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The magnetic gradient tensor system configured by fluxgate magnetometers is subjected to different scale factors, three-axis
nonorthogonality, bias, and misalignment errors. All those errors above will influence the measurement precision directly, so the
magnetic gradient tensor system must be calibrated before use. In this paper, an error calibration method of the magnetic gradient
tensor system is proposed. The procedure of the proposed method is as follows. Firstly, the error calibration model of the single
fluxgate magnetometer is established and generated an ellipsoid mathematical expression. To simplify the calculation, the ellipsoid
mathematical expression is transformed into a linear model of intermediate variables, and then, error parameters are estimated by
the total least-squares method. Secondly, the orthogonal procrustes problem is adopted to calibrate misalignment errors. Finally,
simulations and experiments with a cross magnetic gradient tensor system are carried out for verification of the proposed error
calibration method. Results show that compared with the original least-squares method, the proposed method can increase the

measurement accuracy of the cross magnetic gradient tensor system greatly.

1. Introduction

Magnetic gradient tensor measurements [1-3] have many
theoretical advantages over conventional magnetic surveys
(i.e., vector and total magnetic intensity measurements). For
example, tensor elements are true potential fields with de-
sirable mathematical properties, magnetic gradient tensor
measurements are relatively insensitive to orientation errors
and geomagnetic gradients, and gradient tensor elements
can provide valuable additional information and have better
resolution. Based on those merits, magnetic gradient tensor
measurements are widely used in magnetic target detection,
demining, geological survey, and navigation. Over the past
decades, there has been growing interest in developing
magnetic gradient tensor systems, such as the hexahedron
magnetic gradient tensor system designed by the Naval
Surface Warfare Center [4] and the tetrahedron magnetic
gradient tensor system designed by the DSO National
Laboratories [5, 6].

Generally, superconducting quantum interference de-
vices (SQUID) [7] or fluxgate magnetometers are two major

sensors to construct a magnetic gradient tensor system.
SQUID sensors have the merits of high sensitivity and
precision, but the SQUID system needs to be liquid He-
cooled or liquid nitrogen-cooled, which results in the
SQUID system being complicated and expensive. Compared
with SQUID sensors, fluxgate magnetometers have the
advantages of small size, low power with relatively high
sensitivity, and low cost [8], so there are many kinds of
magnetic gradient tensor systems configured by fluxgate
magnetometers. However, being restricted by technological
limitations and manufacturing crafts, the magnetic gradient
tensor system is subjected to different scale factors, three-
axis nonorthogonality, bias, and misalignment errors [9]. All
those errors above will influence the measurement precision
directly, so the magnetic gradient tensor system must be
calibrated before use.

Magnetic gradient tensor system is always configured by
several vector magnetometers, so the error calibration
process can be divided into two steps: the first step is to
calibrate the single vector magnetometer, and the second
step is to calibrate misalignment errors between
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magnetometers. Many research papers have a focus on the
calibration of single vector magnetometer, and the cali-
bration method can be divided into vector calibration and
scalar calibration.

Vector calibration [10, 11] needs a rigorous calibration
magnetic field and a high-precision tri-axial nonmagnetic
platform, the calibration equipment is very expensive, and
the calibration procedure is complicated, so vector cali-
bration is not suitable for practical applications. However,
on the other hand, scalar calibration [12-14] is usually
described as the “poor man’s” calibration method, because
scalar calibration only needs a high-precision proton
magnetometer to monitor the background geomagnetic
field, and the calibration procedure is simple and easy to
perform. Yu et al. [12, 13] proposed a calibration method
for a magnetic vector gradiometer, but two or higher-order
small quantities were omitted in this method, and the
precision of the corrected outs was reduced. Gang et al. [14]
calibrated the magnetic gradient tensor system using a
linear calibration method, but two nonlinear conversions
were used to linearize the nonlinear mathematical model of
single vector magnetometer calibration, and the calculation
process was complicated. Zhen-tao et al. [15] achieved
calibration of the tetrahedron magnetic gradiometer with
the restriction of traceless and symmetric properties.
Calibration matrixes were estimated with a genetic algo-
rithm; however, the optimization algorithm was easily
trapped into local optimization, and the convergent speed
was slow.

In this paper, an error calibration method of the cross
magnetic gradient tensor system is proposed, and the cal-
ibration process is divided into two steps. Firstly, consid-
ering the scale factors, bias, and three-axis nonorthogonal
errors, an error calibration model of the single fluxgate
magnetometer is established, the nonlinear calibration
model is transformed into a linear model of intermediate
variables, and least-squares approximation method is a
traditional method to solve an over-determined system of
equations, which is called the original method in this paper;
however, the least-squares method is asymmetry, and mo-
tivated by this, the total least-squares method is introduced
to calculate the error parameters in this paper, which is
called the proposed method. Secondly, the orthogonal
procrustes problem is adopted to calibrate misalignment
errors. Simulations and experiments are carried out, and the
results show that the proposed error calibration method can
improve the measurement accuracy of the cross magnetic
gradient tensor system.

2. The Configuration and Error Model of Cross
Magnetic Gradient Tensor System

2.1. The Configuration of Cross Magnetic Gradient Tensor
System. The magnetic gradient tensor is defined as the
vector gradient of the magnetic flux density in three or-
thogonal directions, and the magnetic gradient tensor can be
represented by the following 3 x 3 matrix:
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There are nine components in the matrix G. In an area
that does not contain conduction currents, both the di-
vergence and the curl of the magnetic flux density are zero,
so the tensor is traceless and symmetric [16].
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According to equations (1) and (2), the number of in-
dependent components is reduced to 5, so the magnetic
gradient tensor matrix can be obtained by measuring the
independent 5 components.

The magnetic gradient tensor components cannot be
measured intrinsically in an actual measurement application,
so the tensor components are approximated by the difference
between two measurement readings of the magnetic field at
different locations. However, the real measured value is slightly
different compared to the theoretical value, and this difference
is commonly called structure error. Structure error is usually
affected by different configurations of fluxgate magnetometers.
The structure error of different configurations is analyzed in
reference [17], and research results show that the cross mag-
netic gradient tensor system has minimal structure error. Based
on the above results, a cross magnetic gradient tensor system is
designed in this paper, and the configuration of the cross
magnetic gradient tensor system is shown in Figure 1.

As shown in Figure 1, a right-handed coordinate system
is established, and the cross magnetic gradient tensor system
comprises four fluxgate magnetometers (1 to 4). Four
magnetometers lie on the plane xoy, and the baseline
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FIGURE 1: The configuration of the cross magnetic gradient tensor
system.

distance between two magnetometers along the same axes is
d. The magnetic gradient tensor of the point o can be es-
timated by the measurement readings of four fluxgate
magnetometers:
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where B;; (i = 1,2,3,4, j = x, y,z) is the j component of the
magnetometer i.

2.2.  Error Calibration Model for Single Fluxgate
Magnetometer. Due to manufacturing imperfections, the
fluxgate magnetometer is subjected to nonorthogonal error,
different scale factors, and bias. Nonorthogonal error is that
the three actual axes of the fluxgate magnetometer may not
coincide with the three-orthogonal axis. The geometrical
relationship of the nonorthogonal angles is shown in Fig-
ure 2, suppose O — XY Z is the actual measurement coor-
dinate system of the fluxgate magnetometer, O — XY, Z, is
an ideal three-axis orthogonal coordinate system, and
suppose the measurement axis OZ is completely aligned
with the ideal coordinate axis OZ. The plane YOZ is co-
planar with the plane Y,OZ,. The angle between the axis OY
and OY is y. OX' is the projection of the measurement axis
OX in the plane X,0Y, the angle between the axis OX and
OX' is 6, and the angle between the axis OX, and OX' is ¢.

Each measurement axis of the fluxgate magnetometer has
different biases and sensitivities, so we define b = [b,,, by, bz]T
as the biases and k,, k,, k. as the scale factors (sensitivities) for
0OX,0Y, OZ axes. Suppose B are the theoretical outputs under
the ideal three-axis orthogonal coordinate system O — XY, Z,
, B, are the actual outputs of the fluxgate magnetometer, and

FIGURE 2: Geometrical relationship of the nonorthogonal angles.

then, the relationship between B,, and B can be written as
follows:

k., 0 07[cosfcosg cosfsing sinf
B,=10k, 0 0 cosy siny [B+b+e
0 0 k, 0 0 1
=SCyoB+b +¢,
(4)

where S is the scale factor matrix, Cy, is the nonorthogonal
error coefficient matrix, and ¢ is the measurement noise of
the magnetometer. Equation (4) is the error model of the
fluxgate magnetometer.

Define the combined error parameter matrix
C = SCy (I + K), and then, the error model of the fluxgate
magnetometer can be described by

B,=CB+b+e (5)

Compared with the nonorthogonal error, different scale
factors, and bias, the measurement noise is relatively small, and
hence, it is negligible, and then, the error calibration model for
the fluxgate magnetometer can be written as follows:

B=C'(B, -b) (6)

According to equation (6), we know that the error
calibration for a single fluxgate magnetometer is to estimate
the calibration matrices C and b, and then, the corrected
output B can be obtained by equation (6).

2.3. Misalignment Error Model. Due to technical limitations,
the four fluxgate magnetometers cannot be completely aligned
with each other, and then, the misalignment error is brought
out. We calibrate the misalignment error using one of the
sensors as a reference. We use magnetometer 1 as a reference,
and the actual outputs of magnetometer 2-4 are transformed
into the reference orthogonal coordinate system of magne-
tometer 1. As shown in Figure 3, OX,Y,Z, is the reference
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FIGURE 3: Misalignment angles of the magnetometer i.

orthogonal coordinate system, and OX;Y;Z; is the orthogonal
coordinate system of the magnetometer i. OX,Y,Z, can be
converted to OX,Y,Z; by rotating around three orthogonal
axes. As shown in Figure 3, the procedure is as follows: firstly,
rotate OX,Y,Z, through angle & about Z, axes to OX’Y’Z’,
then rotate OX’Y’Z’ through angle  about X' axes to
OX"Y"Z", and at last, rotate OX"Y"Z" through angle y
about Y" axes to OX,Y;Z;. a, B,y are misalignment angles.

The mathematical relationship between the output of the
magnetometer i and the output of the reference magne-
tometer is described as follows:

B, = RiR;R;B,, (7)
cosy 0 —siny 1 0 0
whereR;=| 0 1 0 |,R,=]|0 cosf sinf |, and
siny 0 cosy 0 —sinf cosf

cosa sina 0
R; = |:—sin0c cosa 0:| are three coordinate-transforma-
0 0 1
tion matrices. Equation (7) is the misalignment error model
of the magnetometer i, and once the coordinate-transfor-
mation matrices are obtained, the actual outputs of the
magnetometer i can be transformed into the reference or-
thogonal coordinate system.

As discussed in Section 2.1, the tensor components
are estimated using the difference between two mea-
surement values of the magnetic field at different loca-
tions. Nonorthogonal error, different scale factors, bias,
and misalignment errors of the magnetometers will in-
fluence the measurement precision directly, so the
magnetic gradient tensor system must be calibrated
before use.

3. Error Calibration of Cross Magnetic Gradient
Tensor System

3.1. Error Calibration of Single Fluxgate Magnetometer.
Within a homogeneous magnetic field, the intensity of the
magnetic field is constant. By multiplying both sides of
equation (6) with the transpose, we can obtain
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B'B = (Bm - bo)T (C)TC(Bm - bo)

= const.

(8)

Define A = (C"1)TC™', and the following equation is
obtained:

B, AB,, — 2b"AB,, +b"Ab-B'B = 0. (9)

Equation (9) is the expression of an ellipsoidal surface.
Within a homogeneous magnetic field, the distribution
surface of actual outputs is an ellipsoidal surface, and the
distribution surface of theoretical outputs is a standard
sphere, so the error calibration of the fluxgate magnetometer
is a problem of the ellipsoidal surface fitting. Suppose the
actual output of the fluxgate magnetometer is [x, y, z]T, the
general mathematical expression of an ellipsoid can be
written as follows:

ax> + by’ + ¢z + 2f yz + 2gxz + 2hxy (10)
+2px+2qy+2rz+d=0.

Both sides of equation (10) are divided by the parameter
p» and the following equation is obtained:

S q

a, b, ¢, g h r d
X"+ =y + 2" +2=yz+2=xz+2—xy+2-y+2—z+—=-2x
p P P p p p p p p
(11)
N
i=1

A set of actual outputs {[xi, yi,zi]T} _, is obtained by
presenting the magnetometer in different orientations. Best
estimates  for  parameters  (a/p,b/p,c/p, f/p, g/p,
hip,qlp,rlp,dlp) in the least-squares sense can be found by
restructuring equation (11) because the parameters are
constant for all N measurements.

XnxoPox1 = Wysas (12)

where P=1/plabec fghaqrd],
W=[-2x, -2x, - —2xy]",

2 2 2

x% y% Z% 2y12, 2xy2y 2x1y; 2y, 2z; 1
X=|% 22 22 202 2%2 2%y, 2y, 2z, 1

oL : : : : .
XN YN ZN 2YNZN 2XNZN 2XNYN 2PN 22y ]

. Since rank (X) = 9 < N, equation (12) has no exact solution.

Finally, the least-squares approximation for the parameter

matrix P can be obtained by

Pyg =(XX") 'XW. (13)

The matrix W is affected by the magnetic noise, and the
least-squares approximation is obtained as a solution to the
optimization problem [18-20].

P, AW s} = argmin AW,
{ } PAW (14)
subject to XP = W + AW.

However, both X and W are measurement data, and the
matrix X is also affected by the magnetic noise. From
equation (14), W is corrected while X is not, and then, the
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least-squares method is asymmetry. Provided that both X
and W are affected by the magnetic noise, it is reasonable to
treat them symmetrically, and then, the optimization
problem becomes that

{PTLS’ AXypss AWTLS} = arg P’IAnXi’IAlw [[aX aW] “F (15)
subject to (X + AX)P = W + AW.

The estimated solution of equation (15) can be obtained
by the total least-squares method [21, 22]. Define the matrix
G = [X W], and the singular value decomposition of the
matrix G is written as follows:

C=[XW]= UZVT,where X =diag(oy,05...,00)s

(16)

where 0,,0,,...,0,, are the singular values of the matrix C,
and the right unitary matrix V can be rewritten as follows:

9 1

Vi Vi, 9. (17)
Vioxio =

Va Vyp 1

If V,, is nonsingular, then the total least-squares solution
exists and is given by

isTLS = _V12V£21- (18)
Py, is a total least-squares solution of equation (12). The

relationship between the calibration matrices A,b and the
estimated error parameters is as follows:

ah gl
A=lnb T (19)
g f¢cl
}’5-.
b=-A"7]| (20)
7]
b'Ab-B'B = 4. (21)

The measurement is carried out within a homogeneous
magnetic field, and the intensity of the magnetic field ||B|| is
measured by a scalar proton magnetometer. The calibration
matrices A, b can be obtained by solving equations (19)-(21).
Thus, to accomplish the calibration of the single magne-
tometer, we need to estimate the parameter matrix cl
Since A is a symmetric positive definite matrix, the Cholesky
factorization [19] of A provides a unique upper triangular
matrix C” !, such that (C"1)TC~! = A. Then, the calibrated
output B of a single magnetometer can be obtained by
equation (6).

3.2. Misalignment Error Calibration. According to the
misalignment error model of the magnetometer i (2-4), the
misalignment error calibration of the magnetometer i (2-4)

is to estimate the coordinate-transformation matrices, and
the orthogonal procrustes problem [23] is adopted to de-
termine the coordinate-transformation matrices in this
paper.

Suppose we get N (N > 3) groups of measurement data
by presenting the cross magnetic gradient tensor system in
different attitudes. After the error calibration for a single
fluxgate magnetometer, the corrected outputs of magne-
tometer i are M, = [B; --- Byl where
B,y = [BiNx,BiNy,BiNz]T, the corrected outputs of the ref-
erence magnetometer are M; = [B,;---B;y], suppose
M, M is nonsingular, the singular value decomposition of
the matrix M;M] is MM = U,y V} , where Uy, V,, are
3 X 3 unitary matrices, and ¥ is a diagonal matrix. The
optimal orthogonal matrix R minimizes the transformation
from M; to M,, specifically,

min i |B.; - RB,-j"zsubject toR'R=1L (22)
j=1

The optimal solution of equation (22) is unique and
given by R =U,, V), and then, the corrected outputs of
magnetometer i can be transformed into the reference or-
thogonal coordinate system.

4. Simulations and Experiments

4.1. Simulations. Simulations are performed to verify the
performance of the proposed calibration method with Matlab.
We set the average total intensity of the geomagnetic field as
50000 nT, the declination angle as —7°, and the inclination
angle as 55°. Four simulative magnetometers are used to
configure the simulated cross magnetic gradient tensor system,
the baseline distance is 0.5 m, and error parameters of the four
simulative magnetometers are shown in Table 1. Put the cross
magnetic gradient tensor system under the uniform geo-
magnetic field environment, and the sampling data are ob-
tained by presenting the cross magnetic gradient tensor system
in different orientations. 1000 groups of measurement data
under different system orientations are recorded.

To simulate the magnetic noise of the measurement, we
add independent Gaussian white noises with a mean of 0 nT
and a variance of 6nT in each axis of the different mag-
netometers. With 1000 groups of measurement data, error
calibration parameters are estimated by the total least-
squares method, and error calibration matrices calculated by
the proposed method are shown in Table 2. The raw data are
calibrated using the error calibration matrices as shown in
Table 2. To compare the calibration performance, the cor-
rected outputs of the original calibration method and the
proposed method are both shown in Figures 4 and 5.

According to the simulation results, the fluctuations of
the magnetic field intensity and magnetic gradient tensor
components are large before calibration, and the fluctuations
are mainly caused by the measurement of the system under
different orientations. After calibration, the fluctuations of
the corrected outputs decrease obviously. As shown in
Figure 4, before calibration, the max deviation of the
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TaBLE 1: Error parameters of the simulated cross magnetic gradient tensor system.
Sensor 1 Sensor 2 Sensor 3 Sensor 4
k, 1.045 1.053 1.065 0.973
ky 0.981 1.041 0.985 1.033
kz 0.975 0.971 1.049 1.042
b, /nT 129 -83 85 93
by/nT 88 76 93 71
b,/nT ~74 131 -65 -89
t///rad 0.051 0.026 —0.044 0.047
(p/rad 0.037 -0.033 0.035 0.042
O/rad -0.029 0.049 0.039 -0.031
o/rad 0 0.032 0.043 —0.035
Blrad 0 0.042 0.036 0.031
y/rad 0 0.035 0.037 0.045
TaBLE 2: Error calibration matrices of the proposed method.
c! b R
0.958 —0.0378 0.0317 [ 129.374 1
Sensor 1 0 1.0207 -0.0524 86.4032
0 0 1.0257 L —73.8938 ]
Sensor 2 0.9514 0.0317 -0.0514 [ —83.2236 ] 0.9988 —0.032 0.0363
enso 0 0961 -0.0268 76.9102 0.0334 0.9986 —0.0408
0 0 1.0299 L 130.8063 ] —0.035 0.042 0.9985
Sensor 3 [0.9403 —0.0356 —0.0387 ] [ 85.773 1] 0.9983 —-0.043 0.0385
0 1.0163  0.042 93.115 0.0443 0.9984 -0.0343
) 0 09533 | —64.9406 | ~0.037 0.036 0.9987
Sensor 4 [1.0292 -0.0407 0.0317 7 [ 93.3409 ] 0.9984 0.035 0.0439
0 0.9692 -0.0451 70.9987 —0.0336 0.9989 —0.0325
L O 0 0.9597 | L —88.8917 | —0.045 0.031 0.9985

magnetic field intensity is 3916 nT; however, the max de-
viation of the corrected data is 14 nT.

As shown in Figure 5, before calibration, the max de-
viation of the tensor components is 12290 nT/m, and after
calibration, the max deviation is reduced to 34.4 n'T/m, so we
can see that both the original calibration method and the
proposed method can calibrate the magnetic gradient tensor
system effectively.

RMS (root-mean-square) errors are used to represent the
error calibration performance, and the formula is written as
follows:

(23)

where e; is the calibration error between corrected data and
ideal data, and N is the number of measurement orienta-
tions. Then, the RMS errors of total magnetic intensity
before and after calibration are listed in Table 3. RMS errors
of tensor components before and after calibration are listed
in Table 4.

According to the RMS errors of total magnetic intensity
shown in Table 3, the background geomagnetic intensity is
uniform, and both the original calibration method and the
proposed method can achieve the accurate calibration of the

single magnetometer, so the RMS errors of corrected data
are in the Gaussian noise error range; however, the per-
formance of the original method is slightly worse. According
to the RMS errors of tensor components before and after
calibration shown in Table 4, RMS errors of all the com-
ponents calibrated by the proposed method are smaller than
the original method, and the RMS errors of B, can be
reduced by 31.6% of errors of the original method.

4.2. Experiments. Experiments were carried out in Heikuang
Mountain, Yantai, China, where the external magnetic in-
terference was very low. A cross magnetic gradient tensor
system consisting of four homemade fluxgate magnetom-
eters is shown in Figure 6. To avoid additional magnetic
interference, the holder is made of aluminum. The baseline
distance of the system is 0.26 m. To find a relatively steady
background geomagnetic field, a proton magnetometer is
used, the accuracy of the proton magnetometer is 1 nT, and
the resolution is 0.1 nT. The average value of the measured
background geomagnetic intensity was 52368.3nT. 80
groups of measurement data were recorded by presenting
the cross magnetic gradient tensor system in different ori-
entations. Then, we used the measurement data to calibrate
the cross magnetic gradient tensor system, and the results
were shown in Figures 7 and 8. As we knew that in a uniform
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F1GURE 4: Comparison of total magnetic intensity before and after calibration.

geomagnetic field, the corrected output of the total magnetic
intensity should be close to the background geomagnetic
intensity, and the corrected output of the magnetic gra-
dient tensor components should be close to 0 nT/m. As
shown in Figure 7, the fluctuations of raw data are large,
and the max fluctuation of the raw data is up to 3880 nT,
and after calibration, fluctuation of total magnetic in-
tensity is descended evidently, the corrected outputs are
close to 52368.3 nT, the corresponding RMS errors of the
four fluxgate magnetometers are presented in Table 5, and
both the original method and the proposed method can
calibrate the single fluxgate magnetometer’s error

effectively. As shown in Figure 8, because of the single
fluxgate magnetometer errors and misalignment errors,
the actual outputs of the magnetic gradient tensor com-
ponents have big deviations, and after calibration, the
corrected outputs are close to 0 n'T/m. The corresponding
RMS errors of tensor components are presented in Ta-
ble 6, the RMS errors of the proposed method are smaller
than the original method, and the RMSE of B, can be
reduced to 31.316 nT/m by the original method; however,
the RMSE of B, calibrated by the proposed method is
14.158 nT/m, and 54.79% of errors can be reduced by the
proposed method, so the results of the experiments show
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FIGURE 5: Comparison of tensor components before and after calibration.
TaBLE 3: RMS errors of total magnetic intensity before and after calibration.
Reference sensor (nT) Sensor 2 (nT) Sensor 3 (nT) Sensor 4 (nT)
Raw data 1112.7 1576.1 2073.5 1799.8
Corrected data by the original method 3.914 4.037 3.873 4.035
Corrected data by the proposed method 3.892 3.989 3.829 3.993
TaBLE 4: RMS errors of tensor components before and after calibration.
Bxx Bxy sz Byx Byy Byz Bzz
(nT/m) (nT/m) (nT/m) (nT/m) (nT/m) (nT/m) (nT/m)
Raw data 3549.9 6958 5765.3 4455.6 29204 5036.6 5113.1
Corrected data by the original method 6.242 9.917 7.069 7.499 7.21 7.115 9.55
Corrected data by the proposed method 6.142 6.785 7.067 7.299 6.953 7.113 9.468
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FIGURE 6: Cross magnetic gradient tensor system.
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FiGure 7: Comparison of total magnetic intensity before and after calibration.
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FIGURE 8: Comparison of tensor components before and after calibration.
TABLE 5: RMS errors of total magnetic intensity before and after calibration.
Reference sensor (nT) Sensor 2 (nT) Sensor 3 (nT) Sensor 4 (nT)
Raw data 1147.16 914.77 1080.62 1055.16
Corrected data by the original method 4.199 3.777 4.772 4.725
Corrected data by the proposed method 4163 3.703 4.654 4.534
TABLE 6: RMS errors of tensor components before and after calibration.
Bxx Bxy sz Byx Byy Byz Bzz
(nT/m) (nT/m) (nT/m) (nT/m) (nT/m) (nT/m) (nT/m)
Raw data 3317.25 2723.87 2936.66 8606.44 4405.69 1752.09 7213.74
Corrected data by the original method 51.736 31.316 17.545 29.711 20.691 13.226 65.439
Corrected data by the proposed method 28.302 14.158 17.196 18.655 16.153 13.047 32.214
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that the proposed method is more accurate and reliable
than the original method.

5. Conclusions

Considering different scale factors, three-axis non-
orthogonality, bias, and misalignment errors, the error
calibration method of the cross magnetic gradient tensor
system is proposed. Firstly, the error calibration model is
established, and then, the calibrated parameters are es-
timated with the total least-squares method. Simulations
and experiments with a cross magnetic gradient tensor
system are carried out for verification of the proposed
error calibration method. The simulation results show that
before calibration, the max deviation of the tensor
components is 12290 nT/m, and after calibration, the max
deviation is reduced to 34.4 nT/m, so the proposed cali-
bration method can calibrate the tensor system effectively.
The experiment results show that the RMS errors of the
proposed method are smaller than the original method,
and the RMSE of B, can be reduced to 31.316 n'T/m by the
original method, and however, the RMSE of B, calibrated
by the proposed method is 14.158 nT/m, and 54.79% of
errors can be reduced by the proposed method. The
proposed method can increase the calibrated accuracy
compared with the original least-squares method, so the
proposed error calibration method has a high value for
practical application. Comparing the two methods, the
traditional method (the least-squares method) has much
lower accuracy than the proposed method (the total least-
squares method). However, the least-squares method has
less amount of calculations than the total least-squares
method. The singular value decomposition of the matrix is
needed in the calculation of the total least-squares
method.

In this paper, an error calibration method with the total
least-squares method is proposed, and the corrected output
by the proposed method is comparatively accurate. How-
ever, the magnetic interference of the platform is not
considered in this paper, and in the future, an integrated
error calibration method should be proposed to calibrate
both the magnetic interference and the vector magnetometer
errors.
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