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Abstract

This document introduces a new resonant inverter topology based on the @2 inverter. This new topology
uses multiple resonance to pass fundamental and third harmonic at the switch terminals by filtering
second harmonic with a piezoelectric component. This helps to reduce the voltage stress on the switch.
Adding a piezoelectric resonator allows a better frequency stability and a better performance than a
classic LC circuit. The structure and the design of the topology are described. Experimental results
demonstrating the feasibility of the topology and a comparison with simulation results are done. The
prototype works at 1.4MHz for an input voltage of 20V, an AC output voltage of 20V and an output
power of 15W.

1) Introduction

Volume, weight and efficiency are major requirements of many modern power applications. Switching
at high frequency allows answering to power density criteria by reducing exchanged energy per cycle
and then the value and the size of passive components. The paper introduces a new topology of inverter,
which uses a piezoelectric component to reduce the voltage stress on the switch. The frequency stability
and the high quality factor of the piezoelectric resonator are very interesting characteristics for HF
converters.

Section 2 develops the operating principle and the design of the inverter. Section 3 presents a validation
of the design with simulations and experimental measurements for an inverter operating at 1.4MHz,
with a DC input voltage of 20V, an AC output voltage of 20V and an output power of 15W. Additional
tests are carried out experimentally by replacing the piezoelectric resonator with its equivalent in passive
L-C components. Finally, section 4 concludes this work.

2) New topology of inverter: class L-Piezo
a) Working principle

The class L-piezo is a single transistor inverter but also a resonant Zero Voltage Switching (ZVS)
topology. The components of the inverter are tuned to minimize the voltage stress across the transistor.
It is closely related to the class ®2 inverter of [1] [2], but the second harmonic filter is replaced by a
piezoelectric component as illustrated in fig.1 .
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Fig.2 Voltage and current waveforms of
class L-Piezo

Fig.1 Class L-Piezo

This piezoelectric filter resonates at twice the switching frequency. It allows having a better stability in
frequency and a better quality factor (>1000) than a LC circuit (<100). A piezoelectric resonator can
decompose into an equivalent electric model around one of its resonant frequencies. Fig.3 shows the
electrical model of a piezoelectric component operating around its resonant frequency as described in
[3]&[6]. Co is the blocked capacity of the resonator, Lm, Cm and Ry, are the motion branch, which are
the electric representation of piezoelectric deformation.
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Fig.3 Electrical model of piezoelectric resonator
b) Methodology of design
e Characterization of piezoelectric resonator
The design of this inverter begins by the characterization of the piezoelectric resonator. The first variable
to be fixed is the frequency f;. It should be twice the switching frequency. It defines the piezoelectric

size Ly, in the vibrational mode direction xx thanks to the frequency constant of piezoelectric material

Nix 1n the direction xx.
N XX

=l

After this, the electrical model parameters of the Fig.3 can be deduced from piezoelectric material
properties and sizes.

The blocked capacitance C, for a piezoelectric disc [4] is:
CO = gT' 80.?
With:
- €9: vacuum permittivity (g5= 8.854x107'* F/m) - A: electrode area (m?)

- g relative permittivity - t: inter-electrode distance (m)

The coupling factor k. represents the quantity of electrical energy transformed into mechanical energy
and vice versa, it is directly linked to the material property. From this coupling factor, the capacitance
Cnm can be deduced from Co [4].



By using the resonant frequency f;, L, can be calculated [4] :

1

L, = -
™o Qumf)2.C,p,

Finally, the last component to calculate is Rm, representing the losses of the piezoelectric resonator.

Based on the quality factor Q, Ry, can be expressed by [4] :

R = Q.m. ). Ly,
" Q
e Design of output loop
The output loop designates components Ls, Cs and the load Rigad show in Fig.1.

The load Ricad can be calculated with the output power Pioaq and the output voltage Viead. Vicad 1S an ac
voltage with an amplitude equals to Vin, so the rms value of this voltage is Vipqq eff = % and hence:

R = Vi
load — Z-Pload

As the topology is close to the class @2 inverter [2], the same sizing equations can be used for this part.
The LC circuit (L, C), has multiples functions: it is used as impedance divider with the load, as filter
to keep only the fundamental of Vs at the switching frequency, and it is also a dc blocking to obtain an
ac voltage centered around OV at the output.

In [2], the reactive interconnect X can be designed using the effective value of the fundamental

component of Vg voltage and the effective value of load voltage: X = Rjpq4. (M)Z — 1, with

Veh eff
4
Vds_eff = vz Vin and Vload_eff = Pioad- Rioaa

Afterward, L, can be obtained by Ly = % and C, with the resonance between Ls and C, that must
It-J switch

fit with the switching frequency.

e Input inductor and ZVS

1

2 £2
9.1 'fswitch' 0

The value of Ly is estimated by using the equation Ly = which is detailed in [2], but this

value is not very accurate.

This equation is a good starting point but the value obtained does not allow optimal operation of the
inverter. In fact, a fine-tuning on the value of Ly is necessary, to have desired waveforms insuring the
Zero Voltage Switching (ZVS) condition on the switch.

3) Validation of the design

To simulate this inverter, it was decided to take a real piezoelectric resonator and characterize it before
integrating its parameters into the simulation. The choice of the resonator fell on a component from
FUIJI Ceramics [4]. It is a piezoelectric disc of Lead Zirconate Titanate (PZT) C-213 with a diameter of
25mm and a thickness of 0.75mm, same material as used for power conversion in [7] with the benefiting
of a high k?Q figure of merit (k=0.48 and Q=1280). For this application, we use the material in thickness
mode, with a first thickness mode resonance of 2.8MHz. It filter the second harmonic on the transistor.



Based on the equations of the previous part and the datasheet values of the C-213 material and the
material geometry, the estimated parameters of the piezoelectric resonator are:

Component Value
Lin 1.53uH
Cn 2.11nF
R 215mQ
Co 9.16nF

Table I: Characterization of a PZT resonator by calculation
a) Validation of the piezoelectric model

A measurement with an impedance meter is done to validate the model of piezoelectric resonator around
the resonant frequency.
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Fig.4 Impedance of a piezoelectric resonator around one of these resonant frequencies

To find capacitor Cy, we just measure the impedance at a point far from the resonance frequencies, where
the impedance is capacitive 1/(Co0).

At the resonant frequency, the LC branch impedance tends to zero, which allows us to measure the value
of the resistance Ry,.

Rm =Z(f)
Finally, C,, and Ly, can be calculated using the resonant and antiresonant frequency:

1
Lm - @m.fr)2.Cm

_ fa)?
Cn=0Co.({=) —1) and
fr
To characterize the piezoelectric resonator, a WAYNE KERR 6500B impedance analyzer is used.
For the piezoelectric resonator selected, we obtain the following characteristics:

f,=2.80MHz f.=3.12MHz Z(f;) =225 mQ

The following values are therefore obtained for the characterization of the piezoelectric resonator:



Components Values
| 1.6pH
Cn 2.02nF
R 241mQ
Co 8.6nF

Table II: Characterization of a PZT resonator by experimental measure

The values obtained by calculation and by measurement are very close, which validated the material
parameters given by the manufacturer datasheet.

b) Simulation

A design of the inverter was done for a switching frequency of 1.4MHz, a dc input voltage of 20V, an

ac output peak voltage of 20V and an output power of 15W. A LTSpice simulation have been made with
these components values:

Components Values
L¢ 820nH
Electrical model :
Piezoelectric resonator Co=8.6nF, L, = 1.6uH,
Cm =2.02nF and Ry, = 225mQ
L 1.2uH
Cs 10nF
. GaN model of GaN Systems :
Switch GS61004B
Rload 18Q2
Table III: List of component for the 1.4MHz L-Piezo inverter with Vi, =20V, f=1.4MHz and
Pload=15W
V(ds) V(in) V(load) V(gs)
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Fig.5 Voltage waveforms of class L-Piezo

The simulation presented in Fig.5 shows that the maximal value of drain-source voltage (Vgs) is 42V,
that corresponds to twice the input voltage Vi,. The load voltage is an ac voltage between 24V and -

24V. The voltage Vg (0-5V) commands the inverter. The Fig.5 shows that the inverter operate in ZVS
to limit the losses in the switch.

The simulation shows that a class L-piezo can be functional and efficient even if some parameters are

fixed by the piezoelectric material properties, like the ratio of C/Co, which is limited by the coupling
factor of the material.

In the next part, we propose to check experimentally the good operation of this L-piezo converter.



¢) Experimental results

The L-Piezo inverter was implemented on a two layer PCB made in CEA Grenoble and using a C213
FUIJI piezoelectric resonator, the transistor reference is GS61004B from GaN Systems [5], inductors

and capacitors are from WURTH.

Components | manufacturers References
L¢ WURTH 74477450082
Piezoelectric FUIJI ceramics C213
resonator
Transistor
GaN GaN Systems GS61004B
74437356010
Laiz WURTH | 544373560022
Cs WURTH 885012206089
Driver Microchip | 10459 AvoA
Technology

Table IV: List of references for experimental

class L-Piezo
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Fig.8 Simulated and experimental waveforms
of load voltage of inverter stage (Vioad)
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As shown in Fig.7 and Fig.8, the drain to source voltage (V) and the output voltage of inverter stage
(Vicad) waveforms are in good agreement with simulation waveforms. The maximum value across the
GaN switch is 50V. The parasitic ripples on the GaN voltage (Vg4s) and in the output voltage (Vi) is a
strong harmonic that look to be produced by the parasitic inductance of the wires that connect the
resonator to the electronic board.

In the following part, we propose to compare our L-piezo inverter with a conventional class @2 inverter.
The components of the conventional class @2 inverter are sized in order to have a similar behavior.

d) Comparison between L-Piezo and an artificial L-Piezo made with L-C passive filter

To complete the study of this new converter, we compare its performance by replacing the piezoelectric
resonator with its equivalent in L-C passive components.
The goal is the comparison between an L-C passive filter and a piezoelectric filter.



Equivalent L-C Values Manufacturers References
components
Ln 1.6pH WURTH 74405031015
Cnm 2.02nF KEMET C0805C202J1GACTU
Co 8.6nF TDK CGA3E1C0G2AR22J080AE

Table V: List of references for equivalent L-C component

As for the simulation, it was carried out by including the losses of all the components included in Table
IT using the model spice provided by the manufacturers. However, the losses due to the parasitic
inductance of the circuit and connections are not taken into account in the simulation.

The input voltage has an effect on the output power, so the efficiency was calculated for different values
of Vin.

92

90 & o
—

_ 88 ——— — — — e
X s ——
386 $— E— ik
S S | ===
oL —— =
& ey 8
) 1 © g

\

~
0o

5(1W) 10(5W) 15(8W) 20(15W)
Input voltage (V)

—a— |-Piezo simulation —@— L-C Filter simulation —d&— L-Piézo prototype —@— L-C filter prototype

Fig.9 Efficiency comparison between L-Piezo simulation, L-C filter simulation, L-Piezo prototype
and L-C filter prototype in the 5V< Vi, < 20V range

At nominal input voltage (20V), with an output power of 15W, the efficiency of the complete L-Piezo
inverter is 86.05%, lower than the simulation (91.19%) because some losses are not taken into account
in the simulation such as parasitic elements of the PCB, connection losses or the thermal effect on the
components.

All the four efficiency curves have the same shape. However, the L-piezo has a better efficiency than
its equivalent L-C filter (83.08%). This performance gain is due to the piezoelectric material having a
high quality factor compared to a conventional LC circuit. Indeed, inductances have a low quality factor
which penalize the global quality factor of the L-C filter (Qpiczo= 1280, QLm=55). This can be confirmed
by the fact that the gap between the two simulations and the two prototypes is the same. These results
validate the initial hypothesis concerning HF converters incorporating piezoelectric materials.

4) DC/DC converter
To push the topology further, a rectifier has been added to obtain a DC / DC converter.

a) Class DE rectifier

The chosen rectifier is a class DE resonant rectifier [8] [9]; its circuit is shown in fig.10. This rectifier
is a zero voltage switching rectifier topology with a low diode voltage stress.

When the diode D is in conduction, the C. capacitor is charging and a DC voltage appears across it.
Afterward, D2 goes into conduction and charge the filter capacitor Cou. Cc and Cou have a large value
so their impedance is negligible at 1.4MHz. Schottky diodes are chosen for D; and D> in order to avoid
reverse recovery losses. The shunt inductor L, resonates with diodes junction capacitances (Cq; and Ca)
at the switching frequency. The goal is to obtain an equivalent global resistive impedance. The output
voltage of this rectifier is equal to the pic-to-pic of the AC input voltage.
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Fig.10 Class DE rectifier

The Fig.11 and Fig.12 show the current and voltage waveforms of this rectifier. The maximum diode
voltage stress is equal to twice the maximum of AC input voltage (here 40V), which is the value of
rectifier output voltage.
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Fig.11 Voltage zsg%f:rrms of class DE Fig.12 Current waveforms of class DE rectifier

b) Matching network

The class L-Piezo inverter work with a fixed resistive load. The class DE rectifier has a global resistive
impedance but the value of this impedance is not the same as the inverter load. Therefore, a matching
network is necessary to obtain a good working of the DC/DC converter [10].

Class L-Piezo Class DE
inverter rectifier

(@)
|
]

Fig.13 Matching network
In Fig.13, the inductance L, is calculated to have a global rectifier impedance equal to the load inverter.
The capacitor C,, resonates with L, at the switching frequency, which allows the matching network to
have a resistive impedance.

¢) Experimental results on the full DC/DC converter

Input voltage and input current waveforms of the class DE rectifier are shown in fig.14. The resistive
behavior of the class DE is highlighted by the fact that the input voltage and current are in phase.
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Fig.14 Input voltage and input current of the experimental rectifier

Diodes use for the class DE rectifier are VS-8TQO080S-M3 schottky diodes from Vishay. As visible on
Fig 15, the converter output voltage has a similar value to the one simulated.
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Fig.15 Simulate and experimental waveforms of output voltage (Vou)

At 20V input, the efficiency of the class DE rectifier is 90%, so the global efficiency of the full DC/DC
converter at nominal input voltage is 77.4%.

5) Conclusion

This document presents a new resonant inverter, that we call L-Piezo inverter. It takes advantage of the
frequency stability and the high quality factor of a piezoelectric resonator to filter the second harmonic
of the @2 inverter. This allows to obtain a ZVS inverter with low semiconductor voltage stress.

The structure of the proposed topology is described, and a design procedure is introduced. Experimental
results demonstrating the good operation of the new L-Piezo topology are also presented for a 1.4MHz,
20V, 15W converter. The waveforms provide by the experimental tests are closed to the one obtained
in simulation and it validate the feasibility of the topology. The replacement of the piezoelectric
resonator by its equivalent in passive component shows the importance of having a high quality factor
to reduce the losses. This topology can be adapted to make a DC/DC converter by adding a suitable
rectifier. A better integration for the resonator on the PCB can be done to reduce the parasite inductance
and losses. In perspective, we aim to rise the input voltage and the switching frequency of the converter.
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