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Design and experiment of a large-scale
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Abstract

To solve the problems of difficult vibration sources simulation in the ground test of the on-orbit optical load, a multi-
dimensional micro-vibration simulator based on the improved Gough—Stewart platform was designed, which can effectively
reproduce the characteristics of wide frequency distribution and small vibration magnitude of space micro-vibration. The
analytical formula was derived by using the virtual frequent principle and the Newton—Euler equation for the natural
frequency of the system, and the simulator’s configuration was optimized. The structure of legs was designed and optimized
according to the optimal configuration parameters. Finally, the micro-vibration simulator was tested, and the test results
showed that the output bandwidth of the simulator was 5-300 Hz and the maximum magnitude error was 8%, thus
demonstrating the multi-dimensional micro-vibration simulation platform has the characteristics of large frequent

bandwidth, high load carrying capacity, and small vibration magnitude.
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I. Introduction

During the on-orbit operation of spacecraft, the space
micro-vibrations will be generated by on-board motion
equipment and devices in spacecraft. With the improvement
of the observation resolution of the space optical remote
sensors, the micro-vibration of satellite platform gives in-
creasingly prominence to the restrictive effects of remote
sensor imaging performance index (Hadar et al., 1992; Le
et al., 2013; Liu et al., 2015; Serief et al., 2017). Therefore,
in order to further improve the observation performance of
space remote sensors, it is necessary to carry out research
on the adaptability of space remote sensors to the micro-
vibration environment of the satellite platform, fully grasp
the characteristics of the satellite platform micro-vibration
and the mechanism of the platform micro-vibration in-
fluence on the image quality of the space remote sensors,
and then study the corresponding strategies to overcome or
weaken the adverse effects of the satellite platform micro-
vibration on the image quality of the space remote sensors
and improve the observation accuracy.

At present, researchers have carried out a lot of re-
searches on micro-vibration. Laskin and Martin (1989)
concluded that the Reaction Wheel Assembly (RWA) and
Control Momentum Gyros (CMG) are the largest micro-
vibration disturbance sources. Cui et al. (2019) analyzed the
influencing characteristic of micro-vibration on imaging

quality from the aspects of micro-vibration’s direction,
amplitude, frequency, and phase. Lin et al. (2018) studied
the impact of flywheel micro-vibration on a high resolution
optical satellite that space-borne integrated. To deeply study
the working state of payload in the space micro-vibration
environment, it is necessary to carry out a ground micro-
vibration test to simulate the space micro-vibration envi-
ronment. Two methods can be adopted to simulate the
micro-vibration environment: one is to use real disturbance
equipment (Zhou et al., 2011; Wu et al., 2019), in which the
simulated disturbance source is relatively single and it will
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also be affected by production scheduling; the other is to
design the micro-vibration simulator which can simulate the
various disturbance sources. Since spacecraft and its pay-
load are usually in a multi-DOF space micro-vibration
environment (Lee-Glauser et al., 1994; Whiteman et al.,
2014), it is particularly important to design a multi-DOF
micro-vibration simulator.

There are also many achievements in micro-vibration
simulation platform. Park et al. (2012, 2014) proposed
the disturbance force simulator which only stayed in the
theoretical stage. The University of Pennsylvania designed
the novel micro-vibration simulators based on the Gough—
Stewart configuration (Vose et al., 2009, 2013). The
Gough—Stewart platform (GSP) has characteristics in-
cluding high rigidity, a stable structure, and good dynamic
performance, so it often used as the space micro-vibration
simulator (Shao et al., 2012; Joshi et al., 2004; Tang et al.,
2013). Wang et al. (2017) proposed a multi-degree-of-
freedom simulator based on the GSP that can exactly
produce the required micro-vibration spectrum. Yang et al.
(2016) proposed a novel acceleration simulator which can
reproduce 6-DOF micro-vibrations with different ampli-
tudes and frequencies. However, they only stayed in the
simulation stage and did not show the real object of the
simulator.

Though the GSP is widely used in the micro-vibration
field, the conventional Gough—Stewart configuration plat-
forms suffer from two major drawbacks: the first is the mass
and stiffness of the legs can result in spurious resonances,
and the second is the conventional rotational joints suffer
from the problem of friction and backlash (Verma et al.,
2020) which degrades the performance. In order to derive
good performance of the 6-DOF micro-vibration simulator,
the structural parameters need to be optimized. Wang et al.
(2018) designed and tested leaf springs of the driving leg
and gimbals to improve performance of simulator’s legs. He
et al. (2017) improved the micro-vibration simulator’s
performance by designing and optimizing driving legs,
hinges, upper platform and lower platform. However, their
simulator’s bandwidth was not high enough. In order to
increase the simulation bandwidth and inherence the per-
formance, it is necessary to design and optimize the
simulator.

In this study, a multi-degree-of-freedom micro-vibration
simulator based on the GSP, which can exactly reproduce
the six-dimensional acceleration, is presented. The dynamic
model is established to calculate the natural frequency of the
system; then the optimal configuration parameter is ob-
tained by configuration optimizing and used for the
structure design to increase the bandwidth of the simulator;
finally, the iterative feedback control strategy is used to
control the simulator to provide the 6-DOF micro-vibration
test. Compared with the previous simulator (Zhu et al.,
2022), it can be seen that simulator proposed in this paper
has the characteristics of larger frequent bandwidth, higher

load carrying capacity and can simulate smaller vibration
magnitude.

The paper is organized as follows. Section 2 of the paper
introduces the configuration optimization of the improved
Gough—Stewart platform. Section 3 designs and optimizes
the structure of the platform. Section 4 presents experi-
mental measurements of the six-dimensional acceleration
that are produced by the simulator. Section 5 draws con-
clusions about the performance of the 6-DOF micro-
vibration simulator.

2. Configuration optimization

In this section, a six-dimensional parallel platform based on
an improved Stewart—Gough configuration is proposed. For
such mechanism, the configuration parameters determine
the first six natural frequency of the simulator and the lowest
frequency of the analog bandwidth. Therefore, the natural
frequency analytical formula of the system will be obtained
by theoretical modeling, and subsequently the optimal
configuration parameters are obtained by traversing opti-
mization, which provides a basis for the structure design of
the simulator.

2.1. Theoretical modeling

The diagram of the parallel platform and the single leg is
shown in Figure 1. The geometric parameters for de-
termining the platform configuration are: the upper
platform radius Rp, the base platform radius Rz, the
upper and base platform central angles at hinge point o
andp, and the height of the origin of the body frame in
the base frame H. The entire platform consists of upper
platform, base platform, and six identical legs which is
composed of an actuator (indicated by a sliding pair) and
a connecting rod. Each actuator is fixed to the lower
platform, and the connecting points are represented by
B; (i=1-6). The upper joint points on the upper platform
represent that connecting rods are connected to the
upper platform by hinges and are given by p; (i = 1-6),
and the lower joint points on the actuators represent that
connecting rods are connected to the actuators by hinges
and are given by U; (i= 1-6). The {P} coordinate system
is used to represent the body frame, while the {B}
coordinate system represents the base frame.
q=[x ¥ z ¢ ¢ 5] is the position matrix of the
body frame {P}, and the rotation matrix of the trans-
formation from the body frame {P} to base frame {B} is
given by

copen - cnspsd — sned  cnsped + snsd
BR = |sncp  spsopsd +cned  snsped —ensd | (1)
—s¢ copsp cpcd

where s(-) = sin(-), ¢(+) = cos(+).
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thewhole platform

thei” leg

Figure . Diagram of the 6-DOF micro-vibration platform: (a) the whole platform and (b) the i*' leg.

Frame d' is the reference frame which is attached to the
base platform at B; with d4 along the i** actuator. The hat (")
above the variables indicates that it is a unit of length. The 5
coordinate system is located on the i rod at the center of
mass of the lower joint with §3’ along the i rod, and the
length vector /;, of the leg can be expressed as follows

lgp =8+ Bp,- — P ="+ f,R : Pp,- — b, 2

Taking the derivative of equation (2) with respect to
time, the velocity mapping function v,; can be obtained as

P

y B, T . .
vy =lsp = [+ wxpR"p; = [I3%§R(pi) pplT}q:in,q'q
3)

where J,; ¢ denotes a Jacobian matrix relating the general
velocity to the wvelocity of the upper joint,
Ji.g = [E3,BR( ISi)Tf,RT], and q is the general velocity of
the upper platform.

The length of the i rods and actuator are given by s; and
d;, respectively. Equation (2) can be expressed as

Igp= /53 + dialg 4)
Dot-multiplying both sides of equation (4) by s;53 gives
. o~ . ~ . ~IT .
§ = (ljgp — d,-dj)T(ljBP - d,-dﬁ) = l}; —2dd, lyp + d?

)

Solving equation (5), the length d; of the rod can be
obtained as

~iT i ~iT . 2 .
di = dy lpp — (d3 ZIII?P) - 1,19192 + 57 (6)

Taking the derivative of both sides of equation (6) with
respect to time, and simplifying, the sliding velocity of the
actuator can be described by

dy = (lyy — didi) (1yod) /[(1p — d) ') (7

Based on their physical meaning, the velocities of the
upper joint p; can also be described in terms of the velocity
of'the centroid of the actuator and the angular velocity of the
rod wg; under frame {B} as

Vpi = dzaal + Wy X (Sifg\;) (3)

According to equations (3) and (8), the following ex-
pression can be obtained

Si05 X 53 = fg + 0 % Rf;;. —dds )

Pre-multiplying both sides of equation (22) with 53
yields

. B- N T
di=5" i+ [(GR7p) 5] o (10)
The six legs are considered simultaneously, and equation
(10) can be expressed
D=J,,q (11)
. . . . . . . ~il
where D = [dl dy dy dy ds dé} and Jy 4 = [53°,
[(BR -Pp;) X?}]T] / (§3’T33’) denote the Jacobian matrix re-
lating the general velocity to the sliding velocity of the
actuator.
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Combined with Virtual Work Principle, the upper plat-
form is pressed with an external force F

F'-Aq=fT-AD (12)

where fis the output force matrix of six actuators, and when
the axial stiffness is k

f=k-AD (13)
According to equations (11) ~ (13), F can be obtained
(14)

The generalized stiffness matrix of the platform can be
expressed as

F=k-Ji, Ju, A

K=k-Ji, -Ju, (15)

According to the Newton—Euler equation, the natural
frequency of the platform can be obtained by solving the
following equation (16)

|K — M| =0 (16)

P~T .BRT

ml; Pop

B
m-pR-

where M = denotes

P~T B

m-5R-"PLORT BR.rp.BRT

the generalized mass of platform, 7/ is the inertia tensor of

P
the upper platform under frame {P}, and Pc is the skew
symmetric matrix of the comprehensive centroid of the
upper platform and the load in the body frame.

2.2. Parameter optimization

It is supposed that the bandwidth of the simulator can
reach 5-300 Hz and avoid resonance, the first 6-order
natural frequencies of the system is required to be
as low as possible, and the 7th-order natural fre-
quency is supposed to be as high as possible. The
paper (Xin et al., 2015) shows that the 7th mode is
a local lateral swing caused by the spring leaf’s
bending stiffness. The larger the bending stiffness, the
larger the 7th natural frequency. For the spring leaf
with a certain section shape, the bending stiffness in-
creases as the axial stiffness increases. Therefore,
the aim of configuration optimization is to make the
spring leaf’s axial stiffness as large as possible within
limits, and the constraint condition is that the sixth
natural frequency is 3.5 Hz. The configuration opti-
mization process is shown in Figure 2, the parameters
optimization ranges and the optimal parameters are
shown in Table 1, and the maximum axial stiffness
kmax = 55 N/mm.

3. Design and optimization of structure

The structure is designed and optimized according to the
optimal configuration parameters obtained in Section 2, and
the 3-D model is shown in Figure 3. A parallel platform
based on an improved Stewart—Gough configuration is used
as the micro-vibration generator in this section. The con-
necting legs of the traditional Stewart—-Gough platform is
connected with the upper and lower platforms by hinges and
the motor is installed on the each connecting legs. Rela-
tively, the legs of improved Stewart-Gough configuration
are connected to the upper platform by connecting rods and
hinges, and the motor is fixed to a fixed mount, which can
reduce the suspended mass attached to the legs and increase
the bending frequency of the whole platform.

3.1. Design of spring leaf

A linear system is needed in the driving leg to ensure that
the coil of the voice coil motor can move axially, which can
be met by coaxially installing the three spring leaves in the
driving leg. For the design of the spring leaf, it not only
needs to ensure that the first 6 radical frequencies of the
system are as small as possible but also needs to ensure that
the 7™ radical frequency as large as possible. Here, a design
method based on the stiffness ratio Q (i.e., the ratio of
bending stiffness to axial stiffness) is proposed. The Q value
is only related to the spring leaf’s geometric shapes, and the
larger the Q, the larger the 7th radical frequency of the legs
when the first 6 radical frequencies are the same.

The spring leaf’s (circular) design parameters mainly
include the inner radius R1, the outer radius R2, and the
thickness t. When optimizing parameters, the influence of
each parameter on the Q is shown in Figure 4. The Q value
increases with the increase of R1 and R2, but the t has little
effect on the Q.

According to the above relationship, R2 is defined as the
dimensional constraint and the value of R2-R1 cannot be
too small, otherwise local deformation of the spring leaf will
occur; the spring leaf will have the lower local mode when
the thickness t is too small, which will also affect the control
bandwidth of the system. After optimization, the finally
selected spring leaf’s parameters are R1 = 37 mm, R2 =
79 mm, t = 0.22 mm, and Q = 1235 mm?/rad. When the
spring leaf moves axially by 2 mm, the maximum stress of
the spring leaf'is 213 MPa; therefore, the leaf spring will not
be damaged during normal working.

3.2. Design of upper platform assembly

The upper platform assembly is composed of the payload
platform, the upper spherical hinges, the upper mounting
base, and the reinforcing plate, as shown in Figure 5(a). The
payload platform is used as the space load test platform, the
reinforcing plate is used to increase the natural frequency of
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Assign reference
value i=0,kmax=0

Solving and preserving the
6th natural frequencies wi
by kinetic equation

Solving the
corresponding ki

Preserving the kmax and
corresponding configuration

parameters
Output the maximum
stiffness kmax and
the optimal configuration
parameters
End
Figure 2. Configuration optimization process.
Table I. Configuration parameters optimization.
The base The upper The upper platform The base platform The height of the origin of
platform radius  platform radius Rp central angle at hinge  central angle at hinge the body frame in the base
Rs (mm) (mm) point a (°) pointf (°) frame H (mm)
Optimization [400, 460] [430, 460] [20, 110] [20, 110] [90, 110]
range
Optimal 460 mm 430 mm 102° 25° 102 mm
parameters

the upper platform, and the mounting base is used to (divided into three parts), etc., are optimized, as shown in

connect the upper platform and the connecting rods. Figure 5(b). The analysis results are shown in Figure 6:
To make the payload platform’s natural frequency as

high as possible, the height and thickness of the stiffener, (a) The radical frequency of the payload platform de-

the reinforcing plate and the upper platform plate thickness creases with the increase of plate 1 thickness and is less
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affected by the thickness of plate 3; when the thickness
of the mounting plate (i.e., plate 2) is small, the radical
frequency of the payload platform increases obviously
with the thickness of the mounting plate, and the latter
will be close to convergence.

(b) When the thickness of the stiffener is small, the radical
frequency of the payload platform increases with the
increase of the stiffener thickness, but the increase will
get smaller and smaller and even be reduced.

(c) On the studied interval, the radical frequency of the
upper platform and the height of the stiffener are ap-
proximately linear.

The radical frequency of the upper platform is 466 Hz
after optimization, and if the reinforcing plate is taken into
consideration, the radical frequency will reach to 500 Hz.
The optimized parameters are shown in Table 2.

3.3. Design of single-axis actuator

Figure 7 shows a 3-D structure view and cutaway view of
a single-axis actuator. The single-axis actuator is divided
into actuator part and fixed part. The actuator part includes
the voice coil motor mover (coil), the excitation shaft, the
spring leaf, the spherical hinge, and shims 1 and 3-5, and
the fixed part includes the voice coil motor stator (permanent
magnet), the motor base, insulating pad 2, and shim 2. The
whole motor is connected with the motor base through the
upper and lower spring leafs which are fixed by the shim on
the excitation shaft. The three spring leafs in Section 3.1
are selected as the linear system in parallel, and it can im-
prove the bending stiffness of the single-axis actuator by
increasing the distance between the two spring leafs
without changing the configuration parameters of the
platform.

Payload
platform

Connecting
shaft

ingle-axis
actuator

Fixed
mount

Base
platform

Figure 3. Space micro-vibration simulation platform.
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Figure 4. The influence of each parameter on the Q.
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3.4. Optimization results

After completing the optimization of the simulator, the
modal analysis of the whole platform is carried out by
using the MSC/Nastran. The first 7 modes of the whole
model with 300 kg load are shown in Figure 8. The first
3th and the 4th—6th natural frequency represents the
translational and rotational motion of upper platform,
respectively. The 7th natural frequency represents the
local mode of 6 legs. As a result, the great difference
between the 6th order (3.4 Hz) and the 7th order
(356 Hz) natural frequencies can ensure that the

simulator can simulate the micro-vibration with large
bandwidth without resonance.

4. Experiment

In this paper, an iterative control strategy based on transfer
function is used to control the simulator, and the specific
control methods can be found in literature (He et al.,
2017).The complete machine test system is shown in
Figure 9, and it includes the micro-vibration simulator,
the gravity unloading system, the Beckhoff system,

The upper platform assembly

(b)

reinforcing
plate

Payload

platform

stiffener mounting plate

lateral wall

The payload platform

Figure 5. The structure of upper platform: (a) the upper platform assembly and (b) the payload platform.
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540 r
the plate 1 thickness . 500 600
—_ 5301 —— the plate 3 thickness N ~
520t —— the stiffener thickness T | 5580
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f=4
S 500 / 12 | gs60
=4 =] o
© 490 - 18 © 540 |
= — =
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£ /—‘\‘ s E520
@ 470 . ) A 1 % [0}
460 | 18 {Es00f
el S g
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2 c S r
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P ) 460

90 100 110 120

5 10 20 25

thickggss(mm)

=3
o

20 30 40 50

thickness of the plate 2(mm)

height of stiffener (mm)

Figure 6. Effect of various parameters of the upper platform on the radical frequency.

Table 2. Optimized parameters.

The thickness of
plate 2 (mm)

The thickness of
plate | (mm)

The thickness of
plate 3 (mm)

The height of
stiffener (mm)

The thickness of
stiffener (mm)

The thickness of
reinforcing plate (mm)

20 40 40

80

5
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Pad 1 Shim 3
Drive shaft i
Spring
Shim 1 af2
Spring leafl ngg
Shim 2 Motor
Moter base stator
Shim 4
. Spring
Insulation leaf3
Shim 5
Compression
nut

Figure 7. The single-axis actuator structure.

Figure 8. The first 7 mode figures of the whole platform model.

The gravity

Figure 9. The complete machine test system.
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H
Acceleration L —"CH4 CH3

sensor 2~ O T T T ———

Figure 10. Position of legs and sensors in the test.

acceleration sensors, and the master computer, etc. The
experimental procedure of system is as follows: the target
accelerations are input at the master computer and then are
converted by the control module of Beckhoff system into
the corresponding force to drive the legs of simulator. Data
acquisition module of the Beckhoff system collects the
values of three acceleration sensors and feeds them back to
the master computer.

4.1. Transfer function test

The sinusoidal excitation force with a fixed amplitude is
applied to the six legs, and the transfer function of the upper
platform’s acceleration relative to the excitation force of
each leg can be obtained by using the signal acquisition
system to collect the input signal and the output signal of
each acceleration sensors. At low frequencies, the structural
damping coefficient of the system is small and the phase
difference between the output signal and the input signal is
near 0° or 180°; therefore, the transfer function can be
simplified from a complex matrix to a real matrix. The
negative number in the real matrix represents a phase
difference of 180°, and a positive number represents a phase
difference of 0°.

The calibration matrix is represented by SIGN, and the
number of each leg and the channel number of the sensor
are shown in Figure 10. First, the single leg is driven to
do sinusoidal motion, the time domain signal of each
sensor is measured, and the calibration matrix is ob-
tained according to the relative phase relationship of the
curve. It can be seen from the statics that when a con-
stant force is applied upward axially along leg 1, sensor
9 will move upward and the corresponding direction is

the positive direction of sensor 9. In the low-frequency
non-damping sinusoidal motion, the excitation direction
of leg 1 is consistent with the movement direction of
sensor 9, so the relationship between the response and
excitation force of sensor 9 is determined to be positive,
corresponding to the sixth element of the first column in
the calibration matrix. Figure 11 shows that the phase of
sensor 1 and sensor 9 are opposite in the time domain
response, so the relationship between sensor 1 response
and excitation force is negative. Similarly, the cali-
bration matrix of the response of all sensors relative to
excitation forces can be obtained, which can be ex-
pressed as

-1 1 -1 1 -1
-1 -1 1 1 1
1 1 -1 1 -1 1
SIGN = 1 1 1 1 1 1 (17)
-1 1 -1 1 -1
1 1 -1 -1 1 1

Hll H12 H13 Hl4 H15 H16
H21 H22 H23 H24 H25 H26
H31 H32 H33 H34 H35 H36
Ho) =SIGN My Hia Hu Hs Hi
H51 H52 H53 H54 H55 H56
Hq Hg Hezs Hes Hgs Heg
(18)

The transfer function cannot be simplified when the
frequency of excitation force is close to the higher order
radical frequency of the system, and it is necessary to obtain
the complete transfer function.

4.2. 6-DOF micro-vibration test

In fact, the space micro-vibration mainly exists in the form
of line spectrum (Zhou, et al., 2012; Zhou, et al., 2013) and
has the characteristics of large-magnitude at low-frequency
and small-magnitude at high-frequency. Based on the above
principles, the test conditions and test results are determined
as shown in Table 3, where Arx, A1y, and Az, are the three
translational acceleration trajectories at upper platform
center point in units of mg and Agx, Ag,, and Ag. are the
three angular acceleration trajectories at upper platform
center point in units of prad. In Table 3, the simplified
transfer function is used and it does not need iterative
processing in the frequency range prior to 100 Hz, and the
iterative control method is adopted while using the sim-
plified transfer functions in the frequency range between
100 Hz and 250 Hz. In the frequency range above 250 Hz,
the result deviates significantly from the target value, and
the complete transfer function is required.
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Figure 11. Time domain response curve of each acceleration channel when leg | is driven.
Table 3. The single-frequent and multi-frequent micro-vibration test results.
Acceleration
Frequency Arx (mg) Aty (mg) Atz (mg) Arx (urad) Agy (urad) Agz (prad)
Single-frequent test 5.0 (Hz) Target acceleration 80 100 120 120 150 180
Actual acceleration 80.83 101.64 119.36 120.24 151.08 179.62
Magnitude error (%) 1.03 1.64 0.37 0.20 0.72 0.21
63.8 (Hz)  Target acceleration 12 15 —16 8 3 —6
Actual acceleration 12.51 15.33 —16.25 7.93 3.01 —6.11
Magnitude error (%) 4.25 2.20 1.56 0.88 0.33 1.83
100.0 (Hz) Target acceleration 2 -2 —1 —1 | |
Actual acceleration 2.0l —1.98 —0.95 —1.06 1.02 0.99
Magnitude error (%) 0.50 1.00 5.00 6.00 2.00 1.00
160.0 (Hz) Target acceleration 0.5 -0.5 0.5 0.05 —0.05 —0.05
Actual acceleration 0.509 —0.502 0.499 0.051 —0.048 —0.05
Magnitude error (%) 1.80 0.40 0.20 2.00 4.00 0.00
2544 (Hz) Target acceleration 0.2 0.5 -2 -2 35 —0.1
Actual acceleration 0.2027 0.502 —2.0216 —2.002 3.4843 —0.0101
Magnitude error (%) 1.35 0.40 1.08 0.10 0.45 0.10
320.0 (Hz) Target acceleration 0.1 0.1 —0.1 0.01 0.02 —0.03
Actual acceleration 0.101 0.102 —0.099 0.0108 0.0205 —0.0301
Magnitude error (%) 1.00 2.00 1.00 8.00 2.50 0.33
Multi-frequent test  15.6 (Hz)  Target value 15.6 25 | 13 18 10
Actual value 15.625 25.004 1.044 13.018 18.014 10.014
Error (%) 0.16 0.02 0.44 0.14 0.08 0.14
46.8 (Hz)  Target value 46.8 4 16 22 4 6
Actual value 46.875 4.0165 16.007 22019 4.0254 6.009
Error (%) 0.16 0.41 0.04 0.09 0.64 0.15
100 (Hz) Target value 100 5 3 2 4 |
Actual value 100 5.0898 3.1087 2.0661 4.0167 1.0123
Error (%) 0.00 1.80 3.62 3.31 0.42 1.23
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Figure 12. The test frequency domain curves.

It can be seen from Table 3 that the output vibration frequency. Figure 12 shows the acceleration frequency
bandwidth of the simulator is 5-320 Hz, the translational ~domain curves. The results of single-frequency micro-
vibration magnitude is 0.1 mg—120 mg, the rotational vi-  vibration tests results are shown in first six lines, and the
bration magnitude is 0.01 prad-180 prad, the maximum multi-frequency test results with 3 frequencies tested si-
magnitude error of single frequency experiment is 8% multaneously are shown in line 7, which shows that the
appearing in X-axis angular acceleration at 320 Hz and the  simulator proposed in this paper can accurately simulate
maximum magnitude error of multi-frequency experiment the 6-DOF micro-vibration. But there is frequency dou-
i8 4.99% appearing in Z-axis angular acceleration at 100 Hz,  bling phenomenon at some frequencies which might be
and the frequent error is caused by the setting of sampling  caused by the GSP’s joint-clearances and the non-linearity
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of the spring leaf axial stiffness. At present, the frequency
doubling phenomenon has not been dealt well with, and
how to suppress from the structural design and control
strategy will be further studied in the future.

5. Conclusions

In this paper, a space micro-vibration simulation platform
based on improved GSP is designed to satisfy the requirement
of vibration sources simulation in the ground test of the on-orbit
optical load, which has the characteristics that include large
frequent bandwidth, high load carrying capacity, and small
vibration magnitude. The natural frequency calculation formula
is deduced by dynamic modeling. The structure of the single-
axial actuator is designed and optimized according to the
optimal configuration, which obtained that the first 6-order
radical frequency of the platform is less than 3.5 Hz, and the
7th-order radical frequency was more than 354 Hz. The transfer
function is used to control the simulator and experiment results
show that the output bandwidth of the simulator is 5-300 Hz,
the translational vibration magnitude is 0.1 mg—120 mg, the
rotational vibration magnitude is 0.01 prad—180 prad, and the
maximum error of magnitude is 8%. In the future, we will
further study how to suppress frequency doubling phenomenon
from the structure design and control strategy.
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