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Abstract

In this article, a six-degree-of-freedom (6-DOF) micro-vibration platform (6-MVP) based on the Gough—Stewart con-
figuration is designed to reproduce the 6-DOF micro-vibration that occurs at the installation surfaces of sensitive space-
based instruments such as large space optical loads and laser communications equipment. The platform’s dynamic model is
simplified because of the small displacement characteristics of micro-vibrations. By considering the multifrequency line
spectrum characteristics of micro-vibrations and the parameter uncertainties, an iterative feedback control strategy based
on a frequency response model is designed, and the effectiveness of the proposed control strategy is verified by performing
integrated simulations. Finally, micro-vibration experiments are performed with a 10 kg load on the platform. The results of
these micro-vibration experiments show that after several iterations, the amplitude control errors are less than 3% and the
phase control errors are less than |1°. The control strategy presented in this article offers the advantages of a simple

algorithm and high precision and it can also be used to control other similar micro-vibration platforms.
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I. Introduction

The micro-vibrations in space that are produced by a wide
variety of the equipment on spacecraft, including re-
frigeration compressors, solar panel rotation mechanisms,
and reaction flywheels, have a significant effect on pointing
accuracy, stability, and other important performance indices
for large-caliber, high-resolution optical loads (e.g., the
James Webb Space Telescope and the Space Interferometry
Mission). Vibration isolation is, therefore, necessary to
reduce this disturbance effect. One particular type of vi-
bration isolation application is reduction of the micro-
vibrations that are transmitted to the mounting surface
for an optical load. To test the isolation performance
of isolators fully, six-degree-of-freedom (6-DOF) micro-
vibration equipment is required for the ground experiments.

Because of the wide variety of possible disturbance
sources and scheduling issues, it is unusual for all actual
disturbances to be used (Kamesh et al., 2012; Liu et al.,
2012; Zhou and Liu, 2013) to perform the ground ex-
periments. Therefore, the development of a micro-vibration
platform that can replace the actual disturbances would be
a significant step in the development of high-resolution

optical loads. Park et al. (2012, 2014) proposed two dif-
ferent types of multidimensional micro-vibration simulator.
One simulator consisted of six identical single-axis micro-
vibration actuators configured in a “cube,” where only the
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single-axis actuator performances are tested. The second
simulator generated multidimensional disturbances using
three actuators that were mounted on three mutually per-
pendicular plate surfaces, but this emulator could only
produce three disturbance forces. Lin (2019) improved
a micro-vibration simulator to realize a six-dimensional force
and moment output by determining the positional relation-
ships of the six single-axis actuators and the equivalent force
system on the basis of Park’s proposed simulator. However,
their simulator could not be used to generate acceleration.

Because of advantages that include high maneuver-
ability, high precision, and high stiffness, the Gough—
Stewart platform (GSP) has been used to reproduce
micro-vibrations. Vose et al. (2013) designed a 6-DOF
simulator that could produce a micro-vibration velocity
field, but because of its flexible connecting pipes, the system
bandwidth was not high enough. Wang et al. (2017) pro-
posed a multi-degree-of-freedom micro-vibration simulator
based on the GSP to reproduce the disturbance forces and
moments generated in the 50-250 Hz frequency bandwidth
range by the reaction/momentum wheel assembly.

However, modeling and control are the main topics of
research on the GSP. Many researchers have established
dynamic models of the GSP using various methods (Dasgupta
and Mruthyunjaya, 1998; Oftadeh et al., 2010; Pedrammehr
et al., 2012), but these dynamic models are very complex. In
the GSP control field, several displacement feedback control
methods (Guo et al., 2008; Kim et al., 2005; Yang et al., 2009)
have been proposed. Yang et al. (2016) designed a robust
proportional—integral controller for use in acceleration control
of the micro-vibration parallel manipulator. Because of the
small displacements involved in space micro-vibrations (in
(Toyoshima et al., 2010), the micro-vibration acceleration is
approximately 0.1-0.5 m/s? and a displacement amplitude of
approximately 0.25 um is required to obtain the 0.1 m/s?
acceleration at 100 Hz), it is difficult to obtain displacement
sensors with sufficiently high precision, and the displacement
feedback control methods used are not suitable for control of
the micro-vibration platform. To address this point, Wang et al.
(2018) developed a closed-loop iterative control method based
on a dynamic model to control a 6-DOF disturbance force and
moment simulator within the frequency range from 50 to
120 Hz by multiplying an iterative coefficient matrix to ap-
proach the desired force and moment. However, this method
was only suitable for control of variations in amplitude. The
research presented in this article represents a further de-
velopment based on Wang’s research that not only controls the
amplitude of the acceleration but also controls its phase.

In this article, a 6-DOF micro-vibration platform based on
the Gough—Stewart configuration is introduced that can re-
produce micro-vibrations with various amplitudes and fre-
quencies. Because the complete dynamic equation for the
proposed simulator is complex, the calculation speed is re-
duced and its control frequency bandwidth is affected. To
enable faster calculations, the dynamic model in this study is

simplified because of the small displacement and angular
velocity characteristics of the space micro-vibrations; in
addition, to simplify the sensor layout requirements and
gather the signals more easily, an iterative feedback control
strategy based on the frequency response model is designed
that considers the multifrequency line spectrum character-
istics (2013) and parameter uncertainty of micro-vibrations,
and the proposed control algorithm is verified via simu-
lations. The micro-vibration platform then provides experi-
mental micro-vibration test results when using the proposed
control strategy. The experimental results verify that the
control strategy can control the 6-DOF micro-vibration
platform (6-MVP) to provide the desired micro-vibrations.

The remainder of this article is organized as follows.
Section 2 introduces the 6-MVP structure. Section 3 sim-
plifies the dynamic model of this platform. Section 4
proposes the iterative feedback control method for the
acceleration and validates this control method through
simulations. Section 5 presents the experimental mea-
surement results for the six-dimensional acceleration
characteristics that are produced by the simulator on
a mounting surface. Finally, Section 6 draws conclusions
about the performance of the 6-MVP.

2. Structure

The micro-vibration platform structure is shown in
Figure 1(a). The 6-MVP consists of an upper platform,
a lower platform, 30 hinges (including three upper hinges
and two lower hinges in each leg), and six identical legs.
Figure 1(b) shows the detailed structure of the leg, which is
mainly composed of a voice coil motor, a cover, a spring
piece, and a stopper. The voice coil motor is used to drive
the leg. The cover provides support for both the motor and
the spring piece and protects the internal components of the
outrigger. The spring piece provides support for both the
motor and the upper platform. The displacement-limited
action of the stopper on the outrigger prevents the spring
piece from being damaged as a result of excessive de-
formation. The 6-MVP is used to reproduce the 6-DOF
micro-vibration that occurs at the installation surfaces of
space-based sensitive instruments.

Figure 2 shows the working principle diagram of the
6-MVP. The system consists of a space micro-vibration
simulator, a suspension system, the control system, and the
experimental payload. The upper platform of the 6-MVP
can achieve movement with 6-DOF by varying the length of
its six legs. The control system can control the upper
platform motion by controlling the driving leg motion of the
simulator. In the ground experiments, the experimental
payload is connected to the upper platform, and a suspen-
sion system is required to realize gravitational unloading of
the experimental payload to ensure that the system can
simulate the space environment accurately and also ensure
the safety of the system.
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Figure 1. Structure of the micro-vibration platform: (a) micro-vibration platform structure and (b) detailed structure of the leg.

Figure 2. Working principle photograph of the six-micro-vi-
bration platform.

3. Dynamic model

The scheme of the proposed vibration simulator is shown in
Figure 3, in which the {P} coordinate system represents the
body frame that is fixed to the geometric center of the joints
of the moving platform, and the {B} coordinate system
represents the base frame attached to the geometric center of
the joints on the base plane. The {g} coordinate system

represents the inertial frame that is fixed to the geometric
center at the bottom of the base plane, and its orientation is
identical to that of frame {B}. The linear motions are de-
scribed as surge (x), sway (v), and heave (z) along the XB—
YB-ZB axes of the base frame, and the angular motions of
roll (y), pitch (f), and yaw (o) are at X—Y—Z fixed angles.
The upper joint points and the lower joint points are denoted
by P,; in frame {P} and B,; in frame {B}, respectively. Rp
and Rp denote the radii of the payload and the base platform,
respectively. The angle between P6 and P1 is denoted by ¢.
The angle between B6 and B1 is denoted by 6, as illustrated
in Figure 3(b).

The complete dynamic equation for the vibration sim-
ulator was derived in an earlier article (Wang et al., 2017)
and it is given by

M(q)§+C(q.4)4+ K -Aq=J'F (M

where J is the actuator Jacobian matrix that relates the
general velocity of the platform to the actuator sliding
velocities; M(q) is a 6 x 6 mass matrix, C(g,¢) isa 6 x 6
matrix of the centrifugal and Coriolis force terms, K is a 6 x
6 matrix of the generalized stiffness, and F'isa 6 x 1 vector
that represents the actuator forces. The above matrices are
given as follows

[ Byr
lnl’

@

where 21, is the unit vector of the length vector 2I; of the leg
with respect to the base frame {B}, and 5R is the rotation
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Figure 3. Schematic views of the vibration simulator: (a) Isometric view and (b) vertical view.

matrix of the transformation from the moving frame {P} to
the base frame {B}

mE; m-5R-"pl -BRT
M(q) =

m-5R-"p.-5RT ER.TI-BR"

6 3
+> PIIM
i=1

where E3 is a unit 3 X 3 matrix, m is the payload mass,
iy, = [E3,5R-"pT -BRT] is the Jacobian matrix that re-
lates the general velocity to the velocity of the upper joint
P;, PI is the inertia matrix with respect to frame {P}, and Pﬁc
is the skew symmetry matrix of “p,

0 0 A\
e JTT ) §

cwin=(], ,
0 @’R"I-5R"
ey [ o )
- i a i 0 P ¢

i=1
6
+ ZpiJiTM{egé)z (gR : Ppi) (4)
i=1

where T is the inertia matrix with respect to frame {P}, q is
the general velocity of the moving platform, M, =
T M+ T i+ T8 L(I 4 1) /2, and ™0, and
“J i denote the Jacobian matrices relating the velocity of
the upper joint P; to the velocities z?f the upper leg and the
lower leg centroid, respectively. 1,; represents the mo-
ments of inertia of the leg with respect to frame {B}, and I’
and I’ represent the principal moments of inertia of the
upper leg and the lower leg, respectively

K=k-J"-J )

where k is the axial stiffness coefficient.

Because the displacement and the angular velocity of
each micro-vibration is very small, J, K, and M(q) can be
treated as a constant matrix that is equal to the matrix at the
initial equilibrium (¢ = [0, 0, 0, 0, 0, 0]"). At the same time,
the square term of the angular velocity can be ignored and
equation (4) can be reduced to

Clg.4)g=c-J'Jg (6)

where ¢ is the damping coefficient.

4. Control strategy and simulation

The uncertainty over the parameter values (e.g., the payload
mass, the inertial tensor, and the stiffness of the springs)
means that an actual micro-vibration platform will not
coincide exactly with the theoretical model and a control
strategy, therefore, must be implemented. Because the
simulation platform is only required to reproduce the vi-
bration of a multifrequency line spectrum, which is the main
form of micro-vibration (Zhou et al., 2012), and trajectory
tracking does not need to be achieved, the control method
required can then be simplified. The vibration of the
multifrequency line spectrum is a steady-state process and
can be controlled using the frequency response function,
which is obtained via the derivation below.

4.1. Frequency response analysis

By performing a Laplace transform on both sides of
equation (1) and setting the initial condition to zero, the
equation is then changed to
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(Ms* + Cs + K)q(s) = JTF(s) 7
By setting s = jo and multiplying both sides by (J') ",
the frequency response function of the system is

F(jo) = (J7)" (-Me* + jCo + K)q(jo)  (8)

The acceleration is the second derivative of the dis-
placement, and the relationship between the acceleration 4
(jw) and the displacement ¢( jw) in the frequency domain is

A(jo) = ~0’q(jo) O

Substitution of equation (9) into (8) produces the fol-
lowing relationship between the accelerations and the
motivating forces.

F(jo) = H(w)A( jo) (10)

Here, H(w) is the frequency response function of the
motivating forces relative to the upper platform accel-
erations, which can be written as

T (~Me? +jCo + K)

H(w) = . (11)

0]

4.2. Control strategy

The initial forces are obtained from Fyy(w;) = H(w;)A(w;).
Let Fj(w;) be the control forces at step j, let 4;(w;) be the
actual output accelerations at step J, let 4(w;) be the desired
accelerations, and let ¢;(w;) = 4;j(w;) —A(w;) be the de-
viation of the actual output accelerations from the desired
accelerations. The control input forces for step j + 1 are then
updated using an iterative control penalty as follows

Fi(@i) = Fi(wi) — Kj(w;)H (o;)e;(w:) (12)
where K;(w;) is the controller gain at a frequency ;. In this
study, K;(w;) was set at 1.0 to achieve the desired control
effect. Figure 4 shows an iterative flowchart for this

procedure.

4.3. Simulation

Co-simulations using ADAMS and MATLAB/Simulink
software are performed to verify the validity of both the
simplified dynamic model and the control method. ADAMS
is used to build a virtual prototype of the 6-M VP and output
the accelerations of the upper platform, whereas MATLAB/
Simulink uses the control model to compute the actuator
forces.

The validity of the simplified dynamic model is verified
by comparing the target response with the actual response to
the initial control force when the control model’s parameters
are consistent with the virtual prototype’s parameters.
Tables 1 and 2 show the parameters of the virtual prototype.

The upper platform is allowed to reproduce three trans-
lational acceleration trajectories and three angular accel-
eration trajectories simultaneously, that is

A, = 0.01 sin(27 x 50¢ + 10 x 7/180)
+0.06 sin(27 x 80¢ + 30 x /180)
A, = 0.02sin(27 x 50¢ + 20 x 7/180)
+0.05 sin(27 x 80¢ + 20 x 7/180)
A. = 0.03 sin(27 x 50¢ + 30 x 7/180)
+0.04 sin(27 x 80 + 10 x /180)
Apx = 0.04sin(27 x 50¢ + 40 x 7/180)
+0.03 sin(27 x 80¢ + 40 x /180)
A,y = 0.05 sin(27 x 50¢ + 50 x /180)
+0.02 sin(27 x 80¢ + 50 x /180)
A,. = 0.06 sin(27 x 50¢ + 60 x 7/180)
+0.01 sin(27 x 80¢ + 60 x 7/180)

where ¢ is the time variable in units of s; 4,, 4,, and 4. are
the three translational acceleration trajectories in units of
m/ s?,and 4,,, 4 ry» and 4,. are the three angular acceleration
trajectories in units of rad/s?. When there are no differences
between the parameters of the virtual prototype and those of
the control model, Table 3 shows the acceleration simu-
lation results obtained at the target frequencies. The max-
imum errors in the amplitude and phase exceed 6% and
4.49°, respectively, and demonstrate that the simplified
dynamic model provides improved accuracy.

To verify the validity of the proposed feedback iterative
control method, there is a +5% difference between the
parameters of the virtual prototype and those of the control
model. The deviations given here can be ensured by careful
manufacturing and measurement.

Figure 5 shows the simulation results for 4, in the time
domain under the first iterative control step. The data from
the steady-state region are processed using a fast Fourier
transform (FFT). Because the micro-vibration excitation is
extremely small, the GSP can be approximated as a linear
system. Therefore, a sinusoidal excitation input will pro-
duce the same frequency output, and the amplitude ratio and
the phase deviation will remain relatively stable. Here, the
relative phase is used to represent the output stability. The
acceleration phases must be converted into relative phases,
and the conversion formula required is as follows:
Relative Phase 4;(w;) = FFT Phase 4;(w;) — FFT Phase 4,
(1) + Tagert Phase A, (w;) where Relative Phase 4;(wj) is
the relative phase of 4; at a frequency w;, FFT Phase 4;(w;)
is the phase of 4; at the frequency wj; as calculated using the
FFT, and Tagert Phase 4,(w;) is the desired phase of 4, at
the frequency ;.

Figures 6 and 7 show the output acceleration amplitudes
and phase responses over eight iterations. Table 4 shows
a comparison of the acceleration amplitudes, phases, and
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Figure 4. lIterative flowchart for the control process.
Table I. Structural parameters of the virtual prototype and the control model.
Notation Statement Value
R, Radii of the upper platforms 0.120 m
Ry Radii of the lower platforms 0.18 m
H Height of the origin of the body frame in the base frame 022 m
® Upper platform central angle 30°
e Base plane central angle 90°
Frei Distance between the center of upper leg and upper hinge point 81.431 mm
Feci Distance between the center of lower leg and lower hinge point 72.314 mm
Zem Height of the centroid of the moving platform in the body frame 26.789 mm
K Axial stiffness 45221.5 N'm ™!
Cc Damping coefficient 300 N/(m/s)
Table 2. Mass properties of the virtual prototype and the control model.
Notation Statement Value
M Mass of the upper platform 6.778 kg
L Moment of inertia of the rod about the X-axis 4111 x 1072 kg~m2
ly Moment of inertia of the rod about the X-axis 4111 x 1072 kg:m?
l,, Moment of inertia of the rod about the Y-axis 8.484 x 1072 kg~m2
My Mass of the rod 0.651 kg
My Mass of actuator 2.263 kg
lir Principal moment of inertia of the upper leg 2.105 x 1073 kg:m?

lit Principal moment of inertia of the lower leg 5.593 x 103 kg:m?
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Table 3. Acceleration simulation results at the target frequencies.

frequency A A, A, A Ay A,
50 Hz Amplitude(m/s) 0.0100 0.0198 0.0301 0.0384 0.0488 0.0616
Phase(°) 10.0000 19.708| 30.2764 40.2434 50.5688 59.8687
80 Hz Amplitude(m/s) 0.0596 0.0496 0.0401 0.0286 0.0188 0.0102
Phase(°) 31.9443 21.9167 12.3314 41.1272 54.4888 61.8214
transitional  steady state results
region region in the first iteration
0-08————F——l———|———l—P/——L——II I H———t———t——-l’——-l-——-l-——Jl
. | -
o 06| | | |
g 0.04 | I s -
£ 00 ' L\_/J |
g | i
2 -0.02 | | N
S !
§ -0.04 | : .
-0.06 | l ' L
_0.08'___\___l___“___l___\__'ll | I'l_'__'!___f___l___l___\___l
0 01 02 03 04 05 06 07 08 09 1 1.1 1.2 13 14 15
time(s)

Figure 5. Acceleration responses in the time domain under the first iterative control step.
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Figure 6. Acceleration amplitude responses in the frequency domain during the eight iterations.

errors of the simulation and the eight iterations. The figures
and tables clearly show the deviations of the mass and the
moment of inertia of the model due to variations in
manufacturing and measurement, and the maximum errors
in the amplitude and the phase exceed 55% and 60°, re-
spectively; these errors appear in the Y-axis angular ac-
celeration at 80 Hz when the initial forces are used to control
the platform. After eight iterations, the amplitude errors of

the acceleration and the phase are less than 1% and 0.2°,
respectively. This demonstrates that the iterative feedback
control method can achieve the required effect.

5. Experimental

Micro-vibration experiments were carried out with a 10 kg
load to verify the feedback iterative control method. The
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Figure 7. Acceleration phase responses in the frequency domain during the eight iterations.

Table 4. Acceleration iteration results at the target frequencies.

frequency Ay A, A, A Ay A,

50 Hz Target amplitude 0.01 0.02 0.03 0.04 0.05 0.06
Simulation amplitude 0.0102 0.0197 0.0254 0.0296 0.0417 0.0611
Relative error 2% 1.5% 15% 26% 16.6% 1.8%
Iterative amplitude 0.0100 0.0200 0.0300 0.0399 0.0499 0.0599
Relative error 0 0 0 0.25% 0.2% 0.17%
Target phase(®) 10 20 30 40 50 60
Simulation phase(®) 10.0000 20.1844 57.9830 46.3935 86.7385 63.0708
Relative error 0 0.1844 27.9830 6.3935 36.7385 3.0708
Iterative phase(®) 10.0000 20.1067 30.1745 40.1252 50.3017 60.1388
Relative error 0 0.1067 0.1745 0.1252 0.3017 0.1388

80 Hz Target amplitude 0.06 0.05 0.04 0.03 0.02 0.0l
Simulation amplitude 0.0597 0.0496 0.0376 0.0276 0.0310 0.0102
Relative error 0.5% 0.8% 6% 8% 55% 2%
Iterative amplitude 0.0600 0.0500 0.0400 0.0300 0.0200 0.0100
Relative error 0 0 0 0 0 0]
Target phase(®) 30 20 10 40 50 60
Simulation phase(°) 31.3042 21.3656 27.3101 18.9431 111.2181 63.0844
Relative error 1.3042 1.3656 17.3101 21.0569 61.2181 3.0844
Iterative phase(®) 30.1394 20.1409 10.1565 40.0686 50.1384 59.9784
Relative error 0.1394 0.1409 0.1565 0.0686 0.1384 0.0216

devices required for the micro-vibration experiments are
showed in Figure 8. The circuit board uses a DC power
supply to obviate the 50 Hz interference that occurs when
using an AC power supply. The six-dimensional attitude is
measured through the outputs of the six acceleration sensors
installed at six different locations.

The test results (Toyoshima et al., 2010) for the space
micro-vibrations show that the micro-vibrations mainly
occur within the 100 Hz range; therefore, we set the op-
erating frequency to be within 100 Hz in these experimental
tests. Single frequency and multifrequency micro-vibration
tests were conducted and the desired accelerations, iterative
accelerations, and relative errors are presented in Table 5.

The control model’s damping coefficient is set to zero in
these micro-vibration tests.

Figures 9 and 10 show the acceleration response curves
obtained in the frequency domain in the micro-vibration
tests. It can be seen from the figures and table that the
maximum amplitude error of single frequency experiment
is 6.67% appearing in X-axis angular acceleration and the
maximum phase error is 8.79% appearing in Z-axis an-
gular acceleration; the maximum amplitude error of
multifrequency experiment is 7.5% appearing in X-axis
angular acceleration at 40 Hz, the maximum phase error is
8.79° appearing in Z-axis angular acceleration, 7.5% in X-
axis angular acceleration at 40 Hz, and 14.26° at 60 Hz.
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Figure 8. Micro-vibration experiments with the 10 kg load. (1) A

power supply for the power amplifier, (2) a circuit board, (3) a power

amplifier, (4) a power supply for the circuit board, (5) a spectrum analyzer, (6) a data acquisition computer, (7) a micro-vibration parallel

manipulator, (8) an acceleration sensor, and (9) the 10 kg load.

Table 5. Desired accelerations for the micro-vibration tests.

frequency Ay Ay A, A Ay A,
Trial | 60 Hz Target amplitude 0.01 0.02 0.03 0.03 0.02 0.01
Iterative amplitude 0.0102 0.0199 0.0298 0.0300 0.0203 0.0101
Relative error 2% 0.5% 0.67% 0 1.5% 1%
Target phase(®) 0 0 0 0 0 0
Iterative phase(°®) 0 0.14 0.26 —0.17 0.58 0.33
40 Hz Relative error(°) 0 0.14 0.26 0.17 0.58 0.33
Target amplitude 0.02 0.02 0.02 0.02 0.02 0.02
Iterative amplitude 0.0202 0.0201 0.0201 0.0200 0.0200 0.0200
Relative error 2% 0.5% 0.5% 0 0 0
Target phase(®) 0 10 30 45 20 10
Iterative phase(°®) 0 9.71 30.45 44.56 20.87 10.88
Trial 2 60 Hz Relative error(°) 0 0.29 0.45 0.44 0.87 0.88
Target amplitude 0.03 0.03 0.03 0.03 0.03 0.03
Iterative amplitude 0.0299 0.0300 00,299 0.0302 0.0303 0.0298
Relative error 0.33% 0 0.33% 0.67% 1% 0.67%
Target phase(®) 10 20 30 45 50 60
Iterative phase(®) 10.41 20.22 30.57 45.73 50.45 59.68
Relative error(°) 0.41 0.22 0.57 0.73 0.45 0.34
100 Hz Target amplitude 0.05 0.05 0.03 0.02 0.03 0.04
Iterative amplitude 0.05 0.0498 0.0299 0.0197 0.0300 0.0400
Relative error 0 0.4% 0.33% 1.5% 0 0
Target phase(°) 45 45 45 45 45 45
Iterative phase(®) 45.38 44.65 45.77 44.13 44.28 45.79
Relative error(°) 0.38 0.35 0.77 0.87 0.72 0.79

The errors are controlled by 1-2 iterations; however, to
get closer to the real micro-vibration, three iterations of
acceleration in six directions are carried out; the ampli-
tude error for the output accelerations relative to the target

accelerations is less than 3% and the phase error for the
output accelerations relative to the target accelerations is
less than 1°. These results indicate that the control
strategy provides high precision for micro-vibration
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Figure 9. Acceleration response curves obtained in the frequency domain from the single frequency micro-vibration tests.
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Figure 10. Acceleration response curves obtained in the frequency domain from the multifrequency micro-vibration tests.
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control and can thus be used for micro-vibration control
in practice.

6. Conclusion

A 6-MVP that can reproduce the 6-DOF micro-vibrations at
the installation surface for space-based sensitive instruments
is introduced in this article. Considering that micro-vibrations
have characteristics that include low vibration frequencies,
small displacements, and complex forms, the dynamic model
is simplified and a feedback iterative control method based
on the frequency response model is proposed to control the
6-MVP. Using ADAMS and MATLAB/Simulink, co-
simulations were performed to verify the validity of the
simplified dynamic model and the associated control method.
The results obtained from the micro-vibration experiments
show that after several iterations, the amplitude control error
is less than 3% and the phase control error is less than 1°. The
control strategy presented in this article has the advantages of
a simple algorithm and high precision and can also be used to
control other similar micro-vibration platforms.
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