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Abstract—A direct soft-switched single-phase AC-AC matrix
converter for bidirectional inductive power transfer (IPT) systems
is proposed. Quantum energy injection/regeneration principle is
used to design a simplified digital power controller that enables
the converter to establish bidirectional power transfer between
the IPT system and single-phase AC mains at a desired power
level. The simplified controller can be implemented using basic
logic circuit components, without the need for DSP/FPGA plat-
forms, thereby reducing the complexity and the implementation
cost. The converter benefits from resonance frequency tracking
capability for the synchronization of switching operations of
the converter with the resonant current which makes it ideal
for dynamic IPT systems. Also, it benefits from soft-switching
operations to achieve an enhanced efficiency and low electromag-
netic interference (EMI). The converter is specifically suitable for
establishing grid-to-vehicle (G2V) and vehicle-to-grid (V2G) con-
nections through inductive electric vehicle charging/discharging
systems. The proposed converter is analyzed theoretically, is
simulated in MATLAB/Simulink, and finally is verified exper-
imentally at low power on a case study IPT system. The results
show that the proposed matrix converter can effectively establish
bidirectional power transfer at different power levels with soft-
switching operation and resonance frequency tracking capability.

Index Terms—AC-AC converter, bidirectional inductive power
transfer, direct matrix converter, power control.

I. INTRODUCTION

INDUCTIVE power transfer (IPT) is a new technology
that enables contactless electric vehicle (EV) charging,

offering more convenience to the use of EVs. Therefore,
it can contribute to the adoption of EVs in transportation
systems. Inductive EV charging technology is branched into
two major group: static charging [1]–[3] and dynamic charging
[4]–[8]. In static inductive charging systems, EVs are charged
while they are parked in a parking spot, while in dynamic
inductive charging systems EVs can be charged while they
are moving. Also, this emerging technology can be used to
integrate EVs with power grid by making bidirectional grid-
to-vehicle (G2V) and vehicle-to-grid (V2G) connections [9]–
[12]. Specifically, V2G connections are of a great interest for
the future power grids as they can be used to support the
power grid in extreme conditions, such as black-outs [13],
[14]. In Fig. 1, a typical bidirectional IPT system consisting
of magnetic coupling structures, compensation circuits, and
primary and secondary bidirectional converters.
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Fig. 1. The structure of a bidirectional IPT system.

Bidirectional IPT systems have been studied in [12], [15],
[16]. The magnetic structures in IPT systems are inherently
capable of transferring power in either direction. However, in
order to enable bidirectional power transfer in IPT systems, the
use of bidirectional power converters is essential. Specifically,
a bidirectional AC-AC converter is essential in the primary
side, as an interface between AC mains and the IPT system.
Conventionally, two-stage AC-AC converters are used for IPT
systems including H-bridge converters [16], current source
converters [12], [15], z-source inverters [17], multilevel invert-
ers [18]. However, in recent years there has been an increasing
interest in matrix converters (MCs) [19]–[22]. MCs are used
to directly convert AC mains inputs to a high-frequency AC
(HFAC) output without any intermediate conversion stage. In
MCs, the bulky energy storage elements are eliminated and
thereby, they have high power density and are more reliable.
Specifically, three-phase to single-phase and single-phase to
single-phase matrix converters are of great interest in IPT
systems. These types of converters have been successfully
employed with a reduced number of elements and improved
efficiency [20], [21]. Since MCs are inherently bidirectional
they can be used to regenerate power from an IPT system
back into the source and as a result, they can be used for
inductive EV charging/discharging applications, where G2V
and V2G connections can be established. Resonant MCs have
been of great interest in many applications. In [22], a single-
phase AC-AC resonant converter with soft-switching operation
sliding-mode control is introduced.

In [19], a single-phase MC based on a modulation technique
for bidirectional IPT systems is proposed. The converter
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Fig. 2. Series-compensated bidirectional IPT system with a single-phase AC-
AC MC as the primary converter and a conventional H-bridge converter as
the secondary converter.

enables attenuation of the harmonic distortions in the grid
current. However, the converter is hard-switched, which leads
to a lower efficiency and reliability and requires complex
commutation techniques. Quantum resonant converters which
are introduced in 1989 [23] has found an increasing interest
for IPT systems. In [20], a half-bridge single-phase quantum
MC comprised of two bidirectional switches is proposed. Due
to the reduced number of switches used in the converter, it
can inject energy in half of the resonant current half-cycles
and therefore, the maximum power transfer is limited.

The resonance frequency in an IPT system can slightly
deviate from its nominal point due to changes in operating con-
ditions. The deviation of switching operations from resonance
point can dramatically affect the performance of the system.
Therefore, constant switching adjustment to the resonance
frequency variations is essential to ensure high power transfer
efficiency in the system. The resonance frequency tracking
capability of the controller enables synchronization of the
switching operation of the converters with the resonant current
to achieve maximum power transfer with high efficiency [24]–
[27].

In this paper, a soft-switched single-phase direct AC-AC
matrix converter with a power transfer controller for bidirec-
tional IPT systems which is developed based on our previous
work in [28] is presented. With regular 120V/240V single-
phase supply, the power transfer levels that can be obtained
include standard power levels as defined by SAE J2954 for
light-duty EVs [29]. The power transfer regulation is achieved
based on energy injection/regeneration principle. The proposed
controller benefits from resonance frequency tracking capabil-
ity to constantly synchronize the switching operations of the
converter with the resonant current. Also, it achieves zero-
current switching (ZCS), which in turn eliminates the need for
conventional multi-stage commutation techniques. The power
controller is designed and implemented based on a digital
circuit composed of basic logic level components without the
use of FPGA/DSP solutions, thereby making it a low-cost
solution. Theoretical and simulation analyses and experimental
validations of the proposed direct AC-AC matrix converter
along with its controller are presented in detail.

II. POWER TRANSFER CONTROLLER FOR DIRECT
SINGLE-PHASE AC-AC CONVERTER

In Fig. 2, a series-series compensated bidirectional IPT
system with a direct single-phase AC-AC MC as the primary
converter and an H-bridge converter as the secondary converter
is shown. The IPT system is represented by primary and
secondary self-inductances Lp and Ls, primary and secondary
compensation capacitors Cp and Cs. The primary converter
is comprised of four bidirectional switches (SA1, SA2, SB1,
SB2).

A power controller is designed for the AC-AC converter
that enables power transfer at the desired level by tuning
the energy injection/regeneration rate in the IPT system. The
controller takes resonant current (ir) and AC supply voltage
(vac) as feedbacks and generates four switching signals for
the AC-AC converter. The controller is designed to enable
soft-switching operations at the resonant current zero-crossing
points. In other words, each operation mode starts and ends at
current zero-crossing points, forming a half-cycle. The zero-
current switching (ZCS) significantly reduces the complexity
of commutation usually required in matrix converters and
eliminates the need for conventional four stage commutation
techniques. The controller is composed of two main sections:
switching logic and energy injection/regeneration frequency
divider. The quantum energy injection/regeneration principle
and the design methodology for each section of the controller
are described as follows.

A. Quantum Energy Injection/Regeneration Principle for
Power Transfer Control

Loosely-coupled IPT systems operate based on resonant
magnetic induction to enable power transmission through large
air gaps. In such systems, the inductance of the coils and
compensation capacitors form LC tanks (in both primary and
secondary sides) in which a buffer energy is stored. The power
transfer level in an IPT system can be regulated by controlling
the buffer energy stored in the LC tanks. Quantum energy
injection/regeneration to/from LC tank is a technique which
can be used to control the buffer energy and consequently the
power transfer level of the IPT system. This control method
can be applied to the single-phase AC-AC matrix converter
which is shown as a primary converter in Fig. 2. Based on
this method energy can be transferred from/to the single-
phase power source to/from the primary LC tank in the form
of quantum energy pulses which exactly correspond to the
resonant current half-cycles. In the half-cycles in which energy
transfer is not desired, the IPT system enters a freewheeling
mode in which the resonant current is freewheeled in order to
continue its natural oscillation.

In Fig. 3, the application of this technique on the single-
phase converter is conceptually shown at different operating
conditions. This figure shows the concept plots of resonant
current, energy injection or regeneration signal, grid current
and grid voltage where (a), (b) represent forward power
transfer mode with positive and negative grid voltages, and
(c), (d) represent reverse power transfer mode with positive
and negative grid voltages. As it can be seen, in forward power
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Fig. 3. Concept plot of resonant current, energy injection or regeneration signal, grid current (unfiltered) and grid voltage: (a) forward power transfer mode
with positive grid voltage, (b) forward power transfer mode with negative grid voltage, (c) reverse power transfer mode with positive grid voltage, (d) reverse
power transfer mode with negative grid voltage.

transfer mode, quantum energy injections increase the resonant
current while in reverse power transfer mode, quantum energy
regenerations decrease the resonant current.

B. Switching Logic Design

A switching logic based on the quantum energy injec-
tion/regeneration method for the single-phase AC-AC con-
verter can be designed. This switching logic can be de-
signed by defining different operation modes of the con-
verter which are determined by the resonant current direction,
grid voltage polarity, power transfer direction, and energy
injection/regeneration signal. These operation modes are di-
vided into three different types: energy-injection, energy-
regeneration, and free-oscillation. A resonant current measure-
ment (ir) and an input voltage measurement (vac) are used as
inputs for the switching logic. These modes are determined
based on the direction of resonant current (Sc : ir > 0), input
voltage polarity (Sv : vac > 0), user-defined reverse power
transfer signal (Sr : Pg < 0, where Pg is the grid connection
power), and energy flow signal (energy injection/regeneration
signal) (Snrg). The Snrg signal is controlled by the second
section of the controller which is described in Section II-C.
Zero-cross detectors with tunable hysteresis bands are em-
ployed in order to find Sc and Sv using the resonant current
and grid voltage input signals. The hysteresis band can be
tuned to a desired value using a positive feedback from the
source signals.

The switching logic is designed in a way that in energy
injection modes the output voltage of the converter and the

resonant current have the same sign, and in energy regenera-
tion modes they have opposite signs. Also, in free oscillation
modes, the output voltage of the converter is zero and the
resonant current is freewheeled in the LC tank. For example
in an energy injection mode (Snrg = 1, Sr = 0) with a positive
resonant current (ir > 0), a positive voltage should be applied
to the IPT system and therefore, if vac > 0 is positive, SA1

and SB2 are turned on, and if vac < 0, SA2 and SB1 are turned
on. In an energy regeneration mode (Snrg = 1, Sr = 1) with a
negative resonant current (ir < 0), a positive voltage should be
applied to the IPT system and therefore, if vac > 0 is positive,
SA1 and SB2 are turned on, and if vac < 0, SA2 and SB1 are
turned on. According to these principles, 10 operation modes
can be defined in the AC-AC converter, which are presented
in Table I and the corresponding resonant current paths are
shown in Fig. 4. Using Table I, a switching logic can be easily
obtained by expressing the switching signals SA1, SA2, SB1,
and SB2 as boolean equations for each switching signal in
terms of Sc, Sv , Sr, and Snrg as follows:

SA1 = Snrg Sr (Sv Sc + Sv Sc) + Snrg Sr (Sv Sc + Sv Sc)

SA2 = Snrg Sr (Sv Sc + Sv Sc) + Snrg Sr (Sv Sc + Sv Sc)

SB1 = Snrg Sr (Sv Sc + Sv Sc)+

Snrg Sr (Sv Sc + Sv Sc) + Snrg

SB2 = Snrg Sr (Sv Sc + Sv Sc)+

Snrg Sr (Sv Sc + Sv Sc) + Snrg
(1)

The direction of the power flow can be reversed by changing
the Sr signal. The resonant current sign Sc which is used as a
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TABLE I
OPERATION MODES AND CORRESPONDING SWITCHING STATES OF THE SINGLE-PHASE AC-AC MATRIX CONVERTER

Mode Type Sr (Pg < 0) Sc (ir > 0) Sv (vac > 0) Snrg SA1 SA2 SB1 SB2

1 Energy injection 0 1 1 1 1 0 0 1
2 Energy injection 0 1 0 1 0 1 1 0
3 Energy injection 0 0 1 1 0 1 1 0
4 Energy injection 0 0 0 1 1 0 0 1
5 Energy regeneration 1 1 1 1 0 1 1 0
6 Energy regeneration 1 1 0 1 1 0 0 1
7 Energy regeneration 1 0 1 1 1 0 0 1
8 Energy regeneration 1 0 0 1 0 1 1 0
9 Free oscillation – 1 – 0 0 0 1 1

10 Free oscillation – 0 – 0 0 0 1 1
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Fig. 4. Resonant current path in the single-phase AC-AC converter in 10
operation modes.

clock source for the controller is switched at resonant current
zero-crossing points, based on (1) the soft-switching opera-
tions of the converter is ensured. Based on (1), a switching
logic circuit is designed which is presented in Fig. 5.

In order to achieve the soft-switching operations in the
converter, the transitions between operation modes are per-
formed at zero-crossing points. This is due to the fact that the
resonant current sign (Sc : ir > 0) changes at each resonant
current zero-crossing point. Also, the controller should be
designed in such a way that any change in the energy injec-
tion/regeneration signal (Snrg) occurs at resonant current zero-
crossing points. Thereby, according to the boolean equations
given in (1), the converter achieves zero-current switching.
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Fig. 5. The proposed power controller for the primary single-phase AC-AC
converter for bidirectional IPT systems.

C. Power Transfer Controller

In an IPT system, the power transfer level can be con-
trolled by regulating the energy transfer rate in the system.
This can be achieved by controlling the number energy
injection/regeneration pulses in a specific control cycle. In
this study, a control cycle consisting of 8 resonant current
cycles (16 half-cycles) is considered and the power transfer
control is achieved by regulating the number of energy injec-
tion/regeneration half-cycles. The proposed power controller
which is shown in Fig. 5, can change the number of energy
injection/regeneration half-cycles to 1, 2, 4, and 8 for both
positive and negative half-cycles of the resonant current.
This digital controller is designed using AND, OR, NOT,
XOR logic gates, flip-flops, and multiplexers. The controller
generates an energy injection/regeneration signal (Snrg) based
on the user-defined power transfer settings (selectors) for both
positive and negative resonant current half-cycles. Using the
proposed power controller, 10 power transfer levels can be
achieved which are presented in Table II. Each power level
corresponds to a certain number of positive and negative en-
ergy injection/regeneration half-cycles, n and m, and selector
state (a1a2b1b2).

In Fig. 3, resonant current (ir), grid voltage (Vg), grid cur-
rent (ig), and energy injection/regeneration signal (Sinj/Sreg)
in forward and reverse power transfer modes at power transfer
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Fig. 6. Concept plot of the switching signals of the converter (SA1, SA2, SB1, SB2) along with the resonant current (ir), grid voltage (Vg), energy
injection/regeneration signal (Sinj/Sreg), unfiltered grid current (ig): (a) forward power transfer mode with positive grid voltage, (b) forward power transfer
mode with negative grid voltage, (c) reverse power transfer mode with positive grid voltage, (d) reverse power transfer mode with negative grid voltage.

level 6 are shown conceptually. This figure shows that using
the power controller, the resonant current is rectified and
directed to the single-phase grid connection in both directions.
Also, the switching diagram of the converter at different oper-
ating conditions is presented as Fig. 6. This figure corresponds
to the operating conditions shown in Fig. 3 and it represents
the switching signals of the converter (SA1, SA2, SB1, SB2)
along with the resonant current, grid voltage, grid current, and
energy injection/regeneration signal.

D. Forward Power Transfer

The forward power transfer mode (Sr = 0) enables en-
ergy transfer from the primary single-phase AC source to
the secondary DC source. In this case, the MC constantly
switches between energy-injection and free-oscillation modes.
In energy-injection modes, energy is transferred to the IPT
system and as a result, the resonant current is increased. In
free-oscillation modes, energy transfer to the IPT system is
avoided and the resonant current is allowed to circulate in
the system and the energy stored in the LC tank is used as
a source for energy transfer to the IPT system. Since the
energy stored in the system reduces, the resonant current

decreases. Therefore, switching between these two types of
modes enables power transfer regulation in forward power
transfer mode. In Figs. 3(a), (b), the resonant current, energy
injection signal, grid current and grid voltage are shown
conceptually. It is clear that the resonant current increases
in energy injection modes and it decreases in free-oscillation
modes.

E. Reverse Power Transfer

The reverse power transfer mode (Sr = 1), is used to enable
energy transfer to the primary single-phase AC source from
the secondary DC source to the primary AC source. In this
case, the secondary converter acts as an inverter to allow the
secondary structure operate as a transmitter and in the primary
MC, the energy-regeneration and free-oscillation modes are
engaged. In this case, Req which represents the secondary load
reflected to primary (shown in Fig. 4) is negative. This means
that Req generates power (rather than consuming power) and
injects power to the primary LC tank. In energy-regeneration
modes, the MC transfers energy back to the primary AC source
and therefore the resonant current decreases. This is done
by directing the resonant current to the AC source with a
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TABLE II
POWER TRANSFER LEVELS OBTAINED USING THE POWER CONTROLLER

Power Level No. Selector state Number of energy injection/regeneration pulses Voltage transfer
a1a2b1b2 positive pulses (m) negative pulses (n) ratio (Gv)

1 0000 8 8 1.0000
2 0001 8 4 0.8660
3 0010 8 2 0.7906
4 0011 8 1 0.7500
5 0101 4 4 0.7071
6 0110 4 2 0.6124
7 0111 4 1 0.5590
8 1010 2 2 0.5000
9 1011 2 1 0.4330

10 1111 1 1 0.3536

reverse polarity as shown in Fig. 3 and thereby, the energy
stored in the resonant tank is injected into the grid which
results in a reduction in the energy stored in the LC tank
and the resonant current. Also, in free-oscillation modes, the
primary current is allowed to circulate in the IPT system and
thereby, energy regeneration is avoided. However, as a result
of the energy transfer from the secondary to primary, in free-
oscillation modes, the energy stored in the primary LC tank
increases which in turn increases the resonant current. Power
transfer regulation in reverse power transfer mode is enabled
by continuously switching between these two types of modes.

III. THEORETICAL ANALYSIS

In this section, the power transfer rate and efficiency of the
converter at different power levels are calculated theoretically
and details are presented.

A. Calculation of Power Transfer

The power transfer rate of the converter at different levels
can be calculated by analyzing the voltage harmonics that are
generated by the converter. Since the IPT system is tuned
to operate at the resonance frequency, only the harmonic
components of the converter output voltage that have the
resonance frequency mainly involve in the power transfer. The
proposed power control method is based on a full control cycle
which is composed of 8 resonant current cycles. Thus, the
fundamental harmonics component at the resonance frequency
can be calculated as follows:

V mn1 =
ω

8π

∫ 8× 2π
ω

0

vout sin(ω t) dt (2)

where vout is the instantaneous output voltage of the con-
verter, ω is the angular resonance frequency, and V mn1 is the
main harmonic component of the output voltage at power
level corresponding to n and m number of energy injec-
tion/regeneration pulses in positive and negative half-cycles
respectively. Based on the principles of operation of the
converter explained in Section II, vout can be formulated as
follows:

vout =


±|vac| 2iπ

ω < t < (2i+1)π
ω , (2j+1)π

ω < t < 2(j+1)π
ω

i = 0, ...,m− 1, j = 0, ..., n− 1

0 otherwise
(3)

where vac is the instantaneous voltage of the single-phase
AC mains. The first section of vout corresponds to energy
injection/regeneration modes and the second section corre-
sponds to free-oscillation modes. The sign of the vout in
energy injection/regeneration modes is determined based on
the power transfer mode, direction of the resonant current and
the polarity of the instantaneous grid voltage. By expanding
(2) using (3), the following is obtained:

V mn1 =
±ω
8π

(m−1∑
i=0

∫ (2i+1)π
ω

2iπ
ω

|vac| sin(ω t) dt+

n−1∑
i=0

∫ 2(i+1)π
ω

(2i+1)π
ω

|vac| sin(ω t) dt
) (4)

Due to the fact that the resonance frequency is much higher
than the power frequency, the variations of grid voltage in
a control cycle can be neglected, and therefore (4) can be
simplified as follows:

V mn1 =
±(m+ n)|vac|

4π
(5)

It should be noted that the calculated harmonic are time
variant and it is dependent on the single-phase AC mains
voltage. At the resonance frequency the equivalent RLC tank
is purely resistive and therefore, the fundamental harmonic of
the resonant current can be calculated as follows:

Imn1 =
V mn1

Req
=
±(m+ n)|vac|

4πReq
(6)

where Req is the equivalent resistance reflected to the primary
(Fig. 4). Using (6), the power transfer rate can be obtained as:

Pt =
1

2
Req(I

mn
1 )2 =

(m+ n)2v2ac
32π2Req

(7)

where Pt is the instantaneous power transfer rate between
single-phase AC mains and IPT system. Since vac is sinu-
soidal, the average power transfer Pm in a full grid voltage
cycle can be calculated in terms of the RMS grid voltage VAC
as follows:

Pm =
(m+ n)2V 2

AC

32π2Req
(8)

According to (8), the power controller regulates the power
transfer rate by changing the number of energy injec-
tion/regeneration pulses (n and m). It should be noted that
in reverse power transfer mode, Req is negative and therefore,
Pm will be negative.
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Fig. 7. The efficiency of the single-phase AC-AC converter as a function of
power transfer level and equivalent reflected resistance.

B. Calculation of Voltage Transfer Ratio (VTR)

The voltage transfer ratio of the converter is defined as
follows:

Gv =
Vout
VAC

(9)

where Vout is the RMS output voltage of the converter which
can be calculated as,

Vout =

√√√√∫ 2π/ω0

0
V 2
outdt

2π/ω0
(10)

where ω0 is the angular frequency of grid voltage. It can be
shown that using (3), (10) can be simplified as,

Vout =

√√√√ m+n
16

∫
2π/ω0

0
v2acdt

2π/ω0
(11)

Based on the definition of VAC and (11), the relation
between Vout and VAC is derived as,

Vout =

√
m+ n

4
VAC (12)

Using (9) and (12), the voltage transfer ratio (VTR) of the
converter can be found as,

Gv =
Vout
VAC

=

√
m+ n

4
(13)

Equation (13) is used in order to directly calculate the
voltage transfer ratio at different power transfer levels as
presented in the last column of Table II.

C. Efficiency Analysis

Since the converter achieves soft-switching operations, the
switching losses are negligible and its conduction losses form
the major power losses of the converter. Using the proposed
power controller, the switching state of the converter corre-
sponds to one of the operation modes presented in Table I. In
Fig. 4, it can be seen that in any operation mode, there are
always two conducting bidirectional switches. Considering the
fact that each conducting bidirectional switch is composed of

one conducting power switch (MOSFET or IGBT) and one
conducting body diode, the converter loss can be written as
follows:

Ploss = 2(PS + PD) = 2(VFSIrms +RF I
2
rms + VFDIrms)

= 2 (VFS + VFD +RF Irms) Irms
(14)

Using (7) and (14), the efficiency of the converter can be
obtained as follows:

η =
Pt

Pt + Ploss
=

1

1 +
RF
Req

+
4π(VFS + VFD)

(n+m)Vrms

(15)

The efficiency of a typical AC-AC converter as a function
power level number and equivalent reflected resistance which
is calculated analytically using (15), is presented in Fig. 7. This
figure shows that as the power level decreases, the efficiency is
decreased. Also, it can be seen that the converter can achieve
up to 98% efficiency.

IV. SIMULATION RESULTS

A bidirectional inductive battery charging system with the
proposed single-phase AC-AC MC converter as the primary
converter and a conventional H-bridge converter as the sec-
ondary converter (Fig. 2) is modeled in MATLAB/Simulink.
The primary converter is controlled using the proposed power
controller and the secondary converter is switched using a
self-tuning controller with battery charging/discharging current
controller. The specifications of the case study system are
presented in Table III. The simulations were carried out in
10 power transfer levels in both forward and reverse power
transfer modes with 120V or 240V single-phase mains, and the
results are shown in Table IV and Table V. These tables show
that the proposed single-phase AC-AC converter provides a
wide range of power transfer levels for both G2V and V2G
connections and the IPT system can achieve power conversion
efficiencies as high as 98%. In Fig. 8, the grid voltage and
current, the energy injection/regeneration signals, the resonant
current and the battery charging/discharging current for: (a)
forward power transfer at level 2 with 120V grid voltage at the
positive peak of the grid voltage, (b) forward power transfer
at level 6 with 240V grid voltage at the negative peak of the
grid voltage, (c) reverse power transfer at level 3 with 120V
grid voltage at the positive peak of the grid voltage.

TABLE III
SPECIFICATIONS OF THE CASE STUDY IPT SYSTEM

Parameter Value
Air gap 200 mm

Self-inductances (Lp, Ls) 172 µH
Compensation capacitors (Cp, Cs) 0.12 µF

Resonance frequency (fr) 35 kHz
Grid voltage (VAC ) 120V, 240V
Grid frequency (fac) 60 Hz
Battery voltage (Vb) 360 V

Battery capacity (Cb) 22 kWh
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Fig. 8. Simulation results including the grid voltage and current, the energy injection/regeneration signals, the resonant current and the battery
charging/discharging current: (a) forward power transfer at level 2 with 120V grid voltage at the positive peak of the grid voltage, (b) forward power
transfer at level 6 with 240V grid voltage at the negative peak of the grid voltage, (c) reverse power transfer at level 3 with 120V grid voltage at the positive
peak of the grid voltage.

TABLE IV
SIMULATION RESULTS OF THE CASE STUDY IPT SYSTEM IN FORWARD

POWER TRANSFER (G2V) AT DIFFERENT POWER LEVELS

Power
Transfer
Level

Grid
volt-
age
(V)

Grid
power
(kW)

Grid
current
(A)

Battery
current
(A)

Battery
power
(kW)

1 120 4.77 48.52 13.18 -4.61
240 15.52 74.16 46.8 -15.09

2 120 3.52 41.41 9.64 -3.37
240 7.85 45.15 22.11 -7.64

3 120 2.92 37.58 7.94 -2.77
240 6.15 39.30 17.11 -5.97

4 120 2.62 35.57 7.12 -2.48
240 5.49 37.15 15.26 -5.31

5 120 2.32 33.37 6.26 -2.18
240 4.78 34.37 13.20 -4.62

6 120 1.73 28.64 4.60 -1.59
240 3.53 29.34 9.66 -3.38

7 120 1.43 25.93 3.79 -1.30
240 2.93 26.70 8.04 -2.78

8 120 1.14 22.95 2.94 -1.01
240 2.33 23.69 6.28 -2.18

9 120 0.84 19.55 2.13 -0.72
240 1.73 20.23 4.67 -1.59

10 120 0.54 15.48 1.28 -0.43
240 1.14 16.21 2.95 -1.01
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Fig. 9. The simulation results of a G2V connection at the maximum power
transfer level (15 kW) in a full grid voltage cycle showing grid voltage, grid
current, battery charging voltage and current.

TABLE V
SIMULATION RESULTS OF THE CASE STUDY IPT SYSTEM IN REVERSE

POWER TRANSFER (V2G) AT DIFFERENT POWER LEVELS

Power
Transfer
Level

Grid
volt-
age
(V)

Grid
power
(kW)

Grid
current
(A)

Battery
current
(A)

Battery
power
(kW)

1 120 -9.76 100.16 31.73 10.60
240 -13.28 76.94 38.81 13.87

2 120 -7.19 85.45 26.08 8.01
240 -10.95 73.10 33.13 11.60

3 120 -6.04 78.99 23.62 6.92
240 -9.82 69.76 30.37 10.53

4 120 -5.44 74.81 22.30 6.30
240 -9.16 68.08 29.24 9.85

5 120 -4.80 69.78 20.49 5.64
240 -9.75 70.89 31.87 10.63

6 120 -3.64 61.46 17.77 4.46
240 -7.16 60.78 26.01 8.00

7 120 -3.04 56.32 16.38 3.99
240 -5.99 56.12 23.55 6.82

8 120 -2.47 50.89 15.35 3.49
240 -4.79 49.64 20.47 5.63

9 120 -1.86 44.10 13.49 2.83
240 -3.62 43.41 17.78 4.48

10 120 -1.19 34.77 10.27 2.08
240 -2.43 35.56 14.87 3.42

As it can be seen, since the resonance frequency of the
IPT system is much higher than the frequency of the single-
phase mains, the variations of the grid voltage in a few cycles
of the resonant current is negligible and the grid voltage can
be assumed to be constant. Figs. 8(a) and (b) show that in
G2V connections, the grid current and voltage are of the
same sign and the battery charging current is positive which
confirm that the power that is being transferred to the battery
is positive. Also, the figures show that free-oscillation modes
cause a reduction in the energy stored in the IPT system
and thereby reduce the resonant current. Conversely, Figs.
8(c) and (d) show that in V2G connections, the grid current
and voltage have an opposite sign and the battery charging
current is negative, which confirms that the power is being
transferred to the grid is positive. Similarly, the figures show
that free-oscillation modes cause an increase in the energy
stored in the IPT system and thereby increase the resonant
current. Moreover, the grid current is determined by the energy
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Fig. 10. The efficiency of a single-phase AC-AC converter controlled using
the proposed power controller and conventional controller at different power
transfer levels calculated based on simulations.

engagement signal (Snrg) and when Snrg = 0 it is zero and
when Snrg = 1, it equals to the rectified resonant current (ir).

In Fig 9, the simulation results of a forward power trans-
fer mode at the maximum power level (15 kW) in a full
grid voltage cycle showing grid voltage, grid current, battery
charging voltage and current are presented. This figure shows
that the grid voltage variations lead to variations in battery
charging current. Moreover, it can be seen that the LC filter
has significantly reduced the harmonics associated with en-
ergy injection/regeneration current pulses of the primary side.
Calculations show that the grid current has a Total Harmonic
Distortion (THD) of 19%. It should be noted that the grid
current THD still can be improved more by using higher order
power filters.

In Fig. 10, the efficiency calculations based on both the
proposed power controller and a conventional controller at
different power transfer levels are presented. The conventional
power controller is simulated based on the firing angle control
method with respect to zero-current crossing points to reg-
ulate the power transfer rate. The results show that in both
cases the converter can reach efficiencies as high as 98%
at the maximum power level (Level 1). As the power level
decreases, the proposed converter significantly outperforms the
conventional controller and at power level 10 it can achieve
8% higher efficiency. This is mainly due to the fact that the

Fig. 11. The IPT system setup comprised of primary and secondary pads,
primary AC-AC matrix converter controlled using the proposed power transfer
controller, and the secondary converter.

TABLE VI
SPECIFICATIONS OF THE CASE STUDY IPT SYSTEM SETUP

Parameter Components Value
Pad self-inductance 15 turns, 10 AWG Litz wire 172 µH

Compensation capacitors Film capacitor, FPG66Y0124J 120 nF
Primary supply Variable three-phase AC supply 20 V (LL), 60 Hz

Secondary battery Lead-acid battery 12 V, 86.4 Wh

proposed power controller ensures soft-switching operations
of the converter at all power transfer level.

V. EXPERIMENTAL RESULTS

The proposed single-phase AC-AC converter and its power
controller are built and experimental tests were carried out
on a case study IPT system which is shown in Fig. 11. The
IPT system setup includes series compensated transmitter and
receiver power pads with 200mm air gap, primary AC-AC
converter, secondary H-bridge converter. The power controller
of the primary AC-AC converter is built according to the cir-
cuit presented in Fig. 5. A variable single-phase AC supply is
used as a grid connection. The details of the IPT system setup
specifications are presented in Table VI. An LC power filter
is used on the primary side for mitigation of the harmonics
generated by the proposed single-phase AC-AC converter. This
filter is designed to have a cut-off frequency less than one-
sixth of the switching frequency of the converter (resonance
frequency). The LC filter is composed of L=40µH, C=20µF
with a cut-off frequency of 5.6 kHz.

The experimental results including the grid voltage and
current (unfiltered), the energy injection/regeneration signals,
and the resonant current are shown in Fig. 12. Figures 12(a),
(b), (c) and (d) show forward power transfer at levels 2 and 3
at positive and negative peak grid voltage. Figures 12(e), (f),
(g) and (h) show reverse power transfer at levels 6 and 7 at
positive and negative peak grid voltage. These figures show
that the AC-AC converter can effectively establish single-
phase G2V and V2G connections at different power transfer
levels with resonance frequency tracking capability and soft-
switching operations.

As it is shown in Fig. 12, in forward power transfer modes,
the grid current and voltage have same signs and therefore,
the power is being transferred from the primary AC supply
to the secondary. In reverse power transfer modes, the grid
current and voltage have opposite signs and thus, the power
is being transferred from the secondary to the primary AC
supply. The power controller is designed to allow the resonant
current to continue its damped oscillation regardless of power
transfer level and direction of power. This enables the reso-
nance frequency tracking capability and ensures high power
transfer efficiency as the converter operates at the damped
resonance frequency of the IPT system (frequency of resonant
current). The transitions to different operation modes occur at
the resonant current zero-crossing points which enable soft-
switching operations. The grid voltage has small variations
that are due to the energy injection/regeneration to/from the
IPT system. The efficiency measurements at 95W show that
the single-phase AC-AC converter can achieve 92% efficiency
at level 1 in both forward and reverse power transfer modes.



0093-9994 (c) 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TIA.2018.2820640, IEEE
Transactions on Industry Applications

10

5AResonance frequency: 

35.51 kHz

Grid current: 

5.44 A

Resonant 

current: 6.21 A

Resonant 

current

Energy injection 

signal
Unfiltered 

grid current

(a)

5AResonance 

frequency: 35.6 kHz

Grid current: 

4.88 A

Resonant 

current: 5.73 A

Resonant 

current

Energy injection 

signal

Unfiltered 

grid current

(b)

2AResonance 

frequency: 35.1 kHz

Grid current: 

2.22 A

Resonant 

current: 3.85 A

Resonant 

current

Energy injection 

signal

Grid 

voltage

Unfiltered 

grid current

(c)

2AResonance 

frequency: 35 kHz

Grid 

current: 2 A

Resonant 

current: 3.6 A

Resonant 

currentEnergy injection 

signal

Unfiltered 

grid current

(d)

2AResonance frequency: 

34.9 kHz

Grid current: 

1.27 A

Resonant 

current: 2.21 A

Resonant 

current

Energy injection 

signal

Grid 

voltage

Unfiltered 

grid current

(e)

2A

Resonance frequency: 

35 kHz

Grid current: 

1.43 A

Resonant 

current: 2.24 A

Resonant 

current

Energy injection 

signal

Grid 

voltage

Unfiltered 

grid current

(f)

2AResonance frequency: 

35.1 kHz

Grid current: 

1.28 A

Resonant 

current: 2.36 A

Resonant 

current

Energy injection 

signal

Grid 

voltage

Unfiltered 

grid current

(g)

2A

Resonance frequency: 

34.9 kHz

Grid current: 

1.31 A

Resonant 

current: 2.38 A

Resonant 

current

Energy 

injection 

signal

Grid 

voltage

Unfiltered 

grid current

(h)

Fig. 12. Experimental test results on the case study IPT system setup including the grid voltage and current (unfiltered), the energy injection/regeneration
signals, and the resonant current: (a), (b) level 2 forward power transfer at positive and negative peak grid voltage, (c), (d) level 6 forward power transfer at
positive and negative peak grid voltage, (e), (f) level 6 reverse power transfer at positive and negative peak grid voltage, (g), (h) level 7 reverse power transfer
at positive and negative peak grid voltage.

The efficiency of the converter significantly increases as the
power level increase and as it is shown in Fig. 10, it can
achieve efficiencies as high as 98%.

VI. CONCLUSION

The proposed direct single-phase AC-AC converter along
with the proposed power transfer controller can be used
as an alternative to conventional two-stage converters for
bidirectional IPT systems. Due to the elimination of AC-DC
conversion stage and bulky DC-link capacitors, the converter
is more compact and reliable compared to conventional two-
stage converters. The power transfer controller which is de-
signed based on the energy injection/regeneration principle and
is implemented based on simplified logic design, effectively
enables bidirectional power transfer at 10 different power
levels. The resonance frequency tracking capability ensures
that the converter operates exactly at the damped resonance
frequency of the IPT system and therefore, power transfer

efficiency with high efficiency can be achieved. Also, the
converter benefits from soft-switching operations that further
enhances the efficiency of the converter. Finally, the structure
of the single-phase matrix converter along with the simplified
controller makes it suitable for residential inductive charging
systems with bidirectional power flow capability. The reso-
nance frequency tracking capability of the converter makes
it suitable for inductive EV charging systems, in which the
system may have variations. The bidirectional power transfer
capability can be used to make single-phase G2V and V2G
connections through IPT systems at multiple power levels
including those defined by SAE J2954 standard.
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