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   Dear Editor,
This  letter  concerns  the  localization  of  three-core  underwater

cables  which are  widely  deployed for  offshore  energy transmission.
It is a non-trivial problem, since the external magnetic field of three-
core  underwater  cables  is  variable  which  reduces  the  accuracy  of
localization.  To  solve  this  problem,  in  this  letter,  an  approximate
equation is firstly derived to formulate the external magnetic field of
a  three-core  armored  underwater  cable  by  considering  the  seafloor
environments  and  the  structure  of  three-core  cables.  Then,  a  new
underwater  cable  localization  method  is  proposed  based  on  dual
three-axis  magnetic  sensor  array  and  the  beetle  swarm optimization
(BSO) algorithm. The method constructs a fitness function based on
the magnetic flux density amplitude and replaces the existing analyti-
cal  geometry  method  with  an  optimization  algorithm  to  achieve
underwater cable localization with higher accuracy.

With  the  rapid  development  of  the  offshore  wind power  industry,
the maintenance of underwater cables becomes important in offshore
energy transmission [1],  [2].  The underwater cable works in a com-
plex  environment,  and  its  location  can  be  changed  by  water  flows
and underwater geological activity. Therefore, it is difficult to locate
the underwater  cable during the maintenance [3]–[5].  To reduce the
loss caused by underwater cable downtime, it is important to localize
the cables and update their location with high efficiency.

Some research works have been proposed for the underwater cable
localization,  including  acoustic,  optical,  and  magnetic  based  meth-
ods  [6]–[9].  The  performance  of  acoustic  methods  [6]  is  unreliable
with  the  impacts  of  sediments  and  complex  seafloor  environments.
Optical  methods require higher quality images of  underwater  cables
in  the  actual  underwater  environment.  Nevertheless,  underwater
cables  may  be  buried  and  underwater  photography  is  susceptible  to
water quality, currents and other factors [7].

Magnetic based methods are popular for underwater cable localiza-
tion  due  to  their  high  efficiency  and  low  cost  [8],  [9].  The  method
proposed  in  [8]  achieves  cable  localization  by  repeatedly  moving  a
three-axis  magnetic  sensor  over  the  cable  to  find  the  peak  point  or
slotting point, which is easy to implement with low cost. To improve
the  efficiency  of  localization,  the  methods  based  on  dual  three-axis
magnetic sensor array are proposed in [9]. It resolves the location of
the underwater cable based on the magnetic components detected by
each sensor and the geometry of the array.

In this letter, we consider the localization of three-core underwater
cables  which are  widely  deployed for  offshore  energy transmission.
The external  magnetic  field  of  three-core  underwater  cables  is  vari-
able  due  to  three-phase  currents  and  the  complex  structure  of  the
cable.  To  the  best  of  our  knowledge,  the  existing  magnetic  based
methods have not considered these characteristics in the cable local-
ization,  and  thus  can  not  provide  sufficient  localization  accuracy  in
three-core underwater cable localization.

To solve this problem, this letter proposes a new method for local-
izing  three-core  underwater  cables.  The  main  contributions  of  this

letter include: 1) An approximate equation is derived to formulate the
external magnetic field of a three-core armored underwater cable by
considering  the  structure  of  cables,  such  as  the  armor  layer  and  the
shielding  layer.  2)  We  propose  an  underwater  cable  localization
method based on dual three-axis magnetic sensor array and the BSO
algorithm.  The  method  constructs  a  fitness  function  based  on  the
magnetic  flux  density  amplitude  and  then  obtain  the  location  of  the
cable  with  an  optimization  algorithm.  Theoretical  analysis  is  pro-
vided to prove the effectiveness of the proposed method, and experi-
mental results also prove that the proposed method has higher local-
ization accuracy compared with the existing method.

Modeling  the  magnetic  field  of  three-core  underwater  cable:
The  formula  for  the  external  magnetic  flux  density  of  three-phase
lines with the same phase-to-phase distance and balanced three-phase
currents  has  been  presented  in  [10],  [11].  Three-core  underwater
cable meets the above requirements, but there are structures such as
lead sheath and armor layer besides the conductor, as shown in Fig. 1.
These  structures  have  a  magnetic  shielding  effect,  which  makes  the
external  magnetic  field  of  the  three-core  underwater  cable  smaller
than that generated by the three conductors.
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Fig. 1. The structure of the three-core underwater cable.
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Therefore,  we  propose  an  approximate  formula  for  the  external
magnetic flux density of three-core underwater cables based on [10].
As shown in Fig. 1, if we choose the center of the underwater cable
as the origin of the polar coordinate system. The amplitude B of the
magnetic flux density at an angle  with the horizontal axis, at a dis-
tance r from the origin, can be expressed as
 

B(r) =
3MµI

2
√

2π

√
s4+ s2r2

r6−2s3r3 cos(3φ)+ s6 + c (1)

µ
s c

M = 0.745 c = −1.0×10−8

where  is the vacuum permeability. I is the amplitude of the conduc-
tor current.  is the distance from each phase to the center. M,  are
two  correction  factors,  which  are  obtained  by  curve  fitting.  In  this
paper, , .

To  verify  the  accuracy  of  this  model,  we  simulated  the  external
magnetic field of a common 220 kV underwater cable in COMSOL.
As shown in Fig. 2, the results obtained by (1) are very close to the
simulation  results.  For  comparison, Fig. 2(c) plots  the  variation  of
magnetic flux density with the horizontal distance between the mea-
sured point and the cable, at a certain height Y above the cable. Com-
pared  with  the  equation  described  in  [10],  (1)  is  more  applicable  to
calculate the external flux density of a three-core underwater cable.

Underwater  cable  localization  method  based  on  BSO  algo-
rithm: The  underwater  cable’s  external  magnetic  field  frequency is
correlated with the current frequency it loads, which allows us to fil-
ter  the  signal  of  the  underwater  cable  from the  marine  environment
with  filtering  and  spectral  analysis.  With  the  above  magnetic  field
analysis,  we  designed  a  localization  method  using  an  underwater
robot with a dual three-axis magnetic sensor array, as shown in Fig. 3.
According to the magnetic component relationship sensed by the hor-
izontal  axial  sensor,  the  robot's  heading  can  be  adjusted  so  that  the
robot  moves  along  the  direction  of  the  underwater  cable.  The  robot
will  execute  the  localization  algorithm at  fixed intervals.  According
to  Ampere’s  law,  the  magnetic  signal  of  the  underwater  cable
detected by the two sensors comes from the small section of the cable
in  the  vertical  plane  (i.e.,  the  effective  detection  plane  in Fig. 3).
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Therefore,  we  can  explore  the  problem  of  localizing  underwater
cables in the two-dimensional plane.

r
r >> s

Assumption  1:  The  structure  and  current-carrying  capacity  of  the
underwater cable are known and the cable is located under the array.
The two sensors of the array are horizontal. The distance  between
the underwater cable and the sensor satisfies .

s
The description of Assumption 1 can be seen in Fig. 3. In general,

the  underwater  cable  is  laid  on  the  seabed and  is  very  small  usu-
ally only a few centimeters. Thus, Assumption 1 is easily satisfied.

Xc(xc,yc)
X(x,y)

Xc X Bd1 Bd2
BXC1 BXC2

Theorem 1: Under Assumption 1, suppose  is the actual
coordinate  point  of  the  underwater  cable  and  is  arbitrary
point in the effective detection plane of the array, the magnetic flux
density amplitude of  and  at  the two sensors are ,  and

, , respectively. Let
 

f (X) =
√

(BXC1−Bd1)2+ (BXC2−Bd2)2 (2)
Xc X X→ Xc f (X)→ 0then, the coordinates of  and  satisfies , if .

(0,0) (l,0)
Xc(xc,yc)

r >> s

Proof: Set the coordinates of the two sensors as  and  res-
pectively. According to Assumption 1, the coordinate of  is
below the sensors. By , the approximate expression of (1) can
be formulated as
 

B(r) =
3MµI

2
√

2π
· s

r2 + c. (3)

From (3), we have
 

Bd1 = B(
√

x2
c + y2

c), Bd2 = B(
√

(l− xc)2+ y2
c)

BXC1 = B(
√

x2+ y2), BXC2 = B(
√

(l− x)2+ y2).

BXC1→ Bd1 BXC2→ Bd2If  and  can be simultaneously met, it is

x→ xc y→ yc x→ xc y→−yc
(xc,−yc)

x→ xc y→−yc
BXC1→ Bd1 BXC2→ Bd2 f (X)→ 0
f (X)→ 0 X→ Xc

easy to  obtain  that ,  or , .  Since  the
point  is above the sensors, which violates the condition of
Assumption  1,  it  means ,  is  impossible.  Further-
more,  and  are  equivalent  to ,
thus, if , we have . ■

Bd1 Bd2
BXC1 BXC2

f (X)

Remark  1:  In  the  actual  localization  process, ,  can  be
detected by the sensors and ,  are calculated by proposed
model.  Limited  by  negative  factors  such  as  the  measurement  accu-
racy  of  the  sensor,  signal  interference,  parameters  precision,  errors
are  inevitable.  Theorem  1  does  not  use  analytical  method  to  deter-
mine the exact coordinate of the underwater cable, but transforms the
localization  issue  into  an  optimalization  problem  of ,  which
potentially reduces the effect of calculation accuracy.

Based on the above analysis, we can localize the underwater cable
by  finding  the  point  in  the  effective  detection  plane  that  minimizes
(2). In this letter, we use the BSO algorithm to achieve the objective.

The BSO algorithm introduces a tentacle search mechanism, which
reduces the probability of the population falling into a local optimum
and improves the convergence speed [12]. It is suitable for underwa-
ter cable localization problems that need to consider timeliness. If we
assume that there are several hypothetical underwater cable locations
within  the  effective  detection  range  of  the  sensor  array  and  regard
them as a swarm of beetles. Regard the actual underwater cable loca-
tion as food, and the food odor concentration can be characterized by
(2).  We can achieve underwater cable localization by imitating bee-
tle foraging, as shown in Fig. 4. The detailed process is as follows.

X = (X1,X2, . . . ,
Xn) n

1) Initialize the locations of the beetle swarm as 
. where  is the number of beetles.

2)  Beetle’s  head orientation  when detecting  an  unknown environ-
ment is random, and the orientation and distance of its right tentacle,
relative to its left is also random, modeled as follows:
 

Xk+1
li = Xk

li−Vk
i ·dk/2, Xk+1

ri = Xk
ri+Vk

i ·dk/2 (4)
k Xk

li Xk
ri

i Vk
i

dk dk = δk/a
Vk

i

where  is the current number of iterations. ,  are the locations
of  the  left  and  right  tentacles  of  the th  beetle  respectively.  is
transfer  speed.  is the distance between two tentacles. .

 modeled as follows:
 

Vk+1
i = ωkVk

i +C1R1
(
Pk

i −Xk
i

)
+C2R2

(
Pk

g−Xk
i

)
(5)

δk

a C1 C2 R1 R2

where  indicates step size, updated by (6) to speed up the iterative
process. , ,  are adjustable constants. ,  are random num-
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Fig. 2. Comparison of magnetic field models.
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Fig. 3. The underwater cable location method.
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Fig. 4. Localization method based on BSO algorithm.
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Pk
i

Pk
g ωk

bers  between  0  and  1.  denotes  the  optimal  value  of  the  current
individual beetle.  denotes the group optimal value.  is the cur-
rent inertia weighting factor which can be obtained by (7).
 

δk+1 = δk ×η (6)
 

ωk = ωmax− (ωmax−ωmin) · k/K (7)
η K
ωmax ωmin

where  is the contraction factor.  is the maximum number of itera-
tions. ,  are the set values of the maximum and minimum
inertia weights, respectively.

3)  The  beetle  shifts  its  location  according  to  the  concentration  of
scent detected by its own left and right tentacles and the information
shared by the group. The process is modeled as follows:
 

Xk+1
i = Xk

i + (1−λ)Vk
i +λξ

k
i (8)

λ ξkiwhere  is  a random number between 0 and 1.  refers to the dis-
placement increment of the beetle is given by the following:
 

ξki = δ
k ·Vk

i · sign
(

f
(
Xk

li

)
− f
(
Xk

ri

))
(9)

sign(·) f
(
Xk

li

)
f
(
Xk

ri

)
where  is the sign function.  and  denote the cur-
rent adaptation values of the left and right tentacles of the beetle cal-
culated by (2), respectively.

Experiment: The  experiments  use  an  Intel(R)  Core  (TM)  i5-
4200H CPU @ 2.80 GHz and Windows 10 64bit. We use Python 3.7
to  realize  the  localization  algorithm  and  use  the  underwater  cable
simulated in COMSOL as the localization target. The detection value
of the sensor is replaced by the value simulated in COMSOL.

Firstly, to prove the effectiveness of the method, within the effec-
tive detection plane, we set the underwater cable is located on (3, −3)
and the two sensors of the array are (0, 0) and (2, 0). The simulation
results are shown in Fig. 5. As the iterative process of the algorithm
progresses, the initial assumed underwater cable locations eventually
converge to (3.04, −2.99) less than 150 iterations. The error with the
actual location is less than 5 cm. The whole process runs less than 2
seconds. Then we tested the method by taking random points within
the effective detection plane as the location of the underwater cable.
As shown in Table 1, our method always achieves accurate underwa-
ter cable localization with an error less than 8 cm.
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Fig. 5. Iterative process of the localization algorithm.
 
 

Table 1.  Test Results
Underwater cable

coordinates
Algorithm derived

coordinates
√
∆x2 +∆y2

Coordinate deviation (m)

(–1, –4) (–0.93, –3.98) 0.073
(1, –4) (1.00, –3.97) 0.03
(3, –4) (2.97, –3.97) 0.042
(0, –3) (0.00, –3.00) 0
(2, –3) (2.04, –3.00) 0.04
(3, –3) (3.04, –2.99) 0.041

 
 

Secondly,  assume  that  (0.5,  −2,  −3),  (0.5,  0,  −3.5),  and  (0.5,  2,
−2.5) are the three coordinate points on the underwater cable. Com-
pare the localization effect of the method proposed in this letter with
the method proposed in [9]. As shown in Fig. 6, the results obtained
by the method of this letter are almost identical to the set underwater
cable locations, while the other one have a large error.

Simulation  results  show  that  our  method  has  higher  localization
accuracy  compared  to  the  method  proposed  in  [9].  The  method
resolves the location of the underwater cables based on the magnetic
components  sensed  by  each  sensor  and  the  geometry  of  the  array
itself. However, this method has large error when the magnetic field

of the cable is variable. In this letter, we use the magnetic flux den-
sity magnitude as the basis for localization and use the optimization-
seeking algorithm instead of the resolution method to achieve under-
water cable localization, which improves the localization accuracy.

Conclusion: In  this  letter,  an  approximate  equation  for  the  exter-
nal  magnetic  flux  density  of  a  three-core  underwater  cable  is  pro-
posed, by considering the influence of the cable’s structure. Then an
underwater  cable  localization  method  based  on  BSO  algorithm  is
proposed. Simulation results show that the method has higher local-
ization  accuracy  compared  with  the  existing  method  based  on  dual
three-axis magnetic sensor array. With the equation proposed in this
paper,  the  magnitude  of  the  magnetic  field  around  the  three-core
underwater  cable  can  be  calculated,  which  helps  to  evaluate  its
impact on the sea area it lies in. The localization method proposed in
this paper is expected to shorten the maintenance time of underwater
cables.
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