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Abstract

Calibration of magnetometer is an essential part to obtain high measurement precision. Howev-
er, the existing calibration methods are basically the calibration of all attitudes, which means tough
work when the magnetometer is applied in strapdown inertial navigation system ( SINS). So a quick,
easy and effective calibration algorithm is developed based on the ellipsoid constraint to calibrate
magnetometers. In this paper, the measuring principle and error characteristic of the magnetometer
are analysed to study its magnetic interference. During the process, a magnetometer calibration mod-
el is set up to convert the calibration to ellipsoid fitting based on the characteristic of hard magnetic
interference and soft magnetic interference. Then the algorithm is tested by mimic experiment. The
result shows that measurement precision is improved after the calibration, and then the magnetometer
is installed in a control cabin of an underwater robot which is designed and developed by us, and ac-
tual magnetometer calibration experiments are conducted to further verify the validity of the algo-

rithm.
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0 Introduction

Magnetometer is widely used in the navigation sys-
tem. It measures the geomagnetic information by its
sensitive ness to the magnetic fields. It is low in cost
and small in size, and meanwhile, it is easy to be inte-
grated. Magnetometer is often used to form a small atti-
tude measurement unit with other sensors, such as ac-
celerometer and gyroscope, to measure the direction.
Nowadays, it has become an important composition of
the attitude measurement unit, and is widely used in
unmanned aerial vehicle, mobile robot, submarine and
satellite , etc. However, it is easy for the local geomag-
netic field to produce distortion for being affected by
external magnetic field, which can result in the error
between the measured direction and the actual geo-
graphical direction. Of course, the installation struc-
ture of the magnetometer and different electronic cir-
cuits can also result in the error. Therefore, it is very
necessary to calibrate the magnetometer before using it
to improve its precision[M] .

Many people have researched the problem in aca-
demia. Some scholars use EKF (extended Kalman fil-
ter) to estimate the zero bias and the calibration factors

of the magnetometers”’’ | and propose the UKF (un-

scented Kalman filter) method for magnetometer cali-
). By comparing with the EKF method, it
comes to the conclusion that the UKF is more efficient.

bration

Some academics have done a lot of research work on
the calibration of the alignment error of the magnetome-
ter, the calibration factor error of the soft magnetic in-
terference and the zero offset of the hard magnetic in-
terference using the improved two-step estimation algo-
rithm, and the validity of the algorithm is verified in a
small UAV (unmanned aerial vehicle)'”’. Some aca-
demic researches on the error correction of the three-
axis magnetometer utilizing the neural network algo-
rithm'®' | the precision of the magnetometer after cali-
bration is improved. However, the parameters obtained
through neural network training are easy to spread un-
der different environmental samples. Some academics
calibrate the magnetometer using the constrained least
squares algorithm given the feature that the interference
magnetometer measurements can be simplified into the
ellipse'®’. The MTi products of the Xsens Company on
the market are also using the least squares method to

L10]

calibrate the magnetometers at present However,

the existing calibration methods are basically the cali-

[11-14

bration of all attitudes'"™* | which means tough work

when the magnetometer is applied in SINS. So it is of
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very practical significance to suggest a quick, easy and
effective calibration algorithm. Given the idea, a cali-
bration algorithm is prosed to calibrate hard magnetic
interference and soft magnetic interference of the mag-
netometer based on the ellipsoid constraint. In this pa-
per, the measuring principle and error characteristic of
the magnetometer are analysed, and the calibration al-
gorithm is proposed based on ellipsoid constraint. Fi-
nally the algorithm through mimic and actual experi-
ments is tested and verify the validity of the algorithm
is verified.

1 Principle and error analysis of magne-
tometer

1.1 Measurment Principle of the Magnetometer

The magnetometer works through induction of the
geomagnetic field. The geomagnetic field is a vector
field, and its intensity can be decomposed into three
components, the north, the east and the vertically
downward direction.

It is assumed that the magnetic field intensity in
the horizontal plane projection is H, and there is an
angle between H and geographical north direction,
which is called magnetic declination and indicated by
the letter shown in Fig. 1. Therefore the north-south di-
rection of the compass points is the geomagnetic north
and south, which has a deviation with the geographic
north and south direction, the deviation is called mag-
netic deviation. The magnetic heading is defined as the
angle between the horizontal plane projections of the
carrier’ s vertical axis with the local magnetic meridian
when the magnetometer works on the carrier. The
three-axis magnetometer measures the components of
the longitudinal axis, transverse axis, and vertical axis
to be H,, H, and H, respectively. Hence, the projec-
tions of the geomagnetic intensity on the geographical
coordinate system and the carrier coordinate system can
be presented by the transformation matrix between the
two coordinates.

H, 10 0 cos 0 - sing
H |=10 cosy sin'y] : [ 0 1 0
H, 0 -—siny cosy sinf 0  cosf
Hcosys
* | — Hysinys (1)
Hjtana

where, H, is the horizontal component of the magnetic
field, « is magnetic inclination, i is yaw angle, 6 is
pitch angle, v is roll angle. The angle calculation for-
mula is got;

H, sing

H, cos¢ (2)

¢ = arctan
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Fig.1 Magnetometer measurement model

1.2 Error Analysis of the Magnetometer

There are many measurement errors during the
process of the magnetometer measurement, generally
divided into manufacturing error, installation error, at-
titude signal error and compass deviation. The manu-
facturing error is related to many factors, mainly mani-
fests in three aspects. The first is the zero error which
is caused for the reason that the zero point of the sen-
sor, analog circuit and A/D converter is not zero. The
second is the sensitivity error caused by different sensor
sensitivities. The third is orthogonal error, which is
caused for the reason that the three sensor measuring
axes cannot be mutually perpendicular completely dur-
ing the manufacturing process. The installation error is
caused for the reason that we cannot guarantee that the
three axes of the sensor are parallel to the longitudinal ,
transverse and vertical axis of the carrier respectively.
The attitude signal error is due to the signal error of the
pitch angle and the inclination angle. Although it does
not belong to the magnetic heading system, it can re-
sult in the heading error when it is involved in the nav-
igation position calculating. Compass deviation is due
to the influence of the ferromagnetic materials around
the magnetic sensor. It is a specific error during the
heading measurement using geomagnetic field, which
can be divided into the hard magnetic material interfer-
ence error and the soft material interference error. Soft
magnetic materials get magnetism after magnetized by
the magnetic field for it has no magnetism itself. And
its magnetism varies along with the variation of the
strength and the relative direction of the geomagnetic
field. The direction of the force of the soft magnetic
material on the magnetometer is related to the mutual
position between the soft iron and the magnetometer,
and its strength is related to soft iron material, soft iron
attitude, the exciting magnetic field and the distance
between the soft iron and the magnetometer. The hard
magnetic material is the permanent magnet on the car-

rier, whose strength and direction are fixed and has no
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change along with the course and the latitude. The
hard iron on the carrier is from DC ( direct current) ,
permanent magnet and the motor, etc. Thus it is ap-
parent that calibration is an essential procedure in or-
der to measure precision of the magnetometer.

The magnetometer calibration can be divided into
the factory calibration and the field calibration. There
can be non-orthogonal error and installation error dur-
ing the installation of the three-axis magnetometer.
Meanwhile, there can also be zero deviation and cali-
bration factor error due to the manufacturing factors.
All these errors need software compensation through the
factory calibration. The field calibration is to reduce
the effects the carrier and surrounding magnetic field
have on the magnetometer, and to improve its measure-
ment precision. For the magnetometer parameter ob-
tained by the factory calibration is stable, and the mag-
netic properties are not the same when magnetometer is
used in a different environment, it is very necessary to
compensate various magnetic interferences through the
field calibration.

2 Field calibration algorithm

2.1 Calibration model

The main consideration of the field calibration is
the hard magnetic interference and the soft magnetic
interference the magnetometer gets from the field envi-
ronment. The hard magnetic material on the carrier is
equivalent to a permanent magnet, whose strength is a
vector with fixed magnitude and direction. There may
be many hard magnetic materials around the sensors
with different magnetic strength and direction. But the
projection component of the synthetic magnetic field
from these hard magnetic materials on the three-axis
magnetic sensor is the same regardless of the changes
of the carrier attitude, for the sensors and the hard
magnetic materials are all fixed on the carrier. In other
word, the error caused by the hard magnetic material
interference is a constant error. Unlike the hard mag-
netic material, the soft magnetic material doses not
produce magnetic field. But it will influence the mag-
netic field around it after being magnetized, and the
strength and direction it influences is related to the en-
vironment magnetic field and the property of the soft
magnetic material. From the electromagnetism knowl-
edge, ferromagnetic material can be magnetized to pro-
duce magnetic moment under the action of external
magnetic field, and the vector sum of the magnetic mo-
ment per unit volume is the magnetization strength vec-
tor, whose magnetic moment strength is proportional to
the strength of the external magnetic field. For para-

magnetic, the direction of the magnetic moment is to
the external magnetic field, while for diamagnetic, the
direction is to the opposite direction of the external
magnetic field. Therefore, the inductive magnetic field
of the carrier is not only related to the strength of the
external magnetic field, but also related to the direction
of the external magnetic field. To sum up, the relation-
ship between the real value of the geomagnetic field
and the measurement value from the magnetic sensor
can be expressed as

H=AH +b +w (3)
where, H is the magnetic vector, the direction of the
geomagnetic field somewhere on the earth usually can
be obtained from sea chart or map, and it can be regar-
ded as uniform in a certain range. The letter is the
constant deviation caused by hard magnetic material in-
terference , that is the measurement noise of the magne-
tometer, and the letter is the calibration factor matrix
of the soft magnetic interference field, and its value
can be described as

Bxx Bxy ,Bx:
A=10 B, B. (4)
0 0 g8,

where, B; is the induction coefficient of soft magnetic
interference of field, i andj indicates x, y, z, B; repre-
sents the induced magnetic field component of the i di-
rection of the carrier on the jth direction of the magnetic
sensors, in other words, it means the increasing or de-
creasing coefficient of the magnetic field strength in the
ith direction for the reason of the soft magnetic interfer-

ence.

2.2 Field calibration algorithm

For the state of the interference magnetic field at
some point, a hypothesis is widely used now. That is,
the vertex of the total geomagnetic field can draw a
sphere with the variation of the sensor attitude in the
condition without interference magnetic field. For a
carrier with its attitude all-round changes, when there
is hard magnetic effect, the interference is equivalent
to adding a fixed value on the measurement of the sen-
sor, which can create a bias of the sphere model with
the original offset. However, when there is soft mag-
netic effect, the deformation of the sphere model occurs
and can be approximate to an ellipsoid, for the strength
of the induced magnetic field is different under differ-
ent attitude. Namely the effect the induced magnetic
field has on the geomagnetic measurement can be
thought as an ellipsoid which is drawn by the synthetic
vector vertex with the three components the sensor
measures, shown in Fig. 2.
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magnetic a,, a, a;
normal
interference| A = O Ay Ay ( 8 )
1 0 0 ay
0.5
0 Here, Eq. (7) can be further written in a matrix
n 0.5 form,
- x x ¥ ¥ z z x y
-1.59 Aa A a
2 HZH)’ Hﬁc HZ] .p (9)
15 where , the vector can be defined as:
is fn T aa 1
o5 P2 -2(ahby +ayapb, +aya;by)
=17 : P3 ah + a3
Fig.2 Measurement with external magnetic interference D4 2[ayapb, + (ad + k)b, + (apay + apnay )bs ]
ps |= a% + (1273 + (1%3
According to the above content, Eq. (3) can be Ps —2fayapb, + (a4 +d +a%)bs + (apap + ayan)b, ]
rewritten as P 2ayay,
A A A A A T ~ T _ Ps 2
| H|* =H'H=HQH-20"QH +b'Qb +0 | st * stz)
L @y @3 -

(5)

Q=(A")'A" 0 =2(H-b)"Q"0w +w'Q"Qw

(6)

Eq. (5) can be thought as an elliptic equation,

namely the measurement of the magnetometer is in an

ellipsoid, and therefore, the field calibration algorithm

of the magnetometer is put forward based on ellipsoid
constraint. Eq. (5) can be expanded as

[AJT * ﬁ = a%l(l/\{x)z + (afz +a§2)(ﬁy)2
+ (a% + a; + a§3>(ﬁz>2 +2a;,a,, I:Ix ]A{y

+2(aja, + apay,) H, H; +2ay,a,; H, H,

(10)
If vector p is already known, then the correlation
coefficient a;; can be got according to the corresponding

relation of elements in Eq. (10).

P7 P7
ay =% /p, A :2a =
11

. = Po _ Po
. 2a,, 2 /E,
n =T (D3 12 Ps 4p ,
1

2 2\ 12
ay; == (ps —ay; — ay)

- 2(‘1?1[71 +aja,b, + aa50;) [A{x p2 ) B 212
-2[a,a,b, + (‘ﬁl + agz)bz + (ajay, == [pS —a+ ( pzlp8 p27p9 1/2) ]
N 2‘ ) 4p, 2<4P1P3 _P7P1)
+ ayay ) by ] Hy -2[aja;b, + (aj, +a (11)
+ a§3)b3 + (apay, + ayay)b, ] H o (7) b, -2p, -y ~ P o 12
which is the coefficient of the matrix. by|=| —p, -2ps  —ps Da (12)
b, ~ Do ~ Ps - 2p; Ps
Hzll Hill Hxll Hfll }ll H2| zll x yll zH)ll x zll -pl_
HZIZ Hi'Z x|2 H?|2 y|2 H2|2 z|2 ¥ y|2 z w|2 x z|2 P>
P, B, H, K, HI, W\, HI, HHI, HHI, HHI,||P
P4
= pS
Ps
P7
IA{z | n-1 IA{i | n-1 IA{@ | n-1 ]A{i | n-1 IA{) | n-1 IA{Z | n-1 IA{Z | n-1 [A{ IA{}‘ | n-1 ﬁlz Aw | n-1 IA{x Az | n-1 Ps
Ly, d Ly, B, B, B, B, H, BB, HH, B, 1P

(13)
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Eq. (13) can be simplified as a matrix form:

A

2 _ .
H=D02 (14)
Value p can be estimated by the least squares al-
gorithm
A D" I Di-pT N
£1 [9“ nxn "Xg] 9Dx,m£n {{1 (15)

The required parameters can be obtained when the
estimate value p is brought into Eqs(11) and (12).

3 Simulation and field experiment

3.1 Simulation

At first, simulation is used to verify the algo-
rithm. It is assumed that the ideal measurement value
of the three-axis magnetometer is on the unit sphere,
the parameter change caused by the hard magnetic in-
terference is b, and the parameter change caused by
the soft magnetic interference is A after the field mag-
netic interference.

b =[0.5 0 sqrt(3)/2]
0.64 0.16 0.25
A=| 0 062 0.71 (16)

0 0 0.79
At the same time, the noise with its variance val-
ue 0.05 is superimposed on the measurement value.
Zhen we carries on the simulation, the result of the
ideal situation compared with the interference situation
is shown in Fig. 3

 ideal value
+ interference mea-value

4 2
Fig.3 Comparison between measured and ideal value
before calibration

After that, the proposed algorithm based on the
ellipsoid constraint is used to calibrate the magnetome-
ter, the parameters is

b =105 0.1 0.95],
i 0.64 0.16 0.27
A= 0 063 072 (17)

0 0 0.78

The measurement value after calibration is very

close to the ideal value, shown in Fig. 4

* ideal value
+ adjust value

Fig.4 Comparison between measured and ideal value
after calibration

3.2 Field calibration experiment and the results
Our experiment platform is an underwater robot
designed by our laboratory. At first, IMU ( inertial
measurement unit ) is installed with magnetometer
(Fig.5) in the control cabin of the underwater robot
(Fig. 6), and then the data of the magnetometer can
be collected. As we all know, the magnetometer needs
to be rotated by 360 degrees around the three-axis di-
rection in the process of calibrating the magnetometer
using traditional calibration algorithm, especially, the
magnetometer needs to be kept in the three orthogonal
planes during the rotation, which may be easy to cali-
brate a single magnetometer, but it is not convenient to
conduct the calibration experiment for the whole under-
water robot. Yet such calibration operation require-
ments are not needed using the ellipsoid constraint al-
gorithm, all we need to do is to collect the data of 3-D
attitude rotating part. The calibration process is simple
and the efficiency of calibration is raised, as shown in

Fig. 7.

Fig.5 IMU with magnetometer
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Fig.6 Underwater robot

Fig.7 3-D data of field calibration

The data of the three-axis magnetometer obtained
before calibration is shown in Fig. 8
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Fig.8 Field measurement data before calibration

Then the magnetometer is calibrated, and the re-
sults got through the calibration algorithm is as
0.15 0.08 0.68 7. 14
A= 0 0.15 —O.SO], b=[—5.16]
0 0 -1.68 -0.36
(18)

The data of the three-axis magnetometer obtained

after calibration is shown in Fig. 9.

In order to see more intuitively, the magnetic
strength data before calibration is compared with the
data after calibration, as shown in Fig. 10

From Fig. 10, it can been seen that the measure-
ment value after calibration of the magnetometer is im-
proved dramatically.
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Fig.9 Field measurement data after calibration
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Fig. 10 Strength value comparison before and after calibration
4 Conclusions

In this paper, a quick, easy and effective algo-
rithm is introduced to calibrate the magnetometer based
on ellipsoid constraint. After analyzing the measuring
principle and error characteristic, the calibration prob-
lem to ellipsoid fitting problem is coverted based on the
characteristic of the hard magnetic interference and the
soft magnetic interference, and the calibration algo-
rithm is proposed based on the ellipsoid constraint. Af-
ter simulation and actual field experiment with the un-
derwater robot, the validity of the algorithm is verified.
Compared with the traditional calibration algorithm,
this algorithm is much easier, and more suitable for ap-
plication in SINS. It can not only improve the calibra-
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tion efficiency, but also improve the measurement pre-
cision of the magnetometer.
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