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Abstract

®

CrossMark

The strapdown magnetic vector measurement system, which can measure the magnetic vector
and the attitude of a magnetometer simultaneously, has wide applications in geophysical
prospecting, etc. Calibration of systematic errors, including magnetometer errors and
misalignment errors, is essential for this system. Traditional methods calibrate these two errors
separately, with the problem of cumbersome steps and being dependent on special data
acquisition methods, such as rotation. An original method that combines a plane compression
method with an ellipsoid fitting method is proposed in this paper, which can simultaneously
complete the calibration calculation of magnetometer error and misalignment error in one

experiment. The calculation can be performed using the spatial scatter point data required by the
traditional attitude-independent magnetometer calibration method, and no additional

mechanical equipment is required. A mathematical analysis of this method is performed to study
the elements decreasing the measurement accuracy of the system, and numerical simulation and
field experiments are performed to validate the analysis. The results indicate that the method can

contribute to the accuracy improvement of magnetic vector measurement systems.

Keywords: magnetic vector measurement system, magnetometer error, misalignment error,

inertial navigation system

(Some figures may appear in colour only in the online journal)

1. Introduction

The strapdown magnetic vector measurement system com-
posed of a triaxial magnetometer and inertial navigation sys-
tem (INS) can measure the east, north and vertical compon-
ents of a magnetic vector, which makes it more attractive
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than scalar magnetic measurement in geomagnetic navigation
[1-3], magnetic anomaly detection [4, 5] and underground
mineral exploration [6, 7].

The magnetometer obtains the three-axis projections of
the local magnetic field under its own coordinate, and
then it is restored to the geographic coordinate accord-
ing to the attitude information provided by the INS. How-
ever, the errors in the system will affect the measure-
ment accuracy. First, the triaxial magnetometer has inher-
ent errors, including the offset error, scale factor error and
orthogonality error. Second, there is a misalignment error
between the magnetometer and the INS. Since the above
errors can cause thousands of nT deviations, calibration

© 2023 The Author(s). Published by IOP Publishing Ltd
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is essential before using the magnetic vector measurement
system.

In previous research, the calibration of the triaxial magne-
tometer has been proposed and researched in depth [8—15].
The earliest solutions were to use a known magnetic source
for magnetometer calibration [8, 9]. However, these meth-
ods need to be conducted in a shielded chamber environment
and have a high requirement for the precision of magnetic
source generating equipment. The next generation methods are
attitude-independent calibration using the geomagnetic field
in situ, which was first proposed by Merayo in 2000 [10]. The
recent attitude-independent magnetometer calibration meth-
ods are mainly ellipsoid fitting methods based on least squares
[11-15]. These two kinds of methods can achieve great calib-
ration accuracy, but they cannot solve the misalignment error
in the magnetic vector measurement system. As a result, the
components of the calibrated magnetic data will still have
large fluctuations after they are restored to the geographic
coordinate.

Due to the need for installation, the three axes of the mag-
netometer and the three axes of the INS are not completely
aligned, which results in the misalignment error. The sens-
itive axes of the above sensors are both inside and have no
connection with the orientation of their shell body. There-
fore, the misalignment error is inevitable and cannot be elim-
inated by mechanical means. Since the post-processing of the
three-component magnetic survey data needs to be restored
to the geographic coordinate, it is particularly important that
the attitude data can accurately reflect the orientation of the
magnetometer. A series of methods were proposed by Li for
calibration of the misalignment between the accelerometer
coordinate and the magnetometer coordinate using the prop-
erty whereby the dot product of the geomagnetic field and
gravity field is constant [16, 17]. Pang proposed a hexahedron-
device-assisted method to calibrate the misalignment error,
but the method depends on the precision of the hexahedron
auxiliary device [18]. Wan reported a method using the Lag-
range multiplier to calculate the combined matrix of the mag-
netometer error and misalignment error. This method needs
to rotate the system via a planar positioning device several
times; thus, the calibration accuracy will be affected by the
rotation plane [19]. Gao proposed a method to calibrate the
misalignment error by constructing data plane normal vectors
[20]. The problem with this method is that when the accuracy
of the turntable is insufficient, the calibration accuracy will
decrease. Together, these methods have achieved satisfactory
results in calibration misalignment errors. However, the spe-
cial data acquisition mode they have adopted can lead to a
decrease in the accuracy of the calibration using the acquired
data.

Compared with previous methods, the main aim of this
paper is to propose a method that can simultaneously cal-
ibrate the magnetometer and misalignment error without the
need for rotation or additional mechanical devices. Also, this
method has potential application value for other sensor sys-
tems that need to use attitude data for coordinate projection.
The paper is organized as follows. Section 2 analyses and mod-
els the errors of the magnetometer and misalignment. Section 3

illustrates the construction method of the calibration objective
function proposed in this paper. Section 4 uses the simulation
experiment to prove the theoretical feasibility of the method.
Section 5 verifies the accuracy and robustness of the method
in practical applications via a field experiment. Section 6 dis-
cusses the problems and potential of the proposed method. The
conclusion is given in section 7.

2. Error modeling

Within a certain time, the geomagnetic field at the experi-
mental site can be considered as a constant. The value is set
as:

Hy=[ Hy Hy Hy ' 1)

where Hgy, Hyy, Hy, denote the projection of the geomagnetic
field in east, north and vertical directions of the geographic
coordinate.

The projection of the geomagnetic field on the magneto-
meter coordinate can be obtained by Euler’s rotation theorem
[21]:

H, (i) = R(i) - H,
R0 RO -R (5 R @

where «a, 3, v denote the heading, pitch and roll angles
provided by the INS, respectively. Here, i denotes the data
points.

The misalignment error reflects the angular deviation
between the magnetometer coordinate and the INS coordinate,
which is constant after the installation of the magnetic vector
measurement system. The definition of the three misalignment
error angles is shown in figure 1.

Equation (2) can be improved to equation (3) by adding the
misalignment error,

(i) ) Hg 3)

{ Hem (i) = R -
: x(ﬂm)'Rz(am)

= X

where oy, Om, Ym denote misalignment error angles.

Equation (3) can represent the theoretical value of the geo-
magnetic vector in the magnetometer coordinate, but the error
of the magnetometer, which includes the scale factor error,
orthogonal error and offset error, will lead to the deviation
between the measured value and H g, (i).

The scaling factor error is the deviation of the scaling factor
of the respective axis from the standard value, and its matrix
form is shown in equation (4):

I(S:diag( K Ksy Ky, ) “)

The orthogonal error represents the angular deviation
between the magnetometer coordinate and the orthogonal
coordinate, and its schematic diagram is shown in figure 2.

We assume that the x-axis of the magnetometer coincides
with an orthogonal coordinate. Here, O;, O, and O3 can
represent the three angles that define the orthogonal error.
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Figure 1. The definition of misalignment error angles.

XulXg)

Figure 2. A diagram of the orthogonal error in the magnetometer.

Accordingly, the projection of the orthogonal coordinate sys-
tem on the magnetometer coordinate can be expressed by
equation (5):

1 0 0
K,= | cosO;sin03z cosO,cos03 sin0, (®)]
sin O, 0 cos O

where K, denotes the orthogonal error matrix.
The offset error can be regarded as:

T
Kor = [ Koty Kofy Kot } (6)

where Koz, Kofy, Kof; denote the offset error on the three axes
of the magnetometer.

Based on the above analysis, the measured value of the
magnetic vector measurement system, including magneto-
meter error and misalignment error, can be modeled as:

Hy (i) = K, - Ko - Ry - R(i) - Hy + Kof )

where Hy denotes the measured value of the magnetic vector
measurement system.

3. Calibration method

Due to the fact that the exact geomagnetic vector H, is
unknown, equation (7) cannot be solved directly. Additional
constraints are required to calculate the error parameters.

The deformation of equation (7) is as follows:

RG) ™ Rn " Ko™ KT (Ho () = Kof) = Hg. - (8)

Since the Euler rotation matrix is an orthogonal matrix, the
dot product of its transposition with itself is the identity matrix.
Accordingly, equation (9) can be obtained from equation (8),

[(Ha (i) = Kon)" - G- (Ha (i) — Kur) /|H | =1 =0

6=k (K KK

where
81 84 &5
G=1| g & &
85 86 83

Equation (9) is consistent with the equation of spatial ellips-
oids, and G and K can be obtained using an ellipsoid fitting
algorithm when |H,l is known [22]. The value of |H,| can be
obtained by the magnetic total field magnetometer. Therefore,
the objective function of the ellipsoid fitting method can be set
as follows:

e = min{ [(Hd (i) — Kof)" - G - (H (i) — Kof) /|Hgﬂ - 1} .
(10)

The inverse matrix of K and K, is set in equation (11):

1 0 O
K, '=| Ki K, Kj
Ki 0 K;s
K, '=diag( K¢ K7 Kg) (11)
where
__ _ sin0s sin O sin O3 _ 1
Kl T cosO3 + c0s 01 cos 0, cos O3 KS T cos O
_ 1 _ —1
Kz T c080;cos 03 K6 - KSX
— ____sinOy _ -1
K3 " ¢0s0jcos O, cos 03 K7 - KS}’
__ _ sin0; _ —1
Ky = -0 Ks =K,
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Figure 3. The data fitting diagram.

Matrix G can be expanded as:

Ki’K7? + Ki*Ks® + K*  KiK2K7* K K3K7? + K4KsKs?
G= K K> K72 K>*K7? K>K3K7?
KiK3K7? + K4KsKs®>  KoK3K72 K3?K7% + Ks2Ks®
(12)

The expressions for each element in the G matrix that can
be obtained by equations (9) and (12) are as follows:

KKy = /g2 KiKi= % KKy =

I
K:Ke = / _ K Ki.Ks = (828578486)
e £ 0 \/ 82%83—8286” (13)

(gzgs 8486)
82%83—8286°

K=o =i

Substituting equation (11) into (13) gives the equation for
the calculation of orthogonal error angles:

—K4Kg
0= arcsm( KoKy )

_ . —K3K7cos O

0, = arcsin (71(2[(7 ) (14)
_ 7K5K7 SinOz

(03 = arccos (71(3 % 605 0 )

When the Oy, O; and O3 angles are known, K, K, and K;
can be solved by equations (11)—(13). So far, the error matrices
K,, K and K¢ have been solved.

Set:

H, (i) =K, ' K71 (Hy (i) — Kof) - (15)

The known magnetometer error matrices are brought into
equation (15) to calculate the value of H}(i).

Equation (16) can be obtained by deforming equation (7):

= R - R(i) - Hy
=Run-Ry(7:)R

Hy (i)
(Bi) R (i) - Hy.  (16)
After calibration using the ellipsoid fitting method, the tra-
jectory formed by H|(i) is a spatial sphere. The trajectory fit-
ting graph of the data is shown in figure 3.
The sphere is formed by the projection of the geomagnetic
field on the three axes of the magnetometer at different atti-

tudes. Theoretically, we can restore the 3D sphere to a spatial

« Uncalibrated
+ Calibrated

z-component

y-component

X-component

Figure 4. A schematic diagram of the misalignment error effect.

circle using Euler’s rotation theorem. Its matrix form is shown
as equation (17),
. 1 - .
Hy' (i) Ry(v) ™ - R~ - Hy (i)
a7

— R, (o) Hy = Ri(8) "
where i denotes the different magnetic data.

The unknown R, matrix will cause the restoration result to
deviate from the space circle, as shown in figure 4.

According to the rotation theorem, the trajectory formed
by the rotation of a vector around a spatial axis is a spatial
circle perpendicular to the rotation axis. The lines on the spa-
tial circle can be obtained by vector subtraction. Equation (18),
constructed by the normal vector theorem, is as follows:

1]+ (Hg' (7)

To simplify the expression, we set:

f))=10 0

—Hy' (j))- (18)

[0 0 1]-R(B)-Ry(w)=[a b «]=0Q().

19)

Substituting equation (19) into equation (18) for matrix cal-

culation leads to equation (20):
£4) = Q) Ra™ " Hi() — Q(j) - R~ - H} () (20)
where i and j denote the data points.

The value of f(i, j) is zero when all points lie on the spatial
circle. Then, the calibration of the misalignment error angles is
transformed into a ternary nonlinear equation after this deriv-
ation. Theoretically, it can be solved using a simple nonlinear
least square method with the measured data of three different
attitudes. However, calculations with too little data will cause
the random errors of the INS to seriously interfere with the res-
ults. To enhance the anti-interference ability of the calibration
algorithm, 30 points data are used in one experiment. Based
on the principle of pairwise subtraction of vectors, C3, = 435
equations can be constructed. The objective function to solve
this problem is set as follows:

€>, = min Z Zf(i,j)

i=1 j=i+1

@

After the above analysis, the final objective function
€ = €1+€; is used to calculate the calibration parameters.
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4. Simulation £ 25035 T : : 36000
= —#— Calibrated Uncalibrated
= 25030 31000
In this section, numerical simulation experiments are carried & 5502 26000
) . o 5025
out to verify the theoretical feasibility of the proposed method. &
g 25020 121000
(5]
. ) . % 25015 : L L L L 16000
4.1. Simulation setting 10 20 30 40 50 60
In the simulation, we set up two different sets of background £ -4040 P . — 10000
. . . —#— Calibrate ncaliprate
geomagnetic vector fields to verify the effectiveness of the pro- ; - 4000
posed method when the background geomagnetic vector field g 2000
at the experimental site changes due to magnetic anomalies. &
. . g -8000
According to the actual local magnetic field, the first set of
. . ) 1 I I L L
the geomagnetic vector field is assumed to be Hy; = [25022 ~4060 10 20 30 40 50 60_14000
—4053 47 374] and the |H | value is calculated as 53 729.2 nT.
. . ~ 47385 T T r
Magnetic anomalies were added to the first set of data t.o gener- & o— Calibrated Uncalibrated | 54000
ate the second set of data. We assume that the magnetic vector &
. . L 8 !
of the magnetic anomaly at the experimental site is [-917 530  § SoL00
—5251]. The second set of geomagnetic fields can be calcu- 46000
lated as Hy = [24105 —3523 42123] and the |Hg| value is 12000
48 020.4 nT. These two sets of background geomagnetic vec- 60
tor fields will generate simulation data using the same error 5 ——
parameters. it - SEe00
Misalignment error angles and orthogonal error angles are 5 S 157200
set as: ‘% 53729 55800
g 53728 154400
[0 0, O3 ]=[17° 35 21°] E
. 8 53727 . . : : . 53000
[am Bm A |=[57 21° 35°] S 10 20 30 40 50 60

Therefore, the misalignment error and orthogonal error
matrices are obtained according to the preset values:

0.9934  —-0.0969 0.0610
Rn=] 0.0993 0.9944  —0.0367
—0.0571  0.0425 0.9975
1 0 0
K, =] 0.0365 0.9975 0.0366
0.0297 0 0.9996

The scaling factor error and bias error are set to:

1.08 0 0 4.9
Ki=| 0 102 0 Ky= | 3.4
0 0 1.033 0.7

The noise of the magnetometer was set as white Gaussian
noise with zero mean and its standard deviation (SD) was
0.3 nT. The error of the attitude angles from the INS was
set as the mean value of 0 and the SD value of 0.015°. Sixty
groups of attitude angles are generated randomly. The simu-
lation data can be obtained by substituting these preset values
into equation (7).

4.2. Simulation results

The simulation data use the MATLAB program for calibration
calculation. The calibration results are shown below:

Dataset 1: A comparison of the data before and after calib-
ration is shown in figure 5.

Measurement Points

Figure 5. Calibration results of dataset 1.

The error parameters obtained by solving the first set of
simulation data using the proposed method are:

[ am Bm m | =[57002° 2.1006° 3.4947° ]

0.9934 —0.0969 0.0609
Rn=1] 0.0993 09944 —0.0367
—0.0570  0.0425  0.9975

[0/ 0, 05 |=]1.6998° 3.5134° 2.1006° |

1.0000 0 0 ]
K,= | 0.0366 0.9976 0.0367
0.0297 0 0.9996 |
1.0800 0 0 [ 4.8171
Ky = 0 1.0199 0 Ky = | 3.4128 |.
0 0 1.0330 ] | 0.7585 ]

Dataset 2: A comparison of the data before and after calib-
ration is shown in figure 6.

The error parameters obtained by solving the second set of
simulation data using the proposed method are:

[ m Bn m | =] 5.6999° 2.1007° 3.4967° |

0.9934 —0.0969 0.0610
Ry = 0.0992 09944 —0.0367
—0.0571  0.0425 0.9975
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£ 24100 20000
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[:‘:»3510 : : T . : 7000
S
z 23515 2000
5 -3520 -3000
=3 q
E 3525 8000
Q
$-3530 -13000
£ 42135 . . T r . 50000
= —8— Calibrated Uncalibrated
= 42130 47000
\ 4 44000
41000
38000
— 60
e
5 54000
= 52500
2 o
ot 51000
5
@ 49500
g
= 48000
=]
e 60

Measurement Points

Figure 6. Calibration results of dataset 2.

[ 01 0, 03 ]|=]1.6998° 3.5132° 2.1000° |

1.0000 0 0
K,=| 0.0366 0.9976 0.0366
0.0297 0 0.9996 |
1.0800 0 0 [ 4.8051
K= 0 1.0199 0 Ky = | 3.4112
0 0 1.0330 | 0.7575

Comparing the estimated error parameters of both datasets
with the preset values, the relative errors are less than 1.6%
and 1.7%. The calibration parameters for these two data sets
are almost identical, and the small deviations between them
are mainly due to the random noise.

The difference between the data calibration effects of the
two datasets was less than 0.1%. After calibration, the root
mean square error (RMSE) of the three components and mag-
netic intensity are within 2 nT and 0.18 nT, respectively. The
results show that the method can accurately calibrate the mag-
netic vector measurement system in any stable background
magnetic field, and the calibrated magnetic vector data will
always be concentrated around the true value after attitude
recovery.

5. Field experiment

The field experiment data are used to verify the accuracy and
reliability of the method in practical applications.

Figure 7. The experimental apparatus.

5.1. Experimental apparatus

The experimental apparatus included a triaxial magnetometer
(Bartington), an INS (NovAtel), a carbon fiber board (to fix
the magnetometer and INS), a Cs-3 optical-pumping magne-
tometer (to provide the geomagnetic total field value for cal-
ibration), a data acquisition system (to measure data) and data
acquisition software. The experimental apparatus is shown in
figure 7.

The performance specifications of the Mag-03 are: the
measurement range is 100000 nT (component value);
orthogonality is <0.1°; the scaling error is <0.5%; the offset
error is <=%5 nT; and the accuracy is =1 nT. The performance
specifications of the CS-3 optical-pumping magnetometer are:
the measurement range is 15000-105 000 nT, and the noise
envelope is 0.002 nT peak-to-peak (0.1 Hz). The accuracy of
the angle measurement of the INS is <0.015° (RMSE).

The field experiment was conducted in the suburb of
Changchun with a stable magnetic environment. Before the
experiment, we used a cs-3 optical-pumping magnetometer
to explore the magnetic environment in the area. The local
diurnal variation is less than 5 nT h~!, the magnetic gradi-
ent is less than 68pT m~! and the geomagnetic intensity is
53766.54 nT. Four replicate experiments were conducted at
the experimental site to verify the robustness and accuracy of
the proposed method. Each experiment collects 30 data for cal-
ibration calculation, and these data are evenly distributed in
space.

5.2. Experimental results

After calculation using the method in this paper, the calibration
parameters of all the experiments are shown in table 1.

Since it is nearly impossible to obtain the standard val-
ues of the magnetic vector field in the geographic coordin-
ate, we cannot calculate the RMSE without the true value of
the geomagnetic vector. In previous studies, researchers have
tended to use the International geomagnetic reference field
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Table 1. Calibration parameters.

SIN 1 2 3 4
Kt 1.0038 1.0038 1.0037 1.0038
diag [ 1.0011 diag [ 1.0011 diag [ 1.0013 diag [ 1.0012
1.0032 1.0031 1.0031 1.0031
o 0.0282° 0.0287° 0.0288° 0.0274°
—0.0253° —0.0251° —0.0251° —0.0249°
0.0470° 0.0470° 0.0473° | 0.0451°
Rm 2.5902° 2.5920° 2.5875° [ 2.5838°
—1.7526° —1.7516° —1.7521° —1.7515°
| —0.0437° | —0.0447° | —0.0432° —0.0426°
Kot [ 4.9830 [ 4.9831 [ 4.9803 [ 4.9861
1.2198 1.2193 1.2201 1.2410
| 4.5971 | 4.5980 | 4.5451 | 4.6558
Table 2. The evaluation index of the three components.
Experiment number No. 1 No. 2
Components x (nT) y (nT) z(nT) x (nT) y (nT) z (nT)
Calibrated 4.6 2.5 5.7 2.8 1.7
Before calibration 1471.0 1000.1 785.7 1260.4 1236.3 680.2
Feature Magnetic intensity (RMSE) Magnetic intensity (RMSE)
Calibrated 1.15 1.19
Before calibration 51.29 51.80
Experiment number No. 3 No. 4
Components x (nT) y (nT) z(nT) x (nT) y (nT) z (nT)
Calibrated 5.2 2.4 6.4 2.9 1.7
Before calibration 1461.2 870.9 807.4 1680.9 897.6 846.2
Feature Magnetic intensity (RMSE) Magnetic intensity (RMSE)
Calibrated 1.08 1.55
Before calibration 51.17 50.1

(IGRF) model as the true value of magnetic vectors. How-
ever, the IGRF model deviates from the actual local mag-
netic field value. According to the data of 29 geomagnetic
stations in China, the average RMSE of the IGRF model
and measured values is 146.9 nT [23]. It is unfair to use it
as an evaluation criterion for calibration effects. The fluc-
tuations in the three-component magnetic field after recov-
ery to the geographic coordinate system are caused by mis-
alignment errors. The better the misalignment error calibra-
tion effect, the smaller the three-component fluctuation. This
means that the dispersion of the calibrated data can reflect
the calibration effect of the misalignment error. Therefore,
the components’ accuracy of the calibrated magnetic vector
measurement system is evaluated using the SD value, and the
RMSE is introduced to evaluate the calibration precision of
the synthetic total magnetic field of the measurement data.
The magnetic intensity measured by the CS-3 optical-pumping
magnetometer was used as the magnetic field reference at
the experimental site. The calibration results are shown in
table 2.

In all four experiments, the average SD values of the three
components of x, y and z decreased by 99.6%, 99.7% and

99.7%, respectively. The slight deviation of the results is
attributed to the uncertain error of the INS. The RMSEs of
the magnetic intensity after calibration for the four groups
of experiments are 1.15 nT, 1.19 nT, 1.08 nT and 1.55 nT,
respectively. The largest residual occurred in experiment No.4,
which was caused by the insufficient coverage of the space by
this set of data.

A comparative experiment was carried out to demon-
strate the advantages of this method over traditional methods.
The same data were calculated using the traditional attitude-
independent calibration method as a comparison experiment.
There are two main reasons for this choice. First, the previ-
ous misalignment error calibration methods cannot be calcu-
lated using the experimental data. Second, the magnetic vec-
tor measurement system cannot work in the shielded room
environment without a global positioning system (GPS) sig-
nal, which makes it impossible to use the magnetic field gen-
erator to calibrate the system.

To visually demonstrate the calibration effect of the pro-
posed method, the calibration results of experimental data
No.4 using the proposed method and comparison method are
shown in figure 8.
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Figure 8. The calibration results of experimental data No.4. (a) The calibration results of the traditional ellipsoid fitting method. (b) The

calibration results of the proposed method.

Table 3. Comparison of accuracy with different methods.

Magnetic
Feature x(SD) y(SD) z(SD) intensity (RMSE)
Traditional 1675.6 8712 842.6 1.58
ellipsoid fitting
method
Proposed method 6.4 29 1.7 1.55

The calibration results of the comparison method versus the
experimental data are shown in table 3.

The results in figure 8 and table 3 show that the tradi-
tional attitude-independent calibration method is only valid
for the synthetic magnetic intensity but has little effect on
the component fluctuation caused by the misalignment error.
Compared with the traditional method, the proposed calibra-
tion method is not only effective for the synthetic magnetic
intensity, but also has a good suppression effect on the com-
ponent fluctuation.

The above experimental results show that the proposed
method can calibrate the errors of the magnetometer and mis-
alignment in the magnetic vector measurement system simul-
taneously and accurately.

6. Discussion

(1) The use of the plane compression method in ellipsoid fit-
ting enables misalignment errors to be calibrated simultan-
eously with magnetometer errors. This simplifies the calib-
ration process of the magnetic vector measurement system
and makes it convenient for use. In addition, the method
has the potential to be applied to other vector measurement
systems.

(2) The proposed method does not require a magnetic field
generator and planar positioning device. It eliminates
the need for additional mechanical devices to construct
constraints for solving error parameters. This avoids
the introduction of additional error sources and has the
benefit of higher accuracy and stability of the proposed
method.

(3) The proposed method has requirements for the coverage of
the data to the space. When the data can comprehensively
cover the spatial angle, the calibration accuracy will reach
its best result. How to increase the data coverage of the
space via an algorithm is one of our future research direc-
tions.

(4) The optimum accuracy of the proposed method is lim-
ited by the angular measurement accuracy of the INS.
The pairwise vector subtraction method in equation (20)
can reduce the influence of INS random errors on the
solution of systematic error parameters. However, random
errors in attitude data will still cause component fluctu-
ations when restoring magnetic vector data to geographic
coordinates.

7. Conclusion

This paper proposed a new method for the calibration of a
magnetic vector measurement system. The method innovat-
ively applies the theory of plane compression. It removes the
dependence of calibration constraints on the rotation of the
planar positioning device or machining device with a special
angle. Therefore, the calibration can be quickly performed via
simple operations and few experiments. The theoretical feas-
ibility of the method is verified by the simulation experiment.
The accuracy and robustness of the method in application are
verified by four replicate experiments in the same location.
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The experiment results indicate that the method can contribute
to the accuracy improvement of magnetic vector measurement
systems.
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