
Received February 9, 2020, accepted March 5, 2020, date of publication March 10, 2020, date of current version March 26, 2020.

Digital Object Identifier 10.1109/ACCESS.2020.2979757

High Precision Tri-Axial Quartz Flexible
Accelerometers Resolution Measurement
Method Based on Tri-Axial Turntable
CHUNXI ZHANG1, MINPENG DAI 1, WEI LUO2, AND XIONG PAN 1
1School of Instrumentation Science and Optoelectronics Engineering, Beihang University, Beijing 100191, China
29th Designing of China Aerospace Science Industry Corporation, Wuhan 430000, China

Corresponding author: Xiong Pan (08768@buaa.edu.cn)

ABSTRACT Aiming at the high requirements of the experimental equipment for the measurement of
high precision quartz flexible accelerometer resolution, the gravity measured by high precision tri-axial
accelerometers was subdivided by the tri-axial turntable. Tri-axial quartz flexible accelerometers resolution
measurement model was established and general mathematical expression for the resolution measurement
was derived. Based on the mathematical expression, the effective angle range that satisfied the measurement
condition was given out. Besides, the tri-axial quartz flexible accelerometers resolutionmeasurement process
was designed. Within the effective angle range, numerical simulations were performed and the simulation
results showed that: the proposedmethod can theoreticallymeasure tri-axial quartz flexible accelerometers of
which the resolution was about 10−6g. Then the tri-axial quartz flexible accelerometers resolution repetitive
measurement experiments were carried out and the experimental results illustrated that: the difference
between the measured value with the theoretical value is within 1µg, which met the requirements for use.
In addition, the resolution of tri-axial quartz flexible accelerometers can be measured at one time based on
the designed process, demonstrating that the proposed method was valid.

INDEX TERMS Tri-axial turntable, tri-axial quartz flexible accelerometers, gravity subdivision, resolution
measurement.

I. INTRODUCTION
High precision tri-axial quartz flexible accelerometers are a
decisive component of high accuracy gravity measurement
system, and also play an important part of high precision
inertial navigation equipment [1]. Through the specific force
information of the carrier provided by the tri-axial quartz
flexible accelerometers, the gravity measurement system can
complete the measurement of the gravity vector of the sur-
rounding environment, and the inertial navigation device
can achieve accurate guidance. The tri-axial quartz flexible
accelerometers must be calibrated and measured before use
to compensate for sensor errors. As the precision of grav-
ity measurement systems and inertial navigation equipment
continue to improve, higher requirements have been put for-
ward for tri-axial quartz flexible accelerometer performance
measurement [2]–[4].

Many scholars have studied the measurement method
of high precision tri-axial quartz flexible accelerometers
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systems and representative works include: Li et al. calibrated
the bias and scale factor of inertial measurement unit (IMU)
in a short time using Kalman filter combined with naviga-
tion algorithms of coupled global position system/inertial
navigation system (GPS/INS) integrated systems [5].
Chang et al. designed a system-level sway calibration
scheme to make full use of the sway motion caused by
sea waves and calibrated the system parameters of the iner-
tial device in real time [6]. Cao et al. proposed a system-
level continuous self-calibration scheme for a new type
of tri-axial rotary modulation inertial measurement device.
By alternately processing the step of multiple positions
and continuous rotation, it suppressed dynamic errors and
enhanced system error parameter excitation [7]. Klimkovich
put forward a system-level strapdown inertial navigation
system (SINS) calibration method using IMU error equation
at any rotation rate to estimate gyroscope and accelerom-
eter errors by Kalman filter [8]. Qureshi et al. came up
with a low-cost IMU calibration method that used grav-
ity signals as a stable reference without external equip-
ment. It used the least square method and applied simple
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rotation to provide relatively easy and fast calibration [9].
Li et al. proposed a fast discrete calibration method
for horizontal drilling platforms, and illustrated five
rapid horizontal calibration schemes for the main errors
of measuring-while-drilling inertial measurement unit
(MWD-IMU) [10]. Song et al. proposed a discrete calibration
method for calibrating the installation error between the IMU
and the turntable in a dual axes modulation inertial navigation
system [11]. All of the above are related to measuring at
the system-level. The representative tasks of device-level
measurement include: Ranjbaran et al. proposed a new vari-
able change method to convert the nonlinear optimization
problem into linear least squares (LLS) equation. The bias,
scale factor and axis misalignment of the accelerometer can
be estimated [12]. Liu et al. put forward an accelerometer
bias estimation method without a turntable and established
a coupling model of gravity vector and accelerometer bias
[13]. Won et al. used the sum of the output of the tri-axial
accelerometers is equal to the gravity vector to calibrate
the bias and scale factor [14]. Guan et al. made use of a
dual-turntable centrifuge as a device that provides standard
acceleration reference to calibrate the lateral sensitivity of the
low-frequency accelerometer [15]. Wu et al. took advantages
of the precise angle of the space-stabilized platform and
realized the self-calibration of a three-stage accelerometer
in spatially stable INS [16]. Yu et al. proposed a method
for continuously adjusting the accelerometer’s scale factor
and installation error to reduce motion sensitivity. Based on
the analysis model of the rotational accelerometer gravity
gradient meter (RAGG), a compensation signal was gen-
erated to compensate the motion error [17]. Bezděk et al.
calibrated the accelerometer based on the observed GPS
position and verified the accuracy of the calibration by three
different methods [18]. As we can see, the calibration draws
much attention and oceans of researches have been done.
Meanwhile, the resolution of accelerometer also contributes
to the precision of gravity measurement systems and inertial
navigation equipment. Some typical work is carried out
as follows: Ma et al. exploited the dual-axial turntable to
subdivide the gravity and achieved the measurement of an
accelerometer of which the resolution is about 10−8g [19].
Wu et al. came up with an accelerometer resolution mea-
surement method based on the dual-axial tilt method, and the
specific implementation process and examples were given.
Measurement and analysis proved that the method can detect
accelerometer resolution below 1µg [20]. They only used
the dual-axial turntable to measure single axis accelerometer
resolution at several special points, which was equivalent
to a special measurement case. And the general effective
angle range satisfied the measurement requirements has not
been studied in depth and given out. Li et al. presented a
dynamic resolution estimation method of using dual-axial
turntable. The output of accelerometer was sampled, and
the data was filtered by the FFT low-pass filter. The reso-
lution of accelerometer may be determined by analyzing the
maximum change at the peak and valley value. It combines

the equipment and algorithm, which seems complex and the
mathematical express of the resolution is unclear [21]. The
traditional accelerometer resolution measurement is gener-
ally performed on a precision crown wheel or precision
optical dividing head. The accelerometer is mounted on the
dividing head table through a fixture so that the input axis of
the accelerometer is parallel to the table. The input axis of
the accelerometer is rotated in the vertical plane relative to
gravity. By measuring the angle between the sensitive axis
and the gravity vector, the acceleration value can be calcu-
lated. However, this method must adopt vibration isolation
and anti-tilt measures [22]. Hu et al. still used the dividing
head for testing, but in the conventional test, the input axis
of the accelerometer was tested near the plumb line instead
of the horizon, which greatly reduced the sensitivity of the
change of the gravity acceleration component of the input
axis of the accelerometer to the rotation angle of the dividing
head, thus significantly reducing the impact of the accuracy
of the dividing head on the test results. But it is just a little
improve based on the traditional method and detailed analysis
is not given out [23].

In view of the above situation, this paper proposes a high
precision tri-axial accelerometers resolution measurement
method based on a tri-axial turntable. A general mathemat-
ical expression for resolution measurement is given out and.
The effective angle range that meets the resolution mea-
surement requirements is calculated and the process of the
tri-axial accelerometers resolution measurement is designed.
The main contributions of this paper are as follows:

(1) the tri-axial accelerometers resolution measurement
model was established and general mathematical expression
for the resolution measurement was derived. Based on the
mathematical expression, the effective angle range that sat-
isfied the measurement conditions was given out;

(2) the tri-axial accelerometers resolution measurement
process was designed. The resolution of three axes can be
measured at one time based on the designed process.

The chapters of this article are arranged as follows:
section I is an introduction; section II discusses the proposed
method; mathematical simulation and analysis are carried
out in section III; experiments are conducted in section IV;
conclusions are drawn in section V.

II. HIGH PRECISION TRI-AXIAL QUARTZ FLEXIBLE
ACCELEROMETERS RESOLUTION MEASUREMENT
METHOD BASED ON TRI-AXIAL TURNTABLE
A. RESEARCH OBJECT
The research object of this paper is a tri-axial orthogonal
quartz flexible accelerometers, which consists of three single-
degree-of-freedom accelerometers. They are perpendicu-
lar to each other and the schematic diagram is shown
in Figure 1:

It can be seen from Figure 1 that the x-axis, y-axis and
z-axis of the tri-axial orthogonal accelerometers are perpen-
dicular to each other, which are sensitive to the specific force
information in three directions respectively. The installation
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FIGURE 1. The schematic diagram of tri-axial accelerometers.

FIGURE 2. The installation diagram of the tri-axial turntable and the
tri-axial accelerometers.

diagram of the tri-axial turntable and the tri-axial accelerom-
eters is shown in Figure 2:

As is shown in Figure 2, the tri-axial accelerometers are
installed in the inner frame of the tri-axial turntable, and the
y-axis of the tri-axial accelerometers is parallel to the rotation
axis of the middle frame, pointing to the north; the x-axis
of the tri-axial accelerometers is parallel to the rotation axis
of the inner frame, pointing to the East; the z-axis of the
tri-axial accelerometers is parallel to the rotation axis of the
outer frame, pointing to the sky. Oxyz is defined as the body
system of tri-axial accelerometers, recorded as b-system. And
navigation system is recorded as n-system.

B. MATHEMATICAL MODEL
Rotate the outer frame, inner frame, and middle frame of
the tri-axial turntable by turns for an angle of γ , α and
β, the transition matrix from n-system to b-system can be
written as (1) shown at the bottom of the this page.

The measured gravity vector of tri-axial accelerometers
can be expressed as (2), shown at the bottom of the this page,
where gXA1 is the measured gravity vector of x-axis; gYA1 is

the measured gravity vector of y-axis; gZA1 is the measured
gravity vector of z-axis. Simplify formula (2) to (3): gXA1

gYA1
gZA1

 =
 sinβ cosα
− sinα

− cosβ cosα

 g (3)

The relationship between the measured gravity vector of
each axis and γ , α and β are obtained, as shown in (4), (5)
and (6) respectively.

gXA1 = g sinβ cosα (4)

gYA1 = −g sinα (5)

gZA1 = −g cosβ cosα (6)

Taking this position as the initial position for resolution
measurement, then rotate the outer frame, inner frame, and
middle frame of the tri-axial turntable in turn for an angle of
1γ , 1α and 1β. So gXA, gYA and gZA are expressed as (7),
(8) and (9) respectively, which are the general mathematical
expression for the resolution measurement.

gX4 = g(sin(β +1β) cos(α +1α)− sinβ cosα) (7)

gYA = (− sin(α +1α)+ sinα)g (8)

gZA = (− cos(β +1β) cos(α +1α)+ cos(β) cos(α)) (9)

C. EFFECTIVE ANGLE RANGE SOLUTION
Let 1α = 1β = 2′′, compared to γ , α and β, 1γ , 1α
and 1β are tiny quantities so that gXA, gYA and gZA can be
represented as (10), (11) and (12), where dα = dβ = 1α =
1β = 2′′.

dgXA = g(cosβ cosαdβ − sinβ sinαdα) (10)

dgYA = −g cosαdα (11)

dgZA = g(sinβ cosαdβ + cosβ sinαdα) (12)

The resolution of high precision tri-axial quartz flexible
accelerometers is generally 10−6g so that (13) shall be met
to achieve the measurement.|dgXA| = |g(cosβ cosαdβ − sinβ sinαdα)| ≤ 10−6g
|dgYA| = |−g cosαdα| ≤ 10−6g
|dgZA| = |g(sinβ cosαdβ + cosβ sinαdα)| ≤ 10−6g

(13)

(14), (15) and (16) are obtained by simplifying (13):

|β + α| ≤ arccos(0.1) (14)

|α| ≤ arccos(0.1) (15)

|β + α| ≤ arcsin(0.1) (16)

Cb
n =

 cosβ cos γ − sin γ sinα sin γ cosβ sin γ + sinβ sinα cos γ − sinβ cosα
− cosα sin γ cosα cos γ sinα

sinβ cos γ + cosβ sinα sin γ sinβ sin γ − cosβ sinα cos γ cosβ cosα

 (1)

 gXA1
gYA1
gZA1

 =
 cosβ cos γ − sin γ sinα sin γ cosβ sin γ + sinβ sinα cos γ − sinβ cosα

− cosα sin γ cosα cos γ sinα
sinβ cos γ + cosβ sinα sin γ sinβ sin γ − cosβ sinα cos γ cosβ cosα

  0
0
−g

 (2)
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(14), (15) and (16) are x-axis measurement requirement,
y-axis measurement requirement and z-axis measurement
requirement respectively. Analyzing (14), (15) and (16), it
is obvious that x-axis and y-axis can be measured at the
same time, x-axis and z-axis as well as y-axis and z-axis
cannot be measured together. So at most, the resolution
of two axes can be measured at one time, and these two
axes are x-axis and y-axis. By solving equation (14) and
(15), we can get (expressed in radian):{
1.4706(+π ) ≤ α ≤ 1.6710(+π )
−0.002(+π ) ≤ β ≤ 0.002(+π )

st |α + β| ε [1.4706, 1.6710]+ π (17)

(17) is the initial requirement that the resolution of x-axis
and y-axis can be measured. Similarly, formula (18), which is
the initial requirement of z-axis, can be obtained by solving
(16):

−0.102(+π ) ≤ |α + β| ≤ 0.102(+π ) (18)

D. TRI-AXIAL ACCELEROMETERS RESOLUTION
MEASUREMENT PROCESS
According to the analysis in section C of chapter II, at most
the resolution of two axes can be measured at one time.
In order to measure the resolution of all axes together,
following measurement process is proposed.

III. MATHEMATICAL SIMULATION
According to part C of section II, the resolution measurement
requirements of x-axis and y-axis, named (17), are simulated.
In this angle range, 10 groups of points are randomly selected.
The theoretical measurable resolution results of x-axis and
y-axis are shown in Table 1.

It can be seen from Table 1 that within the range specified
in equation (17), the theoretical measurable resolution of
x-axis and y-axis obtained by simulation are less than 10−6g,
which is consistent with the theoretical derivation.

In the same way, the resolution measurement requirement
of z-axis, recorded as (18), is simulated. In this angle range,
10 groups of points are randomly selected, and the theoretical
measurable resolution results of z-axis are shown in Table 2.

It can be seen from Table 2 that within the range specified
in equation (18), the theoretical measurable resolution of
z-axis obtained by simulation is less than 10−6g, which is
consistent with the theoretical derivation too. According to

TABLE 1. Simulation results of theoretically measurable resolution of
x-axis and y-axis.

TABLE 2. Simulation results of theoretically measurable resolution of
x-axis and y-axis.

the simulation results, it is not difficult to see that in the
range given in this paper, the absolute value measurement
requirements of accelerometer resolution are met.

IV. EXPERIMENTAL ANALYSIS
According to the simulation results in section III,
a ground experiment for tri-axial accelerometers resolution
measurement is designed to verify the correctness of the
method in this paper. The IMU used in the experiment was
a self-developed optical fiber IMU, and the resolution of the
tri-axial accelerometers are about 10ug. The self-developed
optical fiber IMU and the tri-axial turntable are installed
with screws and adapter board, and the X, Y, and Z axes
are pointing to east, north, and sky respectively, as shown
in Figure 3.

The temperature in the experimental room is stabilized
at about 25 ◦ C using an air conditioner for 2h before
experiment. First, the x-axis and y-axis resolution measure-
ment experiments are performed. Three points are randomly
selected within the range of formula (17), and each point
is repeated 3 times. First turn the turntable to the specified
position. After the turntable is stable, rotate the frame corre-
sponding to the axis to be measured for 2 arc seconds, and
make a difference between the data before and after rotating
the turntable. The results of the repeated experiments are
shown in Figure 4.

As is shown in Figure 4, there is a tiny alteration in gXA
and gYA with the rotation of turntable. The green short dash
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FIGURE 3. Ground verification experimental device.

TABLE 3. Results of three repeated experiments for resolution measurement of x-axis and y-axis.

represents primary smoothing sequence. By contrast, the red
line represents initial sequence’s average value. From the red
line, we can easily calculate out the resolution. The value of
gXA and gYA are list in Table 3.

According to Table 3, the randomly selected 3 points meet
the resolution measurement requirement of x-axis and y-axis.
When α = 1.5698, β = 0.0002, the measured resolution
of x-axis accelerometer are 11ug, 11ug and 10ug respec-
tively, and the measured resolution of y-axis accelerometer
are 11ug, 11ug and 11ug respectively; when α = 1.5708,
β = −0.0002, the measured resolution of x-axis accelerom-
eter are 10ug, 11ug and 10ug respectively, and the mea-
sured resolution of y-axis accelerometer are 10ug, 12ug and
11ug respectively; when α = 1.5716, β = −0.001 ,
the measured resolution of x-axis accelerometer are 10ug,
10ug and 11ug respectively, and the measured resolution of
y-axis accelerometer are 10ug, 9ug and 10ug respectively.
The resolution of the tri-axial accelerometers used in this
experiment are about 10ug. Considering the interference of
other noises and environmental factors, there will be some
errors in the measurement process. However, the difference
between the experimental results and the true value are almost
within 1ug, which is consistent with the theoretical derivation

TABLE 4. Results of three repeated experiments for resolution
measurement of z-axis.

and simulation, demonstrating that the measurement method
in this paper is feasible.

Then the z-axis resolution measurement experiments ars
carried out. Similarly, three points are randomly selected in
the range of formula (18), and each point is repeated 3 times.
First turn the turntable to the designated position. After the
turntable is stable, rotate the frame corresponding to the axis

VOLUME 8, 2020 53467



C. Zhang et al.: High Precision Tri-Axial Quartz Flexible Accelerometers Resolution Measurement Method

FIGURE 4. Three repeated experiments results when α = 1.5698, β = −0.0002 for resolution measurement of X-axis and Y-axis.

TABLE 5. Results of three repeated experiments for resolution measurement process of tri-axial accelerometers.

to be measured for 2 arc seconds, and make a difference
between the data before and after rotating the turntable. The
results of three repeated experiments are shown in Figure 5.

As is shown in Figure 5, there is also a tiny alteration
in gZA with the rotation of turntable. The green short dash
represents primary smoothing sequence. Similarly, the red
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FIGURE 5. Three repeated experiments results when
α = 0.0003, β = −0.0004 for resolution measurement of Z-axis.

represent initial sequence’s average value. The value of gZA
are list in Table 4.

According to Table 4, the randomly selected 3 points
meet the resolution measurement requirement of z-axis.

When α = 0.0005, β = 0.0002, the measured resolution of
z-axis accelerometer are 11ug, 10ug and 11ug respectively;
when α = 0.0003, β = 0.0003 , the measured resolution of
z-axis accelerometer are 11ug, 11ug and 10ug respectively;
when α = 0.0003, β = −0.0004 , the measured resolu-
tion of z-axis accelerometer are 9ug, 9ug and 11ug respec-
tively. The resolution of the tri-axial accelerometers used
in this experiment are about 10ug. However, the difference
between the experimental results and the true value are almost
within 1ug, which is consistent with the theoretical derivation
and simulation, demonstrating that the measurement method
in this paper is effective.

After the uniaxial resolution experiment, three repeated
experiments are designed according to the resolution mea-
surement process of tri-axial accelerometers in part D of
Section II. First, the outer frame, inner frame and middle
frame are positioned at 0 ◦, 0 ◦ and 90 ◦ respectively, which
is the initial position for the resolution measurement. Then,
the inner frame and the middle frame of the turntable are
rotated for 2 arc seconds. Besides, the middle frame is rotated
to 0 ◦, afterwards the middle frame is rotated for 2 arc
seconds. Finally, the turntable is reset and closed. The results
of three repeated experiments are shown in Table 5:

It can be seen from Table 5 that the designed process
meets the resolution measurement conditions of tri-axial
accelerometers. The results show that: the resolution of x-axis
accelerometer measured by three repeated experiments are
10ug, 11ug and 11ug respectively; the resolution of y-axis
accelerometer measured by three repeated experiments are
10ug, 11ug and 10ug respectively; and the resolution of z-axis
accelerometer measured by three repeated experiments are
10ug, 11ug and 10ug respectively. The experimental results
are consistent with the theoretical derivation and simulation,
which shows that the designed process is reasonable and the
method is feasible.

V. CONCLUSION
A tri-axial accelerometers resolution measurement method
based on the tri-axial turntable is proposed in this paper.
An rotation with small angle of the turntable is used
to measure the resolution of the tri-axial accelerometers,
which reduces the requirements of high-accuracy tri-axial
accelerometers resolution measurement on the precision of
experimental equipment. This paper mainly researches the
following contents: the mathematical model of the tri-axial
accelerometers resolution measurement is derived, and the
general angle range that meets themeasurement requirements
is given. The simulation and experiment are performedwithin
the given range. The simulation and experimental results are
consistent with the theory. The process of tri-axial accelerom-
eters resolution measurement is designed, and experiments
are carried out based on the designed process. The experimen-
tal results verify the accuracy of the designed measurement
process, which can provide a method reference for the tri-
axial accelerometer resolutions measurement. In the next,
the effect of accuracy and resolution of the experimental
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set-up should be analyzed detailed and some parameters of
the turntable will be added to perfect the model.
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