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Abstract. The electrostatic levitation inertial sensor has a very wide range of applications in the
fields of navigation, orientation, motion vector control, and basic physics experiments. This paper
takes the sensing probe of the electrostatic suspension inertial sensor as the research object, the
motion state of the mass block inside the sensing probe and the electrostatic force it is subjected
to are analyzed in detail, and deduce the coefficients of signal transmission and conversion
between each module, The mechanical model of the sensing probe is established in ADAMS, and
the mechanical model is added to the Simulink control module as the controlled object, Then, the
co-simulation analysis of the measurement and control system is carried out. The results show that
when the system reaches stability, the steady-state error is7.044x10'* m. The system has good
stability and can meet the requirements of measurement accuracy.

Keywords: clectrostatic suspension, inertial sensor, measurement and control system,
co-simulation.

1. Introduction

An electrostatic suspension inertial sensor is a kind of high-precision inertial instrument that
relies on controlled electrostatic force to suspend the sensitive mass in the electrode cavity and
realizes acceleration measurement by reading the feedback voltage. It is characterized by
adjustable bandwidth and high measurement resolution and has absolute advantages in the field
of measuring slow and weak acceleration. It is widely used in inertial navigation, motion control,
verification of basic theories of physics, and other fields [1, 2]. Since the 1970s, ONERA of France
has developed various types of accelerometers, including CACTUS, ASTRE and GRADIO [3],
and made rapid progress in the field of atmospheric drag experiment, drag-free flight test and
space quasi-steady state non-gravity measurement [4]; The MESA accelerometer developed in the
United States modified the sensor into a cube structure, which has been used in a variety of
spacecraft; The ESA launched the LISA Pathfinder(LPF) satellite in 2015 to verify the
electrostatic suspension inertial sensor in orbit, using a laser interferometer to achieve a direct
assessment of the noise level of the inertial sensor [5, 6]; Lanzhou Institute of Physics, China
Academy of Space Sciences began to study the electrostatic suspension accelerometer around
2000, which is mainly used for drag-free control and gravity gradient satellite of gravity
measurement satellites; At the same time, Huazhong University of Science and Technology has
carried out the development and ground testing of various satellite-borne inertial sensors, and
designed TEPO [7], participated in the gravitational wave detection mission TianQin program [8],
and conducted in-orbit tests on XX5 experimental satellite [9, 10] and Tianzhou-1 cargo
spacecraft; Professor Liu Yunfeng from Tsinghua University studied the air damping
characteristics and electrode absorption of electrostatic suspension system, proposed a new triaxial
silicon micro-accelerometer and developed a prototype principle.

Compared with space applications, electrostatic suspension inertial sensors in-ground
applications are subject to more kinds of noise interference, which limits the measurement
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accuracy of the instrument, and therefore requires wider bandwidth and larger range. In order to
produce the principle prototype faster and verify the feasibility of the design scheme, this paper
establishes a set of simulation models of electrostatic suspension inertial sensor measurement and
control systems based on ADAMS and MATLAB/Simulink. The system control module
established in Simulink is combined with the physical model in ADAMS for dynamic simulation,
simulating the motion parameters under the actual application condition, to make the design more
systematic and scientific.

2. Model of electrostatic levitation inertial sensor system

The electrostatic levitation inertial sensor is mainly composed of two parts: the sensor-
sensitive probe and the detection control system. The sensing probe is mainly composed of an
electrode shell and metal mass block, the surface of the mass block and the electrode surface form
a flat capacitance, and the electrostatic force acts to levitate the mass block to the center of the
electrode plate. The detection control system is mainly composed of two major parts: the
differential capacitance detection circuit and the feedback control circuit, which can realize the
measurement of six degrees of freedom in three axes simultaneously. The basic structure of the
six-degree-of-freedom sensitive probe is shown in Fig. 1.

The composition principle of the measurement and control part of the six degrees of freedom
of the sensor is the same, and the working principle of one of the degrees of freedom is shown in
Fig. 2.
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Fig. 1. Basic structure of the sensor [11] Fig. 2. The system composition of electrostatic

suspension inertial sensor

The metal mass block in the middle of the accelerometer sensor and the two electrode plates
in the horizontal direction form a pair of differential capacitors C; and C,. When the mass block
is in the initial position, the size of the differential capacitance is AC = C; — C, = 0. When the
mass block is subjected to inertia force and produces displacement X, the variation of differential
capacitance can be obtained from the parallel plate capacitance formula:

&&A  ggA

x
AC=C—Cy= - _x
P T dy—x do+x ds — x? M

where, &, is the relative dielectric constant, which is about 1 in a vacuum environment. &, is the
dielectric constant in a vacuum; A is the effective area of the parallel capacitor plate. When
x < d,, the above equation can be simplified to:

A

AC = 2e,.60 -5 x. 2)
dg

According to the above formula, differential capacitance and mass block displacement can be
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When a voltage is applied to the two electrodes of a pair of parallel plate capacitors, an
electrostatic force is generated. The magnitude of the electrostatic force can be calculated by the
following formula:

approximately regarded as a linear relationship, and its coefficient is H; = 2¢,.¢,

1 V\?
Fe = ESTSOA (d_()) . (3)

Under the action of inertial force ma, the mass block has a displacement x relative to the central
position. The electrostatic force received by the mass block is:

o= P o = s (22) L (Sl
e el e2 2r0 do—x 2r0 d0+x (4)
e VVpx? + (V2 + V2)dyx + V.V, d?
r<0 (dtz] _xz)z ,

where V. is the preloaded voltage, V}, is the feedback voltage. When the mass block is controlled
back to the center position, that is, x = 0, the above formula can be simplified as:

(Vb + Vr>2 1 (—Vb + Vr>2 _ 2584V,

-= A .
o N\ g

1
F, =Fg1 — Fep = 56604 2

> ®)

At this time, according to the force balance, the equation relationship between the feedback
electrostatic force and the input inertia force is established:

2&,.80AV,
%Vb = ma. (6)
0

The solution is:

_ 2&&AV,

a
mdZ

V. (7

H, = 2&,5,AV,./d3 is called the translational after force coefficient.
3. Co-simulation and result analysis

To better understand the performance of the inertial sensor under the design scheme, the
co-simulation was carried out by ADAMS and MATLAB/Simulink software. The simulation
model of the sensing probe established by the ADAMS/View program is directly added to the
Control module of Simulink as the controlled object by using the ADAMS/Control module, and
the establishment process of the mathematical model of the sensing probe is omitted. Then the
measurement and control system is co-simulated and analyzed.

3.1. Design of co-simulation system

Firstly, the prototype model of the mechanical system in ADAMS/View is constructed,
including the creation of a simplified geometric model of the sensing probe (shell and other parts
are omitted), various constraints, forces, and state variables. The built model is shown in Fig. 3(a).
After the model is built, it is determined that the input variable of ADAMS/Control is the
electrostatic VARIABLE F fankui returned from the Simulink control program, and the output
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variable to the control program is the displacement VARIABLE X of the mass block. The
information loop between ADAMS and MATLAB control programs can be realized by defining
input and output variables. ADAMS/Control module was used to export the simulation model of
the sensing probe to generate Adams_sub sub-module in the Simulink environment, as shown in
Fig. 3(b).

out ADAMS_uout

U To Workspace

VARIABLE_F_fankui VARIABLE_X
ADAMS Plant

out. ADAMS_yout

Y To Workspace

g out. ADAMS_tout

T To Workspace

a) Adams model b) Adams_sub module
Fig. 3. Simplified model of sensitive probe

According to the working principle of the accelerometer, the PID controller is used for control,
and the block diagram as shown in Fig. 4 is established.

The input of the system is the measured inertia force, and the output is the controller output
control voltage signal. After the block diagram of the control system was constructed, the
conversion coefficients between each part were calculated according to the system parameters in
Table 1 and brought into the Simulink model.

Input% i 1 - x H AC K. 18 Gon Vi Output
ms®— K.,

Displacement- Detection Controller
capacitance circuit gain
conversion factor

F. 1
y: K
Electrostatic High voltage
conversion operational amplifier
coefficient gain

Fig. 4. Simulink block diagram model

Table 1. System parameters

Parameter Value

Weight M / g 36.048
Plate area A / mm? 100
Gap between plate and mass block d / pm 50
Preload voltage V,. / V 10

3.2. Analysis of simulation result

Adams_sub module is put into the designed control system, and the final co-simulation model
established in Simulink is shown in Fig. 5.

The open-loop Bode diagram of the true obtained system is shown in Fig. 6. The open-loop
shear frequency is 40 Hz, the phase margin is 69.1°, and the system stability is poor. The
closed-loop Bode diagram of the corrected system is shown in Fig. 7.

The high-voltage operational amplifier module should generate a feedback voltage high
enough according to the PID feedback signal so that the electrostatic force provided can overcome
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the inertia force. When the gain K2 = 50, the —3 dB bandwidth of the system is 34.8 Hz, the
resonant peak value is 0.669 dB, and the resonant frequency is 14 Hz. When K2 = 100, the -3 dB
bandwidth of the system is 64.1 Hz, the resonant peak is 0.668 dB, and the resonant frequency is
19 Hz. At high gain, the system has a wider bandwidth range but considering that the high-voltage
operational amplifier gain of the actual circuit will bring greater circuit noise, which will cause
interference to the detection, the high-voltage gain K2 = 50 is selected when the requirements of
the operational amplifier are met.
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Fig. 5. Simulink model of closed loop control
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Fig. 6. Open-loop Bode diagram of the system Fig. 7. Closed loop Bode diagram

of the corrected system

The input acceleration is 1mg, and the simulation time is 0.1s. The results are shown in Fig. 8.
As can be seen from the displacement change curve of the mass block in Fig. 8(a), at the beginning
of the simulation, the mass block will have a large displacement under the action of inertial force,
and the maximum change of the initial displacement under the action of feedback voltage is only
2.324x10 m. At 0.007 s, the callback began. After 0.020 s from the beginning of the simulation,
the mass block displacement was limited to 9.858x10” m, A good control effect is achieved. After
0.041 s, the mass block is basically in the equilibrium state and returns to the initial position. The
steady-state error is 7.044x10'*m. Fig. 8(b), (c), and (d) respectively show the velocity curve,
acceleration curve, and PID control feedback voltage signal curve of the mass block. It can be
seen from the simulation results that the mass block is in an accelerated motion state at the
beginning, and the acceleration brought by the inertial force gradually decreases with the increase
of the feedback voltage. Under the control of the feedback voltage at 0.002 s, the acceleration
direction of the mass block changes, and the peak velocity of the mass block is 6.351x10° m/s,
After 0.007 s, the velocity direction changed and the position of the mass block began to adjust
back; after 0.041 s, the motion velocity reached 0 and returned to the stable state. PID control
feedback voltage signal curve is smooth, there is no sharp part, indicating that the pressure circuit
can achieve good control. Fig. 8(e) and Fig. 8(f) respectively show the comparison curves between
measured acceleration and input acceleration and between feedback electrostatic force and input
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inertial force. The measured acceleration and feedback electrostatic force change curves are
opposite to the acceleration curve of the mass block, and the trend is consistent with the actual
control relationship. When the steady state is reached, the input acceleration and inertia force
curves coincide.

ement (M)
Speed (m's)

Acceleration (m's

I”'une s) e Time (s I ' Time‘i
a) Mass block displacement curve b) Mass block velocity curve ¢) Mass block acceleration curve
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Fig. 8. Simulation results under ideal conditions
4. Conclusions

In this paper, based on the analysis of the work process of the electrostatic suspension inertial
sensor, the mathematical model of its key link is established according to the design scheme. The
mechanical model created in ADAMS is used to replace the mathematical model of general
simulation in the sensing probe The simulation experiment of electrostatic suspension inertial
sensor measurement and control system is completed in MATLAB/Simulink environment, which
verifies the feasibility of the design scheme faster. The simulation results show that good detection
accuracy and stability can be obtained by using the model designed in this paper to measure
acceleration. Without considering the hardware noise of the system, the acceleration reading is
large at the beginning, and the sensor reading becomes accurate and stable after 0.041 s. When the
system reaches stability, the steady-state error is 7.044x107'* m. The simulation results provide a
basis for further prototype design.
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