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ABSTRACT The identification of submarine cable locations is crucial for their operation and maintenance.
Precise location data enables the monitoring of route changes and facilitates rapid fault detection. Magnetic
sensing is commonly used for detecting buried submarine cables. However, current research seldom
discusses the impact of mutual magnetic field interference among submarine power cables on location
accuracy and considers only the magnetic field intensity for cable detection. In this study, the authors first
establish a general magnetic field model for three parallel single-core submarine power cables carrying
three-phase currents and thoroughly investigate the variations in the amplitude and phase difference of the
magnetic field surrounding the cables. Based on this model, the authors introduce a gradient measurement
method based on the phase difference for the first time and compare its location accuracy with that of the
traditional extremum method. Our findings reveal that the phase difference method offers higher location
accuracy at longer detection distances, whereas the extremum method is preferable for shorter distances
because of its simpler device and criteria.

INDEX TERMS Magnetic field analysis, magnetic sensing, phase difference measuring, submarine power
cable location.

I. INTRODUCTION
Asmarine economies expand, submarine cables have become
increasingly important for power transmission and commu-
nication [1]. With the growing use of submarine cables,
the risk of damage from human activities and environmen-
tal factors has increased [2]. Consequently, regular surveys
of submarine cables are essential to monitor route changes
and swiftly locate faults when damage occurs [3]. Common
submarine cable location methods include visual track-
ing [3]; hydroacoustic detection [3], [4], [5]; and magnetic
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sensing [6], [7], [8]. Magnetic sensing is the most suitable
method for submarine power cables because they are typi-
cally buried in the seabed, limiting the effectiveness of visual
tracking and hydroacoustic detection [8]. Owing to the large
AC currents transmitted through the cables, an AC magnetic
field is generated around them, enabling their detection using
AC magnetic sensors such as search coils [9]. The extremum
method, which is based on the AC magnetic field intensity,
is a common passivemethod in the industry [10]. Considering
the magnetic field model of a single submarine cable, the
maximum detected value of the horizontal magnetic field
intensity and the minimum detected value of the vertical
magnetic field intensity occur when magnetic sensors are
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directly above the cable [6]. Hence, the cable can be located
based on the positions of the extremums. Thus, the cable
location can be determined by identifying extremums. This
method is easy to implement, and the equipment can be
mounted on a ship rather than on an unmanned underwater
vehicle (UUV) in shallow water. However, this method is
susceptible to measurement noise from sensors and external
magnetic field disturbances, owing to the gradual change
in the magnetic field intensity near the extremum. Another
common method involves the use of multiple magnetic sen-
sors with fixed relative positions to analyze the location and
burial depth of the cable. This method can achieve cable
tracking instead of sweeping surveys, typically employing a
diver or UUV to ensure a short detection distance [11], [12].
Among the current magnetic sensing methods, the impact of
mutual magnetic field interference among submarine power
cables on location accuracy has been scarcely researched,
and cable location only considers the magnetic field
intensity [13], [14].
In this study, a general magnetic fieldmodel for three paral-

lel single-core submarine power cables carrying three-phase
currents is first established. The amplitude and phase differ-
ence variations between the horizontal and vertical compo-
nents of the magnetic flux density surrounding the cables
are investigated thoroughly. Our research indicates that the
magnetic field distribution around each cable is significantly
altered by mutual interference from other cables, and is
affected by the conductivity of the surrounding medium.
As the conductivity increases, the wavelength of the AC
magnetic field shortens and becomes comparable to the dis-
tance between the source and probe point. Consequently,
phase variations due to different spatial distances cannot be
ignored, resulting in a non-axisymmetric magnetic field dis-
tribution, which decreases the location accuracy. The authors
then propose a gradient measurement method based on the
phase difference for the first time and thoroughly discuss
the location accuracy comparisons between the extremum
and phase difference methods. Our results show that the
phase difference method provides a higher location accuracy
when the probe height is high. Finally, the proposed model
is validated using a simple laboratory device and compared
with the finite element method (FEM). The remainder of
this paper is organized as follows: In Section II, a the-
oretical analysis of the general magnetic field model for
single-core cables in three-phase submarine power circuits
is provided. In Section III, the authors discuss the distribu-
tions of the AC magnetic field intensity and phase difference
separately. A gradient measurement method based on the
phase difference for the cable location is then proposed.
Building on this, the authors present comparisons of the
location accuracy between the extremum method and the
phase difference method, considering different probe heights
and conductivities of environmental media. In Section IV,
a simple laboratory device to validate the reliability of the
proposed method is set up and the results of the phase differ-
ence distributions obtained using the proposed model and the

FEM-based model are compared. Finally, Section V presents
our conclusions.

II. GENERAL MAGNETIC FIELD MODEL
In this general magnetic field model, the single-core cables
in three-phase submarine power circuits are simplified as
three parallel, horizontally-aligned, long straight lines carry-
ing phase currents A, B, and C. Although most submarine
cables contain a metallic sheath, their shielding effect for the
AC magnetic field at the power frequency can be ignored.
This is because the metallic sheath is typically composed of
several stranded steel wires, which cannot effectively shield
the power frequency magnetic field. The relative positions
of the cables and probe point P are shown in Figure 1.
A rectangular coordinate system is established with the origin
coordinate located at the position of the phase current B, and
the positive directions of the coordinate axes are depicted in
Figure 1. The cable carrying phase current A is located at
coordinates (L1, 0), whereas the cable carrying phase cur-
rent C is located at coordinates (L2, 0). The probe point P
is located at coordinates (x, h).

FIGURE 1. The rectangular coordinate system used in general magnetic
field model.

The magnetic fields generated by the phase currents A (I1),
B (I2), and C (I3) at probe point P can be expressed from the
appropriate Maxwell’s equations [15], [16], [17], [18]:

B1 =
γµI1K1(γR1)

2π

[
h
R1
ep +

(x + L1)
R1

ev

]
(1)

B2 =
γµI2K1(γR2)

2π

(
h
R2
ep +

x
R2
ev

)
(2)

B3 =
γµI3K1(γR3)

2π

[
h
R3
ep +

(x − L2)
R3

ev

]
(3)

where R1 is the distance between phase current A and probe
point P, R2 is the distance between phase current B and
probe point P, R3 is the distance between phase current C and
probe point P, µ is the permeability of seawater, ep is the unit
vector in the x direction, ev is the unit vector in the h direction,
K1(γR) is the modified Bessel function of the second kind
of order 1, and γ is the propagation constant which can be
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expressed as

γ = (1 + i)
√

π f µσ (4)

where σ is the conductivity of seawater.
The total magnetic field (B) at the probe point P can be

expressed as follows:

B = B1 + B2 + B3 = Bpep + Bvev (5)

where Bp and Bv represent the horizontal and vertical com-
ponents of the total magnetic field, respectively, and are
expressed as complex sinusoids with frequency f :

Bp = Apei(2π ft+θp) (6)

Bv = Avei(2π ft+θv) (7)

where Ap and Av are amplitude components, θp and θv are
phase components.

III. THEORETICAL ANALYSIS AND DISCUSSIONS
In this section, the amplitude and phase difference distribu-
tions of the AC magnetic field around three-phase submarine
power cables using the general model discussed earlier are
calculated. Then, the common extremum method and the
phase difference gradient measurement method are com-
pared. Here, balanced phase currents with an amplitude equal
to that of I0 are considered. According to the actual situations
of submarine power cables in the Ningbo-Zhoushan sea area
of China and the selection principles of the marine cable
route [19], some parameters of the model in this section are
as follows: 

I0 = 500A
L1 = L2 = 50m
µ = µ0 = 4π × 10−7H/m

(8)

and the initial conditions of phase currents are
I1|t=0 = I0
I2|t=0 = I0e−

2
3π i

I3|t=0 = I0e
2
3π i

(9)

A. AMPLITUDE DISTRIBUTION
The amplitudes of the horizontal component (Ap) and vertical
component (Av) around the cables are analyzed using (6)
and (7). The variations in amplitude with position at different
heights (h) are shown in Figure 2. The surrounding medium
is set as seawater with conductivity (σ ) equal to 4S/m [20].
When probe point P moves nearly above the cables,

Ap reaches its maximum and Av reaches its minimum. This
characteristic is typically used for cable location by detecting
the positions of extremum values, which is referred to as the
extremum method. An evident advantage of this method is
that it is an intuitive criterion that does not require complex
data processing. However, as shown in Figure 2, this method
has two disadvantages in terms of the location accuracy. First,
the positions of the minimum values shift significantly with
increasing height (h) owing to the mutual interference of the

FIGURE 2. Variations in amplitudes of magnetic field with position at
different heights (h). (a) The amplitude of the horizontal component (Ap).
(b) The amplitude of the vertical component (Av ).

three cables. Second, the amplitude variation of the magnetic
field is gradual near the extremum values. Therefore, the
measurement noise from sensors or external magnetic field
disturbances may affect the judgment of the positions of the
extremum values. Further research on location accuracy is
discussed in Part C of this section.

Additionally, the variations in the different surrounding
media are compared in Figure 3. When the surrounding
medium is freshwater, the conductivity (σ ) is set as 0.01 S/m
[21]. When the surrounding medium is seawater with a lower
salt concentration, the conductivity (σ ) is set as 1 S/m. The
vertical coordinate (h) is set as 10 m.

FIGURE 3. Variations in amplitudes with different surrounding media.
(a) The amplitude of the horizontal component (Ap). (b) The amplitude of
the vertical component (Av ).

The results show that increasing conductivity disrupts the
axial symmetry of the curves. As the conductivity of the
surrounding medium increases, the wavelength of the AC
magnetic field decreases. The wavelength (λ) of the AC
magnetic field in the conductive medium can be calculated
by the following formula:

λ =
2π

√
π f µσ

(10)
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FIGURE 4. Amplitude distributions with different conductivities. (a) The amplitude of the horizontal component (Ap) with σ = 0.01 S/m. (b) The
amplitude of the vertical component (Av ) with σ = 0.01 S/m. (c) The amplitude of the horizontal component (Ap) with σ = 1 S/m. (d) The amplitude
of the vertical component (Av ) with σ = 1 S/m. (e) The amplitude of the horizontal component (Ap) with σ = 4 S/m. (f) The amplitude of the vertical
component (Av ) with σ = 4S/m.

Consequently, the wavelength of the AC magnetic field with
a frequency of 50 Hz is reduced to approximately 220 m in
seawater (σ = 4 S/m) compared with the wavelength of
6000 km in air or vacuum. In this case, the distances between
the sources (phase currents A, B, and C) and probe point are
comparable to the wavelength. The phase variations caused
by different spatial distances cannot be ignored, resulting
in the non-axisymmetric phenomenon observed in Figure 3.
More detailed amplitude distributions for different conduc-
tivities are presented in Figure 4.

B. PHASE DIFFERENCE DISTRIBUTION
The phase difference (1θ ) between the horizontal compo-
nent (Bp) and vertical component (Bv) of the AC magnetic
field can be expressed as

1θ = θp − θv (11)

The variations in the phase difference with position at differ-
ent heights (h) are shown in Figure 5.

The results demonstrate that the phase differences near
the positions directly above the phase currents A, B,
and C change rapidly. The sensitive variations in the phase

FIGURE 5. Variations in phase difference (1θ) of magnetic field with
position at different heights (h).

difference with position can reduce the influence of detection
noise and environmental noise, as validated in Part C of this
section. The effect of the conductivity on the phase difference
is displayed in Figure 6, and more detailed phase difference
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FIGURE 6. Variations in phase differences (1θ) with different surrounding
media.

FIGURE 7. Phase difference distributions with different conductivities.
(a) The variations of phase difference (1θ) with σ = 0.01 S/m. (b) The
variations of phase difference (1θ) with σ = 1 S/m. (c) The variations of
phase difference (1θ) with σ = 4S/m.

distributions with different conductivities are presented in
Figure 7. It can be observed that the central symmetries of the
curves are disrupted with increasing conductivity. The reason
for this is similar to that shown in Figure 3.

FIGURE 8. Variations in gradient of phase difference with position at
different heights (h). The black line represents the gradient values of the
phase differences in the h = 5 m subtracted from those in the h = 8 m.
The red line represents the gradient values of the phase differences in the
h = 10 m subtracted from those in the h = 13 m. The blue line represents
the gradient values of the phase differences in the h = 20 m subtracted
from those in the h = 23 m. The pink line represents the gradient values
of the phase differences in the h = 30 m subtracted from those in the
h = 33 m. The green line represents the gradient values of the phase
differences in the h = 40 m subtracted from those in the h = 43 m.

Similar to the use of extremum values to identify cables
in the extremum approach, a clear criterion is required for
implementation in actual applications. However, the results
show that the phase differences near the positions directly
above the cables are not suitable criteria. Therefore, a gradient
measurement method in the vertical direction is proposed.
In this method, two probe points with the same horizontal
coordinates and different vertical coordinates are used to
detect the phase differences simultaneously. The phase dif-
ferences of the two probe points are then subtracted to obtain
the gradient value. The vertical coordinate difference is set to
3 m in this study, and the related results are shown in Figure 8.

The results indicate that the gradient values near the posi-
tions directly above the cables are close to zero with steep
slopes. Hence, the positions of the zero-crossing points can
be regarded as the cable positions. This characteristic can be
used as the criterion for cable location in the phase difference
detection method.

C. COMPARISIONS OF TWO METHODS
In this part, the location accuracies of the two methods are
compared. The location accuracy (ε) can be expressed as

ε = 1x + δd (12)

where 1x is the model bias and δd is the detection error.
Model bias is a type of systematic bias caused by the the-
oretical models and methods. It represents the differences
between the positions determined by the criterion and the
true positions of the cables. In the extremum method, the
positions determined by the criterion are the positions of
the extremum values, whereas in the proposed method, they
are the positions of the zero-crossing points. The detection
error is caused by the detection noise of the sensors and
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FIGURE 9. Comparisons of location accuracy with σ = 4 S/m. The solid
symbols represent model biases and the error bars represent detecion
errors. (a) Location accuracy with phase current A. (b) Location accuracy
with phase current B. (c) Location accuracy with phase current C.

the environmental noise. For ease of analysis, the detection
noise of the sensors and environmental noise can be treated
as total amplitude noise (NB). The detected amplitudes of the
magnetic field can be expressed as

Apm = Ap ± NB (13)

Avm = Av ± NB (14)

where Apm is the detected amplitude of the horizontal mag-
netic field and Avm is the detected amplitude of the vertical
magnetic field. In the phase difference method, amplitude
noise is converted to phase noise. In the phase difference
method, amplitude noise is converted to phase noise. The
time difference between the zero crossings of the sinusoidal

FIGURE 10. Comparisons of location accuracy with σ = 1 S/m. The solid
symbols represent model biases and the error bars represent detection
errors. (a) Location accuracy with phase current A. (b) Location accuracy
with phase current B. (c) Location accuracy with phase current C.

signals is measured to calculate the phase difference. Conse-
quently, the detected phase difference (1θm) can be expressed
as:

1θm = (θp ± Npθ ) − (θv ± Nvθ ) = 1θ ± Npθ ∓ Nvθ (15)

where

Npθ = arcsin(
NB
Ap

) ≈
NB
Ap

NB ≪ Ap (16)

Nvθ = arcsin(
NB
Av

) ≈
NB
Av

NB ≪ Av (17)

In practical applications, the detection noise of sensors
and the precise seawater conductivity cannot be predicted
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FIGURE 11. Comparisons of location accuracy with σ = 0.01 S/m. The
solid symbols represent model biases and the error bars represent
detection errors. (a) Location accuracy with phase current A. (b) Location
accuracy with phase current B. (c) Location accuracy with phase current C.

in advance. To compare the location accuracy of the two
methods under the effects of detection noise and the sur-
roundingmedium, the conditions of the same amplitude noise
and different surrounding media are considered. When NB
changes in the range of 0 ∼ 1nT and conductivity (σ ) is set
to 4S/m, 1 S/m, and 0.01 S/m, respectively, the comparisons
of location accuracy are shown in Figure 9 to Figure 11.
In Figure 9 to Figure 11, the dot represents the model

bias (1x) and the error bar represents the detection error
(δd ). Several conclusions are drawn from this study. First,
in most cases, the phase difference method exhibits the small-
est detection error, particularly for large h values. This is
because of the steep slopes of the phase difference curves near

the positions directly above the phase currents. Second, the
model bias of the extremum method using minimum values
is too large, resulting in a much lower location accuracy
compared with other methods. Third, the location accuracy of
the extremum method using maximum values is close to that
of the phase difference method at small h values but lower
at large h values. Fourth, the location accuracy of the phase
difference method with h over 30 m is higher than that of the
traditional method whether the surrounding medium is fresh
water or seawater, except the condition of phase current A
with σ = 4S/m.

In engineering practice, the detection device is usually set
on a ship rather than on a UUV in shallow water because
of the efficiency, difficulty, and cost of operation. In this
case, the detection distance is determined by the water
depth. Hence, in some applications with water depths exceed-
ing 30 m, our method helps improve location accuracy by
maintaining the original efficiency, difficulty, and cost of
operation. Consequently, different methods can be selected
based on the different detection distances. When the probe
height is within 30 m under the model parameters in this
study, the extremum method using the maximum values is
a better choice because of its simpler device and criterion.
When the probe height is above 30 m, the phase difference
method is a better option because of its higher location
accuracy.

IV. EXPERIMENTAL SETUP AND RESULTS
Owing to experimental constraints, it is difficult to directly
validate the feasibility of the proposed method in seawater.
This is because the effects of the amplitude attenuation and
phase variation of the magnetic field at 50 Hz in seawater
appear as the propagation distance increases. A considerable
experimental area with sufficient depth is required to simulate
practical applications. In this case, the authors indirectly vali-
date the feasibility of the proposed method in two steps. First,
a simple experimental setup is established in air (σ = 0S/m)
rather than seawater (σ = 4 S/m) to validate the gradient
measurement method based on phase difference. From the
phase difference detection method discussed above, it is obvi-
ous that the method still works whether in air or seawater. The
difference is in the location accuracy, where the result in air
is close to that in fresh water. Second, the authors compare
the phase difference distribution results between the proposed
model and the FEM-based model to validate the accuracy
of the proposed model. The results for air and seawater are
compared.

The coordinate system is consistent with that described in
Section II. The experimental setup is shown in Figure 12.

Three parallel straight wires carrying three-phase currents
are used to generate the AC magnetic field. A survey line,
which is perpendicular to the extended direction of the cables,
is set to be consistent with the routing survey of submarine
cables in actual engineering [6], [22]. A triaxial fluxgate mag-
netometer is used to detect the orthogonal components of the
magnetic field along the survey line. The distances L1, L2, and
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FIGURE 12. The experimental device diagram.

vertical coordinate h are reduced by 100 times compared to
the theoretical model discussed earlier. It should be noted that
the comparison results are not affected by the reduced space
size during the experiment. This is because the wavelength
of the 50 Hz AC magnetic field is sufficiently long so that
the phase variation with distance (within hundreds of meters)
is close to zero in air. Therefore, the effects of proportional
reductions in distance L1, L2, and vertical coordinate h can
be ignored.

The experimental steps are as follows:
Step 1: Set the valid value of the three-phase currents to

1 A using the three-phase current generator.
Step 2: Establish the fluxgate sensor at the initial position

(−100 cm, 10cm).
Step 3: Simultaneously detect Bp and Bν using the fluxgate

sensor and analyze the phase difference data with the data
acquisition system.

Step 4: Move the fluxgate sensor along the positive x-axis
direction at 1 cm intervals.
Step 5: Repeat Steps 3 and 4 until the fluxgate sensor

reaches the final position (100 cm, 10cm).
Step 6: Establish the fluxgate sensor at the initial position

(−100 cm, 11cm).
Step 7: Repeat Steps 3 and 4 until the fluxgate sensor

reaches the final position (100 cm, 11cm).
Step 8: Analyze gradient data of phase difference.
The comparisons are shown in Figure 13, indicating that

the experimental results are consistent with the theoretical
results.

FEM-based modelling is an effective method for further
validating the accuracy of the proposed model [23], [24]. The
geometry of the FEM-based model is shown in Figure 14, and
the conditions are listed in Table 1.

In the FEM-based model, the AC magnetic field is gener-
ated by three parallel straight lines carrying the phase currents
A, B, and C. The governing equation is as follows:

∇ × H = J (18)

where H is the magnetic field intensity and J is the con-
duction current density. The boundary condition is set as

FIGURE 13. Comparisons between experimental and theoretical results.
The blue solid lines represent experimental results and the red dashed
lines represent theoretical results. (a) The results of phase difference
with the h = 10 cm (experimental) and the h = 10 m (theoretical). (b) The
gradient results of the phase differences in the h = 10 cm subtracted
from those in the h = 11 cm (experimental) and in the h = 10 m
subtracted from those in the h = 11 m (theoretical).

TABLE 1. Details On FEM-based model used.

magnetic insulation, which can be expressed as:

n× A = 0 (19)

where n is a normal vector and A is the magnetic vector
potential. A comparison of the results from the FEM-based
model and the theoretical results of the proposed model in air
and seawater is shown in Figure 15. The gradient results are
the phase differences in h = 10 m subtracted from those in
h = 11 m.
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FIGURE 14. The geometry of the FEM-based model. The grey arrows
represent the directions of phase currents flow. The origin of coordinate
system is set to the geometric center of cuboid.

FIGURE 15. Comparisons of phase differences in air and seawater
analyzed by the proposed model and FEM-based model. The black solid
line represents the result analyzed by FEM-based model in air. The blue
solid line represents the result analyzed by FEM-based model in
seawater. The red dashed line represents the result analyzed by the
proposed model in air. The pink dashed line represents the result
analyzed by the proposed model in seawater.

It can be seen that the theoretical results by the proposed
model are almost the same with the results by FEM-based
model. This validates the accuracy of the proposed model.
In addition, the results in air and seawater are different. The
result for air is centrosymmetric because the attenuation of
the AC magnetic field amplitude with distance is a major
factor. In seawater, the phase variation of the AC magnetic
field with distance cannot be ignored which causes the results
to be different.

To validate the accuracy of the FEM-based model, mesh
independence tests are typically used [25], [26], [27]. The
results of the mesh independence tests are presented in
Figure 16 and Table 2. The phase difference results are ana-
lyzed for different element numbers and types.

FIGURE 16. Results of the mesh independence tests. (a) The results of
different element numbers which are controlled by maximum size of
elements (Umax). (b) The results of different element types.

TABLE 2. Details on the meshes generated and corresponding mesh
independence tests.

When themaximum size of the element changes from 10 m
to 1 m, the element number changes from approximately
three hundred thousand to over seven million. This shows
that the results are the same whether the element numbers
or element types change.

V. CONCLUSION
In this study, the authors develop a general magnetic field
model for single-core cables in three-phase submarine power
circuits to analyze the impact of mutual magnetic field inter-
ference among the cables. By introducing a general magnetic
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field model and gradient measurement method based on the
phase difference, this study contributes to the understanding
of magnetic field variations around submarine power cables
and offers a new approach for determining their location.
With the parameters (L1 = L2 = 50 m) discussed in
this paper, the authors demonstrate the advantages of phase
difference measurements for enhancing location accuracy
when the probe height is above 30 m. This means that the
traditional method is a better choice because of its simpler
device and criterion when the probe height is within the 30 m
range. Otherwise, the phase difference method is preferred
because of its higher location accuracy. The experimental
validation and FEM-based comparisons further support the
validity and practicality of the proposed model, paving the
way for more accurate and efficient submarine cable detec-
tion and maintenance. This method can improve the location
accuracy of submarine cables over long distances in practical
applications.
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