
Article
Journal of Vibration and Control

2022, Vol. 0(0) 1–12

© The Author(s) 2022

Article reuse guidelines:

sagepub.com/journals-permissions

DOI: 10.1177/10775463221101943

journals.sagepub.com/home/jvc

A novel six-dimensional disturbance force
and moment simulator for simulation of
space micro-vibration environment

Xiaoming Wang1,2,#, Shuai He1,2,#, Zhenbang Xu1,2, Hang Li1,2,
Huayang Sai1,2,3, Jianfeng Yang4, and Lin Li5,6

Abstract
A novel six-dimensional disturbance force and moment simulator was developed because of the lack of a suitable vibration

source for use in ground experiments. First, the dynamic relationship between the disturbance force, the disturbance

moment generated at the center of the simulator platform, and the excitation forces of the six uniaxial actuators was

established using the equivalent principle of force system. Then, the simulator structure was introduced and a modal

analysis of this structure was performed. Finally, the simulator system was tested experimentally in both single-frequency

experiments and multi-frequency experiments. The results obtained showed that the maximum error between the

experimental values and the target values was 2.96%, which verified the correctness of the theoretical model of the six-

dimensional disturbance force and moment simulator. Additionally, the multi-dimensional micro-vibration generation

performance of the new simulator was verified. The proposed six-dimensional disturbance force and moment simulator

can provide a micro-vibration environment to replace the real disturbance sources used in ground experiments and solve

the problems caused by the lack of a vibration source for use in ground-based experiments.
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1. Introduction

As a result of the continuous development of space-based
optical load technology, higher imaging equipment reso-
lutions are increasingly required. The space micro-vibration
environment can affect the pointing accuracy and attitude
stability of a space-based optical load seriously, reducing its
resolution and thus also affecting the imaging quality ob-
tained (Lin et al., 2018; Sun et al., 2018). Several re-
searchers have used physical methods to make their systems
vibration-resistant or to ensure that objects do not vibrate
(Bianco et al., 2017; Hehlen et al., 2018). However, because
of the complexity of the space environment, these methods
were unsuitable for use with space-based optical loads.
Because the main source of space micro-vibration is flight
reaction wheel (Luo et al., 2013; Sun et al., 2018), some
researchers isolated the vibration of reaction flywheel itself
(Zhou et al., 2011), others designed vibration isolation
devices (Chen et al., 2020; Liu et al., 2015; Qin et al., 2020;
Xu et al., 2019b; Zhang et al., 2016). These vibration
isolation devices are widely used because of their good
stability. To assess the performance of these isolation de-
vices, the imaging effects on space-based optical loads must
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be tested experimentally in micro-vibration environments.
The provision of a suitable vibration source for ground
experiments is urgently required.

At present, the most commonly used method is to
perform the optical load imaging experiment under the
condition where the whole machine is in the micro-vibration
environment. Because the entire machine is tested, two
methods can be used to simulate the micro-vibration en-
vironment: the first is to use real disturbance equipment
such as a flight reaction wheel, and the second is to use
a simulator.

Liu et al. (2007) used a flight reaction wheel to generate the
required disturbance and connected it to a structural verifi-
cation unit to measure the degree of disturbance produced by
the flight reaction wheel. However, disturbance generation
using the flight reactionwheel increases the experimental costs
greatly and requires a high level of research funding. In ad-
dition, the disturbance that can be provided by real disturbance
equipment often has a comparatively fixed profile, which
makes it impossible to assess the optical load performance
variation effectively at different vibration levels, and this will
affect subsequent studies.

To solve this problem, some research institutions have
used simulators as disturbance sources to develop the
multi-dimensional electromagnetic excitation equipment
required. Park et al. from South Korea studied two gen-
erations of multi-dimensional micro-vibration simulators.
The first-generation disturbance force simulator (Park and
Han, 2012) simply elaborated on the idea that multi-
dimensional disturbances could be simulated using six
identical single-axis actuators but did not produce a simu-
lator as a physical object. The second-generation distur-
bance force simulator (Han et al., 2014) could produce the
disturbance force required in three perpendicular directions,
but could not meet the ground-based testing requirements in
terms of the degrees of freedom available. A six-
dimensional micro-vibration simulator based on the
Gough–Stewart configuration was fabricated in the Ro-
botics Center of the CAS Changchun Institute of Optics,
Fine Mechanics and Physics (Wang et al., 2018; Xu et al.,
2019a; Yang et al., 2016) that realized the vibration output
of a multi-frequency line spectrum. Although this simulator
met the requirements for degrees of freedom, the com-
plexity of the dynamic model used could affect the device’s
control accuracy.

With this background, this paper presents a novel six-
dimensional disturbance force and moment simulator that
offers good decoupling properties and simple control. When
compared with the Stewart configuration, the structure of
the proposed configuration is both simple and decoupled.
There is no need for hinges or other moving mechanisms
and the effects of nonlinear factors such as the clearance
friction are avoided, which means that the linearity of the
structure is good and the control precision is high. A the-
oretical model of the disturbance force and moment

simulator is established using the principle of force system
equivalence in this paper. When compared with modeling
methods for multi-body systems, that is, the Newton–Euler
method and methods based on the Lagrange equation and
the Kane equation (Asadi and Sadati, 2017; Oftadeh, 2010;
Wu et al., 2015), the model based on the principle of force
system equivalence is easier to understand. The correctness
of the proposed theoretical model was verified by the results
of experiments.

The remainder of the paper is organized as follows. In
Section 2, the theoretical models of the uniaxial actuator and
the complete simulator machine are established. Addi-
tionally, the dynamic relationships between the disturbance
force, the moment generated at the center of simulator
platform and the excitation forces of the six uniaxial ac-
tuators are obtained. The working principle of the simulator
is also introduced. Section 3 then introduces the structure of
the six-dimensional disturbance force and moment simu-
lator and analyzes the natural frequency of the simulator
using the finite element method. Section 4 verifies the
correctness of the theoretical model via experimental
testing, single-frequency tests and multi-frequency tests are
applied to the simulator. Finally, Section 5 draws con-
clusions about the performance of the proposed six-
dimensional disturbance force and moment simulator.

2. Theoretical modeling

The six-dimensional disturbance force and moment simulator
designed in this paper is composed of six single-axis actuators.
Each single-axis actuator can provide a disturbance force in
one direction and the spatial positions of the six single-axis
actuators can be arranged appropriately to realize simulations
of the disturbance force and moment in six directions. In this
section, a theoretical model of the disturbance force for
a single uniaxial actuator is established. Furthermore, the
working principle that allows the six-dimensional disturbance
force and moment simulator to provide the six-degrees-of-
freedom disturbance and moment is introduced. Then, a dy-
namic model of the entire machine is established according to
the principle of force system equivalence.

2.1. Theoretical modeling of uniaxial actuator

A theoretical model of a single uniaxial actuator is estab-
lished in this section to determine the relationship between
the reaction force f at the mounting surface of the actuator
and the excitation force fd of the uniaxial actuator. This
uniaxial actuator is equivalent to a single-degree-of-
freedom system. A schematic diagram of the uniaxial ac-
tuator is shown in Figure 1. In the diagram, f represents the
reaction force of the actuator acting on the mounting sur-
face, k is the stiffness of the electromagnetic actuator, c is
the damping of the electromagnetic actuator, m is the
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moving mass of the electromagnetic actuator, fd is the
excitation force of the electromagnetic actuator and is
proportional to the electromagnetic actuator current I, and
the proportional coefficient is T. x represents the dis-
placement of the single-axis actuator, _x represents the speed
of the single-axis actuator, and €x represents the acceleration
of the single-axis actuator.

Performing a force analysis of a single-degree-of-
freedom system enables the following equation to be
obtained

m€xþ c _xþ kx fd (1)

After a Laplace transformation, the equation above can
be shown as follows

XðsÞ ¼ FdðSÞ
mS2 þ cS þ k

(2)

The reaction force at the mounting surface can then be
expressed as

FðSÞ ¼ �mS2FdðSÞ
mS2 þ cS þ k

(3)

For S ¼ jω, λ ¼ ω
ωp

is the frequency ratio. β is the am-
plitude ratio of disturbing force (spring vibration to base) to
excitation force of voice coil motor, f is the phase ratio of
disturbing force to exciting force, and then

β ¼
����FðjωÞFdðjωÞ

���� ¼
����� ω2

�ω2 þ 2ξpωpωjþ ω2
p

�����
¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�

1
λ2
� 1

�2

þ 4ξ2p
λ2

s (4)

f ¼ arctan
2ξpλ

1� λ2
(5)

ωp is the natural frequency of the electromagnetic actuator,
ξp is the damping ratio of the electromagnetic actuator, and
the two parameters can be expressed as

ωp ¼
ffiffiffiffi
k

m

r
,ξp ¼

c

2mωp
(6)

The stiffness k is 3.472 N/mm and the moving mass m
is 0.516 kg. The damping ratio ξp is 0.05 (This value is an
empirical value, and the damping of the actual system
needs to be corrected by the experimental data). Equations
(4) and (5) can be used to obtain the amplitude-frequency
response curve and the phase-frequency response curve
of the disturbance force and the excitation force, as
shown in Figure 2. Because the excitation frequency is
higher than the natural frequency, the amplitude ratio
decreases with increasing frequency and gradually con-
verges to a value of 1. In addition, with increasing fre-
quency, the phase converges to a value of 180° away from
the natural frequency.

2.2. Theoretical modeling of six-dimensional
disturbance force and moment simulator

The six-dimensional disturbance force and moment sim-
ulator realizes the required six-dimensional force and
moment output through the cooperative operation of six
single-axis actuators arranged spatially. Figure 3 shows the
installation positions of the actuators and the complete
coordinate system for the simulator. The axis of uniaxial
actuator 5 coincides with the x axis and the distance from the
origin to this actuator is r1. The actuator 5 can produce
disturbing force in x direction when working. The axis
direction of uniaxial actuator 4 coincides with the y axis and
the distance from this actuator to the origin is r1. The ac-
tuator 4 can produce disturbing force in y direction when
working. The axes of actuators 1, 2, and 3 are all parallel to
the z axis and are uniformly distributed around the z axis at
angles of 120° relative to each other. In addition, the dis-
tance from the origin to each of these actuators is r2. The
distribution of the actuators is shown in Figure 3 and this
configuration can produce the z axis disturbance force and
the disturbance moment around both the x axis and the y
axis. The angle between the axis of actuator 6 and the
negative direction of the x axis is 30°. In addition, the
distance from this actuator to the origin is r3 and this ac-
tuator can produce the disturbance moment around the z
axis and the disturbance force along both the x axis and the y
axis.

The vectors that point from the origin toward the center
of each installation position are called the vector diameters,
which are recorded as

Figure 1. Schematic diagram of the uniaxial actuator.
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ri ¼ ½ xi yi zi �Tði ¼ 1, 2, &, 6Þ (7)

where f1, f2, f3, f4, f5, and f6 represent the disturbance forces
generated by the six uniaxial actuators at their respective
contact surfaces. The installation radius for each of ac-
tuators 1–3 is r1; the distance from both actuators 4 and 5 to
the origin is r2, and the distance from actuator 6 to the origin
is r3. The disturbance vectors for the actuators can then be
shown as follows

Fi ¼ ½ 0 0 fi �T ði ¼ 1; 2; 3Þ
F4 ¼ ½ 0 f4 0 �T

F5 ¼ ½ f5 0 0 �T

F6 ¼
�
�

ffiffiffi
3

p

2
f6 1

2f6 0

�T
(8)

Based on the equivalent principle of force system, the
forces generated by the six uniaxial actuators are equivalent
to the force and moment generated at the center of the
origin. The equivalent equations for this condition are
shown as follows

f0i ¼ Fi

m0i ¼ ri ×Fi

According to the equations above, the six-dimensional
disturbance force and moment generated at the center of
the six-dimensional disturbance force and moment sim-
ulator platform can then be obtained as follows

f0 ¼

fx

fy
fz
mx

my

mz

2
666666664

3
777777775

¼

2
666666666666664

0 0 0 0 1 � ffiffiffi
3

p �
2

0 0 0 1 0 �1=2

1 1 1 0 0 0ffiffiffi
3

p
r1
.
2 � ffiffiffi

3
p

r1
�
2 0 0 0 0

�r1=2 �r1=2 r1 0 0 0

0 0 0 0 0 �r3

3
777777777777775

2
666666666666664

f1

f2
f3
f4
f5
f6

3
777777777777775

(10)

It is assumed that the natural frequency and damping
characteristics are the same for each actuator in the
disturbance platform. In addition, equation (4) can be
brought into equation (10) and the relationship between
the disturbance force F0 of the platform and the elec-
tromagnetic excitation force Fd in the frequency domain
can then be obtained as follows

Figure 2. Amplitude-frequency and Phase-frequency response curve.

Figure 3. Distribution of the actuators in the simulator.

4 Journal of Vibration and Control 0(0)



jF0j ¼

��������������������

1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
1
λ2
� 1

�2

þ4ξ2

λ2

s

2
666666666666664

0 0 0 0 1 � ffiffiffi
3

p �
2

0 0 0 1 0 �1=2

1 1 1 0 0 0ffiffiffi
3

p
r1
.
2 � ffiffiffi

3
p

r1
�
2 0 0 0 0

�r1=2 �r1=2 r1 0 0 0

0 0 0 0 0 �r3

3
777777777777775

2
666666666666664

F1d

F2d

F3d

F4d

F5d

F6d

3
777777777777775

��������������������
(11)

3. Structure of six-dimensional
disturbance force and moment
simulator

The proposed six-dimensional disturbance force and mo-
ment simulator consists of an installation platform and six
identical uniaxial actuators, as shown in Figure 4. When the
uniaxial actuator 5 works, it can generate the disturbing
force in the x direction. When the uniaxial actuator 4 works,
it can generate the disturbing force in the y direction. When
the actuators 1, 2 and 3 work, it can generate the disturbing
force in the z direction and the disturbing torque around the

x and y axes. When the actuator 6 works, it can generate the
disturbing torque around the z axis and the disturbing force
in the x and y directions. The working principle diagram of
the proposed simulator is shown in Figure 5. The six-
dimensional disturbance simulator is a kind of vibration
source equipment, which can replace the real disturbance
source to provide micro-vibration environment in ground
experiment. The simulator is installed on the experimental
load, and the optical load and the simulator are suspended
by the suspension system to unload the gravity. The six
actuators can produce the six-dimensional disturbance force
and moment characteristics required to realize simulations
of the multi-dimensional micro-vibrations that occur in
space.

3.1. Structural design of single-axis actuator

The detailed structure of the uniaxial actuator is shown in
Figure 6 and illustrates that the main body of the actuator
is largely composed of a voice coil motor, a motor shaft,
and a sleeve. The stator of the voice coil motor is installed
at the bottom of the sleeve, and the sleeve functions as
both a supporting structure and a protective structure for
the motor. The motor mover is connected to the motor
shaft to drive the upper and lower springs into their axial
motions. The actuator uses a double-layer spring plate
structure with low axial stiffness and high radial stiffness
characteristics that can ensure the actuator will move
along the axial direction. The motor mover, motor shaft
and end cover structures provide the actual mass for the
uniaxial actuator.

As the power source of the simulator, voice coil motor
provides axial driving force for the actuator and drives the
upper and lower spring plates to move axially. As an im-
portant part of the actuator, the spring can unload the gravity
and ensure the actuator to move along the axial direction.

Figure 4. Structure of the six-dimensional disturbance force and moment simulator. (a) Three-dimensional structure. (b) Physical

device.
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The actuator of the simulator adopts double-layer spring
plate structure, which can better ensure the axial move-
ment of the actuator. The axial stiffness of the double-layer
spring plate directly affects the motion ability of the
driving leg, and the thickness, pattern, material, and
processing technology of the spring plate will affect its
characteristics. Considering that the spring plate should
have low axial stiffness and small maximum stress, we
adopt multi-layer surrounding pattern (Wang, 2017), as
shown in Figure 6. Using the finite element analysis
method, the maximum stress of the spring plate is 193 MPa
and the axial stiffness of the spring plate is 1.736 N/mm.
The uniaxial actuator is a double spring plate configura-
tion, so the stiffness of the uniaxial actuator is twice that of
a leaf spring.

3.2. Fundamental frequency analysis

The modal analysis of the platform is carried out by using
the finite element method. The solid element is used to
model the installation platform and actuators, multi point
constraint simulation screw connection is adopted between

the installation platform and actuators. The finite element
model of the whole simulator is shown in Figure 7(a).
When the “zero displacement” constraint is applied to the
base of the installation platform, the first seven funda-
mental frequencies of the whole simulator are obtained.
Among them, the first six modes are 13.415 Hz, and
the vibration mode is the axial vibration of the actuator.
The seventh-order fundamental frequency is 265 Hz and the
vibration mode is the bending vibration of the actuator. The
vibration modes from the first-order fundamental frequency
to the seventh-order fundamental frequency are shown in
Figure 7(b)–(h).

4. Experimental testing of six-dimensional
disturbance force and moment
simulator

In order to verify the correctness of the theoretical model
established in Section 2.2 and the multi-dimensional micro-
vibration generation performance of the simulator, exper-
imental testing system is carried out in this section.
Structural parameters of simulator are listed in Table 1.
Because the measurement error of the structural parameters
of the simulator will affect the simulation accuracy of the
simulation platform, a feedback iterative control algorithm
based on the theoretical model is proposed.

4.1. Iterative control algorithm for simulation of
disturbance force and moment

There is an error between the actual structural parameters of
the simulator and the measured values of the simulator,
which will cause the actual disturbance force output by the
simulator to be inconsistent with the target value. In order to
improve the accuracy of micro-vibration environment
simulation, a comparison column iterative control algorithm
is proposed based on the theoretical model of the simulator.
The control law is designed as follows.

Figure 5. Working principle diagram of the proposed simulator.

Figure 6. Detailed structural diagram of the uniaxial actuator.
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Yd(t) is the expected trajectory of the disturbance force
and moment to be tracked using control system, where

Y d ¼ Fd
0 (12)

Yn(t) is the nth output of the system, where

Y n ¼ Fn
0 (13)

Then, the control law of the system can be designed as
follows

Y nþ1 ¼ KnY d (14)

where Kn is a 6×6 iterative coefficient matrix that can be
expressed as

Kn ¼

0
BBBBBBBBBBBB@

k1 0 0 0 0 0
0 k2 0 0 0 0
0 0 k3 0 0 0
0 0 0 k4 0 0
0 0 0 0 k5 0
0 0 0 0 0 k6

1
CCCCCCCCCCCCA

(15)

where n is the number of iterations. When n=0, K0=E6, E6

represents the identity matrix of 6×6. When n>0, the matrix
can be expressed as

Figure 7. The vibration modes from the first-order fundamental frequency to the seventh-order fundamental frequency. (a) The finite

element model (b) The first-order (c) The second-order, (d) The third-order (e) The fourth-order (f) The fifth-order (g) The sixth-order

(h) The seventh-order.

Table 1. Structural parameters of the simulator.

Structural parameters Parameters, m

Distance x1 from actuator 1 to platform center in x direction 0.06

Distance x2 from actuator 2 to platform center in x direction 0.06

Distance x3 from actuator 3 to platform center in x direction 0.12

Distance x6 from actuator 6 to platform center in x direction 0.294

Distance y1 from actuator 1 to platform center in y direction 0.06

Distance y2 from actuator 2 to platform center in y direction 0.06

Distance y3 from actuator 3 to platform center in y direction 0.00

Wang et al. 7



kp ¼ Y d,p

Y n,p
(16)

Figure 8 shows the iterative control flow chart for the six-
dimensional disturbance force and moment simulator for

simulation of multi-dimensional disturbances. The first set
of experimental values was obtained after inputting the
target value, and the iterative coefficient matrix was then
calculated based on the experimental value and the target
value. The excitation force for each driving leg was

Figure 9. Disturbance force and moment planning scheme.

Figure 8. Iterative control flow chart for the simulator.

Figure 10. Test setup for the disturbance force and moment simulator.
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Table 2. Single-frequency disturbance force and moment target and experimental values.

Frequency (Hz) Fx (N) Fy (N) Fz (N) Mx (Nm) My (Nm) Mz (Nm)

20 Target value 1.50 0.43 1.05 0.80 0.65 0.50

Testing value 1.493 0.435 1.07 0.8 0.647 0.495

Relative error 0.47% 1.16% 1.90% 0% 0.46% 1.00%

Table 3. Multi-frequency disturbance force and moment target and experimental values.

Frequency (Hz) Fx (N) Fy (N) Fz (N) Mx (Nm) My (Nm) Mz (Nm)

30 Target value 1.43 0.46 1.4 0.84 0.65 1.44

Testing value 1.432 0.451 1.416 0.841 0.642 1.4

Relative error 0.14% 1.96% 1.14% 1.06% 1.23% 2.78%

60 Target value 1.43 0.65 1.45 1.35 1.2 1.44

Testing value 1.428 0.64 1.42 1.39 1.207 1.403

Relative error 0.14% 1.54% 2.07% 2.96% 0.58% 2.57%

90 Target value 1.5 0.86 1.44 1.5 1.35 1.4

Testing value 1.49 0.864 1.446 1.463 1.34 1.372

Relative error 0.67% 0.47% 0.42% 2.47% 0.74% 2.00%

Figure 11. Frequency domain diagrams of the single-frequency disturbance.
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obtained using the iterative coefficient matrix. The principle
prototype of the simulator is driven by the exciting force
matrix, and the experimental values are obtained at last.

4.2. Experimental testing

In order to test the performance of the simulator, we built
a test system to test the ability of the micro-vibration
simulator to simulate space six-dimensional micro-
vibration. The planning scheme for the disturbance force
and moment to be generated by the six-dimensional dis-
turbance force and moment simulator is shown in Figure 9.
The target values for the disturbance force and moment are
known based on the theoretical model of the whole machine
and the excitation forces generated by each uniaxial actuator
can then be calculated. Six excitation forces are used to
drive the simulator and an iterative control algorithm is
added to the scheme. The actual disturbance forces and
moments generated by the disturbance force and moment
simulator are measured using the six-dimensional force

measurement platform (Xia et al., 2019) installed below the
simulator platform.

The experimental setup for the six-dimensional dis-
turbance force and moment simulator used to simulate
micro-vibrations is shown in Figure 10. This setup mainly
includes a computer (1), a control box ((2), with a power
supply, a Beckhoff controller, a Beckhoff output terminal
and a linear power amplifier), the six-dimensional distur-
bance force and moment simulator (3), a six-dimensional
force measurement platform (4), and a signal acquisition
instrument (5). The function of the computer in this setup is
to send instructions and receive the feedback signals. The
computer inputs the written program into the Beckhoff
controller, which then transmits a voltage signal to the
power amplifier via its voltage output terminal. In addition,
the power amplifier converts the voltage signal into a cur-
rent signal to be input to the six-dimensional disturbance
force and moment simulator. The simulator is connected to
the six-dimensional force measurement platform, which
collects the disturbance forces and moments generated at

Figure 12. Frequency domain diagrams of the multi-frequency disturbance.
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the center of the simulator. In addition, the computer re-
ceives the collected feedback signals to obtain the actual
values of the six-dimensional disturbance forces and
moments.

The first six modes of the six-dimensional disturbance
force and moment simulator are at 13.415 Hz. The simulator
consists of six single-degree-of-freedom actuators. The single-
degree-of-freedom actuator adopts the structure of voice coil
motor and spring in parallel. The first-order natural frequency
is 13.415 Hz. For excitation above 15 Hz, the influence of
structural resonance can be avoided. With the increase of
frequency, the effect of elastic force will decrease significantly,
which can be equivalent to an ideal force actuator (Keas et al.,
2012). When the simulator works, it will produce structural
resonance at the natural frequency. When the natural fre-
quency exceeds a certain range, the influence of structural
resonance will be attenuated. Therefore, the range of working
bandwidth should avoid the natural frequency. The working
bandwidth of the proposed simulator is 15Hz–250 Hz. In the
low frequency range, 20 Hz is selected as the operating fre-
quency for the single-frequency experiment. Using the data
given in Table 2, the six-dimensional disturbance force and
moment simulator was tested by performing the single-
frequency experiment. The disturbance force was obtained
for each actuator using equation (11) and the disturbance
forces and moments were simulated by controlling the driving
force for each actuator. The frequency domain diagram of the
experimental results for the single-frequency disturbance is
shown in Figure 11. The values for each frequency point in
Figure 11 are compared with the data given in Table 2 and the
relative errors between the values are then calculated. The
maximum error recorded in the single-frequency experiment
for the disturbance force and moment simulator was 1.90%.

A multi-frequency experiment was then performed on
the six-dimensional disturbance force and moment simu-
lator. The disturbance forces and moments in Table 3 were
selected as the disturbance targets for the simulator. The
frequencies for each disturbing force and moment were
consistent with the corresponding values for the flight re-
action wheel (Zhou et al., 2012). The disturbance force for
each actuator was obtained using equation (11) and the
driving force for each actuator was controlled to simulate
the required six-dimensional disturbance force and moment.
The results of the multi-frequency disturbance experiment
are shown in Figure 12. The values at each frequency point
in Figure 12 are compared with the data shown in Table 3.
Table 3 shows that the maximum error for the disturbance
force and moment simulator is 2.96% and that the error is
consistently less than 10%, which meets the requirements
for practical engineering application.

5. Conclusions

Because of the lack of a suitable vibration source for use
in ground-based experiments, a novel six-dimensional

disturbance force and moment simulator is designed and
experimentally tested in this work. The novel simulator re-
alizes the required six-dimensional disturbance force and
moment output using the reaction force that is generated using
six uniaxial actuators in an appropriate spatial distribution. The
simulator is greatly simplified in terms of both its structural
and the dynamic modeling required. Additionally, the pro-
posed simulator overcomes the disadvantage of the Gough–
Stewart platform with its hinge gap. Based on the equivalent
principle of force system, a theoretical model of the six-
dimensional disturbance force and moment simulator is es-
tablished and the complete theoretical model is verified by
experimental testing. The maximum error between the ex-
perimental and target force and moment values is 2.96%. The
result is verified that the proposed six-dimensional disturbance
force and moment simulator provides a micro-vibration en-
vironment for use in ground experiments and thus lays
a foundation for the development of space-based optical loads
with high resolution and high stability.
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