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Abstract

:

The inertial sensor is the key measurement payload of the technology verification satellite of China’s space gravitational wave detection mission-Taiji Project, which uses capacitive sensors to sense the acceleration disturbance of the test mass under the influence of non-conservative forces in the frequency range of 10 mHz~1 Hz. It is necessary to perform a ground performance evaluation and estimate the working state of the payload in orbit. However, due to the influence of the earth’s gravity and seismic noise, it is impossible to directly evaluate the resolution level of the non-sensitive axis when testing with high-voltage levitation, which leads to incomplete evaluation of the performance of the inertial sensor. In order to implement this part of the test, the sensitive structure is designed and a torsion pendulum facility for performance testing is developed. The experimental results show that the measurement resolution of the non-sensitive axis of the inertial sensor can reach 9.5 × 10−7 m/s2/Hz1/2 under the existing ground environmental conditions and is mainly influenced by the seismic noise during the system measurement. If the inertial sensor enters orbit, the measurement resolution can achieve 3.96 × 10−9 m/s2/Hz1/2, which meets the requirements of the technology verification satellite for a non-sensitive axis. This proposed system also provides a reasonable method for the comprehensive evaluation of inertial sensors in the future.
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1. Introduction


In September 2015, the United States LIGO detector [1] for the first time directly detected gravitational wave signals and confirmed Einstein’s prediction about the existence of gravitational waves 100 years ago. The detection of ground gravitational waves is affected by the gravity and the size of the earth, and only mid-high-frequency signals above 10 Hz can be detected. Due to the existence of low-frequency gravitational wave radiation sources in space [2], space gravitational wave detection has become the next scientific hotspot for gravitational wave detection. In order to contribute to space gravitational wave detection, the Chinese Academy of Sciences started a space gravitational wave detection mission—Taiji Project [3,4,5,6,7]—in 2016. The plan will be implemented in three stages. The 1st phase was to launch a technology verification satellite, which was successfully launched on 31 August 2019 [8]. One of the main tasks of the satellite is to verify the inertial sensing technology. Eventually, three space gravitational-wave detectors are expected to be launched around 2030 to detect gravitational waves in the frequency range of 0.1 mHz to 1 Hz.



A high-precision space inertial sensor (IS, also known as gravitational reference sensor) [9] is an important device and key measurement equipment for the Taiji technology verification satellite. Based on capacitive displacement sensing and electrostatic force feedback control technology, the IS is highly sensitive to slow and weak external acceleration such as the radiation pressure from the Sun or Earth, or atmospheric drag [10], and can achieve multiple degrees of freedom and high-resolution results [11]. Therefore, it is widely applied to gravitational wave detection [12], the Earth’s gravity field measurement [13], equivalent principle verification [14], spacecraft drag-free [15], and other space science applications. European and American countries have successfully launched scientific satellites such as CHAMP, GRACE, GP-B, GOCE, GRACE Follow-on, MICROSCOPE, and LISA Pathfinder [16,17,18,19,20,21,22]. The measurement resolution of these inertial sensors reached 10−9~10−14 m/s2/Hz1/2.



In order to overcome the effects of gravity and seismic noise on the ground, some special methods such as high-voltage levitation [23], suspension wire torsion pendulum measurement [24], and drop tower test [25] are employed to evaluate and test the performance of IS. Based on the LISA Project, the University of Trento in Italy [26] and the University of Florida [27] in the United States designed a torsion pendulum system for various noise tests with a resolution of 10−11 m/s2/Hz1/2. Huazhong University of Science and Technology in China used the high-voltage levitation technique and the torsion pendulum system to research the IS [28,29]. The measurement resolution using the high-voltage levitation is 4 × 10−8 m/s2/Hz1/2, and the displacement resolution using the torsion pendulum can reach the order of magnitude of 10−11 m/Hz1/2. Furthermore, they performed the on-orbit functional verification in 2013 [30]. The Lanzhou Institute of Space Physics developed an engineering prototype and conducted high-voltage levitation experiments in an underground laboratory [31,32]. The ground evaluated resolution of the IS can achieve 2 × 10−7 m/s2/Hz1/2. Based on years of MEMS experience, Tsinghua University has also carried out a lot of research work on electronic control systems and developed a high-voltage levitation based prototype with a resolution of 4.21 × 10−7 m/s2/Hz1/2 [33,34,35].



Because many technical requirements of the Taiji Project are difficult to assess with existing technology, it is necessary to carry out the key technology research and verification step by step. In order to complete the ground evaluation requirements of IS for the Taiji technology verification satellite, a type of sensitive structure used in the experiment is designed and a dedicated torsion pendulum measurement system is developed to complement the high-voltage levitation test and comprehensively evaluate the IS. In the direction of the measurement axis, the resolution of the current system can reach 9.5 × 10−7 m/s2/Hz1/2. In addition, it is found that the main factor limiting the system resolution on the ground is the seismic noise, which points out the direction for further system performance upgrades to meet the future evaluation requirements of the Taiji project [35].



The research contents of this paper are as follows: The second section briefly introduces the principles of the space IS measurement and electrostatic force control. A multi-degree-of-freedom electrode division is also achieved. Section 3 describes the detailed design of the sensitive structure, front-end electronics, and torsion pendulum ground measurement system. In Section 4, the designed system is used to measure and evaluate the control quality and accelerometer resolution of the test mass (TM) in the non-sensitive axis direction, and the experimental results are analyzed and discussed. Finally, a comprehensive summary of the work in this paper is concluded, and the future upgrade work is expected.




2. Sensing and Actuation Principle


IS is a closed-loop sensor, which consists of a sensitive structure and a front-end electronics unit (FEE). During the ground performance testing, a vacuum maintenance system is also required. The sensitive structure converts the acceleration signal from the input to a differential capacitance displacement measurement signal to the output. The FEE is mainly used to detect the differential capacitance signal from the sensor and output the corresponding servo feedback voltage signal to the capacitors to keep the TM in the center of the electrode housing (EH). The measurement and control circuit is composed of a capacitance displacement detection circuit, a PID (Proportional, Integral, Differential) servo feedback control circuit, a driving circuit, and a scientific data acquisition circuit. The vacuum maintenance system is designed to reduce the effects of gas damping during ground testing. The composition of the IS system is shown in Figure 1.



2.1. Differential Capacitance Sensing


Capacitance displacement sensing is a technology that detects small displacements by monitoring the capacitance changes in a variable-gap parallel-plate capacitor. The basic structures are shown in Figure 2.



In the initial state [36], as shown in Figure 2a, the capacitance value C0 is:


   C 0  =    ε 0   ε r  A    d 0     



(1)




where    d 0    is the initial distance between the TM and the electrode,  A  is the area of the electrode,    ε r    is the relative permittivity which is identical to 1 in vacuum conditions, and    ε 0    is the vacuum permittivity. When the TM moves, the gaps between the TM and the electrode will change, which causes the capacitance of the parallel-plate capacitor to vary.



If the displacement is small enough, the relationship between the displacement and the capacitance change can be written as:


   C   C 0    ≈   ∆ d    d 0     



(2)







In order to further improve the sensitivity of the measurement, a differential capacitive design (Figure 2c) is applied, in which the upper and lower electrodes are fixed, whereas the TM is movable.



After using the same method as above, the relationship between the displacement and the capacitance change is:


   C   C 0    ≈ 2   ∆ d    d 0     



(3)








2.2. Electrode Configuration


The sensitive structure is the key hardware in an IS system, which consists of an EH and a TM. The EH is a closed cavity, the TM is placed in the center of the EH to form pairs of differential capacitors. In order to simultaneously measure and control the TM with multiple degrees of freedom, the differential capacitor pairs must have a reasonable electrode division and configuration. In a traditional division method [37], sets of differential capacitors are arranged along the three orthogonal axes, and each axis controls one translational freedom degree and one rotational freedom degree, as shown in Figure 3a. Therefore, six degrees of freedom control is achieved. Referring to the accelerometer of the GOCE satellite [38], the electrodes around the TM under study in this paper are separated, as shown in Figure 3b. Unlike the traditional division, there are three, one, and two electrode pairs along the axes-X, Y, and Z, controlling the corresponding number of degrees of freedom respectively. Since the X direction of the TM is the suspension direction of the ground high-voltage levitation experiment, the instability of the high-voltage signal will lead to a relatively low measurement resolution, so X is defined as the non-sensitive axis, while the other two axes are defined as the sensitive axis.




2.3. Electrostatic Actuation


According to the electrode division, corresponding differential capacitance pairs are formed in three axes between the TM and the EH. If a non-conservative force is imposed on the TM and compels it to deviate from the center position, the capacitance sensor will generate a voltage signal caused by the change in the differential capacitance. The voltage signal will be amplified by a signal amplifier and sent to the PID controller for closed-loop feedback control. A feedback voltage from the controller is loaded on the corresponding electrode plate to generate a feedback electrostatic force between the TM and the electrode to balance the non-conservative force. Therefore, the magnitude and direction of the output feedback voltage can characterize the magnitude and direction of the non-conservative force applied to the TM. Figure 4 exhibits the basic flow diagram of the position measurement and control of the TM.



In Figure 4,    V p    is the preload driving voltage of the electrostatic force, a is the linear acceleration of the TM relative to the EH,  α  is the angular acceleration of the TM relative to the EH, and    V f    is the feedback control voltage.



Figure 5a shows the initial state of electrostatic loading, in order to explain the motion state more clearly, some local details have been enlarged. The distance between the TM and the electrode is usually much smaller than the side length of the TM. Therefore, the edge effect can be ignored. The electrostatic force of a parallel plate capacitor can be expressed as [39]:


  F =  1 2   ε 0   ε r  A    (     V p     d 0     )   2   



(4)







For a translational control process, the load control method (single channel) of IS is shown in Figure 5b. When the TM has a displacement x relative to the center position, the electrostatic forces from the upper electrode plate    F 1    and the lower electrode plate    F 2    are applied to the TM. The resultant of the electrostatic forces can be written as:


  F =  F 1  −  F 2  = ma = 2  ε 0   ε r  A    V p   V f   x 2  −  (   V p 2  +  V f 2   )   d 0  x +  V p   V f   d 0 2       (   d 0 2  −  x 2   )   2     



(5)




where the higher order terms are ignored, m is the mass of the TM, and a is the acceleration. In the closed-loop state, the resultant of electrostatic forces and the external force on the TM are balanced.



When x is close to zero, the acceleration can be expressed as:


  a =   2  ε 0   ε r    AV  p      md  0 2     V f   



(6)







Equation (6) shows that the input acceleration is proportional to the feedback voltage. The coefficient of    V f    is the system acceleration gain.



Similarly, for a rotation control process, when the TM rotates an angle of  θ  relative to the EH (Figure 5c), according to the principle of torque balance, we can get:


  α =   2  ε 0   ε r    AlV  p      Jd  0 2     V f   



(7)




where l is the horizontal distance from the electrode center to the center of the TM, and J is the moment of inertia of the TM relative to the axis of rotation.



The measurement and control of the six-degrees-of-freedom motion position of the TM are usually implemented through the channel control. This means that during the translation control, the same feedback voltages will be applied to two adjacent electrodes, and the corresponding inverse feedback voltage, whereas during the rotation control, feedback voltages with the equal magnitude and opposite signs will be enforced to two adjacent electrodes. The magnitude and direction of the feedback voltage describe the characterization of the acceleration of TM under the influence of external non-conservative forces.





3. System Design


In order to reasonably evaluate the operating status of the IS after it enters the orbit, the performance of the IS needs to be comprehensively tested on the ground. A traditional high-voltage levitation system has been designed and built, and corresponding experiments were performed on the IS of the Taiji verification technology satellite. In the experiments, because the X-plane needs to undertake the suspension high voltage, it is impossible to accurately measure the performance index in the direction of the non-sensitive axis (X-axis as shown in Figure 3). The resolution in this direction can only be estimated by evaluation. Therefore, we design a torsion pendulum facility to evaluate the non-sensitive axis noise of IS to complete the evaluation of the system.



3.1. Sensitive Structure Design


As mentioned above, the sensitive structure of the IS consists of a TM and an EH. The components are shown in Figure 6, the working coordinate system is defined as well. The TM is a parallelepiped, the normal direction of the square surface with the largest area is the X-axis. The EH provides the differential electrodes around the TM. The TM is made of TC4 titanium alloy material with extremely low magnetic susceptibility (   | χ |  ≈ 1.3 ×  10   − 5     ), which can reduce the influence of the electromagnetic noise in the space environment. A CNC (Computer Numerical Control) machining center is employed to process the TM. As a result, the TM with the perpendicularity and parallelism of end faces less than   5 ×  10   − 5      rad   (about half of the design requirements   1 ×  10   − 4      rad  ), which can effectively reduce the coupling noise between the axes. In addition, two threaded holes are prepared on the Z-direction end face of the TM for connecting with the wire suspension component and all surfaces of the TM are gold-coated.



Electrode plate-I, high-precision spacer ring, and electrode plate-II compose a sandwich-structured electrode housing. The two electrode plates have the same structure. Materials with higher thermal conductivity can better suppress the thermal gradients-induced acceleration noise. Therefore, all electrode plates and spacers adopt the ultra-low expansion glass-ceramic Zerodur® material from SCHOTT and are produced with diamond tools in the CNC machining center. The flatness of the electrode surface of the electrode plate and the parallelism of the end surface of the spacer are both less than   5 ×  10   − 5      rad  , and the thickness error of the spacer is less than 1 μm. A gold layer is first coated on the entire electrode surface of the electrode plate via the Physical vapor deposition (PVD) method, and then electrodes are fabricated by laser etching. Finally, the electrode plates are bolted, assembled, aligned, and grouped with the help of a high-precision coordinate measuring machine (CMM). Each electrode plate assembly has four stop screws to prevent the TM from directly contacting the electrode surface and has three vents to avoid sealing the gas in the assembly hole during the assembly process. The finished electrode plates and assembly components are shown in Figure 7. Corresponding electrode pairs configuration is marked by different color rectangles (X1: green, X2: blue, X3: yellow).



This sensitive structure also has the ability to simultaneously measure and control three degrees of freedom, which facilitates the electrostatic drive and simplifies the complexity and design difficulty of the FEE. The basic design parameters are listed in Table 1.




3.2. Measurement and Control Unit


The measurement and control unit is mainly composed of a capacitive sensing control circuit and a host computer software. The capacitive sensing control circuit detects the displacement signals of the TM by directly loading a 100 kHz sinusoidal modulation signal to the TM to form a resistor-capacitor (RC) based resonant capacitor bridge. The capacitor bridge includes the differential capacitance formed by the TM and the EH and the differential transformer.



The basic measurement principle is shown in Figure 8, in which C1 and C2 are capacitors formed by the TM and the EH, Cp1 and Cp2 are the parasitic capacitor and resonance tuning capacitor in the circuit, respectively, Cb1 and Cb2 are the electrostatic feedback drive filter capacitors, L1, L2, and Ls are transformer inductances, and    V d    is the detection voltage of the differential capacitance. Table 2 shows the corresponding values of the capacitances and inductances.



A high gain of the signal can be achieved by adjusting the RC bridge, working near the resonance point, reducing noise and improving the signal-to-noise ratio of the differential capacitor signal. Therefore, the capacitor inductor circuit has the same resonant frequency as the sinusoidal modulation signal, i.e., 100 kHz. The circuit parameters are shown in Table 3.



The generated voltage signal is transmitted to the PID controller, and then a feedback voltage is obtained. This feedback voltage is applied to the electrodes through an electrostatic drive circuit to complete a closed-loop control. One end of the capacitive sensing circuit is connected to the sensitive structure through a coaxial cable, and the other end is linked to a host computer through a serial port. The software for measurement and control is developed through LabView, which can control the switching of different measurement modes, and collect and display the current measurement information in real-time.




3.3. Torsion Pendulum Facility


The torsion pendulum designed by Changchun Institute of Optics, Fine Mechanics, and Physics, Chinese Academy of Science (CIOMP) is depicted in Figure 9a. It consists of a precision adjustment unit, a vacuum system, a sensitive structure, a suspension mechanism, and a bracket. A suspension wire with a low stiffness in the torsion direction is used to mitigate the impact of the Earth’s gravity. Thereby, the horizontal direction displacement measurement and static control of the TM can be achieved.



The precise alignment between the TM and the EH is implemented by the precision adjustment unit, which consists of a two-level tilt adjustment mechanism and a two-dimensional translation mechanism. The second-level tilting mechanism adopts a classic three-point adjustment structure for coarse adjustment. The differential heads (NewPort-AJS) has a resolution of 25 μrad. The first-level tilting stage with an adjustment resolution less than 5 μrad is used for fine adjustment. In order to accurately control the gap between the TM and the electrodes, we design a two-dimensional motion mechanism without kinematic coupling, which has flexible adjustment space. As shown in Figure 9b, the two-dimensional motion mechanism is driven by four differential micrometer heads. The displacement resolution of the flexible hinges is less than 1 μm.



The vacuum maintenance system consists of a vacuum chamber, an ion pump, a vacuum gauge, and an external pump set, which is used to maintain the vacuum of the system and reduce the influence of gas noise during the test. The vacuum cavity is evacuated to a high-vacuum state of about   4 ×  10   − 5      Pa   by combining an external mechanical pump and a molecular pump, and then the vacuum is maintained by an ion pump. A vacuum gauge displays the air pressure in real-time.



In the suspension system, the base of the vacuum chamber is fixed on the motion mechanism, the EH is placed on the base, and the TM is suspended in the middle of the EH by a 0.55 m long tungsten wire with a diameter of 50 μm and a purity of 99.5%. One side of the suspension wire is connected to the Z-plane of the TM through a wire fixture. Since the direction of the suspension wire must exactly pass through the centroid of the TM, the entire connection is performed through the CMM. Release the tungsten wire stress and adjust the angle between the TM and the EH by a rotating mechanism.





4. Ground Evaluation Experiment


4.1. Experimental Setup


Using the sensitive structure and torsion pendulum test facility designed in Section 3, the performance of the IS is experimentally verified and the system resolution is evaluated. The verification includes the control ability test and the system resolution estimate. The experiments are performed in a laboratory of CIOMP, Changchun City, Jilin, China. This laboratory has a Class 1000 cleanliness, a temperature control level of ±0.1 °C, and a two-stage vibration isolation system based on an isolation foundation and an air floating platform. In addition, quiet nights are chosen for experiments to further minimize the influence of the environmental noise in the system measurement. The sensitive structure and the FEE are connected through a coaxial cable, the FEE structure and the torsion pendulum must be grounded as well. The system is shown in Figure 10.




4.2. Control Ability Experiment


When the EH and the TM are aligned by adjusting the two-level tilt adjustment mechanism, the capacitance between the opposing electrodes is monitored by the NI-PXI-4027 digit flexDMM. If the capacitance values on both sides are approximately equal, it means that the TM has been placed in the linear region. At this time, the closed-loop control mode is turned on, three channels of electrostatic force feedback control are performed on the TM. The upper limit of the measurement band is 18.15 Hz [40] and the host computer software collects data and draws graphs in real-time. Using the relationship between the acceleration and the feedback voltage described in Equation (6), the characteristics of the change are directly reflected by the voltage. The same is true for the displacement. The experimental results are shown in Figure 11, in which an instantaneous disturbance excitation is applied by hammering one end of the marble floating platform lasting about 1.5 s. When the external disturbances are imposed, the TM is rapidly and stably controlled in the center of the EH.




4.3. Acceleration Noise and Resolution Evaluation


The evaluation of the acceleration resolution level of the IS is based on a comprehensive test analysis of the noise affecting the system measurement. Due to the EH being rigidly connected to the measurement system, the external disturbing force effect on it can be ignored. Therefore, the system measurement resolution can be represented by the residual acceleration noise of the TM. The noise sources mainly come from the temperature disturbance, earth pulsation, processing defects of the sensitive structure, and the FEE noise. It is assumed that there is no statistical correlation among various noise sources, and the total residual acceleration noise    ∆  Total     is the root mean square of each noise contribution term    ∆ n   . Table 4 shows the parameters obtained by measuring related equipment.



When the temperature changes, the residual gas in the cavity will collide with the TM and lead to acceleration noise. The expression is:


   ∆  Thr   =   PA    2 m    ·    δ T   T  ≈ 1.5 ×  10   − 10      m /  s 2  /  Hz   1 / 2     



(8)







Generally, seismic noise is on the order of magnitude of    10   − 6    ∼  10   − 7      m /  s 2  /  Hz   1 / 2      [41]. If the vibration isolation conditions are very good, it can reach the order of magnitude of    10   − 8      m /  s 2  /  Hz   1 / 2     . We reference the measurement results of local earth pulsations [42,43], analyze the actual vibration isolation conditions in our laboratory, and estimate that the seismic noise disturbance is about:


   ∆  Ear   ≈ 1 ×  10   − 6    m /  s 2  /  Hz   1 / 2     



(9)







Due to processing discrepancy in the production of sensitive structure, it is difficult to make the electrode area totally symmetrical and the electrodes completely parallel to the TM. Therefore, the coupled acceleration noise around the TM in the environment does not exceed the following:


   ∆  Geo   = ζ ·    δ E    max   ≈ 5 ×  10   − 11      m /  s 2  /  Hz   1 / 2     



(10)







The acceleration noise caused by the area asymmetry can also get to:


   ∆  Dim   =    ε 0   ε r   A δ A      md  2     (   V p     δ V   p  +  V d     δ V   d   )  ≈ 3.6 ×  10   − 12      m /  s 2  /  Hz   1 / 2     



(11)







The FEE noise primarily comes from detection noise and drive noise. According to the power spectral density (PSD) of the relevant noise disturbance listed in Table 4, the duration of the data acquisition is about 10 min and the displacement resolution obtained by the calibration experiment is about   7.2 ×  10   − 11      m /  Hz   1 / 2      as shown in Figure 12. Based on the principle of the spring oscillator model of the inertial sensor [44], the detection noise is expressed as:


   ∆  Dis   =    k e   δ x   m  ≈ 6.8 ×  10   − 10      m /  s 2  /  Hz   1 / 2     



(12)




where    k e    is the negative stiffness:


   k e  ≈ −      2 ε   0   ε r  A    d 3     (   V p 2     + V   d 2   )  = − 0.398 /  s 2   



(13)




and the driving noise is:


   ∆  Act   =   2  ε 0   ε r  A     md  2     (   V p     δ V   f  +  V f     δ V   p   )  ≈ 3.9 ×  10   − 9      m /  s 2  /  Hz   1 / 2     



(14)







The total acceleration noise on the TM is listed in Table 5.



Finally, under the steady-state of the system closed-loop control, the data of the control voltage in the non-sensitive axis channel is collected. The acceleration data in the time domain are calculated with the voltage to acceleration conversion factor and converted into the PSD in the frequency domain by Fourier transform, then making the acceleration resolution PSD curve as shown in Figure 13.



According to the curve, the acceleration resolution in the interest measurement frequency band 0.1 Hz can reach      7 × 10     − 7      m /  s 2  /  Hz   1 / 2     . The resolution is better than   9.5 ×  10   − 7      m /  s 2  /  Hz   1 / 2      in the Taiji technology verification satellite’s frequency band of interest between 10 mHz and 1 Hz, which corresponds to the non-sensitive axis of the IS under the current environmental conditions.



As shown above, the noise of an inertial sensor in the ground environment is mostly from the seismic noise, which is in the order of magnitude of    10   − 6    ∼  10   − 7      m /  s 2  /  Hz   1 / 2      within the measuring frequency. Therefore, the test results can be improved by performing the test in an underground laboratory environment. The system resolution can reach   3.96 ×  10   − 9      m /  s 2  /  Hz   1 / 2      without the influence of the seismic noise and the suspension fiber system stiffness, which meets the requirements of the space system. In addition, improving temperature control and machining technologies can also further increase the resolution of the IS.





5. Conclusions


Based on the measurement principle of the capacitive sensor and the corresponding electrode division method, the sensitive structure is designed and a torsion pendulum facility is constructed to test the non-sensitive axis acceleration of the IS. This system solves the problem that the high-voltage levitation cannot assess the non-sensitive axis of the IS on the ground. Corresponding test experiments on the control ability and noise level of IS are performed in the laboratory environment. The experimental results show that under closed-loop control conditions, the TM can quickly return to the equilibrium position when it is subjected to external disturbance. According to our analysis and estimation of various noise factors, the total acceleration noise in the direction of the non-sensitive axis of the IS is below   9.5 ×  10   − 7      m /  s 2  /  Hz   1 / 2     , which is mainly caused by the seismic noise on the ground. If the influence of the seismic noise and the detection noise caused by suspension fiber system stiffness is eliminated, the resolution of IS on the non-sensitive axis can reach   3.96 ×  10   − 9      m /  s 2  /  Hz   1 / 2     , which meets the requirement of      3 × 10     − 8      m /  s 2  /  Hz   1 / 2      of the Taiji technology verification satellite. In order to obtain highly precise test results and a more comprehensive evaluation of the performance of the IS in the future, it is necessary to use an underground laboratory to reduce the impact of the seismic noise in system measurements.



In the future, this torsion pendulum facility will focus on the performance testing and evaluation of more precision space inertial sensors, expand more testing functions, and finally serve the space gravitational wave detection project.
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Figure 1. Schematic structure of the inertial sensor (IS) system. 
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Figure 2. Schematic structures of variable capacitances (a) Single capacitor; (b) The gap change for single capacitor; (c) The gap change for differential capacitor. 
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Figure 3. Schematic diagram of the electrode configuration. (a) Electrode arrangement of each axis under the average degree of freedom; (b) Electrode arrangement of each axis under the non-average degree of freedom. 
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Figure 4. Flow diagram of the electrostatic actuation. 
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Figure 5. Types of electrostatic force voltage configuration. (a) Initial state of the TM; (b) Feedback voltage configuration under the TM translation state; (c) Feedback voltage configuration under the TM rotation state. 
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Figure 6. Components of sensitive structure. 
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Figure 7. Components of an electrode housing. 
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Figure 8. Schematic of the capacitor bridge. 
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Figure 9. Schematic of the torsion pendulum facility. (a) The main components of the torsion pendulum facility; (b) Two-dimensional space non-coupling motion mechanism. 
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Figure 10. Measurement system. 
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Figure 11. The results of the control capability. 
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Figure 12. Position resolution power spectral density (PSD) of the capacitance sensor. 
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Figure 13. Acceleration resolution PSD of non-sensitive axis channel. 
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Table 1. Design parameters of the sensitive structure.
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	Parameter Content
	Value
	Tolerance





	TM size
	40 mm × 40 mm × 6.4 mm
	±0.002 mm



	TM weight
	42 g
	±1 g



	Spacer thickness
	6.64 mm
	±0.001 mm



	Distance between TM and EH
	120 μm
	±0.003 mm



	Area of electrode X1
	473.56 mm2
	0.2%



	Area of electrode X2
	236.98 mm2
	0.2%



	Area of electrode X3
	236.86 mm2
	0.2%










[image: Table] 





Table 2. Capacitances and inductances list.
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	Element
	Value
	Comment





	C1, C2
	53 pF
	Equilibrium value



	Cp1, Cp2
	1058 pF
	Error: 10%



	Cb1, Cb2
	1 nF
	Error: 10%



	L1, L2, Ls
	4.5 mH
	Error: 8%
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Table 3. Circuit parameter list.
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	Parameter
	Value





	Bias Voltage Vp
	5 V



	Effective value of sensing voltage Vd
	4 V



	Frequency of sensing voltage
	100 kHz



	Peak of feedback voltage
	±10 V
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Table 4. Related parameters list.
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	Parameter
	Value
	Comment





	    ε r    
	1
	Relative permittivity



	    ε 0    
	   8.85 ×  10   − 12      F / m   
	Vacuum dielectric constant



	  T  
	293 K
	Environment temperature



	    δ T    
	   0.1   K /  Hz   1 / 2      
	Temperature fluctuation



	  A  
	947.4 mm2
	Area of electrode X1, X2, X3



	    δ A    
	0.2%
	Deviation of electrode area



	  d  
	120 μm
	Distance between TM and EH



	  P  
	      4 × 10     − 5      Pa   
	Degree of vacuum



	  m  
	42 g
	Mass of TM



	  ζ  
	      5 × 10     − 5      
	Coupling coefficient between TM and EH



	      δ E    max     
	     10    − 6      m /  s 2  /  Hz   1 / 2      
	Environmental maximum possible noise



	  l  
	0.55 m
	Suspension wire length



	      δ V   p    
	      1 × 10     − 5      V /  Hz   1 / 2      
	Bias voltage fluctuation



	      δ V   d    
	      2 × 10     − 5      V /  Hz   1 / 2      
	Sensing voltage fluctuation



	      δ V   f    
	      8 × 10     − 6      V /  Hz   1 / 2      
	Feedback voltage fluctuation



	    V f    
	10 V
	Peak of the feedback voltage



	    δ x    
	   7.2 ×  10   − 11      m /  Hz   1 / 2      
	Position measurement noise
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Table 5. Acceleration noise act on the TM (unit:       m / s   2     / Hz     1 / 2      ).
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	Axis
	Thermal Gradient
	Earth Pulsation
	Electrode Parallelism Error
	Electrode Area Asymmetry
	Detection Noise
	Drive Noise
	Total





	X
	1.5 × 10−10
	1 × 10−6
	5 × 10−11
	3.6 × 10−12
	6.8 × 10−10
	3.9 × 10−9
	1 × 10−6











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file8.jpg





media/file13.png
Electrode I — 11 Electrode

plate-I plate-I1

Electrode spacer






media/file12.jpg
Electrode I = T Electrode
: " plate-I1

plate-1

Electrode spacer
)

Formed
electrodes





media/file18.jpg
Sensitive Structure






media/file9.png
A
= o
|||||||||||||||| m
R =
= I
A
E o
................ M






media/file14.jpg
Amplifer





media/file20.jpg
Votage(V)

Initial equilibrinm

[~ pasiion

Start point
6025

\

First external disturbance  Second external disturbance

Time(s)





media/file23.png
Position (m-Hz %)

— Position
50 pts smooth of Position
10-101 A
HVNL ] w w l ‘
, : 3‘ i h
M'
Ix
10" 4 |
] !‘
10" 4
10 10” 10" 10° 10

Frequency (Hz)





media/file5.png
Y-electrodes
" X-electrodes
Z-electrodes

(a)

I/
PE 4
)

s}
(ay

X-el eclfrodes .\b,(f Y

\'-.

Test Mass

et
\\

/

N ) _I,/"J ' I\\H‘.
Y-electrodes Z-electrodes

(b)





media/file15.png
C1

Vp+V,

PI—

—

Amplifer





media/file19.png





media/file2.jpg
R Fived electrode
Movable electrode |

" Fived electrode

(@) (b)





nav.xhtml


  applsci-10-03090


  
    		
      applsci-10-03090
    


  




  





media/file11.png
Electrode spacer

Fixed screw Vents

Test Mass

Electrode plate-1 Electrode plate-II





media/file6.jpg





media/file24.jpg
€6

€7

(,\ZHISW) uonesRIe30Y

o

0"

To

10°

Frequency f(Hz)





media/file1.png
nertial Sensor

System

Front-End

Test Cable Connection Communication

Electronic

Voltage

PID Servo
Elecrode %
Housing
Electrostatic
Drive

Outer Power
Supplier





media/file10.jpg
Z

Vents [}
Stop screw

Fived screw Electrode spacer

Fixed nuts =X

r

Electrode plate-I  Electrode plate-IT





media/file7.png
VY

|
AN
C1 *a C3

i\
C2 4

[ l

[*|]+| vy






media/file16.jpg
Suspension

‘mechanisni Two-dimensional motion
Vacuum cavity ‘mechanism Micrometer
Sensitive structure Ton pump. heads
Electronic level
Second-level tilling stage
First-level tlting stage Flexible hinges

(a) (b)





media/file3.png
V
Movable electrode f\/

\ Fixed electrode

(a)

V
Movable electrode f\—/

C' f%%d

T

Fixed electrode

(b)

V

Fixed electrode

YIS II ISPV IIIIIIIII I I I I I ISP

C;  |dy+ad
(J' ad - ° Movable
electrode
Fixed electrode
(c)





media/file22.jpg
3
3
2
&

Postan
50pi oo oston
g )
l M‘f“\“q‘ﬂl
o
w I w v

Frequency (Hz)





media/file17.png
Two-dimensional motion

mechanism Micrometer
; heads

Second-level tilting stage
First-level tilting stage Flexible hinges

(a) (b)





media/file4.jpg
£
I

14
b X
Test s | Xeelecrrodes 3,

ez

Test Mass

z

Y-electrodes Y-electrodes

X-electrodes Z-electrodes

Z-electrodes

@ (b)





media/file25.png
Acceleration (m/s*/Hz"?%)

1E-6 -

1E-7 1

10

Frequency f(Hz)

10°





media/file0.jpg





media/file21.png
Voltage(V)

. Initial equilibrium Bosition
Acceleration

1 - /

0 4+—

1 -

-2

. First external disturbance Second external disturbance

-4 . " |

° 5 10 15

Time(s)





