Research on the calibrated method for MEMS magnetometer arrays

Xiang Xu !, Zetao Guo 2, and Tao zhang 2

1Soochow University
2 Affiliation not available

November 8, 2023

Abstract

The MEMS magnetometer determines the orientation for the MEMS inertial system. Because of the large noise of the MEMS
magnetometer and the interference of soft and hard iron outside, the measurement error of the MEMS magnetometer is large.
To reduce the effects of the random noises, the MEMS magnetometer arrays are designed in this paper. In our design,
thirty-two MEMS magnetometers are welding on a printed circuit board (PCB), which area is 5x5 cm2. The forty general-
purpose input-output (GPIO) ports, which are thirty-two data ports and eight clock ports, are used to collect the data of
MEMS magnetometers. Then, averaging the thirty-two measurements of the MEMS magnetometers, the random noises of
the measurements of the MEMS magnetometers can be reduced. Based on the averaging operation for the collected sensors’
data, a unified measurement model for the MEMS magnetometer arrays is constructed. Using the unified measurement model,
an adaptive Kalman filter is developed to estimate the unknown parameters. To validate the performance of the MEMS
magnetometer arrays, the simulation and experimental tests are designed. The test results show that, comparing with the single

MEMS magnetometer, the random noises of the MEMS magnetometer arrays are reduced effectively.



Research on the calibrated method for MEMS
magnetometer arrays

Zetao Guo

School of Electronic and Information Engineering
Soochow University
Suzhou, China
1728402037 @stu.suda.edu.cn

Xiang Xu*
School of Electronic and Information Engineering
Soochow University

Suzhou, China
hsianghsu@163.com

Abstract—The MEMS magnetometer determines the
orientation for the MEMS inertial system. Because of the large
noise of the MEMS magnetometer and the interference of soft and
hard iron outside, the measurement error of the MEMS
magnetometer is large. To reduce the effects of the random noises,
the MEMS magnetometer arrays are designed in this paper. In our
design, thirty-two MEMS magnetometers are welding on a printed
circuit board (PCB), which area is 5x5 cm?. The forty general-
purpose input-output (GPIO) ports, which are thirty-two data
ports and eight clock ports, are used to collect the data of MEMS
magnetometers. Then, averaging the thirty-two measurements of
the MEMS magnetometers, the random noises of the
measurements of the MEMS magnetometers can be reduced.
Based on the averaging operation for the collected sensors’ data, a
unified measurement model for the MEMS magnetometer arrays
is constructed. Using the unified measurement model, an adaptive
Kalman filter is developed to estimate the unknown parameters.
To validate the performance of the MEMS magnetometer arrays,
the simulation and experimental tests are designed. The test results
show that, compared with the single MEMS magnetometer, the
random noises of the MEMS magnetometer arrays are reduced
effectively.
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I. INTRODUCTION

MEMS magnetometer is an important orientation reference
in Micro Strapdown Inertial Navigation System (MSINS) [1].
By measuring the geomagnetic vector and comparing the
measured magnetic vector with the geomagnetic vector, the
carrier orientation information can be calculated [2-3]. However,
the geomagnetic vector is easily disturbed by the external
environment, which affects the accuracy of azimuth information
measurement. Therefore, it is necessary to calibrate the outputs
of MEMS magnetometer and use the calibrated data for azimuth
calculation to improve the measurement accuracy [4-5].

At present, MEMS magnetometer calibration methods are
mainly divided into two categories: one is with the external
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equipment auxiliary, such as turntable; the other is autonomous
calibration [6]. Among them, the autonomous calibrated method
has become the main research topic of MEMS magnetometer
calibration due to its advantages of simple calibration and low
external equipment complexity [7-13]. In reference [7-9], a
calibration method based on ellipsoid fitting principle is
proposed. By analyzing the measurement model of MEMS
magnetometer, the ellipsoid model under the parameter model is
established, and the error parameters are algebraically combined.
The least square algorithm is used to calculate the parameters
and complete the calibration process. But this method cannot
achieve the optimization of calibration results, because all
parameters are only used once. For this reason, a two-step
calibration method is proposed in references [10-11], which uses
the least square method to calculate the initial value of the
unknown parameters, and then uses the iterative model to
optimize the calibration results, which improves the calibrated
accuracy. Due to the measurement noises are contained in the
parameter model, and the bias errors for parameter model are
generated by these noises, thus the estimated unknown
parameters always contain bias error. In [12], a maximum
likelihood estimation method is proposed to suppress the
influence of the measurement noises. However, this method
needs to constructed a large Jacobian and Hessian matrices,
these increase the computational burden.

In this paper, an MEMS magnetometer array module is
designed, and the calibrated method based on Adaptive Kalman
filter is investigated. The advantages of the proposed method can
be summarized as: firstly, to reduce the influence of the
measurement noises, an MEMS magnetometer array method is
proposed, and the parallel data acquisition is introduced,
secondly, an iterative parameter estimation method based on
Adaptive Kalman Filter (AKF) is proposed to reduce the
computational burden; finally, taking advantage of the AKF, the
calibrated results can be obtained at real-time.

This paper is organized as follows. Section II presents a
measurement model of MEMS magnetometer. Then, the unified



model and the parameter estimated method with the AKF are
investigated in Section III. Section IV gives the simulation and
experiment tests are designed to evaluate the performance of the

proposed method. The conclusions are summarized in Section V.

II. THE MEASUREMENT MODEL OF MEMS MAGNETOMETER

The measurement error of magnetometer mainly comes from
external environment interference and device design defects. Its
full parameter measurement model can be expressed as [7]:

W Co(C.Cm b )b O

Where, S, represents scale factor, C,, represents non-
orthogonal matrix, C, represents soft iron interference error,

m" represents direction cosine matrix from navigation frame to
body frame, b, represents magnetic field vector under

navigation system, b, represents hard iron interference error,
represents bias error, 1, represents random noise.
In this paper, the navigation frame is defined as the North-

East-Up (ENU) frame, and the carrier coordinate system is
defined as the right front upper coordinate system.

Expansion (1), it has
m’ =S C, C.Cim"+S,C, b, +b +mn, 2)

C

constant, it is reasonable because the soft iron and the hard iron
are not change when the calibration is carried on the same
position. Then, (2) can be simplified as

w> Cy> b, ,and b are

Assuming the parameters S, , C

m’ =Cm’+b+1 (3)
where,
C = Sme)Cs[
m’ =C’m"
b = SfC)wbhi + bm (4)
1] = Tlm

Based on the aforementioned analysis, the measurement
model of the MEMS magnetometer is given by (3). In the next
section, we will give the measurement model for the MEMS
magnetometer arrays, and the unified calibration method based
on the adaptive Kalman filter is investigated.

III. CALIBRATION FOR THE MEMS MAGNETOMETER ARRARY

A. The Unified Measurement Model
From (3), one measurement model of the magnetometer
arrays can be given by:

m” =C,m"+b, + 1, 5

where, i =1--- N denotes the ith MEMS magnetometer of the
arrays; b, denotes the body frame of the ith magnetometer.

It can be seen from reference [12] that the traditional
parameter estimation based on the least square method will be
affected by the random noise in the measurement model and

cannot achieve the optimal estimation of the parameters.
However, the maximum likelihood estimation and other
methods are used to calibrate the parameters, which leads to the
defect that the amount of calculation increases and the real-time
calibration is impossible. In this paper, MEMS magnetometer
arrays are used to optimize the calibration process, and iterative
least square method is used to estimate the unknown parameters,
with the purpose of achieving the real-time calibration. Firstly,
it is necessary to analyze the equivalent model of MEMS
magnetometer arrays and the feasibility of noise reduction
process by modeling.

Taking the average of the N magnetometers, it has
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Assuming the body frame is the PCB board frame, then it has
m" = C/m’ ®)

It is well-known that the matrix C}/ is the constant matrix,
thus the average model (6) can be expressed as the unified model:
m’ =Cm’+b +7 )

where,

M=

— 1
C=y 266 (10)

Comparing (9) with (3), it can be found that the form of the
two equations is same. However, taking the advantage of the
average operation, the measurement noises of (9) are less than
the corresponding noises in (3). Thus the estimated bias error of
the traditional methods is decreased. In the next subsection, we
will show the estimated bias error, which is caused by the
measurement noises, and give the adaptive Kalman filter for the
parameter calibration.

B. Parameter Estimation with the Adaptive Kalman Filter

Before the parameter estimation, the parameter model is
investigated firstly. Using (9), it has

mb:E’l(Ell’—B—ﬁ) (11)
Due to the orthogonal property of the matrix C’; , it has

] =] (12

It is well-known that he magnitude "m"" is constant in the

fixed point of the earth. Thus, the magnitude ”m/’ " is also
constant.

C’m"
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Taking the magnitude calculation of (11)

R R
= (@’ ~b-7) (C') €' (A" ~b-7)
Define R:((_Tl )T C', (13) can be calculated by
2 =y T =y T\
—(m b) R(m b) 14)

2(i’" ~b) Rij+7'Ri

. = = = =57
Define the unified measurement m” :[mﬁ ) m’Z’J ,

the unified bias b = [Bx Ey BZ ]T , (14) can be expanded as
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where, 1, (l' =12,3;j= 1,2,3) represents element of the matrix
R . It is worth noting that there are nine unknown parameters in
matrix C . However, due to the symmetric property of the
matrix R, there are just six unknown parameters in matrix R .
Thus, it is impossible using the matrix R to calculate the matrix
C . The transformation from R to C can be described by the
orthogonal matrix, the detailed analysis can be found in [12]. It
is noted that this orthogonal matrix can be determined by the
reference system, such as turntable, or accelerometer.

Then, (15) can be rewritten as
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It is noted that the measurement noise v in (16) is non-
Gaussian, and n' R is the bias error. Thus, the magnitude

calibration method for one magnetometer is not optimal [12].
When using the MEMS magnetometer arrays, the magnitude of
the random noise is reduced. Thus, the bias error is reduced, and
the calibration results are more accurate.

Based on the aforementioned analysis, the parameter model
can be constructed as

X, =X
{ ) (19)

Based on this parameter model, the adaptive Kalman filter
can be given by [14,15]

e, =y, —H X, (20)
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Then, the parameter can be estimated by (22). In the next
subsection, we will give the parameter transformation, which is

using %, transformto R and b.
C. Parameter Transformation

e Calculating b
Using (18), it is known that

1 X, X7 X3
by =1X,6 X Xig X (25)
X1 Xig X X5

where, X, , (i =1---9) denotes the ith element of the estimated

vector X, .

e Calculating R
Based on (18), the r, ;, of R, can be calculated by

o — n 2

rk,ll_"m " kv+xk1b +Xk2b 2T

o o o L, (26)
2Xk,6bk,xbk,y +2X,,b, b, .+ 2Xk,8bk,ybk,z ~Xio

Then, the other parameters of R, can be calculated by

Lois =X 70 Ts =

X sl 27)
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To calculate the calibration matrix C , the Singular Value
Decomposition (SVD) method can be used. Using the SVD
method for R, it has

oo =Xl Tas = X0hon



T
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Then, the calibration matrix C can be expressed as

C,'=u QU’ (29)

Substituting (25) and (29) into (11), the calibrated outputs of
the magnetometer arrays can be obtained.

IV. SIMULATION AND EXPERIMENT

In order to verify the effectiveness of the proposed method,
simulation and experiment tests are designed, and the calibration
results are analyzed.

A. Simulation Test

In the simulation test, the geomagnetic field information in
Suzhou area is selected as reference. Referring to the
international geomagnetic information database, it can be seen
that the geomagnetic field intensity in Suzhou area is

"m" " =491.682mG , the magnetic declination is -5.9° (positive

in North by East), and the magnetic declination is 47.5° (positive
in downward direction). Therefore, the unit geomagnetic vector
in the ENU frame can be  expressed as:

m" =[-0.0695 0.6720 —0.7373]". In order to simplify the

design, it is assumed that the soft iron interference and hard iron
interference of each MEMS magnetometer are the same, and the
scale factor error and non-orthogonality error of each sensor are
the same. Referring to [12], the parameter matrix C; in (5) is set
as:

07 -08 04
c=11 03 -01 (30)
03 06 0.7

The attitude angle of the matrix C} is set as the random

angle, which mean value is 0° and standard deviation is 0.1°, the
bias error b, in (5) is set as the vector, which mean value is 0

mG and standard deviation is 490 mG. the measurement noise
of each magnetometer is set as the vector, which mean value is
0 mG and standard deviation is 1 mG. The attitude of the PCB
board is changed as

0, =20°sin(207k / M)
¢, =20°sin(207k / M + 7/ 2) @31
v, =360%/ M

where, 0, , ¢, , v, denote pitch, roll, yaw, respectively; M

denotes the numbers of the samples of the magnetometer outputs.

The sampling rate of the magnetometer is set as SOHz.

Using the above setting parameters and the measurement
model (5), the outputs of the magnetometer arrays, which
contain 32 magnetometers, are depicted in Fig. 1.

It can be seen from the Fig. 1 that the outputs of MEMS
magnetometer arrays contain different bias errors, but the
change tendency of different magnetometers outputs is
consistent. This is validating the above analysis. Due to the

difference between R and C , we use the setting C to
calculate the truth R, and the truth R is used as the reference
matrix to validate the performance of the calibration method.

0 50 100 150 200 250 300
R K

Fig.1 The normalized outputs of the MEMS
Magnetometers array
To validate the performance of the MEMS magnetometer
arrays, the 1# magnetometer, which is also calibrated by the
above method, is used for comparing. The unified calibrated
errors are defined as

eg = "vec(RM —R)” (32)
e, =[b, —b| (33)

where, R,, denote the estimated matrix R at the end of the
whole calibrated procedure; b,, denote the estimated bias b at
the end of the whole calibrated procedure; R and b denote the
corresponding reference matrix and vector, respectively; vec()
denotes the matrix operation, which is transforming the matrix
into vector by column; || || denotes the normalized operation for

a vector. It is noted that the whole calibration for the
magnetometers is based on the normalized operation of the
magnetometer operation, and this operation does not change the
performance of the calibration method [12]. Thus, the unified
calibrated errors are dimensionless.

Table I gives the statistics of the calibrated results.

TABLE L CALIBRATED RESULTS
Calibrated results Reference
4.0613  -1.0250 3.9474 1.0124 -0.3170 03674
1# R, =|-1.0250 13378 —0.6636 R=|-03170 0.8938 0.0709
Magnetometer 39474 —0.6636 6.1941 03674  0.0709 12407
N
b,,,=[0.1949 05882 -3.7665]" b=[0.4311 05419 -34]
11653 —-0.3572 0.5085 1.0124  -0.3170 03674
Magnetometer R,,=|-03572 09568 0.0509 R=|-03170 0.8938 0.0709
Arrays 0.5085  0.0509 14734 03674  0.0709 12407
b, =[-0.1707 -0.5806 0.4485]" b=[-0.1281 -0.5878 0.5096]"

It can be seen from the above table that the calibration result
of MEMS magnetometer arrays is closer to the true value than
that of single MEMS magnetometer. According to formula (32)
and (33), the unified error of calibration matrix R of 1# MEMS
magnetometer is 7.8578, while the corresponding error of
MEMS magnetometer arrays is only 0.354. The bias error of 1#
MEMS magnetometer after calibration is 0.4385, while the
corresponding error of MEMS magnetometer arrays is only




0.0748. It can be seen from the above results that the calibration
results of the MEMS magnetometer arrays used in this paper
have higher accuracy than the traditional single MEMS
magnetometer.
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Fig.2 The normalized magnitude

The calibrated results are used to correct the measurements
of the magnetometer by (11), and the normalized value of the
calibrated results is shown in Fig. 2. Fig. 2 shows that the
normalized value of the calibration results of the MEMS
magnetometer arrays has higher stability, with the standard
deviation of 0.0065, while the normalized standard deviation of
the calibration results of the 1# MEMS magnetometer is 0.0774.

B. Experiment Test

In this subsection, the experiment test will be carried out for
validating the performance of the magnetometer arrays. The
designed MEMS magnetometer arrays is shown in Fig. 3.
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Fig.4 The normalized outputs of the MEMS Magnetometer

array

The module is designed with 32 MPU9250 9-axis motion
sensors, and the STM32F407ZET6 is used for data acquisition,
the USB interface is used to transmit the raw data and the
calibrated results to the computer. The data sampling frequency
is 10Hz, and the unified clock line is used for control. The
sampling results of 32 magnetometers are shown in Fig. 4. From
the above sampling results, it can be seen that the outputs of
MEMS magnetometer arrays are similar to the simulation results,
that is, the change tendency of different magnetometers outputs
is consistent.

Since no true value in the actual system, ellipse fitting and
magnitude of the measurements before and after calibration are
used to evaluate the performance of the magnetometer arrays.
As shown in Fig. 5, the ellipse fitting results of data in four cases
are obtained. In Fig. 5, (a) shows ellipsoid fitting of the
measurement results of 1# MEMS magnetometer; (b) shows
ellipsoid fitting after calibration of 1# MEMS magnetometer; (c)
shows ellipsoid fitting of the measurement results of the MEMS
magnetometer arrays; (d) shows ellipsoid fitting after calibration
of MEMS magnetometer arrays.

zaxis
z axis
o

05
05
05

"4
~ -
~ et
— 0

0 <
o 05 N _—
y axis x axis y axis -1 X axis

1.1

Fig.5 The ellipsoid fitting figures
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Fig.6 The normalized magnitude

As can be seen from the above figures, (a) and (c) show an
obvious ellipsoid shape, and the center of the circle deviates



from the origin. This characteristic can be seen clearly in (a). It
can be seen from (b) and (d) that the fitting figure after
calibration is closer to the sphere. Moreover, the measurement
points in (d) are smoother than those in (b). Fig. 6 is the
normalized value of the calibrated results.

It can be seen from Fig. 6 that the standard deviation of the
normalized magnitude after the calibration of the MEMS
magnetometer arrays is 0.00745, while the standard deviation of
the normalized magnitude after the calibration of the 1# MEMS
magnetometer is 0.02762. The results show that the MEMS
magnetometer arrays have higher stability than the single
magnetometer.

V. CONCLUSION

This paper presents a calibration method for MEMS
magnetometer arrays. Firstly, the calibration model of MEMS
magnetometer arrays based on unified error parameters is
established; secondly, the real-time error parameter estimation
method based on Adaptive Kalman filtering algorithm is
designed; finally, simulation experiments and system
experiments are designed to verify the effectiveness of the
proposed method. The method designed in this paper reduces the
calibration error of MEMS magnetometer, which is easily
affected by random noise, and improves the stability of
calibration results. This method can also be used in MEMS
accelerometer calibration.
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