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Abstract—An alternative wireless power transfer (WPT) us-
ing near-field magnetic power distribution is proposed. The new
method is characterized by using a low permeability path in serial
with a high permeability path as the main unit or the basic cell.
The output can be tapped into the main unit by paralleling the
low permeability path. The magnetic cores are integrated with
different permeability to form a multiple-transmitter geometry.
Every transmitter corresponds to more than one receiver that is
integrated with back-end circuits such as rectifiers to convert ac
voltage into dc voltage. The receiver can be easily installed in the
electrical devices, and hence power is transferred wirelessly to drive
the devices. Analysis of the working mechanisms of the proposed
WPT system is given in detail and design considerations are also
investigated. Power loss distributions for the converter and coupler
are also analyzed fully. Experimental results show that a basic cell
driven by an 80 kHz pulse wave, supplying three resistive loads
at 321 W achieves 86.6% efficiency. The system efficiency can be
maintained at a high level over a wide output power range. Finally,
a magnetic panel comprising seven basic cells supplying multiple
loads is demonstrated. Results show the feasibility of the proposed
system by lighting up multiple LED loads.

Index Terms—Magnetic cores, magnetic coupling coefficient,
magnetic platform, magnetic power distribution, multiple outputs,
wireless power transfer (WPT).

I. INTRODUCTION

DUE to the unique advantages of wireless power transfer
(WPT) including flexibility, safety and improved user

experience, this technique has attracted more and more attention.
The WPT is based on magnetic coupling and is now the recent
method of power transfer without direct electrical contact. It is
also significantly reported in the last few years [1], [2], [3], [4],
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[5], [6], [7], [8], [9], [10]. The research objective is certainly
focused on a higher power and higher efficiency. A simple WPT
system is using a single transmitter with a resonant network.
The coupling may not be high especially when the magnetic
core is not employed [1], [2], [3]. In order to increase the power
transfer, a high magnetic current, and field must be generated that
may occur high power loss in the winding. The power transfer
performance of the WPT system is significantly influenced
by the level of coupling between the primary and secondary
windings. Higher levels of magnetizing current increase the
loss in these systems, resulting in lower efficiency. A single
transmitter and received set are of a common arrangement but the
efficiency is not optimal [4]. An alternative design using multiple
transmitters has been reported in [5], [6], [7], and [8]. Compared
to the single transmitter, implementing multiple transmitters
in a WPT system has been shown to enhance power transfer
capability and transfer efficiency [7], [8]. Air core-based WPT
system is an issue because the leakage flux cannot be controlled
well and it reduces the coupling coefficient. The fragility and
leakage fields deteriorate the coupling from the primary side to
the secondary side. For this problem, a network that behaves as
a resonant conversion can be used to compensate for the leakage
flux to reduce the loss of the magnetizing current. Improvements
in conversion have been found [9], [10], [11], but the circuit
becomes more complex.

Unlike coreless WPT systems, high-permeability magnetic
cores have been shown to exhibit a higher coupling coefficient
[12], [13], [14]. This is due to the fact that the high permeability
core can also reduce the reluctance and thus the eddy current
loss [15], [16], [17], [18], [19]. But there are also disadvantages.
One of the main concerns is the bulky size of the magnetic core,
which would make it less attractive to some applications such as
movable electronics chargers. Nonetheless, it remains a viable
option for larger electrical devices such as in-house electrical
equipment or WPT platform.

The study here examines a new type of WPT cell that al-
lows multiple transmitters and multiple receivers. It is aimed
to provide a new, simple and flexible wireless magnetic power
distribution method in large areas such as residential and offices
as an alternative to wired power distribution, which can eliminate
some problems of wired power distribution, such as aging or
electric leakage. These proposed cells can be installed in a wall
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Fig. 1. Application of the proposed system driving an electrical device.

or ground where in-house devices are erected. By integrating a
secondary core in these devices such as TV sets, audio sets,
rice cookers, or induction cookers, power is therefore trans-
ferred without any cables connected. Taking the audio set as
an example, the schematic diagram of the device installation is
shown in Fig. 1. However, for the devices, such as rice cookers or
induction cookers, the transmitter can be installed on the kitchen
worktop. Therefore, the use of WPT cells also makes residents
or offices become “socket-less” for people to live in, reducing
the chances of electrical shock. Since the output is ac voltage,
power electronics circuits such as rectifiers with suitable control
strategy [20], [21] and dc converters [22], [23] are recommended
to serve as intermediaries between the output of the WPT system
and targeted devices. The proposed basic cells for the WPT
system incorporate high-permeability magnetic cores, which
ensures that the proposed basic structure can provide a good
coupling coefficient between the transmitter and receiver when
the basic structure is extended to a single-input multiple-output
system regardless of the location and the size of the transmitter.
The receivers can be coupled to the transmitter by simply tapping
to the flux path in a region via the connection of magnetic cores.
For the coreless WPT system, the receivers must be limited
within the dimension of the transmitter coil when realizing the
multiple-output structure [24], which restricts the application of
the coreless WPT system to provide multiple outputs in a large
area situation. Therefore, the proposed work can significantly
simplify the power transfer process and increase power transfer
efficiency in a flexible and simple manner. The analysis of
the proposed basic cell is provided in-depth, and a theoretical
power loss distribution of the proposed near-field WPT system
is derived in detail.

The article is to present the investigation of a magnetic dis-
tribution WPT method for supplying in-house electrical devices
that are positioned in close proximity to the ground or panels.
Compared with the previous publications, the contribution of
this article is to provide a possible solution for determining the
power transfer efficiency through the coupling coefficient. Con-
sequently, an initial selection of the permeability of the magnetic
core enables the estimation of the power transfer efficiency of
the system.

The rest of this article is organized as follows. Section II
outlines the proposed coupling structure. In Section III, the

Fig. 2. Basic cell with two transmitters and receivers.

three connection mechanism conditions with two receivers are
analyzed in detail, with a particular focus on the magnetic reluc-
tance models. The implementation of the magnetic wall system,
which generalizes the basic cell, is presented in Section IV.
Design considerations for the proposed basic cell, along with
loss analysis, are discussed in detail in Section V. In Section VI
a detailed comparison with the traditional method is performed.
Section VII presents experimental results. Finally, Section VIII
concludes this article.

II. PROPOSED COUPLING STRUCTURE

Fig. 2 shows the proposed magnetic coupling structure of
the WPT system. The primary side is made up of two types
of magnetic cores, which has high permeability (denoted as
μH ) and low permeability (denoted as μL), where the high
or low permeability used below is referred to as the relative
permeability to facilitate the discussion. It can be seen as a C
core of high permeability and two I cores of low permeability
with a high permeability cube core segregated in between. The
secondary side cores are also of high permeability. Firstly, the
cross-section of the C core used in the article is proposed to be
square

Ae = Wa ×Wa (1)

where wa is the core width. For simplifying the study, all
the I cores used in the article are designed to be the same
cross-sectional area and are named C core, and the width of
the cube core is wb and is greater than wa (wb > wa). L is
the low permeability fixed path length of the I core with low
permeability, while D is the high permeability receiver path
length of I core with high magnetic permeability. H is half of
the equivalent magnetic path length of the C core.

To generate a stable magnetic field, an ac voltage source is
required to be connected to the primary side. There are three
poles of the primary side available for getting power, named
P1, P2 (the cube core), and P3. Two magnetic cores with μH

across P1 and P2, or P2 and P3 can serve as secondary side
receivers and the output can be connected to loads. To produce
a constant dc voltage at the output, rectifiers and dc converters
are recommended. All the components, including the secondary
side magnetic cores, can be installed inside a targeted device.
When the device is turned ON, it can simply be moved to panels
where there are basic cells of the proposed system.
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Fig. 3. Single-receiver mechanism and its magnetic model.

III. WORKING MECHANISM OF THE PROPOSED BASIC CELL

The construction of the basic cell of three operation mecha-
nisms and its associated magnetic reluctance model are analyzed
in this section. Since there are cores with different permeability
on the primary side, the magnetic path will be adjusted by vary-
ing the placement of the receivers. The placement mechanisms
of operation are outlined as follows.

1) Single Receiver Mechanism: Only one secondary-side
core taps the output and the main flux is channeled to
the secondary-side core.

2) Two-Receiver Mechanism: Two secondary-side cores are
tapped to two outputs. The main flux is mostly channeled
to the secondary-side cores and converts to two outputs.

3) No Receiver Mechanism: No secondary-side core is used.
The basic cell then behaves as a simple inductor.

The basic cell is formed by two lower permeability I cores.
It should be noted that with more than two transmitters and
multiple receivers, there will be more than three working mech-
anisms for every basic cell. However, the flux paths of multiple
transmitters and multiple receivers can be derived from this
basic cell. Without loss of generality and to conduct an idealized
analysis, the following assumption is made.

1) μH is high enough (μH � μL). The leakage flux near the
core with μH in the air is so small that it can be ignored.

2) The connection of the primary side is ideal, i.e., the air
gaps are neglected.

3) Magnetic cores are not saturated.

A. Single-Receiver Mechanism

In this mechanism, a single I core with permeability μH is
placed on the secondary side as a receiver for the output. The
magnetic fluxes of the main path through the input transmitter,
bypass receiver path and low permeability I core path magnetic
flux is illustrated in Fig. 3, Reluctance of with high permeability
μH can be expressed as

RIH =
D

μHAeμ0
(2)

RTC = RCu +RC =
2H +Wb

μHAeμ0
(3)

where RI is the reluctance of receiver I core, and RTC is the
equivalent reluctance of the C core and Cube core.

Likewise, the reluctance of I core is relatively high because it
is formed by the low permeability uL

RuL
=

L

μLAeμ0
(4)

where Rg is the reluctance of air gaps between the primary side
and secondary side which can be represented as

Rg =
lg

Aeu0
(5)

where lg represents the air connection displacement between
primary and secondary cores, which corresponds to the thickness
of the device’s package in practical applications.

As shown in Fig. 3, let the magnetomotive force (mmf) be F,
thus the coupling coefficient k is

k =
∅1

∅1 + ∅2 (6)

where

∅1 =
F

[(2Rg +RIH) //RIL +RIL +RTC ]

× (RIH + 2Rg) //RIL

RIH + 2Rg
(7)

∅2 =
F

[(2Rg +RIH) //RIL +RIL +RTC ]

× (RIH + 2Rg) //RIL

RIL
. (8)

It follows that, k can be simplified as

k =

F
[(2Rg+RIH)//RIL+RIL+RTC ] × (RIH+2Rg)//RIL

RIH+2Rg

F (RIH+2Rg)//RIL

[(2Rg+RIH)//RIL+RIL+RTC ] ×
(

1
RIH+2Rg

+ 1
RIL

)
(9)

where RIL = RμL
, because both I cores are designed with the

same shape and the same length and the same permeability μL.
Hence, the coupling coefficient expression is further reduced

from (9) to

k =
1

1 +
RIH+2Rg

RIL

. (10)

The coupling coefficient is characterized by high- and low-
permeability magnetic reluctance and air gap reluctance. Rg is
determined by the gap length which is fixed after the geometrical
shape is established. The coupling efficiency is only adjusted by
varying RIL. That is to say, μL determines k. More, intuitively,
the relationship between coupling coefficient k and the relative
permeability μL can be depicted in Fig. 4, when Wa = 20 mm,
Wb = 25 mm, D = 80 mm, L = 60 mm, H = 122.5 mm, and lg
= 2.5 mm, 3.5 mm and 4.5 mm.

It indicates in Fig. 4 that the larger relative permeability μL,
the smaller coupling coefficient k. Because an increase in the
relative permeability μL leads to a decrease in the reluctance of
low-permeability I core, according to (4). Thus, it can conduct
more magnetic flux, which, in turn, causes a decrease in the
magnetic flux density of the high-permeability I core in the sec-
ondary side. If the relative permeability μL is increased to be the
same as μH , it will be able to conduct the majority of magnetic
flux, since the high permeability μH is several thousand times
greater than the permeability of air, i.e., RIH � Rg , so that the
coupling coefficient k will be reduced to close to zero, as shown
in (11) and Fig. 5(a).
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Fig. 4. Coupling coefficient of the one-receiver mechanism with different Rg .

Fig. 5. Simulation results of magnetic flux vector and magnetic field distribu-
tion. (a) High-permeability core employed in the transmitter. (b) Air employed
in the transmitter.

In addition, the smaller relative permeability μL, the larger
coupling coefficient k in theory, according to Fig. 4. How-
ever, if the low-permeability I core is directly replaced with
the air, as illustrated in Fig. 5(b), effective coupling between
the transmitter and receiver is not formed due to the lack of
low-permeability I cores to confine the magnetic flux. Thus,
no effective flux loop will be established in the single-receiver
mechanism. Therefore, low-permeability cores are the most
suitable option to be integrated into the transmitter. Moreover,
the coupling coefficient k decreases when the air gap length lg
between the primary side and the secondary side becomes larger.
Therefore, the air gap length can be regulated according to the
actual process requirement

k =
1

2 +
2Rg

RH

. (11)

B. Two-Receiver Mechanism

Under this mechanism, where twoμH cores serve as receivers
and are behaving as the transformer’s secondary sides, the
magnetic fluxes of the main path through the transmitter, two
bypass loads in the loads and the low permeability path of the are
shown in Fig. 6. Compared with the one-receiver mechanism, the
magnetic flux density in the two-receiver mechanism is higher

Fig. 6. Two-load mechanism and its magnetic model.

Fig. 7. No-load mechanism and its magnetic model.

owing to the fact that the low-permeability L core is bypassed
by the high-permeability L core. In this configuration, there are
two coupling coefficients, denoted as k1 and k2, corresponding
to the two receivers.

Similar to the formulation of the coupling coefficient in the
single-receiver model, by referring to the magnetic reluctance
model as shown in Fig. 6, the coupling coefficient k1 for the
two-receiver mechanism can be expressed as follows:

k1 =
1

1 +
RIH+2Rg

RIL

. (12)

Through comparison of the magnetic model of the two-
receiver mechanism, it becomes apparent that the coupling
coefficient for the second receiver k2 is equivalent to k1

k1 = k2. (13)

Compared with (10), it is apparent that, under the assumption
of where the air reluctance on the primary side is neglected,
the coupling coefficients of both mechanisms are identical.
Consequently, the coupling coefficients for both mechanisms
are the same, and this can be expressed by

k = k1 = k2. (14)

C. No-Receiver Mechanism

In the no-receiver mechanism, the basic cell becomes an
inductor as shown in Fig. 7. The coupling coefficient is 0 because
no secondary side magnetic core is coupled to the primary side.
This mechanism is a stand-by operation or no load, as the whole
system is in a state of readiness, waiting for the receivers to
transfer power. Furthermore, the magnetic flux density in this
mechanism is considerably weaker than that of single- and two-
receiver mechanisms as illustrated in Fig. 6, as the equivalent
reluctance of the magnetic circuit is much higher. This is because
all the magnetic flux passes through the low-permeability I core.

Since the Rair of the primary side has been neglected, only
one path inside the magnetic core is formed. The equivalent
permeability of a magnetic core is

ueq =
uLuH (2L+ 2H +Wb)

2LuH + 2HuL +WbuL
. (15)
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Fig. 8. Input voltage and current of the on-receiver mechanism in an ideal
state.

The magnetomotive force is

mmf = 0.4πNIm (16)

where N is the number of turns and Im is the magnetizing current.
Flux density is then yielded

B =
0.4πNImueq

2L+ 2H +Wb
(17)

which is very important for selecting a magnetic core.
The ac voltage source supplies the inductor, and no power

is transferred. For the ideal state, the input voltage and current
waveforms are shown in Fig. 8.

Although no power is transferred, there is still power loss
on the conduction lines caused by the magnetizing current. The
salient point of the configuration is the usage of high magnetic
permeability to confine the flux which reduces the leakage flux
in the surrounding and focus the flux to couple to the load. Power
losses in the stand-by mechanism are analyzed in the following
section.

D. Output Voltage of the Receivers

Using Faraday’s Law, the input voltage VLp of the transmit-
ter’s coil can be represented

VLp =
d (∅1 + ∅2 + ∅3)

dt
. (18)

By referring to (6), the output voltage of each receiver can be
related to the turns ratio and the coupling coefficient as follows:

Vo1 = n1 k1VLp (19)

Vo2 = n2 k2VLp (20)

where n1 and n2 are the turns ratios of the secondary to the
primary side. Similarly, the output voltage in the one-receiver
mechanism can be calculated using the same equation.

IV. GENERALIZATION OF THE PROPOSED WPT CELLS

A. Generalized Scheme

The basic cells can be generalized by tapping more receivers
in the secondary as depicted in Fig. 9(b). Subsequently, the gen-
eralized cells can be connected in paralleled to form a magnetic
wall/panel, as shown in Fig. 9(c). Since all the basic cells are in
the same state, i.e., with the same topology of magnetic cores
and the ac source, the voltages at each receiver will be identical
if a single turn number is adopted in the primary transmitter
and secondary receiver. The ac power can be obtained by using

Fig. 9. Multiple outputs expansion schematic. (a) Inverter topologies. (b)
Generalization of basic cells. (c) Multiple outputs magnetic panel construction.

half- or full-bridge inverter, as shown in Fig. 9(a). Additionally,
Different output voltages can be achieved by varying the number
of windings on the secondary side.

B. Driver for the Magnetic Wall

The proposed near-field WPT system can be driven by either
half- or full-bridge inverter. The voltage rating of the transistors
of the H-bridge is of course equal to Vdc. The voltage ratings
of the output diodes of each receiver are equal to its output.
The current rating is determined by the output loading derived
from the load resistance. For a system with multiple cells, more
inverters can be connected in parallel to the input source. The
driving signals for the inverter are provided by microcontroller
TMS320F28335. The switching frequency of the experiment is
selected to be the mid-point of the usual WPT frequency range
of the charging system. 80 kHz is presently used. The circuitry
of half- or full-bridge inverters is illustrated in Fig. 9(a).

V. DESIGN CONSIDERATIONS AND LOSS ANALYSIS

A. Magnetic Core Selection

As previously discussed, the proposed WPT system contains
magnetic cores with two different permeabilities, and the se-
lection of μH and μL should be made according to specific
guidelines.

1) μH must be sufficiently high to accommodate a larger
amount of magnetic flux. In order to improve the coupling
and ensure a low reluctance magnetic path for the flux
conduction when a receiver is placed to the magnetic
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distribution circuit, it is recommended to position the
receivers in high permeability regions.

2) The lower permeability I core is selected according to
the promise between the low leakage during the loading
condition and the unloaded condition. The selection of
μL should be around 5% to 10% of μH that in turn define
RuL, as depicted in Fig. 4, with consideration given to the
coupling coefficient.

3) To ensure good coupling to the load, the saturation flux
density of the magnetic materials must exceed the value
specified in (17).

In this simulation, the magnetic cores are selected with ini-
tial permeability 3300 (μH ) and 40 (μl), based on the criteria
described above. The whole geometry is consistent with that
described in Section III-A. Furthermore, since the proposed
core-based WPT system operates at a high frequency, particular
consideration is needed for the windings of the transmitter and
receiver coils to reduce losses and further improve the perfor-
mance of the magnetic power distribution system. Therefore,
the high-frequency winding techniques can be a reference to the
work [25].

B. Loss Analysis

Power loss is a typical issue for many WPT systems. The
present analysis is based on high permeability magnetic cores
so as to reduce the leakage and also the magnetic loss is assumed
to be low to make the analysis simple. Furthermore, the copper
conduction loss is designed to be low because the magnetizing
current is lower because the high permeability magnetic cores
are used, which is an advantage. This is in contrast to the core-
less WPT system, which has higher conduction losses due to the
high magnetizing current injected into the primary coils.

For the two-receiver mechanism, the efficiency analysis is
shown below. The output power is basically a summation of each
output and is related to the RMS value of the output current Io1
and Io2 with resistive load RO1 and RO2, and the output power
is given by

P0 = I2o1 RO1 + I2o2 RO2. (21)

The conduction power loss is simply described by the I square
R. With input current Iin, Io1 and Io2, And the magnetizing
current Im, and the equivalent resistance of the primary and the
two secondary coils, denoted by r0, r1 and r2, respectively,

Ploss = Pr0 + Pr1 + Pr2

= I2in r0 + I2o1 r1 + I2o2 r2

= ( Io1 · n1k1 + Io2 · n2k2 + Im)2 r0 + I2o1r1 + I2o2r2.
(22)

Theoretical efficiency

η =
Po

Po + Ploss
=

1

1 + Ploss
Po

. (23)

Fig. 10. Theoretical efficiency vs r0
R (n = 1 and k = 1) with various ratios

between Im and Iin.

Assume that n1 = n2 = n, RO1 = RO2 = R, then dc
resistance r1 equals r2, Io1 equals Io2

r1 = r2 =
r0
n

(24)

Io1 = Io2 =
Iin

kn
. (25)

Equations (21) and (22) can be simplified and the transfer
efficiency can be derived

η =
1

1 +
(
2n2k2 + 2n2k2 Im

Iin
+ 1

2 + 1
n

)
r0
R

. (26)

For some given parameters, theoretical efficiency is plotted in
Fig. 10.

C. Loss at No-Receiver Mechanism and the Number of Turns

The power loss under the no-receiver mechanism is expressed
as follows:

Pl = I2m r0 = I2m
ρNp4wa

S0
(27)

where ρ denotes the resistivity of the windings,S0 represents the
cross-sectional area of the winding, and Np denotes the number
of primary turns, which can be expressed as

Np =
ReqBAe

0.4πIm
. (28)

By substituting (28) into (27), power loss under the no-
receiver mechanism can be obtained

Pl =
ρ

Np

4wa

S0

(ReqBAe)
2

(0.4π)2
. (29)

This, the number of primary turns, Np, is determined by
the allowed no-load loss and the magnetic core and winding
parameters

D. Losses of Converter Analysis

The losses generated by the inverter including the conduction
losses and the switching losses of the MOSFETs, also has an
impact on the system efficiency. It is assumed that the system is
driven by the H-bridge inverter.
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Fig. 11. Soft switching realization waveforms.

1) Conduction Losses of MOSFET: When the H-bridge inverter
is operating, both switches will be turned ON at the same
time. The conduction losses of the MOSFET can therefore
be calculated by

Pcon = 2 I2in rS (30)

where rS is the equivalent on-resistance of one MOSFET

in the H-bridge inverter.
2) Switching Losses of MOSFET: When the system operates

at zero phase angle (ZPA) condition, the switches behave
as hard-ON and hard-OFF, as shown in Fig. 11, where two
switches are turned ON and two switches are turned OFF

at each output cycle. As described in [26] and [27], the
switching losses are related to energy loss Esw during the
MOSFET’s transition, as well as switching frequency f. It is
given by

Esw =

∫ tsw

0

vds (t) id (t) dt (31)

Psw = Vds_avg Id4

(
Eon + Eoff

VDID

)
f (32)

where Eon and Eoff are turn-ON and turn-OFF energy of
MOSFET.Vds_avg is the average voltage stress of the MOSFET

during one switching cycle. VD and ID are drain-source
voltage and current, respectively, which are provided by
the manufacturer.

However, by reasonably setting the value of the compensa-
tion capacitor so that the input current slightly lags the input
voltage, as shown in Fig. 11, zero-voltage switching (ZVS) of
the MOSFETs can be achieved to optimize the switching losses.
Furthermore, the VA rating for the MOSFETs can be maintained
at a reasonable value [28]. Hard turn-OFF loss still occurs in
MOSFETs, and the reverse recovery losses of the anti-parallel
diode should also be considered. The switching losses can
therefore be optimized as

Psw = 2
√
2VdcIin

(
Eoff

VDID
+

QDD

IRD

)
f (33)

where QDD and IRD are the reverse recovery charge and the
reference current of anti-parallel diode, respectively, which are
provided by the manufacturer.

3) Power Loss of Passive Rectifier: the power loss of the
passive rectifier is mainly from the conduction loss of

diodes [26], [27]. It can be calculated by

Prec =
4

T

∫ π

0

(VF + rDirec_i) irec_id (ωt)

=
4
√
2

π
VF Irec_i + 2rDI2rec_i (34)

where VF is the forward voltage of the diode; rD is the
equivalent on-resistance of the diode; and irec_i is the input
current of the ith rectifier.

E. Core Losses Analysis

The core loss per unit volume of a magnetic core can be
estimated by the Steinmetz empirical equation [29]. It is given
by

PV = Kh fαBβ (35)

where Kh, α, and β are the Steinmetz parameters. f is the
frequency of the sinusoidal source. B is the magnitude of the
time-varying sinusoidal flux density in the magnetic core. When
the magnetic core is selected, the Steinmetz parameters are fixed
values.

From (35), it indicates that the core loss per unit volume of
a magnetic core is determined by the frequency f and the peak
magnetic flux density B. Generally, the frequency f is constant
for a system. Therefore, the total core loss can be calculated
by integrating the volume of the system’s magnetic cores, as
follows:

Pcore = Kh fα

(∫
VTX

Bβ
TXdV + n

∫
VRX

Bβ
RXdV

)

+mK ′
hf

α′
∫
VL_Icore

Bβ′
L_IcoredV (36)

where n denotes that there are n receivers on the receiver side.
m means that there are m low-permeability I cores that are not
bypassed.

The magnetic flux density in the magnetic core is proportional
to the ampere-turns of the coil and inversely proportional to the
magnetic flux length, i.e.,

B ∝ NI

l
(37)

where l is the effective magnetic flux length of magnetic cores.
From (37), it shows that when the system is established, the

total core loss is positively related to the current of the coil.

VI. COMPARISON WITH TRADITIONAL STRUCTURE

In this section, a comparison is made between the proposed
structure and the air-based structure in the implementation of
the multiple output structure to highlight the advantages of the
proposed coupling structure and to further explain the contri-
bution of this article. The air-based structures include coreless
single-output WPT system [30], core-based single-input IPT
system [31], multiple-input multiple-output IPT system [32],
and single-input multiple-output WPT system [33]. The compar-
ison parameters are given in Table I, where ‘Flexibility’ means
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TABLE I
COMPARISON WITH AIR-BASED COUPLING STRUCTURE

the freedom to increase or decrease the number of receivers and
to freely place receivers in different positions.

As given in Table I, when extended to a multiple output
structure, the works in [30], [31] require N voltage sources,
while the work in [32] requires only one input voltage source
by using the parallel drive power supply. However, due to the
one-to-one coupling manner, they all need N transmitters, which
significantly increases the cost of the system. The proposed
structure and the structure in [33] use a one-to-many coupling
method, requiring only a single voltage source and transmitter.
But, the magnetic flux is conducted through air in air-based
systems, so there is severe magnetic leakage, typically resulting
in a low coupling coefficient. The coupling coefficient can
relatively improve by adding magnetic cores to the transmitter
and receiver coils [31], [32], which is still inferior to the proposed
coupling structure. As depicted in Fig. 4, the coupling coefficient
of the proposed system can be reasonably chosen between 0.1
and 0.6 by simply controlling the low permeability of I cores
integrated into the transmitter, resulting in a good and wide range
of coupling coefficient, and the magnetic leakage is very low
due to the effect of the magnetic core confining the magnetic
flux. Even if there are no receivers on the secondary side, the
magnetic flux will all be confined in the magnetic cores and will
not be released into the air, as analyzed in Fig. 7. Thus, low
magnetic leakage and strong coupling coefficient make it easier
and more flexible for the proposed system to power in-house
electrical devices over a large area. However, the use of magnetic
cores does lead to the problem that the weight and volume of the
proposed structure will be larger than the air-based WPT system.
Thus, the proposed structure is not suitable for portable devices
such as consumer electronics. It is more suitable for powering
large devices such as lights, fans, audio sets and monitors, etc.
in large areas such as residences or offices.

On the other hand, a flexible and convenient method to output
energy is highly preferable for the users. In the air-based WPT
system described in [33], the receivers can be freely coupled
to the transmitter, allowing them to output power. However,
the dimension of these receiver coils is limited to that of the
transmitter coil. When many devices in a large area need to be
powered, the transmitter coil must be very large, making this
method impractical.

Alternatively, works in [30], [31], and [32] use small trans-
mitter coils, but require multiple transmitters. Additionally, the
receivers must be coupled to their specific transmitter at its

resonant frequency, which limits their flexibility. In contrast, the
proposed structure allows for the easy extension of multiple out-
puts by simply extending the arms of the C core in the transmitter.
This enables multiple outputs to easily provide energy over a
large area while maintaining an unchanged transmitter coil.

Therefore, the proposed structure can just use a single trans-
mitter coil and employ different permeability magnetic cores to
guide the magnetic flux, so that the energy output points (i.e.,
P1&P2 or P2&P3 in Fig. 2) can be set in a specific area (i.e., the
location of the in-house electrical devices). Thus, the size of the
transmitter coil can be optimized, and the leakage flux in the air
can be greatly reduced or even eliminated. Therefore, compared
to traditional air-based WPT system or wired plug-in power
distribution, the receiver with a high-permeability core of the
proposed system can be freely tapped on the energy output points
such as P1&P2 or P2&P3 and bypass the low-permeability I core
of the transmitter, and then coupled to the transmitter, which
greatly increases the flexibility of harvesting power.

VII. HARDWARE DESCRIPTION AND PERFORMANCE

A. Test of One Basic Cell With Three Output

By referring to Fig. 9(b), a downscale basic cell with three re-
ceivers is built as shown in Fig. 12. Two kinds of high-frequency
Zn-Mn ferrite magnetic cores are used. One is P95 with an initial
permeability of 3300 (μH ), a saturation flux density 0.53 mT
and a Curie temperature greater than 215 °C. And the other is
R40 with an initial permeability of 40 (μL), a saturation flux
density 0.25 mT and a Curie temperature greater than 300 °C.
The pole’s cross-sectional area and height are consistent with
the simulation values presented in Section III-A. The length air
gap lg is approximately 2.5 mm. The wingdings are arranged in
a ratio of n1:n2:n3 = 1:1:1. The high-frequency eddy current
loss in the winding is reduced by constructing all the winding
using the 1.2 mm2 Litz wire. The parasitic resistance of the coil
for the transmitter and receivers are 0.07 Ω, 0.065 Ω, 0.062 Ω,
and 0.063, respectively. The input dc voltage for the full-bridge
inverter is 40 V for small output power and 100 V for high output
power experiment. For a wide range of output power tests, the
input voltage varies from 40 to 100 V. An 80 kHz driving signal
with a duty cycle of 0.5 is employed to drive the SIC inverter
(F4-23MR12W1M1_B11). Three 100 Ω resistors with a power
rating of 100 W each are connected in the outputs in the small
output power.
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Fig. 12. Magnetic distribution setup with three receivers. (a) Diagram of
the proposed near-field WPT circuit. (b) Experimental bench for the proposed
prototype.

Fig. 13 shows the output waveforms of three receivers of
the prototype with three pure resistive loads 100 Ω. When the
three receivers are connected in isolation, the output waveforms
are shown in Fig. 12(a). The RMS value of the VO1, VO2,
and VO3 are 65.5, 62.4, and 69.9 V, respectively. To boost the
output voltage, the three outputs can be connected in series,
which will produce a voltage of higher amplitude. As shown in
Fig. 13(b), the RMS value of the output voltage is 197 V when
three receivers are connected in series. It can be seen that the
output voltage in series is approximately equal to the sum of the
output voltage separately. Moreover, with the resonant capacitor,
the input voltage and current are in phase, which indicates that
the system achieved the zero-phase-angle characteristics. There-
fore, the system is capable of transferring the power to receivers
with maximum transfer efficiency. Furthermore, the RMS value
of the input voltage of the transmitter coil VLp is 373 V. Based on
the analysis of (19) and (20), the coupling coefficients are 0.18,
0.17, and 0.19 for the three receivers, respectively. It is consistent
with the analysis of Fig. 4 in Section II-A. Fig. 13(c) shows the
result of standby mode. The RMS value of the input current and
the input voltage of the transmitter’s coil is 2.99 A and 232 V,
respectively. In addition, the phase difference between them is
89.21°. It can therefore be calculated that the loss of the standby
mode is 9.56 W.

In order to evaluate the dc output performance of the system,
a bridge rectifier was added to each receiver. The experimental
results are shown in Fig. 14. When each of the three receivers

Fig. 13. Experimental results without rectifiers. (a) Output voltage of three
receivers. (b) Output voltage of three receivers in series. (c) Stand-by mode.

Fig. 14. Experimental results with rectifiers. (a) One-receiver mode. (b) Two-
receiver mode. (c) Three-receiver mode. (d) DC output voltage.
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Fig. 15. Experimental results without rectifiers. (a) Output voltage of three
receivers. (b) Input voltage and current and the voltage of Lp and receiver3.

is added in turn, the peak-to-peak values of the input voltage of
the rectifier are 122 V for the single receiver in Fig. 14(a), 140
and 135 V for the two receivers in Fig. 14(b), and 162, 158, and
167 V for the three receivers in Fig. 14(c), respectively. From the
results above, as the number of receivers increases in sequence,
the output voltage of each receiver increases as well. Because
the magnetic core used in each receiver has a high enough
permeability characteristic to bypass the low-permeability mag-
netic core on the primary side, thereby increasing the coupling
coefficient of the system, which in turn increases the output
voltage of each receiver. The dc output voltages of the three
receivers are 66, 64, and 72 V, as shown in Fig. 14(d).

B. High Output Power Performance Verification

In order to verify the performance of the system at high output
power, the three receivers are respectively connected to pure
resistors with a resistance of 68 Ω and a power rating of 300 W.
when the input voltage is fixed to 100 V, the output waveforms
of the system are shown in Fig. 15. Fig. 15(a) shows the results
of the input voltage and output voltage of three receivers. The
RMS values of receivers are 107, 117, and 106 V, respectively.
The voltage of the primary coil VLp is shown in Fig. 15(b), and
its RMS value is 595 V. Thus, the coupling coefficient can be
calculated as 0.18, 0.196, and 0.178, respectively, which verified
that the measured coupling coefficients are still consistent with
the theoretical ones of Fig. 4 in large output power when the air
gap is 2.5 mm. In addition, by reasonably setting the value of

Fig. 16. System efficiency versus the output power.

the resonant capacitor and making the phase of the input current
lag behind the phase of the input voltage, ZVS can be achieved
and the VA rating of the switches can be effectively reduced, as
shown in Fig. 15(b).

The system efficiency was measured and its efficiency versus
the output power from 100 to 643 W is shown in Fig. 16. The
maximum efficiency occurs at the system output power of 321 W.
When the output power of the system continues to increase, the
system efficiency decreased slightly. This is because the current
of the system increased with the increase of the output power,
which results in increases in core loss and other losses. The
measured power loss distribution is shown in Fig. 17. According
to the experimental power loss distribution, the power losses
proportion of the coupler increased obviously, which is mainly
generated by the core loss. Specifically, when the output of
the system is 642.6 W, the measured and calculated power
loss distributions are shown in Fig. 17(b) and (c), where the
measured results are obtained by making the difference between
the measured input and output power of each unit of the system,
while the calculation results are obtained directly by substituting
the input and output currents and voltages of the experiment into
the equations analyzed in Section V. Taking the power losses of
the coupler as an example, ΔPcoupler is first measured, then
the coil loss Pcoil is obtained based on the input and output
currents and (22), and finally the core loss Pcore can be obtained
by Pcore = ΔPcoupler−Pcoil. For the calculated core loss, the
magnetic field density B is calculated with the help of ANASYS
Maxwell, and then substituted into (36) to calculate the core
power loss. For the inverter and rectifiers, the measured and
calculated power loss results are also obtained following this
method.

C. Misalignment

When there is a misalignment between the receivers and trans-
mitter, including lateral and vertical misalignment, the output
voltages and efficiency of the system at a fixed input voltage of
100 V are shown in Fig. 18, where the horizontal coordinate in
Fig. 18(a) is defined as the ration of the misalignment distance
Lx to the width of receiver Wa defined in Section II, and the
horizontal coordinate in Fig. 18(b) is defined as the number of
air gap lg defined in Section III. It indicates that with the increase
of the misalignment distance, the output voltages and the system
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Fig. 17. Power loss distribution. (a) Power loss distribution versus the output power. (b) Measured power losses at the output power of 643 W. (c) Calculated
power losses at the output power of 643 W.

Fig. 18. Output voltage of receivers versus misalignment distance. (a) Lateral misalignment. (b) Vertical misalignment. (c) Lateral misalignment of receiver 1.
(d) Vertical misalignment of receiver 1.

efficiency decrease, which is caused by the increase of the air
reluctance between the transmitter and receivers. According to
the equations of (5) and (10), the increase in air reluctance leads
to a lower coupling coefficient of the system thus reducing the
output voltages. Due to the effect of the core’s directing flux,
when lateral misalignment happens, i.e., air gap length lg is
constant, the output voltage of the receiver can be maintained
relatively stable at 20% of the misalignment distance, as shown
in Fig. 18(a). When the misalignment distance increase continu-
ously, the output voltage decreases noticeably. By appropriately
increasing the cross-sectional area of the transmitter’s core,
the tolerance towards lateral misalignment can be improved
effectively. As depicted in Fig. 18(a) and (b), the proposed
system is sensitive to vertical misalignment. This is because
when the vertical misalignment increases, the low-permeability
I core conducts more flux, which weakens the coupling between
the transmitter and receivers. However, when the receiver is in-
tegrated in the electrical devices, the air gap distance lg between
the transmitter and the receiver will be fixed to the package
thickness at this time.

In addition, when the misalignment happens in one of the
receivers in the system and the others remain stable, the output
voltages of receivers are shown in Fig. 18(c) and (d). When
misalignment happens in receiver1 either in the lateral or vertical
direction, the output voltages of receivers without misalignment
are reduced by 20%. This is because when receiver1 is mis-
aligned over a large distance, more magnetic flux can be con-
ducted by its parallel low-permeability I core, ensuring a good
coupling coefficient between the other receivers and transmitter.
It also benefited from the use of the low-permeability I cores,
which is impossible for air core from the analysis in Fig. 5(b).
Again, the misalignment tolerance in the lateral direction is
better than that in the vertical direction, where the voltage drop
is less than 8.8% within 50% of the misalignment distance in
the lateral direction.

D. Test of Extension of the Magnetic System

To test the magnetic panel, a total of seven basic cells are con-
nected in parallel, and 10 LED lights are utilized as the load, as
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Fig. 19. Magnetic wall system. (a) Seven basic cells. (b) System supplies
multiple loads.

shown in Fig. 19. In order to increase the surface area for power
harvesting, two cube cores are integrated, effectively doubling
the cross-sectional area. Moreover, the length of the μL core
is shortened, thereby reducing the total reluctance. The results
demonstrate that power can be efficiently delivered wirelessly,
and the ten LED lights operate steadily, drawing a total power
of 10 W.

VIII. CONCLUSION

Magnetic power distribution using a near field is proposed.
It is not based on the air core or air core with the assistance of
ferrites to provide the wire power transfer, instead, it is using
a magnetic conductor to conduct the power through magnetic
flux distribution. The salient point is that the power transfer
is all through conductive magnetics. The performance char-
acteristics including efficiency and coupling coefficient with
the physical sizes have been formulated. A maximum system
efficiency 86.6% is achieved at output power 321 W of the basic
unit with three receivers. And high system efficiency can be
maintained over a wide range of output power. The misalignment
characteristics were fully tested and the results showed that
the tolerance of lateral misalignment was better than that of
vertical misalignment. Moreover, when there is a certain receiver
is misaligned in the system, a small influence on the output

voltages of other receivers without misalignment is observed.
Furthermore, the unit has been conducted with multiple tests
and has been installed in the laboratory for the investigation of
magnetic power distribution. The results presented verified the
operation and confirmed it is a possible power transfer as an
alternative to the electrical power transfer.
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