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Abstract: Because the surface and submerged vehicles radiate Ultra-Low-Frequency (ULF) Electro-
magnetic waves, the status of the vehicles in the ocean can be detected and explored by analyzing
such signals, and this has been gained increasing attention. In this paper, a hybrid algorithm of the
ant colony algorithm and Levenberg–Marquardt algorithm is proposed to locate a moving target
with a constant speed based on the fully investigation of the uniformly magnetized spheroid model.
Additionally, an experiment has been conducted to validate the performance of the hybrid algorithm.
At the same time, the comparison between the proposed ellipsoid model with the conventional
dipole model has also been done, and the results show that the calculated results based on the prolate
spheroid model agree well with the recorded GPS results with maximum 6.67% average error, which
is way better than the dipole model (31.59%, max.).

Keywords: localization algorithm; ULF electromagnetic wave; magnetic vehicle models

1. Introduction

The increasing development of ocean exploitation and military applications has made
the measurement and detection of surface or underwater vehicles’ physical signals signifi-
cant. Due to its longer transmission capability, the ultrasonic technique has been widely
applied for the detection of moving targets. However, the modern acoustic stealth tech-
niques and harsh environments in shallow waters have been a major barrier for the acoustic
detection methods [1,2]. Since Ultra Low Frequency electromagnetic signals (0–3 Hz) are
radiated by the moving objects in the sea, such signatures have been paid attention to and
studied by the military and academic fields for a long time [3]. In the past, the inductive
loops were used to prevent submarines intrusion, which would be installed in the pro-
tected ports, harbors, and other important spots [3]. Meanwhile, numerous studies have
been devoted to the investigation of the field sources of the underwater targets, such as
submarine, unmanned underwater vehicle (UUV), etc. [4,5]. With the development of the
integrated technologies, the performance of electric/magnetic sensors have been hugely
improved, which would enable the portable sensor deployed in the required spots where
the magnetic anomaly detection (MAD) systems installed on the unmanned air vehicles
(UAVs) were proposed [6]. In the near future, the envisioned swarms of the UAVs with
MAD systems would make it practical for the large shallow sea monitoring and acoustically
quiet submarine detection [7].

Because of the small size, magnetic sensors are commonly adopted, which makes the
development of the magnetic detection technologies stable [8]. Furthermore, traditional
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building materials of the vehicles such as steel and iron are magnetized due to magne-
tization effects if they stay in the geomagnetic field environment for a long time, which
introduces the additional magnetic field. A study shows that the ship’s magnetic field can
be approximated as a static magnetic field [9], and this would add one more dimension
of the detectable signals. By analyzing the magnetic field signal radiated by the vehicles,
the state of the target’s movement can be estimated. However, a suitable target magnetic
field model should be carefully chosen, the most common of which is the single magnetic
dipole [10] or the horizontal electric dipole [11]. Additionally, other models, such as the
single uniformly magnetized spheroid model (referred to as the single ellipsoid model),
the magnetic dipoles array model, and the hybrid model of the single ellipsoid model and
dipoles array (abbreviated as the hybrid model) were also proposed and studied [12], where
the single ellipsoid model has fewer parameters and lower requirements for the amount
of information at the measuring points. Furthermore, numerous spheroid vehicles have
been applied in the realistic operational environment [13,14], while Ref. [15] investigates
the design, construction, and implementation of a novel spherical unmanned underwater
vehicle prototype for operations navigating confined, entanglement-prone marine envi-
ronments. The application of such vehicles would emphasize the studies of the spheroid
model. In addition, the stability of the model can be guaranteed even when there is not
much effective information at the measuring points. Furthermore, it should be pointed out
that the objects cannot be effectively equivalent to the magnetic dipole model at a close
range [16]. Thus, numerous studies have been conducted on the single ellipsoid model.
Ref. [17] compared two structure models and evaluated their performance. In addition,
Ref. [18] later used a single rotation elliptic sphere magnetic model to locate the warship.
However, to realize these methods, repeatable measurements should be done at various
measuring points to achieve the required accuracy, which is hard to realize in the battle
field. In addition, such operations would need numerous sensors to build a network which
would increase the cost and the problems of synchronization and installation in the sea.
To achieve a rapid location speed, a method using only one three-axis fluxgate magnetic
sensor is proposed based on the prolate spheroidal model here in this manuscript, which is
the main contribution of our work. This is therefore the originality. Meanwhile, a hybrid
optimization algorithm is proposed which combines both the ant colony algorithm and the
Levenberg–Marquadt algorithm. In addition, experiments on the real ship localization are
conducted to verify the localization performance of the single ellipsoid model in the near
magnetic field environment. At the same time, the comparison of the ellipsoid model to
the dipole model is conducted, and the results show that the proposed model outperforms
the traditional dipole one.

2. Methods
2.1. Target Modeling

Generally, the ship can be approximately modeled as a prolate spheroid one, shown
in Figure 1 [16]. The semi-major axis of the ellipsoid can be taken as half the length of the
ship (L is the length of the ship), and the semi-minor axis of the ellipsoid can be taken
as half the width of the ship (B is the maximum ship width of the ship). The coordinate
system is established with the center of the ship as the origin, where the x-axis direction as
the longitudinal direction and the z-axis as vertical downward. The ellipsoid is uniformly
magnetized along three coordinate directions in the terrestrial magnetic field, and its
corresponding magnetic moment is (Mx, My, Mz). Thus, the magnetic field generated at
the measuring point P(x, y, z) is:

Hx = Mxax + Myay + Mzaz
Hy = Mxbx + Myby + Mzbz
Hz = Mxcx + Mycy + Mzcz

(1)
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where (ax, ay, az, bx, by, bz, cx, cy, cz) are the calculation coefficients of the ellipsoid magnetic
fields, which are the known spatial distribution functions and are calculated as follows:
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Figure 1. Schematics of the uniformly Magnetized spheroid model of the vehicle.

Place the sensor at the measuring point P and the coordinate system of the measuring
point is also shown in Figure 1, where the z’ axis is vertically downward while the angle
between the x’ axis and the target heading, i.e., the x-axis, is α. Assuming that the target
moves in a straight line at a uniform speed along the x-direction, while the speed is v,
and the sampling interval is DT . Supposed that the speed of the target does not change
when the target passes for a short time. Then, the relationship between the j’s output of the
sensor (i.e., the target’s radiated magnetic fields) is:

H′xj = Hxj cos α− Hyj sin α

H′yj = Hxj sin α + Hyj cos α

H′zj = Hzj

(3)

where −π ≤ α ≤ π, and for a magnetic target with a fixed direction of movement, α is a
fixed value.
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Suppose the coordinate center position of the ship during the j sampling is Pj(xj, yj, zj),
and the coordinates at the j + 1th sampling is Pj+1(xj+1, yj+1, zj+1):

xj+1 = xj + vDT
yj+1 = yj
zj+1 = zj

(4)

When the target passes the receiving point, the sensor samples m times to obtain m
sets of the three-component data. Using these m sets of sampling data, the linear equations
of the model can be established:

H = FM (5)

where F is the coefficient matrix about the target position. M is the magnetic field model
parameter. H is the target magnetic field.

To summarize, the ship magnetic localization problem can be seen as the optimization
problem of solving the following nonlinear unconstrained equation:{

E = min{(FM− H)T(FM− H)}
M = (FT F)−1FT H

(6)

The objective function E is a nonlinear function of (x, y, z, α, K), which would lead to
a typical nonlinear optimization problem.

2.2. Hybrid Localization Algorithm

In order to solve the above-mentioned nonlinear optimization problem, a hybrid localiza-
tion algorithm can be used which combines ant colony algorithm and Levenberg–Marquardt
algorithm, where both advantages of the global search optimization ability of ant colony
algorithm and the local accurate search ability of Levenberg–Marquardt algorithm can be
taken to achieve a better performance. For the combined localizaiton algorithm, the ant colony
algorithm is used to obtain the initial rough solution, which would be transferred to the
Levenberg–Marquardt algorithm to obtain the final optimal solution.

The Levenberg–Marquardt algorithm can be written as:

xk+1 = xk − [JT(xk)J(xk) + µk I]−1 JT(xk)v(xk). (7)

When µk increases, the algorithm is close to the steepest descent method of small learn-
ing speed:

xk+1
.
= xk − µ−1

k JT(xk)v(xk) = xk −
1

2µk
∇F(x) (8)

where F(x) = vT(x)v(x).
It can be easily seen that, when µk drops to 0, the algorithm becomes the Gauss–

Newton method.
The ant colony algorithm follows the below operations in each iteration [19]: a group

of ants move between adjacent states of the problem synchronously or asynchronously.
They gradually construct a feasible solution to the problem by using the pheromone, the
heuristic information associated in each state, and the state transition rule selects the
direction of movement; when each ant constructs the solution, the pheromone can be
updated locally; after all the ants have completed the construction of the solution, the
pheromone is updated globally according to the obtained solution. The iterative process
continues until a certain stopping condition is met. Common stopping conditions are the
maximum running time or the maximum number of solutions allowed to be constructed.

The structure of the algorithm is shown in Algorithm 1. It should be pointed out that
the ant colony algorithm is easy to stagnate in the later stage of the operation because of its
inability of fine search in local areas; thus, the iteration number and the ant number should
be appropriately shortened in order to improve the efficiency.
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Algorithm 1: Hybrid Localization Algorithm
Require: L = L0, W = W0, v = v0, H = Hm = (Hxm, Hym, Hzm)

Require: Ant Colony Algorithm: set P0(x0, y0, z0), Nant, Aant

1: loop
2: for i = 1, ..., Nant

3: loop
4: for j = 1, ..., Aant

5: update Equation (4), do
6: end loop
7: update Obj = (FM− H)T(FM− H)

8: end loop
9: Find Pi to minimize Obj

Require: LM Algorithm: set P′, Maximum Iteration Number N, Minimum Error ε

10: for i = 1, ..., Nant, do
11: loop
12: update Equation (8)
13: update Obj = (FM− H)T(FM− H)

14: until Obj < ε

15: end loop

2.3. Description of the Validation Experiment

To validate the proposed method, an experiment was conducted in a wide sea area far
away from the channel in Sanya, where there is almost no influence from the other objects.
The depth of the experimental sea is 26 m, while the experimental area is 2.6 km long and
1.1 km wide. The ship used in the experiment is Haihong No. 1, shown in Figure 2, which
is 54 m long and 13.2 m wide.

Figure 2. Photo of the experimental ship.

The experimental equipment mainly includes a three-axis high-precision fluxgate
sensor, a high-precision attitude sensor, a data acquisition storage module, and a power
supply battery, as shown in Figure 3. The high-precision attitude sensor is used to convert
the magnetic field data collected by the fluxgate to the geographic coordinate system when
the ship passes, while the data acquisition storage module records the magnetic field data
and attitude data in real time for the subsequent processing.
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Figure 3. Photo of the experimental equipment with one three-axis fluxgate magnetic sensor.

Since the geomagnetic field can be regarded as stable, the sinking equipment can
work for a while to collect the geomagnetic field. Then, the target’s magnetic field can be
obtained by subtracting the geomagnetic field from the recorded data when the ship passes.
The schematic of the experiment is shown in Figure 4. From the figure, we can see that the
ship would sail at a constant speed v along the planned lines, and the experiment would
repeat at different distance abeam D: 0 m, 10 m, 20 m, 30 m, 40 m, and 50 m at the speed of
8 knots. The GPS system is used to record the required data to ensure that the trajectory of
the ship meets the preset requirements and also is set as the standard for our algorithm.
Light wind is acceptable to make sure the target can move as planned, and this would also
assure that the sea depth would not change a lot because it can be used as a reference to
evaluate the performance of the method, which would be discussed in Section 4.

Figure 4. The schematic of the experimental survey line (top view).

3. Results

Since the ship moves along the x-direction at a fixed speed shown in Figure 4 the
position change in the x-direction should be an inclined straight line with the slope of
the ship’s sailing speed on the time axis, and there is basically no change in the y and z
directions. The localization result is shown in Figure 5, where the upper 3 are the received
magnetic field and the lower 3 are the localization results. From the figure, it can be seen that
the time node at which the localization results have been significantly improved appears at
approximately 0 m in the x-direction when the ship is closest to the magnetic sensor to make
the magnetic field signals the strongest. In the later stage of the algorithm, the localization
distance in the y-direction converges to around 12.5 m, and the localization distance in
the z-direction converges to around 25.2 m, which are in good agreement with the actual
situation. However, in the initial period, when the ship is far from the sensor, the magnetic
field signal is weak to make the noise-to-signal ratio non-neglectable, which has a greater
impact on localization. As the ship gets closer to the magnetic sensor, the target magnetic
field signal gradually increases, leading to the increase of the signal-to-noise ratio to make
more magnetic field data effective, thus the localization result will gradually get better.



Electronics 2021, 10, 784 7 of 9

Different measuring lines with various distance abeam are also conducted to evaluate
the proposed method. The calculation formula for the relative error between the real value
and the algorithm calculation value is as follows:

Error =
‖Dc − Dp‖

Dp
× 100% (9)

where Dp is the preset value and Dc is the calculated value.

Figure 5. Received signals and the output location when the distance abeam D is 10 m.

The localization results in the y-direction are shown in Table 1, and the localization
results in the z-direction are shown in Table 2. Both results agree with the recorded data, but
there are some some discrepancies in the y-direction. It is mainly due to the measurement
errors of the GPS system. Additionally, it can be easily seen that the z-direction results
agree well since the depth of the sea would remain at a constant value.

Table 1. Localization results in the y-direction for different distance abeams.

D [m] 0 10 20 30 40 50
preset value [m] 0 10 20 30 40 50

calculated value [m] 0.462 12.52 23.5 32.86 35.66 46.1
error value 20.13% 14.89% 8.7% 12.17% 8.46%

Table 2. Localization results in the z-direction for different distance abeams.

D [m] 0 10 20 30 40 50
preset value [m] 26 26 26 26 26 26

calculated value [m] 26.86 25.2 25.96 26.02 26.55 25.7
error value 3.22% 3.08% 10.15% 0.07% 2.07% 1.17%

4. Discussion

The localization results of the ellipsoid model and the single dipole model at a distance
abeam of 30 m are also compared, the results of which are shown in Figure 6. From the
figure, it can be easily seen that the ellipsoid model would converge to the preset values
when the magnetic dipole model still has a large deviation. Because the real value of the
sea depth would not change a lot, the localization results of the z-direction from both
source models are illustrated in Table 3. We can see that the spheroid source model is better
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than the magnetic one with the largest difference of 1.86 m to 12.01 m respectively. The
corresponding relative errors from Equation (9) are 6.67% and 31.59%, which validates the
proposed assumption that the spheroid source model is better than the magnetic dipole
model at the near area localization.

Figure 6. Comparison of the spheroid model with the magnetic dipole model to the recorded GPS
value when the distance abeam is 30 m. “GPS” represents the recorded GPS value. “Dipole model”
represents the calculated results of the dipole model. “Ellipsoid” represents the calculated results of
the ellipsoid model.

Table 3. The comparison of Localization results in the z-direction between magnetic dipole model
and ellipsoid model for different distance abeams (the sea depth is 26 m).

Distance Abeam D [m] Ideal Results Ellipsoid Model Dipole Model

z [m]

0

26

27.86 (6.67%) 38.01 (31.59%)
10 25.2 (3.17%) 33.6 (22.62%)
20 25.96 (0.15%) 32.89 (20.95%)
30 26.02 (0.08%) 31.84 (18.34%)
40 26.55 (2.07%) 30.49 (14.73%)
50 25.7 (1.17%) 27.9 (6.81%)

5. Conclusions

A novel magnetic localization method only using one measuring point data is intro-
duced and studied in the paper, where a new hybrid method is investigated based on
the full study on the uniformly magnetized spheroid model. An experiment has been
conducted to validate the proposed method, and the comparison of recorded data with
the calculated one shows the good performance of the proposed ellipsoid model with an
average error around 6.67%. At the same time, the study shows that the prolate ellipsoid
model can outperform the traditional dipole model, which would pave the road to the
wide application of the ellipsoid model in localisation. Furthermore, more experiments
with various vehicle types should be conducted to enrich the study.
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