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Abstract

In Acoustic Energy Transfer (AET) system, piezoelectric transducers played a role in converting the electrical energy to mechanical stress
or vice versa. It is required to drive the piezoelectric transducer in the transmitter unit at the exact operating frequency, so that the high
efficiency of power conversion can be achieved. This study presents the simulation model of the excitation circuit to drive the piezoelectric
transducer using class E ZVS as DC-AC inverter in the transmitter unit of AET system. As design specifications with the PZT transducer
operating frequency of 416 kHz, 80 mW power output is aimed from the inverter circuit. Proteus software used as simulation platform
with peripheral interface controller (PIC16F877A) as Pulse Width Modulation (PWM) signal generator for MOSFET IRF5852TR. The
transmitter unitis modeled in stages started with optimum operation of class E ZVS, followed by the insertion of piezoelectric transducer
equivalent circuitand end up with the matching impedance circuitin order to achieve maximum power conversion as the main concerns
of this study. The simulation result from the proposed design generates a 72.22 mW with 90.3% efficiency. This signifies that simulation
results agree upon the theoretical calculation.
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INTRODUCTION

Numerous established of Wireless Power Transfer (WPT)
technologies gained attracting attention from the researcher
currently. Not only due to their capabilities to charge
consumer home appliances, but also contributes to other
technical aspects such as, supplying the power to
sensors/transducers embedded in a human body or charging
a moving vehicle on the road. The WPT is also
implemented in the industries which required the wear of
cable slabs to be minimized as reported in Hu et a/'. A
relatively new alternative method is an Acoustic Energy
Transfer (AET), which utilizes sound waves or vibration to
propagate energy without depending on the electrical
connection between the transmitter and receiver unit. The
AET comes into the picture of energy transferring technology
due to the urgent requirement of alternative methods of
powering low power consumption as proposed by Roes eta/?,
Sanni and Vilches?, Ozeri and Shmilovitz* and Denisov and
Yeatman? such as for Implantable Biomedical Devices (IMDs).
Zaid et al¢ claimed that other practical alternatives in the
same category of AET for powering those devices include: (i)
Inductive Energy Transfer (IET), (i) Capacitive energy transfer
(CPT), (iii) Far-field electromagnetic coupling (EM) and (iv)
Optical coupling techniques. The IET has gained a huge
attention since the systems managed to deliver energy up to
2 m with high efficiency as reported by Karalis et a/’ and
Kurs et a/?, but due to magnetic coupling issue, it is not
suitable for metal surrounding environment and cause of
large eddy current losses as claimed by Roes et a/?,
Theodoridis® and Liu et a/'°. The CET takes advantages of
these limitations due toits nature that exploits an electric field
to penetrate through any metal surroundings. The CET has
also a good anti-interference ability of the magnetic field as
stated by Liu et a/'%, Kline et a/'" and Chen-Yang et a/'%. The
implementation of CET is limited due to the restriction of
distance that can be crossed with it and have been used
for very low power delivery applications proposed by
Theodoridis®, Chen-Yang et a/'?, Zaid et a/® and Kline et a/".

Far-field electromagnetic coupling (EM) is seldom used
because of the difficulty in microwaves generation especially
when a solid-state RF generator is applied and for IMDs
applications, side effect that harmful to the human body.
Optical energy transmission uses same principles as EM
and has low efficiency whereby up to 50% energy is lost
according to Zaid et a/% and Roes et a/. The above
mentioned characteristics make acoustics a primary candidate
for WPT in low power applications (in range of uW to
mW) due to its power transfer efficiency, compactness and
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electromagnetic immunity as concluded by Jiang et a/®,
Miller™ and Semsudin et a/®.

In AET systems, the piezoelectric transducer plays a major
role in converting an electrical energy to pressure energy or
vice-versa. The transducer electrical impedance will affect
noise performance, driving response, bandwidth and
sensitivity as laid by Svilainis and Dumbrava'®. Thus, it is
required to take into consideration the approach to predict
the performance of the piezoelectric transducer as a part of
the system.

This study presents the working principle of class E Zero
Voltage Switching (ZVS) as soft-switching inverter topology in
the transmitter unit of AET system due to its capability to
produce high efficiency inverter performance. The high
efficiency inverter performance is required for two reasons:
(1) To drive the piezoelectric (PZT) transducer at the exact
operating frequency without introducing harmonic modes so
that maximum DC-AC conversion can be achieved and (2)
Prolong the low voltage, low power battery’s service life that
supplied the transmitter unit. However, this study will dealt
only with the first reason due to simulation ability.

This study presents and compares the performance of AET
transmitter unit for three conditions: (1) With the optimum
condition class E ZVSinverter, (2) With the optimum condition
class E ZVS inverter attached to PZT equivalent electrical
circuit and iii) with the optimum condition class E ZVS
attached to PZT equivalent electrical circuit with matching
impedance.

AET system: The basic structure of AET system is shown in
Fig. 1 that consists of 2 U, primary/transmitter unit and
secondary/receiver unitthat's been separated by any material
that can propagate sound/pressure waves as a transmission
medium. In the transmitter unit, the power converter or
inverter will converts a dc supply to an ac supply that being
injected to piezoelectric transducer. The transducer will
converts that energy to pressure wave which is then
transmitted wirelessly. The pressure is collected by another
transducer at the receiver side that reconverts the energy back
into electrical energy and being amplified based on the load
requirements. The transmission medium can be ranged for
examples metal, air, human tissue and solid wall as long as it
can allow the penetration of pressure wave. An AET system
can be applied at the various applications such as ultrasonic
cleaning, medical ultrasonography, non-destructive testing,
distance measurement (sonar), therapeutic ultrasound and
ultrasonic welding. Recently, the urgent demand of the
alternative recharging method, especially for Implantable
Biomedical Devices (IMDs) shows a trend of applying an AET
system.
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Fig.2: ClassE zero-voltage-switchinginverter by Kazimierczuk
and Dariusz'®

Table 1: Load network characteristics

Switch condition Resonant frequency Loaded quality factor
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(C+C)

CLASS E ZVS INVERTER WORKING PRINCIPLE

Class E ZVS inverters are the most efficient and excellent
soft switch inverters circuit, which capable in reducing the
voltage stress and switch conduction loss in the resonant
circuit as described by Nayak and Reddy'’, Kazimierczuk and
Dariusz'®and Liand Sue'. Liand Sue' claimed that class E still
manageable to operate at the high efficiency even the varying
values of resonant components. It can also produce good
performance and stability by adjusting the duty cycle and
optimizing circuit parameters that supported by Xiaoyuan and
Zhe?. The current and voltage waveforms of the switch are
not overlap during the switching time intervals thus the
switching losses are virtually zero, yielding high efficiency. The
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nature of switching operation that contributing to the high
efficiency is controlled by L-C resonant those operate at the
instant of zero voltage crossing condition. The circuit diagram
is shown in Fig. 2. It consists of power MOSFET that act as a
switch, a L-C-R; series resonant circuit, C; as shunt capacitor
and L as choke inductor. The switch turns on and off at the
operating frequency f = w/(2x) that determined by a driver.
The resistor R; is an AC load.

When the switch is turns on, the resonant circuit
consists of L, C and R; because the capacitance C, is short
circuited by the switch. However, in the off state, the resonant
circuit will consists of C;, L, Cand R, that connected in series.
Thus, the load network can be characterized by two resonant
frequencies and two loaded quality factor as tabulated in
Table 1.

MATERIALS AND METHODS
The simulations are carried out in three stages:

«  Firstly, the transmitter will be equipped with class E ZVS
inverter that working at its optimum operation

«  Secondly, the first stage is extended with a piezoelectric
transducer equivalent circuit to support system level
analysis

« Lastly, due to change of AC load value, the matching
impedance circuit will be presented at this stage whereby
the main objective of the research can be obtained

Stage 1: Optimum operation of class E ZVS

Theoretical calculation of class E ZVS components: In
this study, the optimum operation of class E ZVS inverter
is studied and simulated. Figure 3 shows the current and
voltage waveform for optimum operation. In this case,
both the switch voltage v, and its derivatives d,,/d; are
zero when the switch is turns on. The optimum operation
occurred when the maximum drain efficiency is achieved.
Due to the derivatives of v, is zero at the time the
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Fig. 3: Optimum operation waveforms in class E ZVS inverter
in Kazimierczuk and Dariusz'®
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Fig. 4: Relationship of v¢s and v,s waveforms for class E ZVS
inverter

switch turns on, the switch currentisincreased gradually from
zero after the switch is closed. For optimum operation, the
switch voltage and the switch current are at positive level thus
eliminating the requirement of additional diode to the switch.

The waveforms of gate-to-source voltage vgs and
drain-to-source voltage v, for operation of ZVS in the class E
inverter is depicted in the Fig. 4. The operation must satisfy
this condition in order to achieve high efficiency inverter.

The equation involved in component’s value in the
optimum operation at duty cycle, D = 0.5 is obtained and
altered from Kazimierczuk and Dariusz'® as below.
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The AC load of the inverter can obtained:

gV?

@R, W

The value of shunt capacitor:

The value of series capacitor (from L, C, R; resonant

circuit):

The value of choke inductor:

2
R
L, = 2[%+ 1J? 4)
The value of series inductor:
L= QR 5)
()

In order to calculate the voltage at the AC load:

VRi(maxwmum) =Vy

4
e (6)
The switch voltage can be calculated as:
V maimm = 3562V, 7)

The current that flows in the choke inductor:

8 (V,
Iy = e [Rj (8)

The current that flows in an AC load can be calculated as:

)
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The voltage at the series-resonant capacitor:

|
_ " Ri(maximum
VC(maxwmurn) - RZTCfC (‘| O)

The voltage at the series-resonant inductor:

VL(maximum) = 27[ ﬂ- (lRi (maximum)) (1 1)

The switch current can be obtained using:

214
IS{maximum) [ th +1]|Lf (-I 2)

The rms value of switch current as per below:

N n’+28
IS{rms)= - 4 ILf

4

As, the effect on the switch conduction loss 2:
Pos = |§(,ms)x,ns (14)

Optimum operation can only be achieved at optimum
load resistance, R; = R,

Stage 2: Optimum operation of class E ZVS with attached
piezoelectric transducer
Theoretical calculation: In the earlier explanation, an AET
system requires the piezoelectric transducer at the
transmitter unit to convert an electrical energy to pressure
wave/sound wave/vibration energy before the energy can be
transmitted via any medium wirelessly. In this part, an
equivalent circuit of piezoelectric transduceris attached to the
end of the inverter. Fig. 5 shows the typical equivalent
electrical circuit of piezoelectric transducer that used in this
stage. Details explanation regarding the modeling are
stated by Abdullah et a/2' and Fabijanski and Lagoda?.
The static capacitance of the piezoelectric transducers is
adopted from Abdullah et a/?' can be calculated as:

T 2
C, - K33T10m (15)

The value of K, is assumed to be 635 as gained from
piezoelectric calculator developed by APC international, Ltd.
Thevalue of G, L; and Ry, can be obtained using relevant

—
R o L
R,
Fig.5: Typical series-resonance equivalent circuit for
piezoelectric transducer
L G
______cC C, R

Fig. 6: Equivalent circuit of the matching circuit n1a

information from the manufacturer datasheet for piezoelectric
transducer. In this study, the piezoelectric transducer with a
part number of MCUSD11A400B11RS from multicomp is
applied.

Stage 3: Optimum operation of class E ZVS with attached
piezoelectric transducer with a matching impedance
Theoretical aspect: The power delivered to a load is
maximized when the load impedance if equal to source load
as stated in Svilainis and Dumbrava'® and Kazimierczuk and
Dariusz'®. On the previous stage, the value of AC load is
changed, thus the load impedance is not equal to the source
load. Therefore, it is required for matching circuits that provide
impedance transformation. Impedance transformation can be
accomplished whether by tapping the resonant capacitance
or resonant inductance as explained by Kazimierczuk and
Dariusz'®. This study implemented resonant circuit n1a for
the design that shown in Fig. 6.
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In order to obtain the components value of matching
circuit, we will use the value of PZT load resistance, 173.06 Q
as the value of R.

The series equivalentresistance, R, can be obtained using:

2 2
Rs= 28 V—1z0.5768v—1 (16)
n+4 Py Py

The reactance factor for the R-C; and R,-C, equivalent
two-terminal networks is:

Q== (17)

The relationship between R, and R; will develop the
reactances of X, and Xg:

R. = RI — Ri
T +[Ri}2 (18)
XC3
X X
Xes = c3 c3 .
1+ 1 l+[g) (19
q R,

9=, 51 (20)

Xes = R [k -1 1)

The DC input resistance of the class E inverter can be
obtained through:

v (1-D)[r(1- D)cosnD +sinnD]

R.. =
P, oC, tan(nd + ¢)sinnD

Using Eg. 21 and 22, one can obtain:

1 3 n(n® —4) _
= RS[QL 6 q} (23)

Thus, yielding:
v -1 _R__R
C oG g R (24)
R

Based on Eq. 23 and 24, the value of C, and C; of matching
circuit can be calculated.

RESULTS AND DISCUSSION

The analysis of class E ZVS inverter of Fig. 2 is carried out
under the following assumptions:

» The transistor and diode form an ideal switch whose
on-resistance is zero, off-resistance is infinity and
switching time is zero

« The choke inductance is high enough so that its ac
componentis much lower than the DC component of the
input current

»  The loaded frequency Q, of the L-C-R; series-resonant
circuit is high enough so that the current i through the
resonant circuit is sinusoidal

Stage 1: Optimum operation of class E ZVS

Theoretical result: In the first stage, the theoretical value of
each component is found using the Eq. 1-13 based on the
design specifications for Fig. 2 which is as follows: DC input
voltage = 3.6 V, operating frequency = 416 kHz, power at
the ACload, P;;=0.08 W, rDs =0.12 Q, Q = 10. The theoretical
value of the components in the inverter circuit is shown in
Table 2.

Table 2: Theoretical value of inverter components for optimum operation

Component of the inverter Values

R 93.44Q

G 0.752 nF

C 0.463 nF

L 1557.692 ph
L 357.493 ph
Viimaximum) 3.867V
Vsimaximum) 12.823V

l¢ 0.022A
Iimaximum) 0.041 A
Vemaximum) 34210V
Vi maximum) 38.666 V
Ismaximum) 0.064 A
Pios 0.001W
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Fig. 7: Simulation model of optimum operation class E ZVS inverter
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Fig. 8: Generation of PWM and ZVS condition fulfillment simulation results for optimum operation

Simulation results: In order to verify the working principle of
class E ZVS inverter, the simulation model is developed using
the Proteus software. A simulation model for this optimum
operation of class E ZVS along with the PWM generator for
MOSFET IRF5852TR is shown in Fig. 7.

The simulation result of PWM generation as illustrated
by square waveform is shown in Fig. 8. This is a stable
waveform with 5 Vp-p and 2.4 pS duration for 1 cycle. This
signal will turn on and off the MOSFET thus drive the
piezoelectric transducer to perform the electrical signal to
pressure wave conversion at the operating frequency of
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416 kHz. Figure 8 also shown the accomplishment of ZVS
condition whereby the theoretically, there is no overlapping
of switch current and voltage waveform during the switching
time intervals, thus the switching losses are virtually zero,
producing high efficiency. However, in simulation due some
parasitic resistance value setting in the components, small
overlapping occurred and this small disturbance is omitted in
this study. This simulation fulfilled the ZVS requirement as
illustrated in Fig. 4, thus it can be concluded that the high
efficiency of inverter performanceis achieved in this particular
simulation.
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Fig. 9: Output voltage waveform at AC load of the inverter

Table 3: Electrical equivalent circuit component’s value

Components Values
Cs 2.136 nF
G 569.73 pF
Ly 257 ph
Rezr 671.52Q
Total impedance value of PZT 173.06 Q

As our main attention in this study is to produce ac
output voltage, the Fig. 9 shows the voltage waveform that
measure at the AC load resistor. It can be seen that the circuit
able to convert the dc source to an ac source that will be
transferred wirelessly. From the calculation, the value of
Viimaximemy 15 3.867 Vmeanwhile in simulation, the value is
3.85 V. In order to calculate the power, the basic equation
of Pupw =—2" is implemented. The calculation gave us
80 mW WheFeas, in the simulation, the power output voltage
obtained is 79.3 mW.

Stage 2: Optimum operation of class E ZVS with attached
piezoelectric transducer

Theoretical calculation results: Table 3 displayed the
theoretical value of components for equivalent electrical
circuit for piezoelectric transducer. The value of static
capacitance, C; is calculated from Eq. 15, whereas, for C;, L;
and Ry, are obtained from manufacturer datasheet. This
mentioned value will be used in the simulation model that
bring together the class E ZVS inverter and the piezoelectric
transducer that supposed be as in the real applications.

1.004
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1.005 1.006 1.007 1.008 1.009

Simulation results: After the extension of the optimum
operation class E ZVS inverter with the equivalent electrical
circuit of piezoelectric transducer, the changing in output
voltageis expected due to the change of the total impedance.
In the optimum operation section, only pure resistive
impedance with the value 0f 93.442 Q is applied. However, in
this stage, the equivalent electrical circuit of piezoelectric
transducer consists of inductor, capacitor, static capacitor and
resistor that contributed to the overall variation in the
impedance value. Here, the previous ac load of class E ZVS
inverter, 93.442 Q is replaced with a complete of PZT
transducer equivalent circuit while the other components of
the inverter are maintained as shown in Fig. 10. The total
impedance value of PZT transducer equivalent circuit that
illustrated in Fig. 5 has been calculated and being used for
further analysis.

Figure 11 illustrates the ZVS condition of the simulation
result after the addition of PZT equivalent circuit. The
non-overlapping of the switch time intervals still maintained
as before. However, small distortion occurred at the switch
voltage waveform due to mismatch problem. Here, the
changed of resulted waveform due to the addition of the
PZT equivalent electrical circuit is expected. As compared
to Fig. 8 and 12 shows the output voltage that measured
at the total impedance of PZT transducer, not at the AC
load of inverter as in previous measurements. From the
obtained of v, = 3.85 V, in this stage, the simulation
model only managed to get 42.83 mW that based on
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Fig. 10: Class E ZVS inverter attached to a simplified PZT equivalent circuit
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Fig. 11: ZVS condition of the inverter with PZT attached

2
orms

Prutput R equation. With an efficiency of 53.53%, it is
moreover remote from the main objective. This major
reduction in the power output is mainly due to the mismatch
of impedance for optimum operation. From the first stage
simulation result, we obtained the load for optimum
operation is 93.44 Q, meanwhile in this stage; the total
impedance of PZT transducer is 173.06 Q. It is stated in
Kazimierczuk and Dariusz'® that if the value of load
resistance is higher than the optimum resistance, the
inverter will operates in the non-optimum region. This will
be improved using theimpedance matching technique that
described earlier.

4.1440

4.1450 4.1460 4.1470 4.1480

M

184

Stage 3: Optimum operation of class E ZVS with attached
piezoelectric transducer withamatchingimpedance circuit
Theoretical calculationresults: Some ofimportant equations
are outlined as Eq. 16-24 in order to obtain the matching
impedance circuit component's value. Table 4 displayed the
value of relevant components of the resonant circuit n1a. The
other component values in Fig. 10 are maintained as
calculated earlier. Meanwhile, the total impedance value of
173.6 Q will be used as load resistance of the circuit. The
circuit simulation model of stage 2 is modified to be similar as
an equivalent circuit for n1a matching circuit as shown in
Fig. 6.
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Fig. 12: Output voltage waveform at the PZT transducer

Fig. 13: Complete simulation model of transmitter unit

Table 4: Impedance circuit x1a component’s value

Component Values

G 516.67 pF
G 2.0407nF
R; 173.06 Q

Simulation results: From the component values in Table 4,
the model of complete transmitter unit that consists of an
inverter, matching impedance and piezoelectric equivalent
electrical circuit is simulated accordingly. Figure 13 displays
the complete model of the simulation for the transmitter unit.
The model observed to be less complicated due to the
simplified version of the piezoelectric transducer circuit as
compared to Fig. 5. Thus, the analysis and calculation will be
shortened and easier for the beginners in this field.

T
4.1430

185

T
4.1440

T T T 1
4.1450 4.1460 4.1470 4.1480

M

In order to achieve high efficiency inverter, the natures of
class E ZVS must be always satisfied. The non-overlapping
transition between the switch current and voltage waveforms
must be fulfilled all the time. This simulation result managed
to satisfy the ZVS requirement as elaborated in Fig. 14. In
Fig. 14, the simulation result also shown that the ZVS
waveform is successfully recovered as resulted in the Fig. 8
whereby the inverter operated in the optimum condition.
Therefore, it can be concluded that the high efficiency inverter
performance is feasible and achievable.

Asour main concerns, the output power that produced at
the pzt transducer as a load of the transmitter unit. This power
will transfer wirelessly to the receiving transducer at the
receiver unit. Figure 15 presents the output voltage that is
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Fig. 14: ZVS waveform of complete transmitter unit simulation model
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Fig. 15: Output voltage waveform of piezoelectric transducer load

measured at the PZT transducer. The inverter with complete
matching impedance circuit gives 10 V as peak-to-peak
voltage. With the PZT load impedance of 173.06 Q, the output
power obtained is 72.22 mW, which can be considered as a
better performance. This value is closer to 80.0 mW that being
aimed as the inverter output in this research. With the help of
an impedance matching circuit, the transmitter unit of this
AET system succeeded to gain 90.3% efficiency. This finding is
aligned with the proposed efficiency as suggested by Ozeri
and Shmilovitz*.

CONCLUSION

The performance of transmitter unit that consists of
class E ZVS inverter and piezoelectric transducer at the
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operating frequency of 416 kHz is studied, simulated using
Proteus and compared. The simulation of performance for
optimum operation of class E ZVSinverter, followed by adding
the piezoelectric transducer and lastly is ending with the
impedance matching circuit provides the guideline for those
that required such knowledge. The step-by-step and simple
designs are illustrated and shown that the feasibility and
capability of inverter to achieve a high efficiency power
conversion that can be improved by add in the matching
impedance to the existing circuit. The complete AET
transmitter unit managed to obtain 72.22 mW as the inverter
output power. As the main target of the study, higher power
conversion efficiency at the transmitter unit of 90.3% is
achieved and it is being calculated as the ratio of output
power to input power. The high efficiency performance is
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realized through the satisfaction of class E ZVS inverter
operation requirement throughout the simulation works.

NOMENCLATURE
g = Vacuum permittivity (8.85X1072Fm")
r = Radial of piezoelectric surface (m)
K% = Dielectric relative permittivity
h = Thickness of the piezoelectric (m)
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