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Abstract—A self-tuning controller for power transfer regula-
tion in inductive power transfer (IPT) systems is proposed in this
paper. The controller enables power transfer regulation around
a user-defined reference power level. The converter’s efficiency
is improved by constantly tuning the switching operations to the
resonant current, thereby achieving the soft-switching operations
reducing electromagnetic interference in the power converters. The
self-tuning capability makes it ideal for dynamic IPT systems with
uncertain loads and fluctuating resonance frequency. High operat-
ing frequencies can be achieved using the simplified digital circuit
design for the controller, proposed in this paper, which delivers a
low total propagation delay. Bidirectional power transfer can be
enabled by using the proposed controller on both transmitter and
receiver sides. In the reverse power flow mode, the primary con-
verter operates as a rectifier and the power transfer is controlled
through the secondary converter using the proposed controller. The
performance of the proposed controller is analyzed using MAT-
LAB/Simulink and the results are presented. Finally, the proposed
controller is implemented experimentally and its performance is
evaluated as a case study on an IPT system. The experimental and
simulation results conform to each other, and show that the pro-
posed converter can effectively regulate the power transfer with an
improved efficiency.

Index Terms—Inductive power transfer (IPT), power control,
self-tuning control, soft switching.

I. INTRODUCTION

INDUCTIVE power transfer (IPT) systems based on the res-
onant magnetic induction constitute a new technology that

enables power transmission between two systems without phys-
ical contacts. Owing to its superior robustness, reliability, and
safety in comparison with the existing methods, they are ap-
plied widely as biomedical implants [1], material handling [2],
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Fig. 1. Typical structure of an IPT system.

and transportation systems [3]. Over the recent years, the IPT-
based charging systems for contactless electric vehicles (EVs)
has been on the rise, broadly categorized as static [4], [5] and
dynamic or in-motion charging modes [6], [7].

Presenting themselves as a formidable alternative to the tradi-
tional wired charging in EV charging stations, static EV charg-
ing systems provide more safety and convenience to the users
of EVs. At the same time, a growing interest has emerged in the
dynamic EV charging systems, and it is now regarded as one of
the technological cornerstones that can revolutionize the world
of transportation systems. The contactless EV charging systems
are equipped with bidirectional power flow capabilities to en-
able grid-to-vehicle and vehicle-to-grid (V2G) connections [8].
Improving the resiliency of the future infrastructure of smart
grid is touted to be one of the major benefits of V2G connec-
tions, since they can afford to support the grid under extreme
conditions, or through peak shaving [9], [10]. The structure of
a typical IPT system is illustrated in Fig. 1.

Power flow control plays a crucial role in the IPT system’s
optimal operation, which can, in turn, be attained by controlling
the transferred power to either the transmitter or the receiver,
or both [11]. In the literature, several techniques for power flow
control for IPT systems exist, including resonance frequency
control [12], power-frequency control [13]–[15], phase-shift
control [16]–[18], load detection [19], reactive power control
[11], and sliding-mode control [20], [21]. Tuning the control
parameters and handling the system variability can be made
possible by modifying the control methods to be adaptive with
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TABLE I
DISTINCT POWER TRANSFER LEVELS AND CORRESPONDING

ENERGY-INJECTION FREQUENCIES FOR POSITIVE

AND NEGATIVE HALF-CYCLES

Power Level n–m Frequency of Energy Injection

Positive Half-Cycles
( fr /n)

Negative Half-Cycles
( fr /m)

Level 1–1 fr fr
Level 1–2 fr fr /2
Level 1–4 fr fr /4
Level 1–8 fr fr /8
Level 2–2 fr /2 fr /2
Level 2–4 fr /2 fr /4
Level 2–8 fr /2 fr /8
Level 4–4 fr /4 fr /4
Level 4–8 fr /4 fr /8
Level 8–8 fr /8 fr /8

self-tuning capability [22], [23]. The self-tuning capability of
such controllers can significantly enhance the performance and
interoperability of IPT systems.

Soft-switching operations in power converters can signifi-
cantly improve the efficiency and reduce their electromagnetic
field interference (EMI) [24]. Since IPT systems for EV appli-
cations usually operate at frequencies ranging between 20 and
85 kHz, the performance of the power converters considerably
affect their performance. Thus, by ensuring soft-switching op-
erations of the converter, the controllers can greatly improve
the performance of the system. One method capable of effec-
tive power flow control in IPT systems is the energy-injection
free-oscillation. This technique that enables soft-switching op-
erations has been successfully applied in many studies [22],
[25]–[27].

Conventionally, pulse-width modulation (PWM) based power
electronic converters are used in IPT systems, and desired out-
puts are achieved by controlling the frequency and duty cycle of
the PWM signal [28], [29]. In [22] and [30], a control method
based on a variable frequency control technique is proposed for
inductive EV charging systems, which is utilized in this paper.
This method achieves multiple power transfer levels in a full-
bridge dc/ac converter, and is designed to reduce the frequency
of energy injection (rather than changing the duty cycle of a
PWM signal) without compromising the resonance behavior of
the IPT system. The developed controller is open loop and pro-
vides multiple power transfer levels. It is noteworthy that the
terms “energy-injection level” and “power transfer level” mean
the same and are, hence, used interchangeably throughout this
paper.

The main contribution of this paper is the proposition, design,
and implementation of a power-frequency controller that regu-
lates the power transfer rate in accordance with the desired level
(specified by the user) and tracks the resonance frequency of the
system in a way that maximizes the power transfer efficiency.
This controller also ensures its performance is not affected by
system changes due to dynamic variations, as is the case in
roadway IPT systems. Above all, the method proposed in this
paper simplifies the design and complexity of the controller,

Fig. 2. Resonant current and corresponding positive and negative half-cycle
energy-injection signals for n, m ∈ {1, 2, 4, 8}.

thereby reducing implementation costs. The existing methods
in literature fall short in all of the above aspects, highlighting the
uniqueness of the proposed controller. Although the proposed
controller leverages similar benefits in terms of its self-tuning
capability, low EMI, soft-switching operations, low switching
stress, etc., its real novelty lies in the simplified, cost-effective
design, and its ability to maximize power transfer efficiency
even in dynamic system environments. A digital circuit based
design and implementation of the proposed controller is pre-
sented, which is capable of effectively regulating the transferred
power. In order to validate the controller’s efficacy, it is analyzed
theoretically, simulated in MATLAB/Simulink, and then exper-
imentally implemented, the results of which are discussed in
detail.

II. PROPOSED CONTROL METHOD

A control method based on the variable-frequency energy-
injection and free-oscillation technique for IPT systems is pre-
sented in [22], which provides ten power transfer levels (see
Table I). These power levels are achieved by independently con-
trolling the frequency of energy injection into the IPT system
at positive and negative half-cycles of the resonant current. The
power transfer levels are labeled as n-m, where n and m corre-
spond to fr/n and fr/m energy-injection frequencies for posi-
tive and negative half-cycles, respectively (where fr is the res-
onance frequency). Fig. 2 conceptually shows the positive and
negative half-cycle energy-injection signals for different power
levels (n, m ∈ {1, 2, 4, 8}). In this study, the control technique
is further developed in order to design a closed-loop self-tuning
controller that enables power transfer regulation in IPT systems.
This is achieved by designing a control loop for power level that
can regulate the power level around the reference power (Pref) by
switching between energy-injection states presented in Table I.

A. Power-Frequency Controller

The proposed controller along with a full-bridge dc/ac con-
verter connected to an RLC is shown in Fig. 3. The RLC load
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Fig. 3. Proposed power-frequency controller design based on a digital control
circuit.

represents the IPT system where L is the self-inductance of the
primary coil, C is the series compensation capacitor, and Req

is the equivalent reflected resistance of the secondary. The con-
troller takes the resonant current as feedback and generates four
output signals to control the full-bridge converter based on the
reference power level (Pref). The proposed controller is com-
prised of a differential comparator, AND, OR, NOT logic gates,
flip-flops, signal rectifier, a ten-level analog-to-digital converter
(ADC), and an encoder.

Fig. 2 conceptually shows the positive and negative half-
cycle energy-injection signals for different power levels (n, m ∈
{1, 2, 4, 8}), which are presented in Table I, and the control cir-
cuit diagram is shown in Fig. 3. These energy-injection signals
are generated using a three-stage frequency divider (three flip-
flops connected in series) and are routed to the output switching
signals using two four-input multiplexer circuits (combination
of two NOT gates, four AND gates, and an OR gate). The multi-
plexers are switched using four selectors (a and b for negative
half-cycles, and c and d for positive half-cycles) that are deter-
mined based on the resonant current amplitude and the reference
power (Pref).

The circuit is designed to achieve zero-current switching
(ZCS) by synchronizing the switching operations with the reso-
nant current. This is done using the output of the resonant current
zero-cross detector (output of the differential comparator, Ssgn)
as a clock source signal for the resonance frequency divider.
The frequency divider is used to change the energy-injection
frequency in order to control the power transfer level. A signal
rectifier (ac/dc converter) is used to convert the measured ac
resonant current into a dc signal in order to enable comparisons
with the reference level. This signal determines the level of the
resonant current. Using an ADC, the corresponding dc signal is

then converted to a four-digit signal by comparing the equivalent
dc signal to the reference level input. Based on the level of the
resonant current, the encoder generates four signals to control
the power transfer level and minimize the power level error with
respect to the reference power level. The power transfer control
is achieved by tuning the frequency of energy injection to the
IPT systems using two multiplexer circuits for positive and neg-
ative half-cycle energy-injection signals, which are generated
by the resonance frequency divider circuits (series-connected
flip-flops and corresponding logic gates).

The “reverse” input is used to enable reverse power flow
mode by disabling all the switching signals and, thus, allowing
the converter to operate as a rectifier. In this case, the secondary
coil works as a transmitter and the primary coil works as a
receiver allowing a reverse power flow. If the primary circuit is
powered by an ac source, an inverter is required between the ac
power source and the dc link in order to enable power transfer
to the grid, forming a V2G connection.

B. Self-Tuning Capability

The power electronic converters used in IPT systems should
operate at the resonance frequency of the system in order to
achieve the maximum power transfer efficiency. Any deviation
from the resonance frequency can dramatically affect the per-
formance of the system. Due to different operating conditions
in IPT systems, such as a transmitter and receiver alignment,
load characteristics, etc., the characteristics of the system, in-
cluding resonance frequency, may change. Also, different IPT
systems can be designed based on a range of operating reso-
nance frequencies (e.g., 20–85 kHz for inductive EV charging
systems). Furthermore, IPT systems can have a variable reso-
nance frequency for different purposes [31]. Therefore, the use
of self-tuning controllers that can track and tune the switch-
ing operations of the converters with the resonance frequency
of the IPT system would be of great interest, as it eliminates
the need for manual tuning and can significantly enhance the
performance of the system.

The proposed controller (see Fig. 3) synchronizes the switch-
ing signals with the resonant current of the IPT system to enable
the self-tuning capability. This is achieved by using the res-
onant current sign signal (Ssgn determined by the differential
comparator), and its complement Ssgn as clock sources for the
entire control circuit. This ensures that the switching operations
always occur at the resonant current zero-crossing points, and
therefore, the converter is switched at the resonance frequency.
This also enables ZCS operations that significantly enhance the
performance of the converter and reduce switching stress.

III. THEORETICAL ANALYSIS

The proposed power controller achieves power transfer con-
trol based on resonant current regulation. Therefore, finding an
analytical solution for the resonant current in an IPT system
would be useful in order to calculate the power transfer level at
different energy-injection frequencies.
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Fig. 4. Resonant current and corresponding switching signals controlled using the proposed controller for power level 2–4 (n = 2, m = 4).

A. Power Transfer Level

In an RLC circuit, shown in Fig. 3, the equation for the reso-
nant current can be written as follows:

L
di

dt
+ 1

C

∫
idt + Reqi = V n

inj+(t) + V m
inj−(t) (1)

where i is the resonant current, V n
inj+(t) and V m

inj−(t) are output
voltage pulses of the converter at energy-injection level n−m in
positive and negative half-cycles, respectively. In Fig. 4, V n

inj+(t)
and V m

inj−(t) for power level 2–4 (n = 2 and m = 4) are concep-
tually shown. These input functions are periodic with cycles of
2nπ/ω and 2mπ/ω (ω is the frequency of the resonant current),
and can be expressed as follows:

V n
inj+(t) =

{
Vt 0 < t < π

ω

0 π
ω

< t < 2nπ
ω

(2)

V m
inj−(t) =

{−Vt
π
ω

< t < 2π
ω

0 0 < t < π
ω

, 2π
ω

< t < 2mπ
ω

.
(3)

Equation (1) can be solved by applying the superposition
law and considering V n

inj+(t) and V m
inj−(t) as two separate input

functions

L
di1

dt
+ 1

C

∫
i1dt + Reqi1 = V n

inj+(t) (4)

L
di2

dt
+ 1

C

∫
i2dt + Reqi2 = V m

inj−(t) (5)

where i1 and i2 are corresponding solutions due to V n
inj+(t) and

V m
inj−(t) input functions, respectively. First, the analytical solu-

tion for i1 is found. Since in each half-cycle V n
inj+(t) is constant,

(4) can be rewritten as follows:

d2i1

dt2
+ Req

L

di1

dt
+ 1

L C
i1 = 0. (6)

The controller is designed in way that ZCS is obtained. There-
fore, the initial conditions would be as follows:

i1(0) = 0, L
di1

dt
(0) = V n

inj+(t) − vc(0) (7)

where V n
inj+(t) is the converter output voltage, and vc(0) is the

initial capacitor voltage. Therefore, the solution of (6) would be
as follows:

i1 = V n
inj+ − vc(0)

ωL
e−t/τ sin(ωt). (8)

where ω =
√

ω2
0 − 1/τ 2 is the natural resonance frequency,

ω0 = 1/
√

LC is the resonance frequency, and τ = 2L/Req is the
damping time constant. Assuming that the system has reached
to a steady-state condition, vc(0) can be calculated as follows
[22]:

vc(0) = − (1 + β)

1 − β2n
β2n−1Vt (9)

where β = e
−π
τω . Using (2), (8), and (9), i1 can be derived as

follows:

i1(t) =

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

1 + β2n−1

ωL(1 − β2n)
Vt e−t/τ sin(ωt) 0 < t < π

ω

(1 + β)β2n−1

ωL(1 − β2n)
Vt e−t/τ sin(ωt) π

ω
< t < 2nπ

ω
.

(10)
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Since negative half-cycle energy injection always happens
after a positive half-cycle energy injection, the following can be
obtained:

V m
inj−(t) = −V m

inj+
(

t − π

ω

)
. (11)

Since (4) is linear and time invariant, based on (11), the
following is obtained:

i2(t) = −i1

(
t − π

ω

) ∣∣∣∣
n=m

. (12)

In order to eliminate the power levels that will result in a
repetitive power level, the proposed controller is designed in
a way that n ≤ m. Using (12) and (10), i2 can be written as
follows:

i2(t) =

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

(1 + β)β2m−2

ωL(1 − β2m)
Vt e−t/τ sin(ωt) 0 < t < π

ω

1 + β2m−1

ωL(1 − β2m)β
Vt e−t/τ sin(ωt) π

ω
< t < 2mπ

ω
.

(13)

Applying the superposition principle for differential equa-
tions, the final solution for the resonant current can be expressed
as follows:

i = i1 + i2. (14)

Using the analytical solution for the resonant current, the
transferred power can be obtained as follows:

Pinj =
∫ 2mπ

ω

0

(
V n

inj+(t) + V m
inj−(t)

)
i(t) dt

2mπ/ω
. (15)

Considering the fact that in a full cycle (0 < t < 2mπ/ω)
there would be m/n positive half-cycle energy injections and
only one negative half-cycle energy injection, (15) can be rewrit-
ten as follows:

Pinj =
∑m/n

i=1

∫ (2i−1)π/ω

2(i−1)π/ω
Vdc i(t)dt + ∫ 2π/ω

π/ω
−Vdc i(t)dt

2mπ/ω
. (16)

Using (10), (13), and (16), the power transfer level can be
calculated based on IPT system parameters L , C , Req, dc-link
voltage Vdc, and power transfer level n–m. This equation is
specifically useful for estimating the output power at different
power transfer levels given in Table I.

B. Voltage Gain of the Converter

Since the proposed controller tunes the output voltage of
the converter by switching to different modes of operation,
its voltage gain characteristic would be of great interest. The
root mean square (rms) output voltage at power transfer level
n–m can be calculated as follows:

Vrms =
√∫ 2mπ/ω

0 V 2
t dt

2mπ/ω
. (17)

Based on Fig. 4, (17) can be rewritten as

Vrms =
√∑m/n

i=1

∫ (2i−1)π/ω

2(i−1)π/ωV 2
dcdt + ∫ 2π/ω

π/ω V 2
dcdt

2mπ/ω
. (18)

Equation (18) can be simplified as follows:

Vrms =
√

(m/n + 1) V 2
dcπ/ω

2mπ/ω
=

√
n + m

2nm
Vdc. (19)

Using (19), the voltage gain of the converter can be obtained as
follows:

Gv = Vrms

Vdc
=

√
n + m

2nm
(20)

According to (20), the converter using the proposed con-
troller operates as a controlled voltage source for the primary
with control parameters n and m. In IPT systems (specifically
dynamic IPT systems), Req can change due to inherent varia-
tions of the system, such as vehicle alignment relative to primary
and number of charging vehicles. The controller is designed to
regulate the voltage gain with the variations of Req to achieve
the desired power transfer level (Pref). For instance, if Req de-
creases, the output voltage of the converter is reduced (n and/or
m are increased) to regulate the power level around Pref. In other
words, lower Req results in lower energy-injection levels (higher
n and/or m). At a fixed energy-injection level (no power level
regulation), the rms output voltage of the converter is constant,
therefore there would be an inverse relationship between power
level and Req.

C. System Response Time

Since an IPT system can be represented with an equivalent
RLC circuit (shown in Fig. 3), the settling time of the system
within 2% of the final value can be expressed as follows:

Ts � 4τ = 8L

Req
. (21)

Equation (1) shows that there is an inverse relationship between
response time of the system and Req. The relationship between
power level and different system parameters including Req is
presented in (16).

D. Steady-State Error

As discussed in Section II, the proposed controller operates
based on ten discrete power transfer levels presented in Ta-
ble I. This means that the controller switches between these
discrete power levels to minimize the output power error. In
Fig. 5, the output power and steady-state error are plotted as
a function of reference power. The output power (P.U.) is cal-
culated using (16) at different energy-injection levels, and the
relationship between the output power and the reference power
(P.U.) is determined based on the design of the controller. Fig. 5
shows that the maximum steady-state error of the system is
22%.
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Fig. 5. Output power and steady-state error as a function of reference power.

Fig. 6. Case-study IPT system simulation model.

TABLE II
SPECIFICATIONS OF THE CASE-STUDY IPT SYSTEM

Parameter Value

Primary and secondary self-inductances 172 μH
Primary and secondary compensation capacitors 120 nF
Resonance frequency 35 kHz
Grid line voltage 208 V
EV battery voltage 360 V
EV battery capacity 22 kWh

IV. SIMULATION RESULTS

The proposed controller along with an IPT system is mod-
eled and simulated in MATLAB/Simulink using SimPowerSys-
tem toolbox, and the performance of power transfer regulation
is evaluated at different conditions. The simulation model and
the specifications of the IPT system are presented in Fig. 6 and
Table II, respectively. The IPT system is comprised of a three-
phase two-stage ac/dc/ac converter connected to the primary
circuit, magnetic couplers, compensation capacitors, and a sec-
ondary ac/dc converter that charges an EV battery. The power
controller is modeled based on the control circuit presented in

TABLE III
DISTINCT POWER TRANSFER LEVELS AND CORRESPONDING

ENERGY-INJECTION FREQUENCIES FOR POSITIVE

AND NEGATIVE HALF-CYCLES

Power
Level
n–m

Grid
Power
(kW)

Grid
Current

(A)

Battery
Charging

Current (A)

Battery
Charging

Power (kW)

Efficiency
(%)

1–1 33.83 112.65 92.61 33.34 98.54
1–2 23.28 89.56 63.28 22.75 97.72
1–3 18.76 78.97 50.81 18.21 97.07
1–4 16.60 73.76 45.17 16.06 96.77
2–2 14.51 68.33 39.38 13.97 96.27
2–3 10.48 56.98 28.14 9.97 95.17
2–4 8.55 50.80 22.66 8.04 94.08
3–3 6.65 44.38 17.04 6.18 92.87
3–4 4.80 36.94 12.80 4.37 91.01
4–4 3.00 28.16 7.95 2.63 87.75

Fig. 7. Power and efficiency of the converter at different power transfer levels
calculated based on simulation results.

Fig. 3 using AND, OR, and NOT logic gates, flip-flops, ADC con-
version. The voltage comparator is modeled as a “compare to
zero” block that acts as a zero-cross detector. The current mea-
surement transformer is modeled as a controlled current source
with a 1:1000 conversion ratio. The current measurement signal
is converted into a dc signal using a half-wave rectifier, which is
then connected to the ADC/Encoder block in order to switch the
controller to the appropriate power transfer level. The controller
generates the switching signals of the second stage (inverter
stage) of the primary converter. The reference power level is
determined using (16), based on the energy-injection levels for
positive and negative half-cycles (n and m).

The simulations are carried out for all power levels according
to Table I, and the results are presented in Table III. The results
include grid power and current (rms), battery charging power
and current, and the efficiency of the system. Also, the power
level and efficiency of the system at different power levels are
presented in Fig. 7, which shows that as the power level drops
(higher n and/or m), the efficiency of the converter drops. It is
due to the fact that at lower power levels, the number of free-
oscillation cycles are increased by the controller, in order to
reduce energy injection into the IPT system, thereby allowing
the resonant current to freely oscillate through the switches of
the converter. This, in turn, increases conduction losses in the
converter. Fig. 7 also shows that for the first five power levels
(levels 1–1, 1–2, 1–4, 2–2, and 2–4), the converter can achieve
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Fig. 8. Simulation results on the case-study IPT system showing resonant current, dc-link current, energy-injection switching signals (S3, S4), reference power,
and output power: (a) transition from level 1–4 (18 kW) to level 2–2 (12 kW); (b) transition from level 2–4 (10 kW) to level 1–2 (20 kW); and (c) transition from
level 1–4 (18 kW), level 2–2 (12 kW), level 2–4 (10 kW), to level 1–2 (20 kW).

a minimum efficiency of 96%. Furthermore, the maximum ef-
ficiency that is achieved at level 1–1 with 33.83 kW power is
98.54%.

By applying step changes in the reference power level, the
performance of the controller is analyzed in tracking the ref-
erence power level. In Fig. 8, the simulation results, includ-
ing resonant current, dc-link current, energy-injection switch-
ing signals, reference power, and output power, are presented
for different power level transitions. The output power is calcu-
lated based on the power delivered to batteries at the secondary
circuit. Fig. 8(a) shows the transition from level 1–4 (18 kW)
to level 2–2 (12 kW). In Fig. 8(b), transition from level 2–4
(10 kW) to level 1–2 (20 kW) is shown. Also, in Fig. 8(c),
transition from level 1–4 (18 kW), level 2–2 (12 kW), level
2–4 (10 kW) to level 1–2 (20 kW) are presented. The results
show that using the proposed controller, the output power of the
IPT system effectively tracks the reference current (estimated
output power) with low discrepancy. The controller effectively
changes the energy-injection frequencies in order to conform

to the reference power level. In Fig. 8(a) and (b), it can be
seen that the switching operations always occur at the resonant
current zero-crossing points, which verifies the self-tuning ca-
pability of the controller and ZCS in the converter described in
Section II-B.

V. EXPERIMENTAL RESULTS

In order to validate the effectiveness of the proposed con-
trol circuit for controlling the power transfer in the IPT system,
experimental test results were carried out on a case-study IPT
system. The case study system, shown in Fig. 9, is composed
of two circular transmitter and receiver magnetic structures,
primary three-phase converter, compensation capacitors, and a
battery charger connected to a 12-V battery at the receiver side.
The primary converter is a two-stage ac/dc/ac converter whose
first stage is a full-bridge three-phase ac/dc converter connected
to a 60-Hz variable three-phase source and the second stage is a
full-bridge single-phase dc/ac converter that is controlled with
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Fig. 9. Experimental setup of the proposed power-frequency controller.

TABLE IV
SPECIFICATIONS OF THE EXPERIMENTAL IPT SYSTEM

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

10 V (LL), 60 Hz

Secondary battery Lead-acid battery 12 V, 86.4 Wh

Fig. 10. Experimental setup of the proposed controller and its components.

the proposed power controller. The specifications of the circular
power pads, compensation capacitors, primary ac supply, and
secondary battery conform to the ones given in Table IV. The
resonance frequency of the IPT system is 35 kHz. The proposed
control circuit, presented in Fig. 3, is implemented experimen-
tally and is shown in Fig. 10. Also, the circuit components used
in building the controller and converter prototype are listed in
Table V. The logic gates the differential comparator is used
to detect resonant current zero-crossing points. The logic gates
and flip-flops are utilized to build the three-stage resonance
frequency divider and four-input multiplexers (described in
Section II-A). A ten-level ADC along with an encoder are im-
plemented using an Atmel Atmega32 microcontroller.

The performance of the controller is evaluated by applying
step changes in the reference power level, which causes changes
in the energy-injection frequencies. In Fig. 11(a) and (b), the res-

TABLE V
LIST OF COMPONENTS USED IN EXPERIMENTAL IMPLEMENTATION OF THE

PROPOSED POWER CONTROLLER

Component Part Number

Switches (S1, S2, S3, and S4) CREE CMF20120D
Gate driver IR2110
Current transducer PE-51688
Differential comparator TLC374
NOT gate SN74LS04
AND gate SN74HC08
OR gate M74HC4072
Flip-flop SN74LS74
ADC, Encoder Atmel ATmega32

onant current, battery charging current, and negative half-cycle
energy-injection signals (S3) during the transitions from level
1–8 to level 1–1 and from level 2–1 to level 2–8 are shown.
These figures show that the controller can effectively regulate
the battery charging current and thereby the power transfer level
according to the reference power level. Also, in Fig. 12(a) and
(b), the resonant current, primary dc-link current, and energy-
injection switching signals (S3 and S4) for level 1–4 and level
2–2 power are shown. These figures show that the converter
achieves ZCS by self-tuning of the switching operations to the
resonant current. Experimental results of the converter output
voltage (switch node voltage) and the resonant current at power
level 2–4 are presented in Fig. 13. This figure shows that the con-
verter achieves ZCS operations. In free-oscillation modes, the
output voltage equals to the voltage drop across two conducting
switches (S1 and S3, or S2 and S4) consisting of a body diode and
a forward biased switch. In energy-injection modes, the output
voltage equals to Vdc or −Vdc, incorporating the voltage drops
across two conducting switches (S1 and S4, or S2 and S3).

A. Efficiency Analysis

The power transfer at different levels with a maximum of
500 W calculated based on the experimental measurements on
the case-study IPT system setup and theoretical calculations is
presented in Fig. 14(a). This figure shows that the experimen-
tal measurements of power transfer at different power levels
conform to the theoretical calculations with a small discrep-
ancy. In Fig. 14(b), experimental efficiency measurements on
the IPT system setup using both the proposed power controller
and conventional controller at different power transfer levels
are presented and compared with the simulation results at high-
power levels. The conventional controller is designed based on
the firing angle control with respectto resonant current zero-
crossing points in order to regulate the resonant current and the
power transfer rate. The figure shows that for low power rates
(500 W), the converter can achieve a power transfer efficiency of
96% using both control methods. However, as the power level is
decreased, the proposed power control method performs better
and achieves higher efficiencies. This is due to the fact that the
proposed power control method benefits from soft-switching
operations. Also, based on Fig. 14(b), it can be seen that the
converter achieves efficiencies above 98% at high-power levels
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Fig. 11. Experimental results on the IPT setup showing the resonant current, battery charging current, and negative half-cycle switching signal (S3): (a) transition
from level 1–8 to level 1–1; and (b) transition from level 1–1 to level 1–8.

Fig. 12. Experimental results on the IPT setup showing the resonant current, primary dc-link current, and energy-injection switching signals (S3 and S4):
(a) level 1–4 power transfer; and (b) level 2–2 power transfer.

Fig. 13. Output voltage of the dc/ac converter and resonant current at power
level 2–4.

(at level 1–1), which is only about 2% higher than efficiency
measurements at low-power level.

In Fig. 14(b), experimental efficiency measurements on the
IPT systems setup using both the proposed power controller and
conventional controllers at different power transfer levels are
presented and are compared with the simulation results at high-
power levels. The conventional controller is designed based on
the switching firing angle control with respect to the resonant
current zero-crossing points to regulate the resonant current and
the power transfer rate. The figure shows that for low power rates
(500 W), using both control methods, the converter can achieve
a power transfer efficiency of 96%. But as the power level is
decreased, the proposed power control method performs better
and achieves higher efficiencies. This is due to the fact that the
proposed power control method benefits from soft-switching
operations. Also, based on Fig. 14(b), it can be seen that the
converter achieves efficiencies above 98% at high-power levels
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Fig. 14. Experimental results on the case-study IPT system at different power
levels: (a) output power obtained based on experimental measurements and theo-
retical calculations; and (b) converter efficiency obtained based on experimental
measurements and simulation results.

Fig. 15. Experimental frequency measurement results: (a) dynamic resonance
frequency variations during the horizontal movement of the secondary pad at
50 mm/s speed and 200 mm air gap; and (b) resonance frequency measurements
with variations in distance between the transmitter and receiver power pads (g:
air gap).

(at level 1–1), which is only about 2% higher than efficiency
measurements at low-power level.

B. Resonance Frequency Tracking Capability Analysis

In order to verify the resonance frequency tracking capability
of the controller, the case-study IPT system is investigated un-
der different transmitter and receiver pad alignments (vertical
and horizontal). Any change in the pad alignment will lead to
a change in the characteristics of system, including the reso-
nance frequency. The alignment of the IPT system is controlled
using a multiaxis alignment system (shown in Fig. 9). The res-
onance frequency measurements are carried out with different
vertical and horizontal alignments and are presented in Fig. 15.
Fig. 15(a) shows the resonance frequency of the IPT system as
it dynamically changes when the secondary pad moves horizon-
tally at 200 mm air gap and 50 mm/s speed. This figure shows
that the power controller effectively tracks the resonance fre-
quency of the system in dynamically varying conditions. Also,
Fig 15(b) shows the steady-state resonance frequency at dif-
ferent horizontal and vertical displacements, which is captured
experimentally using the IPT system setup. The results also
show that the resonance frequency of the system can deviate by
3.5% due to horizontal misalignments. It is important to note
that in the alignment experiment presented above, the vehicle
chassis, which may impact the characteristics of the IPT system,
is not considered.

VI. CONCLUSION

This paper proposed a self-tuning controller to effectively
control the power transfer level in IPT systems, which uses
different predefined energy-injection levels to maintain user-
defined power transfer levels. The controller’s self-tuning func-
tionality renders it suitable for dynamic IPT applications where
the resonance frequency and the load might vary. The proposed
controller can also significantly improve the efficiency and re-
duce the EMI by enabling soft-switching operations in its full-
bridge power converter. The controller is further designed using
a simplified digital circuit that can lower costs by eliminating the
need for availing more expensive solutions, such as digital sig-
nal processing and field programmable gate array. Moreover, it
is expected to be operable at high operating frequencies. These
salient features of the controller, including low cost and high
efficiency, therefore, make it a powerful alternative that can be
applied to a wide variety of IPT systems.
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