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ABSTRACT 
This paper studies the impact of disc-shaped 

piezoelectric resonator dimensions on a non-isolated 

inductorless piezoelectric DC-DC converter. An 

analytical model, linking geometrical parameters to output 

power and efficiency is introduced. This later reveals the 

benefits of reducing the thickness and diameter of the 

piezoelectric disk. Five piezoelectric discs with different 

dimensions are tested and compared in experimental 

works, giving very high efficiency up to 98 % and output 

power up to 1.7 W. An exceptional power density of 366 

W.cm-3 was measured at 450 kHz for a 25-30 Volt 

conversion with an efficiency of 81%.  
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INTRODUCTION 

 Many power electronics DC-DC converters require a 

bulky magnetic inductance to store and release energy at 

each switching period. Piezoelectric-based converters 

have proved to be a very good alternative for high-gain, 

low-power converters [1]. For low-power range (until 

some dozen of Watts) piezoelectric elements have 

inherent advantages compared to magnetic such as a very 

high quality factor leading to very high efficiency, a 

planar shape, a high-power density, low EMI radiations 

[2] and should be suitable for integration in silicon . The 

converter described in Figure1 and first presented in [3], 

[4], has the particularity  of using the piezoelectric 

material as an energy storage element, contrary to most 

common converters with piezoelectric transformers. It has 

the advantage of being inductorless, working in zero 

voltage switching (ZVS) mode (no switching losses) and 

keeping high efficiency for a very wide range of output 

ratios and output powers, always driving the system at 

resonance.  

 
Figure 1: Inductorless DC-DC piezoelectric converter. 

 

Its principle consists in applying to the piezoelectric 

transducer the conversion cycle depicted in Figure 2 in 

which an amount of energy is withdrawn from the input 

source (Vin), stored temporarily and released to the output 

source (Vout). In a steady state, there is, at each cycle, an 

energy balance (the taken energy equals the released one), 

a charge balance and ZVS operations.  

 

Figure 2: steady state step-up conversion cycle. 

For a given piezoelectric resonator, very promising 

efficiencies have been reported [4] but only one 

piezoelectric resonator was tested. The impact of the 

material thickness and diameter is only partially 

mentioned but not fully developed. However, 

understanding their role is essential to properly design the 

piezoelectric transducer. This work is based on the 

analytical model presented in [4] for a step-up converter 

but the resonator thickness and diameter are added in the 

model. Five different piezoelectric transducers are tested 

in experimentation work.  

  

INFLUENCE OF PIEZOELECTRIC 

DIMENSIONS ON EFFICIENCY AND 

OUTPUT POWER 
   The model presented in [4] is built considering the 

equivalent circuit of the piezoelectric resonator at 

resonance that can be seen in Figure 1. R represents the 

mechanical damping (and its associated losses) but 

thermal effects and semiconductor losses are neglected. 

The expression of the efficiency η and maximal output 

power Pout_max are given in (2) and (3), where ω is the 

radial resonant pulsation and RL is the resistive load. 



 
 These expressions give no indications about the 

geometry of the resonator and the proprieties of the 

material. That is why the link between the equivalent 

model of the resonator and the geometry and proprieties 

of the piezoelectric disc is inserted in the above 

expression. The relations, taken from [5] using standard 

notations for piezoelectric coefficients, are used, they are 

expressed below: 

 
 

 Where th is the thickness, r is the radius, σ is the 

Poisson ratio, Qm the mechanical quality factor, and ρ is 

the material density. These last three equations do not 

provide very accurate values of the real physical system. 

However, they give a good representation on how these 

terms evolve with geometry. For instance, for a given 

piezoelectric resonator, the value of R will decrease 

proportionally with thickness. An important point to 

underlined is that this model presently do not take into 

account thermal effects and is therefore only relevant 

when operating far away from the maximal output power 

(no significant increase in temperature).  

 The efficiency can now be computed as a function of 

the piezoelectric disc-shaped resonator dimensions (radius 

and thickness). Figure 3 represents the theoretical 

efficiency for a 1W / 10-20V step-up conversion. 

 

    

 

Figure 3: Theoretical diameter and thickness influence on 

the efficiency for a 1W power conversion. 

 With this model, for a given power, a smaller radius 

leads to a poorer efficiency for a given output power 

whereas a smaller thickness improves it. This is logical 

since the losses are proportional to R. However, the whole 

converter with all its characteristics must be considered in 

order to evaluate the global benefit of reducing the size.  

 Table 1 synthetizes the effects of reducing the 

piezoelectric resonator size. A higher frequency means a 

control more difficult to achieve, leading to more 

switching losses. The maximum current the resonator is 

able to withstand limits the maximal output power and is 

directly linked to the electrodes area (and therefore to the 

diameter). Since the disc is polarized in the thickness 

direction, reducing the thickness decreases the voltage 

maximum value.   

 

Table 1: Effect of size reduction on the converter 

properties 

Quantity Thickness 

diminution 

Diameter 

diminution 

Damping (R) - - 

Frequency = + 

Maximum power + - 

Efficiency  + - 

Power density + + 

Switching losses = + 

Voltage limit - = 

Current limit = - 

  

 Table 1 highlights the fact that reducing the diameter 

and thickness have very positive effects until getting close 

to the material limits. The more restrictive limit is current 

(measured maximum current amplitude of 650 mA in [4] 

for D = 25mm and th = 0.75mm) whereas the maximal 

electric field is around 1600V/mm for C213 Fuji 

ceramic® resonators. In conclusion, although thickness 

and radius diminutions both lead to positive effects, it is 

more advantageous to reduce the thickness compared to 

the radius considering the limits when operating at low 

voltage.   

 

EXPERIMENTAL RESULTS 
Description of studied piezoelectric disks 

The impact of the resonator size is now tested 

experimentally. Five C213 Fuji ceramic® disc-shaped 

piezoelectric transducers are tested in radial mode. A 

picture of these discs is given in Figure 4. 

 

Figure 4: photography of tested piezoelectric resonator 

 

All values of the elements of the equivalent electrical 

circuit model, including the motional resistance R, are 

measured using an impedance meter. Table 2 gives the 

main characteristics of these five discs. 

 



Table 2: Tested piezoelectric resonators 

Resonator 1 2 3 4 5 

D (mm) 25 25 12 12 5 

th (mm) 0.75 0.35 0.75 0.35 0.15 

R (Ω) 0.4 0.2 0.8 0.5 1.8 

C0 (nF) 8.5 15 1.6 3 1.2 

Frequency 

(kHz) 
90 90 190 190 450 

Q 1280 1080 1190 800 235 

kp  (%) 58 54 54 53 52 

 

Two pairs of piezoelectric discs have the same 

diameter but not the same thickness (disks 1-2 and 3-4) 

and two pairs have the same thickness but a different 

diameter (disks 1-3 and 2-4). Disc 5 corresponds to the 

smallest available standard disc-shaped resonator we 

found. Considering disks 1-2 and 3-4, a lower thickness 

lead to a drop of the motional resistance R. Contrary to 

the model of last section, the effective quality factor and 

coupling factor are not constant whatever the dimensions. 

Table 2 indicates indeed that they became lower with a 

drop of radius or thickness. 

However, the five R values are higher than the one 

given by (4). This is caused by the non-perfect fixture of 

the piezoelectric resonator which damps the resonator. On 

the one hand, the attachment is not fully punctual and then 

it induces friction around the contact area (quality factor 

of the soldering material is very limited compared to the 

piezoelectric material one). On other hand, the fixture is 

not perfectly centered on the disc, changing its gravity 

center and making a moving of the electrical bonding 

while the piezoelectric material resonate inducing 

damping. The smaller the disk is, the bigger impact these 

imperfections have. Since C213 material reports a very 

high quality factor of 2500, the resonance is therefore 

limited by the fixture system and not by the material 

itself. Special care has therefore to be taken for the 

fixture.  In order to reduce the drawback of a soldering 

bonding, we have chosen to use golden springs contacts 

with a thin point for the fixture of the piezoelectric 

resonator.   

 

Comparison of power efficiency curves 
The converter is tested with the five disks. Figure 5 

represents the measured efficiency vs. power curves for a 

10-20V step-up conversion. The reported efficiency do 

not include the power associated to control.  

 
Figure.5: Comparison of efficiency vs. power curves for a 

10-20V step up converter for the 5 discs.  
 

All the efficiency curves, except the one of disk 5, 

have the same shape that was observed in [4]. First, a 

section where efficiency increases (because a minimum of 

energy is necessary to keep the material resonating even 

though no energy is converted) then at a certain power 

level, it reaches a maximum of efficiency. Lastly, for 

higher output powers, the piezoelectric current amplitude 

I (and therefore losses) increases, leading the efficiency to 

decrease. The same irregularities with a sudden drop of 

efficiency at some specific output powers, already 

presented in [4], are observed. Harmonic effects cause 

them for instance, when the cycle of Figure 2 includes an 

harmonic content that matches with the resonance 

frequency of the thickness mode. Very high efficiencies 

(> 90%) were measured for these 4 disks and for a large 

range of output powers. However, for disc 5, the maximal 

efficiency is lower and the range is narrower because of 

the higher R value.  

The maximal output powers (for a given input 

voltage) are higher for disks 1 and 2 where diameters are 

the largest. Figure 5 also indicates that for the same 

radius, the thinner disc lead to higher maximum output 

power because R is lower. This means that diameter is the 

most important parameter to maximize output power and 

should be first considered for design issues. This confirms 

that the maximal current the material is able to withstand 

constitutes the limit of the converter. This limit is a 

thermal one : if the electrode area cannot dissipate losses, 

the temperature rises and the quality factor decreases [6].     

The thickness resonance frequency is higher when 

thickness lowers. Therefore, the ratio between radial and 

thickness resonance frequencies increases. The harmonics 

amplitude of the piezoelectric voltage decreases when 

moving away from its fundamental (at radial resonance). 

Therefore, the probability to excite a thickness resonance 

decreases when the thickness is lower (in the case of 2 

disks having the same radii) and so do the number of 

singularities.   

 

 

 

  



Power density 
In this section, the maximal measured power density 

(per volume and per kg) for an input voltage of 10V is 

reported for each disk in Table 3. The results correspond 

to a 10-15 V step-up conversion for disks 1, 2 and 5 and 

10-20 V step-up conversion (disk 3 and 4). Disk 5 has the 

highest measured maximum power density although it has 

the worst damping. 

 

Table 3: Power density measurements (Vin = 10V) 

Resonator 1 2 3 4 5 

Maximum 

output 

power (mW) 

1550 1860 690 731 354 

Power 

density 

(W.cm-3) 

4.21 10.8 8.13 18.5 120 

Power per 

Kilogram 

(kW.kg-1) 

0.54 1.38 1.04 2.37 15.4 

 

Table 3 indicates that smaller sizes lead to higher 

power densities even if the output power is lower with 

smaller diameters. It gives very high power densities close 

to what is reported for classical converters using 

piezoelectric transformer. For instance, at 100 kHz the 

maximal reported output power density is less than 

35W.cm-3 if no cooling device is added [7], [8] . Besides, 

those power conversions were achieved for an input 

voltage of 10 V. C213 material can withstand an electric 

field around 1600V.mm-1 which means that we are far 

from the applied voltage limit. Higher output powers and 

therefore higher power densities can therefore be obtained 

only by increasing the input voltage.  

The converter was tested with disk 5 for a 25-30 V 

step-up conversion (highest voltage we could apply 

considering the switches we selected). An exceptional 

power density of 366.7 W.cm-3 (corresponding to 47 

kW.kg-1) was converted. The power density has increased 

as expected, which means that even higher values could 

be obtained by having a voltage closer to the material 

limits. However, the volume and mass of the whole 

converter (not only the piezoelectric resonator) must be 

considered.   

Figure 6 shows the piezoelectric voltage and current 

waveforms. Although the current has a rich harmonic 

content, the cycle of Figure 2 is respected, which means 

that the converter operates in ZVS mode.  

 
Figure.6: Piezoelectric resonator  waveforms at high 

density of power conversion 

 

CONCLUSION 
Reducing the piezoelectric dimensions has several 

effects on the converter. Theoretically, and in practice, 

reducing the radius lead to lower output power but to 

higher power density. Besides, the resonant frequency 

increases, which makes the control more difficult. 

Moreover, it increases the risk of seriously damaging the 

resonance by the fixture of the piezoelectric material. For 

a given radius, reducing the thickness has globally a very 

positive effect such as providing higher output power, 

better power density (for a given input voltage, far from 

the limit), and decreasing harmonics problems.  

 Impressive power densities were obtained by 

increasing the voltage and reducing the radius or 

thickness.  
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