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Abstract: This paper presents a comprehensive analysis of the dead-time effects in wireless power
transfer systems based on LCC-S topology. In these systems operating at high frequencies, the
ratio of dead-time versus the operating period becomes critical, and the dead-time issue can cause
certain problems regarding power quality, efficiency, and output voltage ripple. The impact of
input quantities such as voltage and switching frequency on the efficiency and output power of the
LCC-S-tuned WPT system was also investigated. The optimal combination of these parameters used
to achieve the maximum efficiency for a target output power and to set the appropriate value of the
dead time were determined by running multiple simulations using the MATLAB R2023b software
platform. It was also shown that the output voltage remained unchanged with and without a load
and up to 1200 ns of dead-time, which provides a simple implementation of the corresponding
mathematical model. In the recommended interval of 600-1500 ns, the influence of the dead-time
on the value of the output voltage amplitude is less than 10%. The validity of the proposed method
was confirmed through the implementation of the experimental prototype, a 5 kW wireless power
transmission system, and the obtained results were in accordance with the simulation results.

Keywords: wireless power transfer; dead-time; inverter; notch; sensitivity analysis

1. Introduction

In recent decades, wireless power transfer (WPT) technology has experienced signifi-
cant progress, offering a convenient and efficient means of transferring electrical energy
without physical connections. This technology has found applications in various areas,
including electric vehicles, mobile devices, medical devices, and home electronic appliances.
Using WPT technology eliminates the need for physical cables and connectors. The power
from the charging pad on the ground (or other surfaces) sent to a receiver unit installed
on the vehicle is transferred via an electromagnetic field. Therefore, drivers do not need
to physically plug in the vehicle when the WPT is applied, which is a great convenience.
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WPT technology can support high-power charging, making it possible to recharge an
electrical vehicle relatively quickly. This technology continues to be developed, with the
goal of matching or exceed the charging speeds of traditional plug-in methods. WPT
does not require a physical charging station at each parking spot. Instead, charging pads
can be embedded in roads, parking lots, or other surfaces, providing more flexibility in
deploying charging infrastructure. WPT standards like SAE ]J2954 are emerging, promoting
compatibility among different vehicle brands and charging infrastructure providers. WPT
systems are designed with safety features, such as automatic shutdown if foreign objects
are detected on the charging pad, in order to ensure safety during the charging process.

Many studies have been conducted in this field, including power management [1],
magnetic material design [2], coil optimization [3,4], etc. In separate studies [5,6], the WPT
for IoT applications and the use of arrays to transfer power to freely moving objects were
analyzed in detail.

In WPT systems, the inverter has a key role in converting direct current (DC) power
into high-frequency alternating current (AC) power, which is then transmitted wirelessly. A
typical inverter with insulated-gate bipolar transistor (IGBT) technology in a WPT system,
which is crucial for the conversion of DC current to AC current for efficient wireless energy
transmission, is described in refs [7-9]. The IGBTs are commonly used in power electronics
due to their ability to handle high voltage and current levels. In a WPT inverter, IGBTs are
employed, considering their switching capabilities and durability. Their primary function
is to convert the incoming direct current into an alternating current, as this conversion is
necessary for compatibility with the resonant circuit used in WPT systems. The inverter
modulates the DC voltage to create a sinusoidal AC waveform that matches the resonant
frequency of the system. The inverter with IGBTs is controlled with a microcontroller. These
controllers generate the required switching signals for the IGBTs to regulate the output
voltage and the frequency precisely. Advanced control algorithms are used to maintain
optimal power transfer efficiency and to adapt to variable load conditions [7,9,10]. WPT
systems often operate at high frequencies, typically in the range of tens to hundreds of
kHz. The IGBTs switch at these frequencies, and they are capable of handling the rapid
switching required for efficient power transfer.

During their operation, IGBTs can generate heat, especially at high power levels.
Therefore, appropriate cooling mechanisms such as heatsinks or fans are required, which
have been designed and integrated into inverters. Their role is to dissipate the heat, and
thus to maintain regular working conditions.

During inverter design, particular attention is paid to the dead-time issue. Dead-time
in two-phase inverters with IGBTs represents a crucial concept in power electronics control
to prevent destructive and inefficient shoot-through currents [11]. In a two-phase inverter,
there are typically two legs, each consisting of two IGBTs (high-side and low-side) that
control the flow of current through a load. The dead-time refers to the intentional delay
between turning off one IGBT in a phase leg and turning on its complementary IGBT.
However, such a blanking period can affect the reliability, power quality, and losses of
the system [11-18]. Furthermore, if issues associated with dead-time are not addressed
appropriately, it may result in voltage distortions [11]. Additionally, switching losses can
occur due to voltage polarity reversal [12]. The dead-time may cause issues related to
phase errors, affecting the transmitted power. To minimize the dead-time effect, regulation
methods based on buck converters have been proposed [11]. Still, these methods cannot
completely eliminate the dead-time effect [12,13]. Compensation methods require precise
current detection and a complex algorithm, while their performance is highly dependent on
the system parameters [12,13]. The dead-time issues in WPT systems have been reported
in ref. [15]. In refs [8,16], the dead-time effect in a WPT system is discussed briefly, and a
control strategy is implemented on the dual-active bridge circuit to eliminate the effects of
the dead-time.

Considering all these facts [19-28], this paper presents a detailed theoretical analysis
and experimental verification of the dead-time effect on a WPT system in an inverter.
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The main goal of this research is finding the optimal dead-time value in order to provide
the maximum power transmission by reducing the losses and voltage distortion. This
study was carried out to analyze the influence of dead-time on changes in amplitude and
first voltage harmonics at the output of the inverter. This analysis is significant for the
implementation of a specific mathematical model such as the charging of batteries when
the output voltage changes.

The main contribution of this research to the literature data is reflected in the results
related to the invariance of the output voltage, with and without a load, up to a dead-time
value of 1200 ns. In the recommended interval of 600-1500 ns, the influence of the dead-
time on the value of the output voltage amplitude is less than 10%, as will be shown in
this paper.

This paper is organized as follows: the Introduction is followed by an analysis of the
theoretical background of the dead-time issue and operational waveforms of a WPT system
in Section 2. Section 3 presents am analysis of the resonant compensation network. The
dead-time effects of the WPT systems in the experiments are shown in Section 4. Finally,
the conclusion is presented in Section 5.

2. Dead-Time Effects of One Active Bridge WPT System

As it was mentioned, in WPT systems operating at high frequencies, the ratio of
dead-time versus the operating period becomes more prominent, since the dead-time effect
can cause several difficulties [29,30]. Some of these difficulties are listed below [31,32]:

o  Efficiency—The dead-time affects the overall efficiency of the WPT system. If the
dead-time is too short or too long, it can lead to increased power losses. A short
dead-time may cause shoot-through current and increase switching losses, while a
long dead-time can result in decreased power transfer efficiency due to extended
periods of no power transfer [21,22].

e Power quality—The dead-time can influence the output waveform quality of the
inverter. Improper dead-time management may lead to distorted voltage and current
waveforms, which can affect the power factor and harmonic content of the system [23].

e  Output voltage ripple—The dead-time can also contribute to the output voltage ripple.
If the dead-time is not properly optimized, it may introduce voltage fluctuations in
the output, thus affecting the stability of the WPT system [24].

e  Electromagnetic interference (EMI)—Poorly managed dead-time can increase the elec-
tromagnetic interference emissions, which may interfere with other electronic devices
and lead to compliance issues with electromagnetic compatibility (EMC) standards.

e  Switch stress—Incorrect dead-time settings can subject these switches to higher
stresses, potentially reducing their reliability and lifespan.

e  Control complexity—Dead-time management requires precise control algorithms
and sensing techniques. Implementing and tuning these control systems can add
complexity to the overall design of the WPT system.

2.1. Switching Characteristics without the Dead-Time Effect

In this work, in two-phase inverters with IGBTs, the dead-time is considered as
a mandatory parameter in order to prevent destructive and inefficient shoot-through
currents [21].

Figure 1 shows the ideal switching characteristics (a) and the equivalent circuit opera-
tion (b) of two-phase inverters with IGBTs without dead-time. Cross-conduction occurs
when the high-side and low-side IGBTs in the phase leg are turned on simultaneously. This
results in a short circuit across the DC bus, causing excessive current flow, increased power
losses, and potential damage to the IGBTs. However, this setup will be explained in further
text as a part of the theoretical discussion in general.
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Figure 1. Switching characteristics and the equivalent circuit operation of two-phase inverters
without IGBT dead-time. (a) Characteristic signals for a two-phase inverter without IGBT dead-time.
(b) Equivalent circuit operation of two-phase inverters.

The waveform Vigs1-Vgsy shows the gate pulses of the appropriate IGBT MOSFET
switches TR;-TR4 , while the quantities V9, V3o indicate the voltages in points a and b.
This setup presents the phase-legs inverter. The V, is the fundamental component of the
sine wave of the inverter output voltage, while the I, is the sine current through the load
impedance Z.

In this case, there are two operating modes: Mode A and Mode B:

e  Mode A is applied to the interval from f to t1: TR; and TR4 are ON, TR, and TR3 are
OFF. The sine wave current is positive and flows through TR; and TR4. The output
voltage V,; is a positive load +Vpc because Vyg is Viy/2 and Vg is —V /2. The
difference between V,, and V,, is Vin.

e  Mode B is applied to interval from #; to t,: TRy and TRy are OFF, TR; and TRj3 are ON.
The sine wave current is negative and flows through TR; and TR3. The output voltage
Vb is a negative load —Vpc because Vg is —Vn/2 and Vg is +Vny /2. The difference
between V,, and V, is —Vn.

2.2. Switching Characteristics with the Dead-Time Effect

Figure 2 shows the switching characteristics (a) and the equivalent circuit operation
(b) of the two-phase inverters with IGBTs dead-time. Parameter ¢, refers to the dead-time
interval between the complementary switching instances of the inverter.

During the dead-time, both the IGBTs in the inverter phase-leg are OFF, and the current
flows through the IGBT body-diodes. If the current changes polarity during the dead-time,
the pole voltages change polarities. The generation of a signal will be explained in terms of
time modes (following order t1-ty, tp-ts, t3-t4, ts-ts, t5-tg, to-t1), as shown in Figure 2b:

e  Mode 2: From #; to t; — Transistors TRy and TRy are turned ON and TR, and TRj are
turned OFF, and the current i,;, flows from point a to point b, since the voltage at point

a is positive and equal to V;./2, while at point b, it is negative and equal to —V;./2. In

this case, the output voltage V,;, = V..

e Mode 3: From t; to t3 — All transistors are turned OFE. This is the effect of dead-
time. The direction of the current i,;, remains the same as in mode 2. The current iy,
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flows through the anti-parallel diodes D, and Ds; therefore, the voltage at point b is
Vc/2, whereas the voltage at point a is —V ;. /2. Hence, the voltage at the output is
Vap = =V

e  Mode 4: From 3 to t; — All transistors are turned OFF. The current i, flows through
the anti-parallel diodes D; and Dy in the direction from point b to point a. The voltage
at point b reached V;./2, and the voltage at point a reached —V;./2; thus, the output
voltage is V3= V4.

e  Mode 5: From t4 to t5 — The transistors TR3 and TR, are turned ON. The current iy,
flows from point b to point g, the voltage at point a is —V;./2, and at point b is + V 3./ 2.
Hence, the output voltage is V;, = —Vy,.

e  Mode 6: From t5 to tg —All transistors are turned OFF. This is the effect of the dead-
time. The inductor current iy, cannot change its direction; thus, it remains the same as
in mode 5, and the diodes D; and D, conduct. The voltage pole of point a is positive
+ V. 2, while the pole of point b is negative —V;./2; thus, the output voltage is
Vap = Vige.

e  Mode 1: From ¢ to t; — All transistors are turned OFF. The current iy, flows through
the anti-parallel diodes D, and D3. The voltages at points a and b are —V;./2 and
+V./2, respectively. Therefore, the output voltage across the load is V,, = — V..
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Figure 2. Switching characteristics and equivalent circuit operation of two-phase inverters with IGBTs

dead-time. (a) Characteristic signals for a two-phase inverter with IGBTs dead-time. (b) Equivalent
circuit operation of two-phase inverters.

Therefore, the dead-time in two-phase inverters with IGBTs is a critical component of
inverter control strategies to ensure safe and efficient operation while minimizing wave-
form distortion and losses. However, dead-time in two-phase inverters can introduce
significant challenges in achieving high efficiency and reliable power transfer. Deviations
from rectangular pulses in voltage forms (Figure 2a) are the consequence of the dead time
issue, and they influence the effective energy transfer. The next chapter addresses some of
these challenges.
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3. Modeling of WPT and System Analysis of Resonant Compensation Network

The configuration of the LCC-S resonant WPT system [4,7] is shown in Figure 3.
The full-bridge inverter formed with four IGBTs (TR1—TR4) enables the DC input to be
transformed into high-frequency AC power. The transmitting side consists of Ly, Ly, Cy,
and C;, where L; represents the primary resonant tank. This tank is tuned to have the
same resonant frequency as the switching frequency of the full-bridge inverter. The high
frequency AC power resonates in the primary resonant tank. The receiving side contains
elements L, and Cp, where L, represents the secondary resonant tank. To receive the
power from the primary side, this tank must match the switching frequency of the full-
bridge inverter. The high-frequency AC power is transmitted wirelessly through the main
coupling between the main coils L; and L, described with mutual coefficient inductance
M. Afterwards, it is converted back to DC by the rectifier made of four diodes Ds—Dg and
filtering capacitor Cp.

Ds D,
™ B REE
m Cs
D1 Cs1 D3 csS L |
a f

Battery

b
D; C.; D;Css

Sk - 5

Figure 3. The circuit of the WPT system with an LCC-S resonant compensation network.

£
(i +)
S
o
1
r
5
|
| |

The key properties of the LCC-S topology are:

e  Series compensation: Series compensation networks are added to reduce the voltage
distortion caused by the dead-time. This enhancement improves the control over the
output voltage waveform, resulting in increased power transfer efficiency.

e  Enhanced power quality: The LCC-S topology minimizes the harmonic generation
and voltage distortion, ensuring that the output voltage complies with required power
quality standards.

e Improved resonant behavior: The series compensation enhances the resonant behav-
ior of the system, optimizing the wireless power transfer efficiency at the resonant
frequency.

3.1. Calculation of the Phase Regulation Parameters of the WPT System with an LCC-S Resonant
Compensation Network

The working principle of the investigated WPT system with an LCC-S resonant com-
pensation network with a load is completely based on the phase regulation. Therefore, the
parameters of the phase regulation were calculated using the equivalent electrical circuit
shown in Figure 4.
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C4

O

Figure 4. The equivalent electrical circuit of the WPT system with an LCC-S resonant compensation
network with a load.

The resistances of the coils and capacitors in the transmitting (R;) and receiving part
of the circuit (R;) are marked as Ry = R¢1 + Rp1 and Ry = Ry + Ry, respectively.
The equation that connects the currents I;" and I is given as:

r_ Ro+Ryoad +j(Xp2 — Xco)

I
21 ]XM

I, 1)

Where X}, is inductive reactance, X5 is capacitive reactance, X3 is mutual reactance, and
Ri a4 18 resistance of the load.

The parameters of the transmission coil part of the circuit in Figure 4 are calculated as
follows:

—jXc,(I1 = Iy') = (R1 +j(X1, = Xc,)) 1/ = jXml, ()
and Uj is determined as:

Uy =j(Xe, = Xe, )1y + X, 1 ®3)

Quantities X; 1 and Xy are inductive reactances, while X1 and Xcy are capacitive
reactances. Using expressions (1) and (2), the following relations can be derived:

—Xe 1+ jXuls = (Ri + (X1, = Xe, = Xe, ) )1y @

—jXc,
R, +j(XL1 ~ Xc, — ch)

JXm

Ry + Rpgaq + j(X12 — Xc2)
Ry +j(XL1 — X, - ch)

JXm

I+

12: 12 (5)

Based on expressions (4) and (5), the Uy and I; are obtained as follows:

(Rl +j(XL1 — Xc, — Xc ))(Rz + Rpoad +j( X2 — Xc2))  x
I, = ! + ML (6)
XuXc, Xe,

(R2 + Rpoad) +j(X12 = Xc2)
Ry + j(XL1 - X¢, — Xq)) (R2 + Rppad + j(X12 — Xc2)) Xn®

Uy =j(Xe, - Xc,) +ch2( I (7)

Using expressions (1), (6), and (7), the input impedance Z;,, = % can be expressed as:
21

Xsz(Rl +RLoad)
Ri+j (XLl —X¢ *ch) ) (Ro+R Loqd+j(X12—Xc2)) X

. Xc A (Xp—Xc2)
+J (XLf - Xq) + , s , >
<R1+J (XLl —Xq —ch)) (Ro+Rpopa+j(X12—Xc2)) Xm

Zii’ll =
(
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The inductors Lj, Ly, L¢ and capacitors Cq, C; are chosen in a way to achieve the

resonance:
X2 = X2 =0 )
X1, —Xe, = X¢, =0 (10)
Finally, the ratio of the currents and the input impedance can be expressed as:
I; _ 1 Ri(Ro+Rpga) + Xus” a1
I, X Xm
Xc Z(RZ + RLoud)
Zin= o’ +5( X, — Xe (12)
" Ri(R2 + Rppaa) + Xn? ( ! f)
The phase angle « is given as:
7T U1 _pms )
& =2-arccos| —=—= 13
<2\/§ Udc ( )

In order to verify this comprehensive theoretical analysis, a simulation of the operation
of a WPT with an LCC-S topology was performed.

3.2. Analyzing a Wireless Power Transfer (WPT) System in MATLAB

One of the goals of the present study is to analyze and optimize the behavior of the
investigated WPT system using simulations in MATLAB software. The theoretical model
will be verified through simulations, and it will be used to obtain the parameters for the
experimental setup.

The proposed model of a WPT system with an LCC-S resonant circuit is shown in
Figure 5. The main component is the inverter, consisting of four IGBTs controlled in phase
via four gates. The control block shown on the left side of Figure 5 is used for the frequency,
phase, and dead-time setup. The model also includes a resonant compensation circuit
(inductor Ly, capacitors Cf, Cga, and Cyy), a transformer of transmission ratio of 1:1, a diode
rectifier, and a resistive switching model.

.
PWMIH
(>

PWNHL

PWM?H s 2 ;
PWMZL =

Figure 5. Model of the WPT system with an LCC-S resonant compensation network in MATLAB.

The following quantities were selected: the input DC voltage is Ui, = 310 V, the
resonant frequency is f = 70 kHz, and the transfer gap is # = 100 mm. The parameters of
the LCC-S resonant WPT system are listed in Table 1.
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Table 1. LCC-S resonant WPT system parameters.

Parameter Label Value
Primary coil L_GA 38.5 uH
Secondary coil L_VA 46.4 uH
Mutual inductor M 8.13uH
Primary series capacitor C_GA 210 nF
Secondary series capacitor C_VA 115 nF
Primary parallel capacitor cf 375 nF
Primary series inductor Lf 13.8uH

Output equivalent resistance Rload 220

Two methods are used for the measurement of the mutual inductance:

1.  Using an impedance analyzer, when the transmitter and receiver are connected to
each other via one coil (so that the winding direction is the same), the total inductance
is measured. Furthermore, based on the measured total inductance, the mutual
inductance is obtained using the following expression:

g — Lttt = L_GA—L_VA

2

2. The second method is applied before the induced EMS: The receiver is excited by a
sinusoidal current of amplitude I and frequency f, and the amplitude of the induced
voltage U is measured at the open transmitter. Based on these values, the mutual

inductance is calculated as:

_u
C2nfl

Both methods gave the same result for the mutual inductance, which can be seen in

Table 1 (M = 8.13 uH).

Figure 6 shows the inverter’s output voltage and current. Observing Figure 6a at the
bottom of the diagram, several strange shapes as a short-lived peak in the voltage can be
noticed. This phenomenon is a consequence of dead-time existence. Several papers provide
a detailed analysis of this phenomenon [5-8], which is usual for the given settings.

VoltagelV]

1 17

()

(b)

Figure 6. (a) Inverter output voltage waveform; (b) inverter output current waveform.

34 timels] 35

Figure 7 shows the graph of the output voltage Uoy: in relation to the value of the
dead-time. The red curve represents the output voltage with R,,;, while the blue curve
represents the output voltage without R;y,;. In both cases, the system behaves in a similar
way. Namely, the output voltage remains unchanged with and without the load up to
1200 ns of dead-time, which is significant. This provides a simple implementation of
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the mathematical model. The behavior of voltage at higher dead time values is a direct
consequence of the existence of dead-time. Therefore, the recommended interval of the
dead-time is 600-1500 ns. A lower side time limit corresponds to the IGBT turn off time,
and the upper side restriction is due to the change in amplitude behavior, which is less
than 10%.

500 1000 1500 2000 2500

Dead time [ns]

——With Load ——Without Load

Figure 7. Effect of the dead-time on the output voltage.

In the literature [24-26,29] related to a similar topic, the absence of an analysis of the
output voltage behavior with and without a load as a function of the dead-time is revealed.
This makes the conducted measurements significant.

The dead-time is typically implemented in the control algorithm of the inverter [27].
The microcontroller responsible or the inverter control calculates and enforces the appropri-
ate dead-time delays based on the received switching commands. The amount of required
dead-time can vary based on several factors such as the characteristics of the IGBTs, the
voltage and current levels, and the desired switching frequency. To account for variations
in the operating conditions, the dead-time is frequently and dynamically adjusted. While
dead-time is necessary to prevent shoot-through, excessive dead-time can lead to increased
switching losses and reduce the overall efficiency. Therefore, to maintain a high inverter ef-
ficiency, a compromise between ensuring adequate dead-time and minimizing its duration
needs to be accomplished.

3. Experimental Results and Discussion

In order to obtain an appropriate value of the switching dead-time in the LCC-S
resonant WPT system, an experimental prototype was realized. The LCC-S resonant circuit
is a key element in this prototype. It consists of inductors and two capacitors on the
transmitter side and of capacitors on the receiver sides. The LCC-S configuration helps in
achieving efficient power transfer by minimizing losses and maximizing coupling between
the transmitter and receiver.

The LCC resonant circuit operates at its resonant frequency, which is determined based
on the values of the inductors and capacitors. Bringing the transmitter and receiver in close
proximity ensures their tuning to the same resonant frequency. This ensures maximum
energy transfer between the two sides of the circuit.

The theoretical model is verified through the simulations used for obtaining the pa-
rameters for the experimental setup. The inverter is designed to work in conjunction with
the resonant network of the WPT system. It synchronizes its output frequency with the
resonant frequency of 70 kHz to maximize the power transfer efficiency. The experimen-
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tal platform, a prototype of a WPT system with an LCC-S resonant circuit, is shown in
Figure 8a. This is an advanced wireless charging system that leverages resonant technology
to efficiently transfer electrical power from a source (transmitter) to a device (receiver).

(b)

Figure 8. Experiment platform. (a) Prototype of the WPT system; (b) elements of the inverter with a
special driver and a half-bridge made with IGBTs.

The transmitter unit is responsible for generating and transmitting the wireless power.
It consists of the following elements shown in Figure 8b:

1.  Three-phase bridge rectifier MDS150A1600V [33]: The rated current of this module is
150 A, and the maximum allowed working voltage is 1600 V.

2. Soft start circuit for capacitor charging in the DC circuit: When the inverter is switched
on, the capacitors in the DC circuit are charged through resistors that limit the initial
current (initial charge current) and thus protect the diode rectifier. After a certain time,
the resistors are bridged. The delay is realized by a time relay. The capacitor charging
resistors are 2 x 150 (2/25 W, connected in parallel.

3. Capacitors in the DC circuit: The total capacity of the capacitors is 940 pF, and the
breakdown voltage is 800 V. In the DC circuit, the resistors are placed, and they provide
the discharge of the capacitor after the inverter is turned off. The total resistance value
is 22 k), with a power of 18 W. The leakage current through these resistors for a
voltage of 310 V is approximately 14 mA, while for a voltage of 570 V, the leakage
current is approximately 25 mA.

4. Special power supplies for electronics (15VDC) and power supplies for relays, which
are used for the soft-charge circuit (24VDC).

5. Circuit for generating the dead-time for the operation of the IGBTs: This dead-time
can be fine-tuned with multi-turn potentiometers.

6. Inverter: The inverter is part that contains the driver board EVAL-1ED3491Mx12M [34]
and IGBT modules [35]. The driver board EVAL-1ED3491Mx12M is a single-channel
isolated gate driver integrated circuit with an adjustable DESAT (Precise Vcgsat
detection) and soft-off.

All the energy connections in the inverter are made of a strip of copper conductors
of size 10 x 1 mm. An IGBT module (half-bridge) manufactured by TOSHIBA, marked
MG500Q2YS50, with a rated collector current of 50 A and a maximum collector-emitter DC
voltage of 1200 V was used for testing and manufacturing the inverter. The IGBT switch-on
time is 200 ns, and the switch-off time is 600 ns. The dead-time is set to be longer than the
IGBT turn-off time.

It was determined that the dead time can be within the range of 600 ns to 2000 ns
according to Figure 7, where the simulated influence of the dead time is presented. To
ensure the reliable functioning of the inverter WPT system with minimal voltage distortions,
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a dead time value of 1500 ns was experimentally appointed. By choosing this dead time
value, the corresponding effective power on the consumer is obtained, which means that
the transmission losses are negligible in relation to the power intensity.

The graphs of the output voltage and current of the inverter circuit with a set dead
time value of 1500 ns are shown in Figure 9a,b. The current waveform has a sinusoidal
shape with an amplitude of 78 A. The effective current value is 55 A. For the maximum
power, the transmission is 1.6 kW, the tuned resonant frequency is 70 kHz, and the angle
of the phase regulation is 80°. Furthermore, certain deviations from rectangular pulses in
voltage forms, which are consequence of the dead-time issue and influence the effective
energy transfer, can be observed.

T+f@ 200v

New File

Figure 9. Voltage and current of the inverter circuit. (a) The waveform of the voltage of the transmit-
ting coil. (b) The waveform of the current and voltage of the transmitting coil.

When choosing the optimal value of the dead-time, all the following effects were
considered:

Efficiency—a dead-time of 1500 ns did not affect the overall transmission efficiency.
Power quality—the influence of the dead-time did not affect the quality of the output
voltage waveform on the inverter or the stability of the WPT transmission.

e  Electromagnetic interference (EMI)—the emission of electromagnetic disturbances
as a result of the dead-time is aligned with the electromagnetic stability standards.
In the proposed system, in the area outside the coils, the magnetic induction values
according to the simulation results were lower than the values recommended by the
ICNIRP guidelines.

o  Switch stress—the selection of the dead-time considered the maximum possible oper-
ating frequency of the IGBTs.

Finally, it can be concluded that the analysis carried out in MATLAB is in agreement
with the experimental results. Furthermore, considering its practical use, this WPT imple-
mentation can find applications in the process of charging lithium-ion batteries according
to the principle of constant current-constant voltage.

4. Conclusions

The procedure used to minimize dead-time effects is explained in detail in this paper.
Also, the dead-time adjustment method is applied and investigated in a practical example
of wireless transmission. The regulation of dead-time is performed in order to achieve the
highest possible power for the given phase angle. In particular, the minimum dead-time
due to the switching-off of the IGBTs must be considered in practice.

The dead-time issue in two-phase inverters is a critical factor affecting the performance
of two-phase wireless power transfer systems. The compensation topologies, such as the
LCC-S, offer a promising solution to reduce the adverse effects of the dead-time, improving
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the efficiency, power quality, and overall system performance. The primary contribution of
this research to the existing findings lies in the conclusion drawn regarding the consistent
output voltage, irrespective of the presence or absence of a load, up to a dead time value
of 1200 ns. Within the suggested range of 600-1500 ns, the impact of dead time on the
output voltage amplitude is observed to be less than 10%. Since WPT technology is still
developing, addressing the challenges associated with the dead-time issue could be crucial
for unlocking its full potential in various applications.

5. Future Works

Future works will focus on further optimization of the compensation topologies for
two-phase inverters. Additionally, the analysis of advanced control strategies and the
integration of emerging semiconductor devices in order to minimize the dead-time and
enhance the WPT system performance in two-phase configurations should be investigated.
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