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Abstract

This paper presents the design and analysis of a Class E Zero Voltage Switching (ZVS) inverter
used in a 2.0 W Acoustic Power Transfer (APT) transmitter unit. The Class E ZVS inverter is
chosen for its high-efficiency performance as an AC supply input voltage for an air transducer
in an efficient acoustic power transfer system. The performance of the inverter under varying
load conditions; resistive and actual air transducer modeled using the Butterworth Van-Dyke
(BVD) equivalent circuit is investigated. The inverter is precisely designed to operate at the
resonant frequency of 39.8 kHz, corresponding to the 40 kHz air transducer. Experimental
results demonstrate a DC-AC power conversion efficiency of 85.42% with a resistive load. This
study provides insights into the behaviour of the Class E ZVS inverter under different load
conditions and suggests enhancements to improve efficiency in future applications.
Keywords: Class E Zvs Inverter, Acoustic Power Transfer, N1a Impedance Matching, 40khz Air
Transducer

Introduction

Pioneer open demonstration of wireless power transfer (WPT) was presented by Nikola Tesla
in 1921 whereby the system managed to turn on an electric bulb using capacitor plates (Tesla,
1891). Unfortunately, even he managed to provide sufficient proof for WPT to become an
alternative method in energy transfer, only after 1980, WPT started to get appropriate
attention from researchers. The widely practiced and commercially available is Inductive
Power Transfer (IPT) (Du et al., 2018) and (Zhang et al., 2019). One of the promising works in
(Wang et al., 2022) shown 66.7% system efficiency with 10W load power was proposed at
2.5-meter IPT system for state detection equipment. However, the efficiency of IPT is often
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compromised by metal surroundings and the physical dimensions of the coils used (Marques
et al., 2022) and also the misalighment between transmitting and receiving coils (Luo et al.,
2022). Another different established method compared to IPT is Capacitive Power Transfer
(CPT) technique. Based on (Nabila et al., 2019), (Yusop et al., 2019) and (Paolucci et al., 2019),
CPT offered less design complexity, which inherently can penetrate through any metal
shielding environment. Apart from that, the CPT is also cheaper to construct and with
possibility of a flexible design of the coupling plate. The main limitation of CPT technology is
the inverse property of the capacitance with the distance, requiring high voltages and
frequencies for the transfer of a certain amount of energy. However, CPT still can be a choice
for short distance (<1mm) that can achieve high power (>1kW) transfer with reasonable
efficiency as reported in (Yusop et al., 2019) and (Zhu et al., 2019). So, in order to overcome
the major drawback of previous methods, Acoustic power transfer (APT) can be a choice due
to its nature phenomena. As stated in (Roes et al., 2011), (Roes et al., 2013), (Husin et al.,
2016), (Yuanetal., 2017), (Basaeri et al., 2019) and (Meesala et al., 2020), APT transfers power
wirelessly by propagating energy as sound or vibration waves. Commonly, in order to transmit
and receive the energy acoustically, air transducer that applied piezoelectricity conversion is
practiced. The air transducer at the transmitter unit is typically excited using a power amplifier
before transmitting energy through the propagation medium.

APT demonstrated its potential in 1985, with rapid development proving its suitability for
in-body implantable devices. APT is a promising candidate for future WPT, particularly in
biomedical applications and metal/non-metal environment surroundings (Yuan et al., 2017).
Figure 1 illustrates APT technology, consisting of a transmitter and receiver unit. The
transmitter generates acoustic energy at specific frequencies, while the receiver converts it
back to electrical energy (Zaid et al., 2014). The transmission medium in APT can be any
material that permits the propagation of pressure wave can be used. Till recent, APT gain a
huge attention due to its safest WPT especially in biomedical implantable devices, data
transfer, and through-wall transmission as reported in (Awal et al., 2016), (Kim et al., 2020),
(Liu et al., 2023), (Wang & Lu, 2023), and and (Zheng et al., 2024). There are various driving
circuits exist to drive air transducer with sinusoidal signals (Yuan et al., 2017), (Liu et al., 2023),
(Siddiqui & Khan, 2019) and (You & Choi, 2020), the Class E ZVS resonant inverter is among
the most practical to apply.
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Figure 1 Basic diagram of APT technology (Zaid et al., 2014).

In the reports (Kazimierczuk, 2014), (Kazimierczuk & Czarkowski, 2012), (Hasan et al., 2021)
and (Komanaka et al., 2022), the well-known reputable Class E ZVS inverter has been used as
power amplifier to obtain high dc-ac power conversion efficiency. However, the effects of
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parameter variations will interrupt the efficiency of power conversion of Class E ZVS inverter
respectively as discussed in (Raab, 1978) and (Zhang & Ngo, 2021). The overall efficiency of
each unit should be designed with a design efficiency of over 80% as suggested in (Ozeri &
Shmilovitz, 2010) and (Taalla et al., 2019). In this work, the design of 2.0 W Class E ZVS inverter
integrated with resistive component to represent the real part of air transducer total
impedance is proposed as fundamental design stage, to in line with the nature of operating
principle of Class E (Kazimierczuk, 2014) and (Hasan et al., 2021). In practical energy
transmission applications, attaching an actual air transducer is required to observe the
performance of the Class E ZVS inverter.

The nearest findings in APT based on Class E ZVS inverter were done by (Yuan et al., 2017).
The work is driving air transducer directly based on actual air transducer equivalent circuit by
departing from standard practices of Class E ZVS inverter which is optimized under purely
resistive load. Furthermore, the researcher is more focused on different driving frequency
rather than accomplishment of ZVS requirement. This article provides a step-by-step design
process for Class E ZVS inverters, demonstrating their behaviour in real system conditions by
changing the resistive component to an actual air transducer.

The significant contributions of the paper can be summarized as follows:

The design of an APT transmitter unit that incorporated Class E ZVS inverter with actual

40 kHz air transducer.

The study of Class E ZVS inverter behaviour in different load resistance representations

i.e. resistive component (fixed resistor) and complex impedance (actual transducer) has

been made here. To date, to our knowledge, no results reported in this framework.
This paper discusses the APT technology system, research method, results and analysis, and
proposed technique to overcome performance efficiency interruptions. It covers the
theoretical calculation of Class E ZVS inverter and air transducer parameters, simulation
results, experimental results, and actual air transducer behaviour. The study also
demonstrates learning Class E ZVS inverter behaviour for different load representations at the
APT transmitter unit.
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Research Methodology
This section overviews the research methodology as illustrated in Figure 2.
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Figure 2: Methodology of the design process

Characterization of Air Transducer

The air transducer acts as a load in the Class E ZVS inverter for this paper. The Butterwoth Van
Dyke (BVD) model as in (Yuan et al., 2017) and (Arnold & Martins, 2020) used to model air
transducer 40 kHz MCUSR18A40B12RS from Multicomp. The model is shown in Figure 3
describes the mechanical part (R1, L1 and C1) and the electrical part (the clamping capacitor)
(Co) of the air transducer.

=71
'

T i

l—
A
&

i

Figure 3: BVD model for air transducer (Siddiqui & Khan, 2019)

The parameters of air transducer are determined using Keysight E4990A Impedance Analyzer.
The Table 1 tabulates the parameters of air transducer based on BVD model.
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Table 1
Parameters of BVD Model for Air Transducer
Ri(Q)  Li(H) Ci(F) CofF)

482.36  109.70m 144.60p 1.94n

From the parameter of BVD model for air transducer, the total impedance of the air
transducer can be expressed as:

. 1 1 (1)
<R1 +jwl, +j—wCl) 'j—a)CO
1
+ja)C1 +j0)Co

ZT -
R+ jwl,

From Equation (1), the air transducer will exhibit the series resonant frequency and can be
calculated as in Equation 2.
_ 1 (2)

fseries = m

Then from Equation (1), the real part of total impedance, for air transducer used for this works
is 469.7Q, meanwhile the series resonant frequency, is 39.8 kHz respectively. The nature of
Class E ZVS inverter requires the resistive load, so it can perform at the optimum operation
region (Kazimierczuk, 2014). Thus, in this paper, the work considers only the real part of air
transducer impedance, so that the load value, R for a Class E ZVS inverter is rounded to 470
Q, and the switching frequency is chosen based on a series resonant frequency which is 39.8
kHz.

Class E ZVS inverter theoretical calculations

Class E ZVS inverter is well known as a high efficiency resonant inverter that capable to
operate at the frequencies of kHz to MHz and, is shown in Figure 4 consists of a DC signal
source; Vcc, a power MOSFET that operates as a switch, a choke inductor; Lchoke, a shunt
capacitor; Cs, and a L-C-R series resonant circuit.

Vee Mosfet L C; §

I
s

Figure 4: A single-ended Class E ZVS inverter (Kazimierczuk, 2014),

The driving signal, is the square wave control signal with the duty ratio, D, to control the on
and off condition of power MOSFET. The power MOSFET is capable of ensuring zero switching
losses during switching time intervals, resulting in a high efficiency inverter (Kazimierczuk &
Czarkowski, 2012). The ZVS condition demands that the switch voltage (Vps) at the instant the
switch (Ves) is turned on should be zero and can be described in Figure 5.
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Figure 5: Waveforms of VGS versus VDS in Class E ZVS inverter operation (Kazimierczuk, 2014)

The design process of Class E ZVS inverter is carried out with few assumptions such as stated
in (Kazimierczuk, 2014) for this paper.

i. Power output intended, Pout =0.7 W

ii. Loaded quality factor, Q = 10

iii. Static Drain-to-Source resistance, rDS = 0.54 Q

iv. Duty cycle, D=0.5

Design process followed by the calculation of the circuit parameters of Class E ZVS inverter
using established equations in (Kazimierczuk, 2014). The DC signal source, VDC, can be
determined based on our desired output power and dedicated load resistance using;

e = jw o

The choke inductor, Lehoke for the circuit is calculated as;

w? R (4)
Lepoke = 2 T +1 7
s

In order to determine the value of shunt capacitor, Cs, the following equation can be applied.

C = 8 (5)
S n(n? + 4)wR

The series resonant network L-C can be calculated by

L _OR (6)
w
1 7)

C

= o [Q B n(ni6— 4)]
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The value of output voltage generated at the load, is calculated as:

4 (8)

Ve(max) = Vpcm

The selection of power MOSFET is regards to the maximum operating voltage and power
dissipation allowable in the datasheet. Therefore, the maximum switching voltage produced
by the circuit can be calculated by:

Vpsmax)=3-562Vp¢ (9)

In order to compare the power conversion efficiency, the input power of the circuit can be
obtained using:

Pinput = Vpclac (10)

Meanwhile, l4c is similar to current through the choke inductor, lif and can be calculated as:

_ 8 Vpe (11)
hr=\ms2) "

As a result, from Equation 12, we can get the current through the resistor as follow:

w2 + 4 (12)
IR(max) = T ILf

The objective of this particular work is to determine the power converted by the Class E ZVS
inverter, thus the output power for resistive load at the transmitting transducer can be
determined by;

2
(Vegrms)) (13)
Poutput = T

As overall comparison, the efficiency of the inverter will be justified using;

_ Poutpur (14)

P input

By applying Equations 1-14, the calculated value of each component and parameters in the
2.0 W Class E ZVS inverter is presented in Table 2.
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Table 2

Calculated Value for Class E ZVS Inverter
Inverter Parameters Symbol Value Unit
Load Rs 47.252 Q
Series resonance frequency fs 39.8 kHz
DC voltage supply Ve 12.8 \Y
Choke inductor Ly 8300 uH
Shunt capacitor Cs 17 nF
Series inductor L 966.49 uH
Series capacitor C 22.09 nF
Voltage across the load resistance VR(peak) 13.72 Vv
Voltage across the switch Vs 45.49 Vv
Input power Pinput 2.0 W
Input current lde 157.0 mA
Output current across the load IR(peak) 29.2 mA
Output power Poutput 2.0 W
Efficiency n 100 %

Results and Analysis

Class E ZVS inverter simulation design

The Class E ZVS inverter is designed using equation values in Table 2, and verified using Pspice
software, aiming for a waveform and desired output power of 2.0 W, as illustrated in Figure
6.
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Figure 6: The simulation diagram of 2.0 W Class E ZVS inverter design

In this section, the accomplishment of ZVS waveform is shown in Figure 7. It can be observed
that the switch voltage (Vbs) at the instant the switch (Vegs) is turned on is zero as proposed in
(Kazimierczuk, 2014) which is called as nominal waveform of Vps. This to ensure the inverter
managed to convert the supplied dc voltage to ac voltage for further consumption of air
transducer effectively.
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Figure 7: The ZVS waveform simulation result

It is highly recommended the tuning process must be simultaneously fulfil the two desired
conditions: nominal waveform of and the desired output power, that being produced at the
load, in which 2.0 W in the work. For the simulation results, the input power, and output
power, waveforms are depicted in Figure 8a and Figure 8b, respectively. Based on Figure 8a,
153 mA is produced as input current, for the inverter with the direct voltage supplied, is
maintained at 12.8 V. Thus, based on these values, the calculated input power, is Piypy=
153mA x 12.8V = 1.96 W as in Equation 10. Based on Figure 8a, 153 mA is produced as input
current, for the inverter with the direct voltage supplied, is maintained at 12.8 V. Thus, based
on these values, the calculated input power, is x= 153mA x 12.8V = 1.96 W as in Equation 10.
In order to determine the efficiency, n of the dc-to-ac power conversion, the output power,
that developed at the load must also being verified. Figure 8b shows the values of output
voltage and current correspondingly. The simulation approach produced output voltage, as
9.57Vms and output current, as 109.0 mApy.

. |t profile: MSCHEMATICI-bias" | D:\END KA TMAN\CIASS-E-S-PSpiceFiles\SCHEMATICI\biss 3im ~
@ b y

/ p = 153lmA - : — lygms =20376mA |

Vo =12.8V : : Vogrms) = 9-57V :
e e —— . — —— -

(a)-The input current and voltage simulation result (b) The output current and
voltage simulation result
Figure 8: Input and output power simulation results

Using Equation 13, Voutput(rms) is being divided by the real value of air transducer total
impedance, 470 Q and the output power, Py, it becomes 1.94W. The high efficiency, n,
which is 98.0% of Class E ZVS inverter is viable through the Pspice Simulation alteration in this
work. The efficiency, n in this work that converting the dc-to-ac power was calculated using
Equation 15.
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Class E ZVS inverter experimental results

The capability of Class E ZVS inverter to excite the air transducer as a load at the transmitter
unit is being investigated. The dc supplied, 12.8 V for Class E Inverter and the input supply
(10Vpp with 39.8 kHz) for the MOSFET driver, TC4422 are provided by ED-4770 Combo Tester.
The measurements of voltage and phase angle are taken using Keysight Digital Storage
Oscilloscope DSO-X-2012A and for the current measurement, Keysight Current Probe and
Keysight N2279A Power Supply for current probe are used. The investigation is being carried
out in two sub-sections to evaluate performance of proposed Class E ZVS inverter; (1) air
transducer modeled as resistive load and (2) air transducers as in equivalent circuit which
consists of resistance and reactance components based on BVD model approach. All the
previous calculation value for Class E ZVS inverter remains unchanged. The aim of this section
is to compare the performance of proposed Class E ZVS inverter for different load resistance
representations.

Resistive representation

Figure 9 illustrates the experimental set up for the 2.0 W Class E ZVS inverter for resistive air
transducer representation. The setup consists of a DC power source, and two digital
oscilloscopes to measure two key parameters, i.e., ZVS waveform and output power that were
produced by the Class E ZVS inverter in this work. Apart from that, the oscilloscope was also
applied to generate the sinusoidal waveform that purposely drives the MOSFET as the
switching device in the circuit. The 39.8 kHz sinusoidal waveform that supplied to the MOSFET
has a same value in frequency as the resonant frequency of the air transducer that was
applied as the transmitting device in the APT transmitter unit.

Oscilloscopes

DC power supply

_ 20WClassEZVS
¥ inverter circuit

Figure 9: The complete 2.0 W Class E ZVS inverter experimental setup

The ZVS condition was being observed and portrayed in Figure 5, was fulfilled as illustrated in
Figure 10. The input power, for this experimental set up is Vcc x Idc=12.8V x 150mA = 1.92W
and shown in Figure 11a. Based on Figure 11b, the peak-to-peak output voltage of 24.9V or
in the rms value as 8.80V, and by using Equation 13, Voutput(rms) is being divided by the real
value of air transducer total impedance of 470 Q, in which produces 1.64 W as it output
power, . Thus, the efficiency of Class E ZVS inverter under resistive load experimental setup is
85.42%, considered as acceptable for the inverter performance efficiency.
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(a) The input current and voltage experimental result (b) The output voltage
experimental result
Figure 11: Input and output power experiment results

The tradeoff between nominal waveform of VDS and desired output power at the load makes
the tuning process quite challenging and thus limiting the efficiency in the experimental setup
compared to simulation results. Furthermore, the components used in the circuit may not
100% purely resistive, inductive or capacitive that also contributes to the efficiency reduction,
from 98.97% in simulation results to 85.42% in experimental results.

Actual air transducer device

The actual marketable 40 kHz air transducer, MCUSR18A40B12RS from Multicomp, is
attached as a load with the Class E ZVS inverter. The circuit in which air transducer is being
excited by the Class E ZVS inverter as shown in Figure 12.

Class E ZVS
inverter 40kHz air
circuit transducer

~ »

Figure 12: 2.0 W Class E ZVS inverter with 40 kHz air transducer
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In this section, the 470 Q resistive component that imitated only the real part value of total
transducer impedance, is changed to the actual air transducer that consists of complex
impedance. The disruption can be clearly observed in Figure 13, whereby these two
waveforms overlap significantly, whereby both the voltage the instant the switch, and the
switch voltage, are simultaneously active, which could lead to increased power losses. It
means that the requirement of having zero voltage for MOSFET at the transistor’s turn-on
time as recommended is not accomplished. Even though the nominal waveform of ZVS is
heavily interrupted, the work demonstrated that the switching voltage, is equal to 47 V, which
is almost three times greater than DC supply voltage, and is maintained at 10.0 V respectively,
remaining still in line with the theoretical. The designed Class E ZVS inverter also managed to
maintain the desired operating frequency at 39.8 kHz as required.

Figure 13: The ZVS waveform experimental result

Figure 14(a) displays the Class E ZVS inverter input current, and voltage, which contributed to
the very low input power, of 384 mW compared to the required of 2.0 W. The relationship
between the input current, that is proportionally inverse with load, R can be seen in Equation
11.

W
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/ v\/ ’\A \A -
/ 4 | f 4 1
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\l / / \4 %
/ A O . | 1 i}

Y 11 7 - 11 Y7
v \V v \v
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(a) the input current and voltage (b) the output voltage
Figure 14: Experimental results of 2.0 W Class E ZVS inverter with 40 kHz air transducer

Meanwhile, in Figure 14(b), the waveform of output voltage displayed significant variations
in amplitudes, which indicates the instability and inefficiency in the power conversion
process. When a circuit that originally only had a resistive load (which produces a clean
sinusoidal wave with no harmonics) is converted to an RC load, the capacitor's response to
voltage changes causes the waveform to become more complex. The uneven amplitude may
be caused by the charging and discharging process of the capacitor in the circuit. The
efficiency of Class E ZVS inverter in this particular section cannot be determined due to the
off-nominal waveform and desired input power, produced at the load is far less from the
design specification. This occurred due to the load mismatch in these two designs. The Class
E ZVS inverter's high efficiency can be recovered by equipping it with a matching circuit that
provides an impedance matching network.
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Proposed Design Enhancement

As the nature of Class E ZVS inverter that sensitive to load variations, it is suggested to equip
the inverter with the matching network that provides impedance transformation, such as la
or mlb circuit as discussed in This solution transforms the load into desired ones and
maintains the input voltage to the transmitting transducer within the applied load ranges. In
APT transmitter unit, the highest vibration energy is generated while the air transducer in the
series mode resonant. In this mode, the air transducer as in Figure 4, can be modelled using
the BVD approach and it becomes circuit that only consists of CO that parallel with R1. Once
the Class E ZVS inverter and the model are combined, it creates a topology similar with ntla
impedance matching technique. This particular arrangement of air transducer will be
performed as impedance matching circuit for the Class E ZVS inverter as displayed in Figure
15.

l VY VY T !
1 “ :

| " |

, s I !
| 5= TC li=c  zr BVD model

I 1 m
| | "'“:““Eﬁ of air
. : I 1 transducer
| A N :
nlaimpedance matching

Class EZVS cireuit

Figure 15: Suggested Class E ZVS inverter with tla matching network for future design

Conclusion and Future Work

This study contributes significantly to the existing body of knowledge on Class E ZVS inverters
by systematically analysing their behaviour under varying load conditions, including complex
impedance represented by an actual 40 kHz air transducer modeled via the Butterworth Van
Dyke (BVD) circuit. Theoretically, it expands the understanding of inverter efficiency
disruptions caused by load variations, a critical aspect often overlooked in practical
implementations. Contextually, the findings are highly relevant to Acoustic Power Transfer
(APT) systems, particularly for applications requiring reliable and efficient wireless power
delivery, such as biomedical implants and through-wall energy transmission. By addressing
load sensitivity issues and proposing impedance matching enhancements using mla network,
this research bridges the gap between idealized inverter performance and real-world
conditions, paving the way for more robust and efficient APT transmitter units.
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