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Abstract—This article proposes a two-layer overlapping
winding–based three-phase wireless vehicle charging system with
a coil span of 180°. This coil structure offers higher coupling and
balance inductance matrices between the transmitter and receiver
and improves system efficiency. The system performance improve-
ment has been validated through detailed analysis and simulation
results and compared with the benchmark for the same electrical
parameters, air gap, and coil volume. Finite element analysis–based
simulation results were presented for a 7.7-kW wireless power
transfer (WPT) over a 200-mm air gap. An experimental prototype
of the proposed system is developed operating at the resonant
frequency of 86 kHz with a 200-mm air gap between the coils to
validate the design. Both the simulation and experimental results
showed a significant increase in efficiency and coupling compared
to the conventional WPT systems.

Index Terms—Electric vehicles (EVs), electromagnetic coupling,
resonance, wireless charging, wireless power transmission (WPT).

I. INTRODUCTION

IN RECENT times, most hybrid and electric vehicles (EVs)
are charged conductively where the vehicle charging port is

connected to the supply by a wire. The plug-in charging system
thus has the limitation of only being at a dedicated charging
spot. Wireless power transfer (WPT) systems offer a convenient
alternative to plugin charging, eliminating to need for manual
intervention. The system can also be applicable for charging
autonomous vehicles. A wireless transmitter pad can be installed
underground and controlled from faraway stations.

An important part of high-power WPT systems is the design
of the magnetic structures; the geometry, size, and materials con-
tribute to the amount of coupling created between the transmitter
and receiver. The amount of magnetic coupling also influences
the amount of leakage magnetic flux around the charging system,
which refers to the magnetic flux density that is exposed to
anyone present near the charging system. The magnetic leakage
flux is one of the most critical safety issues for WPT systems. For
EVs, the International Commission on Non-Ionized Radiation
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Protection (ICNIRP) has limited the public exposure of the
magnetic flux density to 27 μT at an 800 mm distance in all
directions from the center of the pad [1].

Most WPT systems discussed in the literature consist of
single-phase configurations [2], [3]. Although single-phase
structures are ideal for low-power applications, they are not
feasible for medium and high-power requirements. On the other
hand, a three-phase system provides a faster and safer transfer
of high power without exceeding the field emission and heat
generation limits [4]. Moreover, these systems have the distinct
advantages of reduced phase currents and a more uniform field
distribution than single-phase systems [5]. All these factors have
made three-phase WPT a potential candidate for transportation
applications.

In recent years, there has been an increase in the research
of three-phase WPT systems for various applications. Three-
phase topologies for stationary charging have been conducted
for low-power unmanned underwater vehicles and aerial drones
[6], [7], [8], [9]. An alternative approach has been implemented
to excite the three-phase pads with independent inverters and
optimize their magnetic design and currents to achieve better
coupling between the coils [10], [11]. In most cases, three-phase
wireless charging systems have been studied for dynamic EV
charging [12], [13], [14], [15], [16]. It is necessary to maintain
a fixed battery voltage at the output of the receiver as the battery
voltage is fixed on an EV [17]. Much research has been done to
improve the power density, misalignment tolerance, and leakage
emissions around the vehicle [18], [19], [20], [21], [22].

Three-phase stationary topologies have been studied for
mostly unipolar and a few bipolar structures [23], [24], [25],
[26], [27]. The existence of the interphase mutual inductance
cannot be ignored in most cases and needs to be considered for
determining the resonant frequency for multiphase systems.

One of the major challenges in a three-phase system coil
design is the coil span, as it becomes smaller compared to a
single-phase system, considering the coils need to fit in the
same area. A solution to this problem is to fit multiphase coils
into more than one layer [26], [28]. This strategy helps make
the individual coil spans larger, which, in turn, helps achieve
improved coupling. However, increased wire length can also
yield higher losses, eventually reducing the system’s efficiency.

This article proposes a novel three-phase double-layer over-
lapping winding (OW) based WPT system to overcome this
constraint. The topology is presented in [28] with initial finite
element analysis (FEA) results. The coils in the proposed system
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Fig. 1. Three-phase WPT topologies. (a) Single layer (SLNW) with coil span
of 60°. (b) Double layer (DLOW) with coil span of 120°. (c) Triple layer (TLOW)
with coil span of 180°.

have been designed to provide a satisfactory level of coupling
with a shorter coil length. In addition, optimization has been
carried out to maximize efficiency while maintaining the SAE
J2954 standard [29]. A single-layer nonoverlapping winding
(NW)–based three-phase WPT system has also been developed
to certify the effectiveness of the proposed overlapping design.
The optimized versions of both models have been compared in
electromagnetic simulations. Moreover, a prototype of DL-OW
based WPT system has been developed and tested.

The article starts with the winding structure development of
the proposed WPT system and coil loss compared with other
WPT structures in Section II. Section III describes the struc-
ture of the inductance matrices and the optimization method
to finalize the dimensions of the proposed three-phase WPT
system. A simulation-based performance comparison between
the proposed and conventional WPT systems has been carried
out in Section IV. The experimental results are demonstrated in
Section V. Finally, Section VI concludes this article.

The current study includes several important contributions.
Prototype development and experimental results of the proposed
WPT system have been added. A comprehensive description of
other three-phase WPT coil structures has been added along with
the analysis of the inductance matrix. Moreover, steady-state
thermal analysis has been included in the study to check the Tx
and Rx coil temperature distribution. Finally, a misalignment
study of the proposed WPT system has also been done.

II. WINDING STRUCTURE DEVELOPMENT AND COMPARATIVE

LOSS ANALYSIS OF A THREE-PHASE WPT SYSTEM

Single-layer NW (SLNW) with a coil span of 60°, double-
layer OW (DLOW) with a coil span of 120°, and triple-layer
OW (TLOW) with a coil span of 180° are the options discussed
for three-phase WPT topologies [4], as shown in Fig. 1. All
windings are on the same layer for the SLNW structure, as shown
in Fig. 1(a), resulting in a same self-inductance for the individual
windings and the same mutual inductances for the winding pairs;
therefore, producing a balanced inductance matrix. This coil
structure is easier to manufacture but suffers lower coupling
between the transmitter and receiver. Although the amount of
copper is less, a higher amount of current is required to flow

Fig. 2. Per-phase coil structure of the proposed overlapping winding, with
180° coil span. (a) Per-phase winding structure. (b) Overall winding structure.

to achieve the desired amount of power transfer due to lower
coupling. As a result, the copper loss increases, lowering system
efficiency.

In a double-layer structure, as shown in Fig. 1(b), layer-1
consists of all the negative coils (A-, B-, C-) and layer-2 consists
of all the positive coils (A+, B+, C+), and therefore, winding
on layer 1 and layer 2 has two different sets of self and mutual
inductances. However, windings with different polarities of the
same phase can be connected in series to obtain an overall
balanced inductance for a double-layer structure with a coil span
of 120°. This coil structure offers higher coupling between the
transmitter and receiver. The triple-layer structure with a coil
span of 180° can generate the highest coupling even more than
other structures. However, for the 180° coil span, each layer
contains a unique phase, and they are not equidistant from the
ferrite layer, which creates a natural unbalance of self and mutual
inductances.

A. Proposed Coil Structure of Three-Phase Windings

A novel two-layer structure with a coil span of 180° is pro-
posed in this study to maximize the coupling with a balanced
self and mutual inductance matrix. In this proposed three-phase
WPT, each phase contains two coils. Each phase coil has an
overlapping portion going linearly through the center. The half-
circle arc for each bipolar structure has half of it on the top layer
and half at the bottom as shown in Fig. 2.

The overall coil structure is circular shaped, overlapping the
bipolar structures for the phases every 60° toward the center.
Since half portion for positive coils (A+, B+, C+) and negative
coils (A-, B-, C-) are in the top layer and the other half is in the
bottom layer, and the positive and negative coils are connected
in series, every phase is symmetric to ferrite layer. It produces
a balanced self and mutual inductance matrix. Moreover, the
direction of the current flow in the winding has been set in
such a way that the flux generated in the overlapping coils of
a phase adds up. This phenomenon results in higher coupling
between the transmitter (Tx) and receiver (Rx). The direction of



CHOWDHURY et al.: THREE-PHASE OVERLAPPING WINDING–BASED WIRELESS CHARGING SYSTEM FOR TRANSPORTATION APPLICATIONS 16247

Fig. 3. (a) Front view of the proposed three-phase WPT system with ferrite
core and aluminum shield. (b) Isometric view of the WPT system.

Fig. 4. Magnetic flux density through the center of the proposed WPT system
along the XY-axis.

current flow in the proposed three-phase WPT system is shown
in Fig. 2(b).

The dimensions of the WPT system can vary based on ap-
plication requirements. In [30], the 7.7-kW system used a coil
dimension of 600 mm × 800 mm with a 200-mm gap. The
efficiency comparison of a 7.7-kW WPT system has been done
with Tx and Rx coil dimensions of 470 mm × 95 mm and
470 mm × 365 mm, respectively in [31]. In [32], a 7.7-kW WPT
system designed for EVs uses a rectangular coil with Tx and Rx
dimensions of 364 mm × 364 mm and 329 mm × 329 mm,
respectively. However, the dimension of the proposed coil will
be determined based on an optimization.

The three-phase WPT system with Tx and Rx has been shown
in Fig. 3. The windings are supported by a ferrite layer under-
neath and above the Tx and Rx coils, respectively. Each of the
coils is equidistant from the ferrite layers, and thus when there
is an alternating current flowing through them, the flux pattern
will be uniform and symmetrical. The Tx and Rx pads were
kept at a separation of 200 mm. The core layers of the Tx and
Rx coils keep the magnetic flux concentrated between the Tx and
Rx pads at the resonant frequency. The absence of core layers
would have resulted in higher leakage flux and thus reduced
mutual inductance. A picture of the rotating magnetic field can
be seen along the XY plane going through the middle of the
pads, as shown in Fig. 4. The rotating magnetic flux lines from
the FEA-based simulations are seen to be rotating in a clockwise
direction for the ABC sequence with the phase change.

In a three-phase overlapping wireless charging system, when
ac current is passed through each coil, it creates its own magnetic

Fig. 5. Magnetic flux density through the center along the XY-axis with
individual phase excitation (phase A).

field. The rotating magnetic field is created here by the phase
difference between the ac currents flowing through each coil
(120°), as shown in Fig. 4. Due to the spatial displacement of
the windings, the magnetic field created by each phase is also
displaced by 120° from each other. If the phases were excited
individually, as shown in Fig. 5, where only phase A is excited,
the magnitude gradient of the flux density is lower than when
the excitation is three-phase.

B. Comparison of Coil Losses Between the Proposed and
SLNW Three-Phase Topologies

The winding function of both SLNW and the proposed WPT
system has been developed to start the analysis. Both the wind-
ings have the same inner and outer diameter, and the same air
gap separates the Tx and Rx coils. The winding function can be
considered as the MMF distribution for a unit winding current
[33]. The MMF is expressed as

τ (θ) = n (θ) i (1)

where n(θ) is the turns function and <n> is the average of the
turns function over an interval. The winding function N(θ) can
be expressed as

N (θ) = n (θ)− 〈n〉 . (2)

The turns function n(θ) depends on the reference position
selected for the angle θ. The reference location for θ also affects
the winding function N(θ) by introducing an arbitrary phase
shift in the function. For a comparative analysis between two
winding configurations, it is useful to define θ such that N(θ) will
be unique for a given winding distribution. Due to the phases
being 120° apart, the turns function of the two topologies can
be represented by using the following equation:

n (θ) = nca cos θ + ncb cos (θ − 120) + ncccos (θ − 240)
(3)

where nca, ncb, and ncc are the winding pattern instantaneous
values of the three phases of the coils. The value of <n> in (2)
turns out to be zero for both topologies. Fig. 6 represents the
winding function for both topologies with a 0° reference angle.

If the number of turns is equal, then (3) can be represented as:

n (θ) = Ns cosθ +Ns cos (θ − 120) +Nscos (θ − 240) (4)

where nca = ncb = ncc = Ns. A balanced three-phase current
excitation can be written as

ia (t) = Is cos (2πft)

ib (t) = Is cos (2πft− 120◦)

ic (t) = Is cos (2πft− 240◦) (5)
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Fig. 6. Winding function for a reference angle of 0° of (a) proposed coil
structure and (b) single-layer SLNW-based coil.

where Is is the peak value of the current and f is the frequency
of the excitation. So, the resultant magnetomotive force (MMF)
can be expressed as

F (θ, t) = Fa (θ, t) + Fb (θ, t) + Fc (θ, t)

= NsIs[cos θcos (2πft)

+ cos (θ − 120◦)× cos (2πft− 120◦)

+ cos (θ − 240◦)× cos (2πft− 240◦)]

=
3

2
NsIscos (θ − 2πft) . (6)

So, the resultant MMF in the proposed three-phase WPT
system will be rotating in nature and the direction will be radial.

The winding function can be considered as the MMF distri-
bution for a unit winding current. If both winding topologies
are to be operated under the same dc link voltage or the same
MMF (Vpr and VSLNW for the proposed and SLNW topologies,
respectively) and the rate of change of flux is approximated
identical for both topologies, the SLNW-based topology needs
to have twice the number of turns compared to the proposed
DLOW design based on the following equation:

Vpr

VSLNW
=

2Npr

NSLNW
(7)

where Npr and NSLNW are the number of turns in the coil for
the proposed and SLNW topology, respectively.

If the total coil loss of the proposed design is Ploss(coil-pr) with
NOW turns and Ploss(coil-SLNW) for the SLNW-based design with
NSLNW turns, the relation between the coil losses can be found
as

Ploss(coil−pr)

Ploss(coil−SLNW)
=

Rpr

(
I2tx(pr) + I2rx(pr)

)

RSLNW

(
I2tx(SLNW ) + I2rx(SLNW)

) (8)

where Rpr and RSLNW are the wire resistances for the proposed
and SLNW, respectively. To reduce the skin effect, Litz wires
are used for high-frequency WPT systems, where each thin wire
is individually insulated and stranded into a thicker conductor.
Considering the same current through the coils, the equation
reduces to the ratio between the coil resistances. Based on the
relationship developed in (7), the relation between the number

of turns required to generate the same amount of MMF can be
shown as

Npr ≈ 0.5NSLNW. (9)

If the coils are said to have the same outer diameter, the
approximate length of the coils can be found. If the radius of
the coil structure is r, then the coil length per turn in each phase
for the proposed DLOW and SLNW-based designs based on
geometrical approximation can be written as

lpr = (πr + 2r)× 2 = r (2π + 4) (10)

lSLNW =
(πr

3
+ 2r

)
× 2 = r

(
2π

3
+ 4

)
(11)

lpr

lSLNW
= 1.687. (12)

Considering the same volume for the proposed and SLNW
topology, the relation between the radii of the cross-sectional
areas can be expressed as

r2pr

r2SLNW
=

lSLNWNSLNW

lprNpr
(13)

where the coil cross-sectional areas are Apr and ASLNW and
the radii of the cross sections are rpr and rSLNW. The relation
between the cross sections can thereby be found as

Apr

ASLNW
=

πr2pr

πr2SLNW
= 1.185. (14)

Using (6)–(10), the relation between the coil resistances and
coil losses can be found as

Ploss(coil−pr)

Ploss(coil−SLNW)
≈ Rpr

RSLNW
=

ρlprNpr

Apr

ASLNW

ρlSLNWNSLNW
=0.712.

(15)
So, the proposed DLOW yields around 28.8% less coil loss

compared to the NW with the same dimension and currents.

III. INDUCTANCE MATRIX AND COMPENSATION NETWORK

A. Inductance Matrix of the Three-Phase WPT System

As described earlier, the proposed WPT system utilizes three-
phase OW windings on both the transmitter and receiver sides.
The presence of a higher number of coils makes the formation
of the inductance matrix more critical for a three-phase WPT
system. The three-phase wireless charging system is represented
with equivalent inductance parameters as shown in Fig. 7. The
coils in the Tx and Rx coils are labeled as L_t and L_r with
subscripts a,b,c representing the three phases. The inductances
Mt and Mr with subscripts a, b, and c represent mutual induc-
tances between Tx coils or Rx coils, whereas the terms M_tr
and Mtxry represent the mutual inductances between Tx and Rx
coils. M_tr represents the mutual inductance between coils of
the same phase and Mtxry between the adjacent ones.

The three-phase WPT system consists of several mutual in-
ductances as there are multiple coils in the system, and each
will have a mutual flux linkage due to being in proximity of the
other. The inductance matrix for the three-phase WPT system
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Fig. 7. Coils and their corresponding cross-coupling inductances of a three-
phase magnetically coupled system.

can be shown as where Va, Vb, and Vc are the phase voltages for
phases a, b, and c, respectively. If the coils on each phase are
identical, the matrix in (16) shown at the bottom of this page, will
be a symmetric matrix. If the Tx and Rx coils are identical, the
self-inductance and mutual inductances can be simplified into
common terms. The 6 × 6 matrix is simplified with four distinct
inductance values. The matrix becomes a symmetric matrix as
shown in the following equation:

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

L −M −M Mtr −Mtxry −Mtxry

−M L −M −Mtxry Mtr −Mtxry

−M −M L −Mtxry −Mtxry Mtr

−Mtr −Mtxry −Mtxry L −M −M

−Mtxry −Mtr −Mtxry −M L −M

−Mtxry −Mtxry −Mtr −M −M L

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

(17)
where L represents the coil self-inductances, M is the maximum
mutual inductance between phases for either the Tx or the Rx
coils, Mtr is the mutual inductance between the same set of Tx
and Rx coil pairs, and Mtxry is the mutual inductance between the
different Tx and Rx coil pairs. In case of any parameter (e.g., coil
turns, coil span, coil inner, and outer diameter) inconsistencies in
any phase, the inductance matrix will be asymmetric and the self-
inductance values will be different. This will reduce the coupling
coefficient, efficiency, and power transfer capability of the three-
phase WPT system. Furthermore, phase currents will also be
imbalanced because of this. These unbalanced currents will also
increase the size of the power converter and the thermal stress
will be different in each phase. When the primary and secondary
voltages and currents are balanced, the three-phase system can
be transformed into an equivalent single-phase WPT system [5],

[23]. The equivalent coil inductances can be expressed as

L′ = L+M. (18)

B. Compensation Networks

Due to the significantly large air gap between the Tx and Rx
coils, the coupling coefficient between these coils is relatively
lower. Thus, resonant tuning is needed with capacitive compen-
sation to achieve a power factor correction and, thus, improve
system efficiency.

The most common forms of compensation topology for
single-phase WPT systems are series–series, series–parallel,
parallel–series, parallel–parallel, LCC-S, and LCC-LCC com-
pensation. Each topology has its pros and cons and is a separate
scope of research. The LCC configuration is the most frequently
used multicomponent compensation topology for a WPT system
and is more suitable for misaligned cases, especially for dynamic
wireless charging systems, where the coupling coefficient is
constantly changing. As the coil currents are independent of
the coupling for the LCC compensated topology [34], it is more
suitable for dynamic charging and misaligned coils.

For polyphase systems, the compensation network can be
either Y or Δ connected or a combination of both [34], so four
different combinations can be possible (Y-Y, Y-Δ, Δ-Y, Δ-Δ).
Compensation networks like LCC have not been implemented
as they will create a more complex system to achieve perfect
resonance in an already complex polyphase network involving
multiple cross-coupling terms. For Y-Y and Δ- Δ connected
systems in a perfectly balanced condition, the compensation
capacitor values can be determined using the following equation:

C ′ =
1

ω2L′ . (19)

Similarly, forΔ-Y and Y-Δ configurations, the compensation
capacitor values can be determined as [10]

C ′ =
1

3ω2L′ (20)

C ′ =
3

ω2L′ . (21)

IV. COMPARISON OF COIL TOPOLOGIES UNDER THE SAME

OPERATING CONDITIONS

This section primarily provides the efficiency comparison
between SLNW and the proposed winding structure. Moreover,
the proposed WPT structure’s inductance matrices are being
compared with the state-of-the-art TLOW winding structure. At

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

Va

Vb

Vc

0

0

0

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
=

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

Lta −Mtab −Mtca Mtr −Mtarb −Mtarc

−Mtab Ltb −Mtbc −Mtarb Mtr −Mtbrc

−Mtca −Mtbc Ltc −Mtarc −Mtbrc Mtr

Mtr −Mtarb −Mtarc Lra −Mrab −Mrca

−Mtarb Mtr −Mtbrc −Mrab Lrb −Mrbc

−Mtarc −Mtbrc Mtr −Mrca −Mrbc Lrc

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

Ita

Itb

Itc

Ira

Irb

Irc

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

(16)
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Fig. 8. Circuit prototype for testing the three-phase WPT system with series–
series compensation network.

first, a Simulink-based three-phase WPT system was developed
with a series–series compensation. The inductance matrix calcu-
lated from 3-D FEA simulation has been provided to represent
the three-phase winding in this system. Based on the developed
WPT system, an optimization method has been implemented to
maximize the overall efficiency of conventional SLNW and the
proposed three-phase WPT structure.

A. Optimization of the OW-Based Designs

To find the optimized conventional SLNW and proposed
OW-based three-phase wireless charger pad design, an optimiza-
tion scheme was developed. An SAE-standardized single-phase
wireless charger system described in [35] has been chosen as the
benchmark model for this purpose. The Tx and Rx coil shape is
circular for the single-phase benchmark model. The Tx and Rx
coil dimensions are 650 mm × 500 m and 380 mm × 380 mm,
respectively. Both Tx and Rx coils used Litz wire with 1260
strands of AWG 38 insulated wires. The equivalent external
diameter of the coil is 5 mm. The bulk coil outer diameter, height,
and thickness were changed for each case to obtain the initial
set of designs. Based on the design constraints, the second set
of designs was filtered, and the final design was chosen with the
highest system efficiency. For each design set, the FEA simula-
tions were performed. The simulation and test platform included
a dc supply, a three-phase inverter, the compensation networks,
a three-phase rectifier, and a resistive load, as shown in Fig. 8.

The detailed flowchart to achieve the optimized design is
shown in Fig. 9.

The inverter’s output terminals were connected to the Tx coils
operating at 180° conduction mode, where the line-to-line (L-L)
voltages and phase currents are separated by 120°. The Litz
wire ac and dc resistances were used to calculate coil losses
based on standard resistance methods. The coil currents from
the simulation model were used to calculate the FEA model’s
core and shield losses. The core material chosen was 3C95
material by Ferroxcube. For the specific type of ferrite, the
Steinmetz parameters were found from the core loss versus
frequency model for power ferrite. The inverter switching and
conduction losses were calculated for the SiC modules used
on the experimental prototype. The rectifier diode losses were
calculated for the prototype diode module based on ultrafast
Schottky diodes. The final parameters of the proposed system
are shown in Table I.

B. Simulation Results

The series compensation capacitors cancel the leakage flux
and higher-order harmonics. As a result, the currents only have

Fig. 9. Brute-force optimization flowchart of three-phase WPT system.

TABLE I
FINAL DESIGN PARAMETERS OF THE PROPOSED SYSTEM

Fig. 10. Tx and Rx currents of the three-phase OW-based WPT system for
7.7 kW output power with Vbattery = 310 V.

fundamental Tx and Rx coil currents of the final three-phase
DLOW-based design operating at 85 kHz, as shown in Fig. 10 .

To measure the magnetic field emissions of the WPT system,
an observation circle with a radius of 800 mm from the center
of the Tx coils was created, as shown in Fig. 11.

According to ICNIRP guidelines, the rms value of the leakage
flux at an 800 mm distance from the center of the pads should
be less than 27 μTRMS. According to the figure, the leakage
flux is below the threshold for any phase. The magnetic field
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Fig. 11. Magnetic field density at different phases, i.e., (a) 0°, (b) 42°, (c) 84°,
(d) 190°, (e) 232°, and (f) 317°, around an 800-mm circle around the center of
the Tx pads.

Fig. 12. Magnetic field vector lines along the vertical YZ-axis.

intensity keeps changing with an elliptical shape, but it does not
exceed the limit provided by ICNIRP. An additional aluminum
shield was placed in addition to the aluminum shield attached
to the Rx coil to further reduce emissions inside the vehicle for
passenger protection. Fig. 12 shows the direction of the magnetic
flux vectors with the phase change. The magnetic field lines
were suppressed with the addition of the shield layer above the
Rx pad. The total coil current is passing through each of the
compensation capacitors per phase so it is evident that these
voltages across the capacitors will be high as the impedance of
the capacitors will be high due to the high switching frequency.

To check Tx and Rx coil temperature, steady-state thermal
analysis has been done for the proposed WPT system. The loss
per volume values for coil, ferrite, and aluminum shield have
been provided as inputs in the analysis. Furthermore, the con-
vection heat transfer coefficient of 1 W/m2K has been considered
for the outer surface. The coil temperature distribution from the
thermal analysis has been shown in Fig. 13.

The maximum temperature in Tx and Rx coils is 53.6 °C and
68.72 °C, respectively. Although steady-state thermal analysis
shows a temperature gradient in coil geometries, the gap between
the maximum and minimum temperature is low.

Fig. 13. Temperature distribution of (a) Tx coil and (b) Rx coil.

TABLE II
OPTIMIZED DESIGN PARAMETERS OF SLNW AND PROPOSED WPT SYSTEMS

For comparative analysis between the proposed DLOW and
conventional SLNW coils, the overall coil weight was kept the
same for both designs. Also, the ferrite core thickness and shield
thickness were kept the same. As a result, the power densities
for both the proposed and SLNW-based systems are equal. The
parameters found from the final OW and NW-based design
simulation are given in Table II.

The simulation results show that the ratio between the coil
losses for the proposed and SLNW designs is 0.65, which is very
close to the predictions made in (12). The overall gravimetric
power density of the proposed system turned out to be 6.0%
higher than the benchmark single-phase WPT model and 2.90%
higher in terms of system efficiency. Compared to the three-
phase NW system, the proposed OW offers 0.9% more efficiency
maintaining similar volumetric and gravimetric power density.
The optimized design and simulated efficiencies use the same
power electronic converter parameters for all the cases for a fair
comparison. Moreover, a slightly higher switching frequency
has been used to operate above resonance to maintain a lagging
current, which helps to discharge the output capacitors of the
MOSFET during the dead time and bring the voltage to zero level
before the MOSFET is turned ON. This zero voltage switching
(ZVS) has been considered for all the cases to eliminate the turn
ON losses of the converter. The detailed performance analysis
for the three systems is summarized in Table III.

The proposed three-phase DLOW design has 2.9% higher
efficiency than that of the benchmark model. A three three-phase
WPT system generates smaller per-phase current amplitudes
for the system, which helps to reduce the copper loss. The
rms currents in Tx and Rx coil of the single-phase benchmark
model are 81.6 A and 21.3 A, respectively. On the other hand,
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TABLE III
PERFORMANCE COMPARISON BETWEEN THE BENCHMARK SLNW AND

PROPOSED DLOW WIRELESS CHARGING SYSTEMS

TABLE IV
SIMULATED INDUCTANCE MATRIX (IN µH) BETWEEN THE COILS OF THE

PROPOSED WPT SYSTEM

TABLE V
SIMULATED INDUCTANCE MATRIX (IN µH) BETWEEN THE COILS OF THE

TLOW WPT SYSTEM

TABLE VI
SIMULATED INDUCTANCE MATRIX (IN µH) BETWEEN THE COILS OF THE

DLOW WPT SYSTEM WITH 120° COIL SPAN

in the proposed structure, the rms currents in Tx and Rx coil are
23.08 A and 19.46 A, respectively.

Tables IV and V show the simulated inductance matrices for
the proposed DLOW and TLOW winding structures, respec-
tively. Although the coil span of these two structures is the same,
the proposed structure shows superior performance in balance
inductance matrices. The same optimized parameters for the
proposed system are used to calculate the inductance matrices
for the TLOW WPT system.

Table VI shows the simulated inductance matrix of the DLOW
WPT system with a 120° coil span. The number of turns and
inductances have been calculated considering the same dc link
operating voltage. The mutual inductance values between the
transmitter and receiver of the same phase are lower in this
configuration. As a result, the resulting coupling coefficient
will be lower compared to the proposed structure. Although

Fig. 14. Tx and Rx currents of the three-phase OW-based WPT system at
maximum misaligned conditions along X (100 mm) and Y (75 mm) axes, for
7.7 kW output power and Vbattery = 310 V.

TABLE VII
LOSSES ON THE PROPOSED WPT SYSTEM FOR MAXIMUM LATERAL

MISALIGNMENT (ΔX = 100 MM, ΔY = 75 MM)

this structure provides lower copper loss due to the absence
of end winding, it has the disadvantage of a lower coupling
coefficient than that of the 180° span. Considering this, DLOW
with a 180° span can be considered the optimal solution for high
power transfer applications.

This study also examines the effect of coil misalignment for
the proposed three-phase DLOW system. According to the SAE
J2954 standard, the following two parameters are important
to evaluate the performance of the WPT system during the
misalignment: 1) the distance between the Tx coil and the lateral
side of the vehicle and 2) the distance between the Tx coil
and front (or back) side of the vehicle [29]. In this study, the
performance of the proposed WPT system was checked for
lateral misalignment at Δx = 100 mm and Δy = 75 mm. Fig. 14
shows Tx and Rx phase currents during the misalignment.

Table VII shows the output parameters of the WPT systems
operating with the misalignment. All the loss components of the
proposed WPT system increased during the misalignment. As a
result, the efficiency of the WPT system drops from 94.9% to
92.82%.

V. EXPERIMENTAL PROTOTYPE DESIGN AND VALIDATION

A. Prototype System

The experimental prototype of the three-phase WPT system
is shown in Fig. 15(a). It has the same outer diameter with
two-layer overlapping coils as the proposed structure. The start
and end terminals of each phase coil were from the same slot
and each phase terminal was 120° apart from each other. The
coils were supported by a Plexiglas sheet, followed by a layer of
ferrite and an aluminum shield. Fig. 15(b) shows the three-phase
SiC MOSFET-based inverter used for validation. It uses Cree’s
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Fig. 15. (a) Experimental coil setup showing the winding pattern at 120° phase
apart. (b) SiC three-phase inverter used for experimental validation.

Fig. 16. Experimental setup at the perfect alignment between the coils.

TABLE VIII
MEASURED INDUCTANCE MATRIX (IN µH) BETWEEN THE COILS OF THE

PROPOSED WPT SYSTEM USING LCR METER

three SiC half-bridge modules (1200 V/325 A) and gate drivers
(UCC21750) from Texas Instruments.

Fig. 16 shows the overall prototype system. For the
uncontrolled rectifier, three ultrafast diode modules (VS-
UFB280FA40) from Vishay were used for the three legs. The in-
verter consists of 340μF dc capacitor bank at the input terminals
with a common mode electromagnetic interference choke for the
reduction of electromagnetic interference. A Texas Instrument
TMS320F28377D DSP-based control board has been used to
generate the three-phase open loop voltage pattern required to
drive the proposed three-phase WPT system.

The self and mutual inductances of the proposed WPT system
have been measured using an Agilent E4980A precision LCR
meter. The measured inductance matrix of the proposed three-
phase WPT system for the perfectly aligned condition is shown
in Table VIII. The matrix is symmetric, as claimed in (14).

B. Experimental Results

The system was tested at 2.4 kW output power to validate
the system’s performance. Fig. 17 shows the Tx L-N voltages
and line currents of the three phases and the Rx coil currents.
To operate the inverter at ZVS, the WPT system was operated

Fig. 17. Measured line currents with L-N voltages for Tx coil for the proposed
three-phase WPT system operating at 86 kHz resonant frequency at perfect
alignment with 2.4 kW output power. (a) Tx: Van versus Ia. (b) Tx: Vbn versus
Ib. (c) Tx: Vcn versus Ic.

Fig. 18. Measured line currents (Tx side) of the proposed three-phase WPT
system operating at 86 kHz resonant frequency at perfect alignment with 2.4 kW
output power.

slightly higher than the resonant frequency, which minimizes
the switching loss at the inverter.

The ripples on the line-neutral voltage waveforms in Fig. 17
are due to a high-frequency common-mode voltage showing up
on the neutral point. The larger and unequal cable length for neu-
tral point connections, as shown in Fig. 13, of the transmitter and
receiver coil also caused this common mode voltage bouncing.
A Yokogawa WT3000 power analyzer was used to measure the
dc input power, dc output power, and dc–dc system efficiency.

The balanced coil structure of the proposed system generates
balanced line currents, as shown in Fig. 18. Fig. 19 shows the
magnetic field emissions at 800 mm distance from the center
of the coils. The leakages were below the threshold limits
(27 μTRMS) for the target output power.

The system was further tested up to 5 kW output power as
shown in Fig. 20, but due to limitations of the resonant capacitor
and diode current ratings, the system was scaled down to be
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Fig. 19. Magnetic field emissions at perfectly aligned conditions with peaks
along the three axes located near 86–88 kHz frequency, resulting in maximum
leakage flux around 2.42 µT.

Fig. 20. Output voltage and power at perfectly aligned conditions of the
proposed system operating at 37.7 kHz switching frequency with 5.04 kW output
power across the load terminal.

Fig. 21. Current waveforms of the three-phase WPT system working at
37.8 kHz resonant frequency for 5 kW output power showing (a) Tx currents
and (b) Rx currents.

tested at 37–38 kHz frequency. Also, due to the lower operating
frequency, the air gap between the Tx and Rx coils was lowered
to 150 mm instead of 200 mm to achieve better coupling and
less leakage for safer operation. The measured efficiency of the
proposed WPT system is found to be 93.55%, which supports
the claim of efficiency improvement compared to the benchmark
system. Fig. 21 shows the Y-Y connected coil currents on the
Tx and Rx coils from the simulation and experimental setup for
5 kW output power.

VI. CONCLUSION

A 7.7-kW three-phase WPT system based on OWs has been
presented in this study for fast charging of EV powertrains.
A comparative analysis for a single-layer and proposed
double-layer winding-based three-phase system was shown
with simulation results. The system efficiency of the proposed
topology came out to be 94.93%, which was 2.93% higher
than the benchmark model and 0.81% higher than the existing
three-phase nonoverlapping topology. An identical experimental
prototype was built using 800/38 Litz wires, and the balance
inductance matrix claim has been experimentally validated.
The proposed system has been tested at 86 kHz resonant
frequency and 2.4 kW output power condition, and at 37 kHz

resonant frequency with 5.04 kW output power, resulting in
93.55% system efficiency, proving the proposed WPT structure
compared to the benchmark system.

The main advantages of the proposed three-phase DLOW
system include scalability, flexibility, and high power transfer
capability. The proposed system can be scaled up to meet high
power (∼100 kW or above) requirements. In that case, the im-
provement in terms of efficiency, power density, and coil weight
would be much higher than single-phase WPT systems. In ad-
dition, the proposed three-phase WPT system has the flexibility
of changing winding configuration (coils per turn, end winding
length, etc.) to adjust system requirements. Furthermore, the
power converter of the three-phase WPT system requires less
capacitance and rms current stress in the capacitor in the rectifier
stage than the single-phase WPT. It increases converter power
density and lifetime. As a result, the proposed structure provides
a more efficient solution to transfer a high amount of power much
faster than the conventional state-of-the-art options. However,
the Litz wire bending on the proposed solution will increase
the overall volume slightly. More advanced techniques, such
PCB-based winding, could be a scope of future study to use the
proposed scheme without impacting the volume due to bending.

The future works of the study include the development of
3-D printed fixtures to maintain the consistency of the proposed
DLOW coils. Moreover, maintaining the concentricity of Tx and
Rx coils to reduce the deviations in the inductance matrix is a
priority. The current mechanical assembly is not suitable for
conducting performance analysis during the misalignment. So,
the development of a new mechanical assembly and experimen-
tal validation of the three-phase WPT system for misalignment
has also been included in a future study.
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