
IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 39, NO. 7, JULY 2024 9007

30 kW Bidirectional Inductive Power Transfer
Charger With Intermediate Coil for EV Applications
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Abstract—High power, highly efficient, and robust bidirectional
inductive power transfer (IPT) system based on three windings,
used for automotive applications is considered in this article. Com-
pensation strategies are revised, and benefits of three-coil system
are outlined. A simple equivalent circuit model of the three-coil
system is derived in order to improve the comprehension of the
system. Tuning methodology for the compensation circuit of the
three-coil IPT system, suitable for the considered application is
proposed, together with the guidelines for its implementation. All
of the coils were designed and optimized together with the proposed
compensation circuitry, with the employed resonant dual active
bridge (DAB) topology. IPT prototype for 30 kW has been realized
according to the design proposal, and tested, transferring power
levels between and 37.4 kW, with the varying air gap between and
150 mm, with the overall system efficiency ranging from 91.29% up
to 96.72%. Behavior and efficiency of the system were tested using
constant-power, constant-current, and constant-voltage charging
methods, and both in grid-to-vehicle and vehicle-to-grid modes of
operation.

Index Terms—Compensation, inductive power transfer (IPT),
three-coil system.

I. INTRODUCTION

IN RECENT years, wireless chargers based on inductive
power transfer (IPT) actively gain popularity in the area of

electric vehicles (EVs) [1], [2], [3]. They present an attractive
alternative to the conventional cable chargers due to handling
simplicity that they offer to the end-user. From the aspect of a
local microgrid, a way to enhance an EV battery charger is by
giving it a bidirectionality feature. By doing so, the car battery is
turned into an energy bank, capable of both taking and providing
power when needed.

The core of every IPT system is the coupled coils, via whom,
the energy is being exchanged between the two parts of the
system. Due to the lack of magnetic core, coupling coefficient
between the coils is low, ranging between 8% and 25% [4].
To overcome the problem of low coupling between the coils,
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various compensation topologies are presented in state-of-the-
art as possible solutions to this problem [5].

Due to its simplicity the most common one is the series–series
(S–S) compensation strategy [6], [7], [8], [9], [10], [11]. Besides
this one, three more basic compensation strategies can be sin-
gled out from the group of fundamental ones, and those are:
series–parallel (S–P), parallel–series (P-S), and parallel-parallel
(P–P) [12]. From the group of more complex ones, the applica-
tion of double-sided LCC compensation strategy [13] is present
throughout the literature [14], [15], [16], [17]. By introducing
more reactive elements to the system, higher efficiency of the
system is achieved, even in the conditions of misalignment [13],
all at the cost of reduced simplicity of the system. Also, it is
possible to find compensation strategies that are a combination
of some of the basic ones such as series, on one side of the
system, and a complex LCC on the other side, i.e., the LCC–S
compensation strategy [18], [19], [20].

Alongside with the research tied to the previously mentioned
compensation strategies that are intended for two-coil systems,
IPT systems with three [21], [22], [23], [24], [25], [26], [27],
[28], [29], [30], [31], [32], [33], [34], [35] and four [36],
[37], [38], [39], [40], [41] coils were analyzed. According to
[42], four-coil systems are more suitable for high efficiency, low
power applications, as they offer higher power transfer efficiency
but lower power delivered to the load comparing to the three-coil
systems. While offering slightly reduced efficiency comparing to
the four-coil systems, three-coil systems prove themselves more
suitable for applications requiring high power transfer capabil-
ity, i.e., they present a potential candidate for electric vehicle
(EV) charging applications. Furthermore, Nguyen et al. [43]
compared efficiencies of the SS compensated system, LCC–S
compensated system and the three-coil system, showing that
the last two have similar efficiencies, both significantly larger
than the efficiency of the first one. Also, Yang et al. [44] and
Mirkovic et al. [45] showed the possibility of increased power
transfer capability of the three-coil system under misalignment
conditions. All of the previously stated articles provide a reason-
able argument for continuing research of the three-coil systems
in EV charging applications.

In the current state-of-the-art there is a significant number of
works investigating the three-coil IPT systems. Zhong et al. [21],
Zhang et al. [27], and Liu et al. [31] analyzed and compared
two-coil and three-coil systems, proving that it is possible to
make a three-coil IPT system more efficient than a two-coil
one, as well as that the three-coil IPT system exhibits higher
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efficiency stiffness against load variations and reduced EMF
emissions. Being that the most common way of charging the
contemporary Li-ion batteries is the constant-current/constant-
voltage (CC/CV) charging, a lot of the works related with the
three-coil IPT systems [24], [26], [28], [29], [30] propose a
certain hybrid topology or control technique that would allow
the CC/CV charging of the EV battery. The IPT system with
an additional diode rectifier added to the assistive coil circuit
is given in [24], allowing for the seamless change between CC
and CV modes of operation. In [26], authors proposed a hybrid
topology, adding two four-quadrant switches and several passive
elements in order to achieve different resonance behaviors of
the system in dependence on the CC or CV charging mode
of operation. Similar approach to this one is seen in [29].
Somewhat simpler solution is present in [28], comprising a
reconfigurable topology that can change between the two-coil
and three-coil topologies, depending whether CC or CV mode
of operation is required. Another example of a reconfigurable
topology is present in [46], where authors proposed a system that
can change between two-coil, three-coil and four-coil topology,
and in that way preserve the system efficiency at high level
over a large span of varying distances between transmitter and
receiver. On the other side, Yang et al. [30] applied a frequency
control to the three-coil S–S–P compensated system in order to
change between different charging modes. Frequency control
of a three-coil IPT is as well present in [25], where Moon
et al. proposed an optimal design method of the three-coil
IPT system using the second resonance frequency with the
bifurcation phenomenon. A novel S–S–LCLCC compensation
method for three-coil IPT is proposed in [22], showing improved
misalignment and efficiency stiffness of the IPT system. Lee
et al. [33] investigated a three-coil IPT system with triangular
shape transmitter coils for achieving better misalignment tol-
erance. Bilal et al. [34] analyzed the optimal placement of the
intermediate coil for transferring power across large air gaps. A
very interesting approach when it comes to the three-coil IPT
systems can be seen in [23], where Wang et al. proposed a special
design of the magnetic coupler to avoid unwanted coupling
between certain windings, and using the S–S–S compensation
strategy achieve load-independent CV charging characteristics.
When it comes to the matter of bidirectionality, all of the
previously mentioned works are unidirectional. Complexity of
some of them is relatively high as they incorporate additional
four-quadrant switches and several passives in order to achieve
CC/CV charging operation. On the other hand, others rely on
varying the operating frequency, making those solutions chal-
lenging for implementation in the EV charging applications as
the current standard proposal predicts very narrow window of
operable frequencies of the system, ranging between and 90
kHz [4]. From the point of view of the charging method, there
are other charging methods mentioned in the literature, such
as constant-power/constant-voltage (CP/CV) [18], [48], [49] or
pulsed-current charging methods [50], [51]. While the latter one
is still being investigated the first one has known advantages over
the CC/CV charging method such as longer battery lifecycle and
utilizing maximum power transfer capacity of the charger.

Motivated by the high efficiency of three-coil systems that are
present in the state-of-the-art, and by the lack of bidirectional

solutions, in this article, we propose a tuning method and a
design procedure for the S–S–S compensated three-coil bidi-
rectional IPT system intended for the EV charging applications
that is given in Fig. 1. The considered system may contain
added serial inductors on the primary and/or secondary side,
as it will be explained in the following Sections. Third coil is
added in order to reduce the entire system to the equivalent
inductor seen between the primary and secondary sides and to
provide the required reactive power for the system operation,
thus lowering the current stress on the semiconductor devices
and increasing the overall efficiency of the charger. Number of
added compensation elements in the system is lower comparing
to the most of the previously mentioned articles, thus achieving
high simplicity and low volume of the system. Capacitors of the
system are tuned in a manner to suit the application of high-
power, bidirectional EV charger. The compensation method and
the basic functionality of the proposed magnetic link are briefly
explained in our previous work [52]. This article is completely
dedicated to the compensation and design of the magnetic link
of the discussed three-coil bidirectional IPT system with its
main contributions being, in the order that they appear in the
article.

1) The equivalent circuit of the three-coil system is derived
and used for all the analysis that were considered, signif-
icantly improving the system comprehension comparing
to the understanding provided by the mathematical model.

2) The tuning method for the capacitors of the S–S–S com-
pensated three-coil bidirectional IPT charger for the EVs,
that allows seamless implementation of any of the pre-
viously mentioned charging methods (CC/CV, CP/CV)
while being suited for the bidirectional energy transfer,
allowing for seamless transitions between grid-to-vehicle
(G2V) and vehicle-to-grid (V2G) modes of operation.
Charging method of the charger proposed in this work
is not tied with the topology itself, rather it depends on
the control that is implemented on the vehicle side of the
system and on the battery management system (BMS).

3) The design procedure of the magnetic link for the proposed
tuning method that emphasizes the high efficiency of the
system and minimizes the weight that is being added to
the vehicle.

The rest of the article is organized as follows. In Section II
equivalent circuit model of the three-coil system is derived. Sec-
tion III explains the functionality of the proposed IPT charger.
Design procedure of the system is outlined in Section IV. Ex-
perimental results are given in Section V. Finally, Section VI
concludes this article

II. MODEL OF THE THREE-COIL IPT SYSTEM

In order to facilitate the understanding of the three-coil IPT
system that is given in Fig. 1, an equivalent circuit will be used
and parameters connecting the real parameters of the system
with the parameters of the equivalent circuit will be derived.
The three coupled inductors are given in Fig. 2(a). Schematic of
the equivalent circuit based on a three-winding transformer is
given in Fig. 2(b). Equations based on Kirchhoff’s laws for the
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Fig. 1. Considered three-coil bidirectional IPT system.

Fig. 2. (a) Three coupled inductors. (b) Equivalent circuit of the three coupled
inductors based on a three-winding transformer.

three coupled inductors are the following:
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The proposed equivalent circuit does not represents a physical
equivalent for the considered system, rather a mathematical one,
and it should be regarded as such.

Based on the previous systems of (1)–(3) and (4)–(6), it
is possible, by equalizing corresponding parts, to express the
parameters of the equivalent circuit in dependence on the real
parameters of the three coupled inductors. By doing so, one
obtains

np

ns
=

Lpt

Lst
(7)

np

nt
=

Lps

Lst
(8)

Lμ =
LpsLpt

Lst
(9)

Lγp = Lp − Lμ (10)

Lγs = Ls −
(
Lst

Lpt

)2

Lμ (11)

Lγt = Lt −
(
Lst

Lps

)2

Lμ. (12)

Fig. 3(a) depicts the previously derived equivalent circuit of
the three-coil system with compensation applied, with all of the
parameters taken to the primary side. The desired outcome of the
compensation is given in Fig. 3(b). The basic idea is to reduce
the three-coil IPT system to the tightly coupled two-coil system,
having an equivalent inductor seen between the primary and
secondary sides, where power transfer is controlled like in the
case of DAB topology [53], thus achieving good controllability.
This is valid for the fundamental frequency, i.e., the operating
frequency of the converters. For the harmonic frequencies that
are multiples of the fundamental frequency behavior of this
system is different from the one of the DAB topology due to
its resonant nature. The way of achieving the equality of the
S–S–S compensated three-coil system and DAB at fundamental
frequency is given in Fig. 3(c). Tertiary capacitor is tuned to
resonate with the self-inductance of the tertiary winding, thus
compensating for the magnetizing inductance and reducing the
current stress on the inverters, allowing for high efficiency of
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Fig. 3. (a) Compensated equivalent circuit of the three-coil inductor.
(b) Desired equivalent circuit. (c) Operating principle of the proposed com-
pensation strategy.

the system, while primary and secondary capacitors are tuned
to partially compensate for the primary and secondary leakage
inductances, thus leaving a part of them uncompensated, and
the equivalent inductance is seen between the primary and sec-
ondary sides. Determining the value of the equivalent inductance
that is left uncompensated will be discussed in Section IV as this
is the matter of the each IPT system in particular and depends
on the voltage levels, desired power transfer capability, etc. The
following equations define the values of the primary, secondary,
and tertiary capacitors, respectively:

Cp =
1

(2πf)2(Lγp − Leqp)
(13)

Cs =
1

(2πf)2(Lγs − Leqs)
(14)

Ct =
1

(2πf)2Lt
. (15)

Basic idea of the proposed compensation strategy is stated
in this section. In Section IV, where the design of the system
is considered, it will be shown that from the point of view of
the system efficiency, it can be beneficial to take the tertiary
capacitor out from the resonance. In the same section, a guideline
for determining Leqp and Leqs will be given. Also, external in-
ductors can be added in series with the primary and/or secondary
coils if it contributes the efficiency. However, the main principle
given in this section states, the three-coil system is reduced to
an equivalent inductor, that is seen between the primary and
secondary side.

Fig. 4. 3-D model of the proposed three-coil IPT system.

III. TOPOLOGY AND FUNCTIONALITY OF THE PROPOSED

SYSTEM

A. Basic Operation Principle

The system topology considered in this work is given in Fig. 1,
while the Fig. 4 shows the 3-D model of the coils and their
distribution in space. From the converter point of view, there are
two inverters, one on the primary side and one on the secondary
side. Being that the equivalent circuit of the considered three-coil
IPT system is equal to the one given in Fig. 3(b), accounting the
first harmonic approximation, the active power that is going from
the primary to the secondary side is equal to

P =
UpU

′
s

2πfLeq
sinϕ (16)

where Up and U ′
s are rms values of the first harmonic of the pri-

mary voltage and of the secondary voltage taken to primary side,
while ϕ is the phase-shift between the primary and secondary
voltages. Controlling the power level and flow direction in this
system is possible in several ways.

1) By varying the duty cycle of the inverters, values of the first
harmonic of the primary and secondary inverters voltage
will change, thus influencing the power level.

2) Changing the phase shift between the primary and sec-
ondary voltages changes both power level and direction
of the power flow, thus in this way change between G2V
and V2G modes of operation is achieved.

3) Operating frequency influences the equivalent reactance
seen between the two sides, meaning that a change in fre-
quency would cause a change in the power level. However,
because of the narrow range of the operating frequencies
for the considered application, the operating frequency
will be fixed.

Considering that the system is intended for automotive charg-
ing applications, it is required that it remains operable and
efficient under the wide range of operating conditions, out of
which, the most important ones are the ones considering differ-
ent clearance and misalignment conditions and different battery
voltage levels. Duty cycle control will be used to compensate
for the changes in the system caused by deviation of the system
from the nominal condition, i.e., the conditions in which the
ratio of the dc voltage levels of primary and secondary side
corresponds to the transfer ratio defined in (7). Depending on
the topology of the entire system, it may also be possible to
vary the input voltage of the primary inverter, however, in this
work we will consider it invariable. Control of the phase-shift
will be used for achieving the desired power flow and switching
between G2V and V2G modes of operation.
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As the system is composed out of two physically separated
parts, two microcontroller units (MCUs) are necessary, one
to control the primary inverter and other to control the sec-
ondary inverter. Problem of synchronizing the two MCUs in
IPT applications can be encountered in the literature [54], [55].
This problem is as well analyzed in our previous work [52],
where a synchronization strategy based on the control of the
secondary inverters current is proposed, that is free of any
wireless communication between the primary and secondary
MCUs. In this way, the IPT system is seen as a controllable
current source that pumps current into the battery, while the
pumped current is being equal to the reference one provided
by the EVs BMS. This provides a possibility to implement any
of the charging methods mentioned in Section I. As the BMS
has the measurements of the battery voltage and current [56],
to implement CV or CP charging methods only one control
loop with a PI controller is to be added to the BMS, output of
which is the current reference provided to the secondary MCU,
given in Fig. 1. During the charging process, once the battery
voltage reaches its defined maximum value, the CV charging
period starts. During this period, the reference for the battery
current is not provided directly by the BMS, rather by a PI
controller with task of maintaining the battery voltage constant.
Once the battery current drops below certain predefined value, it
is considered that the battery is charged and the charging process
is brought to a stop. Implementation of the pulsed-current and
CC charging does not require any additional control loops. In
this way, the considered system mitigates the complex hybrid
structures mentioned in Section I as the way to achieve the
desired charging method, rather it is achieved by the appropriate
control of the given system.

B. V2G Mode of Operation

One of the key features of the proposed EV charging concept
is the bidirectionality feature that is permitted by the employed
converter topology. It is out of interest to analyze the behavior
of the given system in the V2G mode of operation in order to
gain a deeper insight on the functionality of the system.

First thing that can be noted from the Fig. 4, is that the coils
are asymmetrically distributed in space, i.e., primary and tertiary
coil are placed next to each other, while the secondary is placed
further away, on-board the vehicle. Two different aspects of the
system functionality are to be discussed: power transfer and
system efficiency.

From the point of view of power transfer, system will not
exhibit different behavior while functioning in V2G mode of
operation. In the previous section, the three coupled inductors
are equalized to an three-winding transformer. At the operating
frequency, tertiary capacitor resonates with the self-inductance
of the tertiary winding, leading to the equivalent circuit given in
Fig. 3(c). The equivalent inductor is seen between the primary
and secondary side, determining the power transfer between the
two sides accordingly to (16). For certain values of first harmonic
of the primary and secondary voltages, a certain phase-shift ϕ
causes a consequential active power flow from grid to vehicle,
with amplitude equal to P . If sign of the phase-shift is changed
to −ϕ, according to (16), the power flow will consequentially

change sign and the power P will be transferred from vehicle to
grid. The asymmetric distribution of the coils does not influence
the coexistence of the power flow that arises from (16), as this
equation relies on the equivalent circuit of the system that is
derived in Section II, where spatial distribution of the coils is
not relevant for the derived model.

On the other hand, the influence on the system efficiency
does exist. If system was made with tertiary capacitance tuned
accordingly to (15), and with equal values of Leqp and L′

eqs the
system efficiency would be the same. However, for the reasons
considered more thoroughly in the following section, the tertiary
capacitor is to be tuned differently, causing different system
efficiencies in G2V and V2G modes of operation. This issue
will be discussed in Section III-D.

C. Parameters of the Considered System

In the following section, design of the previously described
system will be analyzed. In the case of this work, the EV charger
has the following parameters.

1) Nominal primary dc voltage and nominal EV battery
voltage equal to 800 V. Battery voltage range is [610 V,
830 V].

2) Nominal power of the charger is 30 kW.
3) Litz wire is designed according to [57] and it is made out of

3000 strands of 70μm diameter, yielding the current rating
of 52 Arms assuming the current density of 4.5 A/mm2,
i.e., 58 A with the current density of 5 A/mm2 that will be
considered for the tertiary coil due to its size and position.

4) Outer diameter of the coil is 350 mm, as it is defined in
the SAE standard [4], for the Z2 class of clearance range.
Air gap between the GA and the vehicle assembly (VA) is
varying between 110 and 150 mm (Clearance between 145
and 185 mm as defined in the SAE standard). Considered
misalignment is Â± 50 mm in both x and y direction.

5) Efficiency requirements are as well taken from the SAE
standard [4]. System is required to have efficiency larger
than 85% in the aligned position and efficiency larger
than 80% in the misaligned position. Over the alignment
tolerance area, the charger has to be able to transfer at least
50% of the nominal power.

IV. DESIGN OF THE CONSIDERED SYSTEM

The goal of this Section is to outline the design procedure
of the considered three-coil IPT system. Two criteria are main
for the design: high efficiency of the system and low weight
added to the vehicle. In order to facilitate the understanding of
the design procedure, it will be done in five consecutive steps as
follows.

1) Determining number of turns of the primary, secondary,
and tertiary coils, Np, Ns, and Nt.

2) The analysis of the system controllability and reactive
power consumption by designing the Leq.

3) Improving the system efficiency by eliminating higher
harmonics–adding the external inductor.

4) Further improving of the efficiency by tuning of the tertiary
capacitance.
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5) Final assessment of the power transfer capability and
efficiency of the system in the specified design space.

In the following procedure, there is the requirement for cal-
culating system losses several times. Main system losses are
composed out of

1) conduction losses in the IPT coils and resonant circuit;
2) conduction losses in the primary and secondary inverter;
3) switching losses in the primary and secondary inverter;
while the losses in the ferrite beds of the IPT coils have been

neglected due to the low density of the magnetic flux. Losses
are calculated using the following equations.

Pl = Pcl + Pip + Pis (17)

Pcl = I2pRp + I2sRs + I2t Rt (18)

Pip = 2I2pRip +Ap(Ipoff)f +Bp(Ipon)f (19)

Pis = 2I2sRis +As(Isoff)f +Bs(Ipon)f (20)

where Rp, Rs, and Rt are the ac resistances at the switch-
ing frequency of the primary, secondary, and tertiary part of
the resonant link, respectively. Rip and Ris are resistances
of the primary and secondary inverter, Ap, Bp, As, and Bs

are the parameters that can be extracted from the datasheet of
the semiconductors, dependent on the value of the turn-OFFand
turn-ON current.

A. Determining Np, Ns, and Nt

The design of the IPT coils dominantly determines the weight
that is being added to the vehicle. This determines the place of
the tertiary winding, fixing it to the ground assembly (GA), on
top of the primary winding, as it is shown in Fig. 4. The winding
is designed fixing the core geometry in accordance with the
current standard proposal and the winding geometry is adjusted
to obtain the maximum coupling factor [58]. The very topic
of coil design is extensive, incorporates several different areas
such as winding geometry, core geometry, Litz wire design, etc.
Detailed procedure for coil design is given in [58, Chap. V]. In
this work, we addressed directly only the topic of the number of
turns of the windings, as it is the most important for the presented
work. As we tend to keep the added weight minimal, the number
of turns of the secondary coil is sought to be as low as possible.
Equation (7) can be rewritten in the following way:

np

ns
=

kpt
√

lpNp

kst
√
lsNs

(21)

where lp and ls are per-turn inductances of the primary and
secondary coils, respectively, that have values determined by the
geometry of the winding. From here it proceeds, that achieving
a certain transfer ratio with a minimal number of turns on the
secondary, requires that the primary winding is made with as
low number of turns as possible. Limiting factor to the number
of primary turns is the design of the tertiary coil. The VA rating
of the tertiary coil is equal to

I2t1ωLt =
U2
p

k2ptωLp
. (22)

Fig. 5. First harmonic of the tertiary current in dependence on the number of
turns of the tertiary, for different number of primary turns.

Problem with having a low value the of primary self-
inductance Lp is that the required VA rating of the tertiary coil
is consequently large. Design of such a coil depends mainly
on the characteristics of the available Litz wire and the phys-
ical constraints such as the coil dimensions. Fig. 5 shows the
dependence between the first harmonic of the tertiary current
on the number of turns of the tertiary, for different number of
turns of the primary coil. ANSYS Maxwell was used in this
process for finite element analysis (FEA) of the considered
system. Based on this data and the space available for the tertiary
winding, tertiary winding is made with five turns, each turn
being consisted out of three wires in parallel. Number of turns
of the primary coil is 4. VA rating of the tertiary winding is
120 kVA. Current at the tertiary winding in the nominal condition
is 127 A, leaving enough of the safety margin due to the potential
difference between simulated values and real-life values and
for the possible overcompensation of the tertiary that will be
considered in Section IV-D. Number of turns of the secondary
winding is determined based on the desired transfer ratio. From
(7), it is clear that the transfer ratio will vary depending on the
coupling conditions. Nominal transfer ratio is defined as the
transfer ratio calculated according to (7), in the aligned case and
air gap being equal to the mid-point from the considered range
of air gaps. Nominal transfer ratio will be determined so that it
is equal to the ratio between the input dc voltage and the EV
battery voltage equal to the mid-point from the range(

np

ns

)
n

=
2Vin

V min
batt + V max

batt

. (23)

Equalizing right-hand sides of (21) and (23), one obtains the
number of turns of the secondary coil. Using the FEA simulation
to obtain per-turn inductances of the coils and the coupling
factors between them, it is determined that the required number
of turns on the secondary is 13. Parameters of the simulated
system and of the equivalent circuit are given in Table I. With
this, the design of the coils is concluded. Coils designed in the
previously described manner, allow for high efficiency of the
system through ensuring a wide range of operating conditions
where zero-voltage-switching (ZVS) is achievable. This topic
is discussed more in-detail in Section IV-E. From the point of
view of coil design, Eq. (23) determines the number of turns of
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TABLE I
SIMULATED PARAMETERS OF THE CONSIDERED THREE-COIL SYSTEM AND THE

PARAMETERS OF THE EQUIVALENT CIRCUIT IN THE OPERATING POINT FOR

WHICH THE SYSTEM IS DESIGNED

the secondary is crucial as the given transfer ratio is the main
parameter that influences the range of system conditions where
ZVS will be possible.

B. The Analysis of the System Controllability and Reactive
Power Consumption by Designing the Leq

Once that the IPT coils are defined it is necessary to determine
the primary, secondary, and tertiary capacitor values. In order
to do this, first, the value of the equivalent inductance Leq has
to be defined. Let us analyze the system using the equivalent
circuit given in Fig. 3(c). The operating condition of the con-
sidered system we will call ideal if the rms values of the first
harmonic of the primary voltage and of the secondary voltage
taken to the primary side, Up and U ′

s, are equal between them-
selves and in the same time equal to their maximum possible
value. The system is said to operate in the nominal condition
if the transfer ratio np/ns is equal to its nominal value, while
the system is transferring the nominal power Pn and working in
the ideal condition. Phase-shift ϕ, and the equivalent inductance
Leq in the nominal condition are ϕn and Leqn. For the system
operating in the nominal condition, active power that is being
transferred, reactive powers that are being given by the primary
and secondary inverters and the one that is being consumed by
the equivalent inductance are, respectively:

Pn =
UpU

′
s

2πfLeqn
sinϕn (24)

Qp =
U2
p − UpU

′
s cosϕn

2πfLeqn
(25)

Qs =
U

′2
s − UpU

′
s cosϕn

2πfLeqn
(26)

QL =
U2
p − 2UpU

′
s cosϕn + U

′2
s

2πfLeqn
. (27)

From (24) and (27), introducing that Up = U ′
s, one obtains

QL = Pn tan
ϕn

2
. (28)

For the system to operate with the minimal reactive power it is
clear, from Eq. (28). that it should be designed that in the nominal
conditions ϕn → 0. Under this condition, from Eq. (24), it
follows that Leqn → 0 in order to have the nonzero, constant,
power flow. This is the point where the first tradeoff is made. On
the one hand, low values of Leqn will cause low requirement for

Fig. 6. (a) Change of power with change in phase-shift for different values of
equivalent inductance. (b) Ratio between conduction losses ant the minimum
conduction losses with change in phase-shift. (c) Ratio between current and
nominal current at different phase-shifts, for different nominal phase-shift angles
ϕn.

reactive power and low conduction losses. However, on the other
side, if Leqn is too small, small changes in phase-shift will cause
big changes in the power level, thus system may become hard
to control and inoperable. Fig. 6(a) depicts variation of active
power with the phase-shift for different values of equivalent
inductance, as well as the phase shift for which the certain
reference power level is achieved. In the vicinity of the nominal
operating point, change of power with a change in phase-shift
is given with

dP

dϕ
= Pn cotϕn. (29)

Being that the operating frequency of the EV IPT chargers is
between 80 and 90 kHz, mismatch in the phase-shift caused by
a potential latency of 20–50 ns is between 1° and 2°. In order
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to keep the potential drops or spikes in power level, caused by
the small mismatch in phase-shift, between 2% and 3% of the
nominal power, using Eq. (29), it is calculated that the nominal
phase-shift should not be less than 30◦. From Fig. 6(b), it is
visible that, for this value of phase-shift, conduction losses
increase caused by the reactive power are around 7%, which
is acceptable. Furthermore, from the value of Leqn depends the
value of potential overcurrent, caused by the synchronism failure
between the primary and secondary converters. The value of
this current at the primary side, under nominal conditions is
calculated using

|In| = Up

2πfLeqn

√
(cosϕn − 1)2 + sin2 ϕn. (30)

This dependency is shown in Fig. 6(c). If the equivalent
inductance is designed in a way that the referenced power is
achieved for the proposed phase-shift value of 30◦, in the case
of synchronism failure, maximum overcurrent is approximately
equal to four times the nominal current. This is the value that
contemporary SiC MOSFET transistors can endure for certain
amount of time, so the protection circuit of the converters has
time to react and prevent the damage. So, the value of Leqn is
calculated using

Leqn =
UpU

′
s

4πfPn
. (31)

To have a perfect symmetry between the primary and sec-
ondary sides in nominal conditions, values Leqp and L′

eqs from
Fig. 3(c) are chosen to be equal to half of the equivalent induc-
tanceLeqn. Based on the previous discussion, the initial values of
the primary, secondary, and tertiary capacitors for the following
iterative process are determined according to the (13)–(15).

C. Improving the System Efficiency by Eliminating Higher
Harmonics–Adding the External Inductor

Due to the low values of the self-inductances of the coils, it is
necessary to check for the higher harmonic components in the
primary and secondary currents. Circuit from Fig. 3(a) is linear
and can easily be solved either numerically or using some circuit
simulator software. For the sake of simplicity, we will omit
writing the differential equations describing the system from Fig.
3(a). On Fig. 7(a) the waveforms of the primary and secondary
currents and voltage obtained using PLECS are shown. rms
of the primary and secondary currents are 50.2 and 51.4 A,
while the instantaneous values of the primary and secondary
currents in the switching transitions are, respectively, 70 and
26.4 A. As it can be seen, the current in the switching moment
in the primary inverter is substantial due to the influence of
higher harmonic components in the primary current. Adding
an external inductance to the primary, while keeping the same
equivalent inductance by adapting the capacitance values, is the
most simple way to reduce the higher harmonic currents in the
primary.

The chosen value of the added inductor depends on the
permissible switching current and available space. Clearly, the
higher the added inductance value is, the higher current har-
monics will be suppressed more, however, the size of the added

Fig. 7. (a) Primary inverter voltage and current and secondary inverter voltage
and current with Laddp = 5.72 μH and Cs = 37.4 nF (b) Primary inverter
voltage and current and secondary inverter voltage and current with Laddp =
30 μH, Cp = 144.5 nF and Cs = 37.4 nF.

inductor represents a limiting factor. In this work, we have
chosen to add an inductor of 30 μH. Simulated voltages and
currents in this case are given in Fig. 7(b). Comparing this to
the case shown in Fig. 7(a), rms of the primary and secondary
currents are 44.6 and 50.5 A, while the instantaneous values of
the primary and secondary currents in the switching transitions
are, respectively, 26.6 and 26.4 A.

By now, the influence of the higher harmonic current has been
suppressed in the overall rms of the primary and secondary
currents; however, it still has some influence in the switching
current, i.e., the switching losses.

D. Further Improving of the Efficiency by Tuning of the
Tertiary Capacitance

In the previous calculus, value of the tertiary capacitance
was calculated according to (15). However, it is possible that
the total system losses can be reduced more by varying the
value of the tertiary capacitance. In case that the tertiary cir-
cuit is out of resonance at the fundamental frequency, i.e., it
is injecting (capacitive behavior–tertiary is overcompensated)
or draining (inductive behavior–tertiary is undercompensated)
reactive power, the equivalent circuit or the system can be
represented using an equivalent Π schematic given in Fig. 8.
Parameters of the Π schematic are defined using the following
equations:

LΠ
eq = Leqp + L′

eqs +
ω2LeqpL

′
eqs

Zeq
(32)

ZΠ
eqp = ωLeqp + Zeq +

Leqp

L′
eqs

Zeq (33)
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Fig. 8. (a) T equivalent circuit of the three-coil system with overcompensated
tertiary winding. (b) Π equivalent circuit of the considered three-coil system.

ZΠ′
eqs = ωL′

eqs + Zeq +
L′

eqs

Leqp
Zeq. (34)

First, the losses are calculated. Depending what losses are
dominant, Ct is to be increased or decreased. If the conduc-
tion losses in the tertiary circuit are dominant, Ct should be
decreased. If the converter losses are dominant, Ct should be
increased. Cp and Cs are recalculated each time in order to
keep LΠ

eq constant. The iterative process is maintained until the
total losses start rising. The final values of the capacitors are
Cp =144.4 nF, Cs =37.4 nF, and Ct =274 nF. The proposed
capacitor tuning method differs from all of the tuning methods
mentioned in Section I as it leads to having an equivalent
inductance seen between the primary and secondary sides, while
most of the tuning methods from the cited works strive to achieve
a resonance independent on the coupling between the coils, thus
they tend toward the well-known gyrator structure via tuning the
compensation capacitors to resonate with the self-inductances
of the coils. The estimated efficiency of the system is more
than 96% for the inverters made with G3R20MT12 N transis-
tors and for the estimated ac resistances of the primary, sec-
ondary, and tertiary parts of the circuit, respectively, equal to 40,
140, and 20 mΩ. The resistances were estimated using the
methodology based on the homogenization of the Litz wire
conductor and simulations in FEA software. This methodology
was employed for the resistance estimation in our previous
research activity, where the same Litz wire was employed [57],
[57], [59]. The estimated primary resistance includes for the
added inductor as well. As the result of increasing the tertiary
capacitance, current in the tertiary winding is increased to the
152 A and its VA rating as well to 171 kVA.

Throwing the tertiary capacitor out of resonance will reflect
itself through different efficiencies of the system in G2V and
V2G modes of operation. Namely, solving the circuit from Fig.
8(b), the primary and secondary inverter currents will be differ-
ent, causing different losses in the inverters. Also, the losses in
the tertiary winding will be different due to the different voltage

TABLE II
SIMULATED PARAMETERS OF THE CONSIDERED THREE-COIL SYSTEM AND THE

PARAMETERS OF THE EQUIVALENT CIRCUIT FOR THE CLEARANCE OF 160 MM

AND MISALIGNMENT IN BOTH X- AND Y-AXES EQUAL TO 50 MM

seen at the magnetizing inductance that is shown in Fig. 3(c).
The different voltage in two cases is caused by different inverter
currents.

E. Final Assessment of the Power Transfer Capability and
Efficiency of the System in the Specified Design Space

In order to verify the proposed design, it is necessary to
check whether the previously designed system complies with
the design goals defined in the beginning. So, in the case of this
work, the questions are as follows.

1) Is the system capable to transfer the minimum power that
is required of it in all of the possible conditions?

2) Is the efficiency of the system sufficiently high in all of
the possible conditions?

To check the first question, it is necessary to simulate the sys-
tem in the position with maximal clearance and misalignment.
Simulated parameters are given in Table II. In terms of power
transfer capability, critical is the case with the minimal voltage
of the EV battery. In the discussed case, the maximal power that
can be transferred is equal to

Pmax =
UpU

′
smin

2πfLeq
. (35)

Introducing the system parameters and the parameters from
Table II into the previous equation, for the designed system, it is
obtained that the Pmax equals to 35.02 kW. However, due to the
Litz wire current limitation of 52 A on the secondary side, power
is limited to a lower value. The matter of efficiency under various
clearance values and alignment conditions is important as well.
To analyze the system behavior under the misalignment and
varying air gap conditions, a parameter called relative coupling
coefficient is introduced, designated with ξ. This parameter
basically represents a metric of measuring the coupling of the
coils of the transmitter (primary and tertiary) with the coil of the
receiver (secondary). Due to the position and sizes of the coils,
it is valid to claim that the mutual inductances Lps and Lst will
change proportionally respective to their nominal values with
the same scaling coefficient, with the change of the secondary
coils position. The scaling coefficient, that quantifies the ratio
between the Lps and Lst in the nominal condition and their
corresponding values in some other position of the secondary is
the previously mentioned ξ, i.e.,

Lps = ξLpsn (36)

Lst = ξLstn (37)
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where Lpsn and Lstn are nominal values of the corresponding
mutual inductances, that can be seen in Table I. In the nominal
position ξ equals to one. Using ANSYS Maxwell, it is possible to
validate that in the considered design space defined at the end of
the previous section, ξ is in range between 0.6 and 1.3. Through
this, the convenience of the introduced parameter ξ is reflected,
as the system will exhibit the same behavior for various air-gaps
and alignment positions, as long as the considered positions
have the same value of the parameter ξ. This means, that the
control of the system will depend on the parameter ξ, and not on
the air-gap and alignment, as the information about these two
parameters is contained in the ξ. Variation of the Lps and Lst

over the alignment area, influences the transfer ratio from the (7)
and the secondary leakage inductance from (11). Thus, it
changes the parametersL′

eqs andU ′
s from Fig. 3(c). As the certain

power level can be transferred for various different values of
primary and secondary inverter duty cycles, each combination
having a different phase-shift, finding the optimal working point
of the system under nonnominal conditions is not an easy prob-
lem. However, it is always possible to fix one of the inverter duty
cycles. If ξ is lower than 1, than the duty cycle of the primary is
kept constant, while the duty cycle of the secondary is reduced.
In the case when the ξ is bigger than 1, it is done otherwise. In CV
charging mode, as the transferred power is gradually reducing,
so it is beneficial to reduce both duty cycles, as this will lead to
reduction in the current of the tertiary winding. Equivalent circuit
from Fig. 8(b) has been analyzed for different values of the
parameter ξ. For calculating the losses, same parameters as in the
previous section are used. Systematic circuit simulations using
PLECS are conducted in order to obtain the relevant parameters
of the circuit such as the rms of the currents and the currents
in switching transitions. For the values of ξ in the given range,
battery voltage, power level, and duty cycles of the inverters are
varied to find the optimal working point for each of the possible
cases of relative coupling coefficient and battery voltage levels.
Expected efficiency of the system is between 90% and 97%
considering all conditions. Nominal power of 30 kW is possible
to achieve under higher battery voltage levels and with the higher
relative coupling coefficient. For this reason, CC/CV charging
method would be the most appropriate for the proposed charger
topology, as it naturally requires lower power with lower battery
voltages.

Hidden under the previously described method of finding the
optimal operating conditions of the system for each value of ξ
from the considered range, is the discussion about switching of
the semiconductors. Namely, ZVS is a very important feature of
the system, from the point of view of having high-efficiency and
low electromagnetic interference (EMI). The inductive nature
of the impedance seen between the primary and secondary
contributes positively to the ZVS, as well as do the higher
harmonic components in the inverter currents. As the loss of ZVS
leads to significant increase in switching losses, the previously
described method is naturally going to select cases with ZVS
as optimal for the system operation whenever it is possible to
achieve ZVS. The possibility of achieving ZVS depends on three
factors: the relative coupling coefficient ξ, battery voltage, and

Fig. 9. Design flowchart.

power that is being transferred. Fig. 10 shows the dependency
of switching conditions on the ξ and battery voltage for the
given power level of 30 kW. In the same figure, it is possible to
visualize the systems capability to transfer the nominal power
under different coupling conditions and battery voltages being
that these two parameters are the ones determining the systems
power transfer capability. Approximately, for ξ ≥ 0.8 system is
able to transfer the nominal power.

The expected efficiency of the system is higher than it is
required by the SAE standard [4], thus it can be proceeded
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Fig. 10. Area depicting possibility of achieving ZVS for 30 kW of power
being transferred.

Fig. 11. Experimental setup.

with the prototype building and testing procedures. The entire
design process described in this section can be represented using
a flowchart given in Fig. 9.

V. EXPERIMENTAL RESULTS

A. Testing of the Tertiary Coil

Experimental setup built to verify the ideas proposed in this
work is given in Fig. 11. Detailed look of the primary, secondary,
and tertiary coils is given in Fig. 12. The number of turns of each
winding is 4, 13, and 5, respectively. Thickness of the ferrite core
is 5 mm. The tertiary winding shown in Fig. 12(c) is made with
three wires in parallel. In order to prevent circulating currents
in the tertiary winding and the consequential reduction in the
system efficiency, the conductors are interleaved in the way that
in each turn, each of the three conductors, takes each of the
three positions for one third of the turn length. In this way, the
symmetricity of the conductors composing the tertiary winding
is achieved. Fig. 13 shows the tertiary current waveforms mea-
sured in each of the three conductors of the tertiary winding, and
the one measured as the sum of the three. The test was conducted
with the open secondary coil and with the primary full-bridge
generating a square-wave voltage with 50% duty cycle at half
of its nominal voltage. As it can be seen, the currents in the

Fig. 12. (a) Primary coil. (b) Secondary coil. (c) Tertiary coil. (d) Inverter.

three conductors of the tertiary winding are well balanced as
intended. Total rms current in the tertiary winding is equal to
84.85 A, yielding that with the nominal primary voltage it will
be twice as much, giving the maximum predicted current density
of 5 A/mm2 in the tertiary conductors and the total power of the
tertiary coil of 229 kVA.

The 10% higher current than simulated is the consequence of
the 10% difference in the tertiary winding inductance comparing
to the simulations. This is the worst case scenario as there is
no power transfer so the voltage on the magnetizing inductance
from Fig. 7(a) is maximal. When transferring power, this current
will be lower due to the voltage drop on the equivalent primary
inductance.

B. CC/CP Charging

A series of tests are conducted in order to test the claims given
in this work. The system was tested in three significant positions,
where the simulated value of the relative coupling coefficient ξ
is equal to 0.6, 1, and 1.3. In Table III, measured parameters of
the system in all of the three considered cases are given. In each
of the cases, system was first tested both using the CP and CC
charging methods. Table IV shows the summarized data of the
CP and CC conducted tests. The power for CP charging is chosen
in a way that it is possible to be reached for all of the battery
voltages from the considered range. The current at the secondary
coil will be highest when the battery voltage is lowest, and it is
this case that determines the maximum power for CP charging.
On the other hand, with the CC charging method, charging power
increases with the increase in battery voltage. In both cases, the
limiting factor is the rated current of the primary and secondary
coils, as they are limited by the conditions given in the end of
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Fig. 13. (a) Measured currents in the three conductors of the tertiary winding
and the total current. (b) Voltage and current of the primary inverter.

TABLE III
MEASURED PARAMETERS OF THE SYSTEM IN THE THREE TESTED CONDITIONS

Section III. The charging times using the CP and CC charging
methods as the later one has higher average power delivered to
the EV battery.

First, the test with the highest relative coupling coefficient
is conducted. In CP charging mode, it is tested for the power
transfer of 30 kW. For the variation of the battery voltage in
the entire range between 610 and 830 V, the system efficiency
was between 95.75% and 96.54% and the battery current was
between 36.14 and 49.12 A. Current and voltage waveforms of
the primary and secondary inverters in this case are given in
Fig. 14(a)–(c), for battery voltage levels of 610, 710, and 830 V,
respectively. CC charging was done with two different values
of the charging current, 34 and 45 A. In the first case of CC
charging, system efficiency was between 95.91% and 96.52%,

while the charging power was between 20.7 and 28.2 kW. In
the second case, system efficiency was between 95.86% and
96.72% and the charging power was between 27.5 and 37.4 kW.
Currents and voltages of the primary and secondary inverters, for
this case, are given in Fig. 14(d)–(f). As it can be seen from the
given data, CC charging is more appropriate for this charger type
as it allows for higher power transfer with higher battery voltage
levels, thus confirming the statement given in the previous
section.

In the second position in which the system was tested, for
ξ = 0.99, same tests as with ξ = 1.27 are conducted. In CP
charging mode the system is tested for 30 kW power level. Mea-
sured efficiency of the system was between 95.82% and 96.35%,
while the charging current varied between 36.14 and 49.12 A.
Fig. 15(a)–(c) depicts the voltage and current waveforms for
the battery voltage levels of 610, 710, and 830 V. Charging the
battery with constant current equal to 34 A is analyzed next.
Measured efficiency of the system in this case was between
95.72% and 95.93%, while the charging power was between
20.7 and 28.2 kW. Case where the battery is charged with the
constant current of 45 A is shown in Fig. 15(d)–(f). Achieved
system efficiency was between 95.85% and 96.35%, while the
charging power was between 27.5 and 37.4 kW.

In the case, where the relative coupling coefficient ξ is equal
to 0.62, i.e., when both the clearance and misalignment are
maximal, it is not possible to transfer the nominal power in the
entire considered voltage range of the battery. For that reason,
the system is tested in the CP charging mode with the power level
of 21 kW that is achievable for all of the battery voltage between
610 and 830 V. Fig. 16(a)–(c) shows the currents and voltages
of the primary and secondary inverters during these tests, in
the three characteristic points of the battery voltage interval.
System efficiency was in range between 93.63% and 94.82%,
while the battery current was in between 25.30 and 34.43 A.
Fig. 16(d)–(f) depicts the relevant waveforms under CC charging
test, where the battery voltage was equal to 610, 710, and 830 V,
respectively, and the battery current was equal to 34 A. The
efficiency of the system in these tests was in range between
94.04% and 94.82%, while the charging power varied between
20.7 and 28.2 kW. Fig. 17 gives the measured system efficiency
curves for different battery voltage levels and in different cases
of CC and CP charging that were tested.

Fig. 19 shows the losses breakdown in the nominal case,
as defined in Section IV, that is shown in Fig. 15(b). Input
voltage is 800 V, battery voltage is equal to 710 V, the relative
coupling coefficient ξ is equal to 1, while the power being
transferred to the EV battery is equal 30 kW. As it can be seen,
dominant are the conduction losses in the tertiary winding. Due
to its position and size, the tertiary winding makes a convenient
place to concentrate the system losses as it is purely passive
element with relatively big dissipation area. Yet, if these losses
were mitigated to the inverter bridges, it would require them to
have better cooling and would cause lower system efficiency as
the resistance of one of the semiconductors is higher than the
entire resistance of the tertiary circuit, thus justifying for the
proposed solution of having high tertiary current and concen-
trating the losses there. Also, the key to maintaining the high
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TABLE IV
OVERVIEW OF THE CP AND CC CONDUCTED TESTS AND RESULTS

Fig. 14. Currents and voltages of the primary and secondary inverters for ξ = 1.27, (a) Vbatt = 610 V, P = 30 kW (b) Vbatt = 710 V, P = 30 kW
(c) Vbatt = 830 V, P = 30 kW (d) Vbatt = 610 V, I = 45 A (e) Vbatt = 710 V, I = 45 A (f) Vbatt = 830 V, I = 45 A.

Fig. 15. Currents and voltages of the primary and secondary inverters for ξ = 0.99, (a) Vbatt = 610 V, P = 30 kW (b) Vbatt = 710 V, P = 30 kW
(c) Vbatt = 830 V, P = 30 kW (d) Vbatt = 610 V, I = 45 A (e) Vbatt = 710 V, I = 45 A (f) Vbatt = 830 V, I = 45 A.

system efficiency during the following CV charging is to reduce
the tertiary current by reducing the primary and secondary duty
cycles as it will be shown. Cooling of the tertiary winding in
the prototype was air-forced. In the case of having primary and
tertiary coils encapsulated, it would be necessary to devise a
ventilation system to guide the air inside the structure and to
allow for the required cooling conditions.

C. CV Charging
After CC and CP charging test, efficiency of the system was

examined under CV charging conditions, being that it is present
both in CC/CV and CP/CV charging methods, in the second
half of the battery charging process. Table V summarizes the
CV charging results. System was tested with the same relative
coupling coefficients as in the previous tests. Battery voltage was
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Fig. 16. Currents and voltages of the primary and secondary inverters for ξ = 0.62, (a) Vbatt = 610 V, P = 21 kW (b) Vbatt = 710 V, P = 21 kW
(c) Vbatt = 830 V, P = 21 kW (d) Vbatt = 610 V, I = 34 A (e) Vbatt = 710 V, I = 34 A (f) Vbatt = 830 V, I = 34 A.

Fig. 17. System efficiency in CC and CP charging tests.

TABLE V
OVERVIEW OF THE CV CHARGING RESULTS

kept constant at 830 V while the battery current was changing
between the maximum for each of the given cases, and the 10%
value of the maximum current of 45 A, below which when the
current drops, we consider that the battery is fully charged.

Fig. 18(a) and (b) shows relevant waveforms of the system
for the case with the relative coupling coefficient equal to 1.27
during the CV charging part of the process, in two instants when
the battery current is equal to 20 and 4.5 A, respectively. Case
with the battery current equal to 45 A is already given in Fig.
14(g). System efficiency decreased together with the decrease

in battery voltage, ranging from 96.72% to 92.22%, while the
charging power changed from 37.5 to 3.7 kW.

In Fig. 18(c) and (d), analogously to the previous case, cur-
rents and voltages are given for the case of ξ = 0.99. Efficiency
of the system decreased from 95.85% to 91.95%, while the
change in the charging power is the same as in the previous
case. Fig. 18(e) and (f) shows the waveforms for the case with
minimal relative coupling coefficient. Case with the maximal
charging current of 34 A in this case is given in Fig. 14(f). As
the charging current decreased from 34 to 4.5 A in

this case, the system efficiency decreased from 94.04%
to 91.29%, while the charging power decreased from 28.2 to
3.7 kW. Fig. 20 shows the variation of system efficiency with
the change in battery current during the CV charging period,
for the three previously discussed cases. All of the efficiencies
measured in this work were obtained by utilizing the internal
measurements of the Regatron programmable dc sources that
were used for energizing the system.

Although the primary and secondary currents get distorted
in the CV charging process due to higher presence of harmonics
in the primary and secondary voltages, tertiary current will
remain sinusoidal as its first harmonic is dominant due to the
impedance characteristic of the circuit given in Fig. 8(a).

D. Thermal Considerations

Overall system losses in the nominal condition are given in
Fig. 19. As it can be seen, the losses in the tertiary winding
are dominant. While testing the presented prototype, air-forced
cooling with 700 LFM was used for refrigerating the coils of the
GA, mainly the tertiary coil. The temperature of the hottest point
of the tertiary winding reaches 94 ◦C in steady-state. Although
high, this is still far away from the 180 ◦C limit of the isolation of
the used Litz wire. This is, thermally, the most critical part of the
system. As for the inverters, same air-forced cooling as for the
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Fig. 18. Currents and voltages of the primary and of secondary inverters in CV charging mode for battery voltage equal to 830 V (a) ξ = 1.27 I = 20 A
(b) ξ = 1.27 I = 4.5 A (c) ξ = 0.99 I = 20 A (d) ξ = 0.99 I = 4.5 A (e) ξ = 0.62 I = 20 A (f) ξ = 0.62 I = 4.5 A

Fig. 19. Losses breakdown in the nominal condition.

Fig. 20. System efficiency in CV charging tests.

GA was used. The transistors were placed on top of the heatsink
as shown in Fig. 12(d). The thermal resistance between the case
of the transistor and the ambient is, approximately, 0.15 ◦C/W.
In the steady-state, while operating in the nominal point, un-
der the given cooling conditions, the measured temperature of
the case reaches 52 ◦C which is, having in mind the thermal

Fig. 21. System operating in V2G mode of operation.

resistance between junction and case from the datasheet of the
used transistors, far under the limit for SiC technology.

E. Comparison to Other Works and V2G Test

Table VI gives the comparison between this work and the
other relevant ones that were mentioned in the analysis of the
state-of-the-art in Section I. As it can be seen, in terms of power
level it is significantly higher than other cited articles. As for
the system efficiency, it is in the top of the class, as are [30]
and [17]. Out of all of the cited works, it is the only one that
provides bidirectionality feature of the system. Misalignment is
considered, as it is the crucial thing for EV charging applications.

To conclude the testing of the system, V2G mode of operation
is checked. This mode of operation was checked for ξ = 0.99
and for battery voltage equal to 830 V while the power of 30 kW
was being transferred to the primary side. Waveforms obtained
during this test are given in Fig. 21. Measured efficiency of the
system was 95.76%.

From the presented, it is clear that the proposed tuning method
and design of the S–S–S compensated three-coil IPT charger
satisfies the most important requirements of the current SAE
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TABLE VI
COMPARISON WITH OTHER RELEVANT IPT SYSTEMS FROM STATE-OF-THE-ART

standard proposal in terms of the coil sizes and system effi-
ciency, potentially presenting a solution for high-power, high
efficiency bidirectional EV charger. The swing in the relative
coupling coefficient in this work, that comes as the consequence
of considered clearance and misalignment area, is lower then
the one predicted by the SAE standard. In this work, we have
presented the algorithm how to design the IPT system based on
the proposed principles that has, as one of its input parameters,
the clearance and misalignment area for which the system is
designed. From the analysis presented in this article, it is possible
to deduce that with the increase of swing in the relative coupling
coefficient, the swing in the system efficiency will increase as
well, due to loss of soft-switching conditions. However, the
presented system has more than enough margin, in terms of
system efficiency and power transfer capability that are defined
in the SAE standard, to present a potential candidate for a
real-life applications.

VI. CONCLUSION

In the presented work a comprehensive equivalent circuit
of the three-coil IPT system is derived. Tuning method for
the S–S–S compensated three-coil IPT system, suitable for the
high-power and high-efficiency bidirectional EV charger, is
proposed. The proposed tuning method leads to the functionality
of the system, where seamless implementation both CC/CV
and CP/CV charging methodologies is possible, as well as the
transition between G2V and V2G modes of operation. Design
procedure of the 30 kW IPT system based on the considered
three-coil compensation strategy is outlined. Extensive tests with
power level ranging between 3.7 kW and 37.4 kW are conducted
in order to verify the proposed tuning method, achieving high
efficiency, between 91.29% and 96.72%, over the entire range of
considered clearances and misalignments, battery voltages, and
battery charging currents/power levels, proving the effectiveness
and applicability of the proposed tuning method.
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