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Abstract

Micro-acceleration generation during ultra-low-frequency micro-vibration calibration is a sensitive issue.
There are issues of traditional pendulum tables being unable to change the pendulum radius and direction to
produce micro-accelerations of different magnitudes, and the line shakers having a low signal-to-noise ratio
when the vibration amplitude is the same as that of the pendulum tables. Therefore, a novel ultra-low-frequency
micro-vibration calibration method is proposed to solve the above issues based on virtual pendulum motion
trajectories of the Stewart platform. The micro-accelerations of 107> to 10~3 m/s® can be generated by
the trajectories with the radius of up to 12 m, the displacement amplitudes of up to 11.636 mm and the
frequencies between 0.01 and 0.1 Hz. In the virtual pendulum motion, the maximum acceleration can be
2481 times greater than the acceleration of linear motion at the same frequency and displacement amplitude.
In a comparison experiment with the current rotating platform, the maximum relative deviation of sensitivity
amplitude calibration for pendulum motion around the x- and y-axis based on the Stewart platform are 0.411%
and 0.295% respectively. The above results demonstrate the validity and reliability of this kind of method.

Keywords: micro-vibration calibration, Stewart platform, ultra-low frequency, virtual pendulum motion
trajectories.

1. Introduction

Sensors sensitive to ultra-low frequency micro-vibration (ULFMV) are widely applied in the
fields of earthquake observation, environmental monitoring, geological exploration as well as
space navigation of large-scale space structures and monitoring and fault prediction of spacecraft
engines. For example, the “Hubble” space telescope could not work properly after it was put into
orbit due to micro-vibrations which have a frequency response in the range of DC-10 Hz [1-4].
Micro-vibration calibration of the sensor is a prerequisite for ensuring accurate, reliable, and
effective measurement data. Therefore, the demand for sensitivity calibration has become extremely
urgent [5, 6].
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Micro-vibration calibration of sensors requires exciters, such as shakers, to provide them with
micro vibration excitation. In the ULFMV reference devices, the ultra-low frequency standard
shaker used for inspection and calibration is the core of the entire calibration system. In terms of
the rotating platform, the National Institute of Metrology of Japan can generate micro-accelerations
of 1073-1072 m/s? based on it, with a minimum frequency of 0.1 Hz [7]. However, it is easy to
cause wire winding and it also entails the application of slip rings during the use of the rotating
platform, which can easily interfere with the signal and require precision processing and debugging
resulting in high process requirements and high costs. In terms of the linear shaker, the National
Measurement Institute of Australia has established a long-stroke linear shaker with a maximum
displacement of no more than 160 mm, a vibration frequency of 0.5 to 20 Hz, and an effective
load of 3 kg [8]. The low-frequency standard shaker based on linear motors established by the
National Institute of Metrology of China has a frequency range of 0.01 to 100 Hz, an acceleration
range of 1.580 x 1073 to 10 m/s2, and a maximum amplitude of 400 mm [9-11]. However,
since the acceleration of the linear shaker is proportional to the frequency squared and vibration
displacement amplitude, there is a problem of low signal-to-noise ratio in calibrating acceleration
in the case of ultra-low frequency when the displacement amplitude is fixed. As a result, all
conventional 1D micro-vibration calibration methods have serious drawbacks when applied.

At present, Changcheng Institute of Metrology & Measurement of China (CIMM) has an
ultra-low-frequency acceleration calibration device [12], the most important component of which is
a physical pendulum table with a circular air-bearing guide. The pendulum radius is fixed at 10 m,
the maximum swing displacement is 10 mm, and the operating frequency range is 0.001-0.1 Hz.
When the frequency is 0.001 Hz, the maximum acceleration can reach 1 x 102 m/s2, which is
equivalent to a linear vibration table with an amplitude of 254 m. The ycI'-3 micro-acceleration
calibration device of the D.I. Mendeleev All-Russian Institute for Metrology (VNIIM) can achieve
vibration calibration with a frequency range of 0.001-30 Hz and an acceleration amplitude range
of 5x 10772 m/s?, using a physical pendulum table with a curvature radius of 10 m [13]. However,
the traditional 10 m radius pendulum table cannot change the designed pendulum radius. If changes
are needed, the mechanical components of the system need to be re-designed and manufactured,
which lacks universality.

In recent years, shakers have become popular in research by generating plane or spatial
motion trajectories for vibration calibration [14]. On the one hand, generating various motion
trajectories can achieve multi-axis simultaneous measurement, avoid errors caused by multiple
sensor installations during single-axis calibration, and improve calibration accuracy [15]. On the
other hand, it expands the scope of calibration and is no longer limited to linear vibration calibration.
M. Yang et al. [16] proposed a planar elliptical orbit excitation accelerometer sensor based on
a tri-axial sensor calibration system. Z. Liu et al. [17] developed a test method that determines the
lateral sensitivity of sensors based on multi-axis spatial elliptical trajectories and spatial spherical
motion trajectories based on a tri-axial vibration exciter [18], where spatial circular trajectories
and spatial linear trajectories are two special cases of spatial elliptical trajectories. Nevertheless,
tri-axial vibration excitation systems can only achieve linear motion in the plane for line vibration
calibration, but not for angular vibration calibration. In 2023, Q. Yang et al. [19,20] worked out
a dynamic testing method for MEMS inclinometers based on spatial conical motion trajectories of
the Stewart platform, which accelerates the angle drift of MEMS inclinometers and can realize
classic conical motion, attitude conical motion, and synthesis of the conical motion trajectories.
However, based on the above motion trajectories, the ULFMYV cannot be achieved. In conjunction
with the previously mentioned pendulum motion, we hypothesized that ULFMYV calibration can
be achieved based on the pendulum motion trajectories of the Stewart platform.
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Therefore, this paper presents an ULFMV calibration method based on the virtual pendulum
motion trajectory (VPMT) of the Stewart platform. Micro-accelerations of different magnitudes
are generated and regulated by VPMTs of different radii and directions. The Stewart platform
can achieve VPMTs around the x- and y-axis, with a maximum virtual radius of up to 12 m. The
micro-vibration calibration system breaks through the structural and performance limitations of
the classical pendulum table and linear vibration shaker. It adopts a unique structure that allows for
changing the virtual pendulum radius, which increases the displacement amplitude when limiting
the small pendulum angle to improve the accuracy of micro-vibration calibration.

This paper investigates a novel ULFMV method based on VPMTs of the Stewart platform.
The organizational structure of this paper is as follows: Section 2 introduces the ULFMV based on
the VPMTs. Section 3 discusses the VPMTs of the Stewart platform. Section 4 presents the sensor
calibration results under ULFMV. Section 5 ends with the conclusions.

2. Ultra-low frequency micro-vibration based on virtual pendulum motion trajectories

The principle of the pendulum motion [21,22] is shown in Fig. 1, and the particle H makes arks
along the pendulum r in the vertical plane. The swinging displacement is A, and the displacement
amplitude is Ap. The swinging angle is ¢, and the swinging angle amplitude is ¢o. The vibration
frequency is f, and the angular velocity is w.
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Fig. 1. The principle of the pendulum motion.

According to the principle of pendulum motion, micro-acceleration generated by the VPMT is
composed of two parts, namely the component of gravitational acceleration along the direction of
motion and the acceleration of pendulum tangential vibration provided by the Stewart platform.
Due to the acceleration brought by the latter, the vibration can be triggered even when the excitation
frequency is far lower than the natural frequency fy which is defined as fy = (ZHM)‘I. As
shown in Fig. 2, when the radius of the virtual pendulum s 1, 5, 10, and 12 m, the natural frequency
of the virtual pendulum is the lowest at 0.144 Hz, so a certain reverse excitation must be given by
the Stewart platform. The actual excitation acceleration peak of the vibration sensor is given by

a=gx—A ey
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where g.is the component of gravitational acceleration along the direction of motion and A is
the vibration excitation acceleration provided by the Stewart platform, in which g, and A are
expressed as

gx = gsin g, 2)

. d*(Agsinwr)
A= ————=, 3
a2 3

where g = 9.8015 m/s is the local gravity acceleration.

As the swinging angle is very small (less than 200”’), the relative error between the swing
angle and its sinusoidal value is less than 1.567 x 1077, and the swing angle can be considered
equal to its sinusoidal value [22], that is

. A
g0 = singy = —. 4)
Substituting (4) into (1) yields
A
a= (u - Aowz) sin wt, 5)
r

where the amplitude of the sinus motion in (5) is given by
a = (£ - w?) 4. ©6)
r

According to (6), when f = 0.01 Hz, ¢y = 200", the item w?Ap tends to 0. At this time, the
VPMTs acceleration is almost only produced by gravity and is independent of frequency. Compared
with f = 0.01 Hz, when f = 0.1 Hz, r = 12 m, the VPMTs acceleration decreased by 48.083%.
Atr = 10,5 and 1 m, the acceleration fell by 40.036%, 19.978% and 3.989%, respectively. In
particular, when f = 0.01 Hz and r = 12 m, the displacement amplitude of 209.440 um can
reproduce an acceleration of 8.839 x 107> m/s>. When the frequency increases to the natural
frequency, w?Ag and gA,/r are equal, and the virtual pendulum acceleration output tends to 0.
It can be seen that in the working frequency range of 0.01-0.1 Hz, the generation of standard
acceleration is mainly dominated by the gravity of the virtual pendulum, and the Stewart platform,
as a vibration exciter, also provides a partial power source.

Micro-accelerations of different magnitudes can be obtained by varying the frequency and
radius. The amplitude-frequency characteristics are shown in Fig. 2.

The Stewart platform provides vibration excitation acceleration that is equivalent to the linear
motion acceleration whose displacement is the same as that of the pendulum motion, i.e.,

. A
a’:a0+A:g—0.
r

)

According to (4) and (7), Ap is immutable when the virtual pendulum radius r is constant and
the angle ¢ is fixed. Therefore, the gravitational acceleration along the motion direction is constant
and always greater than 0. At the same motion displacement, compared with linear motion, the
virtual pendulum motion can produce greater micro-acceleration.
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Fig. 2. Magnitude-frequency characteristic of the Stewart platform.

3. Virtual pendulum motion trajectories of the Stewart platform

In order to verify that the Stewart platform can realize the VPMTs, an ULFMV calibration
system was built as shown in Fig. 3. The system consists of a VPMTs generation device (the
Stewart Platform), the VPMTs measurement system (camera (Aicon 3D Movelnspect XR8),
target and receiver [23]), sensors calibration system (data acquisition (DAQ) card (INV 3062-C),
a VSE355G3 calibrated sensor, quartz flexible accelerometer (QFA)) and a host computer. The
sensors and targets are fastened to the motion platform of the Stewart platform using screws and
adhesives. Screw mounting is a rigid connection that reduces the motion of the transducer relative
to the shaker and reduces calibration uncertainty [24]. The voltage signals of sensor [25] are
acquired through a 24-Bit DAQ card by setting 20 times filtering and 50 times sampling frequency.
We obtained a signal with good waveforms with less than 5% distortion. The camera is used to
capture and record the pose changes of the target following the motion platform during the VPMTs
at different positions. According to the Hexagon Movelnspect XR8 7.16 manual, the accuracy
of camera is 40 um [26-28], and the VPMTs has a maximum displacement of 11.636 mm and
a minimum of 209.440 wm, which satisfies the measurement range of the measurement system.

Host Computer The VPMTs Measurement System The VPMTs

- —t -

Receiver

Camera

Stewart platform

Fig. 3. The ULFMV calibration system based on the Stewart platform.
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The Stewart platform, as a motion generator, is the core part of the whole calibration system.
It is a multi-degree-of-freedom motion equipment that can accurately realize complex motions
and has a bearing capacity of 100 kg. It mainly consists of a base platform, a motion platform,
and six telescopic branches. The two ends of the telescopic branch are respectively connected
to the base platform and the motion platform via Hooke joints. By changing the length of the
telescopic branch, the motion platform can achieve different poses The Stewart platform can
provide vibration excitation acceleration in the range of 0.01 to 0.1 Hz, a maximum peak-to-peak
excitation displacement of 600 mm, and the maximum motion angle of 25°. As a result, it is
capable of realizing the VPMTs with variable radius.

The accuracy of the motion trajectory of the Stewart platform is tested by using the RLE fiber
optic laser encoder. The Stewart platform performs 20 tests along the x- and y-axis from O to
50 mm to verify whether it can accurately move to the specified position. The test results showed
that the average values of the 20 motion tests along the x- and y-axis directions were 50.036 mm
and 50.025 mm, with standard deviations of 0.824 um and 0.712 um, respectively. This indicates
that the motion trajectory of the Stewart platform is accurate.

The control system of the Stewart platform is shown in Fig. 4. The host computer starts the
VPMTs planning after inputting the parameters r, f, and Ag required for pendulum motion and
then runs the motion program. The pose information obtained from the motion program is used
to calculate through inverse kinematics to get the leg length command value L; (i = 1. .. 6) and
then to inform the servo drivers. Servo drives control the movement of servo motors. Finally, the
Stewart platform outputs VPMTs.

Planning Program kinematics

[ 1 ~
fir, Ao ! 5 Pose 1L |1 'VPMTs
VPMTs : Motion Inverse I i Servo Ly Servo :_J Stewart |
i
|

Host Computer Motion Controller

Fig. 4. Control system of the Stewart platform.

As any periodic function can be decomposed into sine functions [29], to simulate the VPMTs
on the Stewart platform, the coordinate system of the moving platform needs to be established
at a height r above the geometric center of the moving platform tabletop, where r is the radius
of the virtual pendulum. This is markedly different from the way other spatial motions establish
coordinate systems. Other spatial motions usually establish the coordinate system only at the
geometric center of the motion platform’s tabletop. Otherwise, the position and orientation will
change during the pendulum motion and become indescribable. Establishing the coordinate system
using the mentioned method, only the angle variation around a certain axis during the VPMT is
necessary. Thus, the spatial pendulum motion can be represented as

A’ = Ay sin afit + ¢x) 3
B’ = Bysin (2nfyt + ¢y) ®)

where A" and B’, f; and f; represent the sinusoidal and variations of the angles around the x- and
y-axis, respectively, and ¢ and ¢y, represent the phases.

As shown in Fig. 5a, the VPMT is in the xoz plane, that is, around the y-axis, and the swing
angle amplitude Ay. As shown in Fig. 5b, O is the origin of the base platform coordinate system
O-xyz located at the geometric center of the base platform. P’ is the origin of the motion platform
coordinate system, located at point P, the geometric center of the motion platform, at a height of r
along the z-axis. The z-axis is perpendicular to the surface of the motion platform. The Hooke joint
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coordinates on the base platform can be described by the translation and rotation transformation
of the P’ — xyz motion platform coordinate system relative to the O-xyz base platform coordinate
system, which can be expressed in the form of (9). The origin coordinates P’ of the motion
platform coordinate system can be expressed as T' = (x, y, z), while p; = (X, %1, Zpi) i = 1...6)
is the coordinate of the i-th Hooke joint on the base platform in the O-xyz coordinate system,
which is the absolute coordinate and b; = (Xp;, Y3i, Zp;) (i = 1...6) is the coordinate of the i-th
Hooke joint on the motion platform in the P’—xyz coordinate system. OP’ is the vector from the
origin O of the base platform coordinate system to the origin P’of the motion platform coordinate
system. *p; = (Xpi, Ypi» Zpi) (i = 1...6) is the coordinate of the i-th Hooke joint on the motion
platform in the O-xyz base platform coordinate system, which is the relative coordinate [27,28,30].
Based on the above transformations, the coordinate of the Hooke joint p; relative to the O-xyz base
platform coordinate system can be written as

pi=R-"p;+t ©)
or
Xpi Api
Ypi R ¢ Ypi
= . 1
Zpi [ 0 1 ] Zpi (10)
1 1

Vibration
Sensor

Stewart platform

Fig. 5. The principle of VPMTs generated by the Stewart platform: a) the VPMTs model based on a Stewart platform; b)
coordinate transformation; c¢) vector closed-loop diagram.

In the (10), ¢ represents the translation transformation vector of the motion platform coordinate
system in the base platform coordinate system. R represents the combined transformation matrix
of the motion platform pose described by Euler angles. The motion platform coordinate system
begins to rotate by angle aaround the z-axis of the motion platform coordinate system, then
rotates by angle 8 around the y-axis of the motion platform coordinate system, and finally rotates
by angle vy around the x-axis of the motion platform coordinate system. The elements of the
three column vectors (I, I, 1 Z)T, sy, J Z)T and (K, K, KZ)T of the rotation matrix R are the
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projections of the unit vectors on the coordinate axis of the moving coordinate system onto the
base coordinate system. In the right-handed coordinate system, the combined rotation matrix R
can be represented as

cacf casfsy —sacy caspcy + sasy
R = R(z, )R(y, B)R(x,y) = | sacf sasfsy +cacy sasfcy —casy |. an
—sB cpsy cpey

in which ¢ means cos, s means sin.
As shown in Fig. 5c, according to the closed-loop vector formula, the branch elongation L;
can be obtained [31], that is:
L;=R -Vp,+t-b;. 12)

Kinematic inverse solution can obtain the unique solution of the telescopic branch through
pose, which serves as the control signal input of the Stewart platform to realize the VPMTs.

4. Sensor calibration results under ultra-low frequency micro-vibration

4.1. Comparison between the virtual pendulum and linear motion trajectories

Experiments were performed based on the calibration system from Fig. 6. Two sensors were
used to verify different two issues. One is the VSE-355G3 servo-type velocity sensor with a known
sensitivity, manufactured by Tokyo Measuring Instruments, which was used to compare the micro-
acceleration generated by pendulum and linear motion. The other is a quartz flexural accelerometer
with an unknown sensitivity, which was used for calibration due to its high measurement accuracy
and stable performance in ultra-low frequency situations.

‘:: )z—y’ :
~ ‘_;.‘

\ v

b s el
*oy 7 v \

S
— L

Fig. 6. Sensor micro-vibration calibration system: (I) Stewart platform; (II) camera; (IIT) QFA; (IV) VSE-355G3; (V)
target; (VI) DAQ card; (VII) control cabinet; (VIII) host computer.

To verify that the pendulum motion of the Stewart platform can generate larger acceleration

compared to linear motion and improve the signal-to-noise ratio, the VSE-355G3 with a known
sensitivity of 5000 mV/(m/s?) and a weight of 27 kg was selected. Under the condition of the
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same vibration displacement, the Stewart platform provides vibration excitations with vibration
frequencies of 0.01 to 0.1 Hz for pendulum motion and linear motion. The swing angle of the
pendulum is 200", and the radius is 1, 5, 10, and 12 m, respectively. As shown in Fig. 7, the smaller
the radius, the lower the frequency and the more significant the difference in micro-acceleration
produced by the two types of motion. The micro-acceleration generated by the VPMTs is more
significant than that generated by linear motion, with a more pronounced difference for smaller
radius and lower frequency. Atr = 1 mand f = 0.01 Hz, the acceleration generated by the VPMTs
was 9.500 x 1073 m/s?, while the acceleration generated by the corresponding linear motion was
3.828 x 107 m/s?, an increase times of 2.481 x 103, equivalent to the acceleration generated
by a linear motion with a displacement of 2406.391 mm. Even atr = 12 m and f = 0.1 Hz, the
minimum acceleration enhancement can still reach 0.069 times.

~—#—r1=12mVPM
r=12m LM

0.010

0.008

0.006

0.004

0.002

Micro Acceleration /m/s?

0.000

r=10m VPM  ==be=1=5m VPM
r=10m LM r=5m LM

r=lm VPM
=¥=r=lm LM

1

1 1 1 1

1

Frequency /Hz

0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10

Fig. 7. VPMTs with different radii around the x-axis and corresponding linear acceleration (VPM means virtual pendulum
motion; LM means linear motion).

Table 1 displays the increase times in acceleration of the pendulum motion as compared to
linear motions for the same displacement.

Table 1. The acceleration of VPMTs compared to LMs for the same pendulum displacement is increased by a factor of

magnitude.

f [Hz] r=1[m] r=5[m] r =10 [m] r =12 [m]
0.01 2.481 x 10° 4.945 x 102 2.463 x 102 2.049 x 102
0.02 6.187 x 10% 1.221 x 102 6.007 x 10! 4.972 x 10!
0.03 2.739 x 102 5.317 x 10! 2.559 x 10! 2.099 x 10!
0.04 1.532 x 102 2.903 x 10! 1.352 x 10! 1.093 x 10!
0.05 9.731 x 10! 1.786 x 10* 7.931 x 100 6.276 x 109
0.06 6.697 x 10! 1.179 x 10! 4.897 x 100 3.747 x 10°
0.07 4.867 x 10! 8.134 x 10° 3.067 x 100 2.222 x 109
0.08 3.679 x 10! 5.759 x 100 1.879 x 10° 1.233 x 10V
0.09 2.865 x 10! 4.130 x 10° 1.065 x 10° 5.543 x 107!
0.1 2.283 x 10! 2.965 x 100 4.827 x 107! 6.896 x 1072
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4.2. Calibration results

The sensitivity amplitudes Sy and S, of the sensor along the x- and y-axis directions are the
ratio of their output peak-to-peak value V,, V;, and the peak value of the excitation acceleration ag
respectively, as defined in ISO 16063-1 [32] and ISO 16063-11 [33]. Based on (1), Sy and S, are

calculated by
o -1
Sx | | s&x—A 0 Vi
[Sy]_[ 0 gx_A] [Vy]. 1

In order to verify the reliability of micro-vibration calibration based on the VPMTs of Stewart
platform, a quartz flexure accelerometer (6.5 kg) with unknown sensitivity was chosen to perform
calibration experiments based on the Stewart platform and rotating platform, respectively. Given
the circle radius, the measurement system measures the swing displacement of the VPMTs to
calculate the acceleration, and the voltage of the sensor is obtained through the DAQ card to get
the sensitivity amplitude. The calibration process of the vibration sensor is shown in Fig. 8.

|  Launch of Stewart platform

Fix the sensor in Stewart ¥
platform Collect data after vibration is
T stabilized
Power on and warm up Point calibration for the next set
T of frequencies

Set vibration frequency and
swing angle amplitude

calibration complete
for all frequencies

Fig. 8. Diagram of vibration sensor calibration process.

In the range from 0.01 to 0.1 Hz, 10 times calibrations of the sensitivity amplitude were
performed at different frequency intervals of 0.01 Hz. The relative standard deviation (RSD) of
the sensitivity amplitude, S; rsp and S rsp, were chosen to characterize the uncertainty of the
two calibration methods based on the Stewart and rotating platform, respectively. S1 rsp, S2,RsD
are calculated by

S1,sD

S],RSD = X 100%

;AVG , (14)
Sz’RSD = 225D X 100%

$2,AVG

where S1 avg, S2,ave and S1,sp, Sz,sp are the mean and standard deviation (SD) of the sensitivity
amplitude, respectively. The calibration results of the VPMTs around the x- and y-axis and the
rotating platform are shown in Tables 2 and 3, respectively.

10 calibrations for each frequency under the same measurement conditions [34] were performed.
The maximum RSD of micro-vibration calibration results based on the Stewart platform is
6.532 x 107> with a minimum value of 8.154 x 10~7. The maximum value based on the rotating
platform is 3.808 x 107> and the minimum is 5.244 x 10~7. The above results indicate that the
calibration output characteristics of the two platforms have high consistency.
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Table 2. Results of a VPMTs sensor calibration around the x-axis (mV/(m/s?)).

f Stewart platform calibration Rotating platform calibration Relative
[Hz] Results S1,RSD Results S2,RSD deviation
0.01 65.565 2.151 x 1076 65.296 4.219x 107° 0.411%
0.02 65.379 4.629 x 107 65.295 2.229 x 1076 0.129%
0.03 65.506 5.194 x 1073 65.292 5.244 x 1077 0.328%
0.04 65.498 2.526 x 107° 65.307 2.546 x 1076 0.292%
0.05 65.543 3.831x 1076 65.312 1.190 x 1073 0.354%
0.06 65.467 2.525x 1076 65.306 6.347 x 1076 0.246%
0.07 65.413 3.946 x 1073 65.309 1.558 x 1073 0.160%
0.08 65.328 1.368 x 107° 65.307 3.028 x 1073 0.033%
0.09 65.348 1.125x 1073 65.304 3.808 x 1073 0.066%
0.1 65.342 1.318 x 107 65.307 2.486 x 107 0.053%

Table 3. Results of a VPMTs sensor calibration around the y-axis (mV/(m/s?)).

f Stewart platform calibration Rotating platform calibration Relative
[Hz] Results S1,RSD Results S2,RSD deviation
0.01 63.096 8.154 x 1077 63.043 4.069 x 1076 0.085%
0.02 63.084 5.647 x 1076 63.021 2.217x 1076 0.099%
0.03 63.032 6.532 x 1073 63.014 3.563 x 1076 0.029%
0.04 63.048 4.714 x 107° 63.008 3.573x 1076 0.062%
0.05 63.195 7.049 x 1076 63.009 4.199 x 107° 0.295%
0.06 63.059 1.676 x 107> 63.007 2.918 x 1076 0.082%
0.07 63.043 1.775 x 107 63.008 6.657 x 1076 0.055%
0.08 63.075 2.376 x 1073 63.008 1.197 x 1073 0.106%
0.09 63.057 6.515x 1073 63.009 9.538 x 107° 0.075%
0.1 63.068 5.579 x 1076 63.008 3.702 x 1073 0.095%

Figures 9a and 10a depict the sensitivity calibration results of the sensors based on the
VPMTs of the Stewart platform around the x- and y-axis in the frequency range of 0.01 to 0.1 Hz,
respectively, as well as the comparison with the rotating platform calibration results. As can be
seen from the figure, the maximum RD of the sensitivity amplitude calibration results of the
VPMTs around the x- and y-axis with the rotating platform are 0.411% and 0.295%, respectively,
which indicates that the calibration results of the two methods are highly consistent. The validity
of the sensitivity calibration of the Stewart platform sensor is verified.

Figures 9b and 10b represent the RSD of the results of the two methods for 10-time sensitivity
amplitude calibration in different axial directions, respectively. In both axes, the maximum RSD is
of the order of 10>, which indicates that the dispersion of the results of the two methods relative
to their average values is very low and the precision is very high, which verifies the reliability of
the sensitivity calibration of the Stewart platform sensor.
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Fig. 9. Calibration results around x-axis compared between Stewart platform and Rotating platform:
(a) Sensitivity amplitude; (b) RSD of 10 times calibrations.
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Fig. 10. Calibration results around y-axis compared between Stewart platform and Rotating platform:
(a) Sensitivity amplitude; (b) RSD of 10 times calibrations.

5. Conclusions

This study proposed a novel calibration method based on the Stewart platform with the VPMTs
which can calibrate the ultra-low frequency conditions at the micro-acceleration from 107> to
103 m/s? by changing the pendulum motion direction and the pendulum radius within 12 m.
Compared with the traditional rotating platform method, the maximum relative deviations of the
sensitivity amplitude calibration for pendulum motion around the x- and y-axis are 0.411% and
0.295%, respectively. These results confirmed that Stewart platform-based calibration method has
the better reliability and effectiveness for the ultra-low frequency sensor calibration. In addition, it
is proved that the pendulum motion can produce the greater micro-acceleration than linear motion
for the sensors at the same frequency with the consistent vibration displacement. To achieve the
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same micro-acceleration, linear motors need to have a larger stroke, and the maximum stroke needs
to reach 2 m, which will undoubtedly increase the cost of manufacturing, and place restrictions on
the eventual industrialization of shakers.

Certainly, further work should be addressed in the future, including realizing the VPMTs in any
direction in space, optimizing measurement methods to obtain more accurate virtual pendulum
parameters, so that the developed method can gradually become a calibration method suitable for
most micro vibration sensors, replacing traditional pendulum tables and linear vibration tables.
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