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Abstract—The mass and volume of wireless power transfer
(WPT) systems for charging electric vehicles are directly related
to the rated power of the system. The difficulties of high-power
wireless charging are exacerbated by the need to meet the same
practical constraints associated with vehicle integration as lower
power systems. Therefore, more advanced techniques are necessary
to improve power density and specific power of wireless charging
systems for high-power applications. This article presents theory
and analysis of three-phase inductive WPT systems with bipolar
phase windings. Magnetic coupler topologies and the theoretical
and practical aspects of series three-phase resonant compensa-
tion networks are discussed. The systems under consideration are
designed to utilize rotating magnetic fields to achieve a power
transfer characteristic that is temporally smoother than single-
phase systems. Other benefits associated with rotating magnetic
field based WPT, including reduced ferrite mass, filter component
requirements, and electromagnetic field emissions, are discussed.
Experimental results of a prototype system are presented in both
aligned and misaligned configurations. The system is demonstrated
transferring 50 kW with 95% dc-to-dc efficiency over a 150-mm
airgap in the aligned case. On a per-pad basis, the magnetic couplers
achieve a power density of 195 kW/m2 and a specific power of
3.65 kW/kg. This article is accompanied by a video of the rotating
magnetic field produced by a simulated three-phase WPT system.

Index Terms—Electric vehicles (EVs), inductive charging,
resonance, three-phase electric power, tuned circuits, wireless
charging, wireless power transfer (WPT).
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I. INTRODUCTION

THE U.S. Department of Energy recently performed a tech-
nology gap assessment analyzing the technical barriers

preventing electric vehicle (EV) recharging powers from reach-
ing 400 kW [1]. This rate is projected to provide parity between
EV and traditional vehicle refueling times. High-power wireless
power transfer (WPT) is an attractive option for fast charging
because the user is not required to handle any high-power equip-
ment. WPT is also a key enabling technology for autonomous
vehicles. However, power transfer capability of WPT systems is
closely linked to the size and mass of the transmitter and receiver
pads. The feasibility of high-power WPT greatly depends on
the ability to improve the power density and specific power of
wireless charging systems.

Most WPT systems investigated in the literature are the
single-phase type [2], [3]. However, as WPT systems increase
in power, design constraints imposed by safety considerations
become more challenging to satisfy. Polyphase systems can
achieve higher power transfer capabilities given electromagnetic
field emissions and foreign object heating (touch safety) limits.
This is because polyphase systems can achieve a more uniform
magnetic field distribution, allowing better utilization of the
allocated space. Numerous three-phase WPT systems have been
investigated in the literature; they vary greatly in form and func-
tion depending on the particular application area. These systems
are typically differentiated by magnetic coupler topologies and
power electronics.

Most of the research associated with three-phase WPT sys-
tems has been performed in the context of dynamic EV charging
systems [4]–[18]. Some researchers have investigated three-
phase coupler topologies suitable for stationary charging of
EVs using unipolar phase windings [19]–[26]. Others have
developed three-phase WPT systems optimized for particular
applications such as unmanned vehicles [27]–[30], contactless
slipring systems [31], [32], and omnidirectional systems to cope
with arbitrary receiver alignment [33]–[36]. Multiple orthogonal
coil structures have been analyzed using the direct–quadrature–
zero transformation to provide six degrees of freedom charging
capability to Internet of Things devices using rotating magnetic
fields [37], [38].

Nonzero interphase mutual inductance has been identified as
a problem in three-phase WPT systems. When the interphase
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Fig. 1. Bipolar three-phase WPT coil system topologies. (a) Single layer with coil span of 60◦. (b) Double layer with coil span of 120◦. (c) Triple layer with coil
span of 180◦. The single-layer coil can achieve balanced inductances when the positive and negative poles are connected in series. Both the single- and double-layer
coils can achieve balanced phase inductances when the positive and negative poles are connected in series. The double-layer coil has unbalanced inductances when
the poles are connected in parallel since the top and bottom layers are different distances from the backing ferrite. The triple-layer coil is an unbalanced system for
the same reason.

mutual inductance is not accounted for in the resonant compen-
sation network, power transfer capability is compromised [25],
[26]. Some researchers have demonstrated it is possible to adjust
for the impact of the interphase mutual inductance in their
systems [16]–[20], [28], [39], [40]. An alternative approach
is to design the three-phase pads in such a way to eliminate
the interphase mutual inductance, allowing independent ex-
citation of the phases and improved misalignment efficiency
[21], [22].

Even when the interphase mutual inductance is accounted
for in balanced systems, unbalanced inductances still present a
problem. One study of three-phase track systems found that the
resonant network tuning must be modified to compensate for
unbalanced interphase mutual inductances [5]. One approach
included additional ferrite cores between the phases to improve
the current balance [6]. Other research derived tuning capacitor
equations for series-compensated wye-connected three-phase
resonant networks, which considered general unbalanced inter-
phase mutual inductances [39], [40].

This article extends previous work on three-phase WPT sys-
tems in several directions to improve power density and specific
power of WPT couplers. Planar bipolar three-phase coil topolo-
gies for static WPT are discussed. These couplers are designed
to utilize the field-shaping nature of the bipolar phase windings
to increase power transfer capability when designed to meet con-
straints imposed by safety standards. Resonant networks must
be tuned properly considering interphase mutual inductances. To
this end, a methodology is presented for tuning three-phase reso-
nant networks based on the Clarke transformation, generalizing
previous results for three-phase systems with both balanced and
unbalanced interphase mutual inductances and nonorthogonal
coil structures. Using this methodology, tuning capacitor expres-
sions are derived for four three-phase series resonant networks,
two of which have not been previously analyzed in the literature.

A prototype of the most promising coupler topology and two
resonant networks are tested in both aligned and misaligned
conditions.

This article is structured as follows. Section II presents three
different bipolar three-phase WPT coil system topologies along
with an introduction to their operational theory. Section III
develops a general statement of resonance conditions for
polyphase systems. Section IV presents a tuning methodology
for series-compensated three-phase resonant networks based on
the Clarke transformation. Section V compares several cou-
pler topologies designed to maximize power under magnetic
field emissions constraints in order to quantify the benefits of
three-phase topologies. Section VI presents details of a proto-
type system. The corresponding experimental results appear in
Section VII. Finally, Section VIII provides concluding remarks.

II. BIPOLAR THREE-PHASE COUPLER TOPOLOGIES

Three bipolar three-phase coil systems are represented
schematically in Fig. 1. Topologically, all the couplers are
constructed of three winding pairs. The individual windings
composing each pair are wound opposite in polarity. The sense
of the winding direction is indicated by a + or −. The systems
are bipolar in the sense that the flux produced by one coil has a
natural return path through its twin. For example, if the current
direction through phase A+ produces a flux in the positive z-
direction, then the current direction through phase A− produces
a flux in the negative z-direction.

Structurally, the coil systems differ in two respects: coil pitch
and number of layers. If the number of layers is nl, then the
coil pitch must be less than nl60

◦. Therefore, the maximum coil
pitch for one-, two-, and three-layer coil systems is 60◦, 120◦,
and 180◦, respectively. Because each layer is a different distance
from the backing ferrite, windings on different layers will have
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Fig. 2. Circuit diagram of three magnetically coupled inductors. (a) Wye
connection. (b) Delta connection.

different self-inductances. Similarly, the mutual inductance be-
tween any two phase windings will depend on the layer of each
pair.

Consider the single-layer system depicted in Fig. 1(a). Be-
cause all of the windings are on the same layer, all individuals
will have the same self-inductance, and all pairs will have the
same mutual inductance. In the double-layer system in Fig. 1(b),
the windings on layer 1 will have one set of self- and mutual
inductances, and the windings on layer 2 will have a different
set of self- and mutual inductances. However, the positive and
negative poles of each phase occur on different layers. There-
fore, when the individual phase windings in the double-layer
system are connected in series, the overall system has balanced
inductances. In the triple-layer system of Fig. 1(c), each layer
contains a unique phase. Therefore, this system has naturally
unbalanced inductances.

A. Three-Phase Coupled Inductors

The coil systems in Fig. 1 may be modeled as mutually
coupled three-phase inductors. Circuit diagrams for wye- and
delta-connected coupled inductors are shown in Fig. 2(a) and
(b), respectively. The inductances can be compactly represented
by a three-phase inductance matrix L given by

L =

⎡
⎢⎢⎣
La Mab Mca

Mab Lb Mbc

Mca Mbc Lc

⎤
⎥⎥⎦ . (1)

Because of the reciprocal nature of magnetic flux coupling
between two coils, L is symmetric. The matrix is uniquely
defined by three self-inductances (La, Lb, Lc) and three mutual
inductances (Mab, Mbc, Mca). Unless otherwise noted, unbal-
anced inductances (La �= Lb �= Lc andMab �= Mbc �= Mca) are
assumed. The mutual inductances are signed.

Given a frequency ω = 2π/T with period T , the impedance
matrix associated with the inductance matrix is ZL = jωL.
The complex valued inductor phase currents are given by the
current vector IL = [Ia Ib Ic]. In the wye-connected config-
uration, the line currents are equal to the phase currents. In the
delta-connected configuration, the line currents are equal to the
difference of the phase currents connected to the corresponding
line node. Mathematically, the line currents Il = [IA IB IC ]

T

can be written as

Il =

{
IL wye connection

DΔIL delta connection.
(2)

In (2), DΔ is a matrix taking the difference between adjacent
phase currents given by

DΔ =

⎡
⎢⎢⎣

0 −1 1

1 0 −1

−1 1 0

⎤
⎥⎥⎦ . (3)

The phase voltages associated with the coupled inductor sys-
tems are given by VL = ZLIL. In the delta-connected configu-
ration, the line-to-line voltages are equal to the phase voltages.
In the wye-connected configuration, the line-to-line voltages are
equal to the difference of the phase voltages connected between
the corresponding line nodes. Mathematically, the line-to-line
voltages Vll = [VAB VBC VCA can be written as

Vll =

{
DY VL wye connection

PVL delta connection.
(4)

In (4), DY is a matrix taking the difference between adjacent
phase voltages given by

DY =

⎡
⎢⎢⎣

1 −1 0

0 1 −1

−1 0 1

⎤
⎥⎥⎦ . (5)

The permutation matrix given by P is

P =

⎡
⎢⎢⎣
0 0 1

1 0 0

0 1 0

⎤
⎥⎥⎦ . (6)

A permutation matrix is necessary because, for example, the
phase A inductor in Fig. 2(b) appears across the BC terminals.1

B. Three-Phase WPT Systems

When two couplers are brought together—one ground assem-
bly (GA) and one vehicle assembly (VA)—the resulting WPT
system has a total of six coils. The system can be described by
a 6× 6 inductance matrix

Lgv =

[
Lgg Mvg

Mgv Lvv

]
(7)

and an associated 6× 1 current vector

IL,gv =
[
ITL,g ITL,v

]T
. (8)

The vectors IL,g and IL,v represent the GA and VA phase
currents, respectively. The inductance matrices Lgg and Lvv

1This may seem a curious convention, but it yields pleasantly symmetric
notational results for the tuning capacitor equations in Section IV-B.
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represent the self-inductances of the GA and VA as (1). The mu-
tual inductance matrices Mvg and Mgv represent the magnetic
coupling between the GA and VA where

Mgv =

⎡
⎢⎢⎣
Mva

ga Mva
gb Mva

gc

Mvb
ga Mvb

gb Mvb
gc

Mvc
ga Mvc

gb Mvc
gc

⎤
⎥⎥⎦ . (9)

The coupling between the GA and VA is symmetric. Therefore,
the full inductance matrix associated with the six-coil WPT sys-
tem is symmetric;Lgv = LT

gv . While it is true thatMgv = MT
vg ,

these matrices are not necessarily self-symmetric. Generally,
Mgv �= MT

gv andMvg �= MT
vg except in special circumstances.

Ideally, the power transfer rate will be independent of relative
rotations between the GA and VA. If this is the case,Mgv should
have a circulant structure given by

M◦
gv=Mgv

⎡
⎢⎢⎣

cos (θ) cos
(
θ − 2π

3

)
cos

(
θ + 2π

3

)

cos
(
θ + 2π

3

)
cos (θ) cos

(
θ − 2π

3

)

cos
(
θ − 2π

3

)
cos

(
θ + 2π

3

)
cos (θ)

⎤
⎥⎥⎦ .

(10)

The scalarMgv is the maximum mutual inductance between any
two phases and θ is the angle between the GA and VA.

C. Three-Phase Power Expressions

The power transfer of a three-phase WPT system can be
expressed either in terms of the coil currents or coil voltages.
Given vectors of GA and VA coil currents, the complex power
transferred from the GA to the VA is given by

P =

{
+jωIHv MgvIg

−jωVH
g M−1

gvVv

(11)

where Iv and Ig are vectors of complex RMS phase currents
and Vv and Vg are vectors of induced voltages resulting from
coupling between the GA and VA. The second expression is
derived from the first by noting that Vv = jωMgvIg and Vg =

jωMT
gvIv .

Assuming Mgv is circulant and that the GA and VA currents
have a phase difference equal to π/2 + θ, then the current
oriented power expression in (11) simplifies to

P =
9

2
ωMgvIvIg (12)

where Ig and Iv are the balanced GA and VA rms phase current
amplitudes, respectively.

For Y-connected coils, the amplitude of the compensated
phase voltages is given by the fundamental harmonic of the
line-to-neutral voltage of the inverter phases, which is equal
to 2/π · Vdc under balanced operation. For Δ-connected coils,
the amplitude of the compensated phase voltages is given by the
fundamental harmonic of the line-to-line voltage of the inverter
output, which is equal to

√
12/π · Vdc. Assuming the inverter

and rectifier voltages are balanced and have a phase differ-
ence of π/2 + θ, the voltage oriented power expression in (11)

Fig. 3. Definition of the α, β, and γ axes in relationship to the phase winding
placement. The α-axis is aligned with phase A; the β-axis is aligned with the
midpoint between phases B and C; the γ-axis is orthogonal to the other two,
pointing out of the coil plane.

simplifies to

P =

{
4
π2

Vdc,gVdc,v

ωMgv
Y-connected coils

12
π2

Vdc,gVdc,v

ωMgv
Δ-connected coils

(13)

for series compensated systems.

D. Clarke Transformation

The topologies in Fig. 1 are systems with three indepen-
dent variables that effectively exist in a two-dimensional (2-D)
space. An improved understanding and simplified description
of three-phase WPT systems can be obtained by transforming
the equations into an orthogonal coordinate system. This can be
done using the Clarke transformation, which is widely used in
the analysis of power systems.

The unitary αβγ transformation is given by the following
matrix:

T =

√
2

3

⎡
⎢⎢⎣

1 −1/2 −1/2

0
√
3/2 −√

3/2
√
2/2

√
2/2

√
2/2

⎤
⎥⎥⎦ . (14)

The matrix defining this version of the transformation is orthog-
onal, that is, its transpose is equal to its inverse

TTT = I. (15)

Note that the first two rows of T are samples of the vec-

tor
[
cos(ϕ) cos(ϕ− 2π/3) cos(ϕ+ 2π/3)

]
forϕ = 0◦ and

ϕ = 90◦. The relationship between the placement of phases A,
B, and C and the αβγ coordinate system is depicted in Fig. 3.
Theα-axis is aligned with the A+winding. Theβ-axis is aligned
at the midpoint between the B+ and C− winding. Conceptually,
the γ-axis—which represents the zero sequence—is oriented out
of the plane of the page.

The vector of phase currents IabcL is projected onto theαβγ co-
ordinate systems through multiplication by T

IαβγL = TIabcL =
[
Iα Iβ Iγ

]T
. (16)
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Fig. 4. Schematic representation of (a) α and (b) β modes. The arrows
represent the direction of the in-plane phase electrical currents and the colors
represent the magnitude and direction of the magnetic flux density out of the
plane of the page.

When a distinction must be made, superscripts abc and αβγ are
used to clarify the reference frame in which the variables are
expressed. Similarly, the inductance matrix Labc is mapped into
the αβγ reference frame using a similarity transformation

Lαβγ = TLabcTT =

⎡
⎢⎢⎣

Lα Mαβ Mγα

Mαβ Lβ Mβγ

Mγα Mβγ Lγ

⎤
⎥⎥⎦ . (17)

Generally, all of the 3× 1 vectors and 3× 3 matrices appearing
in this article are transformed the same way.

The result of exciting a bipolar three-phase coil system by
pure α and β currents is depicted schematically in Fig. 4. The
α mode produces a bipolar flux density distribution primarily
aligned with the phase A coils. The β mode produces a bipolar
flux density, which is rotated by 90◦ relative to the α-axis.

Finite-element simulations of single-, double-, and triple-
layer coil topologies are shown in Fig. 5. Compared to the
approximation in Fig. 4, the spatial flux density distribution
in more realistic systems is significantly complicated by the
discrete nature of the phase winding layouts. However, the
general interpretation of the modes is similar.

Finally, consider the case where α and β modes are excited
in quadrature, that is, let Iα = I , Iβ = jI , and Iγ = 0. In the
time domain, the current vector is aligned with theα-axis at time
t = 0. At time t = T/4, the current vector is aligned with the
β-axis. At intermediate times, the current vector is some linear
combination of α and β modes. The excitation of these modes
in quadrature results in a rotating current vector that produces a
rotating magnetic field.

E. Three-Phase Alternatives

1) Two-Phase Systems: Two-phase couplers may also be
used to create a rotating magnetic field. From a power electronics
perspective, the system architecture and control can be simpli-
fied by using two orthogonal direct and quadrature windings.
From a coupler design point of view, it is more difficult to
construct a two-layer bipolar two-phase system with balanced
inductances because each pole of each phase must occupy half of

the top layer and half of the bottom layer. Because Litz wire has
limited flexibility, significant space would have to be allocated
for the windings to transition between the top and bottom layers,
thus reducing winding space efficiency. This contrasts with the
three-phase two-layer topology, which transitions between the
top and bottom layers only when moving between the negative
and positive pole windings. Additionally, three-phase systems
will result in cancellation of triplen harmonics, which can
mitigate some electromagnetic interference issues and reduce
losses associated with prominent third harmonics. Three-phase
systems will also have significantly less dc-link current ripple
compared to two-phase systems.

2) Five-Phase, Seven-Phase, and Higher Phase Systems:
One may also consider five-phase, seven-phase, and higher
phase systems. Generally, these systems will have the benefit of
reduced dc-link current ripple. For planar couplers, power trans-
fer is proportional to 1) the number of layers, and 2) the coil span
of each phase. For a fixed number of layers, the coil span must
decrease as additional phases are added. However, larger coil
spans are generally preferred to maximize the coupling between
the GA and VA. Alternatively, additional layers may be added
but this will increase either the package thickness or winding
voltage, and exacerbate difficulties associated with inductance
imbalances. On the issue of harmonics, systems with a number
of phases greater than three may be consider suboptimal in the
sense that, since the third harmonic is typically the largest, it
is usually desirable to cancel this one rather than the fifth or
seventh if given a choice. It is not straightforward to conclude
that a higher number of phases would be better or worse than a
three-phase system for this type of application without further
analysis.

III. RESONANCE CONDITIONS

Because the magnetic coupling between GAs and VAs with
a large airgap is low, the operating power factor without any
capacitive compensation is rather poor. Resonant tuning is used
to achieve load-independent power factor correction, which
improves system efficiency. This section briefly reviews math-
ematical descriptions of resonance for single-phase systems,
describes the basic resonant network topologies for polyphase
systems, and develops methodology for their tuning.

A. Single-Phase Resonance Conditions

In single-phase systems, series resonant networks are char-
acterized by the property of zero impedance at the reso-
nant frequency. Let Z(ω) represent the frequency-dependent
impedance. Then, the resonant conditions for single-phase sys-
tems (assuming no losses) can be expressed as

Z (ω) = 0. (18)

An alternative interpretation of this condition is that main-
taining a sinusoidal current through an unloaded single-phase
series resonant network requires no input voltage. Let I be
the steady-state current through the series resonant network.
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Fig. 5. Bipolar three-phase coil system α and β excitation modes. The plots depict the z-component of the flux density on the surface of the ferrite along with
arrows representing the magnitude and direction of the impressed current density. The plots are normalized pairwise relative to the maximum flux density occurring
in the α excitation mode for each coil configuration. (a) Single-layer α-axis excitation. (b) Double-layer α-axis excitation. (c) Triple-layer α-axis excitation.
(d) Single-layer β-axis excitation. (e) Double-layer β-axis excitation. (f) Triple-layer β-axis excitation.

Then, the previous statement can be expressed as

Z (ω) I = 0. (19)

Given (18), it may seem unnecessary to explicitly state (19).
However, the interpretation of resonance as a relationship be-
tween steady-state voltage and current is important for under-
standing polyphase resonant circuits.

B. Polyphase Resonance Conditions

For polyphase systems, the resonant conditions in (19) can be
restated as

Z (ω) I = 0 (20)

where Z is the polyphase impedance matrix, and I is a vector of
currents. Because (20) is a vector equation, the interpretation of
polyphase resonance is more complex.

First, a resonant frequency is not necessarily restricted to
one that makes Z(ω) = 0 (i.e., the zero matrix). Rather, ω is
a resonant frequency of Z(ω) if there exists some vector u such
that the pair (ω,u) satisfies Z(ω)u = 0. This is the same as
saying thatω is a resonant frequency of the network ifZ(ω) has a
nontrivial null space. Equivalently, one can sayZ(ω) has at least

one eigenvalue equal to zero. In this context, u is understood to
be an eigenvector of Z(ω) associated with an eigenvalue that is
equal to zero.

Second, unique resonant modes of the circuit may exist at
the same or different frequencies. A circuit having multiple
resonant frequencies is a familiar idea. A unique property of
polyphase resonant systems is that each resonant frequency
has a set of mode shapes associated with the null space of
the impedance matrix. These mode shapes are the eigenvectors
associated with the zero-valued eigenvalues. When two or more
linearly independent vectors satisfy (20) at the same frequency,
then any linear combination of these vectors is also a resonant
mode. When this is the case, multiple resonant modes may be
excited simultaneously.

Third, the capacitors and inductors in three-phase resonant
networks may be connected in various combinations of delta
and wye configurations. This leads to a total of four different
series compensation networks. The choice of resonant network
provides an additional degree of freedom in managing voltage
and current ratings among tuning components, switches, and
coils. Certain topologies may also yield packaging benefits
for highly optimized commercial products. In the following
discussion of series tuning, the three-phase capacitances will
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Fig. 6. Three-phase series resonant network topologies. (a) Series ΔC-ΔL.
(b) Series YC-ΔL. (c) Series ΔC-YL. (d) Series YC-YL.

be represented by the following matrix:

C =

⎡
⎢⎣
Ca 0 0

0 Cb 0

0 0 Cc

⎤
⎥⎦ . (21)

The admittance matrix associated with the capacitors is denoted
as YC = jωC.

C. Three-Phase Series Compensation Networks

The four different three-phase series resonant compensation
topologies are shown in Fig. 6. It is clear that the capacitors are in
series with the inductors in Fig. 6(a) and (d); the only difference
is that the series-compensated branches are connected in wye
or delta. If the delta–wye transformation is applied to the loops
in Fig. 6(b) and (c), these circuits can also be viewed as part
of a series compensation network. The ac circuit equations for
the resonant networks can be stated simply using block-matrix
notation considering the line-to-line voltages as the driving
source.

1) Series ΔC-ΔL [Fig. 6(a)]:

[
PZL P

−I YC

][
IL

VC

]
=

[
Vll

0

]
. (22)

2) Series YC-ΔL [Fig. 6(b)]:

[
PZL DY

−DΔ YC

][
IL

VC

]
=

[
Vll

0

]
. (23)

Fig. 7. Comparison of idealized instantaneous power characteristics of single-
phase and three-phase WPT systems. Single-phase systems exhibit peak power
that is twice that of the average. In three-phase systems, each phase exhibits peak
power that is two-thirds of the average power, whereas the total instantaneous
energy transfer rate is constant.

3) Series ΔC-YL [Fig. 6(c)]:
[
DY ZL P

−I DΔYC

][
IL

VC

]
=

[
Vll

0

]
. (24)

4) Series YC-YL [Fig. 6(d)]:
[
DY ZL DY

−I YC

][
IL

VC

]
=

[
Vll

0

]
. (25)

IV. αβγ RESONANT TUNING ANALYSIS

This section uses the Clarke transformation to positively
construct resonant modes through the choice of tuning capacitor
values. It will be shown that, for any of the previously de-
scribed resonant networks, α and β components can be made
resonant modes of the system at a single frequency. Once
tuned, α and β modes of a WPT system can be excited in
quadrature to produce a resonant rotating magnetic field to
achieve high-efficiency constant power transfer. A comparison
between single-phase and three-phase rotating magnetic field
WPT systems is depicted in Fig. 7.

A. Tuning Methodology

To determine capacitor values that make α and β modes
resonant modes of the system, the impedance matrix relating the
phase currents to the applied line-to-line voltages is calculated.
To do this, all capacitor voltages must be eliminated from the
circuit equations. The zero-sequence inductor current should
also be eliminated if possible. The impedance matrix appearing
in the reduced set of circuit equations is calculated using the
Schur complement technique [41].

The following generic form can be used to refer to all circuit
equations represented by (22)–(25):

Aabcx = b. (26)

The matrix Aabc is given by

Aabc =

[
A1,1 A1,2

A2,1 A2,2

]
. (27)
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TABLE I
SERIES TUNING CIRCUIT EQUATION SUBMATRICES

The specific values of theAi,j submatrices with respect to (22)–
(25) are summarized in Table I.

The unknown vector x is given by

x =
[
IL VC

]T
. (28)

The forcing vector b is given by

b =
[
Vll 0

]T
. (29)

To calculate the reduced dimension impedance matrices,Aabc

is first transformed into the αβγ reference frame as Aαβγ =
TAabcTT . Then, Aαβγ is partitioned as

Aαβγ =

[
U V

W X

]
. (30)

The partition is defined implicitly by the condition that X be the
largest invertible submatrix of Aαβγ with dimension 4 or less.
The general expression for the reduced dimension impedance
matrix is

Z = U−VX−1W. (31)

The matrix X must be invertible to calculate Z. If all the capaci-
tor voltages and the common-mode current can be eliminated
from the equations, then X of dimension 4 is invertible. If
the common-mode current cannot be eliminated, then X of
dimension 4 is noninvertible and therefore must be restricted
to dimension 3.

The matrix X associated with (22)–(24) is dimension 4. The
matrixX associated with (25) is dimension 3. To understand why
the dimension 4 submatrix for the YC-YL circuit is not invert-
ible, note that the entire first block row of (25) is premultiplied
by DY . The explicit representation of DY in the αβγ reference
frame is given by

Dαβγ
Y = TDabc

Y TT =
1

2

⎡
⎢⎣

3 −√
3 0√

3 3 0

0 0 0

⎤
⎥⎦ . (32)

Therefore, Aαβγ has a vector of zeros associated with the
zero-sequence voltage occurring in the third row of the matrix.
Intuitively, this occurs because the zero-sequence voltage is not
observable from the line-to-line voltages in a wye-connected
load with a floating neutral point.

Now let zm,n denote the entries of the matrix Z. To determine
the resonant capacitor values that makeα and β modes resonant,
the equations z1,1 = z1,2 = z2,1 = z2,2 = 0 must be solved. In
other words, the 2× 2 submatrix in the upper left corner of Z

should equal zero. MATLAB’s symbolic computing toolbox has
been used to perform the calculations. The script is included with
this article’s supplemental material.

B. Series Tuning Capacitor Expressions

This section presents the solutions to the equations described
in Section IV-A. First, a few intermediate variables are intro-
duced to reduce the complexity of the resulting expressions. In
the following, the set of indices {i, j, k} may be equal to any
cyclical permutation of {a, b, c}.2

VariablesLγ
i are intermediate inductances associated with the

Y-connected inductor systems

Lγ
i = Li −Mij +Mjk −Mki. (33)

Similarly, variables Lδ
i are intermediate inductances associated

with the Δ-connected inductor systems

Lδ
i = Li +Mij +Mki. (34)

The sum of all Lδ
i is denoted as

Lσ = Lδ
a + Lδ

b + Lδ
c. (35)

Finally, significant simplifications occur when the system has
balanced inductances. Let L and M represent the unique self-
and mutual inductances in a balanced coupled inductor system.
That is, L = La = Lb = Lc and M = Mab = Mbc = Mca. Let
L′ be the effective inductance associated with balanced systems

L′ = L−M. (36)

1) Series ΔC-ΔL [Fig. 6(a)]:

ω2Ci =

⎧
⎪⎨
⎪⎩

1

L′ balanced
Mjk

LiMjk −MijMki
unbalanced.

(37)

2) Series YC-ΔL [Fig. 6(b)]:

ω2Ci =

⎧
⎪⎨
⎪⎩

3

L′ balanced
Lσ

Lδ
jL

δ
k − LσMjk

unbalanced.
(38)

3) Series ΔC-YL [Fig. 6(c)]:

ω2Ci =

⎧
⎪⎨
⎪⎩

1

3L′ balanced

Lγ
i

Lγ
i L

γ
j + Lγ

jL
γ
k + Lγ

kL
γ
i

unbalanced.
(39)

4) Series YC-YL [Fig. 6(d)]:

ω2Ci =

⎧
⎪⎨
⎪⎩

1

L′ balanced

1

Lγ
i

unbalanced.
(40)

2There are three cyclical permutations: {a, b, c}, {b, c, a}, and {c, a, b}.



4508 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 35, NO. 5, MAY 2020

TABLE II
BIPOLAR THREE-PHASE THREE-LAYER INDUCTANCES (μH)

TABLE III
BIPOLAR THREE-PHASE THREE-LAYER TUNING CAPACITORS (NF)

Fig. 8. Simulated steady-state primary side line-current waveforms using the
bipolar three-layer three-phase system with unbalanced intra-assembly mutual
inductances; the line-current amplitudes are normalized (0.2 p.u./div) with one
85-kHz period shown (0.167 periods/div). (a)ΔC-ΔL. (b) YC-ΔL. (c)ΔC-YL.
(d) YC-YL.

C. Simulation Validation of Capacitor Tuning Expressions

This section validates the tuning capacitor expression from
Section IV-B using inductances from the simulated three-phase
three-layer bipolar WPT coupler presented in Section V. The
GA inductances are given in Table II. The tuning capacitor
values for each topology are given in Table III along with
the average capacitor value C̄. A maximum deviation of about
12% is observed in the calculated capacitances. All of these
topologies were simulated in PLECS using 1) the capacitor
values calculated from Section IV-B and 2) the average capacitor
value C̄ for each phase.

A comparison of the resulting line currents (on a per-unit
basis) is given in Fig. 8. The simulations using the capacitor
values calculated from Section IV-B result in perfectly balanced
and 120◦ phase shifted line currents. In contrast, using the
average capacitance value C̄ for all three phases results in line
currents with significantly different magnitudes and phases.
For quantitative comparison, the normalized α- and β-mode
current amplitudes were calculated in Table IV. Around a 21%
difference between the maximum and minimum mode amplitude
can be observed.

TABLE IV
PER-UNIT α- AND β-MODE LINE CURRENT AMPLITUDES WHEN USING THE

AVERAGE TUNING CAPACITANCE C̄ FOR EACH PHASE

V. COMPARISON OF COIL TOPOLOGIES UNDER MAGNETIC

FIELD EMISSIONS CONSTRAINTS

To demonstrate the benefits of three-phase bipolar WPT sys-
tems, we have performed a comparative design study of six
different matched coupler topologies as follows:

1) single-phase unipolar 1φU;
2) single-phase bipolar 2φB;
3) three-phase unipolar with single-phase excitation

3φU(1φ);
4) three-phase unipolar with three-phase excitation 3φU;
5) three-phase bipolar with two layers 3φB;
6) three-phase bipolar with three layers 3φB(3L).
To focus on the impact of winding layout, we have used a

circular geometry for all the couplers with a fixed outer diameter
of 47 cm. The couplers use two layers of 6 AWG wire except for
the three-layer three-phase system, which uses 10 AWG. This
modification was made in attempt to normalize the upper bound
of total Litz wire mass and keep the package thickness similar
between systems.

Practical vehicle charging WPT systems must meet stringent
requirements for electromagnetic field emissions as described
by the International Commission on Non-Ionizing Radiation
Protection (ICNIRP) as referenced by Society of Automotive
Engineers’s (SAE’s) J2954 [42]. SAE J2954 also describes
various foreign object heating and ignition tests that a system
must pass either through the use of a foreign object detection
(FOD) systems or by limiting the maximum flux density on the
surface of the GA package. It can be difficult or prohibitively
expensive to design a FOD system capable of detecting small
objects such as coins or paperclips. In practice, the peak flux
density on the surface of the GA package must be limited to
meet the touch safety requirements described in SAE J2954.

Safety considerations with respect to emissions and foreign
object heating severely limit the maximum power capability
of WPT systems with a given coupler size. Our approach in
the design of the six couplers was to maximize the power
capability while keeping the peak magnetic field occurring at
a distance of 80 cm from the center of the GA/VA system below
21.2 μT, which is the level specified by ICNIRP for pacemaker
compatibility. This is accomplished by adjusting 1) the number
of turns and 2) the spacing between the turns. The backing
ferrite thickness was adjusted to keep the peak flux density below
200 mT. Table V summarizes the final design parameters of the
six coupler topologies.

A comparison of the magnetic field emissions, Bmax =
maxt ‖B(t)‖, is given in Fig. 9. All couplers exhibit peak
field emissions that are slightly below 21.2 μT level. Four of
the couplers—1φU, 3φU(1φ), 3φB, 3φB(3L)—exhibit emis-
sions profiles that are nearly constant with respect to angular
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TABLE V
COIL DESIGN PARAMETERS WITH FIXED OUTER DIAMETER OF 47 cm

Fig. 9. Maximum flux density at a distance of 80 cm from the center of the
GA/VA airgap.

displacement at 80 cm from the GA/VA airgap center. The 1φB
and 3φU couplers exhibit spatial harmonic variations in the
emissions having periods 2 and 3, respectively.

Table VI compares several performance metrics for the cou-
pler topologies. Of the single-phase excited system, the bipolar
coupler is able to achieve the highest power transfer rate under
the emissions constraint. This indicates that the bipolar coupler
has better emission characteristics than unipolar couplers. The
couplers utilizing three-phase excitation are able to achieve
higher power levels for these emissions constraints. The bipolar
three-phase couplers combine the uniform emissions profile
of the single-phase unipolar coupler with the overall lower
emissions characteristics of the single-phase bipolar coupler.
Post processing loss estimates reveal that all of the topologies—
except for 3φU(3φ)—are very similar in terms of efficiency. The
reason for the lower efficiency of the 3φU(3φ) topology is that
adjacent phase winding sections extending in the radial direction
produce flux in opposing directions, resulting in less effective
use of the windings. Flux cancellation is one motivating factor
behind the decoupling of the windings in the tripolar coupler
design [21].

The three-phase bipolar couplers achieve better specific power
than the single-phase bipolar coupler and approach that of the
single-phase unipolar coupler. The 3φB(3L) topology is nearly

as good as that of 1φU by this metric. The copper mass of the
Litz wire tracks the power rating of the coils fairly closely. Most
of the difference in specific power between the topologies can
be traced to the mass of the ferrites. To explore this issue in more
depth, the maximum flux density in the ferrites of each coupler
is plotted in Fig. 10. The improved specific power of the 1φU,
3φB, and 3φB(3L) couplers can be attributed to the better ferrite
utilization of these topologies. In contrast, the 1φB, 3φU(1φ),
and 3φU topologies have prominent regions where the maximum
flux density is significantly below 200 mT limit. As a result, the
former topologies must have thicker backing ferrites for a given
power to avoid magnetic saturation.

To determine how the topologies might perform with respect
to foreign object heating constraints, we have analyzed the
magnetic fields on the surface of the GA, which is assumed
to be 6 cm above the bottom of the ferrites. The comparison is
performed by examining the ratio P/B2

max in Table VI, where
P is the power transfer and Bmax is the peak flux density on the
surface of the GA. The term B2

max is proportional to the amount
of eddy-current heating that would occur in a small metallic
object placed on the surface of the GA at the maximum flux
density location. Larger values of this ratio indicate that a given
system should be capable of transferring more power before
reaching foreign object heating and touch safety limitations. The
3φB topology has the best performance by this metric, followed
closely by the 3φB(3L) design. The reason for the improved
performance of the three-phase topologies can be understood
by examining the GA surface flux density plots in Fig. 11.
The single-phase and 3φU topologies exhibit concentrated flux
density “hot spots.” The 3φB and 3φB(3L) designs achieve more
uniform surface flux density distributions, which improves the
P/B2

max ratio.
Finally, the wire gauge was decreased in the three-layer design

to keep the total winding thickness relatively constant between
the 3φB and 3φB(3L) topologies. This has the drawback of
requiring a large increase in the winding voltage to achieve
the same power. In practice, the maximum permissible winding
voltage may be limited for safety. If this is the case, using the
3φB(3L) topology may require the winding thickness to increase
by 50 % beyond the 3φB topology. This consideration must be
weighed against the potential for improving power density and
specific power when using the 3φB(3L) coupler.

VI. PROTOTYPE SYSTEM

Prototype couplers based on the two-layer winding topology
were constructed for experimental validation. This topology was
chosen because it results in the system with the largest coil
span having balanced inductances. Although resonant tuning
can be performed for a system with unbalanced inductances,
it is difficult to realize the exact required capacitance values
with monolithic induction heating capacitors having high kVA
ratings. Rather, low kVA discrete components need to be com-
bined to realize the appropriate capacitances. For systems with
balanced inductances, the capacitors can be chosen to locate the
actual system resonant frequency as near as possible to the target
frequency.
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TABLE VI
COMPARISON OF DIFFERENT COIL TOPOLOGIES DESIGNED UTILIZING A MAXIMUM DIAMETER OF 47 cm AND MAXIMUM MAGNETIC FIELD EMISSIONS

AMPLITUDE OF 21.2 μT AT 80 cm FROM THE CENTER OF THE SYSTEM

Fig. 10. Maximum flux density in the ferrites (mT). (a) 1φU. (b) 3φU.
(c) 1φB. (d) 3φB. (e) 3φU(1φ). (f) 3φB(3L).

A. Couplers

A computational model and the physical prototype of the
two-layer three-phase coil system are depicted in Figs. 12 and 13,
respectively. The initial design of the pad targeted an effective

Fig. 11. Maximum flux density at distance of 6 cm from the bottom of the
GA. All scales are in mT. (a) 1φU. (b) 3φU. (c) 1φB. (d) 3φB. (e) 3φU(1φ).
(f) 3φB(3L).

mutual inductance to achieve 50 kW power transfer for a coupler
surface-to-surface separation of 15 cm and a phase current
of 73 ARMS. This current corresponds to a current density
of 5.5 ARMS/mm2 in 6 AWG wire. The design was limited
by the 7.4 mm diameter of the Litz wire and the minimum
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Fig. 12. Two-layer coupler design. The simulation model gives details of the
phase winding layout including location of terminals and mechanics for routing
the wires to connect the top and bottom layers. The diameter of the Litz wire is
scaled to reduce meshing complexities.

Fig. 13. Two-layer coupler prototype. The bounding box of the pad is
47.1 cm × 54.4 cm. The total coil mass including ferrite, Litz wire, and wire
guides is 13.7 kg. The wire is 6 AWG type 2 Litz with a strand gauge of
38 AWG produced by New England Wire. The ferrite backing is constructed
from Ferroxcube PLT64/50/5 tiles of 3C94 material.

bend radius, which was set to be five times the diameter. A
minimum wall thickness of 1.8 mm for mechanical integrity of
the additively manufactured wire guides also limited space for
additional amp-turns. The resulting system has a VA ground
clearance of 170 mm and a magnetic airgap of 180 mm. A full

TABLE VII
COUPLER INDUCTANCES (μH) FOR COIL-TO-COIL DISTANCE OF 15 cm AND VA

GROUND CLEARANCE OF 17 cm

TABLE VIII
THEORETICAL CAPACITOR VALUES AND RATINGS FOR DIFFERENT 85 kHz

RESONANT FREQUENCY COMPENSATION NETWORKS

The calculated values are based on the inductances in Table VII for
phase A of the GA in the aligned case.

3-D model of the pad has been included in the supplemental
material as a 3-D PDF.

Table VII compares the measured coupler inductances to those
simulated in COMSOL using the model in Fig. 12 under three
different alignment conditions depicted in Fig. 14: perfectly
aligned, aligned with a 30◦ rotation, and offset by 10 cm in
both the x and y directions. Management of the phase leads
makes measurement of the inductances challenging. This likely
is a large contributor to the observed discrepancies between the
simulations and measurements. Additionally, there is a tradeoff
between how the leads are drawn for numerical computation
and the discrepancy between simulation and measurements.
Drawing the return paths below and above the GA and VA,
respectively, will minimize the impact on simulated GA–VA
coupling, which is most important for predicting power transfer,



4512 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 35, NO. 5, MAY 2020

Fig. 14. Three different alignment conditions: (a) perfectly aligned, (b) 30◦
rotation, and (c) −10 cm ×+10 cm translational misalignment.

Fig. 15. 3-D rendering and photograph of the three-phase SiC inverter.

but may introduce larger errors in the self-inductances calcula-
tions than a different approach. The ideal tuning capacitors for
GA phase A in the aligned case are listed in Table VIII for tuning
topologies in Fig. 6.

B. Power Electronics

The inverter used to drive the system is depicted in Fig. 15.
The design uses three 1200 V/325 A SiC half-bridge modules
(CAS325M12HM2) and gate drivers (CGD15HB62LP) from
Wolfspeed. An identical unit is used as the rectifier by set-
ting the gate signals to turn the metal–oxide–semiconductor
field-effect transistors OFF. Two 600 μF dc-link capacitors
(947D601K901DCRSN) are attached to the dc-link busbars
and one 3 μF snubber capacitor (SCD305K122C3Z25-F) per
module. The inverter was operated in an open-loop fashion
from a TMS320F28335 DSP. The deadtime was set to 600 ns.
The operating frequency was chosen to achieve zero-voltage
switching (ZVS) at full load in the aligned configuration.

C. Experimental Setup

A high-level circuit diagram of the experimental system is
given in Fig. 16. A picture of the experimental setup is given in
Fig. 17. An NHR 9300 high-voltage battery test system was used
as the source. An additional NHR 9300 was used in parallel with
a 14 Ω resistor bank as the load. A Teledyne Lecroy HDO8108
oscilloscope was used to capture the GA voltage and current
waveforms. A Yokogawa DLM4058 oscilloscope was used to
capture the VA waveforms. The oscilloscopes were operated
with independent triggers, resulting in an arbitrary phase shift
between the GA and VA plots presented in the following section.

A Yokogawa WT1806E power analyzer was used to measure the
dc input power, dc output power, and dc-to-dc efficiency of the
system.

VII. EXPERIMENTAL RESULTS

The performance of the system was measured for three align-
ment conditions using the YC-YL and YC-ΔL tuning config-
urations. The ΔC-ΔL network was not considered due to the
possibility of large circulating currents resulting from the low
impedance of the loop at resonance. The ΔC-YL network was
not examined because of the large voltage and small capacitance
requirement of the capacitors. It is expected that the ΔC-YL
configuration would behave similarly to the YC-YL configura-
tion. The nominal tuning capacitor values for the two examined
networks are given in Table IX.

A. Aligned and Rotated Results

A summary of the experimental results for the YC-YL tuned
system is given in Table X. The corresponding experimental
waveforms (i.e., line-to-neutral voltages and line currents) are
given in Fig. 18. As expected, the aligned and 30◦ rotation results
are nearly identical due to the rotational invariance of the system
when the GA and VA central axes are aligned. Both conditions
achieve 50 kW power transfer with greater than 95 % dc-to-dc
efficiency.

A summary of the experimental results for the YC-ΔL tuned
system is given in Table XI. The corresponding experimental
waveforms (i.e., line-to-line voltages and line currents) are given
in Fig. 19. Again, the aligned and 30◦ rotation results are nearly
identical. Both conditions demonstrate 94 % efficiency while
transferring 50 kW.

Compared to the YC-YL tuning, the YC-ΔL configured
system is slightly less efficient. Because the load impedance
required to achieve near-unity voltage gain is about three times
less than in the YC-YL case, the inverter and rectifier conduction
losses are likely much higher in this configuration. The increase
in conduction losses may be partially offset by a decrease in
switching losses due to a lower dc-link voltage. However, the
reduction in switching losses is limited due to ZVS operation of
the inverter during turn-ON.

The ripples on the voltage waveforms in Fig. 18 are due to
a high-frequency common-mode voltage showing up on the
neutral point. Qualitatively, one can observe that the voltage
ripples in each of the GA waveforms have similar magnitude,
phase, and shape. A similar observation can be made regarding
the VA voltage waveforms. The voltage on the VA rectifier
voltage waveforms in Fig. 19 is likely due an instrumentation
issue, which resulted in switching noise coupling to the leads of
the Vbc voltage probe. The noise on this probe subsequently
coupled to the Vab and Vca probes. The leads running from
the rectifier to the oscilloscopes were much longer than those
for the inverter voltages, and so were more prone to this issue.
The lead routing was changed between the YC-YL and YC-ΔL
experiments, which is why this behavior is not observed in
Fig. 18.
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Fig. 16. System-level diagram with dc-link voltages, inverter, rectifier, and load resistance. The GA and VA blocks represent any series resonant circuit.

Fig. 17. Experimental setup with −10 cm ×+10 cm misalignment.

B. Translational Misalignment Results

The performance of the system using the YC-YL and YC-ΔL
tuning networks is compared in Fig. 20 when the GA and VA
are misaligned by –10 cm in the x-direction and +10 cm in
the y-direction. This represents a worst case scenario envisioned
by the SAE J2954 recommended practice [42]. The inverter is
operated using full duty cycle and 120◦ shifted phase legs.

In this configuration, the system power transfer capability
is limited by the current rating of the coils. It can be seen in
Fig. 20(a) that ground phase B supplies almost purely reactive
power to the system, which is part of the cause of the reduced
efficiency in the misaligned case. The poor power factor and
large switching currents in the YC-ΔL system are apparent from
the large voltage overshoot and ringing observed on the GA
waveforms in Fig. 20(b).

Furthermore, Fig. 20 shows that the vehicle coil assembly
operates in a single-phase mode for both tuning configurations.
This points to an interesting phenomena; as misalignment in-
creases, the ideal operating mode transitions from three-phase
excitation to single-phase excitation. This effect is similar to that
exploited to achieve the high misalignment tolerance of tripolar
coils [21], [22]. More work needs to be done to understand how
the optimal excitation varies with misalignment for three-phase
systems with nonzero interphase mutual inductance.

TABLE IX
NOMINAL REALIZED CAPACITORS FOR THE SELECTED NETWORKS AT 85 kHz

CONSTRUCTED FROM CELEM CONDUCTION-COOLED CAPACITORS (CSP
120/200) WITH NOMINAL CAPACITANCES OF 0.25 AND 0.33 μF

TABLE X
EXPERIMENTAL RESULTS WITH THE DOUBLE-SIDED YC-YL SERIES

COMPENSATION NETWORK AT A SWITCHING FREQUENCY OF 88.5 kHz

TABLE XI
EXPERIMENTAL RESULTS WITH THE DOUBLE-SIDED YC-ΔL SERIES

COMPENSATION NETWORK AT A SWITCHING FREQUENCY OF 89.5 kHz

Finally, Table XII summarizes the measured line current
amplitudes for each experiment to further quantify the degree
of imbalance resulting from misalignment. The difference in
current amplitudes may also serve to indicate the degree to
which the losses are distributed among the phases, although it
is difficult to disaggregate the phase losses in general due to the
nonlinear nature of the ferrite losses.

C. Magnetic Field Emissions

The magnetic field emissions for the YC-YL tuned system
were measured in the aligned and misaligned conditions using
a Narda EHP-200A electric and magnetic field analyzer. In
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Fig. 18. Measured line currents (20 A/div) and line-to-neutral voltages
(100 V/div) of the YC-YL configured three-phase system with perfect alignment
and a 30◦ rotation; two 88.5-kHz periods are shown (1.883 μs/div). (a) Perfect
alignment with 50 kW output power. (b) 30◦ rotation with 50 kW output power.

the aligned case, the measurement point was 80 cm from the
center of the GA. In the misaligned case, the measurement
point was 70 cm from the center of the GA. The measured
spectra for the both cases are given in Fig. 21. The rotated
case is similar to the aligned condition, with peak emissions
being slightly lower in the rotated case. One challenge with
magnetic field emissions measurements for polyphase systems
is that proper detection of the peak field value requires the phase
difference between the x, y, and z axes be taken into account.
For example, a pure rotating field vector will have an rms value
equal to the peak value, rather than

√
2 larger as with uniaxially

oscillating field. However, the rms value reported out of the

Fig. 19. Measured line currents (40 A/div) and line-to-line voltages
(100 V/div) of the YC-ΔL configured three-phase system with perfect alignment
and a 30◦ rotation; two 89.5-kHz periods are shown (1.862 μs/div). (a) Perfect
alignment with 50 kW output power. (b) 30◦ rotation with 50 kW output power.

software ignores this information and it is not possible to pre-
cisely determine the peak magnetic field from this information
alone. This phase relationship problem is identified as an issue in
SAE J2954 [42].

At 50 kW in the aligned case, the magnetic field was reported
to be 34.7 μTRMS. Depending on the component phases, this
rms value could correspond to a peak value between 34.7 and
49.1μT. This range straddles the ICNIRP-recommended level of
38.2 μT (27 μTRMS nominal) for general exposure. Simulation
results predicted that the peak value would be around 34.2 μT,
so it is likely that the measured rms value corresponds to a peak
value lower in the range. At 10.4 kW in the misaligned case, the
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Fig. 20. Comparison of misaligned operation of the tuning configurations
using 120◦ shifted inverter phase leg operation. (a) YC-YL configuration;
20 A/div, 100 V/div, 1.883μs/div. (b) YC-ΔL configuration; 40 A/div, 100 V/div,
1.862 μs/div.

TABLE XII
MEASURED LINE CURRENT AMPLITUDES (A)

Fig. 21. Magnetic field emissions measured for two alignment conditions with
central peaks located at 88.5 kHz: 11.9 kHz/div, 20 dBμT/div. (a) Aligned:
34.7 μTRMS. (b) Misaligned: 25.2 μTRMS.

reported magnetic field was 25.2 μTRMS, which corresponds
to a peak value between 17.8 and 35.6 μT and is less than the
recommended exposure level of 38.2 μT. Given the poor power
factor and relatively high coil currents for this power level, it
is likely that the emissions could be reduced further through
proper control in misaligned conditions. It should be noted that
no additional magnetic shielding was used during these tests. It
is likely that the magnetic field emissions can be further reduce
through a properly designed shielding system.

VIII. CONCLUSION

This article presented a three-phase WPT system capable of
delivering 50 kW over a 150-mm airgap with dc-to-dc efficiency
of better than 95% for the YC-YL tuning configuration and 94%
for the YC-ΔL tuning configuration. High-power density is
achieved through full use of the winding volume by utilizing the
flux-enhancing nature of the mutual coupling between phases
under three-phase excitation. Overall, system performance was
similar in both tuning configurations. The choice of tuning
topologies provides flexibility to match the system design to
voltage, current, load, and packaging constraints for a particular
application.

This article also demonstrated the difficulty that interphase
mutual inductances pose when operating a system with large
translational misalignment of the GA and VA. Under three-phase
(120◦ phase shift) excitation, at least one inverter phase leg
provides a large amount of reactive power, reducing efficiency.
This is caused by reduced coupling between at least one pair
of GA–VA phase and results in the VA coupler operating more
like a traditional single-phase system. In reality, the optimal
excitation in misaligned cases will be some combination of the
α and β excitation modes. The method of constructing these
modes needs to be examined more closely, especially for the
closed-loop control operation.
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