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ABSTRACT

The electric vehicle (EV) market is rising despite
the COVID-19 pandemic in Thailand and the rest of
the world. The Energy Policy and Planning Office,
Ministry of Energy, is supporting the development of EV
charging stations in Thailand. However, recent research
published by Thais on the subject does not involve more
than 1.24 kW wireless power transfer (WPT), whereas
commercial EVs need at least 3.5 kW charging facilities.
This study aims to develop a 10 kWWPT for EV charging
in Thailand. The experimental procedure firstly required
the design of block ferrite EE55 cores. Secondly, the
transmitter and receiver coils were constructed from
homemade Litz wire. Thirdly, the prototype magnetic
parameters were measured and simulated. A 10 kW
high-frequency inverter was then built and tested. The
10 kWprototype IPT systemwas subsequently simulated,
constructed, and characterized. The results revealed
that when the prototype IPT system was applied to the
resistive tungsten halogen load during the first stage of
the research, at 369.4 V DC input voltage and 32.33A DC
input current, the DC output voltage, and currents were
362.4 V and 29.67A, respectively, while the maximum
DC output power and the dc-to-dc efficiency equated to
10.75 kW and 90.00%, respectively.
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1. INTRODUCTION

In 2020, the EV global market rose, thereby increasing
EV registrations by 41% despite the COVID-19 pandemic
and this figure is expected to reach 10 million EVs world-
wide by the end of the decade. There are three reasons
for the creation of a supportive regulatory framework for
the zero-emission vehicle (ZEV): the additional incentive
of an economic turndown, the expansion of EV models,
falling battery cost. The important point is that the EV
needs access to charging stations, but the charger type
and location are not specific to the user’s EV. There
are residence, enterprise, and public charging points.
The household and company slow charging points were
9.5 million and represented 40GW at homes and more
than 15GW at workplaces by approximately. Under
the sustainable development scenario, there are plans to
install 20 million slow chargers and 4 million fast public
chargers by 2030 [1].

Wireless power transfer (WPT) technology that does
not require the physical connection between transmitter
and receiver is advantageous for wireless EV charging
[2]. WPT EV charging is safe to operate, saves the
environment, and convenient for use with automated
charging [3]. In addition, WPT EV charging may be safe
for touchable objects or surfaces of charging equipment
that may contain droplets from COVID-19 infected users.

Following Nikola Tesla’s WPT invention, more than
14,000 papers have been published on “wireless power
transfer” [4], with over 75% of these in the last five years
[5]. There are many wireless power transfer applications
in portable electric apparatus such as the solar tricycle,
bus, car, vessel, TV, and smartphone [6, 7].

A review of the publications on the stationarywireless
charging EV system reveals that PATH developed a
60 kW WPT with 60% efficiency (𝜂). While the KAIST-
OLEV reached 180 kWWPTwith 𝜂 = 80% for stations and
roads, and the Utah State University and SELECT tested
the 30 kW WPT for buses. In addition, UNPLUGGED
developed a 50 kW station. The world champions in
wireless EV charging stations range from 30 to 180 kW
WPT [8–10].

The publications on IPT systems use rated power
of 1 kW [2], 5 kW, 7.7 kW, 11 kW, 22 kW, 50 kW, and
100 kW from national laboratories, research centers, and
universities at the frequency range of 20 to 150 kHz, air
gap of 100 to 265mm in the circular coupler DD, solenoid,
square, bipolar, and rectangular cores and coils. The
dc-to-dc and grid-to-battery efficiency reported in these
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publications ranged from 80 to 96.5%, with the coil-to-coil
efficiency of 93 to 98% [9, 10].

Commercial companies have produced high power
IPT prototypes during the last decade [11], such as
WiTricity 3.7 kW, 2013 [12], Toshiba 7 kW, 2014 [13],
BOSCH 7 kW, 2015 [14], WiTricity 11 kW, 2016 [15],
Fraunhofer ISE 22 kW, 2015 [16], ONRL 50 and 120 kW,
2018 [17, 18], Bombardier 200 kW, 2016 [19], and Wave
250 kW, 2019 [20].

Whereas light-duty EV charging needs chargers with
a rated power of 3.5 kW, 7.2 kW, 10 kW, 22 kW, or higher,
the wireless EV charging station requires a minimum
power of 3.5 kW WPT for operation.

The magnetic cores that increase permeability and
reduce leakage flux for the IPT are made from air core
[5–7], ferrite core [2, 3], magnetic nanoparticle core
[21], flexible magnetic core [22], and magnetic concrete
core [23]. The IPT core shapes reported in existing
publications were made from the ferrite bases of plate,
bar, and tile but the concept of blocked construction
in commercial magnetic ferrite application has never
previously been reported. This work proposes the scaling
up of the blocked U-shape from the commercial EE55
ferrite cores.

The 2021 IPT developments for EV charging have in-
volved not only the design of high power wireless trans-
fer but also dynamic charging [24], optimized magnetic
core [25], triple coils [26], and compensation parameters
tuning [27, 28]. Power electronics have been applied to
IPT EV charging systems such as a novel three-phase
rectifier design for IPT [29], a novel output regulation
for three phases three-level IPT [30], voltage control
primarily by IPT [31], implementation of fundamental
harmonic approximation for IPT [32], DC-DC topology
interfacing for IPT [33], a high-frequency zero-voltage
switching technique for IPT with variable phase shift
control [34], and real-time implementation of an IPT
on-demand shuttle service [35]. Thermal analysis and a
safety study have also been reported for wireless power
transfer development [36, 37], and so on.

The various articles published worldwide in 2021 on
wireless EV charging tend to focus on the core and
coil design, application of power electronics, thermal
analysis, and safety studies. However, there is a lack of
studies on wireless EV charging station development in
Thailand.

The EV is gaining attention in Thailand due to
its energy savings capability, environment-friendliness,
high technology, and low service cost [38]. Moreover,
the battery cost and charging infrastructure are the main
points for customers deciding to buy an EV [39]. There
are 4,800 BEV and 172,200HPEV registers in Thailand,
and only cable plug-in chargers have been installed in 647
public charging stations, including 1,974 charging outlets
as of the end of 2020 [40].

The Energy Policy and Planning Office (EPPO), Min-
istry of Energy, Thailand, is promoting and supporting
the EVmarket by installing EV charging stations, prepar-

ing legal regulations and rules, as well as developing EV
batteries and wireless EV charging stations.

The first wireless power transfer charger in Thailand
was developed in 2014 for the 14W e-scooter [41].
Subsequently, WPT chargers developed by Thais include
the 1,240W wireless EV [2], the 12W WPT [5], the
10W for solar tricycles [6], 30W for TV [7], 230W
for motorcycles [42], the 324W for e-bikes [43], the
82Wdistance-frequencyWPT [44], the 110Wphase shift
WPT [45], the 289W multi-transmitter WPT [46], the
1,000W primary and secondary controlledWPT [47], the
automated efficiency 540W [48], and the 200W kitchen
appliance [49]. However, static WPT of more than
1,240W is required for EV charging stations.

TheWireless Electric Vehicle Battery Charging Station
project, supported by the EPPO, has been implemented
to conduct experiments on EV charging and improve
Thailand’s competitiveness. The challenge at this stage
is to scale up our previous 1,240W [2] to 10,000W WPT
for wireless EV charging.

This study proposes the block UU shape using the
commercial EE55 ferrite core for high power IPT coils.
This technique can shorten the ferrite core sintering and
casting process which has to be made to order, resulting
in high cost. The prototype uses the ferrite parts of
commercial electronics since these are faster than the
made-to-order ferrite core. Moreover, the ferrite core of
the IPT coils can produce a higher flux linkage between
Tx and Rx, or a higher magnetic coupling coefficient
than the air core IPT. The ferrite core IPT system can
be operated when installed on the chassis of the EV.
While the air core IPT may change the performance
of the IPT system, the flux linkage changes direction
through the iron and steel structure when installed on
the EV. In addition, this study can improve the capability
of IPT development, through core and coil design and
analysis, power electronics application, and IPT system
evaluation. Furthermore, impacts of the proposed WPT
for EV charging stations inThailandmay include building
decision-making confidence in customers looking for
ZEVs. This study should act as an inspiration to other
researchers to start to seriously consider the construction
of high power IPT prototype.

This paper presents the development of a 10 kW
WPT for EV charging in Thailand. Firstly, we propose
inductive wireless power transfer (IPT) as the building
blocks of IPT system integration, core design and con-
struction, coil design, and output power and efficiency
analysis. Secondly, we report on the experiments
involving magnetic coefficients and mutual inductance,
inverter efficiency, and IPT system integration. Finally,
we present a comparison of the experimental results
between the IPT prototype’s DC output power and
dc-to-dc efficiency.

2. INDUCTIVE WIRELESS POWER TRANSFER

WPT technology can be divided into four types: (a)
inductive wireless power transfer (IPT), (b) capacitive
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Fig. 1: Building blocks of the IPT system.

wireless power transfer (CPT), (c) light wireless power
transfer (such as visible, infrared, or laser lights), and
(d) microwave wireless power transfer [50]. This study
focuses on the IPT that transfers energy through a
magnetic field. The IPT operates as a high-frequency
transformer with a high air gap range.

This section presents the building blocks and effi-
ciency of the IPT, its design and construction, high-
frequency inverter, and the output power and efficiency
of the system.

2.1 Building Blocks and Efficiency of the IPT Sys-
tem

The simple building blocks of the IPT system con-
necting to the grid utility consist of a rectifier, a
high-frequency (HF) inverter, IPT coils, and the load or
battery of the EV, as shown in Fig. 1.

The efficiency of the EV WPT system is defined by
the off-board input and power supply of the control
electronics. The AC grid utility or DC power supply
bus connects to the terminals of the electrical load, such
as with a battery or device on the EV or secondary
side, according to IEC 61980-1 standards [50]. Two
efficiency definitions: “grid-to-battery efficiency (𝜂𝐺2𝐵)”
and “dc-to-dc efficiency (𝜂𝑑𝑐−𝑡𝑜−𝑑𝑐 )” [8], can be derived
by:

𝜂𝐺2𝐵 = 𝑃𝑜𝑢𝑡
𝑃𝑔𝑟𝑖𝑑

(1)

𝜂𝑑𝑐−𝑡𝑜−𝑑𝑐 =
𝑃𝑜𝑢𝑡
𝑃𝑖𝑛

(2)

In this study, the output power of the prototype is
defined by the 𝜂𝑑𝑐−𝑡𝑜−𝑑𝑐 calculated from the DC input
power and the DC output of the IPT system.

2.2 Design and Construction of the IPT Core

The goal of the prototype IPT system for EV charging
in Thailand is to transfer 10 kW of electrical energy
through an air gap of at least 150mm, which is the
distance between the charging station and the chassis of
the EV. The IPT technology is applied in this study due
to our previous experience with electrical machines.

Firstly, we focus on what happens when our 1.5 kW
EE55 transformer operates in the event an air gap exists
between the EE cores. The 5mm air gap, representing
half of the pole shoe distance between the middle and left
or right leg, produces the best performance. Secondly,
the IPT core is built to transfer magnetic energy through
the 150mm air gap, where the distance between the pole
shoes of the core leg should be more than twice the
150mm or 300mm. We used eight of the EE cores in
the order arrangement to obtain a distance of 432mm
between the two legs of the U-shaped core model. This
concept was proposed in [2], to transfer energy of
1.24 kW at 160mm.

In this study, we focus on building greater power
transfer of 1.24 kW (the manufacturer’s specifications
rate is 1.75 kW) using the first IPT core model. The
single row of eight EE55 cores produces the same average
values of magnetic field intensity (𝐻 ) and magnetic flux
density (𝐵) along with all EE55 cores. The EE55 core rows
are increased from one row to six to transfer more flux
through the air gap.

To answer the question: Which is the best, between
the EE55 and the bar or cube ferrite core? The bar or
cube ferrite core has better density because it can be built
into the solid block model, but the EE55 has windows
that act as air gaps in the IPT core. However, the EE55
has been produced by many manufacturers. A reliable
MnZn soft ferrite product is chosen for this study where
the saturation flux density 𝐵 is 510mT at 𝐻 of 1,194A/m.
The manufacturer produces the EE 55 core in the largest
size, while the ferrite bar or cube is made to order. The
quantity of ferrite core used in this work is lower than
the minimum bar or cube of the made-to-order product.
However, the difference in cost between the ferrite bar or
cube and the EE55 core is not significant since the same
materials and transportation costs are involved, but the
mass or volume varies [51].

Nevertheless, the design core sintering construction
is the preferred process, aligning with the best practice
of the “Shaped Magnetic Field in Resonance, SMFIR”
technology proposed by the KAIST, Korea [52].

The IPT design in this study is constructed of a block
UU-shaped EE55 ferrite core. Fig. 2(a) shows the single
EE55 core with a 0.5 cm air gap. The block UU shape of 12
EE55 put in series with a 160mm air gap [2] is illustrated
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Fig. 2: Construction of the IPT cores; (a) the single EE55
core with a 0.5 cm air gap, (b) the block UU shape of 12 EE55
put in series with a 160mm air gap [2], and (c) scaling up
to a 10 kW level IPT core.

Fig. 3: The 10 kW IPT core model.

in Fig. 2(b) and scaling up to a 10 kW level IPT core in
Fig. 2(c). The six parallel rows of the block UU shape with
a 160mm air gap is used for the prototype core in this
study. Fig. 3 shows the prototype 10 kW IPT core model.

2.3 Design of IPT Coils
The coils of the IPT can be divided into two categories:

primary and secondary, wound in the same turns to
become the symmetry parameters. The homemade Litz
wire is constructed of 41 SWG 18 enamel copper wires
and cotton insulation tape for both the primary and
secondary coils, wound in 18 turns, as shown in Fig. 4.

Fig. 5 demonstrates the assembly of the primary and
secondary cores and coils.

2.4 Magnetic Field and Flux Simulation
Themagnetic field and flux are simulated in this study

using the three dimensions of finite element software
from COMSOL Multiphysics. The parameters of mutual
inductance (𝑀 ), magnetic coupling coefficient (𝑘), field
intensity (𝐻 ), and flux density (𝐵) are evaluated using the
simulation results. Fig. 6 shows the simulation results of
the magnetic field and flux.

The simulation results provided by the software can be
evaluated as (a) the flux linkage between the primary and
secondary coils and the values of the coupling coefficient
(𝑘) and mutual inductance (𝑀 ) of the IPT. These values
need to be applied in calculating the performance of the
IPT coils presented in Section 2.5. (b) The contour lines
and color shades of the magnetic flux density (𝐵) and
magnetic field intensity (𝐻 ) can be evaluated using the

Fig. 4: The 10 kW IPT coil design.

Fig. 5: Assembly of the IPT cores and coils.

Fig. 6: Simulation results for magnetic field intensity and
flux density.

COMSOL software. The maximum values of 𝐵 and 𝐻 in
the inner and outer surface of the magnetic core or in the
air gap can be compared with the values in the datasheet
or specifications.

In this study, the average 𝐵 ranges from 80 to 120mT
in the ferrite core and 20mT in the air gap. While the
average 𝐻 ranges from 20 to 30A/m in the core and 2
to 3 kA/m in the air gap. The specifications 𝐵 and 𝐻 of
the EE55 core are 510mT and 1,192A/m, respectively.
However, the maximum 𝐵 was 170mT at the inner
angle of the pole legs of the Tx and Rx cores, while the
maximum 𝐻 reached 10 kA at the skin of the pole shoe
edges, as shown in Fig. 6.
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Fig. 7: Equivalent circuit of the IPT coils.

2.5 Characteristics of the IPT Coils
The positions of the primary and secondary coils are

defined by distance 𝑧, the misalignment in the forward
direction of 𝑥 , and misalignment in the transverse to
the left of 𝑦 , according to the IEC 61980-1 standards
[50]. The magnetic linkage between the primary and
secondary coils is parametric according to the coupling
coefficient (𝑘). The mutual inductance (𝑀 ) of the primary
and secondary coils can be defined as

𝑀(𝑥, 𝑦 , 𝑧) = 𝑘(𝑥, 𝑦 , 𝑧)√𝐿1𝐿2. (3)

The equivalent circuit of the IPT is presented in
Fig. 7. The transmitter (Tx), as the primary component
of the IPT, consists of the primary resonant capacitor
(𝐶1), primary parasitic resistance (𝑅1), primary leakage
reactance (𝐿1), and primary mutual inductance (𝑀12).
Similarly, the receiver (Rx) consists of the secondary
resonant capacitor (𝐶2), secondary parasitic resistance
(𝑅2), secondary leakage reactance (𝐿2), and secondary
mutual inductance (𝑀21). The mutual inductance (𝑀 ) of
the primary and secondary coils is equal to the 𝑀12 and
𝑀21, as shown in Eq. (4) and Fig. 7.

𝑀(𝑥, 𝑦 , 𝑧) = 𝑀12(𝑥, 𝑦 , 𝑧) = 𝑀21(𝑥, 𝑦 , 𝑧). (4)

When the IPT is supplied by the input voltage (𝑉1) and
the angular frequency (𝜔) source, it must operate in the
resonant conditions using the 𝐶1, and 𝐶2, calculated as

𝐶1 = 1
𝜔2 ⋅ 𝐿1

𝐶2 = 1
𝜔2 ⋅ 𝐿2

. (5)

From Fig. 7, the primary and secondary impedances,
currents, and voltages of the IPT can be determined by

[ 𝑍1 −𝑗𝜔𝑀(𝑥, 𝑦 , 𝑧)
−𝑗𝜔𝑀(𝑥, 𝑦 , 𝑧) 𝑍2 ] [𝐼1𝐼2] = [𝑉10 ] (6)

where 𝑍1 and 𝑍2 are defined as

𝑍1 = [𝑅1 + 𝑗 (𝜔𝐿1 − 1
𝜔𝐶1

)] (7)

𝑍2 = 𝑅2 + 𝑅𝐿 + 𝑗 (𝜔𝐿2 − 1
𝜔𝐶2

) (8)

The 𝐼1 and 𝐼2 are derived from Eq. (6), as

𝐼1 =
𝑉1𝑍2

𝑍1𝑍2 + (𝜔𝑀(𝑥, 𝑦 , 𝑧))2
(9)

𝐼2 =
𝑗𝜔𝑀(𝑥, 𝑦 , 𝑧)𝑉 1

𝑍1𝑍2 + (𝜔𝑀(𝑥, 𝑦 , 𝑧))2
(10)

The input power of the IPT is shown in Eq. (11) while
the output power is shown in Eq. (12), and IPT efficiency
calculated by Eq. (13).

𝑃1−𝑐𝑜𝑖𝑙 =
[𝑅1 (𝑅2 + 𝑅𝐿)2 + (𝜔𝑀(𝑥, 𝑦 , 𝑧))2 (𝑅2 + 𝑅𝐿) + 𝑋22𝑅1] 𝑉 21

[𝑅1 (𝑅2 + 𝑅𝐿) − 𝑋2𝑋1 + (𝜔𝑀(𝑥, 𝑦 , 𝑧))2]2 + [𝑋2𝑅1 + 𝑋1 (𝑅2 + 𝑅𝐿)]2
(11)

𝑃2−𝑐𝑜𝑖𝑙 =
(𝜔𝑀(𝑥, 𝑦 , 𝑧))2 𝑉 21 ⋅ 𝑅𝐿

[𝑅1 (𝑅2 + 𝑅𝐿) − 𝑋2𝑋1 + (𝜔𝑀(𝑥, 𝑦 , 𝑧))2]2 + [𝑋2𝑅1 + 𝑋1 (𝑅2 + 𝑅𝐿)]2
(12)

𝜂𝐼 𝑃𝑇 = 𝜂𝐶2𝐶 =
(𝜔𝑀(𝑥, 𝑦 , 𝑧))2 ⋅ 𝑅𝐿

[𝑅1 [(𝑅2 + 𝑅𝐿)2 +𝑋 22] + (𝜔𝑀(𝑥, 𝑦 , 𝑧))2 (𝑅2 + 𝑅𝐿)]
(13)

Eqs. (3) to (13) are derived to describe the circuit
parameters of the IPT coils. From the IPT construction,
the magnetic coupling with high-frequency resonant
conditions, output power, and coil efficiency can be
evaluated by Eqs. (12) and (13).

Eq. (12) is used to analyze the output power of the
IPT coils as the output resistive load function as well as
the square of the frequency, mutual impedance, HF input
voltage, and proportions of the IPT circuit impedance
parameters.

Eq. (13) describes the effect of the output resistive load,
square of the frequency and mutual impedance, and IPT
circuit impedance parameters. The maximum conditions
of the IPT coils, coil-to-coil efficiency or their values may
be derived from the derivatives of this equation according
to these IPT circuit parameters.

Moreover, Eqs. (12) and (13) derived from Eqs. (3) to
(11) are validated using the MATLAB Simulink.

2.6 High-Frequency (HF) Square Wave Inverter
The H-bridge square wave inverter, scaled up from

previous work [5], is used for the 10 kW IPT. The square
wave inverter injects the sinusoidal current waveform
into the IPT [5] through the resonance conditions con-
trolled by 𝐶1 and 𝐶2, as shown in Eq. (5). The performance
of the high-frequency pulse inverter can be evaluated
using the MATLAB Simulink, as shown in Fig. 8.
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Fig. 8: The 10 kW, 20 kHz pulse inverter design.

Fig. 9: The 10 kW block EE55 core assembly.

3. EXPERIMENT

In the experiment, the model cores of the prototype
10 kW level IPT were first constructed. Secondly, the
design coils were assembled. Thirdly, the magnetics
parameters of the prototype 10 kW IPT were measured,
and the 10 kW, 20 kHz pulse inverter then constructed
and tested. Finally, the prototype 10 kW IPT was
characterized to determine the power-input voltage and
output efficiency.

3.1 Construction of the 10kW Block UU Cores

Thehigh-frequency EE55 ferrite cores were assembled
into the block to perform the UU shape for the IPT pri-
mary and secondary cores. The frames of the U-shaped

Fig. 10: The 10 kW homemade Litz wire assembly.

block were made from a 3mm vulcanized fiber insulator,
as shown in Fig. 9.

3.2 Construction of the 10kW Spiral Coils
The Litz wire was constructed from 41 conductors of

SWG 18 copper wires, twisted and bounded using cotton
tape. The Litz wires were rectangular, turning on the
Bakelite and tightened by cable ties, as shown in Fig. 10.

3.3 Measurement of Magnetic Parameters
When the Tx and Rx of the 10 kW level IPT were

positioned at 0, 0, and 160mm as shown in Fig. 11,
the 𝑀(0, 0, 160) of the two coils was measured using a
KEYSIGH E4980L Precision LCRMeter. The series adding
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Fig. 11: The 10 kW primary and secondary IPT Coils at 0,
0, and 160mm.

Fig. 12: Power electronics kit setup.

and series opposing technique was used to determine the
𝑀(𝑥, 𝑦 , 𝑧) values ranging from 20 to 300mm or 0, 0, and
20mm to 0, 0, and 300mm positions. The 𝑘 of the IPT was
calculated by Eq. (3). Fig. 12 presents the experimental
power electronics kit setup.

3.4 Construction and Testing of the 10kW HF
Square Wave Inverter

The 10 kW, 20 kHz pulse inverter has been scaled
up from the previous work [2]. The power switches
were parallel to the two IGBT RGT00TS65DGC11 to
supply a higher current at the switching frequency of
20 kHz. TheHCPL3120 optocouplers drove the gate pulse
signals with 1 𝜇s dead time using the TMS320F28379D
microcontroller. Fig. 13 shows the system integrations
of the square wave inverter.

The square wave inverter was tested for resistive load
and output-input voltage characterization. The output
power and efficiency of the inverter were then evaluated.

3.5 Characterization of the Prototype 10kW IPT
Firstly, the prototype 10 kW IPT systemwas evaluated

using the MATLAB Simulink. Secondly, the IPT system
was integrated with a varied input voltage power supply,
three-phase rectifier, HF square wave inverter, IPT
primary and secondary coils, secondary HF rectifier, and
the resistive load. The building block is shown in Fig. 1.

Fig. 13: IPT coils and resistive load setup.

Table 1: Parameters of the prototype IPT system.

Parameter Definition Value Unit

𝑅1 Internal resistance of 𝐿1 0.242 Ω
𝑅2 Internal resistance of 𝐿2 0.23 Ω
𝐿1 Inductor transmitting loops 202.9 𝜇H
𝐿2 Inductor receiving loops 206.4 𝜇H
𝐶1 Capacitor transmitting loops 312.1 nF
𝐶2 Capacitor receiving loops 306.81 nF
𝑁 Number of coil turns 18 turns
𝑧 Distance between Tx and Rx 160 mm
𝑀 Mutual inductance of the IPT system 75.475 𝜇H
𝑘 Coupling coefficient 0.37
𝑓 Switching frequency 20 kHz
𝑅𝑂 Load resistance 2.66–12.21 Ω
𝑉𝑖𝑛 Inverter DC input voltage 20–369 V

The prototype 10 kW IPT for EV charging in Thailand
was evaluated using the tungsten halogen lamp resistive
load to test the performance of the output power-input
voltage and system efficiency-output power characteris-
tics for the first stage. The next step of evaluating the
battery charging performance will be tested in future
work. The prototype 10 kW IPT experimental setup is
shown in Fig. 13.

Table 1 shows the circuit parameters of the prototype
IPS system in this study.

4. RESULTS AND DISCUSSION

The results of the 10 kW IPT prototype for EV charging
in Thailand include the 𝑀(𝑥, 𝑦 , 𝑧) and 𝑘(𝑥, 𝑦 , 𝑧) measure-
ments, HF inverter output power and efficiency, DC
output power-DC input voltage, and dc-to-dc efficiency
characteristics.

4.1 Mutual Inductance and Coupling Coefficient

The 𝑀(𝑥, 𝑦 , 𝑧) and the 𝑘(𝑥, 𝑦 , 𝑧) of the IPT for mea-
suring the positions along 0, 0, and 20mm to 0, 0, and
300mm in steps of 20mm are shown in Fig. 14. The
𝑀(0, 0, 20) was 220 𝜇H, decreasing along the position to
𝑀(0, 0, 60) due to the linkage and leakage of the flux
between Tx to Rx drastically changing the direction.
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Fig. 14: Simulation and experimental results for the
mutual inductance-distance characteristics of the IPT.

Fig. 15: Simulation and experimental results of the
coupling coefficient-distance characteristics for the IPT.

The 𝑀(0, 0, 8) to 𝑀(0, 0, 300) decreased slightly. The
𝑀(𝑥, 𝑦 , 𝑧) versus 𝑧 characteristics are shown in Fig. 14.

The 𝑘 of the IPT is shown in Fig. 15, with the 𝑘(0, 0, 20)
being about 0.84 and then declining when the 𝑧 was
increasing due to the exponential change in the flux link.

The simulation results obtained by the COMSOL
software for 𝑀(𝑥, 𝑦 , 𝑧) and the 𝑘(𝑥, 𝑦 , 𝑧) were similar to
those from the experiment. Eqs. (3) and (4) accord with
the physical positioning of Tx and Rx, as shown in Figs. 14
and 15.

4.2 Output and Efficiency of the HF Inverter

Theoutput waveforms of the HF inverter tested for the
tungsten halogen lamp resistive load are shown in Fig. 16.

The squared wave with an amplitude of 243 V at
20 kHz was the output voltage waveform (ch1) of the HF
inverter. The output current waveform (ch2) of the HF
inverter shows the 𝑅-𝐶 integrator characteristic effect of
the tungsten halogen resistive load. The drop in voltage
on the inverter IGBT switches (ch3) demonstrates the
amplitude of 272V with a bit of spike voltage.

Fig. 17 shows the output power of the HF inverter
reaching 10 kW at an input voltage of 250 V. The output
power rose when the input voltage increased exponen-
tially because the output power is in direct variation to
the square of voltage (𝑃 = 𝑉 2/𝑅).

Fig. 18 shows the efficiency-output power character-
istics of the HF inverter. The inverter’s efficiency rose to
90%, along with the 2 kW to 10 kW output power.

Fig. 16: Testing waveforms of the pulse inverter.

Fig. 17: Testing output power-input voltage characteristics
of the pulse inverter.

Fig. 18: Testing efficiency-output power characteristics of
the pulse inverter.

The simulation and experimental results are simi-
lar for the output power-input voltage (Fig. 17) and
efficiency-output power (Fig. 18) characteristics of the
pulse inverter.

4.3 Performance of the Prototype 10kW IPT

The waveforms of the prototype 10 kW IPT coil input
and output current and voltage are shown in Fig. 19. The
input voltage (ch1) is represented by the square wave
with an amplitude of 376 V 20 kHz. However, the input
current waveform (ch2) of 35.6 A was sinusoidal because
the IPT operated in resonance conditions. On the other
hand, the output voltage waveform (ch3) represented the
square wave of 386V since the current source character-
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Fig. 19: Testing waveforms of the 10 kW IPT.

Fig. 20: Current-grid input voltage characteristics of the
IPT system.

Fig. 21: DC output power-input voltage characteristics
of the IPT system, and the maximum output power of
10.75 kW.

istics of the IPT injected the resonant sinusoidal current
into the HF rectifier circuit. Furthermore, the output
current waveform of 31.5 A was a resonant sinusoidal
wave.

The characteristics of the output power and input
voltage of the IPT are shown in Fig. 20. The MATLAB
Simulink simulation results differed slightly from the
experiment. The input increased the output power
exponentially due to the relationship of 𝑃 = 𝑉 2/𝑅 shown
in Eq. (12). At an input voltage of 369.4 V, the DC output
power of the prototype IPT system was 10.75 kW.

The input and output currents of the prototype 10 kW
coils are the function of the input voltage, in accordance
with Eqs. (9) and (10), as shown in Fig. 21.

Fig. 22: Efficiency-output power characteristics of the IPT
system, and efficiency at the maximum power of 90.0%.

Table 2: Performance of the static IPT comparison.

Type Power (W) 𝜂 (%) Air Gap (mm) Ref.

Static 1,240 75 160 [2]
Static 12 27.3 300 [5]
Static 10 N/A 160 [6]
Static 30 N/A 0–600 [7]
Static 250 ka N/A N/A [20]
Static 14 80 100 [41]
Static 230 N/A 70 [42]
Static 324 73.6 40 [43]
Static 82 N/A 300 [44]
Static 110 N/A 150 [45]
Static 289 80–90 120 [46]
Static 1,000 90 150–250 [47]
Static 540 N/A 0 [48]
Static 200 64 70 [49]
Static 10,750b 90.0 160 This Work
aHighest power generated by the static IPT
bHighest power generated by the Thai static IPT

Fig. 22 shows the similarity between the simulation
and experimental results for dc-to-dc efficiency versus
DC output power characteristics of the prototype 10 kW
IPT system. The dc-to-dc efficiency of the prototype
10 kW system reached 90%, along with the output power
of 1 kW to 10 kW. At 369.4 V DC input voltage, 32.33A
DC input current, the dc output voltage and current
were 362.4 V and 29.67A, respectively. ThemaximumDC
output power was 10.75 kW, resulting in 90.0% dc-to-dc
efficiency.

The simulated results for the IPT system DC output
power and coil-to-coil efficiency using the MATLAB
Simulink were slightly higher than the experimental
results due to the switching losses, which were not
considered in the first stage simulation model.

Table 2 shows a comparison of the output power,
efficiency, and air gap between the IPT developed by
Thailand and the world leaders in static IPT research. In
this study, the DC output power was 10.75 kW; lower
than that generated by hi-end labs in leading countries
of 22 kW to 250 kW [12–20]. Therefore, Thai researchers
should continue to develop the IPT to create a higher
sustainable IPT level.
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In previous research conducted on Thailand, [2–7, 12–
20], the static IPT installed in EV charging station was
no higher than 1,240W. This is the first time that IPT
development in Thailand has reached the level of 10 kW,
the highest power generated for an EV charging station
prototype in the country.

This work demonstrates 90.0% efficiency, matching
that of the IPTs produced by hi-end labs [8–23] or
previous studies on Thai IPTs [2–7, 41–49].

The next stage of development should focus on EV
charging processes, and the effects of changes in the
𝑀(𝑥, 𝑦 , 𝑧) when the positioning of Tx and Rx alters from
the original 0, 0, 160mm. Automatic EV charging and
control could take an experimental approach.

In the future, the IPT cores should be developed using
the optimization technique to achieve the highest power
and efficiency at the lowest cost. Magnetic materials
such as amorphous microcrystalline cores may be used
at higher operating frequencies.

5. CONCLUSION

The EV market is rising despite the COVID-19 pan-
demic in Thailand and worldwide. The Energy Policy
and Planning Office (EPPO) is promoting the EV market
and supporting commercial size wireless power transfer
development in Thailand. None of the proposed IPTs are
currently higher than 1.24 kW in Thailand since there is
an insufficient number of 3.5 kW or higher commercial
chargers. This study aims to develop a 10 kW IPT for
EV charging in Thailand. The block UU-shaped EE55
ferrite core design for use as a prototype 10 kW IPT
has been scaled up from the previous work and not
proposed by other researchers. The spiral winding of
the homemade Litz wire has been designed, simulated,
and measured in this study. The experimental procedure
began with the Tx and Rx of the IPT prototype being
simulated and measured for the 𝑀 and 𝑘. Secondly,
the HF frequency inverter was constructed and tested.
Finally, the prototype of 10 kW IPT was constructed and
characterized. The results reveal that the maximum DC
power output and the dc-to-dc efficiency of the prototype
IPT were 10.75 kW and 90.0%, respectively.

The advantages of the proposedmethod are as follows:
(a) it can produce high power IPT coils, (b) it shortens
the sinter casting process by using commercial EE55
ferrite cores, (c) the prototype IPT core is faster than
the sintering casting ferrite core made-to-order method,
(d) the prototype IPT is cost-effective since it uses the
commercial ferrite core rather than the made-to-order
ferrite core, (e) the ferrite core exhibits high stability in
performance during installation on the EV steel chassis
and structure, (f) the IPT contributes to existing knowl-
edge on the IPT system development and experience,
(g) it helps to create decision-making confidence in EV
customers, and (h) the prototype proposed in this work
can be used to inspire other researchers starting to study
the high power IPT system.
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