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Abstract—This paper presents a generic representation of
the six switching sequences dc-dc converters based on
piezoelectric resonator. In addition, the estimation of
current density and voltage limitations of lead zirconate
titanate and lithium niobate resonators are given. A
comparison between these piezoelectric materials is
carried out. Then, we propose a lithium niobate-based
piezoelectric resonator design that reduces spurious
modes, while providing a quality factor of 3700 and an
electromechanical coupling factor of 255 9.
Experimental results demonstrate the operating principle
for input-output voltage of 60-20 V around 6 MHz for a
wide power range 2-32 W. A peak efficiency of 93.6 % is
obtained at 16 W. A power density of 128 W/cm? for the
designed resonator is reached for input-output voltage of
60-20 V.

Keywords—Piezoelectric resonator, DC-DC converter, soft
switching, power converters, Lithium Niobate, inductorless.

l. INTRODUCTION

Nowadays, the main challenge for miniaturization and
integration of power converters is reducing the volume of the
passive components, such as the capacitors and the inductors
contained wherein. To this end, increasing the frequency
enables reducing the energy converted by cycle, which allows
downsizing the passives elements [1]. While, semi-
conductors (GaN HEMT) offer a possibility to increase the
switching frequency regarding to conventional MOSFET,
reducing the volume of inductors becomes difficult by
maintaining low losses and their integrations is not
compatible with the actual process [2-3]. Power converters
based on capacitances ensure high power density and high
efficiency compared to magnetic converters, and their
integration is possible. However, their efficiency decreases
for a variable gain operation [4-5].

To overcome these limitations, one potential solution
consists of using piezoelectric components as a replacement
for the inductors and the capacitances [6]-[16]. Piezoelectric
components use the converse piezoelectric effect to convert
electric energy to mechanical form and the direct effect
allows converting mechanical energy to electrical one. So,
employing both effects enables using the piezoelectric
element as electrical-mechanical-electrical transducer. Also,
the piezoelectric ceramics provide an inductive behavior
between their series and parallel frequency, which enables
zero voltage switching (ZVS) and soft charging operations
[17]-[23]. In [17]-[24], the operating principle based on
piezoelectric resonators (PR) was explored and validated

experimentally for high and low voltage conversion and low
power levels (<200 W). These first results show a promising
future for the piezo-based power converters.

Some PZT ceramics were selected for their high quality
factor (Q) and their high electromechanical coupling factor
(k) [171-[19], [20], [26]. However, the PZT materials have a
high dielectric constant (£3;/&, = 1500) which induces a
high intrinsic capacitance. As a result, the current needed to
charge and discharge this capacitance over a cycle becomes
higher with increasing the operating frequency [19]. In [25],
Lithium Niobate (LNO) was introduced as an alternative to
PZT. This material provides a lower dielectric (g35/&, = 30)
and a higher quality factor than PZT, while it exhibits an
electromechanical coupling factor similar to the PZT
ceramics. Fig. 1 shows the figures of merit k2Q for some
piezoelectric materials, where, the efficiency is plotted as a
function of k2Q, considering the switching sequence
presented in [20-21], and taking into account only losses due
to the damping effect of the PR. The data are collected from
the datasheet of the suppliers. As shown, LNO exhibits the
highest k2Q and efficiency, making it a promising alternative
to PZT. The aim of this paper is to present a comparison
between PZT and LNO in terms of current density and
voltages operation, and presents a design of a PR based on
LNO.

This paper is organized as follow: in section 11, we present
a generic model of dc-dc converters based on PRs for
conversion cycle with six switching stages (can be also used
for four switching sequences). An example of the switching
sequence is given to verify the generic model. In section |1,
we propose an estimation of the current density as a function
of frequency with the operating voltage limits. A comparison
between PZT ceramics and LNO is proposed in terms of
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Fig. 1. Figure Of Merits of Piezoelectric Materials.
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Fig. 2. (a) Butterworth Van-Dyke equivalent circuit (BVD) [27], (b)
Geometry of the PR.

current density and voltage. Then, we propose a design of PR
based on LNO that enables to reduce the spurious modes. In
section 1V, experimental results are shown to verify the
performance of the dc-dc converter based on LNO resonator.

Il.  THE OPERATING PRINCIPLE

A. Generic conversion cycle and model

The piezoelectric resonator (PR) can be modeled using
the Butterworth VVan-Dyke equivalent circuit (BVD), shown
in Fig. 2a. This model is composed of a LCR branch that
expresses a mechanical behavior of the PR, in parallel with a
capacitance Cp. Within the inductive region, located between
the resonant frequency (LC) and anti-resonant frequency
(L(C/ICp)), the current i in the LCR branch can be assumed
sinusoidal thanks to the high quality factor of the
piezoelectric materials. Therefore, the conversion cycle is
composed of six stages, which alternate between connected
stage (Ve = constant) and open-circuit stage (i, =0), for
operation with variable conversion gain Vou/Vin [17-25]. The
connected stage allows exchanging the PR’s charge with the
source and/or load or zero voltage (short-circuit). The open-
circuit stage enables changing the voltage level of the PR by
using the soft charging/discharging of the capacitance Cp in
order to turn-on the switches in ZVS mode. So, we consider
a six stages conversion cycle, composed of three connected
stages and three open circuit stages; where the connected
stages operate at three voltage levels named V,, Vp and V..
These voltages can be the input voltage, the output voltage,
zero voltage or a combination of the input and the output
voltage. Then, we define three voltage levels {Va, Vb, V¢},
where:

e The voltage level V. and Vy are defined at each
polarity of the current i.
e The voltage level V. is defined at the same polarity
of the current i as Va,, which results that Q, and Q.
have the same polarity (the same sign).
e Each voltage level is defined during only a single
polarity of the current i (i.e., no reactive energy).
From these considerations, the charge and energy balance
(for lossless conversion cycle) are written by:

Qa+Qp+0Q:=0 M)
QaVa + QpVp +Q Ve =0 2

By suppressing Qp in (2) by using (1), we obtain:

(Va - Vb)Qa = (Vb - Vc)Qc 3)

In case Va >V, Vi >V; is induced because Q. and Qc have by
definition the same polarity, leading to the classification of:
Va>Vu>Ve. As V>V, the current i should be positive in the
half period where V, and V. are located, because we need to
discharge the capacitance Cp to go from V, to V. during the
open circuit stage between V, and V.. In the case where
Va<Vh, Vp<V¢, S0, we obtain the classification of the voltages
as: Va<Vu<Vc, and the current i should be negative, since we
need to charge the capacitance Cp during the open stage
between V, and V.. For both classifications, the voltage V is
always defined between V, and V.. Therefore, we can state a
positive power flow regarding to Vy by considering:

(a) A positive power flow is taken under Vy, in this case,
we introduce the factor S that is equal to 1 for the
classification: V¢ < Vp<V..

(b) A positive power flow is provided from Vy, in this
case, we define the factor g equal to -1 for the
classification: Vo<V < V..

These two configurations can be merged into a single
representation by using the factor g that is multiplied by the
voltage Vp and the current i, which is leading to a single
classification BV: < BVb < BVa. Fig. 3 shows the steady-
state generic conversion cycle, with Vp the voltage across the
piezoelectric and i the current. The voltage extremum Vs
(respectively Vausie) is required between the connected stage
V¢ and Vy (respectively between Vp and Va) to ensure the ZVS
conditions, when one end of the PR is floating. If yields that,
for a given voltage levels triplet {Vi, V2, Vs}, the
construction of a conversion cycle needs firstly to identify the
median voltage of {Vi, Vi, Vs}, named V;, and the

parameter 3 that determines the power flow as follow:

Vp = median{Vy, V, V3}
{ B = —sign(Qv,) (4)

Once B is known, Vi Vp and V. are then immediately
identified by:

BV = max{BVy, BV,, BV3}
BV, = median{BV;, fV,, BV;} (5)
BV, = min{pV;, BV, BV}
The amplitude | of the current in the motional branch of the
resonator is given as a function of the switching sequences:
_ Br

N (ap-ac)+(ag—ac)Ao

Iaut + Icircul = Iuseful + Icircul (6)

Ve=Vp

where A, = ”

B(Vzvsis—Vzvsie)
v and Leircu =

c 2
I.irc 1S the amplitude of the circulating current required to
charge and discharge the capacitance Cp over a period, this
amplitude of current is required even with no load. lyseur is the
amplitude of the current required to supply the output load,
which depends on the switching sequence and the load lou.
The parameter a,(respectively a,, a,) is defined regarding
to Va (respectively Vy, V¢) by :

Crw .



a, = —1, if V, contains (—V,,;)
a, = +1, if V, contains (+V,y;)
a, =0, otherwise

The amplitude 1 is the key parameter for the design of the PR
in order to fit the requirements in terms of power and input-
output voltages. The charge factor K in [20], can be expressed
by:
K = (ap—ad+(@a—ac)Ao (7)
2B

The current amplitude | and the K-factor expressions can be
validated through the examples explored in [17], [19-20]. The
output current is written as a function of the switching
sequence by:

lout = 5::: =- <(aa - ac) + (ab - ac) Z::;t) % (8)
where Q, = 8 i (cos(wtj) — cos(wty)).
The output current is directly proportional to Qa, which
depends of the BV, stage duration [t3’, t4], as shown in Fig.
3. Finally, by controlling ts, we can regulate the output
current value, as illustrated in [21]. Therefore, the presented
generic conversion cycle enables to:

e Give a single representation of the conversion cycle.

o Identify the unique switching sequence for a given
voltage levels regarding to the conversion cycle.

e Achieve a fast calculation of the estimated current |
and lout.

o Give the feasible conversion gain ratio.

B. Example of implementation of switching sequence

To verify the presented generic model, we can take as an
example a step-down dc-dc converter (Vin>Vou) that operates
at these three voltage levels {Vin-Vou, Vou, 0}, explored in
[20]. Therefore, Vg can be equal to Vin-Vout OF Vour. In case of
Vout >Vin-Vau, then Vp is equal to Vin-Vou. Therefore, a
positive charge is supplied to the PR under V, so, the sign of
Qyyp is positive which leads to g = —1. Hence, {Va, Vb, Vc}
are deduced as below:

BVe = max{—Vin = Vour), —Vour, 0} = 0
ﬁVb = median{_(Vin - Vout): —Vouts 0} = _(Vi - Vout) (9)
BV = min{=Vin, = Vour), —Vour, 0} = —Vour

This switching sequence gives a classification of -Vou<-(Vin-
Vou) <0, which induces to an operating condition of
Vour<Vin<2Vout. The amplitude of the current is in this case:

Ve Vi
I = T[;TI:Iout + #n Crw = Iysepur + leircu (10)

wherea, =0,a, = —1,a, = 1.

In case of Vou< Vin-Vou, Vp is equal to Vou. Therefore, a
positive charge is taken from the PR. As a result, the sign of
Qv should be negative leading to B = 1. Thus, the triplet
{Va, Vb, Vc} are defined as follow:

BV, = median{Vi,, — Voue, Vour, 03 = Voue (11)

{ BVa = max{Viy, — Vour, Vout, 03 = Vin — Vour
BV = min{(Vip, — Voue), Vour, 03 = 0

deformation |
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Fig. 3. Generic conversion cycle.

In this case, the voltages are classified as 0<Vou<Vin-Vout
leading to 0<2Vou<Vin, and the amplitude 1 is then deduced
directly as:

Vou Vin
I=m (1 - v t) Iout + T CP(U = Iuseful + ICircul (12)

m
wherea, = —1,a, = 1,a, = 0.

The presented generic conversion cycle can be validated
as well through the enumerated switching sequences shown
in [19-24].

I11.  LITHIUM NIOBATE PR: DESIGN AND FABRICATION

A. PR model

The electrical parameters of the PR based on the BVD
circuit (see Fig. 2a) are linked to the physical properties and
geometry of the PR. Equations (13)-(16) give the electrical
parameters as a function of the physical properties and
geometry for an ideal rectangular plate and a disk operating in
thickness extensional vibration mode [28], as shown in Fig.
2b. The BVD model can be determined as a function of the
resonator proprieties and the designed geometry: the area
A=ab (or zD?%4 for disk shape) and the thickness th of the PR:

A A
Cp = €33 * P e33(1— k32,3); (13)
_ 8kiscp
- m2-8k3, (14)
_ th?p
" 8CpkEYR (15)
Rp = _Zﬂéfr (16)

where k?s; is the electromechanical factor, Q is the quality
factor of the material and illustrates the mechanical losses. p
is the density of the material in kg/m?, and Y3 (N /m?) is the
Young’s modulus of the material at constant stress. The
equivalent impedance of the PR (Zgr) is then given by (17):

. Rp+i21'[Lf<1—(fTr)2>

. 2
Jj2mfcp RP+L'2TL'Lf(1—(f—?r) )

Zpr(f) = (17)

where f; is the resonant (series) frequency and far is the anti-
resonant (parallel) frequency [17].
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B. Density of the current and limitations

As demonstrated in [19], [29], the amplitude of the
current | is mainly related to the area of the PR in thickness
extensional mode which is therefore the key element for
designing the PR. However, this current density j(f) is given
for a fixed operating frequency. By using the experimental
results in [19], the current density can be empirically
estimated by (18) for PZT ceramics:

f
J() = Jo x 10°7 140 (18)

where, j, =1A/cm*@ f, = 1 MHz for the PZT C-213
from Fuji Ceramics. This expression states that the current
density scales by a factor five per frequency decade.
Assuming that the current density of LNO + 36° Y-cut
evolves according to the same law, Fig. 4 shows the
evaluation of the current density as a function of the
frequency. For LNO, we consider the current density of j, =
1 A/cm? at 6 MHz that was reached in [25]. Consequently,
LNO provides a lower current density than PZT at same
frequency. Assuming the current density expression (18), we
can then derive the expression of the maximum voltage
applied Up,4. (f) on the PR when all the amplitude of I is
used to charge and discharge the capacitance Cep (i.e., 1=lcircu),
and when the operating frequency is near to the anti-resonant
frequency (open circuit operation). Therefore, the voltage
Unmax (f) gives an upper limit of using the PR as function of
f even without load, where U,,,,, decreases linearly with 1/f

(i.e., Upaxr @ 1/f asj af ).

= = ar) _ JUar)
Umaxor = far) = 27Cp far = 2nf2y

(19)

wherey = &35 [4p/Y3s , as YA = 4pf2th?, [28].

However, for an output load, the current luseu i not zero (i.e.,
luserur 1S the amplitude of the current required to supply the
load). It depends on the output load, as seen in (6). So, we
need to reduce lgircur (i-€., lcircur is the amplitude of the current
required to charge and discharge the Cp over a period),
because | is constant as it is determined by the physical
proprieties and the geometry of the PR. Thus, to reduce lgircul,
we can reduce the voltage applied on the PR, (6). Therefore,
we define U, (f) that gives the minimum circulating

TABLE I. Comparative between LNO and PZT at the
same current density.

Nt (MHz.mm) c(mm) f, (MHz) Jo(A/lcm?)
LNO+36°Y-cut 3.3 0.5 6.6 ~1
PZT 2 2 1 ~1

current while luserul is maximized, which leads to an operating
frequency that is taken slightly higher than the resonant
frequency, because if f=f,, Zpg is then equal to Re.
Consequently, the PR is only resistive and no energy is
transferred to load. Therefore, we define a phase shift
&pg caused by the mechanical losses near fr, while the PR still
inductive, which is given by (20), obtained from the
impedance Zpr.

2an(1—(ff—r)2) — 2an(1—(%)2) (20)

Spg =m—tan™? -
P P

For a high quality factor material (i.e., -2nLf(1 — (f,./f)?) >
R, ), the equation (20) can be simplified into a function of Q

and 1 = %assuming A>1:
_ 1

Ql(l—(%)z) (21)
By imposing a phase shift (loss rate tan p5)), we can deduce
A by solving the following equation:

tan dpp

22— (Qtanpgr)™* 1—1=0 (22)
Once 1 is solved, we can determine U,,;, by computing:
Unin(2f,) = 1(2f,)Zpr(2f,) (23)

In Fig. 5, we have plotted the maximum voltage Umax on
the PR when the maximum current | that the piezoelectric can
sustain is only a circulating current, and the minimum voltage
Unmin that enable to reach that same maximum current I. That
last one operating voltage minimizes the circulating current
while maximizing the useful current. This plot is done for a
PZT C-213 operating in thickness mode, considering a
quality factor of 2000 and a loss rate of 2%. The filled area
corresponds to the operating area where the physical
maximum current density is reachable and not exceeded.
Indeed, for a given frequency, increasing the voltage
increases the circulating current while the useful current
decreases as the current amplitude | is constant, since |
depends only on the material’s proprieties. Also, the filled
area decreases with the quality factor and increases with
increasing the loss rate. This plot can be crossed with the
dielectric strength of the material (i.e., U=EndNi/f, where Nt is
the frequency thickness constant of the piezoelectric
ceramic). As shown, when increasing the frequency, the
voltage decreases, what limits the operating points in terms
of voltage (for instance: at 10 MHz , U=[0.5 V, 25 V]),
limiting the downsizing of the PR, due to the high dielectric
constant of PZT, (19). Therefore, using LNO with a lower
dielectric constant, a higher quality factor and coupling factor
could be an alternative at higher frequency and high voltage
operation. Indeed, as shown in Fig. 6, LNO voltage operating
range is shift in higher voltage than the PZT (for instance, at
10 MHz, U= [14 V, 258 V]), which illustrates a good
potential of utilization at high operating frequency (>1 MHz)
for usual < 600 V voltage range operation.
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To sum up, these plots enable to design a PR regarding to
operating conditions {P, f and V}, by considering a
distribution between the circulating current (f, V) and the
useful current (P or low).

C. Lithium Niobate resonator: Design and fabrication

Lithium niobate is an anisotropic material [30]. Therefore,
the piezoelectric constant (ds3 in C/N) and the dielectric
constant of the material depend on the orientation of the
piezoelectric crystal, as illustrated in [31]. In this work, we
have selected lithium niobate +36°Y-cut plates (promoting a
quasi-extensional vibration mode) because it offers a good
compromise between obtaining a high piezoelectric
electromechanical coupling and a low dielectric constant (i.e.,
low Cp leading to low lcircur). Also, we aim to fabricate a PR
for a low voltage operation (< 100 V) and exhibiting a
resonant frequency around 6 MHz. The PR is fabricated from
a double-side polished 4 inch commercial black-LNO +36°Y -
cut wafer with a thickness of 0.5 mm + 20um (black wafers
allow reducing the pyroelectric effect of the material during
the fabrication process), from the supplier Yamaju Ceramics.
On both sides of the wafer, 2 um-thick aluminum electrodes
were deposited by evaporation and then patterned by wet
etching. Fig. 7 shows the fabricated wafer after wafer dicing,
with two resonator shapes. Deported electrodes are used at the
top and bottom of each samples for the electrical contacts with
the PCB board, in order to reduce the impact of the mechanical
fixtures on the PR’s mechanical behavior. The two types of
devices have the same active area, which is ~5 cm2.

D. Impedance plot

Fig. 8 shows the impedances of the PR obtained by using
an impedance analyzer. For the measurement, the PR have
been mounted on PCB as shown in Fig. 9a. The electrical
contacts are made by using wire bonding at the top and
bottom of the deported electrodes. In addition, the measured
impedances of the PR are compared to the theoretical model
(the fundamental mode) that is plotted in dashed curves,
revealing a good agreement with the fabricated prototypes.
However, as shown in the Fig. 8a, the rectangular PR exhibits
spurious modes within the inductive region due to lateral
vibration modes, which create a discontinuity in terms of the

—#— Umax @ I = Lircutmax
—&— Umin @ I = Lyseputmazr + Leircutmin
10 '

107! 10° 10°
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Fig. 6. Voltage limits comparison between PZT C-213 in cyan color
and for LNO +36°Y-cut in gold color, for Q=2000 and tan 8p; = 2 %.
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Fig. 7. Fabricated wafer LNO +36°Y-cut.

TABLE II. Electrical model of the PR for the

disk shape.
parameters Calculated Measured
£33/€ 36.64 37.4
Cp 315pF 325pF*
c 72.2pF 84.5pF
L 8.75uH 7.6pH
R, 33mQ 80 mQ**
fr 6.3MHz 6.281MHz
far 7.03MHz 7.1MHz
Zre* 0.24 0.255
Q 1Q***x 3700
kQ 2400 955

* Cp=325pF is measured at outside of the resonant frequency 3fr
around 18MHz. The measurement of Cp is provided with an accuracy
of +/-10%.**Rp is measured at the series frequency fr.***k is the
coupling factor for disk shape resonator for thickness mode and taken
insteade of kss.****Q is not given by the supplier, so we have
approximated Q by Q= 10'/f; [30].
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operating points as the power is depending on the frequency
[24]-[25]. Nevertheless, these spurious modes can be
attenuated by using a disk shape PR. Indeed, in Fig. 8b, the
disk shape resonator exhibits a lower spurious mode content
in the inductive region.

From the plotted impedance and using (24)-(27), we have
extracted the equivalent electrical circuit for the disk
resonator, shown in TABLE Il. Indeed, TABLE Il shows a
good accuracy between the equivalent electrical model
parameters obtained from the theoretical equations and from
the experimental impedance. The designed PR provides a
high quality factor of 3700 and high coupling of 25.5 %,
which gives k2Q of 955.

K3 =Sl cot (32 (24)
= (25)

L= e (26)
Q=3F @)

Active area ||

Fig. 9. Photograph of the mounted PR on PCB phi-board (a), and
of the circuit board (b).

Fig. 10. Circuit topology.

IV. EXPERIMENTAL RESULTS

In this part, we have integrated the fabricated PR into a dc-
dc converter. The prototype is described and experimental
results are exhibited to validate the operation of LNO based
PR in dc-dc converters.

A. Topology and setup

The topology of the dc-dc step-down converter is
presented in [19], and shown in Fig. 10. In this paper, we
focus on the switching sequence presented in section 11.B and
[20]. Therefore, only S1, S2, S4 and S5 are used to operate
with the switching sequence {Vin-Vou, 0, Vou}. Fig. 9
presents the mounted PR on PCB phi-board and the main
circuit board. The circuit is based on two layers of copper of
1 oz and a size of 11x9 cm?2. The GS66504B was taken for
the switches with the gate driver SI8271. The switches are
driven by Vgs=+5 V/-2 V. The equivalent model of the PR is


https://gansystems.com/gan-transistors/gs66504b/

shown in TABLE Il. The PWMs are generated by a PLL
clock implemented on FPGA (XC7A35TICSG324) with a
precision of 1 % of the resonant period, so, the angular stages
are conserved while the frequency is tuned. The timings are
pre-calculated by using the analytical model presented in
[19], [24] and solved at the center frequency between
resonant and anti-resonant frequency, and then tuned to
ensure soft switching and soft charging.

(@): Vin=60 V, Vou= 20 V, Pout = 4 W+/-10%, f = 6.632
MHz,n =72 %.
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Fig. 11. Experimental waveforms of PR’voltage at differents

power levels for switching sequence {Vin-Vou, 0, Vou}.
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B. Waveforms

As mentioned before, we use the switching sequence
{Vin-Vau, 0, Voui}, whose theoretical waveforms are shown in
[20], [25], with corresponding timing {to...ts} shown in Fig.
3. Fig. 11 shows the evolution of the experimental
waveforms of the voltage across the PR at different power
levels, and for an input voltage of 60 V and a gain ratio of
1/3. Vp+ and Vp- are the voltages at the ends of the PR (as
shown in Fig. 10), and Vp is the voltage across the PR
determined by Vp= Vp+—Vp.. As shown in Fig. 11, voltage
oscillations can be observed due to the parasitic inductance in
series with the PR. These oscillations can be reduced by
optimizing the routing on the PCB. By increasing the power,
the frequency decreases and the timing of the connected
stages increases while the open stages decrease. Indeed, for
Pout = 4 W, the connected stages time-duration is very low as
the amplitude of current I is low. However, by increasing the
output power, the time duration of open stages decreases as |
increases, which enables changing voltage levels briefly. As
illustrated in Fig. 12, the PR can operate at low (Pout = 2 W)
and high power (Pout = 32 W), which gives a wide range of
operating power. Indeed, for the PR based on LNO that has
been used in [25], the minimum output power was 18 W, as
the designed PR in this case provided spurious modes in the
inductive region, limiting the power range operation.

C. Efficiency

Fig. 12 shows the efficiency as function of the output
power for a wide power range of [2- 32 W] for input-output
voltages of 60-20 V. As illustrated, the power converter
shows a good efficiency; with a peak efficiency of 93.6%
reached for 16 W. The efficiency is lower than expected, due
to losses induced by turning-on the switches, which are not
being turned on exactly with a ZVS mode. Indeed, the timing
control has a precision of 1 % of the period deriving from a
PLL clock of 600 MHz, for an operating frequency around 6
MHz. This precision is however not enough to ensure a
perfect ZVS mode and soft charging. Furthermore, the
voltage oscillations make it difficult to turn-on the switches
with ZVS modes. Yet, the efficiency is higher than 85 % over
a wide power range and expected higher with an optimized
control.

V. CONCLUSION

In this paper, we have presented a generic model of dc-dc
converters based on piezoelectric resonators. Then, we have



proposed an estimation of the current density and voltage
operating limits of PZT and LNO. A design of PR based on
LNO is proposed, achieving a quality factor of 3700 and a
coupling factor of 25.5 %. In addition, the proposed design
enables to reduce spurious modes which allows to operate on
a wide output power range. The designed PR enables to
operate for an output power range of 2-32 W for input-output
voltage of 60-20 V. A peak efficiency of 93.6 % is achieved
for an output power of 16 W. As demonstrated, LNO enables
operation at higher frequency and/or higher voltage compare
to PZT material while ensuring high coupling and quality
factors. Also, the designed PR provides a power density of
128 W/cmz for 60-20 V input-output operation. The study of
this material will be deepened in future work to reach its
limits.
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