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Abstract. In the inertial navigation system, an incomplete compensation for MEMS
accelerometer bias, scale factor and installation error will affect its accuracy, and then
cause roll angle error, pitch angle error in the initial alignment stage. As to the prob-
lem, the method that regularized particle filter (RPF) is used to filter the original data
of the accelerometer is proposed, which establishes the relationship between the MEMS
accelerometer’s zero deviation, the scale factor, the installation error and the measured
value of the MEMS accelerometer by means of the twelve-position method, and thus gets
the mathematical model of accelerometer calibration of twelve-position based on RPF.
The experimental results show that the output value of the calibrated MEMS accelerome-
ter is closer to the standard value, and the absolute error of the pitch angle is reduced by
0.70◦, which proves the feasibility and validity of the calibration method, and is a good
theoretical and practical value in improving the accuracy of the MEMS accelerometer.
Keywords: MEMS accelerometer, Regular particle filter, Twelve-position, Calibration

1. Introduction. In order to improve the accuracy of MEMS inertial navigation system,
the relative error of the model established in each of the MEMS inertial sensor, the
inertial measurement system must be calibrated before using [1]. Calibration is a key
process of using an inertial navigation system. The calibration of the sensor data used by
inertial navigation system can eliminate the inertial sensor repeatability error caused by
manufacturing defects [2].

Many scholars at home and abroad put forward different accelerometer calibration mod-
els; for example, in the work of [3], Chen et al. proposed the method of the test equipment
without the directional six-position 24-point. It has little calculation, but it cannot en-
sure the accuracy of calibration, because it cannot ensure that the X, Y, Z axes in 6-state
four sampling points are orthogonal in the actual process. Lu et al. used the method
of 6-position calibration of the accelerometer based on the sub-temperature section to
establish the error compensation model of the accelerometer, which effectively compen-
sated the temperature drift error caused by the change of the sensor temperature [4].
Prikhodko et al. came up with the way to improve IMU accelerometer rapid calibration
model which does not require the use of turntable, but the accuracy is very low [5]. Syed
et al. proposed a new method of the multi-position calibration, which does not require
special installation and alignment of the inertial sensors, but the process of calculation is
too complex to limit the applied range of this method [6,7].

Aiming at the problems that appeared in the calibration model of the accelerometer,
an method of the improved accelerometer twelve-position calibration based on the regular
particle filter is proposed, which firstly uses the regular particle filter to eliminate the
random noise carried by the original data of the accelerometer, and calculates two sets
of accelerometer error coefficient by the twelve-position calibration model, then adjusts
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error coefficient through the threshold method, and finally we can get a group of accurate
calibration coefficients. The principle of the method proposed in this paper is simple, the
calculation is small, in the absence of turntable it can also be completed, so it has a wide
range of applications. The experimental results show that the method proposed in this
paper is more accurate.

2. The Theory of Regularized Particle Filter (RPF). In the resampling phase,
conventional particle filtering uses the discreted particles, and the sampling process causes
the particles to lose diversity, resulting in sample depletion. At the beginning of the
twentieth century, Musso proposed regularized particle filter (RPF) to solve the above
problem.

A nonlinear discrete-space state model can be represented by the state equation and
the observed equation as Equation (1) and Equation (2) [8].

xk = f(xk−1, wk−1) (1)

zk = h(x, vk) (2)

where xk, zk are the k time system state vector and k time system observation vector, wk

is the system noise, vk is the observation noise, and they are independent of each other.
f(·) and h(·) are two known non-linear mapping functions.

If {xi
0:k, w

i
k}

N
i=1 is a random particle, p(x0:k|z1:k) is the posterior probability density

function, {xi
0:k, i = 0, 1, . . . , N} is the corresponding set of particles, it contains all states

from 0 to k.
Regularized particle filtering improved the particle filtering during the resampling pro-

cess, that is sampling from the continuous approximation density of the posterior density.
If [9,10]:
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where Ks(x) = 1
snx

K(x
s
) is the scale that can be adjusted Kernel density, s is the core of

the bandwidth, which is greater than zero, nx described the state of the dimension, and
wi

k is the normalized coefficient.
The posterior probability distribution at k time can be approximated after normaliza-

tion, and the RPF algorithm implementation process can be approximated as shown in
Table 1. Regularized particle filter compared with the traditional particle filter, increased
the nuclear density of the process, so they have the similar complexity.

Table 1. RPF algorithm flow

(1) i = 1 : N
extract xi

k ∼ p(xk|x
i
k−1), calculate the weights wi

k = p(zk|x
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k)

(2) normalized weight: ŵi
k =
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(3) calculate the number of effective particles: Neff = 1
N
∑

i=1
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k
)2

(4) if Neff < Nthr

calculate the empirical matrix Sk, and make DkD
T
k = Sk

(5) re-sampling:
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(6) i = 1 : N
use the Epanechnikov/Gauss to extract εi ∼ K, let xi∗

k = xi
k + hoptDkε
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3. Improved Twelve-Position Calibration Model of MEMS Accelerometer.

3.1. The principle of the six-position method. The error factors of MEMS ac-
celerometers are mainly zero bias, scale factor, installation error, etc. We get the error
model of MEMS accelerometer based on these error factors.


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Ax − ax0

Ay − ay0
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

 =
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 ·




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ay

az



 (4)

where Ax, Ay, Az are the actual measured values of the MEMS accelerometer; ai0 (i =
x, y, z) is the zero bias of the three-axis of the MEMS accelerometer; ki (i = x, y, z) is the
non-orthogonal error between the three axes of the MEMS accelerometer.

3.2. Twelve-position calibration scheme of MEMS accelerometer. This paper
presents a twelve-position static flip-up experiment calibrated MEMS accelerometer. The
twelve-position orientation of the MEMS accelerometer and the gravitational acceleration
values for each axis are shown in Table 2.

Table 2. The twelve-position orientation of the MEMS accelerometer and
the gravitational acceleration value of each axis

position
coordinate axis gravity acceleration value/g

Z Y X Z Y X
1 upward east south −1 0 0
2 south east down 0 0 1
3 north east north 1 0 0
4 north east upward 0 0 −1
5 south upward east 0 −1 0
6 down south east 1 0 0
7 north down east 0 1 0
8 upward north east −1 0 0
9 east south upward 0 0 −1
10 east down south 0 1 0
11 east north down 0 0 1
12 east upward north 0 −1 0

The design of MEMS accelerometer calibration scheme is as follows:
(1) Fix MEMS-IMU in the center of the dual-axis electric turntable, MEMS accelerom-

eter Z axis perpendicular to the turntable table, and X, Y axis parallel to the turntable
table;

(2) The IMU is preheated for 10 minutes. When the IMU enters a steady state, the
turntable is manipulated so that the Z axis is rotated by 0◦, 90◦, 180◦, 270◦, and the IMU
output data is collected during rotation. The sampling frequency is 50Hz, and we collect
40 seconds of data on each sample point;

(3) Adjust the turntable position, control the turntable, making the Y, X axis at 0◦,
90◦, 180◦, 270◦, and collect the four locations of the MEMS accelerometer output voltage
value;

(4) Organize the collected MEMS accelerometer output voltage value, and calculate the
scale factor, zero position and installation error of the MEMS accelerometer according to
the output voltage value of the accelerometer output value of twelve-position points;

(5) Bring the zero bias, scale factor, installation error and other parameters into the
MEMS accelerometer error model, and calibrate accelerometer.
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3.3. Determination of error parameters of MEMS accelerometer. According to
the MEMS model described in Section 3.1, we regard the output of the accelerometer
voltage as the input of the error model, which are the voltage of X, Y and Z axis at the
position of 90◦ and 270◦ (the positions are 1, 3, 5, 7, 9 and 11), and we can get the first
group of MEMS accelerometer error parameters. According to the output of the MEMS
accelerometer, we can get a group of error model coefficients.
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Similarly, we regard the output of the accelerometer voltage as the input of the error
model, which are the voltages of X, Y and Z axis, respectively, at the position of 90◦ and
270◦ (the positions are 2, 4, 6, 8, 10 and 12 in Table 2), and we can get the second set of
MEMS accelerometer error parameters.

The error model parameters of the three groups of MEMS accelerometers are processed
by the threshold method, and the simplified model parameters are obtained as follows:

ax0 = αax01
+ βax02

, kx = αkx1
+ βkx2

, kxz = αkxz1
+ βkxz2

, kxy = αkxy1
+ βkxy2

(8)

ay0 = αay01
+ βay02

, kyz = αkyz1
+ βkyz2

, ky = αky1
+ βky2

, kyx = αkyx1
+ βkyx2

(9)

az0 = αaz01
+ βaz02

, kzx = αkzx1
+ βkzx2

, kz = αkz1
+ βkz2

, kzy = αkzy1
+ βkzy2

(10)

In Equation (8), Equation (9) and Equation (10), the weighting coefficients are given:
α = β = 0.5.

4. Experimental Verification.

4.1. Experimental apparatus. (1) MEMS-IMU. MEMS-IMU developed for the labo-
ratory is based on the attitude of the MEMS sensor that integrates a 3-axis accelerometer,
a 3-axis gyroscope, a 3-axis magnetometer, and a barometer, which is shown in Figure 1.

Figure 1. Self-made attitude instrument

(2) Double-axis electric turntable. 902E-1 biaxial electric turntable is produced by
Beijing Institute of Aeronautical Precision Machinery, which can provide input angular
velocity for the attitude meter, and turntable speed accuracy is 1 × 10−3 (±0.01(◦)/s ∼
±100(◦)/s), as shown in Figure 2.

The output of the MEMS accelerometer is affected by random noise, and the data is
very unstable. In order to ensure the accuracy of the error model, the output value of
the MEMS accelerometer is processed by RPF filtering before the calibration coefficient
is calculated. In this paper, the output value of the MEMS accelerometer is filtered, and
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Figure 2. 902E-1 double-axis electric turntable

the contrast is shown in Figure 3. It can be observed from Figure 3 that RPF filtering
is a good way to eliminate the random noise of the MEMS accelerometer, which ensures
the effectiveness of the MEMS accelerometer output value.

The data of the MEMS accelerometer X-axis, Y-axis and Z-axis are brought into the
Equation (8) to Equation (10), can get the error parameters of MEMS accelerometer. The
sensitivity Z axis of the MEMS accelerometer is placed vertically on the biaxial electric
turntable. A number of data are collected into the error model of the MEMS accelerom-
eter. The comparison of the calibrated value before and after the MEMS accelerometer
is shown in Figure 4. The sensitivity axis of the MEMS accelerometer is placed vertically
on the biaxial electric turntable. The output value of the MEMS accelerometer before
and after calibration is shown in Table 3. Table 3 shows that the calibrated accelerometer
output value is closer to the standard value, and the effect is more obvious.

Table 3. Calibrate the output value before and after calibration

sensitive axis
the accelerometer output value the accelerometer output value
before the calibration/(m/s2) after the calibration/(m/s2)

X 0.1764706 0.008706
Y 0.7794118 0.024124
Z 9.647058 9.788650

The MEMS accelerometer output value solves the pitch angle and roll angle of the
MEMS-IMU attitude meter, so it can be used to verify the calibration effect of the MEMS
accelerometer. Taking the pitch angle as an example, the pitch angle of the MEMS-IMU
attitude instrument is −60◦, . . . , 60◦ on the turntable in the range of −90◦ ∼ 90◦. The
pitch angle of the attitude meter is calculated by the data before and after calibration
with the MEMS accelerometer. The results are shown in Table 4.

It can be seen from Table 4, MEMS accelerometer calibration output value after the
settlement of the pitch angle and the actual input value of the turntable is closer, in
the pitch angle of −90◦ ∼ 90◦ range, the average absolute error of the pitch angle after
calibration is 0.28◦, and the average value of the absolute error of the pre-calibration pitch
angle is 0.98◦, which verifies the feasibility and effectiveness of the modified accelerometer
twelve-position calibration method based on the regular particle filter.

Use the algorithm proposed in this paper, the algorithms proposed in [4] and [7], to re-
spectively calibrate the accelerometer. Then taking advantage of the calibrated accelerom-
eter data to calculate the roll angle of the IMU, the root-mean-square error (RMSE) is
shown in Table 5. According to the comparison of the three sets of data, the algorithm
of calibration accelerometer proposed in this paper has a better result.
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(a) Accelerometer X axis data
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(b) Accelerometer Y axis data
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(c) Accelerometer Z axis data

Figure 3. The comparison chart before and after the RPF filter

5. Conclusions. The innovation of the paper is firstly to eliminate the random noise
carried by the original data of the accelerometer by using the regular particle filter, and
calculate the error coefficient of the two accelerometers by the twelve-position calibration
model, and then adjust the error coefficient by the threshold method, and finally get the
accurate accelerometer calibration coefficient. The experimental data analysis shows that
the calibrated MEMS accelerometer output value is closer to the standard value, in the
range of −90◦ ∼ 90◦, the pitch error is reduced by 0.70◦. The principle of this method
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Figure 4. Comparison of MEMS accelerometer before and after calibration

Table 4. The pitch angle error before and after calibration

turntable pre-calibration output after absolute error absolute error
input/(◦) output/(◦) calibration/(◦) before calibration/(◦) after calibration/(◦)

−60 −58.39 −59.65 1.61 0.35
−50 −48.89 −49.69 1.11 0.31
−40 −38.94 −40.32 1.06 0.32
−30 −28.96 −29.84 1.04 0.16
−20 −19.85 −20.10 0.15 0.10
−10 −9.89 −9.86 0.11 0.14
0 0.38 0.43 0.38 0.43
10 10.18 10.15 0.18 0.15
20 20.30 20.50 0.30 0.50
30 28.95 29.76 1.05 0.24
40 38.70 39.67 1.3 0.33
50 48.69 49.82 1.31 0.18
60 58.54 59.67 1.46 0.33

Table 5. The root mean square error of roll angle and pitch angle

algorithm roll angle (◦) pitch angle (◦)
The algorithm proposed in [4] 1.35 1.40
The algorithm proposed in [7] 1.05 0.93

The algorithm proposed in this paper 0.75 0.42
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which has a good theoretical and engineering value to improve the accuracy of MEMS
accelerometer measurement, is simple and easy to implement with high precision.
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