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Abstract—A direct three-phase ac–ac matrix converter for
inductive power transfer (IPT) systems with soft-switching
operation is introduced. The proposed topology is expected
to have a high reliability and extended lifetime due to the
soft-switching operation and elimination of short-life elec-
trolytic capacitors. The soft-switching operation will also re-
duce switching stress, switching loss, and electromagnetic
interference of the converter. A variable-frequency control
strategy based on the energy-injection and free-oscillation
technique is used to regulate the resonant current, the
resonant voltage, and the output power. With the use of
reverse-blocking switches, the proposed converter can be
built with a reduced number of switches (only seven), which
will consequently increase the reliability and efficiency and
reduce the cost of the converter. The converter operates in
eight modes, which are described in detail. With the use of
the proposed converter as the primary converter, simula-
tion analysis and experimental implementations on a case
study IPT system show that the current regulation control
method can fully regulate the output current and output
power around user-defined reference values, thus making
it suitable for dynamic IPT applications, where the system
has inherent variations.

Index Terms—AC–AC converter, inductive power transfer
(IPT), matrix converter, soft switching.

I. INTRODUCTION

INDUCTIVE power transfer (IPT) systems are emerging
technology for transferring electric power to a variety of ap-

plications without any physical contacts. This technology trans-
fers power from one system to another across a large air gap
and through a loosely coupled inductive link. It also offers high
efficiency typically between 85% and 90% and robustness. Fur-
thermore, it offers high reliability, even when used in hazardous
environments, as it is not affected by dust or chemicals, and
eliminates sparking and the risk of electrical shock [1], [2].
Therefore, it is a safe, vigorous, and clean way of transferring
power and has rapidly increased interest in commercial and in-
dustrial applications. The IPT technology has been successfully
employed in many applications, including systems for material
handling [3], [4], biomedical implants, and transportation sys-
tems [5], [6]. Specifically, this innovative technology can be
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Fig. 1. Typical loosely coupled IPT system.

used for static and dynamic wireless power transfer for electric
vehicles (EVs) [1], [7].

A typical configuration of an IPT system is shown in Fig. 1.
In a loosely coupled IPT system, the inductive link requires a
strong magnetic field to be created to deliver high-power levels at
large air gaps due to weak coupling of the coils. To achieve this,
this technology requires the use of power converters to achieve
that can generate large currents at high frequencies, often in
the kilohertz range (10–58 kHz). In order to generate a high-
frequency current on the primary side, specific power converters
are employed in IPT systems. Power converters play a key role
in the performance of IPT systems. Recent developments in
IPT systems have heightened the need for high-power, reliable,
and efficient converters. Normally, these converters take 50/60
Hz current from mains and convert to high-frequency using an
ac–dc–ac two-stage power conversion. The power source of an
IPT system is usually the electric utility (single-phase or three-
phase) supplying power at 50/60 Hz.

Voltage-source inverters based on pulse width modulation
with a front-end rectifier have become the preferred choice for
most practical applications [8]. This is mainly due to their sim-
ple topology and low cost. On the other hand, this two-stage
topology has low-frequency harmonics on the dc link and the ac
input line, which requires the use of very bulky short-life elec-
trolytic capacitors for the dc link and a large low-pass filter at the
output [8]. Several topologies have been proposed to solve the
problems of the traditional ac–dc–ac power converters [9]–[11].
Matrix converters are the main alternatives for two-stage con-
verters that can convert energy directly from an ac source to a
load with different frequency and amplitude without any energy
storage elements [12]. These converters have the advantages
of the simple and compact topology, bidirectional power flow
capability, high-quality input-current waveforms, and adjustable
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Fig. 2. Proposed three-phase ac–ac matrix converter.

input power factor independent of the load [8], [12]–[15]. Partic-
ularly, different converter topologies have been proposed for IPT
applications [16]–[24]. A simple, compact, and highly efficient
single-phase matrix converter for IPT applications is presented
in [16]. The energy-injection and free-oscillation control strat-
egy is applied to the topology. However, this matrix converter
suffers from current sags around input ac voltage zero crossings.

In this paper, a new three-phase ac–ac matrix converter for
IPT systems is proposed. The proposed matrix topology can be
built using seven switches, in which six are reverse-blocking
switches and one is a regular switch. A variable-frequency con-
trol strategy based on the proposed converter is used, which
is based on the energy-injection and free-oscillation technique.
The key benefits of the proposed converter are soft-switching
operation, high efficiency, reduced number of switches, and low
electromagnetic interference.

II. PROPOSED THREE-PHASE AC–AC CONVERTER

The proposed direct three-phase ac–ac converter is shown in
Fig. 2. In this figure, C represents the primary compensation
capacitor, L is the primary self-inductance, and Req is the re-
flected resistance of the load at the secondary to the primary
circuit. The proposed converter consists of six reverse-blocking
switches and one regular switch (insulated-gate bipolar transis-
tor (IGBT) or MOSFET) which is in parallel with the resonant
tank. A reverse-blocking switch can be built using a series com-
bination of an IGBT or a MOSFET with a diode. However,
individual switches with reverse-blocking capability are now
available in the market and have the advantage of total lower
forward voltage. Thereby, enabling the converter to operate with
higher efficiency.

In [16], a control strategy for a single-phase ac–ac converter
based on energy-injection and free oscillation of the resonant
circuit is presented. This control method is further developed
in this study and is applied for three different control modes,

TABLE I
SWITCHING STATES IN DIFFERENT MODES OF OPERATION IN CURRENT

REGULATION CONTROL MODE

Mode Resonant Current Input Voltages Conducting Switches

1 ip < 0, |ip | < iref Vb < Vc < Va SA 1 , SB 2

2 ip < 0, |ip | < iref Vc < Vb < Va SA 1 , SC 2

3 ip < 0, |ip | < iref Va < Vc < Vb SB 1 , SA 2

4 ip < 0, |ip | < iref Vc < Va < Vb SB 1 , SC 2

5 ip < 0, |ip | < iref Vb < Va < Vc SC 1 , SB 2

6 ip < 0, |ip | < iref Va < Vb < Vc SC 1 , SA 2

7 ip < 0, |ip | > iref − DF

8 ip > 0 − SF

TABLE II
SWITCHING STATES IN DIFFERENT MODES OF OPERATION IN VOLTAGE

REGULATION CONTROL MODE

Mode Resonant Voltage & Current Input Voltages Conducting Switches

1 vp < 0, |vp | < v ref Vb < Vc < Va SA 1 , SB 2

2 vp < 0, |vp | < v ref Vc < Vb < Va SA 1 , SC 2

3 vp < 0, |vp | < v ref Va < Vc < Vb SB 1 , SA 2

4 vp < 0, |vp | < v ref Vc < Va < Vb SB 1 , SC 2

5 vp < 0, |vp | < v ref Vb < Va < Vc SC 1 , SB 2

6 vp < 0, |vp | < v ref Va < Vb < Vc SC 1 , SA 2

7 vp < 0, |vp | > v ref − DF

8 ip > 0 − SF

which are resonant current regulation control, power regulation
control, and resonant voltage regulation control. The control
modes are all based on zero-current switching (ZCS) operation.
Since the proposed converter is based on the resonant current
zero-crossing points, the operating frequency of the converter
is equal to the resonant current frequency (natural damped fre-
quency, which is described in Section III). Therefore, the op-
erating frequency of the converter is determined by the circuit
parameters. In a dynamic IPT system, the primary and sec-
ondary self-inductances are fixed by the track/coil parameters,
such as size and number of turns in the coil. In practice, al-
though the primary’s position relative to secondary affects the
mutual inductance, it has a very small effect on self-inductances;
due to the inherently large air gaps required in EV dynamic
charging systems, such variations are minimized. Therefore,
self-inductances of the primary (L in Fig. 2) and secondary
are constant. This ensures the performance of the converter in
dynamic IPT systems.

The operation of the converter for each control mode can
be described in eight operation modes, which are presented in
Tables I–III. The operation modes 1–6 are energy-injection
modes in which energy is injected to the LC tank, and the
operation modes 7 and 8 are free-oscillation modes in which
the LC tank continues its resonant oscillation. The transition
of different modes of operation occurs at current zero-crossing
points. Each mode starts at a resonant current zero crossing and
continues for a half-cycle until the next resonant current zero
crossing. This operation mode transition is determined based
on the state of the circuit, as well as the user-defined reference
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TABLE III
SWITCHING STATES IN DIFFERENT MODES OF OPERATION IN POWER

REGULATION CONTROL MODE

Mode Output Power & Resonant Current Input Voltages Conducting Switches

1 Pout < P ref, ip < 0 Vb < Vc < Va SA 1 , SB 2

2 Pout < P ref, ip < 0 Vc < Vb < Va SA 1 , SC 2

3 Pout < P ref, ip < 0 Va < Vc < Vb SB 1 , SA 2

4 Pout < P ref, ip < 0 Vc < Va < Vb SB 1 , SC 2

5 Pout < P ref, ip < 0 Vb < Va < Vc SC 1 , SB 2

6 Pout < P ref, ip < 0 Va < Vb < Vc SC 1 , SA 2

7 Pout > P ref, ip < 0 − DF

8 ip > 0 − SF

values for the resonant current, the resonant voltage, and the
output power.

A. Current Regulation Control Mode

The resonant current regulation plays a key role in the power
transfer performance of an IPT system. Since the resonant cur-
rent amplitude is proportional to the amount of injected energy
to the LC tank, the resonant current regulation control can be
achieved by continuously changing the operation mode of the
converter from energy-injection modes (increasing the resonant
current) to free-oscillation modes (decreasing the resonant cur-
rent), and vice versa. Using this strategy, the resonant current
can be regulated around a user-defined reference current. This
is carried out by comparing the peak output resonant current
ip to the reference current (iref) at each current zero-crossing
point. The ip is measured in each half-cycle of the resonant
current. If ip is negative and its absolute value is less than iref

(ip < 0 and |ip | < iref), an energy injection to the LC tank is
required for the next half-cycle to increase the resonant cur-
rent. According to Table I, the converter should enter one of
the energy-injection modes 1–6, depending on the three-phase
input voltages. Moreover, if ip is positive or its absolute value is
more than iref (ip > 0 or |ip | > iref), the converter should enter
one of the free-oscillation modes 7 and 8. A conceptual plot of
three-phase input voltages, resonant current, and corresponding
switching signals of the converter in different modes of op-
erations is presented in Fig. 3. Also, Fig. 4 demonstrates the
resonant current path in the proposed converter in eight modes
of operation.

In each energy-injection mode, the LC tank terminals are
switched between the most positive and the most negative input
lines. According to Table I, the switching is performed using six
reverse-blocking switches, SA1 , SA2 , SB 1 , SB 2 , SC 1 , and SC 2 ,
which are used to switch the three-phase input lines to the out-
put during modes 1–6, based on the measured input voltages.
It should be noted that the energy injection always occurs in
positive half-cycles of the resonant current. In free-oscillation
modes, the negative half-cycles of the resonant current are con-
ducted through the parallel switch SF (mode 8) and the positive
half-cycles of the resonant current are conducted through the
intrinsic body diode DF (mode 7). It should be noted that neg-
ative half-cycles are always free-oscillation modes; therefore,
SF is switched at the rate of the resonance frequency. Since the

Fig. 3. Conceptual plot of three-phase input voltages, resonant current,
and corresponding switching signals of the converter in different modes
of operations.

resonant current becomes negative after any mode from 1 to 7,
mode 8 always occurs after any other mode of operation.

B. Voltage Regulation Control Mode

The voltage limit in the LC tank and particularly in the com-
pensation capacitor is of great importance. This voltage limit is
mostly limited to the insulation level of the primary coils/tracks
and voltage rating of the compensation capacitor. The voltage
regulation control can be achieved using an approach similar to
the current regulation control mode. In Section III, it is shown
that the peak resonant voltage occurs in each resonant current
zero crossing. Therefore, the resonant voltage can be measured
in each current zero crossing and peak voltage detection is not
required.

In voltage regulation control mode, if the peak resonant volt-
age is negative and its absolute value is lower than the reference
voltage (vp < 0 and |vp | < vref), then according to Table III,
the circuit will enter one of the energy-injection modes 1–6,
depending on the three-phase input voltages. Therefore, energy
will be injected to the LC tank for a half-cycle to increase the
resonant voltage, and the LC tank terminals are switched be-
tween the most positive and the most negative input lines. The
switching is performed using six switches, SA1 , SA2 , SB 1 , SB 2 ,
SC 1 , and SC 2 , which are used to switch the three-phase input
lines to the output during modes 1–6, according to Table II and
based on the measured input voltages. Mode 7 occurs when the
peak voltage is negative and its absolute value is higher than
the reference voltage (vp < 0 and |vp | > vref), and therefore,
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Fig. 4. Current path in the proposed converter in eight modes of
operation.

energy injection to LC tank should be avoided for a half-cycle
to decrease the resonant voltage. In this mode, the LC tank en-
ters a free-oscillation state and the resonant current is positive,
which is conducted through the intrinsic body diode (DF ) of the
parallel switch (SF ) as shown in Fig. 4 for mode 7. In mode 8,
the resonant current is negative and the switch SF is ON. Since
the resonant current becomes negative after any mode between 1
and 7, mode 8 always occurs after any other mode of operation.

C. Power Regulation Control Mode

In dynamic IPT systems due to inherent variations in the load,
power transfer control is important. The power input regulation
control can be achieved using an approach similar to the current
regulation control method. The peak current (ip ) and the input
voltage (Vin) are measured. Considering the fact that all negative
half-cycles are free-oscillation modes, and in free-oscillation
modes, the input voltage is zero (Vin = 0), the average output
power (Pin) for a full-cycle (T ) can be calculated as follows:

Pout =
∫

T

ipVin =
1
π

ipVin. (1)

In this control mode, in each current zero crossing, Pout is com-
pared to a reference power (Pref), and if the average output
power (Pout) in one half-cycle is lower than the reference power
(Pref), the circuit will enter one of the energy-injection modes
1–6, depending on the three-phase input voltages based on
Table III. Therefore, energy will be injected to the LC tank
in the next half-cycle to increase the resonant current, and the
LC tank terminals are switched between the most positive and
the most negative input lines. According to Table III, the switch-
ing is performed using six switches, SA1 , SA2 , SB 1 , SB 2 , SC 1 ,
and SC 2 , which are used to switch the three-phase input lines
to the output during modes 1–6, based on the measured input
voltages. Mode 7 occurs when the average output power (Pout)
is higher than the reference power (Pref); therefore, energy in-
jection to LC tank should be avoided for a half-cycle to decrease
the resonant current. In this mode, the LC tank enters a free-
oscillation state and the resonant current is positive, which is
conducted through the intrinsic body diode (DF ) of the parallel
switch (SF ), as shown in Fig. 4 for mode 7. In mode 8, the
resonant current is negative and the switch SF is ON. Since the
resonant current becomes negative after any mode between 1
and 7, mode 8 always occurs after any other mode of operation.

III. THEORETICAL ANALYSIS

The differential equation of an LC tank with primary self-
inductance of L and compensation capacitor C with an equiva-
lent resistance of Req can be expressed as

L
di

dt
+ Req i +

1
C

∫ t

0
i dt + vc(0) = Vt (2)

where i is the resonant current, vc is the voltage of the compen-
sation capacitor, and Vt is the input voltage. Equation (2) can be
rewritten as the following second-order differential equation:

d2i

dt2
+

Req

L

di

dt
+

1
LC

i = 0 (3)

where the initial conditions of the circuit are

i(0) = 0

L
di

dt
(0) = Vt − vc(0).

(4)

The solution of (3) based on initial conditions in (4) is derived
as

i = Ke−t/τ sin(ωt) (5)

where the natural damped frequency ω =
√

ω2
0 − α2 , resonant

frequency ω0 = 1/
√

LC, damping coefficient α = Req/2L,
damping time constant τ = 2L/R, and the coefficient K is
expressed as

K =
Vt − vc(0)

ωL
. (6)

Equation (5) shows that the peak current decreases exponen-
tially with a time constant of τ and (6) shows that the value
of K changes in each half-cycle depending on the input volt-
age and initial voltage of the compensation capacitor. It should
be noted that in the free-oscillation modes, the input voltage is
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zero (Vt = 0). Also the compensation capacitor voltage can be
expressed as

vc(t) = vc(0)+

Kτ

C(1 + τ 2 ω2)

(
τω − e−t/τ [sin(ωt) + τωcos(ωt)]

)
. (7)

The resonant current and voltage equations (5) and (7) can
be used for finding the peak values of current and voltage in
each half-cycle. In order to find the peak value of the resonant
current in , which occurs at the time tn corresponding to the nth
current peak, the following equation can be solved to find the
extremum points of the resonant current:

di

dt
= K e−t/τ

[
ω cos(ωt) − 1

τ
sin(ωt)

]
= 0. (8)

By simplifying (8), the following equations are derived:

tan (ω tn ) = τω (9)

tn =
atan (τω) + nπ

ω
. (10)

Therefore, the nth peak value of the resonant current can be
calculated using (5) and (10) as the following equation:

in = K e−
a tan ( τ ω )+ n π

τ ω (−1)n τω√
1 + (τω)2

. (11)

Similarly, the peak values of the resonant voltage can be found
using (7) as follows:

dvc

dt
= − Kτe−t/τ

C(1 + τ 2 ω2)

(
[ω cos(ωt) − τω2 sin(ωt)]

− 1
τ

[sin(ωt) + τω cos(ωt)]
)

= 0.

(12)

Equation (12) can be simplified as following set of equations:

dvc

dt
=

K

C
e−t/τ sin(ωt) = 0 (13)

sin(ωtn ) = 0 (14)

tn =
nπ

ω
. (15)

Based on (5), (13), (14), and (15), it can be seen that in each
resonant current zero crossing, resonant voltage is exactly in its
peak. Since control modes, which are presented in Section II, are
all based on resonance current zero-crossing points, the voltage
regulation control mode can be established on peak values of
resonant voltage in each current zero crossing.

Using (5), the resonant current in a time period composed
of both energy-injection and free-oscillation modes can be ex-
pressed as follows:

i(t) =

⎧⎨
⎩

Ki e−t/τ sin(ωt), 0 < t < π
ω

Kf e−t/τ sin(ωt), π
ω < t < 2mπ

ω

(16)

where m denotes the number of cycles, which is composed
of one energy-injection half-cycle and 2m − 1 free-oscillation
half-cycles, and Ki and Kf are coefficients of (5) in the first

energy-injection and free-oscillation half-cycles, respectively,
and can be calculated using (6) and (7) as follows:

Ki =
1

ωL
[Vt − vc(0)] (17)

Kf =
1

ωL

[
vc

(π

ω

)]

=
1

ωL

[
vc(0) +

Kiτ
2ω

C(1 + τ 2ω2)

(
1 + e−π/τ ω

)]
. (18)

By assuming iref as the reference current, using (11) and (12),
the number of cycles that the next energy injection should occur
(m) can be calculated as follows:

m =
1
π

⌊
τω ln

(
Kf τω

iref

√
1 + (τω)2

)
+ arctan(τω)

⌋
. (19)

Equation (19) predicts the number of cycles that the LC tank
will continue its free-oscillation mode, after an energy-injection
mode, as a function of initial condition (Kf ), circuit parameters
(τω), and the reference current iref. A duty cycle can be defined
as the ratio of the number of energy-injection modes to the
number of free-oscillation modes in the time interval between
two successive energy-injection modes and can be written as
follows:

Di =
1

m + 1
=

finj

fr
(20)

where finj is the switching frequency of the energy-injection
modes and fr is the resonance frequency of the LC tank. The
duty cycle Di is a measure that represents the energy demand
for the LC tank. For example, in Fig. 3, this measure is Di =
0.5, which shows that only half of the cycles energy needs to be
injected to the LC tank.

A. Converter Loss Analysis

The power loss of the proposed converter can be calculated
by evaluating the conduction and switching losses of the power
switches in different modes of operation. The loss of each power
switch is composed of switching and conduction losses and can
be written as follows:

PSx = PS con + PS sw =
[
VF Iavg + RF I2

rms

]
Tconfsw

+
[
(Eon + Eoff) +

1
2
CossV

2
in

]
fsw (21)

where PS cond and PS sw are the conduction and switching losses
of the switch Sx , respectively, VF is the forward voltage of
the power switch (in power MOSFETs, VF = 0), RF is the
equivalent resistance of the switch during on state, Iavg and
Irms are the mean and RMS values of the conducted current,
respectively, Tcon is the conduction time of the switch, fsw is the
switching frequency, Eon and Eoff are volt–ampere crossover
energy losses during the switch turn-on and turn-off transitions,
respectively, Coss is the output capacitance of the switch, and
Vin is the input voltage. Since in the converter benefits from
ZCS switching are always performed, the switching losses from
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TABLE IV
TYPICAL VALUES FOR PARAMETERS USED FOR THEORETICAL CONVERTER

LOSS CALCULATION

Parameter Description Typical Value

VF Switch forward voltage 1.5 V
RF Equivalent on-state resistance 0.08 Ω
Coss Output capacitance 250 pF
Eon + Eoff Switching volt–ampere crossover energy losses 2 mJ
VFD Diode forward voltage 1.8 V
E rr Reverse recovery energy loss 200 μJ

volt–ampere crossover are minimized and, thus, are relatively
low. Therefore, the conduction losses dominate, followed by the
losses due to Coss (output losses). The losses associated with any
diode in the converter are composed of conduction and reverse
recovery losses and can be calculated as follows:

PDx = PD cond + PD rr = VFDIavgTconfsw + Errfsw (22)

where PD cond and PD rr are the conduction and reverse recov-
ery losses of the diode Dx , respectively, VFD is the forward
voltage of the diode, and Err is the reverse recovery energy
of the diode. The losses of the converter can be calculated by
calculation of the losses associated with energy-injection and
free-oscillation modes separately, considering the fact that the
switching frequency of all the switches is finj = Difr , except
SF which its switching frequency is fr . In each energy-injection
mode (modes 1–6), two reverse-blocking switches are involved;
therefore, the losses associated with energy-injection modes
(Pinj) can be described as follows:

Pinj = 2Di(PSx + PDx). (23)

It should be noted that if the switches SA1 , SA2 , SB 1 , SB 2 , SC 1 ,
and SC 2 are switches with built-in reverse-blocking capability,
PDx loss is eliminated in (23), and as a result, the efficiency
of the converter will be increased. Since SF and its body diode
DF are the only switches, involved in free-oscillation modes,
the losses associated with free-oscillation modes (Posc) can be
calculated as follows:

Posc = PSx + DiPDx. (24)

Finally, the total dissipated power can be described as follows:

Ploss = Pinj + Posc. (25)

Typical values for high-power switches and diodes for 50-A
output current are presented in Table IV. However, for different
values of current, these typical values should be modified ac-
cordingly. Fig. 6 presents the efficiency of the converter versus
resonant current and switching frequency, which is calculated
based on Table IV and (21)–(25). This figure shows that the
efficiency of the converter increases as the resonant current in-
creases, and any change in the switching frequency does not af-
fect the efficiency significantly in high resonant currents. Also,
the maximum efficiency of the converter is 96.6%.

IV. SIMULATION RESULTS

The proposed three-phase converter, which is presented in
Fig. 2, is simulated using MATLAB/Simulink. The IPT model is
shown in Fig. 5. This model is composed of a three-phase power
supply with an output LC filter, the primary three-phase ac–ac
converter, the primary and secondary magnetic structures with
their corresponding compensation capacitors, and the secondary
load, which is a battery charger of an EV. The controller of the
primary converter and its components are also shown in Fig. 5.
The measurements include the three-phase input voltage and
the output resonant current of the LC tank. The controller is
triggered in each resonant current zero crossing, and based on
the voltage and current measurements, the switching state of
the of the converter is determined. The switching signals of the
converter do not change until the next current zero crossing.

The self-inductances of the primary and secondary are each
168 μH, where each have a 1-μF compensation capacitor, and
thereby, the operating frequency of the converter, which is equal
to the resonance frequency of the LC tank, would be 12.28 kHz.
The line-to-line voltage of the three-phase supply is 208 V.
The current regulation control mode is enabled with 282.8-A
(200-Arms) reference current. The simulation results including
the three-phase input voltages and their corresponding modes
of operation, the output resonant current, and corresponding
switching signals of SA1 , SB 1 , SC 2 , SF are shown in Fig. 7.
Also, the frequency spectrum of the output resonant current is
shown in Fig. 8. As can be seen in Figs. 7 and 8, the current
is fully regulated around the reference current and its total har-
monic distortion (THD) is 9.22%. The active and reactive power
calculations show that the total output power is 18.4 kW, and the
fundamental reactive power is zero (Q1 = 0), and therefore, the
displacement power factor is unity (DPF = 1). However, due
to higher order harmonics in the three-phase input voltages and
currents, the true power factor is 0.76. Using the specifications
given in Table IV for the switches of the converter, the effi-
ciency of the converter is calculated based on (21)–(25) through
the simulation, which is 96.2%.

V. EXPERIMENTAL RESULTS

The experimental study is performed on a case study IPT sys-
tem, which is shown in Fig. 9. This system is composed of two
circular magnetic structures with 700-mm diameter and 200-mm
air gap. The circular power pads are composed of coils, ferrite
bars, and aluminum shields. The proposed three-phase matrix
converter is used as the primary converter with a series–parallel
topology, which is shown in Fig. 5 is implemented, where the
self-inductance of each circular pad is 168 μH, and 1-μF com-
pensation capacitors are used in both primary and secondary
circuits. The line voltage of the three-phase power supply is
40 V. In this experimental study, series combination of a MOS-
FET (IRF3205) with a diode (DSEP 30-12A) is used to make
the reverse the blocking switches. However, switches with built-
in reverse-blocking capability are available in the market (e.g.,
IXRH-40N120). The switch SF is also an IRF3205 MOSFET,
and its body diode is used as the diode DF . A STM32F4-
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Fig. 5. IPT model and its components simulated in MATLAB/Simulink.

Fig. 6. Efficiency of the converter versus switching frequency (fsw) and
resonant current (ir ), calculated analytically.

discovery board with an ARM Cortex-M4 168-MHz DSP is
used as the main controller. The resonant current regulation and
output power regulation control strategies are studied on the
case study IPT system, which are described below.

A. Current Regulation Control

The resonant current regulation control with 14.1-A (10-
Arms) reference current is used to regulate the resonance cur-
rent. Fig. 10 shows the output resonant current and correspond-
ing switching signals of SA1 , SB 1 , and SF switches during the
transition of the most positive phase in voltage from phase A
to phase B. The operating frequency of the converter is 12.25
kHz, which has a small discrepancy compared to the theoretical
resonance frequency (12.28 kHz). The waveforms of the input

Fig. 7. Simulation results of the IPT system with iref = 282.8 A.

voltage (Va ), input current (ia ), input power (Pout) for phase
A, and output resonant current are shown in Fig. 11. As can
be seen, the resonant current is fully regulated around the ref-
erence current. However, the input voltage has high-frequency
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Fig. 8. Frequency spectrum of the resonant current shown in Fig. 6.

Fig. 9. Case study IPT system with circular power pads.

Fig. 10. Experimental results on the case study IPT system: Output
resonant current and corresponding switching signals.

harmonics, which will reduce the true power factor of the con-
verter; as a result, it also will reduce the power transfer efficiency
of the converter. The frequency spectrum of the output resonant
current is measured experimentally, which is shown in Fig. 12.
Calculations show that the THD of the output resonant current
is 14.3%. The total output power is 267 W (89 W from each
phase). The input power factor measurements show that the true
power factor is 0.67. However, the fundamental reactive power

Fig. 11. Experimental results on the case study IPT system: input
voltage (Va ), input current (ia ), and power (Pa ) for phase A, and output
resonant current (ir ).

Fig. 12. Frequency spectrum of the resonant current shown in Fig. 9.

is zero, and therefore, the displacement power factor is unity.
Also, the measured loss of the converter is 31.5 W, and conse-
quently, the efficiency of the converter is 89.4% compared to
92.7% theoretical efficiency using (21)–(25).

B. Power Regulation Control

The output power control mode with 130-W reference power
is used to regulate the output power. The output power and
the output resonant current are shown in Fig. 13. Similar to
the current regulation control, the operating frequency of the
converter is 12.25 kHz. While the average output power (Pout)
is maintained at 136.4 W, the peak instantaneous output power
is 510 W and the RMS resonant current is 7.81 A. The true
power factor and displacement power factor are 0.59 and 1,
respectively. Measurements show that the total converter loss is
25.1 W, and as a result, the efficiency of the converter is 84.46%
compared to 87.9% theoretical efficiency using (21)–(25).

The main limiting factors in the proposed converter are the
speed of the controller (DSP board) and the response delay
time of the resonant current measurement. In IPT applications,
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Fig. 13. Output power and the resonant current using the power regu-
lation control with Pref = 60 W.

high-frequency operation of the converter (10–85 kHz) is es-
sential to maximize the power transfer efficiency. On the other
hand, in the proposed converter, the current and voltage mea-
surements using analog-to-digital conversion (ADC), with high
sampling rate are required. Also, the implemented control strat-
egy on the DSP, which consist of floating-point operations and
comparisons, etc., along with ADC conversions, will take tens
of clock cycles of the DSP to execute. As a result, a DSP with
a high clock speed is essential. The maximum frequency that
can be practically achieved using the DSP board (STM32F4-
discovery ARM Cortex-M4 168 MHz DSP) is about 40 kHz.
However, the proposed controller of the converter has the po-
tential to be implemented based on analog circuit, which can
significantly enhance the controller speed and resolve the need
for a DSP.

Also, a Hall-effect current transducer “LA 55-P” is used for
the resonant current measurement, which has a response delay
less than 1 μs. Considering the fact that at least 20 samples in
a full-cycle of the resonant current are required for a proper
performance of the converter (without losing the zero-crossing
points), the maximum frequency that practically can be achieved
is about 50 kHz based on the response time delay of the current
measurement.

VI. CONCLUSION

This paper has introduced a novel three-phase single-stage
ac–ac converter for IPT systems. The proposed converter has dif-
ferent control modes, which can be used to regulate the resonant
current, resonant voltage, and output power around user-defined
reference values. The energy-injection and free-oscillation con-
trol strategy provides a simple and effective method, which
makes it suitable for the control of IPT systems. Key bene-
fits of the proposed converter are the minimized number of
switches, soft-switching operation, and elimination of short-
life electrolytic capacitors. These features will lead to a high-
efficiency converter with high reliability and extended lifetime.
With the use of reverse-blocking switches, the converter can
be built only with seven switches. The simulation results and

experimental studies show that the proposed converter can main-
tain the resonant current or the output power around the user-
defined reference values. This feature makes this converter suit-
able for dynamic IPT systems, where the system has inherent
variations. The experimental studies on a case study IPT sys-
tem show that the converter can provide a resonant current with
14.3% THD. However, the efficiency of the converter is low in
low power (88.2% at 267 W); theoretical efficiency calculations
show that in higher powers, the converter can reach efficiency
as high as 96.6%.
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