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Abstract: [Objectives] This study proposes a measurement scheme based on the Kalman filtering method for

improving efficiency and lowering complexity in measuring the magnetization parameters of shipboard three-

component geomagnetic field measurement systems. [Methods] The principles and characteristics of magnetization

in the mathematical model of a shipboard three-component geomagnetic field measurement system are studied. The

steps for applying the Kalman filtering algorithm are used to compute the ship's magnetization parameters. Then,

computer simulation and mockup experiment are conducted to testify its validity. [Results] The simulation and

experiment show that the three-component geomagnetic field can be computed precisely, and the algorithm performs

well in convergence with a small sampling of data. [Conclusions] Therefore, the Kalman filtering method has higher

efficiency and lower cost in the practice of measuring a ship's magnetization parameters.
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0 Introduction

Ferromagnetic objects placed in the Earth's mag-
netic field, such as naval ships, tanks, vehicles, and
aircraft, can produce a magnetizing field due to the
action of the geomagnetic field ['l. Thus, the mag-
netic sensor mounted on a ship will be subjected to
interference from the ship's magnetizing field. The
separation of the three-component geomagnetic
field from the measurement data of magnetic sen-
sors is a core issue faced by shipboard geomagnetic
field measurement systems. Shipboard degaussing
systems are marine equipment that compensates for
the ship's magnetizing field with a three-component
geomagnetic field as a system control signal 1. In
this system, a three-component magnetic sensor af-
ter anti-interference adjustment is mounted on the
mast of a naval ship to monitor the geomagnetic
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field in real time, so as to control the current of the
degaussing winding to compensate for the ship's
magnetic field, namely, "measuring the geomagnet-
ic field and then degaussing the ship." The purpose
of the anti-interference adjustment is to eliminate
the interference of the ship's magnetizing field with
a geomagnetic measurement sensor.

For eliminating the interference of the ship's mag-
netizing field with a geomagnetic measurement sen-
sor, it is necessary to measure the ship's induced
magnetization parameter matrix and fixed magneti-
zation parameter vector B in advance. Depending
on the mathematical model of a shipboard three-
component geomagnetic field measurement system,
Xiao ™ proposed the "four-heading method." How-
ever, this method can only be used to measure the
elements in the first two columns of the induced

magnetization parameter matrix and requires sup-
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plementary measurements at two places. Later, lated measurements are carried out in the laborato-
Xiao et al. ) proposed the 8-shaped heading meth- ry. The magnetization parameters obtained from the
od. It requires the ship to perform a heading- solution are applied to effectively exclude the inter-
changing maneuver with a large rudder angle at a ference of the ship's magnetizing field under the
high speed in the measurement site with a known condition of limited measurement data samples so
geomagnetic field to cause a large change in the  that the three-component geomagnetic field can be
ship's attitude and needs plenty of effective magnetic separated precisely. This research can provide an ef-
field measurement data as support. Yan et al.ll ficient and low-cost feasible approach to the mea-
conducted an experimental simulation of the mea- surement of a ship's magnetization parameters.

surement process of the shipboard three-component .
geomagnetic field and found that it is difficult to 1 Mathematical model of three-

measure a ship's magnetization parameters even un- component geomagnetic field
der laboratory conditions. Therefore, the measure- measurement

ment of a ship's magnetization parameters is the dif-

ficulty that limits the large-scale engineering appli- As a sensitive element to a magnetic field, a

cation of shipboard three-component geomagnetic three-component magnetic sensor can collect vari-

field measurement systems ous vector-synthesized magnetic fields at its loca-

To reduce the engineering difficulty and cost of tion, including both the geomagnetic field and the

measuring a ship's magnetization parameters, this magnetizing field interference from the measuring

paper analyzes and addresses the interference of a  Ship. The dynamic output 3 x 1 vector B of the
ship's magnetizing field with the mathematical mod-  three-component magnetic sensor mounted on the
el of a shipboard three-component geomagnetic ship mast is as follows 4.
field measurement system. Firstly, the state space B=K-AB.+B, (1)
equation applicable to the measurement of a ship's where K is the 3 x 3 induced magnetization parame-
magnetization parameters is re-established by the ter matrix ["; 4 is the transformation matrix be-
Kalman filtering method used for computing the tween the 3 x 3 geographic coordinate system and
three-component geomagnetic field ). The paper  the ship's coordinate system ), and the matrix ele-
proposes an adaptive algorithm utilizing the Kal- ment is the function of measuring the attitude angle
man filtering method to solve the magnetization pa- of the ship; B, is a 3 x 1 three-component geomag-
rameters and verifies the theoretical correctness of netic field vector, nT; B, is a 3 x 1 fixed magnetiza-
the algorithm by computer simulation. Then, simu- tion parameter vector %, nT. Herein,
cosp 0 sing 1 0 0 cosyy siny 0O
A= 0 1 0 0 cosf  sin¢ —siny cosy 0 2)
—sing 0 cosg 0 —sinf cosd 0 0 1
where ¢, 0, and y are the heading angle, roll angle, third columns in the i-th row in matrix K, respec-
and trim angle of the ship, respectively, and they tively; f,, f», and f; are the function mapping rela-
can be measured in real time by the ship's naviga- tionships in Equation (1); B, is the component of
tion system. the 3 x 1 fixed magnetization parameter vector B,
According to Equation (1), if the geomagnetic in the i-th axial direction.
field B, needs to be separated from the measure- With a known geomagnetic field and ship atti-
ment data of the sensor output B, the ship's magneti- tude, at least four sets of sensor outputs at different
zation parameters K and B, must be measured first. attitudes need to be recorded to obtain the ship's
Expanding and organizing Equation (1), one can ob- magnetization parameters by solving a linear equa-
tain the arbitrary output component of the sensor  tion system. Substituting the parameters into Equa-
under different ship attitudes: tion (1), one can obtain the solution of the unknown
B, =k, f(B., 0,0, + ko fo(B.,p,0,0)+ geomagnetic field B, as
ki fs(Be. 0, 0,41) + By ) B.=(KA) (B-B,) (4)
where B, is the output of the magnetic sensor in the Although the above-mentioned computation pro-
i-th axial direction, with i = 1, 2, and 3 correspond- cess of the geomagnetic field holds theoretically, it
ing to the x-axis, y-axis, and z-axis, respectively; k;;, is difficult to guarantee computational accuracy in

k5, and k; are the elements of the first, second, and practical engineering applications mainly because
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of the following reasons: 1) Three-component flux-
gate sensors generally have inherent electrical error
of null position, scale error, and quadrature error !'';
2) in terms of ship attitude angles ¢, 6, and y, the
data are mainly from the navigation system, where
drift errors exist, and there are delay errors in the
signal transmission process; 3) the magnetic inter-
ference of the background environment and the qui-
et daily variation of the geomagnetic field can lead
to a random error of the magnetic sensor ['?l. Since
the ship's magnetization parameters are sensitive to
the above various error sources, these errors can be
accumulated during the measurement process and
then transferred to the geomagnetic field solution
value through Equation (4). At present, there is no
good method to deal with the other two types of
errors except for the first one. Therefore, for im-
proving the computational accuracy of the three-
component geomagnetic field, it is necessary to
adopt corresponding measures to eliminate the mea-
surement error of the ship's magnetization parame-
ters, so as to improve the accuracy of the mathemat-
ical model of Equation (1). The Kalman filtering
method, which is widely used in dynamic measure-
ment systems, can effectively suppress the system

[3.131 Meanwhile, it

measurement error in principle
can update the changing state in time through the in-
troduction of information. When Kalman filtering is
applied to the measurement of magnetization pa-
rameters, the magnetization parameters must be
used as the quantities of state. However, the state is
relatively invariant ™), as a result of which the mea-
surement of the magnetization parameters has the
characteristics of a static measurement system. If the
static system is regarded as a special case of the dy-
namic system, Kalman filtering can provide a new
path to measure a ship's magnetization parameters.

2 Kalman filtering algorithm

2.1 Algorithm principle

The Kalman filtering algorithm is based on the
time-discretized state space of the system [, In the
case that the ship structure and the mounted posi-
tion of the magnetic sensor are unchanged, the
ship's magnetization parameters K and B, are both
invariants in the time domain. When the 4 x 3 ex-
tended matrix x = [K B,]" (T represents the transpo-
sition of the matrix) is used as the quantity of state,
the computation equation of the measurement pro-
cess is

x(n+ 1) =x(n)+vi(n) (5)

where x(n) is the quantity of state, and the number
n of measurement points equals 0, 1, 2, ..., N, with
N as the maximum number of measurement points;
the 4 x 3 vector v,(n) is the process noise vector,
which is used to describe the state transition error.

According to Equation (1), the observation equa-
tion can be established:

y{n) = C(n)x(n) +vy{n) (6)
where the 3 x 1 vector y(n) =BT, 1 x4 vector
C(n) = [B,”A" 1], and 3 x 1 vector v,(n) are the ob-
servation noise vectors, which are used to describe
random noise.

The state space is constituted by Equation (5) and
Equation (6), and the steps of the adaptive Kalman
filtering iteration algorithm are as follows:

1) Setting the initial conditions: state x(0) and in-
termediate variable P(0) (4 x 4 diagonal matrix).

2) Known parameters: 4 x 4 process noise vari-
ance matrix @ and one-dimensional observation
noise variance ¢°.

3) Inputs: y(n) and C(n).

4) Calculating the intermediate quantity and the
quantity of state, where R(n), P(n), and m(n) are in-
termediate variables, and E is the identity matrix.

(1) R(n)=P(n-1)+Q

(2) m(n) = R(1)C(n) [CmR(m)C(n)" + 7]

(3) P(n) = [E-m(n)C(n)]R(n)

(4) x(n) = [E-m(n)C(n)]x(n=1) + m(n)y(n)

x(n)", a quantity of state, can be obtained through
the above algorithm. The first three columns can
constitute the induced magnetization parameter ma-
trix K, while the fourth column can form the fixed
magnetization parameter vector B,. In the above it-
eration process, the setting of the initial conditions
is arbitrary to some extent. Under the condition of
insufficient prior information of the state, the initial
state x(0) takes zero as its value, while the initial
value of the intermediate variable P(0) is assigned a
small value, which is conducive to the convergence
of the iteration process. As known parameters, the
values of the process noise variance matrix @ and
the observed noise 6 play a decisive role in the con-
vergence speed and convergence stability of the iter-
ation process: When these two parameters have
large values, the convergence is fast, while the sta-
bility is poor; conversely, the convergence is slow,
while the stability is good. Therefore, in this paper,
the parameter values are balanced and determined
by simulation and trial computation.

2.2 Algorithm simulation

To verify the correctness of the algorithm in Sec-
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tion 2.1 and its ability to suppress random errors,
we conduct simulation and trial computation. The
three-component geomagnetic field vector is set as
B, =134 000, 2 000, 35 000] nT, the induced magne-
tization parameter matrix K = [k, kyy, ki35 koy, Kooy
kyss k31, ks ki3] = [0.95, =0.003, 0.003; 0.003, 0.95,
-0.03; 0.03, -0.03, 1.05], and the fixed magnetiza-
tion parameter vector B, = [1 500, -800, 1 800] nT.
The values of ship attitude angles ¢, 8, and y are
taken from the intervals [0°, 360°], [-20°, 20°], and
[-15°, 15°], respectively, and the transformation
matrix 4 is generated. Twelve sets of sensor output
vectors B are generated according to Equation (1),
and the random error with the maximum value of
100 nT is applied. The values of ¢, 8, and y corre-
sponding to each set of vectors B are recorded, and
the random error with the maximum value of 0.05°
is applied. The data can be extended for multiple
times of reuse, so as to ensure that the algorithm
has enough iteration steps. At this time, K and B,
can be computed according to the Kalman filtering
algorithm in Section 2.1 with B, 4, and B as
known quantities. The convergence of the algorithm
is shown in Fig. 1.

The Kalman filtering algorithm can achieve con-
vergence after about 300 iterations and has good sta-
bility (Fig. 1). Since random errors are applied in
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the simulation process in this paper, the solution is

09499 -0.0036 0.0030
K=| 00027 09502 -0.0303
0.0295 -0.0296 1.0499

B, =[1497 -809 1806]nT

Compared with the set value, K and B, have er-
rors at the 0.000 1 and 1 levels, respectively. Given
that the geomagnetic field is at the level of 10* nT,
the error is estimated according to the transfer rela-
tionship of Equation (3). Thus, the computational
error of the geomagnetic field due to the measure-
ment error of the ship's magnetization parameters is
approximately at the level of 10 nT, which is equiv-
alent to the computational error level of the geo-
magnetic field obtained by only considering the ran-

dom measurement error in Reference [3].

3 Mockup verification experiment

3.1 Experimental model and measure-
ment process

To test the validity of the Kalman filtering meth-
od in the measurement of the ship's magnetization
parameters, we conduct the validation experiment
on a mockup in a non-magnetic laboratory. The
measuring device consists of a three-component

fluxgate sensor, a horizontal angle sensor, and a rig-
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Fig. 1 Convergence curves of magnetization parameters in simulation
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id non-magnetic stainless steel bracket. The magnet-
ic sensor and the angle sensor are rigidly connected
through the bracket. Attention should be paid to ad-
justing the corresponding measuring shaft. The mea-
suring device is installed on a magnetic mockup,
and the measuring shaft is consistent with the ship's
coordinate system (Fig. 2). The magnetic mockup is
placed on a non-magnetic platform, which can meet
the rotation, rolling, and trim requirements of the
mockup in four main headings. In this way, the ship-
board three-component geomagnetic field measure-
ment platform can be constructed.

Biaxial horizontal Three-component
angle sensor fluxgate sensor

— i

Fig. 2 Experiment device

For the sake of simplifying the measurement pro-
cess, magnetic interference measurement is con-
ducted on the mockup under three horizontal atti-
tudes in four main headings of magnetic east, mag-
netic north, magnetic west, and magnetic south. A
total of 12 sets of measurement data are obtained,
and the measurement data of the three-component
magnetic sensor and horizontal angle sensor are re-
corded simultaneously.

3.2 Measurement results and calculation
analysis

The measurement data are shown in Table 1,
where the three components of the magnetic sensor,
roll angle, and trim angle are the measured values
of the sensor, while the four heading angles of mag-

netic east, magnetic north, magnetic west, and mag-
netic south are directly assigned as 90°, 0°, 270°,
and 180° and converted into radians.

Under the known ambient geomagnetic field B, =
[34 425, 1 961, 35 898] nT, K and B, can be ob-
tained by the above-mentioned Kalman filtering al-

gorithm:
The induced magnetization parameter matrix is
098575  0.08153  0.06221
K=| -0.06233 083517 -0.02987 |,
-0.02999 -0.07748 1.066 15

The fixed magnetization parameter vector is

B,=[2011.1,-2 886.8,2 054.6] nT.

Due to the extra small data volume of the mea-
surement (only 12 sets), the number of iteration
steps of the filter is too small to converge. To solve
this problem, this paper extends the 12 sets of data,
namely that the 12 sets of data are reused multiple
times, and they serve as the experimental data set.
The magnetization parameters can be computed by
extracting a certain amount of data from the experi-
mental data set. Fig. 3 shows the iteration process
curves of the induced magnetization parameter and
the fixed magnetization parameter.

For the case of a small amount of measurement
data, the Kalman filtering algorithm still presents
good convergence by the repeated extension of the
data (Fig. 3). However, compared with the simula-
tion results, the experimental results see slightly de-
creased stability after convergence with slight fluc-
tuations. The data used in the simulation are ideal
values without errors, while the magnetic field,
heading angle, roll angle, and trim angle measured

by the sensor in the experiment have errors. There-

Table 1 Measured magnetic field data of the mockup
Parameter Three components of magnetic sensor Heading angle Roll angle Trim angle
number B, mT B, mT B, T Yhrad t/rad pirad
1 4 206 25290 36913 471239 0.02522 —0.004 26
2 —30 595 —2 785 40 620 3.141 59 0.024 73 —0.003 02
3 2478 —31 825 43 890 1.570 80 0.023 21 —0.002 62
4 37 118 -3 690 40 110 0.000 00 0.023 09 —0.003 91
5 37485 9719 39480 0.000 00 —0.174 01 —0.014 15
6 2 608 —36 985 36 580 1.570 80 —0.173 47 —0.012 90
7 —30 197 -8 205 41110 3.14159 —0.171 83 —0.013 28
8 4761 19 020 43 985 471239 —0.171 27 —0.014 54
9 37811 2408 37 845 0.000 00 0.222 70 —0.021 92
10 4514 30 860 28 158 471239 0.224 57 —0.022 46
11 —29 836 3038 39 796 3.141 59 0.223 66 —0.022 48
12 3615 —25322 49 387 1.570 80 0.222 16 —0.022 11
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Fig.3 Convergence curves of magnetization parameters in experiment

fore, the main reason for the stability decline is the
measurement error of the experimental data.

To verify the correctness of the ship's magnetiza-
tion parameters in Table 1, we substitute them into
the three-component geomagnetic field computa-
tion algorithm in Reference [3] and extract some da-
ta samples from the experimental data set for geo-
magnetic field computation. The convergence pro-
cess is shown in Fig. 4, where B, is the component
of the 3 x 1 three-component geomagnetic field vec-
tor B, in the i-th axial direction (i = 1, 2, and 3). Ac-
cording to the computational results, the maximum
relative error of the stable geomagnetic field solu-

tion data after convergence is 1.9% (defined as the
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Fig. 4 The convergence curves in computing three-component
geomagnetic field

ratio of the maximum error to the total geomagnetic
field), and the root mean square error is 266 nT. To
sum up, the Kalman filtering algorithm not only has
high computational accuracy but also possesses the
ability to suppress measurement error under the con-
dition of only 12 sets of measurement data.

4 Conclusions

In the shipboard three-component geomagnetic
field measurement system, the core issue is the mea-
surement of the ship's magnetization parameters.
This paper proposes the measurement algorithm of
a ship's magnetization parameters based on the Kal-
man filtering method. Depending on the mathemati-
cal model of the sensor measurement output of the
shipboard three-component geomagnetic field mea-
surement system, the observation equation can be
established. According to the relative invariance of
the ship's magnetization parameters, the process
equation can be established. The state space expres-
sion composed of the observation equation and the
process equation can well meet the stringent re-
quirements of Kalman filtering for model accuracy,
and the theoretical correctness of the algorithm is
verified by computer simulation. With limited ex-
perimental data samples, the good convergence of
the Kalman filtering algorithm can be ensured by
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simply reusing the data. Compared with the "four-
heading method," the Kalman filtering method can
measure all the magnetization parameters without
the need to strictly adhere to the measurement in
the four main headings of east, west, south, and
north. Compared with the 8-shaped heading meth-
od, the proposed method requires less data and does
not require measurement on a specific track. There-
fore, considering the completeness of magnetization
parameter measurement, the required data volume,
and the difficulty in creating the measurement im-
plementation conditions, the Kalman filtering meth-
od can significantly improve the measurement effi-
ciency for a ship's magnetization parameters and re-
duce the difficulty in engineering implementation.

During the measurement simulation in the labora-
tory, the main reasons affecting the measurement ac-
curacy are as follows: The inherent errors of the
three-component magnetic sensor are not corrected;
there are measurement errors in the ambient geo-
magnetic field when magnetization parameters are
measured; there are sensor installation errors, espe-
cially the consistency error between the x-axis direc-
tion of the sensor and the direction of the fore-and-
aft line; the angle sensor can only measure the roll
angle and trim angle, and the heading angle is only
approximated using the laboratory orbital direction.
Therefore, in practical engineering applications,
these errors need to be further dealt with to improve
the measurement accuracy of a ship's induced mag-
netization parameters.
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