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Abstract: In this study, an active microvibration isolation system is developed for precision space
payload. Vibrational environment affects the performance and reliability of measuring instruments.
To improve the measurement accuracy of the precision space payload, an active vibration isolation
system based on eight vibration isolation modules, which are applied for microvibration isolation on
the satellite, is designed. A vibration suppression control strategy for multiple degrees of freedom
is studied. A hybrid control method involving a feedback and a feedforward controller based on
a nonlinear tracking differentiator and an nth-order weak integrator, respectively, was adopted to
optimize the suppression effect of microvibration. As a result, the microvibration of the order of
mg can be reduced to the order of µg through the active control of modules. Research experiment
results show that the root cumulative power spectral density of the systemic sensitive frequency
band in the range of 0.5–200 Hz, i.e., microvibration frequency band in the optical reference cavity,
has been reduced to in the order of µg in three directions, which satisfied the requirements of
aerospace engineering.

Keywords: active vibration isolation; hybrid control; low-frequency band; three-directional
microvibration isolation; precision space payload

1. Introduction

In the field of metrology with high precision and sensitivity, precise and repeatable re-
sults indicate high specification vibration environmental requirements [1]. The optical clock,
being the most accurate time-frequency measurement system, can obtain high-precision
frequency and time signals, which is of great significance in scientific experiments such
as basic physical constant measurement [2,3], synchronous quantum communication [4,5],
and gravitational wave detection [6,7]. In 2014, the frequency uncertainty of the Sr atomic
optical clock built by the JILA laboratory in the United States reached 10−18 [8]. To achieve
a higher theoretical limit, various research teams have focused on the construction of space
optical clocks because the interference from gravity disturbance in space is lower than that
on Earth. The two projects proposed by ESA, namely the atomic clock ensemble in space
program (ACES) [9], and the Space Optical Clocks Project (SOC) [10] are space-oriented
optical clock tests, whose uncertainty targets are above 10−16. However, the microvibration
on the satellite caused by the interference of the flywheel, solar sail, and attitude adjustment
mechanism [11–13] has become a considerable issue that prevents the optical clock from
improving the instability. For example, in Feng Yun-4 meteorological satellite, when the
cryocooler is working, the vibration of the satellite top plate is approximately 1 mg within
200 Hz [14]. Such micro-vibrations will change the length of the optical reference cavity,
which will lead to the deterioration of the frequency uncertainty of the optical clock and af-
fect the final measurement accuracy. To suppress the interference caused by microvibration,
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(1) the optical reference cavity should be designed to minimize the sensitivity to vibra-
tion [15,16], and (2) the transmission efficiency of microvibration should be suppressed as
much as possible in the transmission path of microvibration [17,18]. For the optical clock at
an uncertainty level of 1× 10−18 frequency, the frequency instability of the optical reference
cavity of 3 × 10−16 is required. Moreover, the vibrational environment of the cavity cannot
be higher than 1.5 × 10−5 g because the vibration sensitivity of the optical cavity will be
under 2 × 10−11/g [19] as per the existing conventional reference cavity design.

The traditional passive vibration isolation system is widely used because of its high
reliability and excellent high-frequency vibration isolation performance. However, in the
lower frequency range, the passive vibration isolation system needs to reduce the resonant
frequency as much as possible to obtain better vibration isolation performance [20,21].
Nevertheless, the stability of this design makes it difficult to support such a precise system
as an optical clock. Therefore, to fulfill the demand for high-precision vibration isolation in
space, the active vibration isolation technology is the main method used.

The active vibration isolation system developed at Eindhoven University of Tech-
nology adopts the design of multiple SISO control loops as a basis and uses a method
with acceleration and position feedback to achieve a maximum suppression efficiency of
97% within 100 Hz, and optimizing the leveling performance [22]. The active vibration
isolation system junction developed by Huazhong University of Science and Technology
uses a centralized control method to suppress vibrations of 200 Hz by 94.8% through a
sensor and actuator matrix and a controller design based on absolute velocity feedback [23].
The active vibration isolation systems of these ground tests have proven to exhibit excellent
performance, but their volume and weight are relatively large, which are limited by space
platform resources. For space high-precision payloads, the application of active vibration
isolation technology is also gradually developing. The MVIS-II developed by the Kirtland
Air Force Laboratory of the United States has a 20 dB attenuation effect in the frequency
band greater than 5 Hz, and a flight test was carried out in 2006 [24]. China’s Technology
and Engineering Center for Space Utilization also developed a MAIS vibration isolation
system with a combination of acceleration feedback and relative position feedback, and
conducted flight experiments on the Tianzhou-1 cargo spacecraft in 2017, where vibrations
in the range of 0.1–10 Hz were suppressed to 10−8 g [25,26]. Considering that the microvi-
bration on a satellite is usually a complicated and broadband input, an active vibration
isolation system is suitable for the frequency band range (0.5–200 Hz) and the suppression
effect (root cumulative PSD is below 1.5 × 10−5 g) of the optical reference cavity in space
still needs to be further studied.

In this paper, an active vibration isolation system applied to precision space payload
is developed. A hybrid controller composed of feedforward and feedback is designed to
achieve vibration suppression in three directions in a broadband micro-vibration noise en-
vironment through eight vibration isolation modules based on the method of decentralized
control. The phase change caused by the controller and various filters is considered, and
a lead-lag compensator is designed and added to ensure the stability of the system. The
proposed active vibration isolation system and control algorithm are finally confirmed by
experimental studies.

In this study, an active vibration isolation system for microvibration is introduced.
The discussion is organized into four sections. (1) The composition of the system, including
the overall configuration and control principle of a single vibration isolation module, is
described. (2) The design of the hybrid control law and simulation results are described
in detail. (3) An experiment and result analysis of the system were carried out. (4) The
conclusion is summarized in final section.

2. System Composition
2.1. Configuration and Composition of Active Vibration Isolation Platform

A vibration isolation system for a space optical cavity with a voice coil motor was
designed as an actuator. Figure 1 shows the structural layout of an active vibration isolation
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platform (AVIS). The entire system consists of a foundation platform, a load platform, and
eight vibration isolation modules. Each module is composed of a coaxially mounted sensor
and a voice coil motor to ensure that the measured signal and control force are coaxial and
in the same direction. For vertical and horizontal stiffness, the load platform was connected
to the base platform using springs. The eight vibration isolation modules are arranged
orthogonally in the vertical and horizontal directions, and the layout direction is shown
in Figure 1. The acceleration signal of the load platform is picked up by the sensor, and
it is sent to the driver through the controller. The control force generated by driving the
voice coil motor acts on the load platform. By using a decentralized control approach, each
vibration isolation module features its sensor and actuator as the single-input single-output
(SISO) [27]. In this way, the control force output by multiple SISO loops is used to achieve
vibration suppression of the system in three directions.
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Figure 1. Structure of active vibration isolation system.

2.2. Principle of Vibration Isolation Module

A diagram of a single active vibration isolation module of the isolation platform is
shown in Figure 2. The equivalent stiffness and damping of the system are represented as k
and c, respectively, and the total mass of the loaded platform is m, which constitutes the
passive structure. The active control force u provided by the voice coil motor can reduce
the influence of the noise a1 transmitted from the base plane noise a0, z0 and z1 correspond
to the displacements of the base platform and the load platform, respectively. The dynamic
equation can be expressed as

m
..
z1 + c

.
z1 + kz1 = u + c

.
z0 + kz0, (1)

The diagram of the SISO control loop for a single vibration isolation module in the
system is shown in Figure 3, which includes feedforward controller and feedback controller.
The control block C0 provides the feedforward control force u f f using the acceleration
a0 measured base platform, and the control block C1 provides the feedback control force
u f b using the acceleration a1 of the load platform. The resultant force u acts on the AVIS to
suppress the disturbance on the load platform by the voice coil motor.
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The objective of the control is to design appropriate controllers C0 and C1 so as to
suppress the noise disturbance on the load platform as much as possible in the required
frequency band. According to the above control force design, the dynamic equation can be
expressed as follows:

m
..
z1 + c

.
z1 + kz1 = c

.
z0 + kz0 + C0

..
z0 + C1

..
z1, (2)

After Laplace transform, the function is given as:(
ms2 + cs + k− C1s2

)
z1 =

(
cs + k + C0s2

)
z0, (3)

Owing to the relationship between displacement and acceleration z0 = a0
s2 , z1 = a1

s2 ,
the transfer function can be expressed as

G(s) =
a1

a0
=

cs + k + C0s2

ms2 + cs + k− C1s2 , (4)

It can be seen from Equation (4) that vibration suppression can be achieved by design-
ing controllers C1 and C0.
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3. Hybrid Control Design
3.1. Feedback Control

For a single vibration isolation module, the feedback controller C1 can be designed to
be used as a PID controller.

C1 = KP +
KI
s

+ KDs, (5)

where KP is the proportional term of acceleration; it can change the virtual mass of the
system, improve the resonant frequency of the closed-loop control system, and optimize
the suppression ability of the high-frequency band to interference, and KI is the integral
term of acceleration, which can provide skyhook damping for the system to enhance
the suppression ability of the active vibration isolation system at the resonant frequency.
KD represents the differential term of the acceleration and its trend.

Because the feedback loop controls the voice coil motor by measuring the acceleration
signal, the output signal needs to change continuously with the input signal to ensure
that the vibration of the load platform approaches zero. To improve the tracking and
control ability for time-varying acceleration input signals and avoid overshoot caused
by excessive gain, a transition process based on a tracking differentiator is added to the
feedback controller. Considering the faint acceleration amplitude of microvibration, to
avoid the chattering introduced by the differentiator in the solution, a discrete nonlinear
tracking differentiator is selected to obtain the tracking signal and its differential value. The
expression is as follows:{

r1(k + 1) = r1(k) + hr2(k)
r2(k + 1) = r2(k) + h f st(r1(k)− v(k), r2(k), δ, h),

(6)

where h is the sampling period, v(k) is the input signal of the h − th sequence, δ is a
parameter that determines the speed of tracking, r1(k) and r2(k) is the tracking signal and
differential tracking signal of v(k), respectively. f st is the optimal control synthesis function
of the discrete-time system, which is expressed as:

f st(x1, x2, δ, h) =
{ −δsign(a) |a| > d

−δ a
d |a| ≤ d

, (7)

a =

{
x2 +

a0−d
2 sign(y) |y| > d0

x2 +
y
h |y| ≤ d0

, (8)

where d = δh, d0 = hd, y = x1 + hx2, a0 =
√

d2 + 8δ|y|.
After the tracking differentiator, the control signal in the feedback loop with the

recursive notation is given as

uC1(i) = uC1(i− 1) + KP[r1(i)− r1(i− 1) +
T0

Ti
r1(i) + Td(r2(i)− r2(i− 1))], (9)

where T0 is the sampling period, Ti and Td are the integration and derivative time constant.
Increasing the feedback gain can change the resonant characteristics of the system

to improve the vibration suppression effect, however, the exorbitant gain will also cause
problems such as signal drift and actuator saturation. Therefore, it is necessary to add a
high-pass filter to the loop for filtering. The transfer function of the first-order high-pass
filter is as follows:

Hhigh−pass(s) =
s

s + ωc
, (10)

where ωc is the cut-off frequency.
Moreover, the input signal is passed through a low-pass filter to increase the control

gain of a specific frequency band through frequency division control, thus focusing on
suppressing the noise of the frequency band.



Appl. Sci. 2022, 12, 4548 6 of 15

The introduction of high- and low-pass filters affects the phase of the system, which
results in a decline in the stability of the system. This can be directly observed by calculating
the Bode diagram of the open-loop system function. The Bode diagram in Figure 4 reveals
that the exorbitant gain leads to an insufficient phase margin and easy oscillation in the
open loop. To ensure the stability of the system and increase the phase margin, a lead-lag
phase filter is added to the feedback control. The transfer function of the lead-lag phase
compensation filter is as follows:

Hlead−leg(s) = K
s

Zc
+ 1

s
Pc
+ 1

= K
iω
ω1

+ 1
iω
ω2

+ 1
, (11)

where K is the gain, Zc and Pc are the zero and pole of this filter, respectively, ω1 and ω2
are the corresponding angular frequencies.
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With the Tustin transformation as follows

s =
2
T

1− z−1

1 + z−1 , (12)

where s = iω, T is the sampling time.
The filter transfer function can be transformed into discrete z-plane

Hlead−lag(z) = K
ω2

ω1

Tω1 + 2 + (Tω1 − 2)z−1

Tω2 + 2 + (Tω2 − 2)z−1 , (13)

The lead phase filter, 0 < ω1 < ω2, is used in this study. After the lead phase filter is
added, the open-loop Bode diagram of the system is shown as the real line in the figure,
the crossover frequency has been changed from 127 to 437 rad/s, and the phase margin
was increased to 30◦.

In addition to the lack of phase margin, the modal frequencies of the system and the
resonant frequencies from the base platform can cause large vibrations when driving the
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motor. Moreover, the output of the controller is not completely ideal, and some noise
signals not coming from disturbance sources are found in the output voltage. These noises
can also bring vibration to the system at the corresponding frequencies and affect the
stability of the active control. Therefore, it is necessary to design notch filters for these
noises to further improve the vibration isolation performance. To reduce the calculation
in the program, IIR (infinite impulse response) notch filter is selected, and the transfer
function is as follows:

Hnotch(s) = K
s2 + 2γ1ω0s + ω2

0
s2 + 2γ2ω0s + ω2

0
, (14)

where K is the gain, ω0 is the cut-off frequency, γ1 and γ2 are the parameters of depth and
bandwidth and 0 < γ1 < γ2.

The transfer function of notch filter is given using the Tustin transformation function
as follows:

Hnotch(z) = K
(4 + 4γ1ω0T + ω2

0T2) + (2ω2
0T2 − 8)z−1 + (4− 4γ1ω0T + ω2

0T2)z−2

(4 + 4γ2ω0T + ω2
0T2) + (2ω2

0T2 − 8)z−1 + (4− 4γ2ω0T + ω2
0T2)z−2

(15)

The parameters for all the filters are listed in Table 1.

Table 1. Filters parameters.

Filter K ω1(rad) ω2(rad)

High-pass 1.0 0.63
Low-pass 0.7 251.3

Lead-phase 1 8.5 50 500
Lead-phase 2 6.5 90.9 686.8

Notch 1 0.2 223.7
Notch 2 0.2 461.8

3.2. Feedforward Control

In the actual experiment, the noise frequency of the basic platform could not be
classified as an ideal white noise, however, it comprises some type of a mixed noise of a
specific frequency, which makes it difficult for the feedback loop to suppress these specific
noises caused by the base platform when only measuring the acceleration signal of the
load platform as the control input. Therefore, feedforward control is selected to optimize
the vibration isolation effect by simultaneously measuring the input noise of the vibration
source and integrating it into the control signal. The diagram of the hybrid control loop
after adding the feedforward controller is as follows:

According to Equation (4), the influence of the feedforward gain coefficient C0 on
vibration transmission is mainly reflected in the numerator of the transfer function. To
isolate the vibration with high efficiency, the transfer function of the vibration is expected
to be 0, so that C0 can be designed as:

C0(s) = −
ds + k

s2 , (16)

Multiple integration links are observed to be contained in this controller, and ideal
integration is infeasible in practice because of the drift of the low-frequency acceleration
signal after integration. For this problem, M. A. Beijen proposed utilizing the n-th order
weak integrator, which integrates a certain frequency to substitute for the ideal ones [28].
The revised feedforward controller can be expressed as:

C0 = −H2
(ω,n)(s)(ds + k), (17)
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where H(ω,n)(s) is an n-th order weak integrator, and ω is the cut-off frequency. In this
study, n = 2 and ω = 0.2rad/s, and the integrator can be written as

H(ω,n)(s) =
1− ( ω

s+ω )n

s
=

1− ( 0.2×2×π
s+0.2×2×π )

2

s
, (18)

Using the Tustin and describe transformation, the output signal of weak integrator is
given as:

Hn−wi(z) =
2T + 2ωT2 + (4ωT2)z−1 + (−2T + 2ωT2)z−2

(ωT + 2)2 + (2ω2T2 − 8)z−1 + (ωT − 2)2z−2
(19)

According to Equation (4) and Figure 5, the simulation curves of several different
controllers are shown in Figure 6. Evidently, the feedback controller has a significant
suppression effect, especially on the resonant peak. However, the effect within the low-
frequency band before the resonance frequency proved to be insufficient. At this point, the
hybrid controller was optimized with the addition of feedforward part.
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Figure 5. Hybrid control loop diagram of active vibration isolation system. The measured basic
platform noise a0 passes through the n-order weak integrator and control gain KFF, and it forms the
feedforward control force u f f . At the same time, the measured load platform noise a1 passes through
the high-low pass filter, PID, lead-phase filter and notch, and it forms the feedback control force u f b.
Finally, they synthesize the hybrid control force u to drive the voice coil motor to suppress the noise.
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3.3. Simulation Experiment

Simulation experiments of a single vibration isolation module were conducted to
compare the dynamic characteristics of the feedback and hybrid control. The dynamic
model of the system refers to Equation (4) and the simulated physical parameters are close
to the real system parameters. The vibration signal in the time domain and the power
spectral density obtained from the experimental results are shown in Figure 7.
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Figure 7a,b show the acceleration signal in the time domain and their power spectral
density (PSD). A random vibration with a value of 0.2 mg is added to the base platform as
an input disturbance. It can be seen that the feedback control has a considerable suppression
effect in the entire frequency band, and the acceleration amplitude of the load platform is
suppressed to 2 µg. With hybrid control, the acceleration amplitude is further suppressed
to 0.6 µg. Below the frequency of 10 Hz, the residual disturbance of the load platform
also obtains a more anticipated suppression performance. Therefore, the feedback control
method can remove the residual acceleration, and the hybrid control method can further
improve the active vibration isolation performance.

4. Experimental Validation
4.1. Set Up of Experimental System

To verify the effectiveness of the above mentioned vibration isolation control scheme,
a prototype of the vibration isolation system was established, as shown in Figure 8. The
structure of the system is shown in Figure 1. The acceleration signal of the load platform
was measured using the acceleration sensors in the vibration isolation module. The signal
is processed according to the designed active vibration isolation control algorithm using
the real-time controller, then it is collected and output through AD/DA. Finally, to suppress
the disturbance of the platform, the voice coil motor was driven by a linear power amplifier.
Moreover, to observe variances, the monitoring signal of the load platform in three direc-
tions was measured by accelerometer 2. The host computer can obtain the signal in the
real-time controller and modify the control parameters. The overall control of the system
was realized using LabVIEW 2020 programming. The physical and controller parameters
of the system are listed in Tables 2 and 3.
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Figure 8. Schematic diagram of experimental system.

Table 2. Physical parameters of experimental system.

Parameter Value Unit

Mass M 25 Kg
Stiffness K 88,000 N/m
Damping C 17.6 Ns/m

Resonant frequency ωz 10.12 Hz
Resonant frequency ωx 6.38 Hz
Resonant frequency ωy 6.71 Hz

Sensor sensitivity KS 1000 V/g
Gain of VCM KV 1.2 N/A

Gain of Driver KA 0.2 A/V

Table 3. Controller parameters of experimental system.

Controller KP KI KD

1–4 100 2000 0.05
5&7 50 1200 0.02
6&8 50 1100 0.03

4.2. Analysis of Experimental Results

The experimental system was installed on an optical platform, and its environmental
vibration was regarded as the input disturbance. The disturbance is transmitted to the load
platform through springs, etc. Through the feedback control of eight vibration isolation
modules, the vibration in three directions of the load platform is suppressed. Owing to the
limitation of the channel numbers, only four vibration isolation modules can be used in the
experiment of hybrid control to suppress the vibration in Z direction.

The time-domain signals of the base platform and load platform in the x-, y-, and
z-axes are shown in Figure 9a,b. The disturbance in each axis of the base platform is less
than 1 mg, which is closer to the vibration response of the roof of the FY-4 satellite. With the
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feedback control, for the x and y axes, the acceleration amplitude of the time domain was
suppressed from 0.2~0.5 mg to 20 µg at most, and for the z axis, the acceleration amplitude
was suppressed from 1 mg to 40 µg. Figure 9c,d present the PSD and root cumulative PSD
plots within 200 Hz, which shows that the addition of feedback leads to improvements
in performance in the frequency domain. For the x and y axes, the root cumulative PSD
was reduced from 9.78 × 10−5 g and 9.22 × 10−5 g to 6.52 × 10−6 g and 6.17 × 10−6 g,
respectively, with an attenuation rate of 93.3%. For the low-frequency band within 10 Hz,
the attenuation rate of the vibration reached 94.2%. For z-axis, the root cumulative PSD was
reduced from 2.89 × 10−4 g to 8.96 × 10−6 g, and the attenuation rates within 200 Hz and
10 Hz were 96.9% and 93.4%, respectively. The root integration of the PSD within 200 Hz of
each axis reached the µg level.
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To verify the effect of hybrid control, a comparative experiment of feedback control and
hybrid control was carried out along the z axis. An extra acceleration sensor was installed
on the base platform of the vibration isolation system to collect the acceleration signal
as the input source of the feedforward loop. As shown in Figure 10, the low-frequency
suppression effect of hybrid control within 10 Hz is more evident than that of feedback
control, and further attenuation can be realized near 24 Hz, which is the resonant frequency
of the optical platform. With hybrid control, the acceleration amplitude of the time do-
main was suppressed to 20 µg, the root cumulative PSD within 200 Hz was reduced to
7.2 × 10−6 g, which improved by 18.8% compared with the feedback control. The attenua-
tion rates within 200 Hz and 10 Hz were 97.4% and 95.9%, respectively.
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4.3. Discussion

Compared to some vibration isolation systems used for ground experiments [22] with
mass 1300 kg and resonant frequency 1.8 Hz, the active vibration isolation system designed
in this paper is smaller in size and mass (25 kg) and higher in resonant frequency (10 Hz)
which is advantageous for the limited resources available on the satellite. Although this
design with high resonant frequency is not conducive to passive vibration isolation, the
performance of the system can still get similar results with active control. In addition,
compared to some other systems with similar structure [29], the decentralized control
strategy adopted in this paper, which could do without the structural information of the
system and matrix operations, reduces the complexity of the control loop. The experimental
results in this paper also prove that the used hybrid control strategy has a better suppression
effect for low frequency signals, extending the effective starting frequency of vibration
isolation from 5 Hz to 0.5 Hz. According to the requirement of the precision payload, the
acceleration after isolation should be small in enough, so the judgement of the isolator
designed in this paper is not only on the suppression ratio, but also on the absolute
magnitude of acceleration, which is different from these isolation systems above.

However, it can be noticed that there are some prominent frequencies of acceleration
on the load platform, such as 8 Hz in the X and Y directions and 24 Hz in the Z direction.
These noises represent a significant component of vibration source which originated from
the resonant frequencies of the optical stage. Under this circumstance, the performance
of vibration isolation could be optimized by designing controllers with different gains for
different frequency intervals. Besides, for further improving the performance of vibration
isolation systems with the microvibration source, the noise from the system itself is not
negligible, such as sensor noise, actuator noise and noise brought by cables [30]. The
suppression of these disturbances were not considered in this paper which may limit the
current performance of vibration isolation. Resolution of these issues will lead to better
achievement in future research.

5. Conclusions

In this paper, an active vibration isolation platform for a precision space payload is
proposed, designed, and tested. Eight modules based on voice coil motors were adopted
to achieve isolation of multiple degrees of freedom. A hybrid controller, which is a com-
bination of feedback with feedforward controllers, was designed and verified through
simulations and experiments.

The experimental results prove that by implementing decentralized feedback control,
the vibration in all three directions can be significantly reduced by more than 93.3%.

The root cumulative PSD for acceleration within the range of 200 Hz is not higher
than 8.9 × 10−6 g in all directions, meeting the 1.5 × 10−5 g requirement and reaching the
standard of providing a wide-band microvibration isolated environment for high-precision
payload measurement tasks.

In addition, compared with the feedback controller alone, the vibration isolation
performance of the designed hybrid controller is superior, with an improvement of 18.8%,
especially in the low frequency band, which is experimentally confirmed in the Z-direction.
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