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Abstract: Magnetic levitation vibration isolation platform are essential for testing space telescopes.
This paper presents the design of a Large Air-Gap Voice Coil Motor (LAG-VCM) specifically for use
in such platforms. The electromagnetic design of the voice coil motor begins with the Equivalent
Magnetic Circuit Method, followed by the analysis and optimization of the motor design using Finite
Element Analysis (FEA). Subsequently, a prototype was constructed and tested. The test results
confirm that the prototype meets the design specifications and requirements.

Keywords: voice coil motor; finite element analysis; motor optimization; magnetic levitation;
vibration isolation

1. Introduction

Vibration isolation platforms are extensively used in the testing and environmental simulation of
spacecraft. Traditional vibration isolation solutions include mechanical spring vibration isolation[1,2],
air spring vibration isolation[3,4], and hydraulic vibration isolation[5,6]. However, these traditional
solutions often have high stiffness, meaning that a significant change in force occurs with displacement.
Magnetic levitation vibration isolation technology, an emerging method, has been widely promoted
and applied in numerous fields in recent years due to its advantages of being contactless, high-precision,
long-lived, and requiring low maintenance[7-10]. Magnetic levitation systems have lower stiffness,
resulting in smaller changes in force with displacement, effectively reducing the interference from
ground vibrations on the testing system.

Space telescopes, during their design and manufacturing stages, require a series of tests to verify
their functionalities. The China Space Station Telescope (CSST) needs to test its optical imaging
system under vacuum microgravity conditions, necessitating the design of a gravity compensation
vibration isolation system that can operate in a vacuum. Air spring isolation is unsuitable for vacuum
conditions[11], mechanical spring isolation’s high stiffness does not provide precise positioning, but
magnetic levitation isolation, due to its low stiffness and no gas leakage characteristics, meets the
requirements well. Figure 1 presents the basic configuration of the vibration isolation platform, mainly
consisting of a permanent magnet array-type magnetic levitation gravity compensator[12], voice
coil motors, and a support frame. The gravity compensator and the voice coil motor’s armature are
connected to the object being tested, where the gravity compensator plays a passive role in gravity
compensation, and the voice coil motor actively isolates vibrations and compensates.

In recent years, there has been considerable research on voice coil motors for magnetic levitation
and vibration isolation. In[13], two different structures of voice coil motors designed for magnetic
positioning devices were analyzed using finite element analysis (FEA) to study the impact of various
parameters on thrust, eventually demonstrating a 40% difference in thrust between the two motors
of the same volume. In[14], a voice coil motor capable of generating constant thrust without energy
input was proposed, optimizing the stiffness of constant thrust by altering the core iron shape,
achieving a constant thrust of 20.9N and saving 23W of power consumption. Reference[15] proposed
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a three-degree-of-freedom spherical voice coil motor for robotic joints, achieving a tilt range of +30°
along the X and Y axes and a rotation range of 360° around the Z-axis using annular magnets and
multiple coils. In[16], a two-degree-of-freedom voice coil motor was proposed, with the magnetic field
analyzed using the equivalent current method, achieving a prototype thrust of 7.8N and torque of
30mN-m.

Existing literature primarily focuses on voice coil motors with small air gaps and low thrust.
Given the displacement range required by the object under test and considering the manufacturing and
assembly errors inherent in large test platforms, the voice coil motor designed in this paper requires a
larger mechanical air gap to meet displacement needs and allowable errors. A larger air gap leads to
increased magnetic reluctance, thereby reducing air gap flux density and thrust. This paper targets the
design optimization of voice coil motors under large air gap conditions[17-21].

This study starts from the large air gap of the voice coil motor, conducting an in-depth analysis and
design. Furthermore, a FEA model was used, with thrust and thrust ripple as optimization objectives,
to perform an optimization analysis of the voice coil motor. Lastly, a prototype was manufactured and
experimentally validated. The experiments demonstrate good thrust linearity of the voice coil motor
and a high degree of agreement with the finite element results.

I Voice Coil Motor

Voice Coil Motor Stator
(b)

Figure 1. Configuration of vibration ilsolation platform for CSST experiment. (a)Model of the platform
and illustration of compensator and voice coil motor. (b)Simplified diagram of the platform.

2. Electromagnetic Design of the LAG-VCM

The voice coil motor designed in this study is a flat-type linear voice coil motor, as shown in
Figure 2. This motor is an active magnetic type, with the armature part being wire-free to eliminate
wiring interference with the test component. Additionally, the coil generates Joule heat when energized.
In a vacuum, the absence of convective cooling results in poor coil cooling. Since the tested optical
system is sensitive to temperature, placing the coil on the stator allows for rapid heat conduction to
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the ground cooling source, avoiding interference with the optical system. The design requirements of
the voice coil motor are shown in Table 1.

Figure 2. Structure of voice coil motor.

Table 1. Voice coil motor design requirement.

Design Requirement  Short Designation Value Units
Continuous Thrust N 250 N
Peak Thrust Fviax 300 N
Rated Current In 5 A
Single Side Air Gap 6 4 mm
Maximum Dimensions - 160*100*320 mm

The Lorentz force acting on the energized conductor in the magnetic field produced by the
permanent magnets is given by

F = NBsIL, 1

where F is lorentz force on the conductor; N is the number of turns in the conductor; B; is air
gap magnetic field strength.

The expression for the air gap magnetic field strength can be obtained using the Equivalent
Magnetic Circuit Method:

1
prhs+(c—1)hs  hs Brs @)

Bs =
U b s (o—10h5/2 2lim

where B, is the remanence of the permanent magnet; j, is the relative magnetic permeability of
air; h; is air gap length; o is leakage coefficient; /i, is the height of permanent magnet.

Initially, the air gap flux density is preset, considering that a smaller air gap flux density should
be assumed due to the larger air gap. Then, based on the current conditions, the size of the coil
is calculated, followed by the calculation of the width and height of the permanent magnet, thus
completing the electromagnetic design process of the voice coil motor.

3. Finite Element Analysis and Optimization of the LAG-VCM

3.1. Finite Element Analysis Validation of the LAG-VCM

The finite element analysis model was established in finite element analysis software based on
the results of electromagnetic design, as shown in Figure 3.
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Figure 3. FEA model of voice coil motor.

When the rated current is applied to the coil, the thrust variation with position is illustrated in
Figure 4. The maximum thrust of 221.3N occurs at the coil’s center position and decreases gradually
with increasing coil displacement. At the center position, the thrust did not reach the design target.
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Figure 4. Voice coil motor thrust-displacement diagram.

The magnetic flux density in the middle of the motor’s air gap is depicted in Figure 5. At the
air gap centerline, the maximum flux density is 0.35T, which is lower than the preset air gap flux
density in electromagnetic design. This is due to the significant leakage flux associated with the large
equivalent air gap and possible saturation in the yoke.
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Figure 5. VCM air gap magnetic flux density waveform.

The distribution of flux lines in the voice coil motor is shown in Figure 6. The flux lines primarily
form a closed magnetic circuit through the permanent magnet-air gap-yoke path, but significant
leakage occurs between adjacent magnets. This is mainly due to the large equivalent air gap of the
voice coil motor, which should be reduced in subsequent optimization.
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Figure 6. Voice coil motor flux line distribution diagram.

The magnetic flux density map of the voice coil motor is presented in Figure 7. It shows a certain
degree of saturation in the center of the yoke, which weakens the motor’s thrust and increases thrust
ripple. In future optimization, the height of the yoke should be increased to mitigate this saturation.
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Figure 7. Voice coil motor magnetic density cloud map.
3.2. Finite Element Optimization of the LAG-VCM

Finite element optimization was carried out using parameter scanning to analyze the impact of
different parameters on the motor’s thrust and thrust ripple. While increasing the air gap flux density
to enhance motor thrust, the aim was to minimize the armature mass for improved dynamic response
and consider practical manufacturing costs.

First, the effect of the permanent magnet height on the average thrust and thrust ripple of the voice
coil motor was analyzed. The relationship between the average thrust and the height of the permanent
magnets is shown in Figure 8. The motor’s thrust increases with the height of the permanent magnets
due to increased magnetic potential and consequent increase in air gap flux density. When the height
of the magnets exceeds 7mm, the increase in thrust slows due to further saturation of the yoke. The
thrust ripple varies with the height of the permanent magnets, as shown in Figure 9. The thrust ripple
initially increases and then stabilizes with increasing height. This is due to increased unevenness in air
gap flux density caused by saturation, leading to higher thrust ripple. Considering both average thrust
and thrust ripple, a height of 8mm was chosen for the permanent magnets.
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Figure 8. Thrust-height of permanent magnet diagram.
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Figure 9. Thrust ripple- height of permanent magnet diagram.

Changes in yoke height were analyzed in terms of average thrust and thrust ripple of the voice
coil motor. The relationship between the average thrust and yoke height is shown in Figure 10, where
the average thrust initially increases and then stabilizes with increased yoke height due to decreasing
saturation levels. The relationship between thrust ripple and yoke height is presented in Figure 11,
where the thrust ripple decreases and then stabilizes as the yoke height increases, improving the
uniformity of the air gap magnetic field. Therefore, a yoke height of 11mm was chosen.
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Figure 10. Thrust- height of yoke diagram.
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Figure 11. Thrust ripple- height of yoke diagram.
The effect of changing the width of the permanent magnets on the average thrust and thrust

ripple was calculated, as shown in Figures 12 and 13. Considering subsequent optimization margins
and manufacturing costs, a width of 36mm was chosen for the permanent magnets.

d0i:10.20944/preprints202402.1147.v1
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Figure 12. Thrust-width of permanent magnet diagram.
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Figure 13. Thrust ripple-width of permanent magnet diagram.

By keeping the coil area and number of turns constant and changing the coil height, the average
thrust and thrust ripple were calculated, as shown in Figures 14 and 15. As the coil height increases,
the average thrust gradually decreases due to the increased equivalent air gap and increased magnetic
reluctance in the air gap, leading to a decrease in air gap flux density and, consequently, average thrust.
The thrust ripple decreases with increasing coil height as the coil width simultaneously decreases,
improving the uniformity of the internal magnetic field, thus reducing motor thrust ripple. After

considering both average thrust and thrust ripple, a coil height of 15mm and a width of 24mm were
selected.
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Figure 14. Thrust-height of coil diagram.
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Figure 15. Thrust ripple-height of coil diagram.
4. Prototype and Experimentation of the LAG-VCM

Following the electromagnetic design and finite element optimization, a prototype of LAG-VCM
was manufactured as shown in Figure 16. The back iron material is S10C, while the remaining support
structures are manufactured from 7075 aluminum alloy, and the coil is encapsulated with epoxy resin.
There is no physical contact between the mover and the stator. The total mass of the mover is 6.95kg
and the mass of the stator is 2.8kg. The main parameters of the prototype are given in Table 2.

Coil Back Iron Coil Plate

Figure 16. Prototype of Large Air-Gap Voice Coil Motor.

Table 2. Dimensions and Material Properties of LAG-VCM.

Symbol Quantity Value  Units
PM Material N48H - -
B: Remanence 1.385 T
H, Coercivity 1073 KkA/m
Ur Relative permeability 1.027 -
Wm PM width 36 mm
hm PM height 8 mm
T Polar pitch 40 mm
We Coil width 24 mm
he Coil height 15 mm
hy Yoke height 11 mm
N Coil turns 264 -
0 Electromagnetic air gap 4 mm

The thrust testing platform for the large air-gap voice coil motor is illustrated in Figure 17. A
three-degree-of-freedom (3-DOF) electrically controlled translation stage facilitates displacement in
the direction of the motor movement, with a minimum displacement resolution of 0.1 mm. The DC
power supply, model UTP1306S, provides a controllable direct current to the coil of the voice coil
motor. A force sensor (Transcell, BAB-20MT, Capacity: 20 kg) and a multimeter (Agilent, 34411A6,
Digital resolution: 61 ;) are used to test the thrust of the voice coil motor.
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Figure 17. Experimental platform for voice coil motor.

To enhance the accuracy of the thrust testing, the voice coil motor is positioned vertically, and
the current is adjusted to ensure that the thrust is directed upwards. This arrangement negates the
effect of the mover’s weight and eliminates frictional interference, due to the absence of physical
contact between the mover and the stator. The first step involves testing the linearity of the thrust,
with the mover positioned at the center and the current magnitude adjusted. Subsequently, the 3-DOF
translation stage’s z-axis is controlled for incremental movement, allowing for the measurement of the
voice coil motor’s thrust at various positions and under different current magnitudes.

The relationship between thrust and current is illustrated in Figure 18. It can be observed that the
thrust changes linearly with the current, indicating excellent linearity of the prototype’s thrust. At the
rated current of 5A, the thrust is 277.11N, which meets the design requirements.A three-dimensional
finite element model was established based on the actual manufacturing parameters for simulation.
The error between simulation and test results was less than 1%, aligning well with the FEA results.

—— Test Results
250+ —— FEA Results

o 1 2 3 4 5
Current (A)

Figure 18. Thrust versus current curves.

Figure 19 shows the relationship between thrust and displacement at different current magnitudes.
At various currents, the thrust ripple of the voice coil motor is consistently 6% and the thrust ripple is
low. At rated current(I=5A), within a displacement of 4.5mm, the maximum absolute variation of the
thrust is 16.2N. The test results are slightly lower than the FEA results, which may be attributed to the
insufficient magnetization of the permanent magnets.
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Figure 19. Thrust versus displacement curves.

5. Conclusions

This paper presented the design of a voice coil motor for use in a magnetic levitation vibration
isolation platform, featuring a large air gap. Initially, the Equivalent Magnetic Circuit Method was
employed for the electromagnetic design of the voice coil motor. Subsequently, finite element methods
were used for modeling the motor, analyzing the impact of various design parameters on the motor’s
thrust and thrust ripple, and optimizing the motor. Based on the optimization results, a prototype was
manufactured, and the test results of the prototype met the design requirements. The next step should
involve further analysis of the motor’s heat dissipation in a vacuum to minimize the temperature rise’s
impact on the tested system.
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