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ABSTRACT In this paper, the ship’s rotating propeller is a considered as rotating magnetic dipole. The
shaft-rate magnetic field is modeled, and an inversion calculation is utilized to realize the magnetic target
localization. The low frequency of the shaft-rate magnetic field provides long propagation distance, high
stability, and low interference by sea conditions and other noises. The magnetic field signal has an important
role in target and location detection. In the developed model, the magnetic moment of the rotating magnetic
dipole is decomposed into three orthogonal magnetic moments indicated by m,,, my and m;. The mentioned
moments can be obtained through a three-component integration of the measured magnetic field of the
rotating dipole at a point. The relation between the eigenvectors of these orthogonal magnetic moments
and the coordinates of the observation position is employed to obtain the coordinates and the magnetic
target position. In the simulation, the relative and absolute errors of the location method are analyzed, while
the measurement noise confines the positioning distance. Finally, the rotating magnetic field of 80 points
is measured, and the feasibility of the rotating magnetic model is verified. Besides, the relative mean
error of 80 points is equal to 3.7%, demonstrating the feasibility of the location method. However, due to
some experiment limitations, including the measurement distance, measurement error, and the experimental
equipment sensitivity, the maximum relative error is obtained as 7.4% which is higher than its theoretical
value.

INDEX TERMS Location method, magnetic field distribution, orthogonal magnetic moments, rotating

magnetic dipole.

I. INTRODUCTION

A variety of works has been devoted to the detection and loca-
tion of underwater ship targets in several countries [1], [2].
The ship’s magnetic field has a vital role in magnetic target
detection in water. Various methods have been proposed for
the ship’s magnetic field detection and location. Jia et.al
employed the Euler localization method of magnetic gradient
tensor information to develop an improved Euler method
in the form of an over-determined equation. Accordingly,
an effective solution for the positioning failure problem has
been presented, and the stability and effectiveness of the
location method have been improved [3]. Yin, and Zhang
proposed an explicit localization relation for magnetic dipole
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localization by measuring its magnetic field vector and mag-
netic gradient tensor, which provides the correct dipole posi-
tion regardless of the singularity of magnetic gradient tensor
matrix [4]. Song et.al have modeled the cylindrical magnet
to construct a magnetic localization and orientation system.
Moreover, they have built a sensor array for magnetic posi-
tioning. Although the feasibility of their proposed system
was demonstrated through their extensive simulations and
experiments [5], all these studies focus on the static magnetic
field. Since the static magnetic field of ships propagates in
a short distance and is significantly affected by the geo-
magnetic field, positioning distance of the above methods is
short, and they also require more magnetic sensors [6], [7].
In contrast, the ship shaft-rate magnetic field has an extremely
low frequency (ELF) magnetic field with a long propagation
distance and little interference from the geomagnetic field [8].
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The ELF magnetic field of a ship mainly consists of the
following two parts: a) A magnetic field with a particular fre-
quency produced by the periodic modulation of corrosion or
anti-corrosion current. B) A rotating magnetic field generated
by the rotation of the magnetized shafting parts, including the
ship’s magnetic propeller and the main shaft [9]. It can be
verified that the latter part is related to the rotation speed of
the propeller with a frequency is around hertz. The rotating
propeller can be considered as a rotating magnetic dipole
when the detection distance is much longer than the propeller
length [10].

In this paper, the magnetic field generated by the rotat-
ing magnetic propeller is modeled, and an inversion-based
calculation is utilized to present a location mechanism for
the magnetic source with only one magnetic sensor when
the magnetic moment is known. In section II, the ship shaft-
rate magnetic field is modeled. In section III, the magnetic
location algorithm is proposed. In section IV, the rotating
magnetic dipole’s magnetic field is simulated, and the loca-
tion algorithm accuracy is analyzed. In section V, the experi-
ments are performed to verify the location algorithm. Finally,
the conclusion and future research directions are provided in
section VL.

Il. MODELING OF THE SHIP SHAFT-RATE MAGNETIC
FIELD

A ship propeller is a magnetic object. When the magnetic
field is detected in the air, the detection distance is much
longer than the propeller length. Thus, the rotating propeller
can be considered as a rotating magnetic dipole [11]. Con-
sider that the propeller shaft is along the z-axis, and the xyz
space coordinate system is established. The magnetic dipole
moment is located at the D (xg, o, zo) and rotates around the
z-axis at with frequency f; the observation point is located at
the coordinate origin, the dipole magnetic moment is denoted
by m with the magnitude M. The magnetic moment compo-
nent of /72 on the z axis is denoted by 771,, the magnetic moment
component on the xy plane is indicated by 7y, and the angu-
lar velocity of the magnetic moment 7y, on the xy plane is
denoted by w, w = 2xf. The equivalent diagram is shown in
Fig. 1.

Consider that the magnetic moment components of the
magnetic dipole 7 in the x-axis, y axis and z- axis directions
are denoted by m,my and my, respectively. Now the following
relations can be written:

my = Myycos (wt + ap)
my = myysin (wf + ag) @))

m; = my

where o is the initial angle between the ﬁ1xy and the x-axis.
According to (1), we observed that the magnetic moment of a
rotating magnetic dipole [12] can be decomposed into m,my
and my;. According to Biot-Savart law, the magnetic induction
intensity of a dipole with magnetic moment m at distance 7
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FIGURE 1. The coordinate system of the rotating magnetic dipole.

can be calculated as [13]:

wo 3(m-r)-F

B= — — ] ()

473 r

And pg is the magnetic permeability (ug = 47w x 1077),
r= xé + y(z) + z(z).

Consider that the magnetic induction intensities generated
by the magnetic moments m,m, and m; are denoted by By, By
and By, respectively. Now, the three components of B,,, Bf and
B; can be obtained as:

B — oMy, 3x§ 1
"\
2 womp  3x0y0
Bp = (Bpx’ pr, sz), pr = ?P . rS
1
B — omy 3x020
pr 47 r]5
B, — Moms 3x0y0
e 4 rl5
2
> womy 3y 1
Bf = (B, By, Bp), By =——| <= — =
f fx» Bfy, Bfz fy 4 ( r15 rig
B, — Homr 3¥020
£ 4 rl5
B — Momi 3x020
e 47 r15
- B — Momi 3y0%
By = (Bix, Biy, Bi), { °F = “4n r 3)
B — Homy 31(2) 1
T\ A

According to formula (2) and (3), we have:
B = (B.,By,B.) =B, + By + B,
= (Bpx + Bp + Bix, Byy + By + Biy, By +Br+Bi:)  (4)

Ill. THE MAGNETIC LOCALIZATION ALGORITHM
The relations between the observed magnetic field and the
point coordinates are derived to obtain the target coordinates.
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A. THE CALCULATION OF EIGENVECTOR Bpf

According to the vector relations and the induced magnetic

field direction, we can calculate the eigenvectors of the vec-

tors B and Bf Consider that the eigenvector is denoted by
Byr. It can be obtained as:

By =B, x By ®)
Now, the three components of Bpf can be obtained as:
Bppe = Bpy - Bz — Bpz - By
Bpy = Bpx - Bz — Bpz - By
Bp: = Bpx - By — Bpy - By ©)

Accordmg to relations (1), (3) and (4), the properties of B
and Bf can be analyzed. It can be observed that the magnetic
induction intensities B and Bl can be calculated when the
magnetic induction intensity B is multiplied by cosine and
sine variables cos (w - t) and sin ( - t), respectively, and inte-
grated. Accordingly, the following relation can be obtained:

T
2 [y By -cos(w-t)dt
Bpx = Jo B @1 cos (ot + ap)
T
2|y By -cos(w-t)dt
Bpy = fo Y ( ) cos (wt + agp)
2 (1B, . cos (w - t)dt
oz = Jo B: - -1 cos (wt + ap)
T .
-2y By - - t)dt
Bi = fo al ;m @-1) sin (wt + ap)
—2(Tp, sin(w-1)dt
Bfy = fo J ( ) sin (ot 4+ ap) @)
T .
—2 [y B;-s - 1) dt
By, = fo i Tm @1 sin (wt + o)
Assuming:
b 2 fOT By - cos(w - t) dt b 2 fOT By - sin (w - t)dt
1= 2=
T T
. i By - cos (@ - ndt 2 [ By -sin(w-1)di
3 = =
T T
2 fOT B, - cos(w - t)dt -2 fOT B, - sin(w - 1) dt
bs = 6=
T T
3
So we can get:
% _ b3bg — bsby
Bypy —b1bg + bsby
Bypy  —bibs + bsba ©)
By biby — b3by
For easy observation, assume:
cl = b3b6 — b5b4
¢y = —bibg + bshy
¢c3 = biby — b3b; (10)

For the By, By and B; are the measured magnetic field, the
eigenvector By [Bpp. Byfy. Bprz] can be obtained from (7).
Then, c1, ¢, and c¢3 can be calculated by using (8), (10).
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B. CALCULATION OF THE MAGNETIC DIPOLE’S
COORDINATES

According to tlle relations (3) and (6), the three components
of eigenvector By can be calculated as:

ugMpMy (3x0y0  3yozo  3xozo (3v5 1
By = 2 5 X735 T3 5 3
(4m) g ry 5

o o
B — ,u(z)Mpr 1 3x§ 3vozo  3x0zo0  3x0Yo
= W25 ) s T s X s
(4m) ry ry r ry ry
g = oMMy ((3xg 1) (3% 1) 3w
e (4m) 2 rg rg rg rg rg
3
S 0) (11)
o

where ry is the distance between the observed point and the
magnetic dipole. By simplifying 11, we have:

By = 3x0ZOM%Mpr
1672r8
By = 3y0201gMpMy
: 1672r8
g, M (D )
1672r8

From formula (12), we can get:

Bpe _c1 _ %o

By 2 Yo

Bpy 2 _ 3y0z20 _ 3yo20 3
B  ca 3 (52 2 27T 5,213,2 (13)
Dfz 3 (xo + yo) +r ry + 3z

Now, the relationship between the eigenvector Bpf and the
coordinates of the magnetic source can be obtained from (13).

Besides, it can be seen that the magnetic field at the
observation point is elliptically polarized from relation (1)
of the rotating magnetic dipole. Thus the minimum magnetic
induction intensity By, at the observation point and the
distance ry between it and the magnetic dipole should satisfy
the following relations:

M
Buin = min (/B2 + B2+ B2) = 222 (14
47rr0
X5+ +%=rh (15)

When the magnetic induction intensity (Bx, By, B) of the
observation point is measured, the three components ci, c2
and c¢3 can be calculated. Relations (13-15), and the target
range can be utilized to calculate the position coordinates

(x0, Y0, 20)-

IV. SIMULATION RESULTS
This simulation is performed to verify the localization algo-
rithm feasibility and evaluate the proposed method accuracy.
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A. THE SIMULATION OF THE MAGNETIC FIELD OF THE
ROTATING MAGNETIC DIPOLE

In this section, the positioning simulation of the rotating
magnetic dipole is performed to evaluate the proposed algo-
rithm. Consider the magnetic moment of the rotating mag-
netic dipole as m; = 100A - m?, my, = 1000A - m?,

M = ml2 + m)zcy, the rotation frequency f = 5Hz, where
o = 2nf. Suppose that the magnetic source coordinates are
chosen as D (30, 20, 25), and the distance between it and the
measured point is denoted by r, Thus, r = , /xg + y% + z% =
43.875m.

The magnetic induction intensity of the rotating dipole at

the measured point O (0, 0, 0) versus time is shown in Fig. 2.

x10°
T

Magnetic Induction(T)

| | L L L ) L L L
0 0.1 0.2 03 0.4 05 0.6 0.7 08 0.9 1
Time(s)

FIGURE 2. The time domain diagram of the magnetic induction intensity
at point O.

It was stated that « is the initial angle between the mag-

netic moment 7, and the x-axis. Now, by considering ag =

2z dr St ; b4
0,3, 5,7 5%, ?], take angle integer of % correspond-

ing to different initial angles. Then, the values of By, Bpy,
By, By, By, and By, can be obtained at six different initial
angles. The obtained values are shown in Fig. 3.
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FIGURE 3. The magnetic components of Ep and Bf at six different initial
angles.

The values of c1, ¢y and c3 for six different initial angles
of the rotating magnetic field can be obtained through
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relations (8) and (10). The obtained simulations are shown
in Fig. 4.
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FIGURE 4. The values of c;,c, and c; at different initial angles.

As shown in Fig. 4, the values of the c1, ¢y and c3 are
independent of the initial angle. That means that c{, ¢ and c¢3
will not be affected by the initial angle. In the actual location,
the data in any period of the observed magnetic field can be
utilized for location calculation.

B. THE LOCATION ACCURACY ANALYSIS

The magnetic dipole is chosen as xo = 5,yp = 3, and its
z coordinate is selected every 1 meter from the z = 0.5m
for a total of 50 measuring points. The observed point is at
0 (0, 0, 0). The magnetic moment of the rotating magnetic
dipole is considered as m; = 100A - m?, myy = 1000A -
m?, According to the location algorithm in Section 3, the
magnetic source coordinates can be obtained from the three
components of the magnetic field at the measuring point. The
calculated the theoretical values of the location method are
presented in Fig. 5.

—+— Calculated value
—6— Theoretical value

FIGURE 5. The calculated and theoretical values of positioning coordinate
points.

As shown in Fig. 5, as the z coordinate increases, the
calculated value gradually tends to the theoretical one. In the
location simulation, the absolute errors between the calcu-
lated values and theoretical ones for the three-axis coordinate
of the observation point are shown in Fig. 6, while the relative
errors of three-axis are shown in Fig. 7.

According to Fig. 6 and Fig. 7, as the z coordinate
increases, the absolute errors of x and y axes decrease,
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FIGURE 6. The absolute errors of the triaxial coordinate.
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FIGURE 7. The relative errors of the triaxial coordinate.

while the absolute errors of the z-axis first increase and then
decrease, and the relative errors of the triaxial coordinate
gradually decrease, with a maximum of 0.03%. The reason
is that the absolute error of z-axis is related to the values of
x-axis and y-axis. However, the maximum absolute error of
all axes is only 0.0015m. It can be concluded that the loca-
tion algorithm has high accuracy and can meet the location
requirements.

C. THE MEASUREMENT NOISE INFLUENCE ON THE
LOCATION ACCURACY
The magnetic field of the rotating dipole is a kind of sinu-
soidal signal with a specific frequency. The measurement
noise is generally a stochastic signal. In the experiment pro-
cess, the measurement noise can be significantly eliminated
by filtering. Therefore, it is relatively small, mainly includes
the instrument noise. If the measurement noise is about 0.1nT,
the simulation conditions are similar to the corresponding
ones in section B. The magnetic source coordinate is taken
every 1 meter along with the z = 0.5m, while 50 points are
considered. Now, the absolute and relative errors of the three-
axis coordinate are shown in Fig. 8 and Fig. 9, respectively.
According to Fig. 8 and Fig. 9, when 0.1nt measurement
noise is added, the absolute and relative errors increase with
the increase of the z-axis coordinate. When the z-axis coor-
dinate is less than 30, the relative and absolute errors of

VOLUME 8, 2020

25 T T T T T
o
o
Pys i
o° * X
y
o o z
B
Eqst E
5 o
u o
2 o
8 o J
2 1t
. o
o
o
o°
051 o p
00°
o
00° Sel® b
of o o100
B Anooooo..ggpigml",’ el :
0 10 20 30 40 50 60

z(m)

FIGURE 8. The absolute errors of triaxial coordinates with 0.1nT
measurement noise.
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FIGURE 9. The relative errors of triaxial coordinates with 0.1nT
measurement noise.

triaxial coordinates increase slowly, while the absolute error
is less than 0.25m, and the relative error is less than 1.3%.
When the z-axis distance exceeds 30m, absolute and relative
errors begin to increase rapidly. The reason is that when
the measurement distance is increased, the rotating magnetic
field intensity decreases, which strengthens the influence of
the measurement noise on the rotating magnetic field, and
leads to a higher positioning error. It can be seen that the mea-
surement distance is confined by the measurement noise and
the rotating magnetic intensity, and the application distance
of the positioning algorithm can be reduced with the noise.
In this simulation experiment with the measurement noise,
the measurement distance is about 30m.

V. EXPERIMENTAL RESULTS

In this experiment, the site is selected on an extensive play-
ground near a small forest with a relatively stable magnetic
environment. A cylindrical magnet made of Nd-Fe-B is uti-
lized to simulate a rotating propeller and generate a rotating
magnetic field with the magnetic moment M = 3Am?. The
center of the Nd-Fe-B magnet is considered as the magnetic
source point to establish a coordinate system. The three-axis
fluxgate developed by our research group independently is
employed to measure the rotating magnetic field at 80 points.
The 80 points are selected at eight directions, while 10 points
are chosen at Im interval in each direction. The acquisi-
tion card’s sampling frequency is 400Hz, while the rotating
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frequency of Nd-Fe-B magnetic is 2.5Hz. Fig. 10 shows the Syl - , . , , ‘
schematic of the rotating Nd-Fe-B magnetic. Fig. 11 shows s
. @ L L L L |
the test measurement scenario. 4426 s 0 15 N o5 v pe 2
«10* time(s)
-2.395 T T T T
S Ll |
a 2 | 1 1 L 1 i
0 5 10 15 20 25 30 35 40
10’ time(s)
2148 T T T T T T
F
§-2,149
@ 215 . . A i . .
0 5 10 15 20 25 30 35 40
0% time(s)
Y- : , ; : ; 5
%—3045 —/ +
a0s i . . i . :
0 5 10 15 20 25 30 35 40

FIGURE 12. The triaxial components of the measured and total magnetic
fields.

FIGURE 10. The schematic of rotating Nd-Fe-B magnetic.
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FIGURE 13. The triaxial components of the rotating magnetic field.
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FIGURE 11. The test measurement scenario.
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First, a point O (5, 3, 0.1) is randomly chosen to verify the g5 1
. . . . . . . . . N N
rotating magnetic field distribution. Now, the distribution of @ of e | 1
the three components of the measured magnetic field B, , e e s‘oF 00 N )12‘0 i 0 1 a0
. . . requence(Hz,
B,,B; and the total magnetic field By, are presented in
Fig. 12. FIGURE 14. The spectrogram of the rotating magnetic field.

The interferences of static magnetic field, power frequency
magnetic field, and harmonic waves, such as geomagnetic
field and trend term, are eliminated to obtain the rotating

TABLE 1. The absolute and relative errors of the triaxial coordinate.

Absolute error Relative error
magnetic field. The distribution is shown in Fig. 13. (m) (100%)
The spectrogram of the rotating magnetic field is shown in Maximum 045 74%
Fig. 14. Minimum ~ 0.03 1.2%
Fig. 13 demonstrates the compatibility of the rotating mag- Mean 026 3.79%

netic field signal with the simulation model diagram. At the
same time, as shown in Fig. 14, the filtered signal frequency the Nd-Fe-B magnet. The positioning results of 80 points are
is mainly concentrated in the low-frequency range. It can be presented in Table 1.

observed that the maximum spectrum value can be found at Table 1 shows that the mean relative error is 3.7%, demon-
2.5hz, which is compatible with the rotating frequency of strating the accuracy of the location method. The maximum
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relative error is about 7.4%. The experimental errors are
higher than the simulation ones. The main reason is that
the measurement distance of some points is relatively short,
which significantly influences the equivalent rotating dipole.
Besides, the positioning error may be due to the measure-
ment error of the distance and the experimental equipment
sensitivity.

VI. CONCLUSION

In this paper, the rotating propeller is considered as a rotating
magnetic dipole. The magnetic source can be located only by
the measured magnetic induction intensity (Bx, By, BZ) atone
measuring point under the predefined value of the magnetic
moment of the magnetic source. The rotating magnetic dipole
location algorithm can be utilized to detect and locate the
underwater rotating magnetic field. Finally, the experiments
are performed to evaluate the feasibility of the rotating mag-
netic model. However, due to the experiment limitations like
the measurement distance, measurement error, and experi-
mental equipment sensitivity, the obtained value for the actual
positioning error is higher than the theoretical error. Besides,
when the measurement distance increases, the location algo-
rithm will no longer be accurate due to the weak signal and the
noise influence. As a further study, an appropriate algorithm
should be combined with the positioning algorithm to detect
the mentioned weak signal.
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