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Ship Target Tracking Using Underwater Electric Field

Peng Yu", Jinfang Cheng, and Jiawei Zhang

Abstract—Underwater electric field is an important source of exposure for warship targets, so we try
to track the ship’s movement by measuring its underwater electric field in this paper. Considering the
nonlinear distribution characteristics of underwater electric field, the unscented particle filter method
is applied for tracking. First, the equivalent electric field model based on point-electrodes methods is
studied. Second, the equivalent electric field model of a scaled ship is used as the electric field source,
and the source’s movement is tracked by measuring the three components of the underwater electric field
induced by the source. To meet the requirements of mine applications, only one measuring node is used
in the tracking process. The numerical simulation result shows that the target can be tracked stably
within 200 meters of the measuring node. Finally, a sea trail experiment is carried out to examine the
effectiveness of this method. In this experiment, the electric field source is composed by two graphite
electrodes, and only the horizontal components of underwater electric field are measured. The results
show that the tracking performance is good within 150 m of the measuring node.

1. INTRODUCTION

Underwater electric field signals induced by corrosion and anticorrosion currents are important sources
of exposure for naval targets, which can be applied to target detection, tracking, and recognition [1, 2].
In shallow water, the electric field signal has better stability than the acoustic signal. In addition,
continuous improvements in acoustic stealth make it meaningful for mine weapons, underwater detection
nodes and other similar devices to detect or track targets based on the underwater electric field signal [3].

It has been realized to detect ship targets using shaft-rate electric field so far, but the tracking
and positioning of ship targets using electric field signals are still in the exploratory stage [4,5]. For
tracking and positioning, the main methods are analytical inversion and filtering estimation. Bao [6]
uses the vector information measured by two triaxial electric field sensors to solve the position of the
electric dipole source directly. Subsequently, Bao et al. [7] utilize a horizontal electric field sensor array
to detect and estimate moving ship targets by using generalized likelihood ratio method. The above two
positioning methods both belong to analytical inversion methods which are easily affected by modeling
accuracy and environment noise.

At present, the most popular method for moving targets tracking is based on the Bayesian filtering
framework. This method regards the target tracking problem as the optimal estimation problem based
on Bayesian theory. The main algorithms include Kalman filter, Particle filter and their derivatives.
For example, Sun et al. [8] regard the hull as an equivalent electric dipole and applies Extended Kalman
Filter (EKF) to track ship’s movement for the first time.

As we know, Particle Filter (PF) has obvious advantages over Kalman Filter (KF) in dealing
with nonlinear problems. In consideration of the nonlinear characteristics of underwater electric field
distribution and propagation, PF is more suitable than KF under this background. Unscented Particle
Filter (UPF) is a newly proposed algorithm which has better estimating performance with lower amount
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of particle requirements [9, 10]. In the field of image processing, UPF is widely used for target tracking
and recognition. In addition, by adjusting the number of particles, UPF algorithm can flexibly adjust
between the amount of calculation and the accuracy of estimation.

In this paper, we utilize UPF to track ship’s movement. In Section 2, the ship’s equivalent electric
field model based on point-electrodes method is analyzed. In Section 3, the UPF algorithm is introduced.
In Section 4, we use 4 point-electrodes to simulate the electric field of a real ship and use 2 equivalent
point-electrodes as the tracking model. The numerical simulation achieves a good performance although
some modeling errors exist. In Section 5, a sea trail experiment is carried out to examine the effectiveness
of this method.

2. SHIP ELECTRIC FIELD MODELING

Ships have complex structures made of a variety of materials, including different types of carbon
steel, low alloy steel, cast steel, copper alloy, aluminum alloy, stainless steel, and titanium alloy.
Since these metals’ potentials in seawater are different, a primary battery or an electrolytic coupled
circuit will be formed when different metals are electrically connected, thus generating electric current
in the seawater [11]. For underwater electric field modeling, the hull can be equivalent to many
point-electrodes, and the underwater electric field is the result of the interaction of these point-
electrodes [12, 13].
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Figure 1. Sketch of ship’s underwater electric field modeling based on point-electrodes method.

As shown in Fig. 1, the underwater hull is equivalent to m point-electrodes. The coordinate of each
point-electrode i is (z;,y;, zi), and its electric current is I; (¢ = 1,...,m). Then the underwater electric
potential ¢ at point P(x,y, z) is the result of the interaction of these point-electrodes [12, 13]:
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where K (i, P) is a distance function between point P and point-electrode . In the three-layered
homogeneous medium as “air-seawater-seabed”, K (i, P) is given by
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where
ro = (x —2:)* + (y — vi)?; k= (01— 02)/(01 + 02)
Ry = \/r2 + (2 + 2nh + 2;)?; Ry = /13 + (=2 +2(n+ 1)h — )2 (3)
Ry= 2+ (z+2n+1)h—2)%; Ry=rd+(—2+2(n+1)h+ z)?
In the above formula, h is the depth of seawater; k is the seafloor reflection coefficient; o1, o9 are

the conductivities of seawater and seabed, respectively; n is the number of layers reflected, and the
maximum of n could be 10 ~ 20 in actual engineering [14].
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From the above analysis, the modeling of the ship’s electric field mainly depends on solving the
total number, positions, and electric current values of these equivalent point-electrodes. By measuring
the electric field of a known depth underwater, combined with the physical characteristics of the hull,
the number, positions, and current values of these equivalent point-electrodes can be solved by the least
squares method [15].

3. THE UNSCENTED PARTICLE FILTER

Particle Filter (PF) is also called Sequential Monte Carlo method whose core is to achieve state
distribution by extracting random state particles from posterior probability. When performing particle
filtering, the proposed distribution or importance distribution of particles is critical. The proposed
distribution chosen by the classical particle filtering algorithm is transition probability density, i.e.,
q(zk| Xk—1,Yr) = p(zk|rg—1) [16]. It can be seen that this method does not incorporate the latest
observation information y, resulting in poor estimation.

The UPF algorithm uses the UKF (Unsecured Kalman Filter) algorithm to incorporate the latest
observation information and generates a particle distribution that is closer to the true posterior
probability. This method greatly reduces the number of particles required and can control the filtering
accuracy by adjusting the number of particles. In theory, as the number of particles increases, the
estimated states can be infinitely close to the true ones [17].

Based on the modeling method in Section 2, if we assume that a surface ship is combined by two
point-electrodes, parameters to be estimated are [z,y,V;, V), I], where (x,y) represents the location of
the first point-electrode near the bow; (V,,V},) represents the moving speed in z and y direction. I is
the current of the first point-electrode near the bow while the current of the other point-electrode is
—1I.

The basic tracking steps of the UPF are as follows [9, 18].

(1) Initialization: When k = 0, randomly generate M particles near the initial state variables
xy (i =1,2,--- M), zp = [2°,y",V;, Vy, I'], according to density function p(z¢), and their weights are
wh = 1/M. The mean and covariance are

=Bl
b = B [(zh — 7 (@b — 7)7] (4)
7if = Blaf) = [(5)" 0 0]

Convert the initial covariance to the following matrix form

P, 0 0
o= Bl —ainel -anT = 0 Qo 5)
0 0 R
(2) Importance sampling step: At each discrete moment k = 1 : T, every particle i = 1,2,--- | M

should operate the following steps a~e:
a. Generate a set of sigma points for each particle, and the resulting 2L + 1 sigma points are

Xk = {52{17 T £4/(L+ MNP, } (6)

where L is the state dimension; A\ = a?(L+ k) — L; a controls the “size” of the sigma points distribution,
generally taken as 0 < o < 1; & is the scaling parameter, which controls the distance between the sigma
points and the state mean, generally taken as kK =3 — L.

b. States prediction and covariance matrix update:

States prediction:

ia _ ia
Xklk—1 = f(Xk:—l)
2L
Py _ m,.1
Thlk—1 = ij Lj,klk—1
Jj=0

where f(-) represents the state transition, as Equation (19).
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Covariance matrix update:
i = cf, i i i —i T
P = E :U’j (%’,k\kq - xk|k71> (xj,k|k71 - xk\kq) + Qk (8)
§=0

Observations update: ' '
Yifk—1 = hXxfp—1) + vk

9)

2L
—7 _ m. 1
Yklk—1 = ij Y5, klk—1
j=0

where Q)i is the state noise; vy is the observation noise. h(:) represents formula (1), and yZ'lk_l is the
calculated underwater electric potential.
The particle weights are given by Equation (10), where 5 is the weight control factor of the Oth
sigma point, generally 5 = 2.
wit =M/ (L+\)
wi =M (L+A)+(1—a?+3) (10)
Wl = AL+ N)] n=1,-- 2L
c. Incorporating the latest observations to solve the Kalman gain and states update:
2L

. ‘ . ‘ T
_ C 7 —1 7 —1
Py = E :wj (yj,k\kq - yk\kq) (yj,k\kq - yk\kq)
J=0

2L 4 4 . . T ()
Poyy, = ng (xz',k\k-q - j;dkfl) (y}k\kq - glldkfl)
j=0
Kalman gain: .
K, = kaykP;kyk (12)
States update:
7 = T+ K (v = T ) (13)

where g, is the underwater electric potential measured by sensors, while Qi.' x_1 18 the estimated electric

potential by UPF.
Covariance matrix update:

u . T
k= Z:|k—1 — K Py, K, (14)

The importance density function is
ﬁﬁc =dq (3?2’376;]9,1, yl:k) =N (f;ca p}c) (15)

where N (-) is the Gaussian density function.
d. Particle weights calculation and normalization:

i o PORlEP(E13, 1)
3 iais
Q(x’;chz)k? yl:k)

Normalization:

e. Resampling and state estimation:

Methods like random weighting, system sampling, residual sampling, etc. can be used to replicate
the particles with larger weights, while retaining some particles with smaller weights to ensure that the
total number of particles is unchanged.
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The final estimated states at moment k are
M
Br= > wiah (18)
i=1

When applying the UPF algorithm to the actual electric field tracking, it is necessary to set
boundary conditions such as the proper range of velocity and electric dipole moment. When the particle
state value exceeds the range, this particle weight is assigned a relatively smaller value in step e, which
can effectively suppress the states divergence.

4. NUMERICAL SIMULATION

The underwater electric field of ship has strong regional characteristics. For small, medium, and large
targets, the effective detection distances are about 200 m, 500 m, and 800 m, respectively. For mine
weapons, it is critical to positioning the targets within their attack range (generally no more than
100m). Therefore, we mainly focus on the tracking performance in the near range of a single measuring
node.

4.1. Electric Field Simulation of the Tracked Ship

As it is hard to find a warship for tracking experiment, we use the electric field of a scaled ship model.
The scaled ship model is scaled 1 : 50 from a real ship as shown in Fig. 2(a), and the inversion
algorithm is used to find the total number, positions, and electric current values of its equivalent point-
electrodes according to Section 2. The results show that when the number of point-electrodes is four,
the underwater electric field modeling accuracy is no less than 92% at all three depths below the hull
as shown in Fig. 2(b). The depths are 1.0B, 1.5B, and 2.0B, where B represents the molded breadth
of a ship (molded breadth is the maximum width of a ship).
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Figure 2. (a) The scaled ship model whose electric field is used for tracking in numerical simulation;
(b) The scaled ship’s under water electric field modeling accuracy with 4 point-electrodes.

The positions of these four point-electrodes are all on the keel. The relative positions of these four
point-electrodes from the bow to the stern are 0, 79, 141, and 180 (cm), and their current are 3.2, 2.6,
—6.5, and 0.4 (mA), respectively.

Now we need to reconstruct the electric field of the real ship. According to the scaling model
theory [19,20], the length and current of the real ship are p and p? times of the scaled ship (p is the
scaling parameter), respectively. So the positions of the equivalent point-electrodes of the real ship would
be 0, 39.5, 70.5, 90 (m), and the corresponding current values are 8.0, 6.5, —16.25, 1.0 (A). Therefore,
we use these four point-electrodes to simulate the underwater electric field of a real ship.
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4.2. Tracking Model

As we only focus on the tracking performance in the near range, the ship can be assumed to be in line
movement with constant velocity. In establishing the tracking model, if we use four point-electrodes to
model the target’s electric field, the computation will be relatively large, and the tracking results may
diverge, although the accuracy of the tracking model is high.

To reduce the computation dimension of the UPF algorithm, the electric field can be equivalent
to being generated by two horizontal point-electrodes. It is clear that the modeling accuracy using two
point-electrodes is lower than those using four point-electrodes, but it is worth to find a balance between
tracking modeling accuracy and computation.

According to Yu et al. [21], the distance between the ship’s two equivalent point-electrodes is
1/3 ~ 1/2 of the ship length. If the distance between these two point-electrodes is set to a certain
length within this range, the equivalent electric dipole moment can be estimated accurately by only
solving the current values of these two point-electrodes. As a result, the tracking model is established
based on two point-electrodes.

(1) State equation:

X =0Xp_1 +Twi

Y, = hXy 4+ v (19)

In the formula, k is the discrete time; X} is the system state, X = (xk,yk,v,f,vz, Ik)T; Tf, Y are
the coordinates of the ship; vf, v,‘Z are the velocities of the target along the x, y direction; [ is the
electric current of the point-electrode, that is, the current of the two point-electrodes are I and —Ij,
respectively; ® is the state transition matrix; I' is the state noise coefficient matrix; wy is the state
noise; T is the time interval; I is Identity matrix.

1 7T 0 0.57%T9y 0 0 .
d=(0 1 T ;o I'= 0 TIoxo 0 |5 w= [wlgg U’Z wy” wzy w,ﬂ (20)
0 0 Isxs 0 0 1

(2) Observation equation:

According to Equation (1), the electric potential ¢, at a measuring electrode m can be calculated.
By calculating the electric potentials of three pairs of measuring electrodes at three different directions,
we can get the electric fields E,, E,, E. by the basic equation E' = Ay/d, where Ay is the electric
potential difference, and d is the distance between two measuring electrodes in x, y, or z direction.

4.3. Tracking Results

The initial states have a significant impact on the tracking performance, and large errors in initial states
may lead to divergence in tracking. In this paper, the initial error in states value is set according to
the actual situation. The initial states are set (zo,y0) = (350, 430) (m), (v&,v§) = (—5,—2) (m/s),
Iy = 10 A, states noises wy, = [2, 2, 0.1, 0.1, O.Q]T, and the number of particles is 50.

In this paper, we define the distance as the horizontal line distance. It can be seen in Fig. 3(b)
that the tracking trajectory starts to approach the real trajectory when the line distance is 400 m from
the observation point. At this moment, the SNR (Signal to noise ratio) is about 18 dB calculated from
Fig. 3(a). When the target is 250 m from the measuring node, the tracking trajectory coincides with the
real one (corresponding to point A in Fig. 3(b)), and the corresponding moment is 110s in Fig. 3(a).

However, when the target leaves the measuring node about 200m (corresponding to point B in
Fig. 3(b)), the tracking trajectory gradually starts to deviate from the real trajectory. This moment
corresponds to 280 s in Fig. 3(a) when the SNR is low. The estimated trajectory deviates from the real
trajectory mainly due to two reasons: (1) errors exist in modeling the electric field based on two point-
electrodes; (2) as the electric field has strong regional characteristics, the SNR will decrease rapidly
when the target passes through the measuring node.
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Figure 3. (a) Underwater electric field E,, E,, E, calculated at the measuring mode; (b) Tracking
result by UPF; Node 1 represents the location the electric field measuring node.

5. SEA TRAIL EXPERIMENTS

In April 2019, an electric field tracking experiment was carried out in Yantai China. The water depth in
the experiment area was 9 m, and the seawater conductivity was 4S/m. The measuring electrodes were
Ag/AgCl electrodes which were fixed on a floating tank as shown in Fig. 4(a). To reduce the influence
of sensor position fluctuation, the floating tank was fixed on a floating bridge near the shore as shown
in Fig. 4(b), ensuring that the sensor’s horizontal movement range did not exceed 0.3 m.

Current

Electrode 1 Current
. N i i Electrodg 2
~ Location of 3 e
s _Measuring Electrodes™

(b)

Figure 4. (a) The measuring electrodes are fixed at the bottom of the floating tank and the sea depth
of the measuring electrode is 0.2m; (b) The two current electrodes are towed by a boat at 2.4m/s.

In the experiment, we measure the horizontal component F,, E, of the electric field by two pairs
of measuring electrodes. Two graphite electrodes are used as the electric field source; the horizontal
distance between two graphite electrodes is 20 m, and the current is 10 A.

To increase SNR, the electric field source uses a 3 Hz sine wave signal and measured electric field
signal will be band-pass filtered firstly. Fig. 5(a) is the signal envelope of the filtered electric field data.

The difference between the sea trail experiment and numerical simulation is that only E,, E, were
measured during the sea trail experiment. It is noteworthy that the system is observable when the
system state variables can be reconstructed from the observations [22]. According to Equation (1),
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Figure 5. (a) The measured electric field £, E, when the electric field source passed; (b) The tracking
results in the sea trial, and Node 1 represented the location of the measuring electrodes.

the underwater electric potential ¢ is determined by the position xy, x; and current I of the point-
electrodes. So the system is not observable when only E,, E, are measured from a single measuring
node [20].

Therefore, to make the system observable, current I of the point-electrode is regarded as a known
parameter in the experiment. As a result, X, = (zx, yi, vf, vz)T.

The tracking result is shown in Fig. 5(b). It can be seen that the estimated trajectory begins to
approach the true trajectory when the target is about 280 m from the measuring node (corresponding to
point A in Fig. 5(b)). When the target is approaching the measuring node about 220 m, the estimated
trajectory coincides with the real one (corresponding to point B in Fig. 5(b)). But the estimated
trajectory quickly deviates from the real trajectory when the target is leaving the measuring node
about 180 m (corresponding to point C in Fig. 5(b)). Therefore, the effectively tracking time in Fig. 5(b)
corresponds to 150s ~ 270s in Fig. 5(a). It is clear that the tracking performance highly depends on
the SNR of the measured signal although the modeling accuracy is high.

To make the experiment easy to carry out, we place the measuring electrodes on the sea surface,
thus making it easier to get the accurate GPS coordinate and attitude angle of these sensors. However,
if the sensors were placed on the seabed, the environment noise would be lower, and the location and
the attitude angle of the sensor would not change over the flow of the sea. So in the next experiment,
the sensor will be placed on the seabed to improve the tracking performance.

6. CONCLUSION

In this paper, UPF algorithm is applied to the ship electric field tracking for the first time. The
effectiveness of this method is verified by a numerical simulation and sea trail experiment. Base on
a single electric field measuring node, the target trajectory can be effectively tracked within 200 min
horizontal line distance. The effective tracking range is closely related to the SNR of underwater electric
field signal.

Single measuring node can only achieve close-range tracking. To track and locate the target in a
large range, an electric field measuring array is needed, which will be the focus of later research.
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