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ABSTRACT The micro capacitive sensing and electrostatic drive control system (front-end electronics,
FEE) is the core component of inertial sensor in space gravitational wave detection. The FEE requires
high-precision displacement detection, high-stability electrostatic drive, and stable system control to achieve
an acceleration resolution of 10~'% m/s?/Hz!/? in the low-frequency range of 0.1 mHz-1 Hz. Based on
the requirements of the future Chinese space gravitational wave detection task (Taiji Program), this paper
conducted key technical research of the FEE using differential capacitance detections and electrostatic drives.
The structure and working principle of the FEE were also introduced. The structural parameters of the entire
system, working parameters, and electrostatic control system model were provided, and the performance of
the PID controller was analyzed. Finally, using the torsion pendulum to overcome the influence of gravity on
the earth, the FEE multi-degree of freedom control function was verified on the vibration isolation marble
platform, the measurement range and power conversion coefficient were calibrated, and the noise level
under current conditions was measured. Experimental results show that the FEE developed in this paper
can achieve stable control in multiple degrees of freedom, the acceleration range is larger than 1073 m/s?,
the electric force conversion factor is 4.8 x 1073 m/s2/V, and the measured acceleration resolution is
9.6 x 107° m/s2/Hz!/2. After optimizing the sensitive structure parameters, the acceleration resolution can
be estimated at 3.3 x 10~15 m/s>/Hz!/?. These results satisfy the Taiji Program requirements. This paper
provides a solid foundation for the future exploration of space gravitational waves in China and clears the
optimization direction for the next step.

INDEX TERMS Gravitational wave detection, Chinese Taiji Program, inertial sensor, capacitive sensing

and electrostatic drive control system, torsion pendulum.

I. INTRODUCTION

In February 2016, the American Laser Interferometer
Gravitational-Wave Observatory (LIGO) directly detected
gravitational wave, which confirmed the prediction of Ein-
stein regarding the existence of gravitational waves a cen-
tury ago and created gravitational wave astronomy [1].
In August 2017, LIGO of the United States and Virgo of
Italy first discovered a double neutron star combined with
the gravitational wave event and found the electromagnetic
counterpart of the gravitational wave event [2]. This detection
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of gravitational waves and electromagnetic counterparts has
epoch-making importance in the history of astronomy and
physics, which officially opened the era of gravitational
wave astronomy. Ground gravitational wave measurement is
affected by the gravity of the Earth and the scale size. The
range of detected gravitational waves is mainly concentrated
in the mid-high frequency of 10 Hz to 10 kHz. However, grav-
itational wave information is abundant in the low-frequency
range of 0.1 mHz to 1 Hz. Space gravitational wave detection
is the only option for studying gravitational waves and the
nature of wave sources in a wide frequency range.

Space gravitational wave detection uses an ultra-high-
precision interferometric measurement system to measure the
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TABLE 1. Measurement range, resolution, and bandwidth of electrostatic accelerometers abroad.
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distance change between the two test masses (TM) with the
picometer precision, thereby obtaining the gravitational wave
signal. The inertial sensor is one of the most important parts of
space gravitational wave detection device. The main function
of this sensor is to release the TM into space freely and realize
drag-free control. Simultaneously, electrostatic force control
is used to ensure the maximum movement of TM along the
geodesic; that is, the noise applied to the TM is as small as
possible. Therefore, the performance of the inertial sensor
directly affects the accuracy and even the success or failure
of space gravitational wave detection system.

The resolution of the inertial sensor must reach
10~ m/s?/Hz!/? to realize the detection of space gravita-
tional waves. To date, the United States and Europe have
used the electrostatic suspension accelerometer to launch
MESA, ASTRE, STAR, GRADIO, and other accelerome-
ters, and the highest measurement resolution has reached
10713 m/s?/Hz!/? [3]-[6], as shown in Table 1. Interna-
tionally, the earliest project to develop space gravitational
wave detection was the collaborative space laser interference
antenna LISA (laser interferometer space antenna) project of
NASA and the European Space Agency (ESA) in the 1990s
[7]. In December 2015, the LISA pathfinder was launched
to demonstrate and test LISA-related technology, and the
resolution reached the order of 1071 m/s2 [8]. As a repre-
sentative of space gravitational wave detection project, LISA
has drawn a clear path and platform for space gravitational
wave detection discipline at the level of mission concept.

The Huazhong University of Science and Technology in
China has researched on electrostatic suspension accelerom-
eters since 2000 [9]-[11], and the resolution by high-pressure
suspension test has reached 4 x 1078 m/s?2/Hz!/2. The test
level of the torsion pendulum suspension is better than
10~ m/s?/Hz!'/2. In 2013, a scientific experimental satel-
lite was installed to complete function verification, but the
acceleration resolution test level was not provided. The
Lanzhou Institute of Physics has also conducted consider-
able work in this field [12], [13] and achieved important
results in key technology research, ground performance test-
ing, development process, and prototype engineering. The
ground test accuracy of high-voltage suspension accelerom-
eter reached 10~ m/s2/Hz!/2. In 2008, led by the Institute
of Mechanics of the Chinese Academy of Sciences, numer-
ous domestic units set up space gravitational wave detection
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and demonstration group and conducted substantial research
work with the support of the pilot science and technology
special space science pre-research project of the Chinese
Academy of Sciences. Scientific goals, development routes,
program planning, and key technical breakthroughs were pro-
posed, and the Space Taiji Program was introduced in early
2016 [14], [15]. According to the plan, China will launch a
gravitational wave detection satellite group around 2030 to
conduct direct detection of gravitational waves in the middle
and low-frequency bands.

Numerous key technical tasks must be conducted because
the technical indicators required for the Taiji Program are
much higher than those of the current state of the technol-
ogy. Based on the requirements of the future Chinese space
gravitational wave detection mission (Taiji Program), this
paper performs the key technical research of inertial sensor
front-end electronics (FEE) and designs a three-degree-of-
freedom capacitive sensing and electrostatic drive control
system. Furthermore, the influence of gravity is overcome by
a torsion pendulum on the ground, and the three-degree-of-
freedom stability control is realized. The ground-based mea-
sured acceleration resolution index reaches 10~7 m/s2/Hz!/2,
and the index can reach 1078 m/s?/Hz!/? after evaluation
based on noise analysis. The indicators show that the gravita-
tional wave detection requirements have not yet been reached.
However, through the advancement of this prototype, a con-
siderable amount of experimental data and engineering expe-
rience has been accumulated for the development of inertial
sensor FEE. This study provides optimization direction and
design ideas for future FEE research.

The content of this paper is as follows. The second section
mainly introduces the composition and basic working prin-
ciple of the inertial sensor. The third section provides the
detailed design of the FEE and the theoretical derivation of
the control system. The fourth section gives the ground exper-
imental device and the actual measurement and evaluation
results. The final section provides a comprehensive summary
of the work in this paper.

Il. STRUCTURE AND WORKING PRINCIPLE

The inertial sensor comprises of two units: sensor and FEE.
The sensor is used to sense the external interference acceler-
ation signal and convert this signal into a differential capac-
itance displacement signal output to the FEE unit. The FEE
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FIGURE 2. Sensitive structure.

is to measure the differential capacitance displacement and
calculate the driving voltage for electrosstatic control. Simul-
taneously, the vacuum device is used for sealing to reduce the
gas motion noise. Figure 1 shows the block diagram of the
inertial sensor composition.

Figure 1 shows that the sensor mainly comprises of a
sealing structure, a sensitive structure, and a mounting base.
The sealing structure is used to maintain a vacuum environ-
ment and reduce gas molecular perturbations. The sensitive
structure comprises of the upper and lower electrodes and the
TM, as shown in Figure 2. The sealing and sensitive structures
are assembled and mounted on the mounting base.

The sensitive structure of the accelerometer must be
installed on the Invar base which has been finely machined
to ensure accurate detection of line and angular acceleration.
The pedestal has a verticality and parallelism tolerance of
5 x 1073 rad (equivalent to 10’"). In terms of calibration
and ground measurement, overcoming the earth’s gravity by
using the suspension wire torsion pendulum is necessary. The
accelerometer core also needs a high vacuum seal to reduce
the noise, and its appearance is shown in Figure 3.

The FEE is mainly used to detect the differential capaci-
tance signal input by the sensor and output the corresponding
servo feedback voltage signal to the sensor. Thus, the TM is
maintained at the center of the sensitive structure, realizing
the measurement of the acceleration signal. The working
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FIGURE 4. Working principle of inertial sensor.

principle is shown in Figure 4. V; is the injection voltage
signal used for differential capacitance detection. V), is the
preload voltage for the electrostatic drive. V4 and V), are
applied to the TM through a gold wire. When an external
interference force acts on the TM, the TM will deviate from
the center of the electrodes. This phenomenon will result
in a change in capacitance C; and Cy. C is the capaci-
tance between the TM and the upper electrode, while C;
is the capacitance between the TM and the lower electrode.
The differential capacitance signal C1-C» is detected by the
capacitive sensing circuit in FEE. After signal demodulation
and low-pass filter modules, the differential capacitance sig-
nal finally enters the PID controller module. The feedback
voltage signal Vy is then applied to the electrodes through
the electrostatic drive circuit, Vy is calculated by the PID
controller module, and the TM is pulled back to the center
of the electrodes by the electrostatic force. This feedback
voltage reflects the magnitude of the external interference
acceleration.

When the TM is stably controlled at the center of the
electrodes, the feedback control output and the external
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TABLE 2. Structure parameters of sensitive structure.

Parameters Value Unit

Mass m 70 g
Size of the TM 40 x 40 x 40 | mm
Electrode distance of X-axis dx 120 pm
Limit height of X-axis h 70 pm
Electrode area of X1-axis 500 mm?2
Electrode area of X2- and X3-axes 250 mm?

interference acceleration satisfy the following relationship:

- 2g0&rS
dout = Ae = m—szpr (D
where g¢ is the vacuum dielectric constant, g, is the relative
dielectric constant, S is the electrode area, d is the average
electrode distance, V¥ is the feedback control voltage, and V),

is the preload voltage applied to the TM.

Ill. DESIGN OF SENSITIVE STRUCTURE

The TM adopts a flat cube structure. Based on the working
principle of the inertial sensor and the measurement output
equation and technical specifications, the basic parameters
of the sensitive structure of the inertial sensor are shown
in Table 2.

The TM material is titanium alloy with a low magnetic sus-
ceptibility (less than 2 x 10~% IU) to reduce the acceleration
noise of the inertial sensor. The unevenness of the hexahedron
is less than 1 um. The perpendicularity and parallelism of
each face of the TM are less than 10~ rad (equivalent to
2”’) to ensure that the three sensitive axes are independent of
each other. The differential capacitance formed by the upper
and lower electrodes is a sensitive axis. One TM corresponds
to three electrode pairs. Thus three sensitive axes can realize
three degrees of freedom acceleration measurement.

Figure 5 shows the configuration of the electrodes used to
test the TM position and attitude. The electrode material is
fused silica with a low-expansion coefficient (5.5 x 1077/°0),
and the electrode surface is plated with gold film. The elec-
trode unevenness is less than 1 pum, and the area error of
each electrode is less than 0.2%. Each electrode surface is
divided into four blocks, two of which are connected together
and defined as X1. The two other electrodes are defined
as X2 and X3.

The three sensitive axes are X1, X2 and X3. These axes
can realize one translation and two rotation measurements.
Figure 6 shows the measurement principle.

As shown in Figure 6, the translational displacement X
and rotational angle 6 can be calculated by the following
equation:

X = Xr+X1,

2
Xg—X, 2
6 = arctan( =78 L)

where X7 is the offset from the center of the left electrode pair,
Xk is the offset from the center of the right electrode pair, L is
the distance from the center of the electrode to the TM central
axis, and d is the average distance of the electrode pair.

1024

X2

FIGURE 5. Configuration of the electrodes.

FIGURE 6. Measurements of translation and rotation.

IV. DESIGN OF FRONT-END ELECTRONICS

The FEE is the core component of the inertial sensor. The
differential capacitance of the TM and the electrodes is con-
verted into a voltage by the capacitive sensing circuit to
achieve accurate detection of the TM position. The feedback
voltage is then applied to the electrode through the electro-
static driving circuit. The TM is controlled at the center of
the electrode cage.

A. CAPACITIVE SENSING CIRCUIT

The inertial sensor realizes the detection of the TM motion
displacement signal by applying a 100 kHz sine wave modu-
lation signal to the TM to form an resonant capacitance (RC)
bridge. This bridge includes a differential capacitance com-
prising of the TM and the electrodes, and a differential trans-
former. The principle of differential transformer capacitance
detection is shown in Figure 7.

In Figure 7, C; and C, comprise of the TM and the
upper and lower electrode plates, respectively. Cp1 and Cp
are parasitic capacitances and resonance tuning capacitors
in the circuit, respectively. Cp; and Cy, are electrostatic
feedback-driven filter capacitors. Ly, Ly, and L are trans-
former inductance, and V7 is the electrostatic drive feedback
voltage. The high gain of the signal is realized by adjusting
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TABLE 3. Parameters of Front-End Electronics.

Parameters Value | Unit
Bias Voltage V), 5 v
Effective value of sensing voltage Vz; | 4 \Y

Frequency of sensing voltage fg 100 | kHz
Maximum feedback voltage V' +10 | V

the RC bridge working near the resonance point to reduce
the noise, and the signal-to-noise ratio of the differential
capacitance signal is improved. Thus, the resonant peak of
the capacitive inductor and the sine wave modulated signal
has the same frequency of 100 kHz. The circuit resistance
parameters are shown in Table 3.

As shown in Figures 4 and 7, when the high-frequency
injection voltage V; acts on the TM, the distance between
the TM and the two electrodes is equal, which is both d, and
the effective area between the capacitor plates is S. The two
capacitors with the same capacitance between the electrodes
and the TM are recorded as Cq and C;:

ci=0 =0 )
d
where g is the vacuum dielectric constant, ¢, is the relative
dielectric constant, S is the electrode area, and d is the aver-
age distance of electrode pairs. When disturbed by external
acceleration, the TM will produce a small displacement Ad,
and Cy, C; will change accordingly:

Ad
AC = ZSVSOSF (4)

The amount of capacitance change in the upper and lower
plates is the amount of position change in the test quality.
Owing to the change in capacitance, the voltage generated at
the amplifier terminal after passing through the transformer
is computed as follows:

S2LAC v
1+ S2L(Ci + C2 + Cp1 + ) *
1+ $2LCoq

U =

AC &)
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FIGURE 8. Frequency response of differential transformer module.

where Ceq = 2(Cp + Cp), and Cy is the capacitance when
the TM is in the center of the electrodes. The value of C
can be calculated by Equation (3), C, = Cp1 = Cpp, and
Ly = L, = Ly = L. Equation (5) shows that the natural
frequency of the transfer function comprising the differential
transformer and the capacitor is

1

/ICeq

When the frequency of the input signal is wy, the circuit
will resonate with the input signal, and the output voltage and
impedance both reach maximum values. In the design of this
scheme, the resonant frequency is set to 100 kHz by matching
the capacitive parameters. According to Equation (5), the fre-
quency response curve of the differential transformer module
is shown in Figure 8.

The output voltage Us of the differential transformer is
demodulated by an amplifier, a bandpass filter, and a mul-
tiplier. The stimulus signal can be expressed as follows:

wy =

(6)

ug = Vgcoswyt @)

where, wg is 6.28 x 10° rad/s(that is f; = 100 kHz).
The signal input by the multiplier is an amplitude modula-
tion wave

uin = Ujpcos(wt + a)cos(wgt + B) ®)

where Uj, cos(wt + «) is amplitude modulation, w is
(6.28 x 10~* — 0.628) rad/s [that is, the acceleration mea-
surement passband is (1 x 10~*—0.1) Hz], and cos(wgt + B)
is the carrier. Then, the output of the multiplier is

UaU;
Uout = dYin

cosfcos(wt + @)

UaUin
—i—Tcosﬁcos(det +ot+a+p)

UqUin

+ cosfBcosQuwgt —wt —a+ ) (9)

The low-pass filter with a passband far below the detection
frequency f; is used to filter the latter two to obtain the
desired signal % cosp cos(wt 4 o). The phase § must
be adjusted to zero, because the desired signal contains the
factor cosf, otherwise, the desired signal will be attenuated.
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Finally, the desired signal enters the PID controller, and
then a feedback voltage is obtained. This voltage is applied
to the electrodes through the electrostatic driving circuit to
complete the closed-loop control.

B. ELECTROSTATIC FEEDBACK CONTROL SYSTEM

The TM, electrostatic feedback force, and gas damping effect
of the inertial sensor form a classic spring oscillator subsys-
tem. Therefore, the electrostatic system dynamics equation of
an inertial sensor can be expressed as follows:

mi + c(x) + kx = Fin (10)

where Fj, represents external interference into the inertial
sensor, m is the quality of the TM, x is the displacement of the
TM movement, c is the gas damping coefficient, and k is the
stiffness caused by the electrostatic force. When gas damping
occurs in the capacitance gap, the damping coefficient of the
gas molecules acting on the TM is obtained by gas molecular
motion theory [16]

2M (11
nRT

where p is the ambient pressure, M is the molar mass of the
gas, M = 29 x 1073 kg/mol, R is the molar gas constant
R = 8314 Nm, and T is the ambient temperature 293 K
because the inertial sensor works in a vacuum environment
p =5 x 107 Pa. Thus, the gas damping coefficient is small
and ignorable.

An electrostatic force expression is established for
the unbalanced position to derive the electrostatic force
stiffness [17]:

c=pS

VpViex? + (V3 + VDdx + V,V,d?
(dz _ x2)2

where V), represents the preload bias voltage, and V, repre-

sents the feedback voltage of the control output. The square

term of x can be neglected because x is considerably smaller

than d, and the expression of the electrostatic force is as
follows:

F, =2¢e,&)S

12)

(Vy+ V7
d3

V,V,

F, =268 x + 2¢&,608 PR

(13)

Therefore, the electrostatic force stiffness can be expressed
as

Vi+Vvh
d3
Combining Equations (10), (13), and (14), the inertial sen-
sor electrostatic kinetic equation is

kem = 26,08 (14)

.. Vp
mx = Fi, — kx —ZSrSOSﬁVr (15)

The Laplace transform of Equation (15) provides the trans-
fer function of the kinetic model:
FinHV)

X)) =———
) ms? — kem

(16)

2er80SV) is

where H = —

the scale factor for the system.
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FIGURE 9. Block diagram of closed-loop control of electrostatic levitation
inertial sensor.

Figure 9 shows a block diagram of the closed-loop con-
trol of an electrostatic levitation inertial sensor containing a
PID controller. The role of the PID controller is to provide
resistance and improve measurement linearity. The transfer
function can be written as follows:

k.
C(s) = ky + ? + kgs (17)

where k,, k;, and k; are the proportional, integral, and
differential coefficients of the PID controller, respectively.
In Figure 9, Kymp represents the gain of the electrostatic drive
circuit, H is the conversion coefficient from voltage to force,
K denotes the gain of the capacitive sensing circuit and the
red square is the kinetic model of the sensitive structure. The
above-mentioned modules linked together form a negative
feedback closed-loop control system.

When the transfer function of the PID controller C(s) and
the electrostatic driving system X (s) is obtained, the closed-
loop transfer function of the electrostatic levitation inertial
sensor can be expressed as follows:

G(s)
_ KampX ($)C(s)
1+ KampX (5)C(s)
KampHKk5? + KampHKKps -+ Kamp HKk;
ms3 + KampHKk 5> + (KampHKkp — Kem)s+ Kamp HKK;
(18)

where G(s) is the closed-loop transfer function of the control
system, and Kymp is the gain of the capacitance detection
circuit.

The acceleration measurement frequency band is from
0.1 mHz to 1 Hz. Hence the selection of PID parameters
should ensure that the closed-loop bandwidth of the system
is larger than 1 Hz, and away from the system resonance
frequency(approximately 2 Hz). The PID parameters can
be selected to obtain closed-loop bandwidth around 20 Hz,
kp =2, ki = 12.89, and k; = 0.09. Taking the X1 axis as an
example, the sensitive structural, the FEE and PID parameters
are integrated into Equation (18). The actual closed-loop
transfer function of the X1 axis is obtained, as shown in
Equation (19). The closed-loop frequency response curves of
the X1 axis are also obtained (Figure 10).

3052 + 119.55 + 142.7
0.8372s3 +29.9952 + 115.8s + 142.7

Gu—x1(8) = (19)
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Based on the definition of —3 dB bandwidth, the upper
limit of the measurement band of the X1 axis is 18.15 Hz.
The value can meet the requirements of the 1 Hz measurement
band specified by the technical requirements.

V. EXPERIMENTS

A. EXPERIMENTAL SETUP

As shown in Figure 11, a set of experimental platforms for
suspension wire torsion pendulum was built to test the per-
formance of the FEE system of the inertial sensor developed
in this study. The three-degree-of-freedom closed-loop con-
trol stability, range, electricity force conversion factor, and
closed-loop acceleration resolution of the FEE system were
tested. The experiments were conducted in Changchun, Jilin
Province, China on July 2019. The existing conditions were
used to place the suspension wire torsion pendulum platform
on the vibration isolation marble platform to overcome the
effect of ground environment vibration. The laboratory envi-
ronment can be cleaned up to 1000 levels, and the temperature
fluctuation range is +0.02 °C. The FEE and sensitive struc-
ture were connected by a coaxial cable, and the electrical box
and the sensitive structure were common grounded.

B. EXPERIMENT RESULTS
The sensitive structure of the inertial sensor is mounted on
the precision level adjustment test bench, and the exper-
imental bench uses three orthogonally mounted precision
screw adjustment columns to achieve orthogonal adjustment
of the horizontal level of the water platform. When the
platform is horizontal, the FEE closed-loop correction is
turned on. The TM is stably controlled at the center of
the two electrode plates. External interference is applied to
the TM in the closed-loop process to test the stability. The
experimental results show that TM can achieve three-degree-
of-freedom stability control. The LabVIEW development
interface display software is used, and the control result is
shown in Figure 12.

The sensitive structure of the inertial sensor is mounted
on the precision level adjustment test bench to calibrate the
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FIGURE 13. Schematic of the calibration principle of the range and
electric-force conversion coefficient.

range and electric force conversion coefficient of the inertial
sensor on the ground, the tilting table angle is adjusted by
three height adjustments, and the oblique angle is read by
level to obtain gravity. The component is used to calibrate
the inertial sensor range and the electric force conversion
coefficient statically on ground conditions. Figure 13 shows
a schematic of the calibration principle, and the calibration
results are shown in Figure 14.
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TABLE 4. Results of electrode asymmetric noise.

Average area (mm? | Symmetry deviation A | Electrode Distance (m) | Bias voltage noise (V/Hz!/2) | Excitation signal noise(V/Hz!/2) | Result (m/s2/Hz!/2)
X1 478.46 2.95 x 1073 120 1x107° 1x107° 4.6 x 1012
X2 239.73 8.26 x 10~ % 120 1x107° 1x107° 1.3 x 10712
X3 239.74 6.07 x 10~12 120 1x10~? 1x10~? 9.2 x 10~ 13
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FIGURE 14. Range and electric-force conversion coefficient calibration
curve.

In the calibrated range, a linear interval with less than 1%
linearity is selected as the acceleration measurement range.
As shown in Figure 13, the FEE range designed in this
paper is —6.7 x 1072 m/s” to 7.0 x 1073 m/s2. By fitting
the linear region, the electric force conversion coefficient
is 4.8 x 1073 m/s?/V.

The evaluation of the acceleration resolution index of the
inertial sensor is obtained by testing and noise synthesis of
various noise factors affecting the measurement, including
external noise, such as sensitive structure machining orthog-
onality, circuit noise, temperature fluctuation, gas damping,
and environmental vibration. The total noise is obtained for
the aforementioned main noise test and estimation. The cal-
culation Equation is as follows:

ot = \J @ + @+ + - - (20)

For sensitive structure defects, the defects caused by elec-
trode orthogonality and electrode area symmetry are mainly
analyzed. Based on the “Machining Inspection Report,” the
mutual parallelism and verticality of the four sides of the test
mass are 3 um, and the coupling coefficient between the
axes can be converted to 1.5 x 10™* based on the size of
the sensitive structure. The coupling acceleration between the
axes affects the order of 10719 m/s? because the acceleration
of the non-conservative force received by the inertial sensor
does not exceed 1 x 107® m/s>. The asymmetry influence
of the electrode area can be calculated based on the sensor
electrode and circuit design parameters, and the calculation
Equation is
2e,60AS ~ -
ﬁgr«WW+WW>
where A is the asymmetry of the representative area, V), is
the bias voltage fluctuation, and V; is the amplitude fluctu-

2

darea =
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FIGURE 15. Noise floor power spectrum of open-loop capacitance
detection circuit.
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FIGURE 16. Power spectrum of closed loop feedback driving voltage.

ation of the excitation signal. For the 5 V voltage, the fluc-
tuation of the octave and half multi-meter is within 50 @V,
and the power spectrum is analyzed based on 1 x 1073
V/Hz!/?. Taking the sensitive structure and circuit parame-
ters into Equation (21), the acceleration noise caused by the
asymmetry of the electrodes is below the order of 10™12 m/s?,
and the calculation results are shown in Table 4.

The noise caused by circuit and environmental vibration
is evaluated by measuring the noise floor of the capacitance
detection circuit under the open-loop condition and the accel-
eration feedback voltage fluctuation under the closed-loop
condition. The power spectrum curve of the capacitance
detection under the open-loop condition is shown in Fig-
ure 15. The power spectrum of the closed-loop acceleration
feedback voltage fluctuation is shown in Figure 16.

As shown in Figure 15, the noise power spectrum of the
capacitance detection circuit is below 2 x 1075 V/Hz!/?,
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TABLE 5. Total noise of the inertial sensor (unit: m/s2/Hz!/2).

Sensitive structure defect Circuit and environment noise Gas and temperature noise Total noisc
Electrode orthogonality | Electrode asymmetric | Circuit noise | Environmental vibration | Fluctuation noise | Gradient noise )
X1 1x10°10 4.6 x 10~12 3.4 x1079 9.6 x 106 2.3 x 1071 3.6 x10"12
X |[X2 1x 10710 1.3 x 1012 3.4x 1079 9.6 x 10~ ° 2.3 x 10711 3.6 x 10° 12 (9.6 x 1076
X3 1x 1010 9.2 x 10713 3.4x 1079 9.6 x 10~ ° 2.3 x 10711 3.6 x 10712

and the voltage is converted into position measurement noise
of 7.2 x 10~'! m/Hz!/2. The position measurement noise
is multiplied by the stiffness to obtain an acceleration res-
olution of 3.4 x 1072 m/s*/Hz'/2. As shown in Figure 16,
the power spectrum of the acceleration feedback voltage is
below 2 x 107> V/Hz!/2, and the voltage is multiplied by the
power conversion coefficient to obtain the combined effect
of the drive circuit and the environmental fluctuation noise of
9.6 x 107 m/s*/Hz'/2,

The acceleration noise caused by the effect of the radiome-
ter due to the residual gas and temperature noise inside the
sensitive structure is

ag = —T (22)

where T is the temperature fluctuation, 7 is the ambient
temperature, P is the gaseous pressure around the TM, m
is the TM mass, and S is the area of the electrode. The
experimental environment of this project is characterized by
0.02 K temperature fluctuation. The temperature change will
be slow and the change range will be small after passing
through the vacuum chamber to the sensitive structure. Mean-
while, 0.02 K/Hz!/? is considered based on the temperature
change of the measurement band within the sensitive struc-
ture. The degree of vacuum inside the sensitive structure is
1 x 10~ Pa. Based on Equation (22), the acceleration noise
caused by the radiometer effect is 2.3 x 107! m/s>/Hz!/2.
Owing to the temperature gradient noise observed around
the test mass, thermal radiation pressure noise is also caused
by the mass. Theoretical analysis shows that the acceleration
noise caused by the thermal radiation pressure effect is

8aST3 .
9 (23)

Arip = 3em

where o is the  Stephen-Boltzmann  constant,
o =567x10"8 W/(m2 . K4); and c is the speed of light, c =
2.9979 x 108 m/s. Bringing the parameters into Equation (23)
results in an acceleration noise of 3.6 x 1072 m/s?/Hz!/?
due to the temperature gradient. Based on Equation (20),
the above estimation and test results are summarized to obtain
the total acceleration noise as shown in Table 5.

Table 5 shows that environmental vibration is the main
influencing factor of the noise resolution of inertial sensors.
On ground conditions, this noise can only be reduced in a
cave or an underground environment. If no such noise is
present in the space environment, then the total acceleration
resolution is recalculated to be 3.4 x 10~° m/s?/Hz!/?. How-
ever, six orders of magnitude difference remain between the
indicator of the Taiji Program 10~1> m/s’/Hz!/? due to other
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aspects, such as machining, temperature fluctuations, and gas
damping. Regarding the FEE system, the electrode spacing is
increased to 4 mm, and the test quality is increased to 2 kg
using high-density materials. The acceleration noise caused
by the circuit noise of the FEE system is calculated to be
approximately 3.3 x 10~15 m/s?/Hz!/?, which meets the Taiji
Program requirements.

VI. CONCLUSION AND OUTLOOK

In this paper, the composition, working principle, and sensi-
tive structure parameters of the inertial sensor FEE system are
provided. The electrostatic control system model is derived,
and the three-degree-of-freedom stability control is realized.
The FEE range and electric force conversion coefficient test
are completed. The range of the system is —6.7 x 1073 m/s? to
7.0 x 1073 m/s?, and the electric force conversion coefficient
is 4.8 x 1073 m/s?/V. Finally, the current acceleration noise
results of inertial sensors are given. The results show that
under current ground conditions, the measured acceleration
resolution is only 9.60 x 10~° m/s? due to environmental
vibration. If the ground wants to measure high indicators,
then a cave or an underground laboratory must be estab-
lished to suppress the interference of low-frequency noise on
the ground. For this system, if the ambient vibration is not
considered, then the total acceleration resolution can reach
3.4 x 10~ m/s2/Hz!/2. At this time, the circuit noise is the
main influencing factor, which is mainly related to the sensi-
tive structure parameters. When increased to 4 mm, the TM
weight increased to 2 kg, the calculation shows that the FEE
system circuit noise caused by the acceleration resolution
is approximately 3.3 x 10~1° m/s?/Hz!/2, meeting the Taiji
Program requirements.

This paper verifies the feasibility of the FEE system and
obtains considerable valuable experience and experimental
data. The present work also provides clear ideas for the opti-
mization design of the FEE and lays a solid foundation for the
implementation of the future Taiji Program. Simultaneously,
a considerable amount of research and experimental verifica-
tion work must be conducted in mechanical processing, tem-
perature control, ground experimental conditions, and noise
source analysis to meet the needs of future space gravitational
wave detection.
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