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Curved Trapezoidal Magnetic Flux Concentrator Design
for Current Measurement of Multi-Core Power
Cable With Magnetic Sensing

Ke Zhu™ and Philip W. T. Pong

Department of Electrical and Electronic Engineering, The University of Hong Kong, Hong Kong

Operating current of a multi-core power cable can be monitored by sensing the magnetic fields around the cable surface. Magnetic
flux concentrators (MFCs) are typically installed to collect the magnetic flux lines and amplify the magnetic field signals for magnetic
sensors that are sandwiched by pairs of MFCs. However, installing a series of conventional planar MFCs around the circular cable
surface would form a polygonal structure, adversely aggregating the magnetic flux lines at the corners of the polygon. In this paper,
a curved MFC structure was developed to overcome the problem. First, a simple curved structure (i.e., curved strip-shaped MFCs)
was derived to accommodate magnetic sensors around the cable surface. Then, it was modified into the trapezoidal shape for
further improving the amplification ratio after studying the influence of MFC thickness, aspect ratio, and end-to-end ratio. The
saturation effect and frequency response of MFCs were also studied. The effectiveness of the curved trapezoidal MFCs compared
to the strip-shaped ones was validated experimentally, in which the average amplification ratio of the trapezoidal MFCs (5.12) was
substantially larger than that of the strip-shaped MFCs (1.46). The curved trapezoidal MFCs not only eliminate the magnetic field
aggregation at the polygon corners but also fit compactly the round geometry of the cable compactly. More importantly, enhancing
the magnetic field signals for the magnetic sensors can potentially improve the system ability to sense the weak magnetic field
variations from slight current changes. The high-order harmonics can also be potentially restored because the curved trapezoidal

MFCs have a good frequency response.

Index Terms— Current sensing, curved magnetic flux concentrator (MFC), magnetic sensor, multi-core power cable.

I. INTRODUCTION

ULTI-CORE power cables (assembled by several elec-

trical conductors together with an overall sheath as
mechanical protection) are typically used in the distribution
systems of power grids to transmit electricity [1]-[4]. Due
to a lower tolerance of power suspension from industrial and
residential consumers, the operating currents are monitored
closely to ensure a reliable and stable power transmission [5].
Current transformers (CTs) are widely applied in power
systems for the current measurement (Fig. 1). However, there
are shortcomings of CTs (wound and toroidal CTs [6]) for
monitoring the currents of the multi-core power cables [7].
The primary winding of a wound CT is physically connected
with the current-carrying conductor [Fig. 1(a)], resulting in
high insulation cost and bulky size of CTs [8], [9]. Physi-
cal contact is avoided in a toroidal CT [Fig. 1(b)] because
the current-carrying conductor is through the center opening
of CT; however, a toroidal CT cannot work with a multi-
core power cable since the resultant magnetic field emanated
from the core conductors is almost zero around the cable
surface [10]. Therefore, new methods are being developed for
monitoring the multi-core power distribution cables [11], [12].
A method of installing a magnetic sensor (e.g., Hall effect
sensor and magnetoresistive sensors) array (since the quantity
of the sensing points should be at least equal to the quantity of
the conductors according to the Biot—Savart law [13]) around
the cable surface [Fig. 1(c)] has been developed to monitor
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the phase currents inside the multi-core power cable [2], [14].
The magnetic fields around the cable surface are measured
by the sensor array and then processed computationally to
reconstruct the phase currents. Thanks to the compact size,
low cost, and low power consumption (~milliwatt) of thin-film
magnetic sensors [12], [15], [16], the method shows a greater
promise than the traditional CTs for large-scale deployment.
Nevertheless, the magnetic fields around the cable surface
generated by multiple electrical conductors inside the cable
are inherently weak as the magnetic fields generated from
balanced currents tend to mutually cancel. Moreover, the mag-
netic field variations would be smaller if the currents change
slightly (e.g., the harmonic variation in phase currents incurred
by the non-linear industrial and commercial loads such as
energy conversion devices, traction drives, industrial variable
speed drives, and arc welding equipment [17]). Therefore,
it is necessary to further increase the magnetic field signals
for magnetic sensors to facilitate the development of this
technology for fully monitoring the operating currents of
multi-core power cables.

Magnetic flux concentrators (MFCs) can be used to enhance
the magnetic fields in the sensing region of magnetic sen-
sors [18], [19]. The most common design is to sandwich a
magnetic sensor by a pair of MFCs [20]. However, installing
a series of conventional planar MFCs for a magnetic sensor
array around a cable surface would form a polygonal structure,
which adversely aggregates magnetic flux lines at the corners
of the polygon [21]. As such, a curved MFC design was
proposed in this paper for concentrating magnetic flux lines
continuously without the aggregation at the corners of the
polygon structure. The existing research of MFCs mainly
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Fig. 1. Structure of CTs and MFCs. (a) Wound CT: primary winding is
physically connected with the current-carrying conductor. (b) Toroidal CT:
current-carrying conductor is through the core. (c¢) Planar bar-shaped MFCs
with three magnetic sensors around the three-phase (A, B, and C), three-core
power cable surface.

focuses on: i) using the diamagnetism of a superconductor
to generate high magnetic fields [22]; ii) improving the mag-
netic field detection limits by using the planar MFCs [23];
iii) studying the amplification ratio versus the linear working
range [24]; and iv) the integration of MFCs on microsys-
tems [25]. The study on the curved MFC structure is, however,
very limited and merits further research. This paper is the
first investigation on curved MFCs instead of planar ones.
The effects of geometry, saturation, and frequency response on
the amplification ratio are revealed. Moreover, the trapezoidal
curved shape enables MFCs to function on a power cable
with multiple core conductors which typically have a circular
surface. Traditional C-shaped MFCs can only clamp around
and work with a single conductor; they cannot work with
multi-phase, multi-core cables because the resultant magnetic
field concentrated by C-shaped MFCs would be almost zero.
Our curved trapezoidal MFC design overcomes this constraint
and is applicable for multi-phase, multi-core cables with a
large amplification ratio.

This paper is an extension for the two-page conference
digest [26]. The conference digest only provides an intro-
duction and preliminary results of curved MFCs. It does not
present the results of the effects of geometry, saturation, and
frequency response on the amplification ratio. Zhu et al. [2]
demonstrate the application of the curved trapezoidal MFCs
but it does not contain any detailed study on the charac-
terization of MFCs. This paper is the first study revealing
the working principle of curved MFCs and characterizing the
geometrical effect, saturation effect, and frequency response.
This paper is organized as follows. First, a simple curved MFC
structure (i.e., an array of curved strip-shaped MFCs) was
derived based on the round geometry, and the amplification
ratio is analyzed under this setup in Section II. The influ-
ence of the MFC geometry including thickness, aspect ratio,
and end-to-end ratio on the amplification ratio was studied,
and a modified structure (i.e., curved trapezoidal MFCs)
was then proposed to increase the amplification ratio. The
saturation effect of MFCs under various operating currents
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Fig. 2. Study of the curved MFCs (Mu metal [29]). (a) Magnetic fields must
align with the axial direction of MFCs for achieving the largest amplification
ratio. (b) MFCs operate with low efficiency when the magnetic fields are
not in the axial direction of MFCs. (c) Usage of a pair of planar bar-shaped
MFCs around the three-phase conductors leads to low efficiency. (d) Cross
section for the layout of conductors (blue) and MFCs (yellow): radius of
conductor (), 10 mm; distance from conductor center to coordinate origin (d),
15 mm; angular displacement of conductors B and C (a and f), 60°; distance
between inner radius of MFCs and coordinate origin (R), 59 mm; and gap
length (g), 5.2 mm. (e) 3-D layout of conductors and MFCs: width (w),
10 mm; thickness (#), 1 mm; and amplified magnetic field (B,) versus
original magnetic field (B, ). The magnetic flux densities without (with) MFCs
are decomposed into the tangential and normal components B, and By,
(Bt, and By,).

was also shown. Section III presents the experimental results
demonstrating the effectiveness of the curved trapezoidal
MEFCs on a three-phase power cable. The conclusion is drawn
in Section IV.

II. CURVED MAGNETIC FLUX CONCENTRATOR DESIGN
A. Simple Design: Curved Strip-Shaped MFCs

In order to conquer the limitation that the planar MFCs
would form a polygonal structure and cannot fit around the
cylindrical geometry of the cable, the curved structure is
designed here. The benefits of the curved MFC structure for
the multi-core cable can be further explained in Fig. 2(a)—(c).
When MFCs are used, their axial direction is typically par-
alleled with the external magnetic fields. In this way, most
magnetic flux lines can congregate from their broad ends into
the narrow ends, achieving the largest amplification ratio at
the sensing point in the middle [Fig. 2(a)]. However, when
the direction of magnetic fields is not along the axis direction
of MFCs [Fig. 2(b)] as is the case for circular multi-core
power cable, only a small amount of magnetic flux lines would
congregate at the center of MFCs (this is because the path
of magnetic fields is not easy to be altered) which leads to
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a smaller amplification ratio of MFCs, resulting in MFCs
working with low efficiency. The similar analysis goes for
the multi-core power cables which are cylindrical in shape.
If the planar MFCs are deployed for the cable where the
magnetic fields are distributed circularly around the cable
surface [Fig. 2(c)], MFCs would also operate in low efficiency.
As such, the curved MFCs are designed in the way they are
consistent with the pattern of emanated magnetic fields. Most
magnetic fields would congregate at the sensing points for
achieving the largest significant amplification ratio.

Since the number of sensors needs to be equal to or
larger than the number of conductors when the relative
positions between the sensing points and the conductors are
unknown [13], three sensors at least are needed for determin-
ing the currents in a three-phase, three-core cables. Thus, three
air gaps were designed for accommodating three sensors into
MFCs, as shown in Fig. 2(d). This structure is equivalent to
installing an array of curved strip-shaped MFCs in a circular
manner [21], [27]. In order to analyze the amplification ratio
of this curved strip-shaped design, magnetic fields with and
without MFCs were evaluated. Traditionally, magnetic flux
lines generated from a single current-carrying conductor are
in the form of concentric circles (i.e., the tangential direction
around the conductor). However, for the magnetic flux density
generated by multiple conductors, the resultant magnetic field
forms an angle with the tangential direction of the circle [28].
Therefore, the finite-element method (FEM) was used to
simulate the magnetic fields with and without curved MFCs.

A typical three-phase power cable with three electri-
cal conductors was studied as an example, as shown
in Fig. 2(d) and (e). Three gaps (i.e., S1, S2, and S3) were
arranged symmetrically at 120° of the curved strip-shaped
MEFC for accommodating magnetic sensors in the middle of
the gaps. The current of each phase was set to 20 A with a
120° phase difference at 50 Hz. The magnetic fields with and
without MFCs were simulated by FEM. The simulation was
conducted in Ansys Multiphysics, the air boundary was set on
the outer surface of a cylinder with 300 mm radius, the level of
smart sizing (it computes the estimated element edge lengths
for all lines in the areas, and then refines for curvature and
proximity of features in the geometry) was 10 with free grids,
the material of phase conductor and MFCs are copper and
Mu metal, respectively, the program was iterated at every
0.001 s for a cycle, and more details about spatial layouts
can be found in Fig. 2(d) and (e). The result at the sensing
point S7 was analyzed. In Fig. 2(e), the magnetic field at the
sensing point before and after installing MFCs are denoted by
B, and By, and the magnetic flux density without (with) MFCs
are decomposed into the tangential and normal components
B, , and B, , (B; 4 and B, ,), respectively.

The magnetic fields with and without MFCs were simulated
over a cycle of the electric current, as shown in Fig. 3.
The simulation shows that the tangential component of the
magnetic field was amplified by a ratio of 1.85 [B; , versus
B, , as shown in Fig. 3(a)], while the normal component
decreased by a ratio of 0.81 [B, , versus B, , as shown
in Fig. 3(b)]. The rms resultant magnetic flux density at
sensing point S; with (without) MFCs was 0.322 G (0.204 G),
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Fig. 3. Magnetic field with (without) installing curved strip-shaped MFCs

simulated by FEM. (a) Tangential component of the magnetic flux density
with (without) MFCs By, (By,). (b) Normal component of the magnetic flux
density with (without) MFCs By, (Bp,).

Fig. 4. Magnetic fields (B4, Bp, and B¢) emanated from the conductors
(A, B, and C) measured along the tangential (B;) and normal (B;;) directions,
respectively, at the sensing point (S).

showing that MFCs collected the magnetic flux lines and then
amplified the magnetic field at the sensing point. By plotting
the resultant, tangential and normal magnetic fields together
[Fig. 2(e)], it was found that the resultant magnetic field vector
was deflected toward the tangential direction after installing
MFCs (B, versus B,). This shows that MFCs changed the
pattern of magnetic flux lines while attracting the surrounding
magnetic flux lines to amplify the magnetic field at the sensing
point. The deflection was tended to MFCs because the high-
permeability MFCs were of the least magnetic reluctance.
It can also be observed that only the tangential component was
amplified at the sensing point while the normal component was
actually diminished.

Though only the tangential component of the magnetic field
is amplified while the normal one decreases, it is sufficient
for reconstructing the phase currents by adopting only the
tangential component. This can be illustrated with a three-core
power cable structure which is most commonly deployed in
distribution networks nowadays [2]. The schematic for three
conductors and a two-axis magnetic field measurement along
the tangential and normal directions, respectively, in the Carte-
sian coordinate system at a sensing point is shown in Fig. 4.
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Fig. 5. Amplification ratio as a function of the MFC thickness.

The relative positions between conductors and sensing points
are assumed known. The sensing point is located along the
tangential direction of the circle with the coordinate origin
as its center. The magnetic field at the sensing point gener-
ated from each conductor can be calculated by Biot—Savart
law [30]. The tangential (B;) and normal (B,) components of
the magnetic field at the sensing point can be calculated by
Bio—Savart law as [30]

B, = Bccosy — Bysina — Bpsinf (1)
B,, = Bc¢siny + Bacosa + Bpcosf 2)

where B;(t)(i = A, B,or C) is the magnetic field generated
by the respective conductor current, and o, f, and y are the
angles formed between the direction of the magnetic field
emanated from the conductor and the tangential (normal)
direction of the circle at the sensing point, as depicted in Fig. 4.
Since (1) and (2) are interchangeable, either the tangential (B;)
or normal component (B),) at three sensing points should be
sufficient to reconstruct the currents of three-phase conduc-
tors. Therefore, the amplification ratio A of curved MFC is
defined as

B; 4
B ,

where B; , is the amplified tangential magnetic field and B; ,
is the original one. The amplification ratio was merely 1.85
under this setup as determined from the result shown in Fig. 3.
To this effect, the MFC design needed further modification to
improve the amplification ratio.

A=

3)

B. New Design: Curved Trapezoidal MFCs

MEFCs are usually made of soft ferromagnetic materials
with high relative permeability and low coercivity. Previ-
ous studies have shown that the amplification ratio can be
further improved by modifying the geometrical structure of
MEFEC [24], [26], [31], [32]. As such, the relation between the
amplification ratio and the MFC’s thickness, aspect ratio, and
end-to-end ratio were studied as follows.

1) Thickness: The relation between the amplification ratio
and the MFC thickness [k shown in Fig. 2(e)] was investigated,
and the model shown in Fig. 2(e) was used again. The variation
of the amplification ratio was plotted as a function of the MFC
thickness (h) shown in Fig. 5. The magnetic amplification
ratio decreases in an asymptotic manner as the thickness (/)
increases because the magnetic flux lines are sparser when the
cross-sectional area of the gap at the sensing points becomes
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Fig. 6. Magnetic field under various radii of curved strip-shaped MFCs.
(a) Maximum magnetic flux density under various radii with and without
MFCs. (b) Amplification ratios under various radii.

larger. Therefore, increasing the MFC thickness does not
further improve the amplification ratio.

2) Aspect Ratio: The amplification ratio is a function of
the MFC aspect ratio (i.e., a ratio of the arc length [/ shown
in Fig. 2(e)] to the width [w shown in Fig. 2(e)] of MFC) [31].
The larger the aspect ratio, the greater is the amplification
ratio. To enlarge the aspect ratio, either the width of MFC (w)
can be shortened, or the length of MFC (/) can be increased.
The width of MFC, however, cannot be shorter than the sensor
chip; otherwise, the magnetic flux lines would not aggregate
at the sensing area. MFCs can have the length extension by
placing the sensors and MFCs farther away from the cable
center [i.e., increasing radius R shown in Fig. 2(e)]. The
farther away MFCs from the cable center (R), the longer
the arc length of MFCs. The magnetic flux density with
and without MFCs under various radii based on the struc-
ture shown in Fig. 2 was simulated, and the corresponding
amplification ratio was calculated. Since the magnetic field
from each conductor inside the cable nullifies each other,
the magnetic flux density decreases with the radius [Fig. 6(a)].
The amplification ratio is enhanced with the radius which
means a larger arc length and thus a larger aspect ratio
[Fig. 6(b)]. However, it can be seen that the magnetic field
signals for the sensors with installed MFCs indeed decreases
with the radius because the magnetic field is attenuated sharply
over the distance. Therefore, to further enlarge the aspect ratio
by increasing the distance between the MFCs and the cable
center is not effective. As such, the optimum sensing point and
MEFCs are recommended to be close to the cable surface for
achieving the largest magnetic field signals of the magnetic
Sensors.

3) End-to-End Ratio: The study has shown that the ampli-
fication ratio can be further increased by enhancing the length
difference of the two ends [31]. This is equivalent to modify
the curved strip-shaped MFCs to curved trapezoidal designs.
To investigate the relation between the amplification ratio and
the ratio of the long base to short base of the trapezoidal MFC
(Fig. 7), an array of curved trapezoidal MFCs was installed in
the triple-conductor setup as previously shown in Fig. 2. Only
the length of the long base was adjusted by fixing the length of
the short base at 10 mm. The amplification ratio was attained
by the FEM simulation accordingly, and the amplification ratio
increased dramatically when the long base becomes larger
(Fig. 8). This is because with a wider long base of a trapezoid,
MEFC covers a larger area and, thus, collects more magnetic
flux lines from other places to converge at the short base.
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Fig. 9. Saturation effect of MFCs under various operating currents.

(a) B—H curve for the Mu metal of MFCs. (b) Amplification ratio for curved
strip-shaped and curved trapezoidal MFCs under various operating currents.

As such, the amplification effect became more pronounced
than strip-shaped MFCs.

Although the T-shaped MFCs can achieve the same effect
as the trapezoidal MFCs under almost the same specifica-
tions (i.e., material, aspect ratio, and thickness), they become
saturated easily due to their relatively narrower front body
where the inner magnetic flux lines are highly concentrated
and congested [31]. This would result in a shorter linear range
of measurement of the cable. Therefore, the use of trapezoidal
MFCs was considered optimal.

4001809

C. Saturation Effect

The amplification ratio of MFCs remains constant until
MEFCs start to saturate under the increased external magnetic
fields [31]. In our studied case, the linear working range
of MFCs is the range of the operating current of the cable
within which the amplification ratio keeps constant. In order
to investigate the linear working range of the developed
curved trapezoidal MFCs, the simulation was conducted for
the MFC structure, as shown in Fig. 7 (the short base is 10
mm, and the long base is 100 mm) under various operating
currents. The curved strip-shaped MFCs were also simulated
as a comparison. [The structure is shown in Fig. 2(e).] MFCs
are made of the Mu metal [B—H curve[29] is shown in
Fig. 9(a)]. The simulation results [Fig. 9(b)] show that the
linear working range of the curved trapezoidal MFCs is up
to ~3000 A, while it declines gradually as the operating
current increases further. In a contrast, the working range of
the curved strip-shaped MFCs is limited to around 700 A.
This confirms to the study showing that the trapezoidal MFC
has a larger linear range under the magnetic field than the
strip-shaped MFCs[31]. The large linear range up to several
thousands of amperes is critical for applying the MFCs in
current monitoring of multi-core power cables since most of
these power cables operate over a large range from tens to
thousands of amperes [33]-[35]. Therefore, though the curved
trapezoidal MFCs consume more fabrication materials than the
curved strip-shaped ones, it is worthwhile because the curved
trapezoidal MFCs achieve both larger amplification ratio and
linear range.

D. Frequency Response

The harmonic current is a multiple of the fundamental
frequency as a result of the non-linear electric loads [1]. These
high-frequency harmonic currents (e.g., 150, 250, 350, 450,
... Hz for a fundamental frequency of 50 Hz) result in the
corresponding variation of magnetic fields around the cable
surface. In order to evaluate the MFC performance under
different frequencies, the simulation was conducted for the
curved trapezoidal (setting is shown in Fig. 7) and strip-
shaped [setting is shown in Fig. 2(e)] MFCs, respectively,
from 50 Hz to 40 kHz. The variation of permeability with
frequency was not considered because the frequency range
we investigated was far below 100 kHz [36], [37]. The result
shown in Fig. 10(a) shows that the curve trapezoidal MFC
outperformed the strip-shaped one because its amplification
ratio remains stable up to almost 10 kHz (equivalent to the
200th harmonics for a fundamental frequency of 50 Hz) while
the amplification ratio of the curved strip-shaped one starts to
decade from ~1 kHz. The amplification ratio alters because
a secondary magnetic field generated by the eddy current in
MEFC counteracts the field generated by the current-carrying
cables at high frequency, and the eddy current becomes
stronger with higher frequency [38]-[40]. The amplification
ratio of the curved trapezoidal MFC remains stable at fre-
quencies from 50 Hz to 20 kHz compared to that of the
strip-based MFC. The eddy current in the curved trapezoidal
MFC mainly occurs at the long base of MFC [Fig. 10(b)]
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Fig. 10. Frequency bandwidth study for the curved trapezoidal and

strip-shaped MFCs. (a) Amplification ratio under different frequencies.
(b) Eddy current density on the curved trapezoidal MFC by the FEM
simulation (20 A phase current and 1000 Hz frequency at 0.0004 s).
(c) Eddy current density on the curved strip-shaped MFC by the FEM
simulation (20 A phase current and 1000 Hz frequency at 0.0004 s).

because the flow of electrons tends to take place at less
constrained region [41], [42] and the trapezoidal MFC has
a larger surface area at the long base side. Thus, the eddy
current is far away from the sensing point which is located
very close to the short base. On the contrary, the eddy
current mainly occurs at the middle of the strip-shaped MFC
[Fig. 10(c)], and it is much closer to the sensing point. As such,
the curved trapezoidal MFC exhibits a larger frequency band-
width than the strip-shaped MFC in the current measurement
of a three-phase cable through the magnetic sensing.

IIT1. EXPERIMENTAL VERIFICATION AND DISCUSSION

The experiment was conducted on a three-phase, three-core,
current-energized power cable (BS6622 three-core armored
22 kV XLPE stranded aluminum conductor [43]) to verify the
effectiveness of the curved trapezoidal MFCs. The schematic
of the power cable is shown in Fig. 11(a), where the three-
phase conductors were insulated by the polypropylene and
then protected by a metallic armor. The three-phase power
cable was operated at 8.5 A with a 120° phase difference
at 50 Hz. The curved trapezoidal and strip-shaped MFCs
were fabricated, respectively, to test their performance, and
the three-axis magnetic sensor (HMC2003 Honeywell) was
used [44]. The sensor outputs in the xz plane were recorded,
while the y-axis output was not because there was no com-
ponent of the magnetic field emanated from the conduc-
tors along the y-axis (cable direction). The configuration
of the Mu-metal [45] curved trapezoidal MFCs is shown
in Fig. 11(b) and (c). The length of MFC’s short base was
10 mm, which was equal to the width of the x-axis and
y-axis sensor for measurement. As discussed in Section II, it is
sufficient to clamp only one axis (x-axis in this case) of the
sensor because only the tangential component of the magnetic
field would be adopted to reconstruct the phase current. The
length of the long base (100 mm) of the trapezoidal MFC was
10 times that of the short base (10 mm). The thickness was
designed with 1 mm in order to achieve a large amplification
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Fig. 11. Experiment on the amplification ratio with the curved trapezoidal
and the curved strip-shaped MFCs. (a) Three-phase, three-core power cable
configuration: radius of conductor (r), 10 mm; distance of conductor center
to the coordinate origin (d), 15 mm; angular displacement for conductors
2 and 3 (a and f), 60°; and distance between MFCs and the coordinate origin
(R), 40 mm. (b) Schematic of the three-axis magnetic sensor (HMC2003)
and the curved trapezoidal MFCs (long base: 100 mm, short base: 10 mm,
and thickness: Imm). (c) Photograph of the three-axis magnetic sensor
(HMC2003) and the curved trapezoidal MFCs. (d) Schematic of the three-axis
magnetic sensor (HMC2003) and the curved strip-shaped MFCs (width:
10 mm and thickness: 1 mm). (e) Photograph of the three-axis magnetic sensor
(HMC2003) and the curved strip-shaped MFCs. (f) Magnetic field measured
around the cable surface was measured as a function of the azimuth with and
without MFCs, respectively. (The sensor was 60 mm away from the cable
center.)

as discussed in Section II-B.1 and as indicated in Fig. 5.
The configuration of the Mu-metal curved strip-shaped MFCs
for comparison is shown in Fig. 11(d) and (e). The width
of the curved strip-shaped MFCs was the same as the short
base of the curved trapezoidal MFCs, i.e., 10 mm. The other
configuration such as the arc length and the thickness was the
same as those of the curved trapezoidal MFCs. In order to
compare the amplification of the curved trapezoidal and strip-
shaped MFCs, the rms magnetic flux density around the cable
surface in a full circle as a function of the azimuth [the angle
between the sensor position and the horizontal axis,  shown
in Fig. 11(f)] was measured with and without MFCs.

The magnetic field measured around the cable surface with
and without MFCs by the x-axis of the sensors (y-axis is
along the cable direction) is shown in Fig. 12(a). The magnetic
field with the curved trapezoidal MFCs was amplified to a
larger extent than that with the curved strip-shaped MFCs. The
amplification ratio was further separately calculated at each
azimuth for the strip-shaped and trapezoidal MFCs, and the
discussion about the result shown in Fig. 10(b) is as follows.
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Fig. 12. Experimental study on the amplification ratio of curved trapezoidal
and strip-shaped MFCs operating with the three individual conductors in a
three-phase, three-core power cable. (a) Tangential component of the magnetic
field amplified by the curved strip-shaped and trapezoidal MFCs, respectively.
(b) Amplification ratio by trapezoidal and strip-shaped MFCs and their
comparison ratio (Agap/Astrip). (¢) Larger amplification ratio is obtained
when the long base of the curved trapezoidal MFC covers the region with
dense magnetic flux lines (nearby the conductor as indicated in purple).
(d) 3-D drawing showing the long base of the curved trapezoidal MFC covers
the region with dense magnetic flux lines. (e) Smaller amplification ratio is
obtained when the long base of the curved trapezoidal MFC covers the region
with less dense magnetic flux lines (between conductors as indicated in green).
(f) 3-D drawing showing the long base of the curved trapezoidal MFC covers
the region with less dense magnetic flux lines (between conductors).

1) Amplification Ratio at an Azimuth: As can be observed
in Fig. 12(a), the average amplification ratio of the trape-
zoidal MFCs that of 5.12 was substantially larger than
that of the strip-shaped MFCs that of 1.46. (The small
discrepancies of amplification ratios between experiment
and simulation were because the actual sensing point
inside the sensor in the experiment may be slightly
different from simulation.) At a fixed azimuth, the ratio
(Atrap/ Astrip) of the amplification induced by the trape-
zoidal MFCs to the strip-shaped MFCs was calculated
to be a constant value, i.e., 3.5. The experimental result
verified that the trapezoidal MFCs can provide a larger
amplification than the strip-shaped ones.

2) Amplification Ratio Over Azimuths: As can be observed
in Fig. 12(b), the amplification ratio changed over
the azimuths, and it exhibited a pattern composing
of three peaks and troughs. The largest amplification
ratio induced by the curved strip-shaped and trape-
zoidal MFCs both occurred at the azimuths of 50°,
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160°, and 290°. The amplification ratios of the curved
strip-shaped MFCs at these three azimuths were smaller
(1.66, 1.80, and 1.80, respectively), and those of the
curved trapezoidal MFCs were larger (5.82, 6.31, and
6.30, respectively). The pattern of three peaks and
troughs of the amplification ratio can be understood
by looking at the magnetic field distribution pattern of
the three-phase conductors that were simulated shown
in Fig. 12(c)—(f). The denser magnetic flux density areas
(purple circles) are directly opposite to the conductors
while their neighboring areas are less dense (green
circles). MFCs operate by collecting the magnetic flux
lines from the region they cover and then concentrate
them at the sensing point. A larger amplification ratio
can be obtained by placing the long base at the dense
magnetic flux density area [Fig. 12(c) and (d)] while the
weaker amplification ratio can be obtained by placing
the long base at the area with less dense magnetic flux
lines [Fig. 12(e) and (f)]. Since the magnetic flux density
on the cable surface repeats at an interval of 2/3z for
a three-phase, three-core conductors, the amplification
ratio also shows a similar pattern with three peaks
and troughs. Therefore, in order to achieve a larger
amplification ratio in practice, it is suggested to place
the trapezoidal MFCs’ long base at the denser magnetic
flux line areas that are right opposite to the conductors.
In terms of applying this technique in practice, there are some
points to be addressed.

1) Pre-Calibration:in order to restore the original magnetic
fields for reconstructing the phase currents, it is neces-
sary to obtain the amplification ratio at each sensing
point. Due to the potential non-ideality of cables or
MEFCs (e.g., the cable conductors may not be definitely
symmetrical at 120°, or the MFCs may not be fabricated
with the exact radius of curvature as the power cable),
the amplification ratio cannot be simply attained by
simulation. As such, a pre-calibration (to measure the
tangential magnetic fields of each sensor with and with-
out MFCs) is required for determining the amplification
ratio at each sensing point.

2) Conductor Location: In order to restore the three-phase
currents from the measured magnetic fields, it is neces-
sary to attain the conductor positions for (1) and (2).
This can be achieved by measuring magnetic fields
around the cable surface with a magnetic sensor array
and then calculated with non-linear equations [13] or a
stochastic optimization algorithm [2] beforehand. After-
ward, the minimum number of magnetic sensors needed
is the same as the number of phase conductors in the
cable (e.g., three sensors for a three-phase, three-core
power cable). Each curved trapezoidal MFC can have
longer arc length and thus congregate more magnetic
flux when there are fewer sensors around the cable
surface.

3) Electromagnetic Background: There might be other
current-carrying power cables or power sources nearby
which can generate the magnetic field noises interfering
the measurement. Nevertheless, this problem can be
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overcome by using a magnetic shielding. As demon-
strated in our previous work in [2] as well as works
by other groups in [46]-[48], magnetic shielding made
with soft materials can effectively shield against elec-
tromagnetic background noises and protect the magnetic
measurement.

4) Radius of MFCs: As discussed in Section II-B, the radius
of curvature of the curved trapezoidal MFCs should be
close to the power cable for achieving the largest ampli-
fied magnetic field. The fabricated curved trapezoidal
MFCs with the radius of curvature smaller or larger
than that of the cable can still be installed. There would
just be some redundant space between the cable and
MFCs if the radius of MFCs is larger than that of the
cable; however, if the radius of MFCs is smaller than that
of the cable, the arc length of MFCs cannot cover the
full perimeter of the cable. Under this situation, the arc
length is recommended to further increase for a larger
aspect ratio as discussed in Section II-B in order to
achieve the optimal amplification ratio. As such, it is
recommended to re-fabricate MFCs if their radii are
smaller than the power cables.

IV. CONCLUSION

This paper has presented a curved MFC design in order
to amplify the magnetic field signals at the sensing point
of magnetic sensors for improving the current monitoring
in a multi-core power cable. First, a simple structure (i.e.,
the curved strip-shaped MFCs) was derived based on the round
geometry, and the amplification ratio of the curved MFCs was
defined. Then, the curved trapezoidal MFCs were proposed
by modifying the curved strip-shaped MFCs after analyzing
the influence of MFC thickness, aspect ratio, and end-to-end
ratio of the curved strip-shaped MFCs. The curved trapezoidal
MFCs also show both a larger working range of operating
current and frequency response than the strip-shaped ones.
Stronger amplification ratio of average 5.12 of the curved
trapezoidal MFCs was verified in the experiment compared
to average 1.3 with the strip-shaped MFC.

The curved MFC structure can also clamp the multi-core
power cable compactly with minimal waste space between the
cable and the MFCs. The enhanced magnetic field signals of
magnetic sensors can potentially improve the system ability
to sense the slight current changes from weak magnetic field
variations. For example, high-order harmonics can also be
potentially measured because the curved trapezoidal MFCs
have a good frequency response.
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