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Abstract— Three-phase three-core distribution power cables
are widely deployed in power distribution networks and are
continually being extended to address the ever-increasing power
demand in modern metropolises. Unfortunately, there are high
risks for the repair crew to operate on energized distribution
power cables which can cause deadly consequences such as
electrocution and explosion. The predominant energization-status
identification techniques used today are either destructive or only
applicable to un-shielded power cables. Moreover, the
background interferences affect the sensing technique reliability.
In this paper, we have developed a non-destructive energization-
status identification technique to identify energized three-phase
three-core distribution power cables by measuring magnetic fields
around the cable surface. The analysis shows that the magnetic-
field-distribution pattern as a function of azimuth around the
cable surface of the energized (current- or voltage-energized)
three-phase three-core distribution power cable is distinguishable
from the de-energized one. The non-idealities of phase currents
and cable geometry were also discussed, and the proposed method
still works under these circumstances. The sensing platform for
implementing this technique was developed accordingly,
consisting of magnetoresistive (MR) sensors, a triple-layered
magnetic shielding and a data acquisition system. The technique
was demonstrated on a 22-kV three-phase three-core distribution
power cable, and the energized status of the cable can be
successfully identified. The proposed technique does not damage
cable integrity by piercing the cable, or exposing the repair crew
to hazardous high-voltage conductors. The platform is easy to
operate and it can significantly improve the situational awareness
for the repair crew, and enhance the stability of power distribution
networks.

Index Terms— three-phase three-core distribution power cable,
energized status, magnetic sensing, distribution power network

l. INTRODUCTION

HREE-PHASE three-core distribution power cables are

widely deployed in the power distribution system which

acts as the last link in the chain of supplying the power to
the customers. Though these power cables are less susceptible
by weather-related outages (e.g., thunderstorms, heavy snows
[1-3]) as they are typically hidden underground, maintenance
tasks are regularly performed by the repair crew to inspect
defective cables (e.g., insulation deterioration, mechanical
cracks and even wire break points), or to splice power cables
for re-structuring the distribution power networks [4-7].
Nonetheless, there are high risks for the repair crew to operate
on energized distribution power cables (i.e., cables that
connected with the high-voltage power supply). For the repair
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crew conducting on-site work, they must be highly alerted of
these energized power cables because contacting with a high-
voltage conductor can cause deadly consequences such as
explosion and flashover. Due to the continued distribution
power network expansion, administrative changes, poor record-
keeping, or other reasons, the topological representation of the
power distribution network may not be completely accurate and
up-to-date. Therefore, it is difficult for the repair crew to locate
and identify the energized three-phase three-core distribution
power cables accurately and safely based on the information
from the control station when implementing the onsite tasks [8].

Researchers and industrial companies have developed a
handful of techniques to identify the energized power cables for
safeguarding the safety of the repair crew [9-11]. However, the
predominant detection techniques today are either destructive
in nature or only applicable for the un-shielded power cables.
The SPIKE tool [12], for example, pierces through the cable
insulation to make electrical contact with the internal conductor
and thus inextricably damages the cable. The penetration into
the cable not only causes irreversible damage to the integrity of
the cable, but also exposes workers to a potentially hazardous
situation with high-voltage conductors. Robots have been
developed to replace the human work of penetrating the cables,
but the damage to the power cables is still unavoidable [13, 14].
Though a handful of non-destructive techniques have been
developed for improving the situation, the strong dependence
of the cable type (i.e., un-shielded power cable) limits their
usage. Notably, electric fields are generated from the energized
conductors and the related technique is developed [15, 16].
Nevertheless, the detection of the electric field is only
applicable for un-shielded (i.e. without metallic sheath)
distribution power cables as the electric fields terminate on the
earthed metallic sheath of the shielded cables. Moreover, since
the onsite environment is very complicated with background
interferences, the reliability of devices can be adversely
affected. For instance, a technique of attaching fiber optic
acoustic sensors on the cable surface was developed based on
the detection of acoustic vibrations that are associated with the
energized cables [17]. However, the de-energized cables can be
mistaken as the energized ones since the optical fiber sensing
system is not immune to ambient power-line-frequency electro-
magnetic noises and thus it may provide unreliable results.
Therefore, it is worthwhile to develop a non-destructive and
reliable technique applicable for identifying the energized
cables for both shielded and un-shielded cables.
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Magnetic sensing for identifying the energized cables is a
promising solution [18, 19]. Firstly, the magnetic fields are
emanated outside the energized cables both for current-
energized (i.e., with load current) and voltage-energized
statuses (i.e., the charging current exists when the cable is
disconnected from the load but remains connected with the
power supply) [20, 21]. This makes the non-contact detection
possible without the need to penetrate into the cable, which is
beneficial to both cable integrity and personnel safety.
Secondly, the magnetic fields are still measurable around the
shielded cable since the metallic sheath is not a high-
permeability material [22, 23]. Furthermore, the ambient
magnetic interference can be effectively eliminated by a
magnetic shielding to ensure the accuracy and reliability of this
technique. Therefore, it can be feasible and reliable to identify
the shielded energized cables by non-destructive magnetic
sensing.

In this paper, a novel non-destructive energization-status
identification technique based on the recognition of RMS
magnetic-field-distribution pattern as a function of azimuth
around the cable surface is proposed for identifying the
energized (current- or voltage-energized) three-phase three-
core distribution power cables. The content of this paper is as
follows. In Section |1, the magnetic field distribution patterns
of all cable statuses (i.e., current-, voltage- and de-energized)
were analyzed. The non-idealities of phase currents and cable
geometry were also discussed. Based on the findings, a sensing
platform hardware consisting of a magnetoresistive (MR)
sensor array and a triple-layered magnetic shielding was
designed to measure magnetic field around the cable surface in
Section Ill. In Section 1V, the proposed technique was
experimentally verified on a 22-kV three-phase three-core
distribution power cable in a substation. The final conclusions
and future work are presented in Section V.

1. Magnetic Field Distribution of Current-, Voltage-,
and De-Energized Three-Phase Three-Core Power Cables

In order to distinguish the energization-status of a three-
phase three-core distribution power cable, the RMS magnetic-
field-distribution pattern around the cable surface was studied
for current-, voltage- and de-energized statuses respectively in
this Section. The primary voltages for distribution power cables
are 11 and 22 kV in Hong Kong (United States: 7.2, 12.47, 25,
and 34.5 kV; United Kingdom, Australia and New Zealand: 11
and 22 kV ; South Africa: 11 kV and 22 kV [24]). In this paper,
a typical three-phase three-core armored 22-kV XLPE stranded
power cable was demonstrated as an example. Its structure is
shown in Fig. 1. Each phase conductor is surrounded by a thin
tape screen (also named as Hochstadter shield [25]), which is
used to equalize the electrical stress on the insulation. Each tape
screen is connected to the metallic sheath by the wires at both
ends, and then the wires are grounded. The three-phase three-
core conductors are assumed to be ideally equidistant to the

cable center. The electromagnetic properties of each component
are described by the relative permeability ( w, ), relative
permittivity (e,.), and conductivity (a,.) as listed in Table. I.

Phase conductor
Insulation

Tape Screen

Filler

Metallic sheath

Fig. 1. 22-kV three-phase three-core armored XLPE stranded power cable
structure. Radius: (1) phase conductor, 10 mm; (2) tape screen, 15 mm (inner)
and 15.5 mm (outer); (3) metallic sheath: 40 mm (inner) and 42 mm (outer).

TABLE | ELECTROMAGNETIC PROPERTY OF 22-KV THREE-PHASE
THREE-CORE ARMORED XLPE DISTRIBUTION POWER CABLE

Element /. €, o, (s/m)
Phase conductor 7
(Copper) 1.0 1.0 5.8x10
Insulation
(XLPE) 1.0 2.3 0.0
Tape Screen 1.0 1.0 5.8x107
(Copper)
Filler
(Polypropylene) 10 2.3 0.0
Metallic sheath 7
(Steel) 40 1.0 1.1x10
A Current-energized status

Only the load currents flow through the phase conductors
when the cable is current-energized. The RMS magnetic flux
density (B) at an arbitrary point P (r,0) around the cable surface
is calculated as [26]

s*+s2r2

= 3ul
B= 2\V2m \/r6—253r3 cos(360)+s6 @

where r is the distance from the measurement point to the
center, the azimuth of point P is 4 with respect to the horizontal
direction, and | is the load current of the three-phase power
cable (Fig. 2). Eq. (1) shows that the RMS magnetic flux
density around the cable surface repeats at an interval of 2/3 ©
with three crests and troughs as a function of the azimuth of the
cable center.
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Fig. 2. Magnetic flux density measured at a sensing point (P) around the three-
phase three-core conductors (three red dots for phase A, B and C) at various
azimuth (6).

The magnitude of the magnetic flux density around the cable
surface with a rated phase current of 1 A was simulated by
FEM. The RMS magnetic flux density was about 10 mG around
the cable surface (Fig. 3(a)). According to Eq. (1), the RMS
magnetic-field-distribution pattern around the cable surface
would exhibit a pattern of three peaks and three troughs, which
was confirmed by the FEM results as shown in Fig. 3(b). The
load current of a current-energized cable is typically ranged
from tens to hundreds of amperes (only under some rare
extreme cases with very light loading conditions that the load
current becomes several amperes) [27-29]. As such, the RMS
magnetic-field-distribution pattern around the cable surface
typically range from hundreds of mG (i.e., tens amperes of load
current) to thousands of mG (i.e., hundreds of amperes of load
current). To conclude, the RMS magnetic-field-distribution
pattern around the cable surface as a function of the azimuth
around the cable surface shows a pattern of three peaks and
three troughs with typically magnitude from hundreds or even
up to thousands of mG.

B. Voltage-energized status

There is no load current flowing on the three-phase three-core
conductors when the cable is voltage-energized; however, there
are capacitive charging currents which are incurred due to the
fact that the phase conductors are still connected to the power
source with the alternating voltage [30, 31]. The magnetic field
distribution around the cable surface was evaluated from the
charging current as follows.

Firstly, the unit resistance of the phase conductor and the tape
screen, and the unit capacitance between them were calculated.
The resistance is proportional to its electrical resistivity and
length, and is inversely proportional to the cross-sectional area.
As such, the unit resistance of the phase conductor (R) and the
tape screen (r) can be calculated as

(a)
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Fig. 3. Magnetic flux density around the current-energized cable surface with
a rated current of 1 A simulated by FEM. (a) Magnitude of magnetic field
around the cable surface denoted by the color bar. (b) RMS magnetic flux
density around the cable: radius (R), 60 mm; azimuth () ranges from 0 to
360°.

1
R = py¢ — (2
1
T = Pts 7(Dy2—D2) (3)

where p,., pes are the resistivity of phase conductor and the
tape screen, t is the radius of the conductor, and D; , D, are the
inner and outer radius of the tape screen, respectively. The
equivalent capacitor (C, in Fig. 4) between the cable phase
conductor and the earthed tape screen can be calculated as [32]

&

C L —5-x107° 4)

0= D
41.4log107

where &, is the relative permittivity of the insulation between
the phase conductor and the tape screen.

Secondly, the charging current distribution and magnitude
along the cable was studied. One phase of the power cable (the
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other two are only with 120° phase angle differences) was
taken as an example by being divided piecewise with the
corresponding lumped elements in the equivalent electric
circuit model (Fig. 5(a)). The lumped resistors of the phase
conductor are denoted as R1, Ra, ..., Ry, the lumped resistors of
the tape screen as ri, Iz, ..., 1y, and the lumped equivalent
capacitors formed between the phase conductor and the tape
screen as Ci, Cy, ..., Cn. The charging current for the 600-m
length 22-kV power cable (50 Hz) was simulated as an example
by dividing the cable into 12 pieces (i.e., n=12). Accordingly,
the charging current flowing on the phase conductor (I.,,4) and
the tape screen (I.s) on a certain section (n) can be attained as

Icond (Tl) = In (5)
Its(n) = [0 - [n (6)

by solving these equations

(R1+rl+ﬁ)ll—ﬁlz—rllozu @)

et (Rt ) = - Rl =0 =234, 10,1 (8)
el + (R + 11+ o+ ) Ly = Tyl = 0 9)

=S+ L =0 (10)

where I(n)(n=0,1,...,12) are the mesh current via the
equivalent electric circuit using the mesh current method in Fig.
5(b). Accordingly, the peak values of the charging current on
the conductor and tape screen at various positions of the cable
(i.e., various distance from the power supply side) are shown in
Fig. 6. The charging current on the phase conductor is largest
at the power supply side. This is because the charging current
on the phase conductor is proportional to the cable length [32,
33]. The charging current of the tape screen at both ends are
largest since the electric potential there are the lowest.

09,0,
9,99 J.A.‘.* >

095

Fig. 4. Capacitor (C,) formed between phase conductor and earthed tape screen.
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Fig. 5. Equivalent electric model for calculating charging current along cable.
(a) One phase is modeled by lumped resistors of phase conductor (R,), tape
screen (r,) and capacitors between them (C,). (b) Equivalent electric circuit for
calculating charging current via mesh current method.

Finally, the magnetic field distribution around the cable
surface measured at various distances from the power supply
side were simulated by FEM (Fig. 7). The charging currents
flowing on the phase conductor and tape screen were
substituted into the FEM model as only the magnetic fields in
X-Y plane are measured similarly to those generated from load
current (Fig. 4). The results show that the magnitude level of
magnetic field around the cable surface varies with the distance
from the power supply side. The magnitude is stronger near the
power feeder side (~ tens of mG), and it is weaker when it is
farther away (~ several mG). Nevertheless, the pattern with
three crests and three troughs can be observed irrespective of
measuring locations.

1.6 : : :
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02]
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Distance (m)

—=— Conductor
—e=— Tape screen

Peak current (A)

Fig. 6. Charging currents of phase conductor and tape screen at various
positions (i.e., various distances from power supply side) on a 600-m power
cable.
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Fig. 7. RMS magnetic-field-distribution pattern around the voltage-energized
cable surface (measured at 60mm from the cable center) as a function of
azimuth at various distances (0-40 m, 40-80 m, etc.) from power supply side.

The magnitude of the charging current depends on the power
supply voltage, cable length and power supply frequency as

where f is the voltage frequency, E is the phase voltage, and [
is the cable length [32, 33]). As such, the relations of the
magnetic fields with the power supply voltage, cable length,
and power supply frequency are studied respectively as follows:

(@) Power supply voltage: according to Eq. (11), the
magnitude of the charging current is proportional to the power
supply voltage. Thus the magnetic field distribution around the
cable surface at a certain location along the cable is also
proportional to the supply voltage. As such, the magnetic field
distribution around the cable surface at the head (power supply
side) and tail (load side) ends of the power cable was also
calculated at other typical voltages (7.2, 11, 12.47, 22, 25, 34.5
kV [24]) at 50 Hz. Fig. 8(a) and (b) show the magnetic field
distribution around the cable surface at the head and tail ends
of the 600-m cable at various supply voltages. The result shows
that the magnitude of the magnetic fields increases with the
increasing voltages. The pattern of three peaks and three
troughs is obvious in all the simulated magnetic field
distributions.

(b) Cable length: according to Eg. 11, the magnitude of the
charging current is proportional to the cable length. As such,
the magnetic field distribution around the cable surface at a
certain section is also proportional to the cable length. In
practice, the length of the power cable can range from hundreds
to thousands of meters [34, 35]. The magnetic field
distributions around the cable surface at the head and tail end
of the power cable of the other cable lengths (1000 m, 2000 m,
3000 m, and 4000 m) were attained from the simulated 600-m
one as shown in Fig. 8(c) and (d). The magnitude of the
magnetic field increases with the increasing cable lengths and
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the pattern of three peaks and three troughs is obvious in all the
simulated magnetic field distributions.

(c) Power supply frequency: according to Eq. 11, the
magnitude of the charging current is proportional to the power
supply frequency. The 60 Hz frequency is typically used in the
US, and 50 Hz in Europe [24]. For the studied case regarding a
600-m length 22-kV power cable in Fig. 6, the charging current
at 60 Hz was also simulated and the results are shown in Fig. 9.
It can be seen that the charging current at same measuring point
of 60 Hz is 6/5 times as much as that of 50 Hz. Therefore, the
magnetic fields around the cable surface at 60 Hz follow the
same magnetic-field-distribution pattern as that at 50 Hz but
with magnitude 6/5 times larger.
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Fig. 8. Magnetic field around the voltage-energized cable surface at various
power supply voltages (7.2, 11, 12.47, 22, 25, 33, and 34.5 kV) and cable
lengths (600, 1000, 2000, 3000, and 4000 m). (a) Magnetic field at the head end
(power supply side) of a 600-m cable at various voltages. (b) Magnetic field at
the tail end (load side) of a 600-m cable at various voltages. (c) Magnetic field
at the head end of a 22-kV cable of various cable lengths. (d) Magnetic field at
the tail end of a 22-kV cable of various cable lengths.
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Fig. 9. Charging currents of phase conductor and tape screen at various
positions (i.e., various distances from power supply side) on a 600-m power
cable at 50 and 60 Hz.
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As such, the pattern of three peaks and three troughs still
exist around the cable surface for the magnetic fields measured
around the cable surface when the cable is voltage-energized.
The magnitude of the magnetic fields depends on the cable
voltage, length and the measured distance from the power
supply. Based on the simulation on various scenarios, the
magnitude of the magnetic fields can range from several to tens
of mG.

C. De-energized status

In principle, magnetic field does not exist around the cable
surface when the power cable is de-energized (i.e.,
disconnected from the power supply) because there is no load
current or charging current. However, current can still arise on
the power cable as the grounding electrodes at front and back
ends of the cable can be at different Earth potentials (Vr and Vg
in the Fig. 10(a)) [36, 37], forming a current loop among the
power cable, the grounding electrodes and the Earth (Fig.
10(b)). This current (1) induced by the Earth potential
difference can be calculated as

_Yr-Vp __ W (12)
2Re+Rp  2Re+Rp
Ry=—+——+—+— (13)

p Rs Rts_A R ts_B Rts_C

where VV represents the Earth potential difference between the
front end (V) and back end (Vg), R, denotes the resistance of
the electrode, R, denotes the resistance of the metallic sheath,
and Rys 4, Res g, Res ¢ denotes the resistance of tape screen of
three phases, respectively. By substituting the resistances of the
sheath, the tape screen and the electrodes (1 Q was taken as an
example referring to [38]), the current flowing on the sheath
and the tape screen with various Earth potential differences is
calculated as shown in Fig. 11. Since the cross-sectional area of
the sheath is much larger than the tape screen of each phase, the
resistance of the sheath is thus much smaller than that of the
tape screen. As such, the current flowing on the sheath is much
larger than that on the tape screen of each phase. Also, the
magnitude of current increases with the Earth potential
difference V. Considering the above, the RMS magnetic-
field-distribution pattern around the surface of a de-energized
cable as a function of azimuth was simulated by FEM as shown
in Fig. 12. The RMS magnetic-field-distribution pattern around
the cable surface is weak with several mG. More importantly,
the pattern of three peaks and three troughs is not observable
any more. This is because most current incurred is due to the
Earth potential difference (instead of power supply voltage),
and it mainly flows through the metallic sheath of the cable
rather than through the tape screen of each individual
conductor. Therefore, the RMS magnetic-field-distribution
around the cable surface around the cable surface as a function
of azimuth does not exhibit the pattern with three crests and
three troughs. Instead, it is simply flat with the magnitude of
several mG.
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Fig. 10. Current incurred due to the Earth potential difference at the front (V)
and back (V) ends of the cable. (a) Current loop forms among the cable,
grounding electrodes, and the Earth. (b) Equivalent electric circuit for
calculating the current on the metallic sheath and the tape screens.

Based on the above analysis, an energized three-phase three-
core distribution power cable can be identified through the
RMS magnetic-field-distribution pattern around the cable
surface as a function of azimuth by observing its pattern with
three crests and three troughs (Fig. 13). For a de-energized
cable, the magnetic field distribution around the cable surface
as a function of the azimuth is flat without any pattern. In most
normal cases, the current- and voltage-energized statuses can
be further distinguished as the magnitude of the current-
energized status is from hundreds to thousands of mG while the
voltage-energized one is merely from several to tens of mG.
Only under some rare extreme cases where the current-
energized cable with very light load current (e.g. several
amperes) or the voltage-energized cable with very long length
(e.g. a 22-kV cable with 4000 m length) that the current-
energized status cannot be distinguished from the voltage-
energized status because both of their magnetic fields at the
cable surface would be in the order of tens of mG. However,
the load current of the cable is typically at least tens to hundreds
of amperes [27], and thus the magnitude of the magnetic field
around the surface of a current-energized cable would be from
hundreds to thousands of mG. As such, the current-energized
status (i.e., hundreds to thousands of mG) should be
distinguishable from the voltage-energized status (i.e., several
to tens of mG) under most normal circumstances. It should be
noted that the three peaks (troughs) in the magnetic-field-
distribution pattern are of the same magnitude since the analysis
in Section 1I(A) and (B) assumes that the three phase
conductors are perfectly symmetric and the distance between
each conductor to the cable center is the same. Nevertheless, in
reality the three phase conductors are not necessarily symmetric
and the distance between each conductor and the cable center is
not ideally the same and thus the three peaks (troughs) may not
be of exactly the same magnitude.
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Fig. 13. Identification of energization status of a three-phase three-core
distribution power cable from the magnetic-field-distribution pattern around the

cable surface. Under most normal circumstances current-energized, voltage-
energized and de-energized statuses can all be properly distinguished.

D. Imbalanced current

Due to the imbalance of three-phase loading, the three-phase
currents are not perfectly symmetrical in reality. As such, the
magnetic field distribution around the cable surface under the
imbalanced current situation is studied as follows. The current
imbalance degree (M) is calculated in terms of maximum
deviation of current in a phase from the mean of three phases
and is mathematically denoted as [39]

M = max | (Ia—Im),(Ip=Im),(Ic=Im)| x100% (14)

Im

where I, Iz, and I are three-phase currents, and I,,, is their
mean value. For our cable structure as shown in Fig. 1, different
three-phase current settings were simulated for a series of
current imbalance degrees in Table Il. The current of phase B
and C were fixed as 100 A, and the phase A was changed from
100 to 230 A. The current imbalance degree (M) is calculated
accordingly based on Eq. (14). The magnetic fields around the
cable surface were simulated, and the results shows that the
symmetry of three peaks and troughs gradually disappeared
with some peaks becoming dominant while some weaker (Fig.
14). It can be seen that three peaks are still observable when the
current imbalance degree reaches to as much as 37.8 %. In
reality, the current imbalance degree would not exceed 10 % in
power system [39] because remedial actions would have
already been taken to balance the loads. Therefore, our method
is feasible for identifying the current-energized status by
observing the three peaks and troughs even under the
circumstances of imbalanced phase currents.

2.0 T T T T T T T
190 6.4% 12.5% 18.2% A
—235% 28.5% 33.3% 37.8%
1.8 F|—42.1% 46.2% 50.0% 53.6%| ]
1.7 L—57.1% 60.4% i

RMS magnetic flux density (Gauss)

0 50 100 150 200 250 300 350
Azimuth (degree)

Fig. 14. Magnetic fields around the case surface simulated at various current
imbalance degree.

TABLE Il Imbalanced three-phase currents for simulating the
magnetic-field-distribution around the cable surface
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Iltem Phase A (A) | Phase B (A) | Phase C (A) M (%)
1 100 100 100 0
2 110 100 100 6.4
3 120 100 100 125
4 130 100 100 18.2
5 140 100 100 235
6 150 100 100 28.5
7 160 100 100 33.3
8 170 100 100 37.8
9 180 100 100 421
10 190 100 100 46.2
1 200 100 100 50.0
12 210 100 100 53.6
13 220 100 100 57.1
14 230 100 100 60.4

E. Imperfect cable geometry

(a) Imbalanced angle difference

In fact, the three-phase conductors are not perfectly
symmetrical at 120° [32]. From the result at Section I1(A), the
magnetic-field pattern around the cable surface also depends on
the spatial position of conductors. As such, the asymmetry of
the three-phase conductors at various angle difference is
studied. The layout of the three-phase conductor is shown in
Fig. 15(a), where the position of phase B and C are fixed while
the position of phase A is rotated angularly (the angular degree
between phase A and horizontal axis is 8) to illustrate the
asymmetry. Similarly, the angle imbalance degree (N) is
calculated in terms of maximum deviation of angle between
adjacent two phases (64¢, 045, O5c) from their mean value, and
it is mathematically denoted as [39]

N = max | (BAC—em),(ZAB—Gm)r(GBC_Gm)I x100% (15)
m

where 6,, is the mean value of 8,., 8,5 and 85.. With the
position of phase A changed angularly, the angle between
adjacent two phases and the angle imbalance degree for
simulation were calculated in Table I1l. The magnetic fields
around the cable surface for the studied case in Fig. 1 are shown
in Fig. 15 (b), (c) and (d). The result shows that the three peaks
and troughs are still observable when the angle imbalance
degree does not exceed 33%. In fact, the value of 33% angle
imbalance is very unlikely to occur in reality because the three-
phase conductors are laid very compactly in the space as shown
in Fig. 16 where the angle imbalance degree is 5.8%. Therefore,
our method is feasible even when the cable conductors are not
spaced perfectly symmetrically.
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Fig. 15. Study of imbalanced cable geometry. (a) Positions of phase B and C
are fixed while phase A are rotated angularly. (b) Magnetic fields around the
cable surface at various locations of phase A (6 = 10°, N=66%; 6 = 30°,
N=50%; 6 = 50°, N=33%). (c) Magnetic fields around the cable surface at
various locations of phase A (6 = 70° N=16%; 6 = 90°, N=0; 6 = 110°,
N=16%). (d) Magnetic fields around the cable surface at various locations of
phase A (6 = 130°, N=33%; 68 = 150°, N=50; 6 = 170°, N=66%).

Azimuth (degree)

TABLE 111 Various angle imbalance degree of a three-phase power cable

Angle (6°) 04c (°) 045(°) 95c(°) N (%)
10 40 200 120 66
30 60 180 120 50
50 80 160 120 33
70 100 140 120 16
92 120 120 120 0
110 140 100 120 16
130 160 80 120 33
150 180 60 120 50
170 200 40 120 66

Fig. 16. Sectional image of a three-phase power distribution cable for
asymmetry information.

(b) Imbalanced phase distance
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The distance between the phase conductor center and the
cable center may not be the same for each conductor. The
distance imbalance degree (K) is calculated in terms of
maximum deviation of distance to center of a phase from the
mean of distances of three phases, and is mathematically
expressed as

K = max | (Sl—Sm),gsz—Sm),(Ss—Sm)l x100% (16)

where S;, S, and S are the distance of each phase-conductor
center to each phase conductor’s center to the cable center as
shown in Fig. 17(a), and S,, is their mean value. In order to
study the magnetic-field pattern around the cable surface under
various distance imbalance degree, various distances from each
phase-conductor center to the cable center were set in the
simulations as shown in Table IV. The magnetic-field patterns
under various distance imbalance degrees are shown in Fig.
17(b), (c) and (d). The result shows that the peak can disappear
when the position of some phase-conductor center is too close
to the cable center (e.g., K=36%), namely, being far away from
the magnetic field sensing point on the cable surface. However,
from the point of view of cable physical structure, it is very
unlikely for this extreme level of distance imbalance to occur.
For reference, the distance imbalance degree for the cable
shown in Fig. 16 is 10.5%. Therefore, our method is feasible
even under circumstances of imbalanced phase distance.
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Fig. 17. Study of imbalanced phase distance. (a) Distance between phase B and
C to the center is fixed (S, = S; = 18.5 mm) while distance between Phase A
to the center (S;) is changed. (b) Magnetic fields around the cable surface at
various distances between phase A and the cable center (S; = 10 mm, K=36%;
S; = 12 mm, K=26%; S; = 14 mm, K=17%). (c) Magnetic fields around the
cable surface at various distances between phase A and the cable center (S; =
16 mm, K=9%; S, = 18.5 mm, K=0; S; = 20 mm, K=5%). (d) Magnetic
fields around the cable surface at various distances between phase A and the
cable center (S; =22mm, K=11%; S; = 24 mm, K=18%; S, = 26 mm,
K=23%).

TABLE IV Various distance imbalance degree of a three-phase power cable
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Sy(mm) S,(mm) S3(mm) K (%)
10 185 185 36
12 185 185 26
14 185 185 17
16 185 185 9

185 185 185 0
20 185 185 5
22 185 185 11
24 185 185 18
26 185 185 23

I1. MAGNETIC-FIELD-SENSING PLATFORM

The platform was designed accordingly for measuring the
magnetic field distribution around the cable surface, and the
overall system structure is shown in Fig. 18. Four
magnetoresistive (MR) sensors (HMC2003, Honeywell)
providing high sensitivity and spatial resolution were installed
to measure the magnetic-field-distribution pattern around the
cable surface as a function of the azimuth. A triple-layered
magnetic shielding was designed to eliminate background
interference such as the Earth’s magnetic fields and the
magnetic fields emanated from the adjacent in-service cables.
The measured data were acquired by a data acquisition (DAQ)
card (NI USB-6211) and then processed by a LabVIEW
program [40]. The details about the key component (i.e., MR
sensors and shielding) are as follows.

Electrical connection diagram

'.'“O\

Power
supply

LabVIEW

Magnetic shielding

Fig. 18. Schematic diagram for the overall magnetic-field-sensing platform
comprised of MR sensors, triple-layer magnetic shielding, and data acquisition
(DAQ) system.

1) MR sensors

Most of the MR sensors are either 1- or 3- axis sensors [19,
41]. As shown in Fig. 19, the vectors of the resultant magnetic
fields around the multi-core cable surface at various points are
not necessarily tangential (e.g., Bgym and Bg,,') but forms
different angles (e.g., 6, and 6,) with regard to the cable center.
Therefore, the MR sensors with mutually orthogonal sensing
axes in a plane (B; and B,,) are needed for reconstructing the
resultant magnetic field. As such, the 3-axis MR sensors are
deployed with one sensing axis along B;, one along B,, and the
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remaining one aligned with the cable direction. In our
experiment to verify the principle, the Honeywell MR sensor
HMC2003 was used which provides a 40—uG resolution to
measure low magnetic field less than 2 G. The output of the
sensor is voltage, which is proportional to the strength of the
magnetic field. The sensor is calibrated, and its sensitivity is
consistent with the value provided by the datasheet, i.e., 1
V/gauss [42]. The sensor resolution is sufficiently high for
detecting the weak magnetic field (several to tens of mG) for
voltage-, and de-energized power cables, and the 2-gauss range
enables the platform to measure the power cable with rated
current from 4 mA to 200 A according to Section I1(A). The
four compact-in-size HMC2003 were positioned orthogonally
to each other and the magnetic flux density around the cable
surface as a function of azimuth can be measured by rotating
them (Fig. 20).

2) Magnetic shielding

Magnetic shielding was designed to reduce magnetic
interference from the background. For a single-layered
magnetic shielding (blue ring in Fig. 21(a)), the attenuation

ratio (incident magnetic field B; over the transmitted field B;)
for the DC field is calculated as

Bi
Bt

o Mr(rio—71p)
27‘10

where u,. is the permeability of the shielding material, r;; and
11, are the inner and outer radius of the shielding, respectively.
The larger the attenuation ratio, the better the shielding
effectiveness. In order to achieve a larger attenuation ratio, the
high-permeability Mu-metal (1, =~ 10* ~ 10°) was adopted.
This is because the high-permeability material directs the
magnetic field lines through the alloy and thus keeping the
external magnetic field lines away from the sensing zones
where the MR sensors are located. The thickness of 1 mm was
adopted considering both the attenuation ratio and the shielding
weight. The inner radius of 95 mm was designed for reserving
enough room to install the sensor array. In order to enhance the
shielding effectiveness, the single-layered shielding (blue ring
in Fig. 21(a)) was further modified into triple layers (blue and
grey rings in Fig. 21(a)). The relation between the attenuation
ratio and the interval spacing between adjacent layers (d) is
shown in Fig. 21(b). The result shows that the larger the interval
spacing, the higher the attenuation ratio; however, the overall
shielding size would become larger. The spacing of 30 mm was
adopted for the triple-layered magnetic shielding as a
compromise considering both the attenuation ratio and the
overall shielding size. Then the Mu-metal triple-layered
magnetic shielding was fabricated and experimentally tested as
shown in Fig. 21(c), in which an external uniform magnetic
field was generated by a pair of coils. An external DC magnetic
field of 0.5 G was applied and the magnetic flux density at the
center of the shielding was measured to be 3.44x10° G, i.e., an

(17)

attenuation ratio of 1.5x10%, indicating an effective shielding
performance in DC condition.

N

.

Fig. 19. Magnetic field vector generated by three-phase current in a three-phase
power distribution cable.

|
MR sensor |

Fig. 20. MR sensors installed (60mm from the cable center) for measuring the
magnetic flux density around the cable surface. (a) Schematic diagram of MR
sensors and the cable. (b) MR sensors (HMC2003).

The AC magnetic interference also exists in the actual on-site
environment because the in-service power cables (mainly
operating at 50 or 60 Hz) are typically installed neighboring
each other. Therefore, the triple-layered shielding was also
evaluated under the AC conditions. A 4 Gauss magnetic field
was applied at various frequencies (10 — 60 Hz) both in FEM
simulation and experiment, and the relation between the
attenuation ratio and the frequency is shown in Fig. 21(d). Both
the FEM and experimental results show that the attenuation
ratio under AC conditions (~ hundreds at 10 Hz) is lower than
that under DC condition. This is because the eddy currents are
induced which generate the extra magnetic field inside the
shielding [43]. The eddy currents become stronger with
increasing frequency, and thus the attenuation ratio decreases
with frequency. Nevertheless, the shielding can still function at
50 Hz (60 Hz) frequency with an attenuation ratio of around 50
(40) in the experiment. Therefore, the triple-layered magnetic
shielding made of Mu-metal can reduce both the DC and AC
magnetic interferences effectively.
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Fig. 21. Design of a triple-layered magnetic shielding for reducing the
background magnetic noise. (a) Structure of single- and triple-layered magnetic
shielding. (b) Simulation of attenuation ratio with various spacing for a triple-
layered magnetic shielding (1,=30000, r;;= 95 mm, and thickness is 1 mm)
under DC conditions. (c) Experimental test of the triple-layered shielding for
verifying the attenuation ratio. (d) FEM simulation (o, = 1.61x107 s/m) and
experiment results for the attenuation ratio of the shielding under AC.

V. ONSITE EXPERIMENT

An onsite experiment was conducted to verify the proposed
identification technique in a substation. The substation bridges
the transmission and distribution network with 4 x 60 MVA
transformers by stepping down the voltage from 275 kV to 22
kV, and then transmit electricity to the load side through these
three-phase three-core armored 22-kV XLPE stranded
distribution power cables [44].

The shielding performance was validated onsite before
measurement. The magnetic flux density measured by the
Gauss-meter (DT-1130 manufactured by PWOW®) near the
target cable in the cable room of the substation was 0.61 pT
(Fig. 22(a)). The reading dropped to 0.00 uT (Fig. 22(b)) when
the Gauss-meter was shielded by the triple-layered shielding,
showing that the shielding can effectively suppress external
interferences in the real onsite environment.

The platform was installed on a three-phase three-core
armored 22-kV XLPE stranded distribution power cable as
shown in Fig. 23, where the platform was installed about 200 m
from the power supply side (the total cable length is
approximately 650 m). The platform was rotated so that the MR
sensor array could measure the magnetic field distribution
around the cable surface with the target power cable in
energized (current- and voltage-energized) and de-energized
statuses respectively. The RMS magnetic-field-distribution
pattern around the cable surface as a function of azimuth under
current-, voltage-, and de-energized status is shown in Fig. 24.
The energized status of the power cable can be identified
through the observable pattern with three crests and three
troughs. The magnetic flux under current-energized status

exhibited small random fluctuation due to the real-time demand
change from the load side during the measurement. The real-
time three-phase currents measured by the CT during the
experiment is shown in Table. V. The RMS magnetic flux
densities under current-energized status were on the level of
hundreds of mG (average 344.1 mG) as expected for the load
current of around 30 A according to the analysis in Section
II(A). Moreover, the average magnitude for the voltage-
energized status was 13.2 mG, which is 26 times lower than the
magnitude under current-energized status for this 650-m 22-kV
three-phase three-core distribution power cable. There
exhibited no random fluctuation in the waveform since the
charging current only depends on the power supply voltage,
cable type and length which do not change over time. The three
peaks (troughs) are not of the same magnitude in the magnetic-
field pattern due to the fact that the positions of the three-phase
conductors are not perfectly symmetrical at 120° in a real cable
(referred to the discussion in Section II(E)). As shown in the
Fig. 24, the peaks are almost spaced by 105°, 104° and 151°
apart, rather at 120 ° intervals. The RMS magnetic-field-
distribution pattern around the cable surface as a function of
azimuth in the de-energized status was flat with the magnitude
of several mG. The experimental results verified the analysis in
Section |1, and the energized power cable can be successfully
identified from the de-energized status by the proposed
technique. Furthermore, voltage-energized and current-
energized statuses can also be distinguished in this onsite
experiment.

TABLE V. MEASURED CURRENT FOR EACH PHASE OF
DISTRIBUTION POWER CABLE DURING THE EXPERIMENT

Time Phase A Phase B | Phase C
(hh:mm) (A) (A) (A)
12:03 32.50 33.75 35.00
12:13 31.60 33.00 34.00
Measured 12:23 31.75 32.50 34.50
12:33 32.00 33.80 35.00
by 12:43 33.60 34.00 37.00
12:53 32.50 32.75 34.25
current
transformer Average 32.32 33.30 34.95

Fig. 22. Verification of shielding performance in the cable room. (a) Magnetic
flux density measured without shielding. (b) Magnetic flux density measured
with shielding.
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Fig. 23. Magnetic-field-sensing platform installed on a 22-kV three-phase
three-core distribution power cable inside the cable room of a substation.
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Fig. 24. RMS magnetic flux densities as a function of azimuth around the cable
surface for current-, voltage-, and de-energized status of the three-phase three-
core power cable from on-site measurement.

V. CONCLUSION

In this paper, a magnetic-field-sensing based technique for
non-destructively identifying the energization status of the
three-phase three-core distribution power cables was proposed.
The RMS magnetic-field-distribution pattern around the cable
surface as a function of azimuth around the surface of an
energized cable (voltage-energized or current-energized) was
found to exhibit a pattern with three peaks and three troughs
which is very distinguishable from the flat pattern for de-
energized power cables. This technique was validated
experimentally on-site on the three-phase three-core armored
22-kV XLPE stranded distribution power cables. The proposed
method is non-contact since the magnetic field distribution
pattern is not shielded by the earthed metallic sheath within
cables and thus can be sensed on the cable surface. In this way,
the cable integrity is maintained and the risk of endangering the
lives of repair crew is totally avoided. The triple-layered

shielding can effectively eliminate the external magnetic
interference and enhance the reliability of the sensing platform
in the on-site environment.

Though there might be concern about short cable length or
the condition of ungrounded cable sheath for the feasibility of
the proposed method, these situations rarely exist in reality.
Regarding the cable length issue, the magnetic signals are
weaker for shorter cable under voltage-energized status. The
magnitude of magnetic signal shall not be smaller than the
sensor’s detection resolution. In our case, considering the fact
that (a) the weakest magnetic field under the voltage-energized
status of the 600-m 22-kV cable is about 3 mG (Fig. 7) and (b)
the resolution of the magnetoresistive sensor HMC2003 is 40
uG [42], the minimum cable length can be calculated to be 600
m X (40 uG / 3 mG) = 8 m. However, in practice, distribution
cable lengths are typically from tens to thousands of meters [45,
46]; it is extremely unlikely to have a distribution cable less
than 8 m in length. Regarding the ungrounded-cable-sheath
issue, it is a widely adopted code of practice [45, 46] that the
cable sheath must be grounded in at least one point for safety
reasons (e.g., limit sheath voltage, reduce sheath losses to a
minimum, maintain a continuous sheath circuit for fault current
return, etc.) [45, 46]. This creates potential difference on the
cable sheath and results in the charging current flowing on the
cable sheath, providing three peaks and troughs pattern for
voltage-energized status. Therefore, the proposed method shall
work robustly.

Future work will focus on extending the magnetic sensors to
a denser sensor array with more MR sensors to expedite the
measuring process. Currently there is an array of only four MR
sensors installed in this prototype, thus the platform has to be
rotated for measuring the magnetic-field pattern in a full circle
around the cable surface. In the future, the rotation process will
be completely eliminated by building a denser MR magnetic
sensor array with 36 miniatured MR sensors (e.g., to use 3-axis
MR sensors HMC1043L (Honeywell) [47] with the dimension
of 3.3 mm x 28 mm x 1.1 mm or 3-axis MR sensor
TMR2301(MultiDimension) [48] with the dimension of 5.0 mm
5.0 mm %x2.5 mm for forming a circular array). With this new
version of measurement platform composed of 36 MR sensors,
we will be able to complete the measurement of magnetic field
around the cable surface instantaneously without any rotation,
and the magnetic-field pattern will be obtained immediately.
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