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Abstract—A three-phase resonant inverter for wireless power
transfer applications is presented in this paper. A phase-
frequency hybrid control strategy is proposed as an alternative
to the traditional frequency and phase control methods. An
experimental prototype of the three-phase resonant inverter
was built and connected with wireless power link and rectifier.
The hybrid phase-frequency control strategy was implemented
and compared with frequency control at the output power up
to 10 kW. The experimental results show that the proposed
inverter can operate within the desired frequency range with
high efficiency while regulating output from zero to maximum.

I. INTRODUCTION

Efficient wireless transfer systems have been recently re-
ceiving a growing attention for their numerous potential ap-
plications [1]-[3]. With a proper coil winding and magnetic
circuit design, the overall efficiency of the system can be
increased by minimizing conduction and switching losses [4]-
[6]. The recently published studies in wireless energy transfer
deal with optimization and design concerns of the system
resonant and magnetic coil parameters [7]-[8]. However, there
has been little investigation on high power applications and
their effect on the wireless system performance [9]-[12].
KAIST has shown a great progress achieving up to 100 kW
output power for the dynamic charging of buses [13]-[14].
The achieved system efficiency was, however, up to 80%.
In addition, for the commercial applications, electric vehicle
charging products are available in the marketplace. Wireless
Advance Vehicle Electrification (WAVE) Company establishes
an inductive power transfer up to 50 kW at around 90%
efficiency with 20 cm clearance [15].

This paper presents a three-phase inverter with hybrid
control approach for high power wireless energy transfer
applications. A laboratory prototype has been developed and
the system has been tested with up to 10 kW of output
power. The system comparison has been also supplied with
the traditional control approaches. The recommended system
with the controller achieves high efficiency, above the 90%,
in all load conditions.

II. CIRCUIT DESCRIPTION

A dc-dc wireless power transfer system with a three-
phase inverter is shown in Fig. 1. It consists of a dc input
voltage source VI , three switching legs (phases), three intercell
transformers ICT , a wireless power link, impedance matching
auto-transformer, full bridge current driven rectifier, and an

dc load resistance RL. Each intercell transformer has two
windings, which are connected as shown in the figure. The
wireless power link consist of two identical coils L and two
series resonant capacitors C. These coils are coupled with each
other with the coupling factor K.
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Fig. 1. Three-phase inverter with a wireless power link, impedance matching
transformer, rectifier and resistive load.

The efficiency of the wireless power link depends on its
load resistance [16]. Thus, the impedance matching auto-
transformer is used on the secondary side. It allows to optimize
for the particular load and coupling factor without redesigning
the wireless power link. The implemented here three-phase
inverter is a variant of a multhiphase series resonant inverter
introduced in [17].

III. HYBRID CONTROL METHODS

There are two traditional control methods for resonant
converters, which provide output regulation, namely, the fre-
quency and the phase control. They have, however, well-
known disadvantages. The frequency control requires high
tuning resolution close to the resonant frequency. On the other
hand, at low power, it requires operation at a frequency much
higher than the resonant frequency, which usually results in a
poor efficiency at light loads. Moreover, the frequency control
is highly non-linear, which leads to a significant difference of
gain for light and heavy loads. These problems can be solved
by the phase control, which allows for operation at a constant
frequency. Nevertheless, the phase control requires operating
at a frequency high enough to obtain the ZVS for the whole
regulation range and various loads. It reduces the efficiency
and limits the output power.978-1-4673-7447-7/15/$31.00 c©2015 IEEE
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A solution to the problems described above is a hybrid
control strategy. Combination of the two traditional control
methods results in a phase-frequency control. The principle of
operation is to utilize the phase shift for regulating output and
the frequency to operate as close to the resonant frequency
as possible. There is an important constrain on the operating
frequency. It must assure that the load for all switching legs is
inductive with a certain minimum phase angle between voltage
and current. This is the necessary condition to obtain a zero-
voltage turn-on. This concept was introduced in [18]. In this
paper, it is expanded to the three-phase inverter in which two
control phase shifts are controlled independently.

IV. EXPERIMENTAL VERIFICATION

A 10 kW experimental prototype of the proposed inverter
was built and tested. A summary of parameters and component
values of the prototype is presented in Table I. The Lm and
Ll are magnetizing and leakage inductance of the intercell
transformer respectively. The K is coupling factor between
primary and secondary coil and D is a distance between those
coils. Both coils are identical and tuned with series resonant
capacitors to the resonant frequency fo. They are coreless and
has dimension of 60 by 90 cm. N1 and N2 are number of
turns of the impedance matching auto-transformer as marked
in Fig. 1. In the result, the wireless power link sees two times
lower impedance.

TABLE I
PARAMETERS FOR EXPERIMENTAL PROTOTYPE

Parameter Value Unit Parameter Value Unit

fo 82 kHz C 125 nF

VI 400 V Lm 20 µH

L 30 µH Ll 1.5 µH

K 0.2 – D 20 cm

N1 22 – N2 9 –

Six IPW65R041CFD MOSFETs were used for the inverter
prototype. 1 nF capacitors were added at the output of each
switching leg of the inverter to alleviate high dv/dt at turn-
off. The inverter with wireless power link was loaded with a
Class D full-bridge current-driven rectifier with resistive load.
The rectifier was built using four DSEI2X101-06A diodes.
The intercell transformers (ICTs) were built using 0077101A7
cores from Magnetics. The resonant capacitor was constructed
by paralleling 125 pieces of 1 nF capacitors rated for 2 kV.
The inverter was tested with resistive load. A three values of
load resistance were used: 12 Ω, 16 Ω, and 20 Ω.

Two control strategies are implemented for the experimental
comparison. The first one is the frequency control. The sec-
ond one is the phase-frequency hybrid control. The obtained
experimental results are presented in Figs. 2-7. Phase voltage
and resonant circuit current waveforms are shown in Figs. 2-4
for the hybrid control and 12 Ω load resistance. Fig. 2 shows
waveforms recorded at the high output power of 9 kW. Fig. 3
shows waveforms for a medium output power of 5 kW. It
can be seen that two phases are in phase and regulation is
performed by the third one. Fig. 4 illustrate operation at 1 kW
of output power. At this power level, phase shift between two
phases is fixed to 120o and regulation is done by the third one.

Fig. 2. Measured waveforms of phase voltages and output current for output
power below 9 kW. Channels 1 to 3 are phase voltages (200 V/div.), channel
4 is the primary coil current (50 A/div.).

Fig. 3. Measured waveforms of phase voltages and output current for output
power of 5 kW. Channels 1 to 3 are phase voltages (200 V/div.), channel 4
is the primary coil current (50 A/div.).

Fig. 4. Measured waveforms of phase voltages and output current for output
power of 1 kW. Channels 1 to 3 are phase voltages (200 V/div.), channel 4
is the primary coil current (25 A/div.).
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It is important that the operating frequency does not change
much while the output power is regulated. It can be also seen
that voltage waveform slopes are smooth and there are almost
no oscillations after switching which means that all phases
are working at ZVS conditions regardless of the output power
level.

Fig. 5. System efficiency (dc-dc) for the experimental prototype with two
control strategies (frequency control and phase-frequency hybrid control) and
various load resistances.

Fig. 6. Inverter operating frequency for the experimental prototype with two
control strategies (frequency control and phase-frequency hybrid control) and
various load resistances.

The next three plots show results of a comparison between
frequency control and hybrid control strategies. The dc-dc
system efficiency for these two types of control is shown in
Fig. 5. It can be observed that for most cases the efficiency
is higher for hybrid control strategy. Fig. 6 shows the inverter
operating frequencies for the two compared cases. It clearly
illustrates that the hybrid control allows for keeping the oper-
ating frequency within limited range in the whole regulation
range. The hybrid control also does not have low-power oper-
ation limitations. As opposed to the frequency control which
requires very high frequencies at low power, the proposed
hybrid control strategy regulates from no power to full load in
a narrow frequency range. The graph shown in Fig. 7 presents
phase currents of the inverter for hybrid control and 12 Ω load
resistance. It can be seen that currents differ from one another.

Fig. 7. Inverter phase current rms values for the experimental prototype for
phase-frequency hybrid control) and 12 Ω load resistance.

Phase 2 current is always significantly higher than the other
two currents. It is related to the circulating currents between
the inverter phases.

V. CONCLUSIONS

In this paper, a three-phase resonant inverter for wireless
power transfer applications is presented. A new approach
to control strategies has been proposed and implemented.
A laboratory prototype was built and tested to verify the
proposed concepts. Experimental results showed that the pro-
posed hybrid phase-frequency control strategy performs well.
The experiment also proved the advantages of the proposed
concept over traditional frequency controlled inverters. Firstly,
the proposed concept provides full-range regulation from zero
to full power without losing ZVS conditions. Secondly, it
keeps the operating frequency range narrow, in particular, it
can operate within the frequency range suggested by SAE
J2954 for wireless charging electric vehicles. And thirdly,
the presented inverter has high efficiency in a wide range of
operation parameters.
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