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Abstract—In nonuniform magnetic field environments around
three-core power cables, conventional magnetic field energy har-
vesters (MFEHs) typically suffer from low power density due to
the mutual cancellation of three-phase magnetic fluxes. To address
this limitation, this article proposes an OS-MFEH based on the
amplitude and phase characteristics of the surrounding magnetic
flux density. The proposed structure enhances the induced voltage
and mitigates output degradation caused by flux cancellation, while
also reducing demagnetization effects. A mathematical model of the
harvester’s output power is developed, incorporating the influence
of the magnetic field generated by the harvester coil. Guided by this
model, the core dimensions and material properties are systemat-
ically optimized to achieve improved performance. The resulting
design not only achieves improved power density but also prevents
magnetic core saturation—an issue commonly overlooked when
coil-induced magnetic fields are neglected. The experiment verified
the effectiveness of proposed omega-shaped MFEH structure and
the optimization method. The experimental prototype volume is
45.8 cm3 and can achieve an output power of 12.86 mW to 84.2 mW
within 100 ARMS to 250 ARMS. Within a three-phase current
imbalance of 10% , OS-MFEH can still supply power to the load.

Index Terms—Magnetic field energy harvester (MFEH),
parameter optimization, power density, self-powered, three-core
cable.

I. INTRODUCTION

ONLINE monitoring and intelligent diagnosis of opera-
tional status of cables and cable joints are essential support

for building a highly reliable smart grid [1], [2]. However,
wireless sensor networks that obtain device critical information
are constrained by the coverage range of wired power supply and
bottleneck of battery maintenance costs. This problem results
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Fig. 1. Diagram of (a) online monitoring for self-powered sensors in three-core
cable scenario based on MFEH, and (b) three-core cable.

in poor power supply continuity and reliability for sensors.
Fortunately, magnetic field energy harvesters (MFEHs) utilize
the persistent magnetic field around cables to overcome limita-
tions of solar, wind, and vibration energy harvesting in cable
trenches. They provide a stable and reliable wireless power
supply solution for monitoring sensors. Nowadays, MFEHs can
be divided into cable-clamped magnetic field energy harvesters
(CCMFEHs) [3], [4], [5] and free-standing magnetic field energy
harvesters (FSMFEHs) [6], [7], [8], [9], [10]. With watt-level
output power, CCMFEHs can effectively power high-power
monitoring devices. However, they must be clamped onto power
lines and have a relatively large volume. In contrast, FSMFEHs
can be flexibly deployed in any space with alternating magnetic
fields, significantly improving installation flexibility.

Existing research on MFEHs focuses on single-phase conduc-
tors, such as overhead lines [3], busbars [8], power cables [9],
HVDC transmission lines [11]. In fact, three-core cables account
for a significant proportion of power system failures. Survey data
[12] shows 75% of power distribution system failures originate
from cable faults, with three-core cables being the predominant
source. Due to complex structures and construction-induced
defects, the cable joints have a higher failure rate compared to the
cable bodies themselves. This makes the requirement of reliable
self-powered sensors particularly prominent, as shown in Fig. 1.
Unfortunately, traditional CCMFEH is difficult to migrate di-
rectly from single-phase to three-phase scenario, primarily due
to mutual cancellation of three-phase magnetic flux. To harvest
energy from a three-core cable, a harvester is proposed with
a toroidal core and three-section coils [13], [14]. Since three
sections of coils are wound on the same toroidal magnetic core,
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the three-phase magnetic fields will still overlap and weaken
each other, resulting in a low effective magnetic flux. Based on
the characteristics of the rotating magnetic field in a three-core
cable, Yan et al. [15] innovatively proposes a 3-slot/3-tooth
core structure similar to that of an induction motor. This design
enhances coupling between the core and the three-phase rotating
magnetic field. Compared to the aforementioned designs, this
core achieves significantly higher magnetic flux with the same
volume. However, due to the inherent limitation of three-phase
magnetic flux mutual cancellation in a closed core, the final 465
cm3 prototype in [15] delivers only ∼2 mW at 50 ARMS.

In contrast, FSMFEHs are promising because they feature a
nonclosed magnetic core, which enhances asymmetric coupling
between the coil and one of the phases in a three-phase cable.
For instance, the toroidal core can be segmented into three
split parts while retaining a three-segment coil configuration
[16]. This approach reduces the cancellation effect of induced
voltages through coil design and magnetic circuit decoupling,
but the ability to utilize the strong magnetic field on the ca-
ble surface is still limited. Additionally, this core with a low
length-to-diameter ratio exhibits strong demagnetization effects
[7]. To enhance the ability of collecting cable surface magnetic
field, a notched ring core is proposed in [17]. The optimal notch
position is determined by identifying the maximum gradient
points of magnetic flux variation rate along the cable surface.
Regrettably, Liu et al. [17] only concludes that notch core should
be connected to 60° positions left and right of one phase conduc-
tor. Meanwhile, absence of theoretical guidance hinders power
density improvement. Additionally, the space utilization of the
notched ring core is low. In conclusion, the mutual cancellation
of three-phase magnetic fields mentioned in the above works
remains unresolved, and the demagnetizing effect inherent in
nonclosed cores further increases energy harvesting difficulty.
Furthermore, without the guidance of mathematical models,
even if the overall structure of core and coil is proposed, it is
difficult to effectively analyze and quantify the impact of system
parameters on output power density.

Through theoretical modeling, researchers incorporate de-
magnetization effects and provide optimization methods for
FSMFEH parameters under single magnetic field source sce-
narios [8], [9], [10], [11]. However, a key limitation is that the
modeling process ignores the influence of coil current and load
on the magnetization state of the core, which may lead to an
incorrect evaluation of the core saturation state. Notably, in
the three-core cable case, due to the complexity of magnetic
field superposition and the difficulty of quantifying core pa-
rameters, the modeling method cannot be directly transferred
from a single-conductor case. The above factors lead to a lack
of mathematical model for characterizing the magnetoelectric
coupling relationship between the parameters of FSMFEH and
the output power. The absence of this critical model severely
limits further improvements in the power density of FSMFEH.

To address the challenges above, this article proposes a novel
FSMFEH structure and establishes an accurate magnetoelectric
conversion model for optimizing design. The key innovations
and contributions are summarized as follows:

1) A detailed analysis of magnetic field distribution pat-
terns of three-core cable is conducted. An OS-MFEH

Fig. 2. (a) Magnetic field simulation result of a three-core cable at t= 5 ms (iA
= 141.4 A, iB = iC = 70.7 A). (b) Schematic diagram of the 2D decomposition
of normal magnetic flux density and tangential magnetic flux density.

is proposed to enhance the coupling between the coil
and the target conductor while effectively reducing the
impact of three-phase magnetic field superposition weak-
ening. Meanwhile, low demagnetization effects can also
be achieved by adopting a length-to-diameter ratio design.

2) The comprehensive influence of coil current and load on
the magnetization state of the magnetic Core is revealed.
A full-parameter output power model is established for
the proposed OS-MFEH. Based on theoretical models,
the core and coil parameters of the proposed OS-MFEH
are synergistically optimized to improve power density
and avoid core saturation. The impact of three-phase
unbalanced currents on the output of OS-MFEH is also
analyzed.

II. OMEGA-SHAPED MFEH FOR THREE-CORE CABLE

A. Surface Magnetic Field Distribution of Three-Core Cable

The characteristics of the magnetic field distribution are the
primary prerequisite for guiding the design of the core structure.
Ideally, the cable carries a balanced three-phase current. The
simulation result for the magnetic field distribution with a three-
phase current RMS value of 100 A is shown in Fig. 2(a). The
cable surface field shows a nonuniform spatial distribution due
to conductor current interactions and geometric arrangement.
For subsequent analysis, magnetic flux density Bj (j = A, B,
C) on the cable surface is decomposed into two components.
One part is the tangential component BT, which is tangent to the
cable surface. The other part is the normal component BN, which
is perpendicular to the cable surface. The 2D decomposition
schematic of each component is shown in Fig. 2(b). In this
article, taking the 8.7/10 kV YJV-3× 95 mm2 three-core cable as
an example. The relative permeability of each insulation layer in
nonarmored cables is nearly 1, thus exerting minimal influence
on magnetic field distribution [17], [22].

Based on the Biot–Savart law, BT and BN, which are generated
by three-phase currents, can be expressed as⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

BT (α, t) = BTA(α, t) +BTB(α, t) +BTC(α, t)

=
∑ μ0ij(t)

2πρj
cos(θj), (j = A,B,C)

BN (α, t) = BNA(α, t) +BNB(α, t) +BNC(α, t)

=
∑ μ0ij(t)

2πρj
sin(θj), (j = A,B,C)

(1)
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TABLE I
VARIABLES IN THE EQUATION (1)

Fig. 3. (a) Amplitude and (b) phase distribution calculation results of the
magnetic flux density components on a three-core cable surface with Ip = 100 A.

where μ0 is vacuum magnetic permeability. θj is the angle
between Bj and the tangent direction. ρj is the distance from
the center of each Phase conductor to the point P.

The elements in (1) can be obtained in Table I. IP represents
the RMS value of three-phase current. ω = 2πf is the angular
frequency, f = 50 Hz is the frequency of alternating current. r
is the outer radius of the cable, and s is the distance between
the center of each phase conductor and the center point O of the
cable. α is the scanning angle characterizes different locations
on the cable surface. Equation(1) can be further expressed as{

BT (α, t) = AT (α) · sin [ωt+ ϕT (α)]

BN (α, t) = AN (α) · cos [ωt+ ϕN (α)]
(2)

where AT(α) and AN(α) represent the amplitudes of BT and BN,
respectively, which are determined by (34). Meanwhile, ϕT(α)
and ϕN(α) denote the initial phases of BT and BN, which are
calculated by (35).

According to (2), (34), and (35), Fig. 3 presents the calculation
results of AT(α), AN(α), ϕT(α) and ϕN(α) as a function of α.
AT(α) and AN(α) show trends of three peaks and three troughs.
It is obtained that points of maximum values of BT are located
at P1 (α = 0°), P2 (α = 120°), P3 (α = 240°), and points
of minimum values are located at P4 (α = 60°), P5 (α =
180°), P6 (α = 300°). Meanwhile, the extreme point distribution
location of BN is exactly opposite to that of BT. The phase in
Fig. 3(b) is referenced to the 0° phase of iA(t). Regardless of BT

and BN, the value of the phase difference between neighboring
extreme points is 2π/3. r and s only affect the magnitude of
AT(α) and AN(α) values, rather than the extreme point location.
The distribution of the extreme points is shown in Fig. 4(a).
Due to the rotational symmetry of the three-phase conductor,
the magnetic field distribution pattern on the cable surface can
be divided into three arc regions of equal length (regions A, B,

Fig. 4. (a) Schematic diagram of the maximum points of BT and BN dis-
tributed. (b) Structural details of the OS-MFEH.

and C). As illustrated in Fig. 4(a), each of these arcs subtends a
central angle of 2π/3 radians.

B. MFEH Based on Omega-shaped Core Structure

In this article, OS-MFEH is proposed based on the analysis of
the amplitude and phase of the magnetic flux density component,
as shown in Fig. 4(b). OS-MFEH consists of two core plates, core
columns [including a section of arc-shaped core (ASC) column
with a round central angle of 2π/3 and two sections of straight
columns], and an energy harvesting coil. The core with large
ends and slender central, i.e., length-to-diameter ratio, reduces
the demagnetization effect and decreases the coil resistance [6],
[8]. As shown in Fig. 3, the magnetic field distributions in regions
A, B, and C are rotationally equivalent. Thus, the subsequent
analysis is carried out with the OS-MFEH placed directly above
the Phase A conductor as an example, and the core plates are
tangent to P4, P6, respectively.

The proposed core structure enhances the coupling between
the coil and the target conductor through three key principles.

1) The core path of the proposed OS-MFEH is highly com-
patible with the shape of the magnetic field excited by
iA(t), and the coil covers the area with the highest tangen-
tial magnetic flux density.

2) Since core plates are tangent to P4 and P6, BN can enter
the magnetic core vertically, minimizing the impact of air
gap magnetic resistance, and core plates play a key role as
flux collectors.

3) With the OS-MFEH, the magnetic flux path flowing
through P4 and P6 is reconstructed. According to the
right-hand rule for an ac circuit, the current iB(t) generates
a flux density with zero normal component at point P6.
Similarly, iC(t) has the same effect at point P4. Therefore,
the magnetic fields excited by currents iB(t) and iC(t) have
a limited negative effect on the induced voltage.

To obtain the induced voltage of OS-MFEH, the external
magnetic flux density collected by the magnetic core Bex(t) must
be calculated. BN in the region around point P4 (or P6) exhibits
high consistency in both amplitude and phase, as shown in Fig. 3.
This indicates that the flux density into the core plates is uniform
and can be obtained by vector synthesis of BN at points P4 and
P6. Define that the direction from point P4 into the core plate
is the positive direction of BN. The superposition magnetic flux
density Bex(t) entering the core from points P4 and P6 can be
expressed as

Bex(t) = BN (αP4, t)−BN (αP6, t). (3)
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Fig. 5. (a) Schematic diagram of the decomposition of normal magnetic flux
density BN at points P4 and P6. (b) Schematic diagram of normal magnetic flux
density BN entering the core plates.

Here, Bex(t) is related to the amplitude and phase of BN(αP4,t)
and BN(αP6,t). Specifically, according to (1), BN(αP4,t) consists
of BNA(αP4,t), BNB(αP4,t), and BNC(αP4,t); BN(αP6,t) consists
of BNA(αP6,t), BNB(αP6,t), and BNC(αP6,t). According to the
right-hand rule, BNC(αP4,t) and BNB(αP6,t) are nearly zero.
Then, taking phase of iA(t) as a reference, the above vector
relationship is shown in Fig. 5(a). Thus, (3) can be further
expressed as

Bex(t) = BNA(αP4, t) +BNB(αP4, t)−BNC(αP6, t)

=

√
6sμ0IP

2π(r2 + s2 − rs)
sin(ωt) =

√
2BEX sin(ωt) (4)

where BEX denotes the RMS value of Bex(t). Bex(t) remains in
phase with iA(t), which indicates that the magnetic flux inside
the core is synchronized with iA(t). This also proves that the
coupling between the coil and Phase A conductor is much
stronger than phase B and phase C.

Based on (4), the RMS value US of OS-MFEH induced
voltage can be expressed as [6]

US = ωNμeffkgapBEXSC = ωNBmSC (5)

whereμeff is the effective permeability of the core, and N denotes
the number of coil turns. SC is the effective area arc-shaped core
column. Bm is the RMS value of the flux density generated by
the cable current at the center of the core column. It is worth
noting that kgap in (5) is the effective coefficient of BEX. This is
due to the presence of two air gaps between the core plates and
the cable surface. According to the geometrical relationship in
Fig. 5(b), it can be expressed as

kgap = cos(2β) = cos

[
2arctan

(
bw/2

r

)]
(6)

where bw is the width of the core plates.

C. Equivalent Circuit of OS-MFEH

Fig. 6 shows the equivalent circuit diagram of OS-MFEH with
a full-bridge rectifier circuit. Here, us is the induced voltage
of OS-MFEH, and RS denotes the resistance of OS-MFEH.
The compensation capacitor CS = 1/(ω2LS) can eliminate the
reactive power loss generated by the coil self-inductance LS.
D1–D4 are four rectifier diodes. In Fig. 6(b), the equivalent AC

Fig. 6. (a) Equivalent circuit diagram and (b) simplified circuit diagram of the
OS-MFEH system.

resistance RO = 8RL/π2. RL represents the equivalent load of
the sensor.

RS consists of equivalent core resistance Rcore and wire
resistance Rwire. Rcore reflects the hysteresis loss and eddy
current loss in magnetic core. Under low-frequency conditions,
the core loss is reduced through the use of high-resistivity
soft magnetic materials or laminated fabrication [8], [10]. To
achieve a sufficiently high voltage, the number of coil turns is
typically increased. Consequently, Rwire becomes larger than
Rcore, allowing Rcore to be neglected.

The equivalent ac voltage drop VFeq of a single diode can be
calculated as [19]

VFeq =
2
√
2

π
VF ≈ 0.9VF (7)

where VF is the dc voltage drop of the diode.
Then, the power PL obtained by the load can be calculated as

PL=
(US − 2VFeq)

2

(Rwire +Rcore +RO)
2RO≈ (US − 1.8VF )

2(
Rwire +

8
π2RL

)2 8

π2
RL.

(8)
In this section, a novel OS-MFEH is proposed, and its basic

expressions of the induced voltage and output power are clar-
ified. Nonetheless, the impact of the multiparameter coupling
between the core and the coil on the output power remains
unknown. The next section will establish a mathematical model
for the output power of the OS-MFEH while considering the
influence of core and coil parameters.

III. POWER MATHEMATICAL MODEL OF OS-MFEH

According to (5) and (8), the load power is closely related to
the core parameters (μeff) and coil parameters (Rwire, N). μeff is
affected by whether the magnetic core is saturated. This section
will quantify each of the above parameters. Meanwhile, clarify
the influence of magnetic fields generated by cable current and
coil current on the magnetization state of the core.

A. Quantification of Core and Coil Parameters

Due to the demagnetization effect, the effective permeability
μeff of the core can be expressed as [6]

μeff =
μr

1 +DM (μr − 1)
(9)

where μr is the relative permeability of the core material. DM (0
< DM < 1) is the demagnetization factor, which is related only
to the shape of the core [7]. Thus, optimizing the core parameters
and reducing the DM as much as possible are necessary to
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Fig. 7. (a) 3D structure, (b) cross-sectional view, and (c) coil cross-sectional
view of OS-MFEH.

improve the μeff. For long and straight bar-shaped cores, the
larger the ratio of length to radius, the smaller the DM [7].

The proposed core, along with H-shaped core [8], [10] and
dumbbell-shaped core [20], features a structure that is larger at
both ends and tapers to a slender middle section. To calculate
the demagnetization coefficient of the proposed core structure,
based on the magnetic flux path length equivalence method
described in [8], [10], [20], the proposed core is modeled as a
long straight core. The equivalent demagnetization factor DM,eq
can be calculated as

DM,eq =
1.7(0.5Keq)

0.13

g3eq

(
1

Keq

)2

×
[
ln

(
1 + geq

1− geq

)
− 2geq

]
(Keq > 2) (10)

where Keq and geq are denoted as⎧⎨
⎩
Keq = 2leq/dcore

geq =
√

1− (2/Keq)
2

(11)

where leq is the equivalent magnetic path length. dcore is the side
length of the core column.

To obtain DM,eq, calculating leq is the most critical step. The
core plates extend the distance between the N-S poles generating
the demagnetizing field, thereby reducing the demagnetization
coefficient [20]. With the core plates’ effect of mitigating de-
magnetization incorporated into the calculation, leq is described
as

leq = lcolumn +

√
bl

2 + bw
2 + 2bh − dcore (12)

where bl and bh are the length and the thickness of the core plates.
lcolumn denotes the effective length of the core column. For the
proposed core structure, lcolumn is the distance d between the
two ends of the core column rather than the core column length
l. The analysis is as follows. l and d are shown in Fig. 7(b).
The N-S magnetic poles that generate the demagnetizing field
are distributed on the ends of the two core plates [6]. When the
core column radius rcore varies, l changes accordingly, while
d remains fixed under the constraints of BN maximum value

location and cable parameters. Therefore, the distance between
the magnetic poles on the core plate remains constant. When
other parameters are constant, increasing rcore, i.e., extending l,
does not reduce DM,eq.

According to the geometric relationship shown in Fig. 7(b),
d can be expressed as

d =
√
3(r + bh). (13)

Then, leq can be further expressed as

leq = d+ 2bh +

√
bl

2 + bw
2 − dcore. (14)

Combining (9), (10), (11), and (14), considering the gain
effect of the core plates on the effective permeability, the gain
coefficient λ = (leq/d)1/3 [20], the effective permeability μeff,eq

of the proposed core can be calculated as

μeff,eq =
λμr

1 +DM,eq (μr − 1)

=
μr

[
(d+ 2bh +

√
bl

2 + bw
2 − dcore)

/
d
]1/3

1 +
1.7(0.5Keq)

0.13

g3
eq

(
1

Keq

)2 [
ln

(
1+geq

1−geq

)
− 2geq

]
(μr − 1)

.

(15)

In the case of a fixed core shape, as μr increases, μeff,eq

exhibits a trend of first increasing and then stabilizing [8]. In
other words, μeff,eq does not continue to grow as μr increases.
There is a relative magnetic permeability threshold μr,th. When
μr > μr,th, increasing μr has a limited effect on μeff,eq. To
select a suitable core material, it is necessary to obtain μr,th.
According to (15), when μr is sufficiently large, the maximum
effective permeability μeff,eq˙max can be expressed as

μeff,eq_max = lim
μr→+∞

λμr

1 +DM,eq (μr − 1)
=

λ

DM,eq
. (16)

Then, according to (16) μr,th satisfies the following equation:

λμr,th

1 +DM,eq (μr,th − 1)
= ξ

λ

DM,eq
(17)

where ξ is defined as the threshold coefficient of effective
permeability in this article. Considering μr range of commonly
used soft magnetic materials (1500 – 100000) [8], [10], take ξ
= 0.95. Simplification (17), μr,th is given by

μr,th =
ξ

1− ξ

(
1

DM,eq
− 1

)
. (18)

According to (15) and (18), DM,eq is positively correlated
with dcore; therefore, a smaller dcore results in a larger μr˙th.

In addition to μeff,eq and μr,th, the number of turns N and
the resistance Rwire of the coil are also critical to the design of
OS-MFEH. Depending on the geometry of the coil arrangement
in Fig. 7(c), N and Rwire can be calculated as⎧⎨

⎩
N = kP lcoildcoil

π(dw/2+σ)2
= rαcoildcoil

(dw+2σ)2

Rwire =
16rαcoildcoilρ(dcoil+2d0+dcore)

πd2
w(dw+2σ)2

(19)

where dw and σ are the diameter and insulation thickness of the
enamelled wire. σ is about 0.005 mm. kp is the filling factor,
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which can be obtained from the turn-to-turn arrangement rela-
tionship in Fig. 7(c) as kp= π/4. d0 is the bracket thickness.αcoil

is the circumferential angle of the coil cross section. According
to (24), under the same N, the larger αcoil, the smaller Rwire.
Therefore, αcoil is as large as possible within the constraints
of the core shape (αcoil < 2π/3). ρ = 1.72 × 10−8 Ω·m is the
resistivity of copper. lcoil is the coil cross-section length. dcoil is
the coil thickness. lcoil and dcoil can be expressed as{

lcoil = rαcoil

dcoil = rcore − r − 1
2dcore − d0 − bh

. (20)

At this point, μeff,eq, N, and Rwire have been obtained. Then,
substituting (15) and (19) into (5), US is expressed as

US =

√
3sωμ0μeff,eqIPrαcoildcoil(4r

2 − b2w)d
2
core

2π(4r2 + b2w)(r
2 + s2 − rs)(dw + 2σ)2

. (21)

Further, substituting (21) and (19) into (8), PL becomes

PL=

⎡
⎣

√
3sωμ0μeff,eqIPlcoildcoil(4r

2−b2w)d2
core

2π(4r2+b2w)(r2+s2−rs)(dw+2σ)2
− 1.8VF

16ρlcoildcoil(dcoil+2d0+dcore)

πd2
w(dw+2σ)2

+ 8
π2RL

⎤
⎦
2

8

π2
RL.

(22)
When RL = π2Rwire/8, the load can obtain maximum power.

The total volume of the OS-MFEH coil and core can be ex-
pressed as

V =
2π

3
rcore[2(dcoil + d0) + dcore]

2 + 2blbwbh. (23)

The power density DP of the OS-MFEH is given by

DP =
PL

V
. (24)

B. Analysis of Magnetic Flux Density Inside the Core Column

The magnetic flux density in the core column is induced by
cable current IP and coil current IS. In practice, IS increases
monotonically with IP. Moreover, series resonance of CS and
reduction of RL also boost IS. Consequently, the magnetic
potential from the coil notably raises the core’s magnetic flux
density. Once this density reaches the material’s saturation point,
its relative permeability plummets, severely weakening mag-
netic coupling and drastically reducing power output. Given the
coil’s significant influence on the core’s magnetization state, this
effect must be accounted for in MFEH design to ensure optimal
performance.

According to (5), the flux density Bm generated by cable
current IP is calculated by

Bm = μeff,eqkgapBEX =

√
3sμ0μeff,eqIP (4r

2 − b2w)

2π(4r2 + b2w)(r
2 + s2 − rs)

. (25)

In order to calculate the flux density generated by IS, the coil
can be simplified as a section of a multilayer densely wound
solenoid, as shown in Fig. 7(c). The flux density element dBW

generated by a coil micro element can be expressed as [21]

dBW =
μ0μeff,eqJ

2
(cos γ1− cos γ2) dh=μ0μeff,eqJ cos γ1dh

(26)

where J is the current density of the coil micro element. γ2 =
180° - γ1, γ1 is the angle between the coil micro elements and
the point PC in Fig. 7(c). cos γ1 can be expressed as

cos γ1 =
lcoil/2√

(lcoil/2)
2 + h2

(27)

where h is the height of the coil micro element position.
J can be calculated as

J =
NIS

lcoildcoil
=

N(US − 1.8VF )

lcoildcoil(Rwire +
8
π2RL)

. (28)

Furthermore, performing integration on the(26), the flux den-
sity BW generated by the N-turn coil can be expressed as

BW =
μ0

2
μeff,eqJlcoil

∫ h2

h1

dh√
(lcoil/2)

2 + h

=
μ0

2
μeff,eqJlcoil ln

h2 +
√

h2
2 + (lcoil/2)

2

h1 +
√

h2
1 + (lcoil/2)

2
(29)

where h1 = dcore/2 + d0 and h2 = h1 + dcoil.
The phases of BW and Bm differ by 90° when CS and LS are

in complete resonance. So, the peak value of the flux density
Ball can be calculated as

Ball =

√(√
2Bm

)2

+
(√

2BW

)2

. (30)

In summary, to ensure that the core possesses a sufficiently
high effective permeability and avoids saturation, the selection
of core material must satisfy the following requirements:{

μr > μr,th

Bsat > Ball,max

(31)

where Ball, max is the maximum flux density inside the core.
Bsat is the saturation magnetic flux density of the material.

C. Impact of Three-Phase Current Imbalance on OS-MFEH

Due to the three-phase load imbalance, the currents in the
cable are not perfectly symmetrical. This imbalance causes
OS-MFEH’s induced voltage to increase or decrease, which is
necessary to analyze its impact on output. The current imbalance
factor c is defined by the maximum deviation of a single-phase
current from the three-phase average value, with the mathemat-
ical expression given as [22]

c =
max |(IA − Iav), (IB − Iav), (IC − Iav)|

Iav
× 100% (32)

where IA, IB, and IC represent the three-phase currents, respec-
tively. Iav is the average value of the three-phase currents.

The induced voltage of the OS-MFEH can be expressed as

U̇S = jω (MAIA ∠ 0◦ +MBIB ∠ − 120◦ +MCIC ∠ 120◦)

= ω

(
MAIA − 1

2
MBIB − 1

2
MCIC

)
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Fig. 8. Relationship between the square of the induced voltage magnitude and
the unbalanced current. (a) IA � IB = IC. (b) IB � IA = IC. (c) IC � IA =
IB.

+ j

√
3

2
ω(MCIC −MBIB). (33)

where MA, MB, and MC represent the mutual inductance be-
tween the coil and the three-phase conductors, respectively.

Equation (33) indicates that the induced voltage is a three-
variable function of IA, IB, and IC. Three-phase current imbal-
ance can be categorized into the following two cases. Case 1:
Two phases balanced, one phase unbalanced; Case 2: All three
phases unbalanced.

Case 1: This case encompasses three classifications: 1) IA �
IB = IC; 2) IB � IA = IC; and 3) IC � IA = IB. Assuming the
balanced current is I. According to (33), the square of the induced
voltage magnitude is a quadratic function of the unbalanced
current (serving as the independent variable).

When the OS-MFEH is positioned directly above the A-phase
conductor, the condition MA >MB=MC is satisfied. According
to (33), a schematic diagram showing the variation of the square
of the induced voltage magnitude with unbalanced current can be
obtained, as depicted in Fig. 8. I∗A (m = A, B, C) is the condition
for US to take the minimum value. I∗m is related to MA, MB,
and MC, and satisfies: I∗A < I, I∗B > I, and I∗C > I. Since MB

= MC, categories 2) and 3) are identical. Fig. 8 shows that
the induced voltage under balanced three-phase current exceeds
the minimum voltage observed during any single-phase current
imbalance. When IA = I · MB/MA = I · MC/MA, the minimum
value of US can be 0 in Fig. 8. This means OS-MFEH will have
no output. However, this situation rarely occurs in practice.

Case 2: All three-phase currents are unbalanced, i.e., IA �
IB � IC. This implies that IA, IB, and IC in (33) are all random
variables. Therefore, the induced voltage is zero only when both
the real and imaginary parts in (33) are zero. Consequently,
the solution to this linear equation system is (IA, IB, IC) =
(z · MC/MA, z · MC/MB, z), where z � R. It follows that the
probability of OS-MFEH having no output remains very low.

Thus far, A power mathematical model considering the mag-
netic field of the OS-MFEH coil has been established. The
impact of three-phase current imbalance on induced voltage is
also analyzed. In Section IV, the core and coil parameters are
optimized and analyzed based on the mathematical model with
the objective of high power density.

IV. OPTIMIZATION OF THE PROPOSED OS-MFEH

Under the constraints of cable size and installation space,
OS-MFEH is designed based on the parameters specified in

TABLE II
DESIGN SPECIFIC PARAMETERS FOR OS-MFEH

Fig. 9. Calculation results of (a) US and (b) DP,max versus dcore at different
dw when IP = 100 A.

Table II. According to (15), since the thickness bh of the core
plate is much smaller than the distance d between the two
ends of the core column. Therefore, increasing bh will improve
μeff,eq, but this improvement is limited. bh is set to 1 mm,
which facilitates machining without wasting material. With core
plate parameters determined, dcore becomes the key structural
parameter that affects μeff,eq. In addition, dcore is closely related
to N, Rwire, so optimizing dcore is crucial to improve the power
density. To balance practicality and energy harvesting efficiency,
dcore can be optimized within a range of 4 mm to 11 mm.
Small dcore risks core fracture; large dcore compromises winding
space. dcore is inversely proportional to μr,th. The maximum
value of μr,th is 3028 (@dcore = 4 mm).

A. Selection of Core Column Side Length and Wire Diameter

Based on (21), (22) and (24), the coil induced voltage US

and the maximum power density DP,max was calculated for
different the core column side length dcore, as shown in Fig. 9.
As dcore increases, the effective permeability μeff,eq gradually
decreases according to (15), while the magnetic flux area SC
through the coil increases. This leads to an initial increase in
US, which peaks at dcore = 6 mm, as shown in Fig. 9(a). With
further increases in dcore, the number of coil turns N decreases
rapidly according to (19), causing US to decline sharply. For
DP,max, its trend aligns with US as described by (22) and (24).
Additionally, the reduction in N decreases the wire resistance
Rwire. Due to the differential magnitude of changes in US and
Rwire, DP,max ultimately achieves its peak at dcore = 7 mm in
Fig. 9(b).

Furthermore, Fig. 9 illustrates that the value of the optimal
dcore is independent of dw. This suggests that dw can be designed
independently after the optimal dcore has been determined. The
curve that DP,max against dw is shown in Fig. 10 under dcore =
7 mm condition. The OS-MFEH with dw = 0.02 mm exhibits
the highest N value, but this also means that Rwire is enormous.
When dw = 0.5 mm, Rwire is smaller, but the voltage drop
due to rectification loss accounts for a higher proportion of the
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Fig. 10. Calculation results of DP, max versus dw at dcore = 7 mm when IP
= 100 A.

Fig. 11. (a) Calculation results of Bm and BW versus dcore when RL =
Rwireπ

2/8. (b) μeff,eq versus μr.

induced voltage. From a practical standpoint, enameled wires
with smaller dw are prone to breakage during winding. With a
limited window area, using wires with larger dw makes it difficult
to achieve a high N value. In summary, under these constraints,
the optimal dw = 0.1 mm maximizes the power density of the
OS-MFEH.

B. Evaluation of Magnetic Density Inside the Core Column

According to (25), (29) and (30), Fig. 11(a) presents a com-
parison between Bm and BW across varying dcore when IP =
100 A and dw = 0.1 mm. This comparison reveals that BW is
higher than Bm within the entire range of dcore variations. The
contribution of IS to the core magnetization state is dominant.
This also indicates that the magnetic flux density of the coil is the
main factor causing eddy current loss in the magnetic core. As
the external magnetic field continues to increase, the combined
effect of BW and Bm will saturate the core, causing a significant
reduction in μr. According to (15), Fig. 11(b) gives the variation
of μeff,eq with μr under different dcore. A core with a smaller
dcore exhibits a higherμeff,eq and thus has stronger magnetic field
concentration ability. But this also makes magnetic saturation
more likely to occur. When the core dcore is smaller, the variation
in μeff,eq caused by a change in μr is more drastic.

To prevent core saturation, the level of magnetic density inside
the core of OS-MFEH under different operating conditions
needs to be evaluated. According to (25), (29) and (30), Fig. 12
presents the variation of Ball under different IP and RL when
dw = 0.1 mm. When dcore = 6 mm and IP = 250 A, Bm is
only 0.17 T, but Ball exceeds 0.9 T, which shows that the risk
of saturation of the material will be seriously underestimated
if the coil magnetic field is ignored. Comparison of Fig. 12(a)
and Fig. 12(b), Ball,max decreases significantly from 0.93 T to
0.54 T by 41.94% when dcore is increased from 6 mm to 8 mm.
According to Fig. 9(b), although DP,max varies by less than

Fig. 12. Calculation results of Ball under different IP and RL. (a) dcore =
6 mm, N = 30000. (b) dcore = 8 mm, N = 25300.

Fig. 13. Optimization procedure for the OS-MFEH.

2% when dcore is in the range of 6 to 8 mm, OS-MFEH with
the smaller dcore requires the selection of materials with higher
saturation flux density. Thus, increasing dcore is a simple and
effective measure to prevent core saturation when Bsat of the
core material is smaller than Ball, max.

Ultimately, μr and Bsat must satisfy (31) when selecting
core material. In summary, the optimized design process for
OS-MFEH is shown in Fig. 13.

V. SIMULATION AND EXPERIMENTAL VERIFICATION

A. Simulation Verification

To verify the validity of the magnetic coupling performance
of the proposed core structure, three core structures—toroidal-
shaped core (TSC), ASC, and omega-shaped core (OSC) —were
modeled in ANSYS Maxwell 3D (Version 19.2) using the Eddy
current solver, as shown in Fig. 14. Fig. 15 shows the variation
of the magnetic flux through different core cross sections (S1,
S2). TSC possesses a high permeability due to the absence of de-
magnetizing effect. Therefore, the three-phase magnetic fluxes
are enhanced. However, since the three-phase magnetic fluxes
mutually weaken each other, the superposed flux is small. In
other words, the closed magnetic core amplifies the weakening
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Fig. 14. rcore = 44 mm, dcore = 6 mm, three types of core structures simu-
lation model. (a) Toroidal-shaped core. (b) Arc-shaped core. (c) Omega-shaped
core.

Fig. 15. Simulation results in magnetic flux at different core cross sections
(S1, S2) when IP = 100 A.

Fig. 16. Simulation results of the magnetic flux and magnetic flux density of
the core column as a function of rcore when IP = 100 A.

effect of the magnetic fluxes of phases B and C on the induced
voltage. Besides, there is a phase deviation of the magnetic
flux at different locations, which reduces the vector sum of the
induced voltage of the N-turn coil. In comparison, ASC reduces
the weakening effect of the other two Phase magnetic fluxes
by shortening the length of the magnetic core that surrounds
the cable. As a result, the phase difference of the flux decreases.
However, there is a significant reduction in the flux value near the
ends of the core due to the demagnetizing effect. The magnetic
flux of OSC is approximately twice that of the previous two core
types. The flux phase and amplitude at different locations are
also highly consistent. These findings effectively demonstrate
the superiority of the proposed magnetic coupler.

To verify the influence of OS-MFEH core column length l on
μeff, eq, Fig. 16 shows the simulation results for the magnetic
flux passing through the cross-section S1 and the flux density
at point PC [PC shown in Fig. 7(b)] as a function of the core
column radius rcore. When core column radius rcore increases
from 42 to 82 mm, l rises by 154.43% (from 106 to 269.7 mm).
By contrast, the growth of magnetic flux and flux density remains
minimal. The specific comparison results are shown in Table III.
Magnetic flux and flux density are directly proportional to
μeff,eq. Therefore, when the distance between the two ends of

TABLE III
EFFECT OF CORE COLUMN LENGTH ON FLUX AND FLUX DENSITY

Fig. 17. Schematic diagram of three-core cable joint [23].

Fig. 18. Simulation results of the surface BN amplitude for cable and cable
joint at IP = 100 A.

the core column is fixed, extending l cannot effectively increase
μeff,eq. rcore does not need to be too large, which is meaningful
for reducing core material consumption and shrinking the size
of the energy harvester. On the other hand, the effect of varying
dcore on magnetic flux and flux density is significant, as shown
in Fig. 16. So, optimizing dcore is crucial.

Fig. 17 shows a schematic diagram of a three-core cable joint.
The relative permeability of each layer of material in the cable
joint is approximately 1, thus providing no magnetic shielding
effect [23]. To verify the feasibility of applying OS-MFEH in
a three-core cable joint scenario, Maxwell simulation was used
to measure the magnitude of the normal magnetic flux density
BN around the cable joint surface. The results are shown in
Fig. 18. The location of the BN maximum value distribution
aligns with the cable body. Therefore, the proposed energy
harvester structure is equally applicable to the cable joint.

B. Experimental Prototype Setup

To verify the analysis, an experimental platform is built, as
shown in Fig. 19. The cable has a rated current-carrying capacity
of 255 A in air. The experimental equipment information is
given in Table IV. Four OS-MFEH prototypes are fabricated,
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Fig. 19. Experimental platform configuration.

TABLE IV
MODEL AND MANUFACTURER OF LABORATORY EQUIPMENT

TABLE V
PARAMETERS OF THE EXPERIMENTAL PROTOTYPES

TABLE VI
PARAMETERS OF THE CORE MATERIALS

as given in Table V. Owing to hand-winding errors, the actual
number of turns in the experiment deviates from the theoret-
ical values, and the subsequent calculations are based on the
measured data. Table VI lists the core material properties. To
reduce eddy current loss, the core column of the B30P100 Fe-Si
steel is manufactured by laminating 0.3 mm-thick sheets. Due
to processing difficulties, the core column of the 1J85 permalloy
can only be made by laminating 1 mm plates.

Fig. 20. Theoretical calculations and experimental results of PL versus RL for
cores made of PC95 ferrite. (a) OS-MFEH1. (b) OS-MFEH2. (c) OS-MFEH3.
(d) OS-MFEH4.

Fig. 21. Theoretical calculations and experimental results of US as a function
of IP.

C. Experimental Results

Fig. 20 illustrates theoretical calculations and experimental
results of PL versus RL when IP is 100 A, for different values
of dcore and dw. As the same dw, the maximum power of the
harvesters with dcore = 8 mm and dcore = 6 mm shows little
difference. Besides, for the same dcore, the harvester with dw
= 0.1 mm exhibits a higher output power than that with dw
= 0.2 mm. Moreover, the former offers an advantage in the
selection of power management converters owing to its higher
load voltage. The optimized OS-MFEH3 achieves a maximum
power of 12.86 mW with a power density of 0.281 mW/cm3. The
phenomena above are consistent with the analyses in Section IV.
The maximum error between the experimental values and the
theoretical values of PL is 8.24% based on (22). Fig. 21 shows
the theoretical calculations and experimental results for US as
a function of IP. In Fig. 21, the error between the calculated
value and the measured value of US is about 5% based on (21).
On the one hand, it suggests that part of the measurement error
in power stems from system loss under load (e.g., eddy current
loss). On the other hand, this indicates that an external magnetic
field alone is insufficient to saturate the magnetic core.

Fig. 22 presents the output power curves of the OS-MFEH1
as a function of load under three core materials at IP = 250 A.
Under the parameters of OS-MFEH1, μr values of the three
materials sufficiently meet μr,th, which means that effective
permeability μeff,eq of cores made from these three materials
is identical. Thus, according to (22), the theoretical curves of
energy harvesters using these three core materials show neg-
ligible differences when the core is unsaturated. However, it is
worth noting that for the PC95 and 1J85 materials, the measured
power deviates significantly from the theoretical value in the
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Fig. 22. Theoretical calculations and experimental results of PL versus RL

for OS-MFEH1 with different materials.

Fig. 23. Experimental waveforms under different load and materials condi-
tions. (a) RL = 300 Ω, PC95. (b) RL = 100 Ω, PC95. (c) RL = 300 Ω, 1J85.
(d) RL = 100 Ω, 1J85.

Fig. 24. Theoretical calculations and experimental results of PL versus RL

for the OS-MFEHs with different dcore when IP is 250 A and the core material
is PC95. (a) dw = 0.2 mm. (b) dw = 0.1 mm.

range where RL is less than 200 Ω. In particular, at RL = 50 Ω,
the measured power of the OS-MFEH with PC95 is only 40% of
the theoretical value, which can be attributed to core saturation.
Consequently, PL decreases as μeff,eq decreases. Furthermore,
since the resistivity of 1J85 is lower than that of PC95, the eddy
current loss is higher. Therefore, when RL exceeds 300 Ω, PL

of the former is lower than that of the latter. Compared with
the previous two materials, OS-MFEH1 with B30P100 exhibits
higher saturation magnetic flux density Bsat and lower eddy
current loss. As a result, the experimental values are close to the
theoretical values across the entire RL variation range.

Fig. 23 shows the measured waveforms of OS-MFEH1 under
different loads with two core materials at IP = 250 A. At RL

= 300 Ω, IS is a complete sine wave. Due to the complete
resonance between CS and LS, the entire system exhibits a purely
resistive characteristic. At RL = 100 Ω, the core saturates, IS
becomes distorted, LS decreases. According to (31), when RL

= 100 Ω, Ball = 0.63 T, this value exceeds Bsat of PC95. The
above phenomena indicate that the magnetic field generated by
IS exerts a significant impact on the operating state of the core.

As analyzed in Section IV, the core column with the larger
dcore values exhibits stronger anti-saturation capabilities. Fig. 24
presents the output power curves of the OS-MFEHs with
different dcore as a function of load. As shown in Fig. 24(a),
when RL is less than 300 Ω, the power harvesting capability of
OS-MFEH2 is significantly improved compared to OS-MFEH1.

Fig. 25. Theoretical calculations and experimental results of the ratio of the
square of the unbalanced induced voltage magnitude to that of the balanced
induced voltage U2

S0.

For example, at RL = 150 Ω, the former achieves a power output
of 72.4 mW, while the latter yields 54.15 mW, corresponding to
a 1.34-fold increase. Furthermore, at RL = 250 Ω, OS-MFEH2
achieves 84.2 mW of power. Similarly, the results in Fig. 24(b)
indicate that the OS-MFEH4 with dcore = 8 mm does not satu-
rate; consequently, experimental values are close to theoretical
values over the entire load range, with the maximum error being
10% . Therefore, for core material with Bsat < Ball, slightly
increasing dcore effectively prevents core saturation.

To verify the output of OS-MFEH under current imbalance
conditions, the induced voltage was tested under the following
two scenarios.

1) Phase A current imbalance (IA � IB = IC).
2) Phase B current imbalance (IB � IA = IC).
The test prototype selected for OS-MFEH3 (MA =

1123.56 μH, MB = MC = 679.41 μH) with a 100 A current
reference. The ratio of the square of the unbalanced induced
voltage magnitude to that of the balanced induced voltage U2
S0 is presented in Fig. 25. Within the range of three-phase
current imbalance (c < 20% ), the voltage increases relative
to its balanced-state value when IA rises (or IB falls). However,
when c > 20% and IA < I∗A = 60.47 A, the induced voltage
generated by IA will be lower than that generated by IB and IC.
Thus, the total induced voltage increases instead as IA decreases.
For IB > I∗B = 132.69 A, the induced voltage generated by
IB becomes dominant as IB increases, leading to a rise in the
total induced voltage with increasing IB. However, under normal
circumstances, c does not exceed 10% [22]. Within this range,
the induced voltage increases to a maximum of 1.41 times that
in the balanced state (19.61 V) and decreases to a minimum of
62.1% of that in the balanced state (8.66 V). In conclusion, OSC-
MFEH can still supply power to the load even when three-phase
current imbalance occurs. When a short-circuit fault occurs in
the cable, the massive unbalanced current causes voltage spikes
in the OS-MFEH. Therefore, it is necessary to add protective
measures at the OS-MFEH output, such as a transient voltage
suppressor.

D. Comparison

Table VII lists the comparisons between previous studies and
this article. The OSC solves the inherent contradiction of the
fully surrounded structures (toroidal core and three split cores)
[13], [14], [16]: close installation compresses the coil space,
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TABLE VII
COMPARISON OF THIS ARTICLE WITH PREVIOUS STUDIES

while distant placement weakens the magnetic field coupling.
Compared to [17], both the OSC and the notched ring core effec-
tively shorten the length of the coupling air gap magnetic circuit
between the coil and the current-carrying conductor, thereby
reducing magnetic field energy loss. However, OS-MFEH offers
higher space utilization. This is because the core radius of the
OSC is almost independent of the effective permeability, which
means that OS-MFEH can be designed to be very compact.
Furthermore, the adoption of core plates increases magnetic flux
and improves effective permeability. Compared with [15] and
[18], the OS-MFEH achieves high power density with less core
material. After normalized current excitation, the power density
of OS-MFEH increased by 14.57 times and 4.6 times compared
with [15] and [18], respectively. More significantly, this design
method differs greatly from the finite-element analysis (FEA)
and neural network algorithms (NNAs) commonly used in pre-
vious studies [15], [17], [18]. This article is based on a theoretical
model to optimize the core and coil parameters, greatly reducing
the complexity and time required for MFEH design.

VI. CONCLUSION

This article proposes a MFEH with the OSC. By reconfiguring
the magnetic circuit of the core at the two points of maximum
normal magnetic flux density on the surface of the three-core
cable, the phase of the composite magnetic flux entering the core
is made consistent with the phase of the target conductor current.
This reduces the weakening of the induced voltage caused by the
flux of the other two Phases. Besides, the established mathemat-
ical model not only guides the optimization of the OS-MFEH’s
core and coil parameters but also determines the critical current
and load at which the core saturates. Considering the coil mag-
netic field, materials with higher saturation magnetic flux density
are required for the core. Compared to ferrites and permalloy
commonly used in previous studies, silicon steel with a high
saturation magnetic flux density is more suitable. Additionally,
increasing the core column side length can effectively prevent
core saturation. It can also mitigate the impact of fluctuations
in effective permeability caused by changes in relative perme-
ability. The optimized OS-MFEH volume is 45.8 cm3 and can
achieve an output power of 12.86 mW to 84.2 mW within a cable
current range of 100 ARMS to 250 ARMS. Within a three-phase
current imbalance of 10% , OS-MFEH can still supply power to
the load.

For future research, we will fully leverage the flexible mag-
netic metals to develop a universal magnetic core structure and
coil solution suitable for different cable models and cable joints.
The magnetic armoring layer significantly shields the magnetic
field that MFEHs can harvest, and this limitation will be the focus
of our subsequent research efforts. Moreover, we will explore
MPPT algorithms tailored to the OS-MFEH’s output features—
specifically, addressing the dynamic adjustment needs arising
from fluctuations in cable current. We will also integrate the load
characteristics of typical sensors (e.g., low power consumption,
intermittent operation) to optimize the MPPT control strategy.

APPENDIX

This section provides supplementary derivations for some of
the formulas in the main text.

AT(α) and AN(α) in (2) are obtained from (34)⎧⎨
⎩AT (α) =

√
2μ0IP
2π ·

√
X2

T+Y 2
T+2XTYT cos(3α)

W

AN (α) =
√
2μ0IP
2π ·

√
X2

N+Y 2
N+2XNYN cos(3α)

W

. (34)

Meanwhile, ϕT(α) and ϕN(α) are calculated by (35)⎧⎨
⎩
ϕT (α) = arctan

[
XT sin(−α)+YT sin(2α)
XT cos(−α)+YT cos(2α)

]
ϕN (α) = arctan

[
XN sin(−α)+YN sin(2α)
XN cos(−α)+YN cos(2α)

] . (35)

The coefficients in (34) and (35) are expressed as⎧⎪⎨
⎪⎩
XT = 3s(r4 − s4), YT = 3rs2(r2 − s2)

XN = 3s(r4 + s4), YN = −3rs2(r2 + s2)

W = 2
[
r6 − 2r3s3 cos(3α) + s6

] . (36)
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