaining the kinematic and dynamic model of the Stewart platform, it is nec-
essary to apply various control methods to achieve the desired vibration reduction and
isolation effect. At present, the adaptive, robust, sliding mode, and fuzzy control methods
are the most widely used active control methods (Figure 12).

When there is uncertainty in the controlled object or the external environment, or it is
constantly changing, the adaptive control method can be used. Sirouspour [91], Van [92],
Taghizadeh [88], and Yang [54] used the adaptive control method to track the error of the
Stewart platform and compensate for the parameter uncertainty in the system dynamics.
The robust control method was first proposed by Zames in 1981 [93]. Later, Geng [94] and
others proposed a robust adaptive filtering algorithm for active vibration control and used
this algorithm to control the vibration of the cube Stewart platform. The results showed
that it could effectively attenuate single frequency interference of 30 dB. Dobriborsci [95],
Taghizadeh [88], Cao [96], and Tamir [76] also applied the robust control method to the
Stewart platform model. Sliding mode control is a discontinuous nonlinear control method
that can eliminate the parameter perturbation and external interference of the controlled
object. The solution is fast, simple, and easy to implement. Since 1995, scholars such
as Begon [97], Park [98], Wu [99], Xu [100], Bang [101], and Velasco [102], applying the
sliding mode control method, have realized tracking control of the Stewart platform and
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improved the performance of the system. The fuzzy control method is a control technology
that simulates human thinking and decision—-making. In 1999, Chuang [103] studied the
stability of the Stewart platform by using fuzzy control. Later, Yaovaja [104], Breganon [105],
Qazani [106], and others used the fuzzy PID control algorithm to study the complex
asymmetric structure and nonlinear problems of the Stewart platform and improved the
calculation efficiency.

Adaptive control method

7 Sirouspour, Van
Taghizadeh, Yang

Robust control method

Research L Zames, Geng

on Dobriborsci, Taghizadeh
Control Cao, Tamir
Method

of
Stewart

Sliding mode control method
Platform

Begon, Park, Wu
Xu, Bang, Velasco

Fuzzy control method

— Chuang, Yaovaja
Breganon, Qazani

Figure 12. Studies on control methods of the Stewart Platform [54,76,88,91-107].

The dynamic characteristics of the Stewart platform have a crucial impact on micro-
vibration suppression, and the transmission characteristics of its control and interference
channels will directly affect its micro—vibration control performance [107]. Therefore,
different control algorithms can be adopted for different models of the Stewart platform to
achieve the best effect of vibration reduction and isolation.

4.2. Application Status of Stewart Platform in Aerospace Micro—Vibration

In 1993, NASA first proposed applying the Stewart damping platform in the field
of aerospace engineering [108]. Since then, many scholars have conducted research on
micro—vibration control in the aerospace field. The following introduces the structure and
performance of different types of Stewart vibration isolation platforms applied to aerospace
micro—vibration control.

4.2.1. Rigid Stewart Platform

According to the structural stiffness of the actuator, there are two types of Stewart
platforms for aerospace, rigid and flexible. The rigid Stewart platform usually has rigid
actuators, generally piezoelectric and magnetostrictive alloy actuators. The rigid actuators
are positioned alone or in series with flexible springs [109]. This platform has the advan-
tages of large actuator stiffness, fast platform response, and good low—frequency vibration
isolation performance, but its attitude adjustment ability is relatively weak. The typical
rigid Stewart platform for aerospace is described in Table 2.
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Table 2. Typical rigid Stewart platform.

e Platform Range Active Vibration Isolation
Year Research Institution Abbreviation Actuator (mm) Feedback Sensor Frequency Bandwidth (Hz)
1995  Intelligent Automation HAVI Giant magnetostrictive ;157 Payload, acceleration 10~250

Actuator sensor, force sensor

1996 CSA Engineering uQr Solenoid actuator +£0.02  Payload detection wave 3~100
2000 CSA Engineering SUITE Piezoelectric actuator +0.02  Payload detection wave 3~200
2001  Free University of Brussels ULB Piezoelectric actuator +0.025  Force sensor, payload 4~90
2001  CSA Engineering PH1 Piezoelectric ceramic 4635 Payload detection wave 1~100
2006 Fujita Corporation GMS/AIR Giant magnetostrictive - Acceleration sensor 1~80

actuator and air spring

Note: Adapted from [110].

In 1995, Geng [94], of the Intelligent Automation company, proposed for the first time
the HAVI vibration isolation Stewart platform in the form of a mutually orthogonal "cubic"
structure, applied to the field of aerospace micro-vibration (Figure 13a), and developed and
designed the corresponding control algorithm to reduce the coupling effect of the structure.
The HAVI vibration isolation platform adopts a new type of Terfenol-D magnetostrictive
alloy as the actuator, and the motion range is +0.127 mm. With the use of a two-layer
control system structure combined with local force feedback control and robust adaptive
filter control for active vibration isolation, the platform’s vibration attenuation can reach
15 dB in the frequency range of 10-250 Hz. After 1996, CSA also developed a UQP vibration
damping platform for aerospace based on the six—axis Stewart platform (Figure 13b) [111].
The driving rod of the UQP vibration isolation platform adopts a rigid electromagnetic
actuator, and a detector for measuring motion is installed on the driving rod. This novel
series method is used to realize active/passive vibration isolation in each strut. Tests show
that the platform has 20 dB vibration attenuation at a bandwidth of 100 Hz. However,
when the system is matched with highly flexible infrastructure, the isolation performance
will be reduced [110].

() ()

Figure 13. The schematic diagram of the typical rigid Stewart platform: (a) HAVI rigid Stewart
platform; (b) UQP rigid Stewart platform; (c) SUITE rigid Stewart platform; (d) ULB rigid Stewart
platform; (e) PH1 rigid Stewart platform; (f) GMS/air rigid Stewart platform.
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At the beginning of the 21st century, in order to further solve the interference of aerospace
micro-vibration, the SUITE platform developed by CSA Engineering (Figure 13c) [51], the
ULB hyperstatic platform at the Universit € Libre De Bruxelles (ULC) (Figure 13d) [112],
and the Ph1 rigid Stewart platform by CSA (Figure 13e) [51] used piezoelectric actuators as
the drivers of the platform, with the corresponding feedback sensors and active control
algorithms, providing the spacecraft platform with a large motion range and high motion
accuracy to achieve the ideal effect of vibration isolation.

In 2006, Fujita Corporation developed a six-degree—of—freedom micro—vibration con-
trol system using a giant magnetostrictive actuator and air spring (Figure 13f) [113]. The
platform has a stable structure, a perfect micro-vibration isolation effect, and fast response
speed. Tests show that the vibration isolation platform can successfully isolate disturbance
in the range of less than 80 Hz.

4.2.2. Flexible Stewart Platform

The flexible Stewart platform usually uses soft actuators, such as voice coil motors, in
parallel with soft springs [109]. With vibration isolation and attitude adjustment functions,
micro—vibration suppression can be realized, but the stroke of the actuator is large. The
typical flexible Stewart platform for aerospace is described in Table 3.

Table 3. Typical flexible Stewart platform.

Year Research Platform Actuator Range Feedback Sensor Active Vibration Isolation
Institution Abbreviation (mm) Frequency Bandwidth (Hz)

1995  Jet Propulsion Laboratory JPL Voice coil motor +0.5 Force sensor 1~100

1995 Honeywell Inc. D-Strut Voice coil motor +2 Payload, acceleration sensor 0.2~40

1998 TWR RWIA Damping rod, spring +5 Acceleration sensor 1~10

1999 HT and UW HT/UW Voice coil motor +5 Force sensor, load detector 0.3~30

2001 Taranti PPH Voice coil motor +5 Acceleration sensor 1~50

2001 Honeywell Inc. MVIS Voice coil motor £2 Three—parameter damper 0.2~40

2002 University of Wyoming uw Spring +5 - 1~100

2004 Naval Postgraduate School NPS Solenoid actuator +8 - 1~100

2007  Free University of Brussels ULC Voice coil motor +1.5 Force sensor 5~400

Note: Adapted from [110].

In 1995, the Jet Propulsion Laboratory (JPL) designed a flexible active vibration iso-
lation platform based on the cubic Stewart platform structure to isolate the vibrations of
flywheels, cryogenic coolers, and other noisy machines on spacecraft (Figure 14a) [114]. It is
made of six electromagnetic voice coil brakes and soft springs in parallel, and a force sensor
is installed at the bottom of each driving rod to measure its axial transmission rate. The
test results show that compared with passive vibration isolation technology, the vibration
isolation attenuates the transmission rate of the device at low frequency (7-100 Hz) by
10 times. Later, Honeywell Inc (Honeywell International, Morristown, NJ, USA). devel-
oped the first-generation D-struts flexible Stewart platform (Figure 14b) [115] and the
second—generation MVIS Stewart platform (Figure 14c) [116]. The HT/UW vibration iso-
lation platform designed by Hood Technology Corporation (HT) and the University of
Washington (UW) (Figure 14d) [117], which was successfully applied to spacecraft, the PPH
flexible Stewart platform made by Taranti (Figure 14e) [118], and the ULC flexible Stewart
platform designed by ULC (Figure 14f) [119] all use voice coil motor as the flexible actuator.
Combined with the corresponding feedback sensor and active control algorithm, they
can isolate low—frequency interference on spacecraft and have the functions of vibration
isolation and attitude adjustment.
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(d)

(8

(h) (i)

Figure 14. The schematic diagram of a typical flexible Stewart platform: (a) JPL flexible Stewart
platform (Reprinted /adapted with permission from Ref. [114], 2006, Haomin Lin); (b) D-strut flex-
ible Stewart platform; (c) MVIS flexible Stewart platform; (d) HT/UW flexible Stewart platform
(Reprinted /adapted with permission from Ref. [117], 2004, G.S. Hauge); (e) PPH flexible Stewart plat-
form; (f) ULC flexible Stewart platform (Reprinted/adapted with permission from Ref. [119], 2007, A.
Preumont); (g) RWIA flexible Stewart platform; (h) UW flexible Stewart platform (Reprinted /adapted
with permission from Ref. [114], 2006, Haomin Lin); (i) NPS flexible Stewart platform.

In 1998, in order to reduce the influence of micro—vibration on a spacecraft, the
TWR company designed an RWIA flexible Stewart platform with a damping rod and
spring (Figure 14g) [120]. The damping is supplied by viscoelastic materials, and the
spring provides the necessary stiffness. It can produce —12 dB frequency attenuation at a
frequency of 9 Hz, suppress the vibration interference of an airborne momentum wheel,
and meet the mechanical environment requirements for the normal operation of optical
load equipment. Later, UW developed a Stewart-like vibration isolation platform using
flexible joints for micro—vibration control of a spacecraft (Figure 14h) [114]. A spring is
added to each driving column to isolate some high—frequency vibration, and the positive
feedback of force is used to improve the closed-loop robustness and reduce the system
sensitivity so as to further improve the vibration isolation effect. The Naval Postgraduate
School (NPS) designed the NPS flexible Stewart platform with an electro-magnetic soft
actuator to isolate micro—vibration on spacecraft (Figure 14i) [121]. This platform has
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the characteristics of large driving displacement and perfect vibration isolation effect but
requires additional support structure during launch.

5. Future Development Prospects

The Stewart damping platform has the advantages of high stiffness, high bearing
capacity, good dynamic performance and easy solution. It can be used as a micro—vibration
isolation device for high—precision spacecraft. Although considerable research results have
been achieved, research on the Stewart platform can still be improved and optimized.
The future development of the Stewart platform in the field of aerospace micro—vibration
control can be discussed from the following aspects.

(1) Fast kinematics solution

The kinematics solution of the Stewart platform is still a research hotspot. Although
some existing artificial intelligence algorithms can obtain a kinematic solution, they are time-
consuming and do not meet the application requirements of real-time vibration reduction.
With the rapid development of artificial intelligence technology in recent years, whether
the emerging artificial intelligence algorithms, such as machine learning and deep learning
algorithms, can effectively solve the problem is a question worth in—depth discussion.
Therefore, using emerging artificial intelligence algorithms to quickly solve the kinematics
model has become one of the important research directions for the Stewart platform.

(2) Optimization of the Stewart platform control strategy

When the Stewart platform requires a large vibration isolation bandwidth, integrated
active/passive vibration isolation technology needs to be adopted. With the progress and
development of science and technology over time, the components and products used
for active vibration isolation have matured, and the electronic system has been improved.
However, active vibration isolation control technology has not reached the ideal state,
and the corresponding control algorithm is not very mature. Therefore, in designing the
appropriate optimal control strategy, how to enable the Stewart platform to carry out
effective vibration isolation control in the whole frequency domain has also become a focus
of research.

(3) Material/structural design of Stewart platform

As a typical 6-DOF parallel mechanism, the structural design of the Stewart platform
should meet specific workspace requirements. At present, the commonly used actuator
structures include spring, voice coil motor, magnetostriction, tablet actuator, and so on.
However, for vibration damping/isolation of spacecraft in reality, in order to meet the
requirements of vibration damping/isolation, the structure is expected to have the ability
of large—directional adjustment so as to play a role in the normal operation of spacecraft in
all directions and all time periods. This puts forward the requirement of variable stiffness
for the Stewart platform. With the development of smart material technology, whether
smart materials with variable stiffness and excellent performance, such as shape memory
polymer, can be applied to the new structure has become an important research topic.
Therefore, the omni-directional and all-time optimized material/structure design of the
Stewart platform will also become the research direction in the future.

(4) Integrated design of Stewart platform

The existing Stewart platform needs a variety of sensors and controllers to assist in
normal vibration reduction/isolation work. This leads to the complexity of the platform
and the diversity of its communication interfaces. However, spacecraft are now develop-
ing in the direction of miniaturization. It is especially important to study a lightweight,
miniaturized, universal, and integrated Stewart platform. With the development of new
multi-functional materials and the maturity of 4D printing technology, new specific multi-
functional materials, such as electro-responsive intelligent material and low-melting—point
alloy material, can be used to prepare a multi—functional, integrated Stewart platform with
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variable stiffness with a 4D printer. With the maturity of 4D printing technology, it will
become a research hotspot.

6. Conclusions

In this paper, the research status of the Stewart vibration isolation platform in the field
of aerospace micro vibration is reviewed. Although scholars in various countries have made
some research achievements in this field, there are still some problems worth discussing
and improving. Through a literature search, it was found the solution algorithm and control
strategy of the Stewart platform still have room for improvement and development. In
particular, with the development of artificial intelligence technology, some new algorithms
can be used as new technologies for fast solutions and control of the Stewart platform. In
addition, with the development of smart materials and 4D printing technology, and the
use of low-melting—point alloys as variable stiffness materials, some smart materials with
variable stiffness and excellent performance can be used as the matrix material of the new
Stewart platform. The new integrated omni-directional, multi—functional platform with
full frequency band and variable stiffness could be prepared by 4D printing technology.
On the basis of meeting the basic requirements of vibration isolation/reduction, it could
also support the current requirements of spacecraft miniaturization. With further maturity
of the research on the Stewart vibration isolation platform, it will play a positive role in
promoting the development of high—precision and high-reliability spacecraft.
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