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Abstract: Three-axis fluxgate sensors are quite widely used in various industries. However, due to the inherent limitations of
their manufacturing process, various deviations can occur. In this paper, we study and analyze the sources of errors of three-axis
fluxgate sensors, and construct a corresponding error model. The three-axis fluxgate sensor is successfully calibrated by the
extended Kalman filter algorithm. Both simulations and experiments demonstrate that the method is effective in correcting the
three-axis fluxgate sensor. In the experimental stage, the error was reduced by two orders of magnitude by applying the extended

Kalman filter.
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1. Introduction

Magnetic exploration is one of the oldest geophysical
exploration methods, which plays an important role in various
fields such as national defense construction [1], aerospace [2,
3], mineral census, etc., in which the triaxial fluxgate sensor
is widely used because of its good stability and high
resolution. However, due to the influence of the processing
technology and the field environment, when using the three-
axis fluxgate sensor to detect the magnetic field of such a
weak signal, the three-axis fluxgate sensor will appear scale
factor error, non-orthogonal error, zero bias error and random
noise and other errors. And the simulation shows that,
Without error correction, the scale factor error of more than
0.001 will produce more than 50nT error on the measurement
results, the non-orthogonal error of more than 0.1°will
produce more than 51.08nT error on the measurement results,
and the zero bias error of more than 10nT will produce more
than 14.74nT on the measurement results, and the
measurement accuracy of magnetic sensors will be directly
related to the accuracy of the measured data, therefore, it is of
great significance to study how to reduce the error of
magnetic sensors to make them closer to the ideal state.

Wau et al. used a particle swarm algorithm to estimate the
magnetic sensor error, and effectively corrected the shortcut-
connected three-axis magnetic sensor error [4].In 2017, Yuan
et al. designed a spatial ellipsoidal magnetometer calibration
method based on adaptive genetic algorithm [5], which
simultaneously took into account the three-axis magnetic
sensor error and its installation error.In 2019, Luo et al.
corrected the three-axis magnetic flux gate sensor error [6].In
2022, Li et al. accomplished the calibration of a three-axis
fluxgate sensor by a combination of DA algorithm and LM
algorithm[7].

This paper analyzes the reasons for the error of the three-
axis magnetic fluxgate sensor to establish an error model,
based on the geomagnetic total field strength for a short time
as a constant scalar, the three-axis magnetic sensors in a
highly uniform, stable magnetic field rotation, the measured
magnetic data synthesized modal value after a fixed value, the
output value of the three-axis sensor is compared with the
modal value output from the scalar sensor, the use of

Extended Kalman Filtering algorithm to find out the
parameters. After simulation and experiment, the algorithm
estimates the parameters accurately and has a good calibration
effect.

2. Error Modeling and Parameter
Estimation

2.1. Error modeling

Three mutually perpendicular magnetic measurement units
are built into the fluxgate sensor in order to measure the vector
magnetic field at various points in space. However, due to the
limitations of the machining process, the positions of these
three magnetic measurement units do not achieve an ideal
perpendicular relationship, resulting in non-orthogonal errors.
If the space magnetic field projection on the ideal sensor
coordinate system for OXYZ, measured as Bx» By By, there
is a non-orthogonal error of the sensor's coordinate system for
theO:X,Y1Z,, the measured value of the By« By B1. O point
coincides with theO, point, the OZ and the O,Zco-axial, the
OY is in the OYZ plane, and let the OX in the OXY surface
of the projection with the angle of the OX is a, the angle
between OX; and the OXY plane is P, and the angle

betweenOY, and OY is vy, as shown below.
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Figure 1. Schematic diagram of the relationship between
the ideal triaxial sensor coordinate system and the non-
orthogonal error coordinate system



At this point B=[Bx By Bz]" ,B1=[Bx1 Byl Bz1], then we
have Bi=AB, which is obtained from the pinch relation in the
figurel, and the matrix A is as follows:
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Since a, B, and y are small angles then it is known that cos(a)
~ 1, cos(B) = 1, cos(y) = 1, sin(a) = 0, sin(f) = B, and sin(y) =
v. Then, the A-matrix can be simplified as follows:
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In the ideal case, when the measured magnetic field meets
the three components are equal, if the magnetic sensor three-
axis sensitivity element sensitivity is the same, then the three
components should be measured equal output; however, due
to the sensor technology limitations, often the three-axis
sensitivity element does not have the same sensitivity, which
leads to differences in the output value of each axis. Then
there is the following scale factor error matrix K:

ke 0 o0
K=|0 k, 0
0 0 Fk

Theoretically, under the ideal non-magnetic environment,
the measured value of the three-axis fluxgate sensor should
be zero. However, in practice there is residual magnetism in
the core of the fluxgate and there are problems such as
circuit drift, which results in the sensor's three-component
output not being zero, and there is a zero output bias. Then
there is a zero bias error matrix b as follows:

b=[b & b.T

From the above analysis, if the magnetic sensor
measurement is Bi=[Bx1 By1 Bz1]" and there is also
Gaussian noise with mean 0 variance X[8] in the process € ,
the following relation can be obtained:

B.=AK(B+b+¢) (1)

2.2. Parameter estimation

After obtaining the relation (1), it is known that there are a
total of 9 parameters to be estimated, which can be
expressed as:

x=[b by . k kv k a B 717 2
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Xk 1s the parameter estimated at k moments, Boy and By are
the real and ideal values measured by the three-axis sensors
at k moments, respectively. Using the principle of invariance
of the modal value of the geomagnetic field at the
measurement point, combined with the Extended Kalman
Filtering the state equations and observation equations of the
system can be obtained as:

Xk = Xk ®)

Z: :||th||:-||3t||: )

Then the calibration model is:
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The mean p and variance O of V(k) in equation (5) are as
follows:

u=E(V:)=-TrZ;
of =4(k' A'B-bF ¥ (k' A'B-b)+ 2y ] )

Since Z(k) is a second-order system with respect to X(K),
so so the second-order h(k) is converted to first-order H(k)
using extended Kalman filtering, and then the equations for
the state estimation and state prediction parts are written.

State prediction:

B =R,
State estimation:

K. = RH{(HPH{ +ot)

.{'- = .{;‘l_ KK I"’Zg - .Iir?_g Ilr"ll-i I

[ 4

P, =(I-H{ )P,

The process of calibrating a three-axis fluxgate sensor
using extended Kalman filtering is complete by bringing the
initial values of the set state quantities and covariance matrix
as well as the data into the above equation to obtain the
calibrated parameters.

3. Simulation and Experiment

3.1. Simulation

Simulation experiments are carried out after completing
the error modeling of the triaxial fluxgate sensor. In the
simulation session, the geomagnetic field is set to be
constant and unchanged at 5x10°nT, and 80 sets of data with
different attitudes are obtained by rotating the three-axis
fluxgate sensor after adding the error, and Gaussian noise



with a mean of 0 and a variance of 1 is added to the sensor's
three-component error data, and the set parameters are
shown in Table 1. The parameters obtained by estimating the

simulated data after substituting Kalman filter are shown in

Table 1.

Table 1. Comparison of set and predicted values of parameters in simulation

non-orthogonal(°)

scale factor

zero deviation(nT)

X-axis y-axis | z-axis | Xx-axis y-axis Z-axis X-axis y-axis Z-axis
Simulation presets 0.15 0.08 -0.03 1.002 1.001 0.998 53 26 81
Simulation estimates | 0.1501 0.08 -0.03 1.002 1.001 0.998 48.9444 25.9507 81.3939

Table 1 shows that the parameter values set in the
simulation are very close to the estimated values. Figure 2
shows the comparison of the modal values before and after
the Kalman filter correction. Before the correction, the modal
values of the three-axis sensors fluctuated greatly, and the

average error was as high as 1471nT, and after the correction
was completed, the modal value error was reduced to 1.232nT,
which can be found that the algorithm is really effective in the
simulation session.
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3.2. Experiment

After verifying the validity of the Kalman filter in the
simulation session the experiment was carried out in the field,
the experiment used a certain three-axis fluxgate sensor,
which rotated on a non-magnetic rotary table to get 40 sets of
data with different attitudes, and the accurate mode values
were measured by the optical pump sensor. Figure3 is a
photograph of the non-magnetic rotary table, and Figure 4 is
a photograph of the three-axis fluxgate sensor.
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Figure 3. Schematic diagram of non-magnetic rotary table

Sampling point/n

Figure 2. Comparison between before and after modulus correction in simulation
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Figure 4. Schematic diagram of the three-axis magnetic
sensor

After processing the acquired data, the extended Kalman
filter is used for correction, and Table 2 is the parameters
estimated by the extended Kalman filter algorithm. It can be
seen from Figure 5 that the average error before correction
was as high as 254.4nT, and after correction, it was reduced
to 1.169nT, which was reduced by 2 orders of magnitude,
which proved the effectiveness of the algorithm.



Table 2. The estimated value of the parameters in the experiment

non-orthogonal(°)

scale factor

zero deviation(nT)

X-axis | y-axis | z-axis

X-axis

y-axis Z-axis X-axis y-axis Z-axis

Experimental estimate

-0.002 | -0.001 | -0.012

1.0006

0.9995 | 0.998 | 21.8107 | -32.382826 | 82.0338

4.

Aiming at the errors of non-orthogonality, scale factor and

Figure 4 is a photograph of the three-axis fluxgate sensor
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Figure 5. In the experiment, the difference correction comparison between the modulus value before and after sensor
correction and the modulus value of the optical pump sensor

Conclusion

zero bias generated by the triaxial magnetic sensor, this
paper adopts the correction method based on extended
Kalman filter, which corrects the triaxial fluxgate sensor by
the principle that the modal values of the triaxial magnetic
sensor are the same in different attitudes. The simulation and
experimental results prove that the method effectively
reduces the error of the three-axis sensor and improves the
measurement accuracy.
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