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Abstract—In this study, a 3-kW inductive power transfer system
is investigated, specifically intended for contactless vehicle charg-
ing. A series-series-compensated topology with dual-side power
control and a corresponding control strategy is proposed to signif-
icantly increase the overall efficiency, especially for systems with
large coupling factor variations and in partial load mode. The
topology, which is closely related to the dual-active bridge con-
verter, enables the dual-side power control without adding addi-
tional dc¢/dc converters to the system, and thus keeping the addi-
tional hardware effort minimal. A detailed analysis of the proposed
topology is provided, and the benefits of the dual-side control are
demonstrated both theoretically and experimentally. A hardware
prototype is built and a peak dc-to-dc efficiency of 95.8 % at 100 mm
air gap and a minimal efficiency of 92.1% at 170 mm air gap is
measured, including the power electronic components. The partial
load efficiency at 500 W output power is still as high as 90.6% at
135 mm air gap. Overall, the proposed topology provides a prac-
tical method to overcome the main drawback of most single-side
controlled inductive power transfer systems, which is a significant
efficiency drop outside the nominal operating point.

Index Terms—Contactless power transfer (CPT), inductive
power transfer (IPT), wireless charging, wireless power transfer
(WPT).

I. INTRODUCTION

YSTEMS for contactless inductive power transfer (IPT)
S are well known in many applications, such as industrial
automation, medical implants, clean rooms, and consumer elec-
tronics [1], [2]. The technology has the potential to significantly
facilitate the charging process of electric vehicles in compar-
ison to conventional conductive chargers as it eliminates the
need for the driver to manually handle a charging cable. The
main challenges in applying IPT to contactless vehicle charging
are the large air gap due to the ground clearance of the vehicle
and the variable vehicle position above the charging pad. At the
same time, a contactless vehicle charger must be safe, robust,
efficient, and apt to be manufactured at low costs, to compete
with conventional conductive chargers.
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Fig. 1. Schematic of the contactless vehicle charger.

The primary coil on the infrastructure side and the secondary
coil on the vehicle side are magnetically coupled and can be
described as a loosely coupled transformer. Due to the large
leakage inductances, reactive power compensation is required
both on the primary and the secondary side. The most common
topology uses an LCL resonant tank on the primary side and a
parallel-tuned pickup coil where power control can be applied
on the primary side [3], [4], the secondary side [5]-[7], or on
both sides [8].

Another popular topology for IPT is the series-compensated
primary and secondary coil [9]-[15]. Its current source behav-
ior on the secondary side when operated with a voltage source
inverter on the primary side also makes it a good candidate for
battery-charging applications. Power control is typically per-
formed on the primary side either by using a phase-shifted
full-bridge or by regulating the input dc-link voltage, allow-
ing the full-bridge to operate under soft-switching conditions.
In a separate publication, a detailed simulative topology com-
parison between different series-series-compensated hard- and
soft-switching topologies was performed [16].

Current research activities tend to increase the operating fre-
quency and to apply soft-switching topologies. However, in this
study, it is shown that high efficiencies can also be achieved
with a hard-switching topology if a dual-side power control is
applied. The main benefit is a wide operating range regarding
coupling factor and battery voltage variation, as well as partial
load. Furthermore, the proposed topology is simple and robust
and does not require additional dc/dc converters on the infras-
tructure or vehicle side for power control.

II. PROPOSED TOPOLOGY

In this study, a 3-kW contactless vehicle charger is inves-
tigated that is operated from the 230-V single-phase grid. A
schematic of the required power electronic components is shown
in Fig. 1. First, the ac grid voltage is rectified using a power factor
correction (PFC) rectifier. The PFC rectifier is not investigated
in detail in this study because it is a standard component and can
be designed mostly independently from the other components of
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Fig. 2. Proposed dual-side controlled topology with series-series reactive
power compensation.

Fig.3. Transformer equivalent circuit including reactive power compensation.

the IPT system. The nominal efficiency of the PFC rectifier can
be assumed to be in the range of 97% to 98%, or even higher for
more complex topologies [17], [18]. Its output voltage is set to
400 V, which enables the use of standard 600-V semiconductor
devices both in the PFC rectifier and the inverter. At the same
time, the voltage is chosen above the ac input voltage amplitude
to apply the conventional boost PFC topology.

In Fig. 2, the proposed dual-side controlled topology is de-
picted, involving inverter, reactive power compensation, con-
tactless transformer, and rectifier. Series resonant capacitors,
which match the coil inductances L; and Ly at the operating
frequency wy according to (1), are applied both on the primary
and secondary side. In practice, it is advantageous to split up the
resonant capacitors and to build a symmetric resonant tank to
reduce electromagnetic interference. For reasons of simplicity,
this is not shown here

1 1
VLG, VL, Oy

To describe the basic behavior of a series-series-compensated
IPT system, first-order analysis (FOA) is performed first, and
all higher harmonics and losses are neglected [19]. For this
qualitative investigation, it is assumed that the impedances of the
resonant capacitors C and Cy perfectly match the impedances
of the coil inductances L; and Lo, respectively, at the resonant
frequency wy. A fixed-frequency control is applied where the
operating frequency equals the resonant frequency. The two
basic voltage equations (2) and (3) can then be derived from the
transformer equivalent circuit in Fig. 3, where M is the mutual
inductance of the contactless transformer. The current directions
were chosen according to the unidirectional power flow from the
primary to the secondary side

Wy =

(D

v1,roA = —jwMisroa 2
Vo roA = jwMiy Foa- 3)

The inverter is operated using the phase shift modulation
scheme, where « is the phase shift between the two inverter
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Fig. 4. Measured voltage and current waveforms using the proposed modula-
tion scheme (135 mm air gap, 3 kW output power, V1 pc = Vo pg = 400 V).

legs. In Fig. 4, the resulting measured output voltage of the
inverter v; is shown. The fundamental inverter output voltage
v1,FoA in dependence on the phase shift o can be calculated
according to (4) by means of the Fourier transform

2v/2 ( a )

V1 FOA = TVLDC sin

2

With the primary voltage and current as shown in Fig. 4, the
IGBTs of the leading inverter half-bridge are switched under
zero current switching conditions with only turn-on switching
losses. In contrast, the IGBTS of the lagging inverter half-bridge
are operated under zero voltage switching conditions with only
turn-off switching losses [12].

By introducing the two switches S5 and Sg into the rectifier,
the power flow to the output can be controlled by the secondary
side as well. In the free-wheeling state where both switches are
closed, the current 5 circulates on the secondary side, and in the
state where both switches are opened, the current flows to the
output capacitor. Both switches are switched in a way that there
is zero phase shift between the resulting fundamental secondary
voltage v2 poa and the fundamental secondary current s poa
as shown in Fig. 4.

The pulse width 3 of the secondary voltage vo corresponds
to the off-times of S5 and S¢ and can be adjusted to reduce the
fundamental output voltage vo roa . The functionality of the ac-
tive rectifier is hence comparable to a passive rectifier followed
by a boost converter. By means of the Fourier transform, the
fundamental voltage v2 roa in dependence on the pulse width
[ can be calculated according to (5)

2¢/2 .
V2 FOA :JT\[VQ,DC sin (g) . 3)

“)

From the basic voltage equations of the transformer equiva-
lent circuit (2) and (3), the corresponding fundamental currents
in the primary and secondary winding of the contactless trans-
former can be derived

)  2V2Vape . (B
fpoa = —— e sin{ o (6)
. .22 Vipe . (a
2 roa = I o o (5) @
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TABLE I
QUALITATIVE INVESTIGATION OF THREE EXEMPLARY OPERATING POINTS

Dual-Side Control
according to (10)

Passive Rectifier

B=m)

Red. coupling: 11,FOA = 241, FOA,N i1,roa = V2i1,FOA.N
y 1 y B . . _ N
M = 7 My 2, FOA = 2, FOA,N i2.704 = V2i250A.N
. . ) . ) 1
Partial load: 11,FOA = 11,FOA,N 11, FOA = 5 11,FOA,N
1 . 1 . 1.
P =i Px i2 FOA = T 12,FOAN 12 FOA = 5 12 FOA.N
Variable battery i1 poa # i1,FOA,N i1,F0A = i1,FOA,N
voltage V2 p ¢ is FOA # 11,FOA N 12 FOA = 12 FOA.N

It can be noted that the secondary coil current can be di-
rectly controlled by the primary inverter pulse width a. Due to
the current source behavior of the series-series reactive power
compensation, this current is independent of the output voltage
Va2, pe orthe rectifier pulse width 3. In the same way, the primary
coil current can be controlled by the secondary rectifier pulse
width (. The possibility to control the primary current using a
fixed-frequency control would be lost if a passive rectifier was
used.

Due to the bandpass characteristic of the series resonant tanks,
the primary and secondary currents are approximately sinu-
soidal and higher harmonics do not significantly contribute to
the power flow. Thus, the power transfer from the primary to
the secondary side, if all losses are neglected, can be calculated
from (5) and (7)

Poutron = R {varoa i;ﬁFoA}

_ 8 VincVanc (g) sin (P ®)
2 wM 2 2/)

III. PROPOSED CONTROL STRATEGY

According to (8), both control variables, the primary pulse
width a and the secondary pulse width (3, can control the power
flow. This additional degree of freedom introduced by the dual-
side control can be used to adjust the operating point, to opti-
mally distribute the losses between the primary and secondary
charging pads and to maximize the overall efficiency.

The proposal for an optimal control strategy is to keep the ratio
between the fundamental primary current ¢; poa and the sec-
ondary current i» roa constant at all operating points to achieve
an impedance match of the secondary load. The proposed opti-
mal ratio depends on the nominal dc-link voltage Vi pc,x and
the nominal battery voltage V2 pc n, for which the contactless
transformer is designed according to (10). From (6) and (7), the
resulting condition for the pulse widths « and 3 can be derived

|Z:1,F0A| + Vapox ©)
lis FoA| VipeN
Vipce . (04) Vope . (ﬁ)
————gin{—) = ———sin | = | . 10
ViponN 2 VapeN 2 (19)

The motivation for choosing this control strategy is explained
qualitatively on the basis of three exemplary operating points
that are of special interest in practice (see Table I). In the first
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case, it is discussed how the IPT system behaves if the mutual in-
ductance M between the primary and secondary charging coils
is reduced by a factor of 2, e.g., because of an inexact position-
ing of the vehicle. If the rectifier is purely passive, the primary
current would double to achieve the same power transfer, caus-
ing significantly increased losses on the primary side. With the
proposed dual-side control, both the primary and the secondary
current are increased, but only by a factor of V2, causing lower
overall losses on the system level.

In the second case, it is discussed how the IPT system be-
haves in partial load mode with a reduction of the output power
to 25% of the nominal power. Using only a passive rectifier, a
constantly high primary current would be circulating accord-
ing to (6), because the IPT system is loaded with a constant
voltage load (battery) rather than an ohmic load. Hence, the pri-
mary losses cannot be decreased, causing a significantly reduced
partial load efficiency. With the proposed dual-side control, in
contrast, both the primary and secondary currents can be re-
duced by a factor of 2 (see Table I) and a much higher partial
load efficiency can be expected. This effect is demonstrated later
experimentally.

Another benefit of the dual-side control is the decoupling of
the IPT system’s operating point from the actual battery voltage
(third case in Table I) due to the boost functionality of the active
rectifier. In practice, the battery voltage varies depending on its
state of charge, the temperature, and other parameters. However,
with the dual-side control, the IPT system can still be kept in its
nominal operating point.

A possible control loop to realize the proposed dual-side
control strategy is shown in Fig. 5. The inner control loop can be
implemented on the secondary side without the need for wireless
communication between the primary and secondary controller.
Depending on the charging state of the battery, the inner control
loop can either control the battery current (CC-mode) or battery
voltage (CV-mode).

The outer control loop can be implemented on the primary
side to adjust the operating point of the IPT system according to
(9). Two signals have to be transmitted via a wireless commu-
nication channel from the secondary controller to the primary
controller: The measured battery voltage V2 pc meas and the de-
sired secondary pulse width ;.. The outer control loop must
be implemented much slower than the inner control loop to take
into account the delay of the wireless communication channel.
Measurements of the ac currents in the transformer windings
are not needed for the control. However, these current measure-
ments might be necessary to detect possible overcurrents.

IV. SIMULATION MODELS

In the design process, the main goal was to build an IPT
system that is tolerant toward a certain variation of the magnetic
coupling factor between the primary and the secondary coil. In
the application as a contactless vehicle charger, this allows for
a higher tolerance against variable air gaps of different vehicles
or a misplacement of the vehicle above the charging pad. To
account for this design goal, the IPT system has not only been
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Fig. 5. Schematic of the control loop.

optimized for one single air gap and operating point but also for
an air gap variation from 100 to 170 mm.

On the one hand, the aim was to achieve a high overall ef-
ficiency. On the other hand, the material effort regarding the
copper and ferrite mass and the semiconductor chip size should
be close to that of a practical implementation. To achieve an op-
timal system design, a holistic approach is necessary, involving
the contactless transformer itself and also the power electronic
components. For this purpose, all components were thoroughly
modeled, and the total system was optimized using a multiob-
jective optimization approach. In this section, a brief overview
of the implemented simulation models is given.

The distribution of the magnetic flux density in the air gap of
the contactless transformer is simulated using the finite-element
method (FEM). From the magnetic flux density distribution, the
self-inductances L; and Lo and the mutual inductance M at
different air gaps are obtained. Furthermore, the stray magnetic
field next to the vehicle is simulated.

The windings of the contactless transformer are built of high-
frequency litz wire to reduce the impact of skin and proximity
effect. In the simulation model, the skin effect (in the single
strands of the litz wire) and the inner proximity effect (between
the single strands of the litz wire) are calculated analytically with
an empirical correction to account for the imperfect stranding
of practically fabricated litz wires [20], [21]. The influence of
the outer proximity effect due to external H-fields, e.g., caused
by neighboring windings, is simulated using the 2-D-FEM tool
FEMM.

The core losses of the contactless transformer are modeled
based on the empirical Steinmetz equation [16], [22]. The Stein-
metz equation can be applied because the excitation of the ferrite
core is nearly sinusoidal without premagnetization of the core
material. The inhomogeneous flux distribution inside the ferrite
core is obtained from FEM simulations and considered in the
loss calculation. The influence of the core geometry on the eddy
current losses is neglected [23].

Above the secondary ferrite core, an aluminum shielding plate
is installed to avoid eddy currents in the car underfloor. The eddy
current losses in the aluminum shield are modeled based on the

-- («(I’))) b PTI |« >0 +i o
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assumption that the thickness of the shield is much higher than
the skin depth of the induced eddy currents (inductance-limited
case) [16], [24]. The conductivity of the aluminum alloy AIMg3
which is used as shielding plate is assumed to ¢ = 23 MS/m.

The power electronic circuit is simulated using the commer-
cial tool PLECS. The conduction losses of the chosen semi-
conductors are extracted from the corresponding datasheets. In
addition, the switching losses were measured in a double-pulse
test setup at different voltages, currents, and junction tempera-
tures. From the double-pulse measurements, multidimensional
look-up tables with the corresponding switching energies are ob-
tained, which are embedded into the circuit simulator. The heat
sink temperature of the thermal model is set to 7}, = 100 °C.

Using these simulation models, the transformer geometry and
power electronic components were designed and optimized. In
the multiobjective optimization process, all important design
parameters were variable: The size and geometry of the ferrite
core, the number of primary and secondary turns, the stranding
and the copper cross section of the litz wire. Regarding the power
electronic components, the chip sizes of all IGBTs, MOSFETs
and diodes were varied. On a system level, the most important
design parameter was the operating frequency of the IPT system,
as it affects both the design of the contactless transformer and
the power electronic components.

V. HARDWARE PROTOTYPE

For experimental validation, a hardware prototype of the op-
timized IPT system that can transfer a nominal power of 3 kW
over an air gap ranging from 100 to 170 mm was built. From
the multiobjective optimization process, an operating frequency
of 35 kHz was found to be optimal as it offers the best trade-
off between the losses in the contactless transformer and the
switching losses of the power electronics.

For the contactless transformer, a planar circular coil and a
ferrite bar structure with an outer diameter of 600 mm and a
thickness of 5 mm is chosen. A total ferrite mass of 4.8 kg
and a total copper mass of 2.2 kg is used. The basic geometry
data of the contactless transformer are given in Table II, and a
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TABLE II
SPECIFICATIONS OF THE CONTACTLESS TRANSFORMER

Operating frequency: 35kHz
Primary outer diameter: 600 mm
Primary ferrite mass: 24 kg
Primary copper mass: 1.4 kg
Secondary outer diameter: 600 mm
Secondary ferrite mass: 24 kg
Secondary copper mass: 0.8 kg

H’Hillllm“““

ittt

Fig. 6. Photograph of the secondary coil with alu shielding removed.

Fig. 7. Photograph of the inverter prototype.

photograph of the secondary coil with removed shielding plate
is shown in Fig. 6.

The contactless transformer is built with N; = 24 turns on
the primary side and Ny = 21 turns on the secondary side. The
primary litz wire consists of 630 strands, the secondary litz wire
consists of 420 strands, both with a strand diameter of 0.1 mm
(AWG 38). The ferrite core structure shown in Fig. 6 offers
a good tradeoff between deployed ferrite material and achiev-
able coupling factor and efficiency. Naturally, a better perfor-
mance could be achieved with a closed ferrite plate. However,
this would require significant overdimensioning as the ferrite
thickness cannot be made arbitrarily small due to mechanical
restrictions. The peak magnetic flux density in the ferrite bars is
below 200 mT in all operating points, and hence, the ferrite is
far from being saturated.

A photograph of the inverter prototype is shown in Fig. 7.
For the primary full-bridge, high-speed IGBTs (Infineon
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Fig. 8. Measured and simulated coupling factor at different coil positions.

IGW50N60H3) in combination with SiC-Schottky freewheel-
ing diodes (Rohm SCS110AG) are chosen. The chosen IGBT
is designed for low turn-off losses while the turn-on losses are
additionally reduced by the improved reverse-recovery behavior
of the SiC diodes.

For the active rectifier, superjunction MOSFETs (Infineon
IPW60R099CP) in combination with SiC-Schottky freewheel-
ing diodes (Rohm SCS120AG) are applied. This combination
exhibits extremely low switching losses as shown in Fig. 18.
Even though the conduction losses of SiC diodes are slightly
higher compared to those of fast-recovery Si diodes, the im-
proved switching behavior compensates for this drawback.

For reactive power compensation, polypropylene film/foil ca-
pacitors are used because of their low losses and high current
carrying capability at high frequencies [25]. The thermal stress
is distributed on multiple discrete capacitors.

The proposed control strategy was implemented into a rapid
prototyping system. A field programmable gate array (FPGA)
is used to generate the gate signals and to monitor the cur-
rents and voltages. This is important because the series-series-
compensated topology is not open circuit safe. If there is a
sudden drop of the load or if the resonant currents exceed a
threshold value, this is detected by the FPGA and the system is
shut down safely.

A. Coupling Factor Measurement

First, for validating the FEM simulation model, the coupling
factor k = M/+/L Ly was measured at different air gaps and
lateral offsets. The simulation was performed using the commer-
cial 3D-FEM tool JMAG. In Fig. 8, the measured and simulated
coupling factors at different coil positions are shown. If the air
gap is increased from 100 to 170 mm, the coupling factor is
approximately reduced by a factor of 2, from 0.45 to 0.24. If
there is an additional lateral offset of 100 mm, the coupling fac-
tor is further reduced to 0.19. There is an excellent accordance
between the simulation model and the measurements with an
average deviation at all measured positions of only 3.8% (refer
to Fig. 8).

The measured and simulated self-inductances L; and Lo are
depicted in Figs. 9 and 10. In the relevant operating range up
to a lateral offset of 100 mm, the primary self-inductance L,
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varies by 8% compared to its peak value of L; = 454 uH and
the secondary self-inductance Ly varies by 6% compared to
its peak value of Ly = 392 pH. This variation causes a slight
mistuning of the reactive power compensation. However, it is
demonstrated experimentally that the impact on the operating
point and efficiency is quite small, owing to the robustness of
the proposed hard-switching topology. An adjustment of the
operating frequency is not mandatory as it would be the case in
most soft-switching topologies.

B. Voltage and Current Measurements

The primary and secondary voltage and current were mea-
sured in multiple operating points, using an oscilloscope. In
Fig. 4, the voltage and current waveforms at nominal air gap
(135 mm) and nominal output power (3 kW) are depicted. Ac-
cordingly, the voltage and current waveforms for an air gap of
100 mm (see Fig. 11) and 170 mm (see Fig. 12) are shown at
the same output power of 3 kW.

The IPT system was designed for a minimal air gap of 100
mm. In this operating point, both the inverter and the rectifier
are operating at their voltage limits (see Fig. 11). If the coupling
factor further increases, the nominal power can no longer be
transferred. The measured primary and secondary rms currents
are i1 yms = 8.5 A and i s = 8.3 A, respectively.

In Fig. 12, it can be noted how the decreased coupling factor at
170 mm air gap affects the operating point of the dual-side con-
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Fig. 11. Measured voltage and current waveforms at 100 mm air gap and 3
kW output power, Vi pc = Vo pc = 400V.
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Fig. 12. Measured voltage and current waveforms at 170 mm air gap and
3 kW output power, Vi pc = Vo pc = 400 V.
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Fig. 13.  Measured voltage and current waveforms at 135 mm air gap and
500 W output power (dual-side control), V1 pc = Vo pc = 400 V.

trolled IPT system. As derived from the qualitative discussion
(refer to Table I), both the primary and the secondary current
are increased simultaneously to operate the IPT system in its
optimal operating point: ¢; s = 11.0 A and 45 1y = 12.8 A.
Both the inverter and active rectifier are operated under hard-
switching conditions with decreased pulse-widths « and f3.
The partial load mode at 500 W output power and 135 mm air
gap is depicted in Fig. 13. Both the primary and the secondary
current are decreased by the dual-side control to i; ;s = 3.5 A
and i5 y1ys = 4.7 A. For comparison, the same partial load oper-
ating point was measured without operating the active rectifier
(see Fig. 14). This corresponds to the conventional primary-
side controlled series-series-compensated topology with passive
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rectification. As it was derived from the qualitative discussion
(refer to Table I), also in partial load mode a constantly high
current is circulating on the primary side: 4; ;s = 11.7 A. The
secondary current is reduced to is ;s = 1.5 A. Especially, in
this partial load operating point it is evident how the losses can
be decreased with the dual-side control.

C. Efficiency Measurement

The total efficiency from dc to dc was measured at different
operating points, using a power analyzer with a measurement
error of less than 0.1%. It should be noted that the PFC front-
end is not included in this measurement, so the total system
efficiency from grid to battery would be somewhat smaller. The
measurements were performed at a voltage level of V| pc =
Vapc =400V at three different air gaps and are compared to
the simulation results in Fig. 15.

A peak efficiency of 95.8% at an air gap of 100 mm, a nominal
efficiency of 94.2% at an air gap of 135 mm, and a minimal
efficiency of 92.1% at an air gap of 170 mm are measured.
Even at 500 W partial load, the measured efficiency does not
drop below 88.4% at 170 mm air gap. Overall, the simulated
efficiencies fit well to the measured values.

In Fig. 16, the measured and simulated efficiencies at different
lateral offsets are shown at the nominal air gap of 135 mm. At
a lateral displacement of 100 mm between the two coils, the
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Fig. 16. Measured and simulated dc-to-dc efficiencies at different lateral off-
sets (135 mm air gap, V1 pc = Vo, pc = 400 V).

96 T T T T T
94r
92r
= g0}
=88t
Z 86}
)
:a Bdr
& 82r I
= —e—Dual-Side Control, meas.
80F --@ - Dual-Side Control, sim. [
78t —#— Passive Rectifier, meas.
--# - Passive Rectifier, sim.
?6 L L 'S T 'S
0 500 1000 1500 2000 2500 3000
Output Power P, in W
Fig. 17. Measured and simulated dc-to-dc efficiencies with passive rectifica-

tion (135 mm air gap, Vi pc = Vo pc = 400 V).

efficiency drops from 94.2% to 92.1%. However, the nominal
power of 3 kW can still be transferred. At higher lateral offsets,
the efficiency drops significantly, and the power transfer has to
be reduced.

Another measurement was performed without operating the
MOSFETsS of the active rectifier, to compare the dual-side power
control with the primary-side power control with passive recti-
fication (see Fig. 17). As expected, the efficiency in partial load
mode drops significantly when using a passive rectifier, due to
the high primary current. At an output power of 500 W, for
instance, the measured efficiency drops to 77.4% compared to
90.6% with the dual-side control. Thus, in this operating point,
the total losses can be reduced by more than a factor of 2.

D. Simulated Loss Distribution

The detailed simulated loss distribution and component-wise
efficiencies at the nominal output power of 3 kW are depicted
in Fig. 18. At the minimal air gap (100 mm), all losses are
minimal. The inverter operates at its voltage limit, with the
switching instants of the IGBTs close to the zero crossings of
the primary current (see Fig. 11). Hence, the inverter switching
losses are minimal. The same is true for the active rectifier, which
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Fig. 18.

is kept purely passive in this operating point. In the contactless
transformer, the primary and secondary currents are minimal,
causing 27 W copper losses, 21 W core losses, and 15 W eddy
current losses in the aluminum shield.

At the maximum air gap of 170 mm, the primary and sec-
ondary currents have to be increased to achieve the same power
transfer. This leads to increased losses in the contactless trans-
former: 56 W copper losses, 47 W core losses, and 22 W eddy
current losses in the aluminum shield. In the inverter, not only
the rms current is increased but also the switching instants of
the IGBTs move farther away from the zero crossings of the
primary current (refer to Fig. 12). Thus, a higher current has to
be actively switched by the inverter IGBTs, causing switching
losses of 33 W, compared to conduction losses of 21 W. In the
active rectifier, the switching losses are as low as 11 W, com-
pared to 14 W conduction losses of the two MOSFETSs and 15
W conduction losses of the two SiC diodes. The losses in the
resonant capacitors are 8.3 W on the primary side and 8.6 W on
the secondary side.

Overall, the simulated component-wise efficiencies are in the
range of 97.8% to 99.0% for the inverter, 96.0% to 98.0% for
the contactless transformer, and 98.4% to 99.3% for the active
rectifier, depending on the actual air gap. If the losses of the PFC
rectifier are additionally considered, the total system efficiency
at nominal output power, from grid to battery, is approximately
in the range of 90% at 170 mm air gap to 94% at 100 mm air
gap.

VI. CONCLUSION

A dual-side controlled, series-series-compensated topology
and a corresponding control strategy were proposed to achieve
high efficiencies over a wide operating range, even at low cou-
pling factors and in partial load. An operating frequency of
35 kHz was found to be the optimal tradeoff to achieve a high ef-
ficiency of both the contactless transformer and the power elec-
tronic components. On a system level, the proposed topology
does not require additional dc/dc converters on the infrastructure
or vehicle side for power control and can thus be implemented
with relatively low hardware effort.

A 3-kW hardware prototype was built, and the measurements
are in excellent agreement with the simulation results. A peak
efficiency of 95.8% at an air gap of 100 mm and a minimal

air gap in mm

135 170 100 135

air gap in mm

170

Simulated loss distribution at different air gaps and 3 k W output power, V; pc = Vo pc = 400 V.

efficiency of 92.1% at an air gap of 170 mm were measured,
including all power electronic components except for the PFC
rectifier. The partial load efficiency at 500 W output power and
135 mm air gap is still as high as 90.6%.

In contrast to the current trend to use soft-switching topolo-
gies and to increase the operating frequency, a hard-switching
topology is preferred instead. With the further development of
power semiconductors, especially wide-bandgap semiconduc-
tors, it can be expected that hard-switching topologies will gain
even more importance in the future. The improved switching
behavior of these devices would allow increasing the switching
frequency of the proposed topology to 85kHz, which is currently
under discussion as a future standard frequency for inductive
vehicle chargers (SAE J2954). Beyond the application as a con-
tactless vehicle charger, the dual-side controlled topology is a
good candidate for all IPT applications where high efficiencies
are required not only in the nominal operating point, but over a
wide operating range, including partial load.
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