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Operation-State Monitoring and Energization-Status
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Abstract—In this paper, a novel nondestructive method based
on magnetic field sensing is proposed for underground power
cable operation-state monitoring and energization-status identi-
fication. The magnetic field distribution of the cable is studied
using finite element method (FEM) for the power cable oper-
ating in different states, i.e., current-energized state (the cable
is energized and carries load current) and voltage-energized
state (the cable is energized but carries no load current). This
innovative method can reconstruct all the source parameters of
the cable based on a set of measured magnetic field values.
Stochastic optimization technique is applied to realize the recon-
struction based on the measured magnetic field. The technology
is developed with an artificial immune system algorithm that
is able to find out the global optimum with high probability
even if very little knowledge about objective function is provided.
Application of this method is demonstrated on an 11 kV cable
with metallic outer sheath. The results highly match with the
actual source parameters of the cable. For application in practice,
possible limitations introduced by the nonidealistic of magnetore-
sistive sensor on magnetic field measurement are discussed and
corresponding solutions are suggested. An experimental setup is
constructed and the test results are used for the demonstration
of this method. This paper shows that the proposed method is
able to monitor the operation states of an underground power
cable with high accuracy. Engineers can also correctly identify the
energization status of the target cable during onsite maintenance.
This method is adaptable to other kinds of power cables simply
by updating the geometrical and material parameters of the cable
in the FEM computation. Moreover, this is an entirely passive
method and does not need any active signal injection into the
cable.

Index Terms— Magnetic field sensing, underground power
cable, operation state, energization status, magnetoresistive
sensors, current source reconstruction.
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I. INTRODUCTION

NDERGROUND power cables are commonly used for

delivering electricity from distribution networks to cus-
tomers in metropolises. Operation-state monitoring for under-
ground power cable is required so that engineers can be
aware of the cable operation state in time and manage the
maintenance to avoid serious power incidents. Besides, very
often, onsite works have to be carried out on the underground
cable system due to either regular maintenance or unexpected
incidents. Correct identification of the target cable from a
bundle of power cable for works is an essential task in
view of reliability of electricity supply system. Energization-
status identification is challenging due to congested under-
ground utility services in almost every part of a major city.
Especially for energized cables without load current (i.e.
voltage-energized), their energization status are difficult to
detect because the detective principle of all the existing cable
detection instruments is based on the magnetic field emanated
from the load current. It poses a thorny challenge to engineers
to identify correctly the target cable before spiking the cable
for works. At present, there is no such a method that can
realize the above-mentioned functions nondestructively. Some
detection methods would damage the cable while others are
limited by the characteristics of cable, such as number of
conductors and materials [1].

In this work, a novel method based on magnetic field
sensing is developed for monitoring the operation-state and
identifying the energization-status of underground power
cables. Currently, commercially available magnetoresistive
(MR) magnetic sensors are widely used which thanks to
its sensitivity down to around 10~ Tesla and high spatial
resolution of 0.9 mm [2]-[6]. Based on the measured magnetic
field, the engineers can find out the cable operation state and
obtain its electrical information in real time. When work is
carried out on the target cable, this technology can be used
to find out the energization status of the target cable before
spiking the cable and thus it guarantees the safety of engineer
and electricity supply to customers will not be interrupted.

The content of this paper is as follows: first, numerical
method is used to study the magnetic field of energized cable.
The relation between magnetic field distribution and cable
operation states is analyzed, and the measurement method
by using magnetoresistive (MR) sensors is described. The
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Fig. 1. The geometrical configuration of BS6622 pipe-type underground

power cable. The symbol A, B, and C denote the phase conductors.

voltage-energized target cable can be recognized by a cer-
tain pattern of a set of measured magnetic field values. For
energized cables with load current (i.e. current-energized), a
stochastic optimization technique is developed and applied
to reconstruct the unknown current source parameters from
the measured magnetic field reversely. The operation state
of the cable can be derived by analyzing the parameters of
the reconstructed current sources. Finally, the application of
this method is demonstrated on an experimental setup. The
reconstruction results on different cable operation states are
provided with error analysis. The potential pitfalls due to
MR sensor non-idealities on magnetic detection in the actual
environment are considered and discussed.

II. THE MAGNETIC FIELD OF UNDERGROUND
POWERCABLE

Finite element method (FEM) is widely used to create
the electromagnetic model of different types of power cable
[7]1-[9]. In these reported works, efforts were made to validate
the numerical results by comparing with measured data and
good agreements were obtained. In this paper, a BS6622a
three-core 11 kV power cable (rated phase current /; = 540 A,
o4 = —120° ¢p = 0° ¢c = 120°) is chosen to be
the demonstration example, and FEM was used to study the
magnetic field in and around this type of cable. The FEM
approach is taken rather than the analytical approach so that
this method can be easily adapted to another kind of cable just
simply by updating the geometrical and material parameters in
the FEM model, as opposed to deriving the analytical solution
from scratch again which may not be possible sometimes. The
detailed geometrical, material, electrical and electromagnetic
parameters of the cable can be found in [10]. A simplified
electromagnetic modal of the cable is illustrated in Fig. 1. In
the model, the three-conductor cores are arranged symmetri-
cally with fillers whose radius is Ry. They are enclosed by
a metallic outer sheath (outer radius is R)) insulated with
dielectric. The boundary of the electromagnetics model is at
r = R,. A homogeneous Dirichlet boundary condition that
A, =0 is imposed on r = R,. The electromagnetic character-
istic of each region of the cable is described by the material
relative permittivity, conductivity and relative permeability as
listed in Table I. Before computing the magnetic field of the
power cable, the following assumptions are made:

1) the phase currents [;(i = A, B,C) flowing in the

phase conductors are only along the conductor, which

IEEE SENSORS JOURNAL, VOL. 13, NO. 11, NOVEMBER 2013

TABLE 1
ELECTROMAGNETIC PROPERTIES OF THE MATERIAL OF THE
CABLE AND SURROUNDING MEDIUM

£, o, (s/m) H,

Phase conductor
(Copper) 1.0 5.8x107 1.0

Conductor insulator
(XLPE) 2.3 0.0 1.0
Filler

( Polypropylene) 23 0.0 1.0

Metallic sheath
(Copper) 1.0 5.8x107 1.0
Air 1.0 0.0 1.0
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Fig. 2. Simulated magnetic field when the cable is current-energized. The
color bar denotes the magnitude of magnetic flux density vector. The red
circle denotes the surface of the power cable.

is z-direction in this paper. They result in z-direction
magnetic vector potential A;

2) the permeability of the metallic sheath is constant;

3) the conductivities of the conductors and metallic sheath
are constant;

4) the displacement currents are neglected when the cable
is current-energized.

Derived from Maxwell’s equations, we formulated and
solved the differential equations with A, as variable, in each
region of the model with similar steps as in [7]. For the
current-energized scenario, the finite element mesh structure
of the model and the computed magnitude of magnetic field
flux density are shown in Fig. 2. It is shown that the
maximum magnetic field is 1.5 milliTesla in the vicinity of
each of the phase conductors while the minimum value is
0.5 milliTesla on the cable surface. The field distribution is
changed correspondingly when the phase current variation
happens. For example, when there is a +15% imbalance of
current magnitude in phase A conductor, the magnetic field
on the cable surface is changed correspondingly as shown
in Fig. 3. The magnetic field surrounding the cable surface
under this +15% imbalance condition is denoted by the dash
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Fig. 3. Simulated magnetic field (dash curve) on cable surface when there
is +15% current amplitude imbalance in phase A. The solid curve denotes
the magnetic field under normal operation state.

line whereas the solid line denotes the magnetic field under
normal operation state. It is found that the maximum magnetic
field increases to 1.64 milliTesla on the cable surface in the
vicinity of the phase A conductor due to its +15% current
imbalance.

For the voltage-energized scenario, since the cable outer
metallic sheath (neutral conductor) and the phase conduc-
tors are separated with the filler insulator, the cable can be
considered as a capacitor. When it is energized without load
(voltage-energized), one can expect that charging current is
still present and it depends on the cable capacitance. The
charging current is a kind of displacement current which is the
effect of the charge density variation on the phase conductors
and the metallic sheath. The charging current is considered as
phase current and assumed to flow in the sheath along axis

direction that [7]
i=A,B,C

Z L=1,

i

(1)

where the [; is charging current flowing in phase conductor
and the I, is the metallic sheath current in axis direction.
When these current sources are imposed, the magnetic field
can be deduced by solving the differential equations of A;.
If we define a set of equally separated field points as MR
sensor positions around the cable surface, as shown in Fig. 4,
groups of measured data are available for observing the mag-
netic field of the voltage-energized power cable. The azimuth
6 is used to denote the position on the cable surface. Fig. 5
shows the magnetic field distribution around the surface of the
voltage-energized cable. The positions of the eight measuring
points on the cable surface are located in the figure. It is
found that the magnetic field generated by the charging current
varies from 2.8 nanoTesla to 1.0 nanoTesla in the form of a
sinusoid. The maximum values (2.8 nanoTesla) are obtained
on the cable surface in the vicinity of each of the inner phase
conductors at the angles of 210° (phase A), 90° (phase B),
and 330° (phase C). When this specific pattern of magnetic
field is detected by the sensor array placed around the cable
surface, we can determine that the target cable is voltage-
energized. It should be noted that since the charging current is
proportional to the length of the cable, its value is much higher
than the rating value of unit length (1.05 mA) in a practical
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Fig. 4. The positions of MR sensors that are used to sense the magnetic
field around the voltage-energized cable surface. The A, B, and C denote the
phase conductors.
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Fig. 5. Simulated magnetic field around the voltage-energized cable surface.

cable and the emanated magnetic signal is also larger [10].
For a 100 m cable, the charging current would be 105 mA
and its emanated magnetic signal would be 100 times larger.
Thus energization-status discrimination would be even easier
in the actual scenario.

III. SOURCE RECONSTRUCTION METHODOLOGY

Based on the knowledge of the magnetic field of the
power cable, it is found that the cable energization status
and the current sources determine the distribution of the
emanated magnetic field. In the scenario of energization-status
identification, the voltage-energized cable can be identified
from the amplitude and distribution pattern of the measured
magnetic field as described in the previous section. In the
scenario of operation-state monitoring, it requires obtaining
the electrical information of the power cable, such as current
amplitude, frequency, and phase angle, which can be found by
reconstructing the current sources reversely from the magnetic
field. Optimization techniques can be used to undertake the
task of source reconstruction based on the magnetic field. If
the knowledge of objective function behavior is provided, for
example a global minimum exists in a local region, determin-
istic optimization methods converge very fast to the objective
function’s solution. However, if the knowledge of the objec-
tive function behavior is unavailable in the multidimensional
parameter space, a stochastic strategy is preferred because it
is more likely to find out the global optimum. In this method,
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Fig. 6.  Flowchart of current source reconstruction from magnetic field

sensing.

the optimization is operated on both the phase currents and
positions of the cable conductors. Two algorithms including
least square approximation (LSA) and artificial immune sys-
tem (AIS) are used to identify the unknown parameters [11].
The optimization process is described in the flowchart (Fig. 6).
It starts with a group of default position parameters Py of
the cable conductors. Phase current I, in each conductor is
calculated by the inverse current program (ICP), which is
based on the LSA algorithm with position parameters and
measured magnetic field By, as variables by this equation,

I, = (ATA) 'A"Bpyea 2

where A is the coefficient matrix which depends on the
configuration of current source positions. Then the magnetic
field Bcy is computed by inputting I, and configuration
parameters A into the magnetic field evaluation (MFE) module
based on FEM analysis as

Bea = AIpo 3)

There is a predetermined minimum threshold value of the
Euclidean distance ||Bcai — Bmea|l as the end condition for
terminating the optimization loop. If the end condition is not
satisfied, the algorithm will randomly generate a new group
of position parameters P; by using the AIS algorithm in the
source position optimization (SPO) module. With the By, and
the generated Py, the I, is calculated again in the ICP module.
The P, and new I, are then used to compute new B¢, by FEM
analysis in the MFE. Then the Euclidean distance between the
calculated B¢y and By, is found again and compared with the
minimum threshold. If the Euclidean distance is smaller than
the minimum threshold value, the whole optimizing process is
finished, and then the resulting Py and I, are adopted as the
optimum current source parameters; otherwise, the iteration
continues. This optimization process is repeated multiple times
(N) to obtain N sets of optimum current source parameters.
The final P; are the ensemble averages of these N sets of
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Fig. 7. Results of current source reconstruction for the current-energized
cable in Fig. 2. (a) Actual and reconstructed positions of phase conductors,
(b) reconstructed phase current curve of each phase conductor.

optimum values. Accordingly, the final I, can be obtained
from the final P and the measured magnetic field.

IV. SIMULATION RESULTS AND EXPERIMENTAL PROOF

Figure. 7(a) shows the results of the reconstructed conductor
positions of the current-energized scenario described in Fig. 2,
where the cable center is at (0, 0) and the actual positions
of the phase conductor centers are A (—16.2, —9.25), B (0,
18.5), and C (16.2, —9.25). The actual and reconstructed
positions are marked in the Fig. 7(a). The average error
of the reconstruction is less than 0.30 mm which is 0.25%
of the cable diameter. The value of each phase current is
reconstructed at every 1 ms during a complete current cycle
(20 ms). The results are shown in Fig. 7(b). The reconstructed
current cycle is found to be 20.14 ms, corresponding to a
system frequency of 49.7 Hz with a small error of 0.6%
from the rated frequency 50 Hz. The reconstructed current
amplitudes in phase A, B, and C are 538A, 543A, and 537A
respectively. These are only slightly deviated from the actual
amplitude of 540 A by less than 0.6%. The reconstructed
phase angles in phase A, B, and C are —120.2°, —0.3°, and
120.6° respectively. These values are merely deviated from the
actual angles by less than 0.5%. These reconstructed results
provide the engineers with the operation state of the cable,
and they can realize that the cable is under normal operation
state in this case. Fig. 8 shows the reconstructed results of the
+15% current imbalance scenario described in Fig. 3. The
reconstructed and the actual conductor positions are shown
in Fig. 8(a). The average error of the reconstructed positions
is only 0.26 mm which is 0.22% of the cable diameter.
The reconstructed results of the phase currents are shown in
Figure. 8(b). The reconstructed current cycle is found to be
20.11 ms, corresponding to a system frequency of 49.73 Hz
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Fig. 8. Results of current source reconstruction when +15% current
imbalance happens in phase A in Fig. 3. (a) Actual and reconstructed positions
of phase conductors, (b) reconstructed phase current curve of each phase
conductor. Dash line denotes the current curve when no current imbalance
happens in phase A.

with a small error of 0.54% from the rated frequency 50 Hz.
The reconstructed current amplitude of phase A is 618 A
which correctly traces the +15% current imbalance (with an
error less than 0.5%). The results show that there is phase
current overload in phase conductor A. These reconstructed
results enable the engineers to observe whether the operation
state of the power cable is abnormal and appropriate remedial
action can be immediately taken. To a greater extent, since
this method is capable of detecting the abnormal situation
of phase current overload, the control center can diagnose
that the system is operating in unstable states. The method
can also provide the information of system frequency. The
frequency can be observed by reading the current cycle such
as in Fig. 8(b). Since the frequency is a parameter showing
the relation between the generation and load, the result can be
used to analyze the balance of the power system. In principle,
this method can also detect current phase angle imbalance.
The current phase angle imbalance would be manifested as a
horizontal shift of phase current curve in the reconstruction.
The imbalance in phase current angle can indicate the fault
occurrence.

In order to evaluate the practicality of this novel method
based on MR sensors, it is necessary to discuss the effects of
MR sensor non-idealities on magnetic detection and provide
corresponding solutions. According to our FEM simulation
results, the magnetic field generated by a current-energized
three-phase underground cable (typically carrying hundreds
ampere of current) is on the order of milliTesla. When the
cable is voltage-energized, the generated magnetic signal is
much weaker because the rated charging current is much
smaller than the rated phase current, and it is calculated
to be on the order of nanoTesla. Therefore, the effects of
MR sensor non-idealities (offset, hysteresis, and 1/f noise)
should be considered for obtaining accurate magnetic field
measurement. Technical approaches are available for canceling
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the effects of MR sensor non-idealities. For example, the
hysteresis can be reduced by applying an external magnetic
field in the direction of hard axis [12]. The offset drift with
temperature in MR sensor can be canceled by a temperature
compensation circuit. The effect of temperature on the MR
sensors can be predetermined and then the temperature com-
pensation circuit can be designed to rectify the temperature
drift [13]. 1/f noise has been reduced to a low level in recent
commercial MR sensors, which can reach a detectability of
3 nT/Hz'/? at 10 Hz. Since the 1/f noise decreases with the
frequency, TMR sensors (such as STJ-301 manufactured by
Micro Magnetics [14]) has detectability better than 3 nT at
50 Hz with noise level below 1 nT. They can be used to
obtain information from the voltage-energized cables. Thus,
the sensitivities of MR sensors are good enough for sensing
the magnetic field emanated from the underground power cable
in different operation states and energization status. We can
obtain accurate current reconstruction results based on the
measured magnetic field data. In addition, since the cross-
section dimension of a power cable is typically only about
a few tens of millimeter in radius (40 mm for BS6622a
cable), this requires a compact sensor which allows an array
of them to be placed around the cable in order to sense
the magnetic field at multiple points on the cable surface.
The more field point data, the more accurate the reconstructed
current sources. Since MR sensors are much smaller in size
than other traditional magnetic field sensors, such as Hall
sensors and fluxgate sensors, we can place a MR sensor array
surrounding the cable surface to obtain a group of magnetic
field data. The sensor array can measure the cable magnetic
field with very high spatial resolution down to 0.9 mm with
some commercially available MR sensors [9].

In order to verify this monitoring technology, a laboratory
setup including MR three-axis sensor (Honeywell HMC2003)
array and 11 kV three-phase underground power cable was
established in the Smart Grid and High Power System Labo-
ratory of The University of Hong Kong. The cross-section of
the cable used in the experiment is shown in Fig. 9(a). The
MR sensors are equally separated and surrounding the cable
surface (Fig. 9(b)) to measure magnetic field vectors with high
sensitivity. When power supply was connected with the cable
through the conductors, amplitudes of the measured phase
currents were 16.1 A, 16.3 A and 15.7 A in phase A, B and
C respectively. The magnetic field was measured by the MR
sensors at a rotation step of 10 degree around the cable surface.
The rotation angle @ in Fig. 10 is the same as the azimuth 6 in
Fig. 4. As shown in Fig. 10, the measured and simulated mag-
netic field results are compared. The measured results coincide
well with the simulation except for the region near phase
conductor C. As can be observed from Fig. 9(a), each phase
conductor is composed of a bunch of copper filaments which
are bound together. Structural flaw during manufacturing may
cause the uneven distribution of the electrical resistance in the
conductor phase C, making the cross-section of the conductive
path no longer a perfect circular shape that significantly affects
the magnetic field distribution nearby phase conductor C.
As shown in Fig. 4, the magnetic field is measured at the
eight field points to reconstruct the operation state of this
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Fig. 9. Experimental setup. (a) Cross-section of the power cable, (b) MR
sensor array installed on the cable surface.
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Fig. 10. Measured and simulated magnetic field on the cable surface.

power cable. The construction results of conductor positions
(A (—16.03, —9.28), B (0, 18.46), and C (15.02, —8.23))
are shown in Fig. 11(a). The error of the reconstruction for
conductor A and B is less than 0.2 mm. The reconstructed
position of conductor C slightly deviates from the actual
conductor center by 1.537 mm which is ascribed to the
imperfect conductive path of conductor C and thus distorted
magnetic field distribution. The values of reconstructed phase
currents during a complete current cycle (20 ms) are shown
in Fig. 11(b). The reconstructed current amplitudes in phase
A, B, and C are 16.0 A, 16.33 A, and 15.66 A respectively.
The difference between these reconstructed current amplitudes
and the actual measured amplitude is less than 0.625%. The
reconstructed phase angles in phase A, B, and C are —120.07°,
—0.3°, and 120.03° respectively with error less than 0.25%.
The reconstructed current cycle is found to be 20.1 ms,
corresponding to a system frequency of 49.75 Hz with a small
error of 0.5% from the rated frequency 50 Hz. In general,
the reconstructed electrical and geometrical parameters agree
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Fig. 11. Results of current source reconstruction from the measured magnetic
field. (a) Reconstructed positions of phase conductors and the actual conductor
centers of the cable, (b) reconstructed phase current curve of each phase
conductor.

very well with the actual values. Their average deviations are
typically less than 3.0% in geometry and 0.625% in phase
currents.

V. CONCLUSION

This work aims at developing a method for identifying the
energization status and monitoring the operation state of under-
ground power cables based on magnetic field sensing. The
relations between the emanated magnetic field and the cable
operation states were studied by FEM simulation. When the
cable is voltage-energized, the energization status of the target
cable can be determined based on the specific pattern of the
emanated magnetic field due to the charging current. When the
cable is current-energized, stochastic optimization technique is
applied to reconstruct the current source parameters inversely.
To validate the method, issues introduced by the MR sensor
non-idealities in magnetic field measurement are considered
and solutions are suggested. It demonstrates that engineers can
monitor the cable operation states from the measured magnetic
field and identify correctly the energization status for works.
From the experiments, the reconstructed results calculated
from the magnetic field measured by the MR sensors match
very well with the actual electrical and geometrical values
of the cable. Even though there are unavoidable imperfection
in the setup and non-idealities in the sensors, the proposed
technique can accurately provide the electrical and geometrical
information of the power cable with just tiny error. As such,
this method is promising for monitoring the underground
power cable and providing the electrical information of the
target cable for engineers. It has great potential to enable
dynamic line rating and realize real-time monitoring for the
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future Smart Grid. Its ability to correctly identify the voltage-
energized status of a cable is an important breakthrough in
cable detection technology that can assist site engineers to
identify target cable correctly, avoiding unnecessary power
supply interruption and ensuring safety of workers. Although
this method is demonstrated on a BS6622a cable in this study,
it should be reiterated that it is universally applicable for a
variety of power cables by updating the FEM model with the
geometrical and material parameters of the specific type of
cable.
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