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Abstract: In this paper, an inductive power transfer (IPT) system without compensation elements
is presented for small house appliances. The proposed system’s transmitter side is an independent
induction heating cooktop. IPT can be achieved when the kettle with the receiving coils is placed on
the transmitter coil. The coils are designed with a high coupling coefficient. The magnetic system
model consisting of aligned transmitter and receiver coils is created in the Maxwell program. In
the created model, the analysis depends on the air gap and frequency, which are the variables that
affect the wireless power transfer. The electronic circuit simulation uses the coil model to examine
the system’s dynamic behavior. The design of the transmitter/receiver coils of the IPT system is
made with a cylindrical coil with a diameter of 145 mm, taking into account that it is compatible
with the dimensions of the existing kettle and induction heating cooktops coil. A half-bridge series
resonant converter circuit is used to adjust the power transferred to the load. To verify the simulation
results and test the designed system, an experimental circuit using a 2200 W kettle is carried out.
In the experiments, the air gap between the coils is kept constant at 7 mm, and measurements are
taken for different powers. Experimental results confirm the magnetic model and simulation results.
As a result, wireless power transfer is realized in a wide range without loss of performance in the
kettle. System efficiency is greater than the 90% specified in the Ki cordless kitchen standard, and
the harmonic currents drawn from the mains are lower than the values determined by the IEC
61000-3-2 standard.

Keywords: cordless kitchen appliances; domestic induction cooktops; IPT; WPT; wireless electric
kettle

1. Introduction

Today, wireless power transfer (WPT) technology is used in many applications, from
low-power charged toothbrushes to high-powered electric vehicles, such as home elec-
tronics, biomedical devices, and portable smart devices [1–5]. The essential benefit that
WPT systems provide to the user is that they can save the products from cable clutter
and use them in a mobile way. They are dependable since they do not have electrical
contact, making them a good solution for environments at risk from water and dust [6–8].
On the other hand, they have high cost, low efficiency, and high heating compared to
cable systems.

WPT is carried out with three different methods such as radio frequency (RF), mag-
netic resonance (MR), and inductive coupling (IC) [9–11]. Inductive power transfer (IPT),
one of the IC technologies, stands out as the least harmful method to health among the
WPT methods. In this method, magnetic field coupling is used to transfer electrical power
between the transmitter and receiver coils. The transfer distance (airgap) or coil misalign-
ment has a significant impact on the transferred power. As the air gap between the coupling
coils increases, the leakage inductance increases and the mutual inductance decreases [12].
Therefore, high-value current must be passed through the transmitter circuit to transfer
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a certain amount of power. Due to this high-value current, the losses in the system in-
crease and the efficiency of the system decreases [13]. Therefore, the coils must be aligned
vertically and horizontally and must also have the highest quality factor possible. When
compared to RF technology, the transmission distance is shorter since a wave’s magnetic
field weakens faster than its electric field [14]. Although the transmission distance is short,
the transmitted power is up to 10 kW.

Studies are conducted in a variety of domains, such as magnetic stage, electronic circuit
topology, control technique, and load sensing, because IPT is a large topic that depends on
many distinct aspects [15]. The magnetic field lines between the transmitter and receiver
coils in the IPT system must be steered with the minimum leakage possible. Therefore,
aluminum plates are used in coil design with a size equivalent to the coil diameter. To
achieve proper field orientation, the ferrite rods positioned between the coil windings and
the aluminum plate must be carefully optimized. Ref. [16] has ensured that the power
transferred to the receiver was realized at the desired efficiency.

The most critical parameter in the compatibility of the topologies used in IPT technol-
ogy with the system is the energy requirement that is constantly stored and transferred.
Other parameters used in topology selection are switching frequency, output power, and
power density [17–21]. Generally, half-bridge (HB) and full-bridge (FB) topologies are
preferred depending on the power transferred in the circuit. The semiconductor device
selection is made depending on the switching frequency. Table 1 shows the application
areas where WPT technology is used and the topology and semiconductor switch types
used, depending on the switching frequency (fSW) and output power (POUT) [22].

Table 1. Application areas, topologies and semiconductor power devices.

Applications POUT [kW] Top fSW [kHz] Device

Battery Charger 1–150 FB 20–100 MOSFET/IGBT
Biomedical 1 FB 1000 MOSFET

Robots 10–60 FB 20–40 IGBT
Fixed/Mobil Devices 0.03–0.3 HB 100–400 MOSFET

Small Home Appliances 0.4–3 HB 20–100 IGBT
Pout: output power, Top: circuit topologies, fsw: switching frequency, FB: full bridge, HB: half bridge.

Resonant compensation must be utilized to get over the inherently poor coupling and
the associated high leakage inductance to transmit power effectively and efficiently. In IPT
systems, fundamental compensation networks, such as series–series (SS), series–parallel (SP),
parallel–series (PS), and parallel–parallel (PP), have been applied extensively. Capacitors are
employed on both sides of an SS compensation topology to reduce leakage inductance and
increase power transfer efficiency in the presence of a relatively high air gap and leakage
inductance [13].

The main application areas of IPT technology in consumer electronics are wireless
small household appliances (SHA) and wireless personal care products [23,24]. Some of
these applications have designs that include batteries. Especially in wireless SHAs, some
disadvantages occur because of battery usage, such as weight, safety, and durability. In
addition, the power of the devices in the wireless SHA varies widely. Battery usage in
high-power products is impossible because of the increase in size and weight. For this
reason, to provide WPT in all applications, a system design with a transmitter and receivers
compatible with this transmitter should be made [25].

The Wireless Power Consortium (WPC) was founded in 2008 to develop a global
standard for inductive charging technology. WPC develops many standards related to this
technology. The Ki cordless kitchen standard is derived from the Qi standard used for
wireless charging mobile devices. This standard is essential in producing safer, smarter, and
more helpful kitchen appliances [26]. It ensures that products from different manufacturers
can work together safely. It identifies transmitters and versatile cookers (rice cookers,
toasters, blenders, coffee makers, air fryers, etc.) that wirelessly transmit up to 2200 W of
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power to smart wireless kitchen appliances and make them work without the clutter of
wires. These small appliances are operated by placing them on adapted induction heating
(IH) cooktops or transmitters located on a nonmetallic counter surface, stove, or under the
kitchen countertops [27].

IPT and IH applications work according to the principle of applying the high-frequency
alternating current obtained with the help of the converter to the planar coil. This similarity
enables the development of applications covering IPT and IH features and the emergence of
new products [28]. Today, induction cookers are placed under the kitchen table to expand
the kitchen working area, obtain free work surfaces, and ensure easy cleaning. The IH
cooktops used in this new generation of kitchens are built on the combined use of IH and
WPT technologies. In these systems, the design of the magnetic system that is compatible
with IH and provides WPT is important [29].

The kitchen applications of WPT in the literature are summarized in Table 2. In these
studies, an IH cooktop or a separate transmitter system was used as the transmitter stage.

Table 2. Literature survey on WPT small home appliances.

Reference Converter
Compensation η

(%)
POUT
(W)

Load Range
(%)Topology Component

[19] FB SS 2C 79.0–95.0 500 100/100
[30] Class E LCCL 2C 81.76 72
[31] PFC+HB SCCC 1Coil+4C 90.04 1300 100/100
[32] SS 2C 2200
[33] FB SP 2C 91 200 100/100
PS HB x x 90.0–91.8 2200 10/100

PS: present study, FB: full bridge, HB: half bridge, PFC: power factor correction, SS: series–series, SP: series–parallel,
C: capacitor, LCCL: inductance–capacitor–capacitor–inductance, SCCC: series–capacitor–capacitor–capacitor,
η: efficiency, 10/100: (10% min–100% max) load, Pout: output power.

In [19], a fixed-output power WPT system with an SS compensation circuit used under
kitchen countertops is proposed for kitchen appliances. Constant power transfer was obtained
with a control method that depends only on the primary parameters. SS compensation is
compact, but a power of 500 W transferred to the output is low for cooking. The efficiency of
the system in which the FB topology is used varies between 79.0% and 95.0%.

The system’s performance was investigated using different compensation topologies
techniques on the transmitter floor placed under the kitchen countertops [23]. A new PP
compensation circuit is proposed to reduce electromagnetic interference (EMI). Theoreti-
cally, although the design was made for a working power of 2400 W, results were obtained
from a 60 W application circuit.

In the study conducted in [30], the efficiency of the WPT system was increased by
using an LCCL impedance matching circuit in Class E topology. In the system where LED
light, stove, and fruit blender are used as load, 72 W of power is transferred to the output
with 81.76% efficiency.

A wireless IH rice cooker with S-CCC compensation topology is presented in [31]. To
obtain a constant output power, the HB topology with an additional PFC stage at the input
is used. The transmitter side can work as a standalone induction cooker. The extra coil
and compensation capacities between the transmitter and receiver coils provide power
regulation. The system is difficult to implement, complex to control, costly, and heavy.

In [32], an additional receiver coil transfers 2200 W of power to the pan with the IH
cooktop placed under the countertops. This way, the distance between the hob and the
pan can increase. Series compensation capacitors use identical coils on the transmit and
receive sides. Power and power factor values were examined based on distance, frequency,
and quality factor. In the case of using an additional coil on the transmitter coil of the IH
cooktop, the system performance increased compared to the case of not using the coil.

A new control method in the WPT system is presented to control the output power
in [33]. A 200 W water heater is used as a load in the system where an SP compensation
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circuit is used in coils energized with FB topology. Thanks to the control method, constant
power is transferred to the output even in case of a misalignment of the coils.

A typical kitchen appliance may use nearly 2.4 kW of power while operating nor-
mally [23]. However, as seen in Table 2, the studies except [31,32] were carried out at low
power. Compensation elements are used in all studies to eliminate the negative effects of
leakage inductances. As a result, the cost and volume of the systems have increased, and
the controls have become more complex. They are also designed for constant operating
power or a narrow power range.

This article proposes an IPT system to solve the above-mentioned research gaps.
Thanks to the tightly coupled coils designed, power can be transferred to the load in
a wide range and efficiently without compensation elements. There is no need for an
additional transmitter stage as the proposed system can work in harmony with countertop
induction cookers used in homes, as shown in Figure 1. Therefore, space and cost savings
are achieved.
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Figure 1. IH cooktop and WPT kettle.

The main contributions of the proposed system are listed below.

• Power transfer is provided without using a compensation component. (In this way,
the size of the small household appliance does not increase, and the cost is low as the
desired operation is achieved with the least number of elements.)

• The system is capable of using the existing IH cooktop as a transmitter stage. (Elimi-
nates the need for an additional transmitter stage.)

• A wide range of power is provided to the load, from 10% to 100% of its rated power.
(Power transfer can be provided to high-power SHAs such as kettles, hot pots, rice
cookers, toasters, etc.)

The paper is organized as follows. The basic structure and the efficiency expression
of the wireless power transmission system and the basic working principle of the power
converter used in the transmitter stage are given in Section 2. The “design criteria” of
the proposed system are described in Section 3. First, the magnetic system is designed
according to the criteria. The parameter changes of the coil are examined for different
operating conditions. Second, the power converter components are determined. The
control algorithm and fundamental principles are outlined in Section 4. The dynamic
simulation model created to examine the operation of the proposed system and the results
obtained from the model are given in Section 5. Experimental validation of the proposed
system is presented in Section 6. Finally, the conclusions are offered in Section 7.

2. Principles of IPT

The system basically consists of three parts: the magnetic stage where the transmitter
(primary) and receiver (secondary) coils are located, the load, and a power source. The
general block diagram of the IPT system is given in Figure 2.
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Figure 2. Schematic of IPT system.

IPT is based on the principle that the magnetic field created by the alternating current
applied to the transmitter coil windings induces voltage and current flows in the windings
of the receiver coil. For a continuously changing current to pass through the transmitter
winding, AC mains voltage is converted to DC voltage with an AC–DC converter. The
DC–AC converter topology converts the DC voltage to high-frequency AC voltage. The
magnetic field transfers the generated high-frequency voltage to the receiving coil. The
voltage induced in the receiving coil causes a current to flow through the coil depending
on the load [23,34,35].

The simplified electrical equivalent circuit diagram of the IPT system is given in
Figure 3. The transmitter and receiver coils are shown as inductance where LTX is the
transmitter coil inductance, RTX is the transmitter coil resistance, LRX is the receiver coil
inductance, RRX is the receiver coil resistance, M is the mutual inductance, ITX is the
transmitter coil current, IRX is the receiver coil current, RL is the load resistance, and Vin
represents the voltage between the transmitter coil terminals.
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During power transfer, some energy loss occurs because of the resistance in the system.
Equation (8) shows the efficiency (η) of the IPT system. ω is the angular frequency. From
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the electrical equivalent circuit model, the steady-state equations at the transmitter and
receiver side are:

Vin = ITX(jωLTX + RTX)− jωMIRX (1)

jωMITX = IRX (jωLRX + RRX + RL) (2)

From Equation (2), the receiver coil current is:

IRX =
jωMITX

(jωLRX + RRX + RL)
(3)

Substituting Equation (3) into Equation (1) gives:

Vin =

(
RTX +ωLTX +

ω2M2

(jωLRX + RRX + RL)

)
ITX (4)

Total impedance (Zin) seen from the input is given by:

Zin = RTX +ωLTX +
ω2M2

(jωLRX + RRX + RL)
(5)

From Equation (5), the reflected impedance (Zref) at the transmitter side is given by:

Zref =
ω2M2

(jωLRX + RRX + RL)
(6)

From Equation (3), the ratio of the transmit and receive coil currents is:

IRX

ITX
=

jωM
(jωLRX + RRX + RL)

(7)

From Equations (5) and (7), efficiency is given by:

η =
Pout

Pin
=

IRX
2 RL

ITX
2 Re{Zin}

=
RL

RTX
LRX

2

M2 + (RRX + RL)
[
1 + RTX(RRX+RL)

ω2M2

] (8)

where Re{Zin} is the real part of the total impedance, as seen from the input.
As seen from Equation (8), the system’s efficiency depends on the transmitter and

receiver coil parameters, load, and M, regardless of ITX and Vin. Inductance appears to
be associated with the amount of energy transferred between the receiver and transmitter
coils depending on the M between the coils. M can be calculated using the equation given
in Equation (9) [36].

M = La −
Lc

2
(9)

where La and Lc indicate self and leakage inductance, respectively. La value is measured
from the transmitter coil terminals when the receiver coil terminals are open circuits. Lc is
measured from the terminals of these short-circuited coils.

The transmitter and receiver coils are magnetically interconnected by coupling factor
k and is between 0 < k < 1. M and La values are used to calculate the coupling factor of the
coils. If the windings of the transmitter and receiver coils are identical, LTX = LRX = La. In
this case, k can be calculated from Equation (10). As the value of k approaches 1, M will
also increase. Thus, higher power transfer to the output is provided.

k =
M√

LTX · LRX
=

M√
La2

=
M
La

(10)
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The circuit diagram of the HB series resonant converter used to apply high-frequency
voltage to the transmitter coil is given in Figure 4.
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DC input voltage is obtained by rectifying and filtering the AC mains voltage (Vmains)
with a bridge rectifier. SH and SL are the high-side and low-side power switches, respec-
tively, Cs is the snubber capacitor, and CRES indicates the resonant capacitor. Resonance
inductance (LRES) is equal to the inductance at the transmitter terminals. The system’s
resonance frequency (fRES) is given in Equation (11), depending on CRES and LRES.

fRES =
1

2π
√

LRES ·CRES
(11)

As the switching frequency of the converter fSW approaches the resonant frequency
fRES, the current waveform of the coil becomes sinusoidal. In this case, maximum power is
transferred to the output. When the system is considered lossless, the input power is equal
to the output power. As given in [37], accepting that the system operates at the resonant
frequency, the maximum coil current is 4.44 times the mains’ effective current and two
times the coil effective current.

In the circuit, a dead time (td) is left between the control signals of the high-side
and low-side switches for safety. When the switch is turned off, the coil current starts
to pass through the Cs. This process ends when the voltages of the turned-on and
turned-off switches reach 0 V and Vin, respectively. After the snubber capacitors are
charged/discharged, the coil current starts to pass through the diode. In this case, the
charge/discharge time (tc) of Cs is calculated by Equation (12).

tc = (Cs ·Vin)/(Im · sin(td)) (12)

To provide zero-voltage switching (ZVS), one of the soft switching methods to mini-
mize switching losses, td must be greater than tc [38].
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3. Design Criteria of the System

In SHA’s adaptation of the WPT system, it is not desirable for the new system to
change user habits. Therefore, the design must be made considering the operation of the
corded electric kettle. The criteria required to operate the existing 2200 W kettle with WPT
technology are listed below.

• Changes to be made to the product should not change its characteristics;
• Must be able to operate in a wide AC main voltage range;
• It should be highly efficient according to Ki cordless kitchen standards;
• Must be able to transfer the maximum power value specified in Ki cordless kitchen

standards;
• It should also provide low-power transfers during the keep warm function;
• The coupling coefficient between the transmit and receive coils must be high;
• Coil diameters must be compatible with the base diameter of the existing kettle and

IH cooktop coils.

4. Design

The proposed system is designed in two parts: magnetic system and power circuit design.

4.1. Magnetic System Design

In the magnetic system design, the inductance value of the coil (LTX = LRX = La), coil
diameter, coil height, coil current effective value, coil switching frequency, coil maximum
operating temperature, and minimum–maximum air gap are determined [21]. Coil diam-
eters and inductance values depend on the geometry. The effective value of the current
affects the current density, that is, the current value passing through 1 mm2. Depending on
the current density, the number of wires to be used in the litz wire can be increased, and the
cooling design of the coil can be made. Since the frequency affects the penetration depth,
the penetration depth should be considered when selecting the wire diameter used in the
litz wire. The maximum operating temperature value is important for predicting whether
the ferrites used will be saturated. The leakage inductance value and the transferred
power change depending on the air gap. The prototype and system design determine the
minimum air gap, and the system efficiency determines the maximum value.

In this study, a design will be made in case the transmitter and receiver coils are aligned
with each other horizontally and vertically and the number of turns is the same. The system
can be considered a transformer with a conversion ratio of 1:1. The coil diameter should
not enlarge the dimensions of the product. The surface area should be designed as small as
possible so that it does not take up too much space on the counter. The coils were chosen
as a 145 mm diameter cylindrical coil used in the existing IH cooktops, considering the
dimensions of the existing kettle. The magnetic system is designed to consist of vertically
aligned, air-gapped transmitter and receiver coils with a diameter of 145 mm. Litz wire
is used in coil windings. The magnetic system is modeled in Maxwell software. The coil
specifications used in the model are given in Table 3. Figure 5 shows the model formed
by mutually locating the windings of the coils and perfectly aligning the ferrite rods with
each other.

Table 3. Coil Parameters.

Parameters Value

External diameter 145 mm
Number of turns 23

Litz wire 0.25 mm2 × 60

Size of ferrite rods
(5 mm × 60 mm × 15 mm) × 6
(5 mm × 40 mm × 15 mm) × 3

Coil current (max) 64 A
Frequency 30 kHz



Energies 2023, 16, 3544 9 of 25
Energies 2023, 16, x FOR PEER REVIEW 9 of 26 
 

 

 

Figure 5. IPT coil model. 

Coil analysis was done by varying the air gap values between the coils. The minimum 

air gap is 4 mm because of design limitations. The values of self-inductance, mutual in-

ductance, leakage inductance, and coupling factor were determined for the air gap values 

from 4–8 mm. Using these values, the graphs in Figures 6–9 were obtained. The graphs 

show that the leakage inductance increases with the distance between the coils, and the 

mutual inductance, self-inductance, and coupling factor decrease. The coils were created 

according to the parameter values determined in the design and given in Table 3. The 

realized coils were connected to the prototype device and the measurements were taken. 

 

Figure 6. Self-inductance vs. air gap. 

 

Figure 7. Mutual inductance vs. air gap. 

Figure 5. IPT coil model.

Coil analysis was done by varying the air gap values between the coils. The minimum
air gap is 4 mm because of design limitations. The values of self-inductance, mutual
inductance, leakage inductance, and coupling factor were determined for the air gap values
from 4–8 mm. Using these values, the graphs in Figures 6–9 were obtained. The graphs
show that the leakage inductance increases with the distance between the coils, and the
mutual inductance, self-inductance, and coupling factor decrease. The coils were created
according to the parameter values determined in the design and given in Table 3. The
realized coils were connected to the prototype device and the measurements were taken.
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The values of self-inductance, mutual inductance, and leakage inductance were mea-
sured by a Hioki IM3536 LCR meter. These measurements were made for different distances
of the air gap between the coils. The measurement results and the % value of the difference
between them are added to Figures 6–9. Although there are some differences from prototyp-
ing, the air-gap-to-inductance relationship is consistent in testing and analysis. As the air gap
increases, the self and mutual inductance decreases and the leakage inductance increases.

4.2. Power Circuit and Control Design

In an IPT system, the transmitter coil will be energized with a resonant converter. The
designed transmitter coil inductance will be used as the resonance inductance. Since the
resonance frequency of the designed SHA is also planned to be used in IH cooktops, it has
been chosen to be equal to the cooktop resonance frequency. The resonance frequency and
coil inductance are used to determine the resonance capacitors. For the system to operate
in the inductive region, the switching frequency of the converter should be chosen higher
than the resonance frequency. It should also be greater than 20 kHz, which is the upper
limit of the frequency that the human ear can hear. The maximum value of the frequency is
determined according to the minimum value of the power to be transferred.

The values obtained from the coil analyzes were used in the power circuit design
calculations. By the circuit design criteria, a power circuit design has been made in which
WPT is performed. To determine the circuit elements, the maximum input power, the
minimum value of the mains voltage, and the resonance frequency are the required values.

It should be able to provide power up to 2200 W, operate in 230 V/50 Hz mains, and
tolerate voltage drops in the mains up to 200 V without loss of performance. In addition, it
should be able to continue working with a decrease or increase in power up to the minimum
and maximum values of 150 V and 260 V, respectively, of the mains voltage.
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A 23 kHz resonance frequency value was selected in accordance with the criteria
specified in the design. The resonance capacitor value was calculated according to the
resonance frequency and transmitter inductance value. The values obtained as a result of
the calculation are given in Table 4. The semiconductor device was selected according to
the circuit current and voltage values during the maximum power transfer to the output.
The FGW40N65WE IGBT semiconductor power device with reverse current diode with
resistance values of 650 V and 40 A was selected. To keep the switching losses in the
selected IGBTs to a minimum, the ZVS condition must be met. For this reason, the sum
of the turn-off delay and fall time during the turn-off process of the IGBT must be smaller
than td.

Table 4. Half-Bridge Series Resonant Converter Design Parameters.

Parameter Value

Mains voltage 230 V
Max output power 2200 W
Max mains current 9.56 A

Resonance frequency 23 kHz
Resonance inductance 79.3 µH
Resonance capacitor 600 nF

Snubber capacitor 22 nF
Max current 42.18 A

Switching frequency 26 kHz
Load resistance 24 Ω

The control of the proposed system consists of two separate parts for the transmitting
and receiving stages. However, these stages are not independent of each other. The basic
control flow chart is given in Figure 10. As seen from the flow chart, first, it is necessary
to wake up the product on the primary side and initiate a low power flow. This way,
the communication and control circuit on the secondary side will wake up and start the
communication with the primary side. Likewise, this awakening on the secondary side
will indicate to the user that the system is ready and that the desired temperature value
can be entered. In line with the user request entered through the interface, an evaluation
will be made at the receiver part, and the necessary power demand will be made from
the transmitter part. It will stop working in the case of no power demand. In addition,
the system needs to switch to standby after a certain period when it is detected that it
is not working to reduce power consumption, especially in small household appliances.
Therefore, depending on the usage situation, waking the system or keeping it in sleep mode
should be added to the control.

In the proposed system, the circuits in the transmitter and receiver parts operate as
slave and master, respectively. The control circuit with a simple microprocessor is built
into the kettle handle. The resistance value of the NTC (negative temperature coefficient)
element in the water tank is detected with the help of the auxiliary circuit. The micropro-
cessor calculates the temperature value corresponding to the resistance value. After the
measurement and calculation, the temperature value of the water is determined. While the
temperature value is displayed on the screen on the kettle handle, it also provides interac-
tion with the user. In addition, thanks to this screen and selection buttons, the user can enter
the desired temperature value. The desired and current state is stored in the microprocessor
here. In the system’s design, the time to reach the demanded temperature value and the
power required can be calculated. According to the results, the kettle requests power from
the transmitter stage. The microprocessor used here has a wireless communication feature.
This calculated power requirement is transmitted to the transmitter side using Bluetooth
low energy (BLE). Thus, the system can wake up with a low power requirement at the
first energizing. The current reading circuit detects the transmitted power on the receiving
coil. This value is compared with the demanded power, and the necessary calibration
is undertaken.
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The transmitter part manages all the necessary processes to control the resonance
circuit and keeps the system’s security under control. It processes the system and limits
information at the time of first start-up from the kettle, and the desired power is expected.
This power information is monitored at regular intervals and sends the current status to
the kettle as a response. Since the kettle is de-energized when it is removed from its place,
it cannot demand power from the transmitter side. Thus, in addition to the load-sensing
algorithm on the transmitter side, power transmission is interrupted because no signal is
sent from the kettle.

At the transmitter side, the peak value of the current is used in power control. When
the transmitting side is energized, it detects the zero crossing of the grid and synchronizes.
High-frequency PWM (pulse width modulation) drive signals are applied to IGBTs when
power demand is received. The HB resonant converter must be applied with a certain dead
time between the signals of the high-side and low-side IGBTs. The system starts to operate
at the highest frequency with a fixed duty ratio. Then, since the mains’ zero crossing points
and frequency are known, the transmitter coil current is read in a certain range in the
peak region of the mains voltage. The read and reference values are compared, and PI
(proportional–integral) control is applied. In this control, the frequency of the IGBT drive
signal is gradually reduced to reach the reference value. The coil current and, accordingly,
the transferred power begin to increase. The frequency of the drive signal is changed only
at the zero crossing points of the grid. In this way, the peak values on the switch are kept
lower by changing the driving signal at the point where the peak value of the coil current
is the lowest.
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5. System Simulations

The circuit is set up in Simplorer to perform the full simulation of the system. To obtain
the dynamic circuit model, the coils’ magnetic model created in Maxwell was transferred to
the simulation as a component. The simulation circuit is given in Figure 11. The dynamic
model makes it possible to model the power and efficiency in accordance with the air gap
and frequency change. To verify the operation of the system, the dynamic model of the
circuit was established in ANSYS Simplorer, and the circuit simulation was carried out.
The simulation results are given for a fixed operating point, 30 kHz switching frequency,
and 7 mm air gap. Figure 12 shows the transmitter and receiver coil currents. The magnetic
field created by the current flowing through the transmitting coil induced a voltage on the
receiver coil because of a coupling factor. Although the kettle is a resistive characteristic,
it also has an inductive component. For this reason, a small phase delay occurs in the
current. Figure 13 shows the voltage at the terminals of the transmitter coil and the current
waveforms passing through the coil. Here, the inverse of the coil current is seen. There
is a phase difference between voltage and current because of the inductive component.
Input and transmitted power waveforms are given in Figure 14. There is a slight power
difference because of losses in the semiconductor elements and the magnetic circuit. As
can be seen from the waveforms, WPT is being performed successfully.
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6. Experimental Results

Before adopting the kettle to WPT, measurements were made to determine the device’s
load characteristics and power values. In Figures 15 and 16, the experimental test setup
created for the direct connection of the device to the mains and the measurements taken
is given, respectively. In Figure 15, current and voltage measurements are made from the
mains by pulling out the ends of the kettle resistance. Ports are placed under a box for
security purposes. An oscilloscope and a power analyzer were used for measurements.
Mains current and voltage waveforms were measured with the oscilloscope. Then, using
the math function of the oscilloscope, the current and voltage values are instantly multiplied
to obtain the power variation from the mains. It can be seen from Figure 16 that if the water
heater is connected to the 220 V mains, it draws 9.22 A from the mains and the transferred
power is approximately 2050 W.

The power stage was designed to supply the primary coil, and tests were carried out
with no load at the receiver terminals. In this case, the microprocessor used in control
produces 75 kHz drive signals, the highest frequency value. In addition, the system keeps
the drive signals at a low level and operates in the scan state where the internal supply
source circuit is active [39]. When the user places the kettle on the transmitter coil, scanning
is performed at a switching frequency of 75 kHz. If the load is detected and matched, the
frequency is adjusted according to the temperature selected by the user, and the power is
increased. Figure 17 shows the mains voltage and current waveforms when the system is
in scan mode.
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The receiver coil placed under the kettle is connected to the resistance terminals via a
control relay. In Figure 18, the system model with the schematic of the designed electronic
PCB board and the measurement points from the system are shown. The Yokogawa WT310
power analyzer used for power measurement is connected to the mains input. To verify the
operation of the design, the experimental setup shown in Figure 19 was created. Figure 19
shows the system not placed in a closed box. Here, the transmitting coil connected to
the HB inverter is mounted inside the base where it will normally be located, and the
receiving coil is placed under the kettle with a 7 mm air gap with the transmitting coil. In
this way, measurements can be taken easily from desired points on the system. During the
experimental study, the air gap between the coils was kept constant, and measurements
were taken from different system points for different power values. Since the coils used in
the design are fixed with plastic bodies, the air gap and alignment cannot be changed by
the user.
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If the WPT system operates at different switching frequencies, the current and voltage
waveforms of the mains are given in Figures 20–23. The current is measured in reverse so
that the waveforms do not overlap.
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The power value is adjusted by changing the switching frequency. As the switching
frequency approaches the resonant frequency, the power transferred to the load increases
in the inductive region. Due to the low value of the input filter capacitor, the input current
waveform is close to sinusoidal. Therefore, power-factor correction (PFC) is not required at
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the circuit input. The voltage and current waveforms of the transmitter coil are given in
Figures 24–27 for different switching frequencies. It can be seen from the waveforms that
the coil current has an inductive characteristic. As the switching frequency approaches the
resonant frequency, the current waveform becomes sinusoidal because of the resistance
load characteristic.
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The voltage and current waveforms of the receiver coil are given in Figures 28–31 for
different switching frequencies. Here, the current has an inductive characteristic as it is in
the transmitter coil.
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In Figures 32–35, IGBT control signals and transmitter coil current waveforms are given
for switching frequencies. The dead time between high side and low side switch control
signals is approximately 2 µs and constant. The energy stored in the coil is transferred
by the diodes in this interval when both switches are in the off state. As a result, the coil
current decreases during the dead time. When the control signal of the high-side switch
is applied, the body diode of the switch is in the on state because of the direction of the
current. When the resonance current direction is changed, a high-side switch is turned on
with ZVS. Similarly, it is seen that the low-side switch is turned on with ZVS.
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Figure 36 shows the test system for efficiency measurement. Here, the alignment was
provided with the plastic parts that provide the horizontal alignment of the transmitter
and receiver coils. The transmitted power was controlled with the help of electronic boards.
The efficiency value was obtained with the measurements taken from the input and output
points of the system. The harmonic measurements of the designed system were made
according to the class D limits of the IEC 61000-3-2 standard [40]. The harmonic analysis



Energies 2023, 16, 3544 23 of 25

of the current drawn from the mains is given in Figure 37. The first 40 harmonics of the
50 Hz current are shown here, in addition to the mains voltage and current. Each of these
harmonics is listed in the lower left corner of Figure 37, along with its level, frequency, and
conformity to the standard. The harmonics value of the current drawn from the mains was
below the value determined by the standard. In addition, the power factor was measured
as approximately 1. The system’s efficiency was calculated using the input and output
power values measured at different switching frequencies. The efficiency curve is given
in Figure 38. The system efficiency was over 90% and approximately stable over the wide
power range.
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7. Conclusions

In this article, a wireless power transfer system without compensation elements and
with a wide range of power transfer features for small household appliances was presented.
Coils with a high coupling coefficient are used in the proposed system. It has been seen
that the obtained results are compatible with the simulation results, and the power is
successfully transferred to the load. The efficiency is above the 90% specified in the Ki
cordless kitchen standard at high powers. By using SiC devices as power switches in the
circuit, losses in the system and cooler sizes can be reduced and higher efficiency can be
achieved. Wireless operation of kitchen appliances using existing IH cooktops is becoming
important for both academia and industry. This study will contribute to the design of
wireless SHAs that are expected to be used in induction cookers in the near future.
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