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Abstract: Magnetic sensor tensor system detection is a weak magnetic target detection. It requires high accuracy for the tensor
system. In order to solve the problems of non-orthogonal error, scale factor error, zero error and non-alignment error in tensor
system, a tensor error correction method based on DA-LM algorithm is proposed. Using tensor rotation invariance and the
principle of scalar correction, a mathematical model including non-orthogonal error, scale factor error, zero error and non-
alignment error is established, and the DA-LM algorithm is used to solve the unknown parameters of the equations. This method
can not only estimate the parameters accurately. It can also calibrate the observed data to the orthogonal coordinates. The validity
of the method is verified by simulation analysis and experiment. The error is reduced from 2500 nT to 0.15 nT in the simulation
analysis and from 11000 nT to 200 nT in the experiment, and finally the position error is reduced from 13.15 m to 2.3217 m,

which further verifies the validity of the correction algorithm.

Keywords: Magnetic sensor tensor system, Weak magnetic target, Scalar correction, DA-LM algorithm.

1.

As one of the earliest methods of geophysical exploration,
due to its convenience, high efficiency, low cost and wide
range of work, it has been widely used in geological
exploration, underwater target location, space magnetic field
detection, military anti-submarine, underground unexploded
ordnance detection, medical endoscope location and so on[1-
5]. At the same time, the technology of magnetic exploration
has evolved from single sensor detection to sensor array
detection, from magnetic field modulus detection to magnetic
gradient detection and magnetic gradient tensor
detection[6].Compared to modulus and gradient detection,
magnetic gradient tensor detection can provide deeper
additional information of the magnetic field, which is not
controlled by orientation error and is insensitive to spatial
orientation and rotation noise. At the same time, it has a
higher spatial resolution and is not easily affected by
background magnetic interference and geomagnetic diurnal
variation.

As early as the 1970s, foreign scientists had conducted
research on magnetic gradient tensor detection. Since 1975,
Wynn et al. proposed a magnetic target location method based
on gradient tensor [7], the Institute of Physics and High
Technology in Jena, Germany [8], the US Geological Survey
[9], the Naval Surface Warfare Center [10-12], the Australian
GSIRO agency [13], Singapore, Italy and other national
research institutions have developed the fluxgate method
triangular tensor system [14-15].At the same time, the
Chinese Academy of Sciences, such as the Shanghai Institute
of Microsystems and Information, the Chinese Centre for
Aeronautical Geophysics Survey and Remote Sensing under
the Ministry of Land and Resources of the People's Republic
of China, Chongqing University, China Shipbuilding Heavy
Industry and Jilin University have also started to study the
magnetic gradient tensor structure[16-26].

There are two common error correction methods for
magnetic  sensors: auxiliary vector correction and
independent scalar correction.Auxiliary vector correction is
performed by comparing the magnetic field vector with a
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known one [29-30] and then making a reference correction to
the magnetic sensor data, but in practice it is difficult to obtain
a high accuracy magnetic field vector. Independent scalar
correction, does not require a known magnetic field vector, it
uses a constant value of the magnetic field as a constraint for
its correction. Independent scalar method is most commonly
used in magnetic sensor array error correction for the two-step
correction method [31], which means that the first correction
of a single sensor non-orthogonal, scale factor, zero bias error,
then the non-alignment error is corrected, and the magnetic
field modulus is constant in both steps. A correction method
based on the invariance of the magnetic gradient tensor has
also been proposed by [32], but the correction algorithm used
in this paper is sensitive to the initial values, making it easy
to fall into local minima when solving for the parameters. On
this basis, this paper proposes a method for error correction
of magnetic sensor arrays based on the DA-LM algorithm.

The structure of this paper is as follows: Chapter 1
introduces the development stage of magnetic exploration
technology, the magnetic tensor detector and the general
development status of error correction; Chapter 2 first
analyses the error sources of the magnetic sensor array,
establishes the error calibration model, and then introduces
the basic principle and implementation steps of the DA-LM
algorithm; Chapter 3 demonstrates the effectiveness of the
algorithm in the tensor correction process through simulation
experiments and real measurement experiments, respectively;
Chapter 4 summarises the work done in this paper.

2. Methodology

2.1. Sensor array error model analysis

Magnetic detection technology has evolved from modal
detection and gradient detection to magnetic gradient tensor
detection, which has attracted the attention of researchers
because it is not limited by total field measurement, can
effectively respond to the vector information of magnetic
targets, is not controlled by orientation errors, is insensitive to
spatial orientation and rotation noise, has higher spatial
resolution, and is not easily affected by background magnetic



interference from the environment and daily geomagnetic
variations. The most common tensor structures are triangular,
cross, square, orthotetrahedral and right-angled tetrahedral. In
practice, the magnetic gradient tensor is obtained using the
difference approximation rather than the partial differential
approximation, but the tensor system has different tensor
formulae for different structures. In the literature [33], Liu
Limin et al. listed the tensor formulae for several common
structures and analysed the errors of the five independent
components of the tensor under different structures, and
concluded that the one with the smallest error was the cross-
type tensor structure.

The magnetic sensor tensor system is the basis for the
application of weak magnetic target localisation and the
accuracy of the localisation is directly dependent on the
accuracy of the magnetic sensor tensor system measurements.
The magnetic gradient tensor for practical applications is
obtained using the differential approximation rather than the
partial differential approximation and therefore requires even
higher accuracy from the tensor system. Individual magnetic
sensors have non-orthogonality, scale factor and zero bias
errors, and when multiple sensors are short-circuited together
there is a mounting error between the magnetic sensors, which
combined with the effects of the external environment can
make tensor measurement errors of thousands of nanometres,
so the sensor array must be carefully calibrated before use.

In the presence of both the magnetic sensor inherent error
and the misalignment error, the relationship between the
magnetic field test value and the ideal value can be expressed
as:

L denotes the
B()

where 4 denotes non-orthogonal error,
scale factor error, 7 denotes non-alignment error,
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For a quasi-static field in a non-conducting medium, the

magnetic field has a dispersion and a spin of 0, i.e. VxB=0
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Ve B=0. This means that 5 of the 9 elements of the magnetic
gradient tensor are independent, and then G can be rewritten
as:

“)

Furthermore, a very important feature of the magnetic
gradient tensor are the derived tensor invariants, which do not
change with rotation of the coordinate axes. In a uniform
magnetic field all tensor invariants are zero, in a non-uniform
field they are all non-zero constants except I0.

1,=B,+B +B_=0
B.B,+B B_+B.B,_ -B] -

11 x Ty w Tz 2z xx
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The schematic diagram of the magnetic gradient tensor
structure is shown in Figure 1. The system coordinates are set
as follows: the centre of the array is the origin, the x-axis is
along the direction from magnetic sensor 3 to 1, the y-axis is
along the direction from magnetic sensor 4 to 2 and the z-axis
is up.The gradient field is approximated by the difference in
values between two separated magnetometers. In this case,
the modified gradient field can be expressed in vector form as:

2 2
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where G, is the vector | B, | and G, is the vector
BZX

Bxy

B, | . The cross-shaped structure has no sensor in the z-

B

2y
direction, so the gradient field along the z-axis is calculated
from the symmetry of the magnetic gradient tensor.

So the expression of the tensor invariant I1 is:

1,=f(B,.B,.B..B,.B,.B,
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The basic principle of this correction method is that the
tensor system rotates with its centre and the tensor invariants
are all a constant. All parameters are estimated by minimising
the residuals at N sampling points during the rotation, with
the objective function set to:
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Equation (8) is a non-linear function with 24 correction
parameters and one constant. The 24 correction parameters
are solved by the DA-LM algorithm.

Figure 1. Structure of the cross tensor structure

2.2. Principle of the DA-LM error correction
algorithm

(1) LM algorithm

The LM algorithm is a modification of Newton's algorithm.
It solves the problem that Newton's algorithm cannot
guarantee that the search direction is always descending and
the Hessian matrix is always positive definite. The basic idea
of Newton's method is to use the first and second order

derivatives at iteration ¥, to make a quadratic approximation
to the objective function, then use the quadratic model
minima as new iteration points and repeat the process until an
approximate minimum that satisfies the accuracy is found.
When the objective function:  f:R" — R is second-order
continuously differentiable, during the Taylor expansion of
the function f at point X, the terms are ignored more than
three times, and the quadratic approximation function can be
obtained as follows:

S = fix, )+ (x-x,)glk, )+ éH(xk )x-x,)° ©

where g(x, )=Vf{x, ) denotes the first-order derivative of
f at point x,, H(x,)=V’f{x,) denotes the second-order
derivative of f at point x, . If we apply the necessary
condition for local minima of the first order to this, we obtain:

Vi) =gl )+ Hix, )(x-x,)=0 (10
If H(x, )> 0, the minimum point of the function f is:
X =X -Hx, )" g(x,) (11)

This is the iterative formula of Newton's method. In the
case of a single variable, Newton's method does not converge
to a minimum point if the second derivative of the function
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/" <0 . In the multivariate case, if the Hessian matrix H(x, )

of the objective function is non-positive, the search direction
determined by Newton's method is not necessarily the
direction in which the value of the objective function
decreases. To solve the above problem, introduce the damping

factor x>0 and modify the iterative equation as:

Xy = % - (H )+ )" g(v,) (12)

Aslong as u is large enough, it is always guaranteed that
the search direction d, =-(H(x,)+u )" g(x,) is a descent

direction. This is the iteration formula of the LM algorithm.

(2) DA algorithm

The DA algorithm is a bionics algorithm proposed in 2016
by Mirjalili. The main idea comes from the static foraging
behavior and dynamic migration behavior of dragonflies in
nature. In static swarms, small groups of dragonflies fly back
and forth over a small area in search of other flying prey, and
local movements and temporary changes in flight path are
characteristic of static swarms. In dynamic groups, large
groups of dragonflies migrate long distances in a common
direction and against the prevailing wind to find better living
conditions.The algorithm uses the dragonflies' habits to
classify them into five categories of behaviour: separating,
lining up, aligning, finding prey and avoiding natural
predators. The separation weight, orientation weight,
coalescence weight, prey weight factor and natural enemy
weight factor in the algorithm are used as the dragonfly's
behavioural degrees to update the dragonfly's position, and
the algorithm is able to improve the initial random parameters
of a given problem to converge to a global optimum.

Mathematical expression for the DA algorithm:

AX,.,=(sxS,tax A, +cxC+ fxF,+exE)+o x4X, (13)

where s is the separation weight, a is the alignment
weight, ¢ is the cohesion weight, f is the prey weight
factor, e is the natural enemy weight factor, ¢ is the
number of current iterations, and «' is the inertia weight; S,
is the position vector for the separation behaviour of the ith
dragonfly, 4, is the position vector for the queuing
behaviour of the iz dragonfly, C, is the position vector for
F is the
position vector for the hunting behaviour of the ith
dragonfly and E, is the position vector for the avoidance

the alliance behaviour of the ith dragonfly,

behaviour of the ith dragonfly.

In nature, dragonflies are on the move most of the time for
survival reasons. Therefore, their position has to be updated
in real time. So there are:

X=X t4X,, (14)

Although the LM algorithm can solve for multiple
unknowns simultaneously, there is still a risk of falling into
local minima if the initial values are not chosen appropriately,
which can affect the accuracy of the solution. The DA



algorithm, as a global search algorithm, uses its strong global
search capability to find the global best position, and then
uses its output parameter values as initial values for the LM

algorithm, which performs the local search. Figure 2 shows
the specific flow of the DA-LM algorithm.

initialization parameter: k=1, kmax=500, Maximum population

initialize the spatial position vector and field radius,
set the weight factor
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Figure 2. The flows of the DA-LM algorithm

3. Results and Discussion

3.1. Simulation analysis

Now suppose there is a uniform field with a background
magnetic modulus B=55000 nT, a magnetic inclination
I=-5° and a magnetic declination D =60°. The simulation
experiment diagram is shown in Figure 1, let its x-axis
positive direction pointing due east (E), y-axis positive
direction pointing due north (N), z-axis up, baseline L=0.2m,

sensors 1 and 3 are parallel to the x-axis and pointing from
sensor 3 to sensor 1, sensors 2 and 4 are parallel to the y-axis
and pointing from sensor 4 to sensor 2. It is assumed that the
coordinate system of the four sensors is the same as the
coordinate system of the cross-shaped magnetic sensor array
structure. According to the uniform field, the magnetic field
measured by each sensor is the same size, and then rotated
around the x-axis, y-axis and z-axis respectively to obtain 360
sets of data after rotation, the rotation operation is shown in
Figure 3.

(a)Rotate around X-axis

(b)Rotate around Y-axis

(c)Rotate around Z-axis

Figure 3. Schematic diagram of rotary operation
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After rotating to obtain 360 data sets, the G matrix of the
sensor centroids, as well as I, and C,, are solved using

differential approximation. As shown in equation (5), there is
a quadratic relationship between I, and C,, so only one

needs to be chosen to analyse calibration performance, with
the ideal C,=0 in a uniform field. Now set the non-
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orthogonal, scale factor, zero bias and non-alignment
parameters of each error, generate the corresponding test data,
calculate the C, value with error, and then use the DA-LM
algorithm proposed in this paper for error correction, the C,

value before and after correction is shown in Figure 4, the
preset parameter values and DA-LM predicted values are
shown in Table 1.
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Figure 4. Schematic diagram of rotary operation

It can be seen in Figure 4 that the C, measured by the

sensor array with errors in the uniform field ranges from
1000nT to 2500nT, with an ideal value of 0, while the
magnetic gradient tensor invariant C, drops to OnT after

correction by the DA-LM algorithm. The difference between
the corrected C, value and the ideal value is only 0 to 0.15
nT, indicating that the DA-LM algorithm is effective in
correcting for tensor-invariant C, .

Table 1. Parameter defaults and DA-LM estimates

Parameter Preset values DA-LM estimates
1.005299 —-0.001392 0.001493 1.002217 -0.001124 0.001309
P, 0.001563  1.005903  0.000238 0.001016 1.000229 -0.000055
-0.001224 0.000889 1.004697 -0.001219 0.000955 0.998851
74.904786 100.000002
0, -21.269311 —52.679788
-11.136718 -11.028415
0.998299 —0.001096 0.001940 0.998755 —0.000956 0.001258
P, 0.000447  1.001201 —0.000635 0.000208  1.000724 —0.000564
-0.001309 0.000391  0.998899 —0.000842 0.000298  0.998738
-28.992672 16.908453
0, 113.791501 99.232721
79.066059 100.000002

The above simulation analysis shows that the DA-LM
correction algorithm proposed in this paper is applicable to
both non-uniform and uniform fields. The effectiveness of the
algorithm proposed in this paper will be further verified by
practical experiments later on.

3.2. Experimentation

Magnetic sensors are extremely sensitive to changes in the
surrounding magnetic field and therefore need to find an open,
flat area in the field with little variation in the magnetic field.
In addition to the magnetic sensor itself and installation errors,
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the solar magnetic variation also has a large influence on the
measurement of the magnetic sensor, and the experimental
time was chosen at night when the solar magnetic variation
has less influence. The non-magnetic turntable is placed on a
flat surface and a 20cm cross-shaped non-magnetic
aluminium frame is mounted on the non-magnetic turntable.
The non-magnetic aluminium cross frame is marked 1, 2, 3
and 4. A coordinate system for the magnetic sensor array is
established as shown in Figure 1 and the initial state is aligned
with the geographic coordinates. The positive y-axis is
oriented to geographic north, the positive x-axis is oriented to



geographic east and the positive z-axis is oriented vertically
upwards. As there are only two three-axis magnetic sensors,
the measurement of this cross-shaped sensor array is
performed in two steps, with the two sensors placed in
positions 1 and 3, and then in positions 2 and 4 of the cross-
shaped non-magnetic aluminium frame. The coordinates of
the three-axis magnetic sensors are aligned with the array
coordinate system, while the magnetic field modal values are
recorded using a high precision proton magnetometer to
continuously monitor the magnetic field changes in the field.
The overall field calibration setup is shown in Figure 5.

AN

for the field

calibration

After the calibration experimental platform was built, the
vertical axis of the turntable was first fixed and the horizontal
axis was rotated for one week to collect data, then the angle
of the vertical axis was changed and the horizontal axis was
rotated for another week to collect data. 46 sets of three-
component magnetic field data were collected in this
rotational manner. The tensor components were calculated
according to the tensor formula of the cross-shaped tensor
structure, and then the C, values of the actual test data were

calculated, and the C, values before and after correction are
shown in Figure 6.
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Figure 6. C; values before and after correction

As can be seen in Figure 6, the DA-LM algorithm reduces
the CT values in the real measurement from 11000nT to
2000nT, indicating that the correction algorithm proposed in
this paper is effective. However, the experimental
environment is not a uniform and constant magnetic field, and
there will be factors such as interference from magnetic
sources, and the error model established in this paper does not
fully cover all errors.

3.3. Positioning experiment

To further demonstrate that the DA-LM algorithm is
effective for error correction of the cross-shaped tensor
structure, a comparison of the positioning effect before and
after correction is next made using the TMG improved
positioning method proposed by Xiaoyu Tang [31]. The
detection target uses a rectangular permanent magnet with a
modulus value of 24/m’ and the positioning platform and
calibration are consistent. The positioning results before and
after calibration are shown in Table 2.

Table 2. Positioning effect before and after correction

TMG Three .
iti Distance
Real position calculated | component
error/m
value error
Bef: 1.25 -4.7869 -6.0369
correecc:)trii)n 1.285 7.5782 6.2932 13.1500
-0.75 9.0942 9.8424
Aft 1.25 -0.4945 -1.7445
correcetgon 1.285 2.2478 0.9628 2.3217
-0.75 -1.9415 -1.1915

The positioning data in Table 2 shows that the correction
method proposed in this paper reduces the positioning error
from 13.15m to 2.3217m, which indicates that the correction
method proposed in this paper is helpful in improving the
positioning accuracy and proves the effectiveness of the
method in this paper.

4. Conclusion

This paper presents an integrated correction method based
on the relationship that the invariants of the magnetic gradient
tensor do not vary with the coordinate system. An error
correction model is first developed, then a parameter solution
algorithm is proposed, and finally the error parameters are
used to directly correct the output values of the magnetic
gradient tensor system. Simulation results show that the



improvement rate of the method is as high as 95%, and
practical experiments verify the feasibility of the method, but
there is a certain decrease in the improvement rate due to the
influence of the measurement environment, etc. The method
proposed in this paper is also applicable to other structural
types of magnetic gradient tensor systems and provides the
basis for further applications of magnetic anomaly data at a
later stage.
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