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Abstract: In recent years, Piezoelectric Transformers (PTs) have become a great success due to their excellent properties, especially in 

applications requiring high voltage. The Rosen-type PT is well known for this performance, as its voltage gain at the resonant frequency can 

reach few thousands. However, the high output impedance of this device can make an accurate electrical measurement of the output voltage 

difficult, hence the need to ensure good impedance matching along the measuring electrical test setup. For this purpose, two high impedance 

oscilloscope probes were successively added to the secondary side to further emulate the measurement chain and match the experiments as 

closely as possible with the developed 1D model. Accordingly, for an unloaded Rosen type piezoelectric transformer, made of hard ceramic 

(pz26) with corresponding dimensions 2L×w×t =25 mm×3 mm×2 mm and operating in the first three modes, the corresponding input 

impedances Zin were evaluated at 665 Ω - 225 Ω and 1974 Ω, while the output impedances Zout were evaluated at 19.2 MΩ - 15.4 MΩ, and 

1.8 MΩ. A voltage gain of 164, 179 and 23 at frequencies of 69.4 kHz, 136 kHz and 204.6 kHz, respectively was successfully measured, 

with a precision of less than 5%. In addition, a detailed equivalent circuit of the transformer was built and all its lumped RLC components 

were experimentally identified using the Nyquist diagram showing, on the whole, a well-accepted agreement with the expected results. 
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1. INTRODUCTION 

In 1880, the Curie brothers discovered together the direct 

effect of piezoelectricity. In that same year, Lippmann 

predicted the inverse effect of piezoelectricity, which was 

immediately confirmed by Curie. However, it was only 

during the First World War, i.e. 35 years later, that the first 

concrete industrial application of piezoelectricity occurred 

with the construction of the first sonar in 1917, which paved 

the way for a multitude of applications that made intensive 

use of this natural phenomenon in the medical, military or 

aeronautical fields. At the end of the 1950s, Rosen proposed 

and developed an original new device based on the 

simultaneous use of both effects of piezoelectricity, known as 

the Piezoelectric Transformer (PT), whose main function was 

to convert one electrical voltage into another. This smart 

invention appeared as an ineluctable alternative to the 

conventional electromagnetic transformers, which have the 

disadvantage of being heavy, bulky, and above all, unsafe. In 

fact, this type of device offers plenty of advantages that make 

it attractive for a wide range of applications, including power 

supplies for electronic devices [1]. First, a typical PT is easy 

to manufacture and use in practical terms. It weighs only a 

few grams with a reduced volume of a few mm3. In terms of 

performance, it operates in a wide frequency range (from a 

few kHz to a few MHz), delivering voltages of up to a few 

hundred Volts with power densities and efficiencies of up to 

100 W/cm3 and 95%, respectively [2], [3], [4]. Finally, in 

terms of safety, economic and environmental aspects, the PT 

does not contain wires, so there is no risk of flammability. It 

is also marketed at affordable prices and tends to last for 

many years. Furthermore, it does not generate 

electromagnetic noise, operates without heat losses and, 

fortunately, since the banning of lead from the industrial 

production of piezoelectric ceramics [5], it is no longer 

considered toxic, which opens up a bright future for it. 

In generally, the PTs, which have in common that they only 

operate at the resonant frequency, can be divided into the 

following three main categories based on the countless 

existing architectures: 
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• The Rosen-type, the most popular and referenced 

transformer (k31, k33 coupling) [6], 

• Those that utilize the thickness vibration mode (k33, k33 

coupling) [7], 

• Those based on the planar or radial mode (kp or kt 

coupling) [8]. 

This paper covers the Rosen-type and comprises the 

following parts: 

The first part is devoted to the presentation of a one-

dimensional analytical model describing the 

electromechanical behavior of the transformer through an 

electrical equivalent circuit. On the one hand, the transfer 

functions are calculated, from which the resonant 

frequencies, the input and output impedances, and the no-load 

voltage gain as a function of the frequency as well as the 

values of the circuit parameters can be theoretically derived. 

On the other hand, all lumped components of the equivalent 

circuit are identified experimentally by applying the standard 

method adopted by the Institute of Electrical and Electronics 

Engineering (IEEE) [9]. 

The second part focuses on the experimental measurement 

of the no-load voltage gain in the most precise way possible. 

In fact, the open circuit voltage gain of this type of PTs can 

reach several thousands, so its measurement is highly 

dependent on the selected measurement chain. It is worth 

noting that although there is no shortage of models describing 

PT behavior in the literature, most of them have not been able 

to accurately match experience with theory as long as the 

oscilloscope was used as the only measurement instrument to 

quantify the output voltage. As a result, discrepancies 

between the measured and calculated voltage gain were 

unfortunately regularly observed [10], [11], [12]. The main 

cause of these discrepancies is the high value of the output 

impedance, specific to the Rosen-type transformer (hundreds 

of MΩ). Moreover, it has been demonstrated that the voltage 

gain decreases abruptly when the secondary of the PT is 

charged [13]. In fact, the input impedance of the oscilloscope 

(1 MΩ) behaves during the measurement as if it were an 

electrical load connected to the secondary and obviously 

distorts the measurement of the "no-load gain" in this case. 

However, by using an operational amplifier (TL081 NC) to 

increase the input impedance of the circuit, Cellucci et al. 

managed to measure an open circuit gain of 453, while the 

estimated gain was 1100 [14]. Another way to overcome this 

difficulty is to carefully ensure good impedance matching in 

the measurement chain. To do this, the input and output 

impedances of the PT should be measured in advance. Then, 

two oscilloscope probes (1:10 and 1:100), whose role is to 

augment the effective impedance of the oscilloscope loading 

the PT, are successively added to the measurement chain. In 

this way, we can finally confirm whether the output voltage 

measurement is closely related to the output impedance. 

Finally, all the results obtained are analyzed, discussed and 

compared.  

2. ROSEN-TYPE PIEZOELECTRIC TRANSFORMER 

The Rosen-type piezoelectric transformer bears the name 

of its inventor. It was originally built from a monolithic, long 

bar of barium titanate (BaTiO3), which was later replaced by 

lead zirconate titanate (PZT), which offers higher 

electromechanical coupling factors (more than 0.7) and 

higher mechanical quality factors (more than 1000). In any 

piezoelectric transformer, it is the choice of the electrode 

placement that separates the primary and secondary areas. In 

the Rosen-type, three separate electrodes are arranged on a 

long thin bar, as shown in Fig. 1. The half left part, which is 

polarized in its thickness direction, constitutes the primary, 

while the half right part, which is polarized in its length 

direction, represents the secondary. This judicious 

configuration allows to create two different vibration modes 

within the same bar, making it a step-up voltage transformer 

ideal for backlighting cold cathode fluorescent lamps. 

Specifically, when an alternative voltage V1 is applied 

between the input electrodes, the entire structure begins to 

vibrate. Firstly, the transverse mode 31 is generated in the 

material through the electromechanical coupling factor k31 

(inverse effect). Secondly, in the secondary part, the 

longitudinal mode 33 produces an electrical field (direct 

effect) through the electromechanical coupling factor k33. 

Consequently, a voltage V2 is generated between the output 

electrodes. The voltage gain V2/V1 reaches its maximum value 

when the bar is excited near resonance. In this work, we are 

interested in the study of the first three modes of vibration. 

The mechanical displacement distribution as a function of 

position along the length direction of the bar is shown in 

Fig. 2 for each mode. 

 

Fig. 1.  Position of electrodes, direction of polarizations in a Rosen 

type PT. 

 

Fig. 2.  Displacements profiles of the piezoelectric transformer 

operating in: a) the fundamental mode /2, b) the second mode  and 

c) the third mode 3/2. 

The Rosen-type PT investigated in this study is made of a 

lead zirconate titanate (PZT) ceramic supplied by the Danish 

company Ferroperm. From a large selection of products, our 

choice went to the pz26 ceramic [15]. The material constants 



MEASUREMENT SCIENCE REVIEW, 24, (2024), No. 4, 137-144 

 

139 

and dimensions used for modeling were provided by the 

manufacturer and are listed in Table 1.  

Where  is the piezoelectric material density. sE
11, sD

33 

denote the compliance constants along the 13/33 directions, 

d31, g33 denote the piezoelectric constants, T
33, T

33 denote the 

dielectric constants, Q is the mechanical quality factor, 2L is 

the total length, w is the width, and t is the thickness. 

Table 1.  PZ26 piezoceramic parameters.  

Constants  Values  

  [kg·m-3] 7700 

sE
11, sD

33 [m2·N-1] 13×10-12, 11×10-12  

T
33 /0  1300 

d31 [m·V-1] -130×10-12  

g33 [V·m·N-1] 28×10-12  

k31, k33  -0.33, 0.68 

Q 1000 

2L×w×t [mm3] 25×5×3  

A. Mason’s 1D model presentation, electrical equivalent 

circuit  

Many analytical and numerical models have been 

developed to interpret the mechanisms of vibration 

generation and transfer in PTs [16], [17], [18], [19], [20]. In 

this work, to predict the electromechanical behavior of the 

Rosen-type PT, an analytical model taking only a single 

assumption into consideration is presented: if the thickness 

and width of the transformer are smaller than its length, only 

longitudinal waves along the length of the PT (x axis) can be 

considered. In practice, the primary vibrates in a direction 

perpendicular to the electric field E (mode 31), while the 

secondary vibrates in a direction parallel to the electric field 

E (mode 33). This dynamic system can be modeled using 

differential equations that govern the wave propagation in 

solids and equations of motion that include the stress T, the 

mechanical deformation S, the electric field E and the 

dielectric displacement D. They can be expressed as [21]: 

For the primary side, working as an actuator, two 

independent variables (T, E) are set: 

 𝜌
𝜕𝑢1

𝜕𝑡2
=

𝜕𝑇1

𝜕𝑥1
 (1) 

 S1 = sE
11T1 + d31E3 (2) 

 D3 = εT
33 E3 + d31T1 (3) 

And for the secondary side, working as a sensor, two 

independent variables (T, D) are set: 

 𝜌
𝜕𝑢3

𝜕𝑡2
=

𝜕𝑇3

𝜕𝑥3
 (4) 

 E3 = βT
33D3 – g33T3 (5) 

 S3 = sD
33T3 + g33D3 (6) 

The previous equations can be combined in such a way that 

both purely electrical and purely mechanical portions can be 

included, so that an electromechanical behavior becomes 

clear. The most common and adopted circuits, which are 

shown in Fig. 3, were developed by Mason as early as 1948 

[22]. They are based on the mechanical-electrical analogies, 

which have one electrical port V, two mechanical ports F, and 

two mechanical impedances Z1, Z2, which depend on the 

wave velocity, density and frequency. N1 and N2 are two ideal 

electromechanical transformer ratios. C1 and C2 represent the 

static input and output capacitance, respectively. 

 
(a)  mode 33 

 
(b) mode 31 

Fig. 3.  Electromechanical equivalent circuits of both resonators:  

(a) mode 33, (b) mode 31. 

Since the continuity of stress and the mechanical 

displacement S at the junction and the nullity of stress T at the 

external free surfaces must be respected, the above circuits 

are connected in cascade, with the external mechanical ports 

short-circuited. A global schematization of the equivalent 

circuit can be obtained after applying several transformations, 

its final reduced form is shown in Fig. 4. It should be noted 

that this circuit is only valid around the resonance. It is 

divided into one RLC resonant branch and two static 

branches. The inductance L and capacitance C reflect the 

inertial and potential mechanical energy, respectively, the 

resistance R takes into account the mechanical losses, while 

dielectric and piezoelectric losses are ignored. N is the ideal 

transformation ratio representing the coupling between 

mechanical and electrical branches. All these lumped 

components are directly dependent on the PT dimensions, the 

material properties and additionally on the vibration mode: 

 

Fig. 4.  Lumped parameters model, which describes the behavior of 

the PT around the resonance. 
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For the static branches: 

 C1 = (1-k2
31) wL/t (7) 

 C2 = (1-k2
33) wt/L (8) 

 N = N1/N2 = (d31w s33
D )/(C2 g33 s11

E) (9) 

For the dynamic branch RLC:  

 C = [( (ωa/ωr)
2 -1) × C1]/N2 (10) 

 L = 1 / Cωr
2 (11) 

 R = Lωr/Q (12) 

ωr and ωa are the resonance and antiresonance pulsations, 

respectively.  
Finally, the module of the unloaded voltage gain V2/V1 at 

the fundamental mode takes the following symbolic form 

[23]: 

 |V2/V1| =  4/2 × k2 × Q ×L / t (13) 

where  

 k2 = - d31 g33/s11
E (14) 

It states that the higher Q and L/t are, the higher the gain. 

If you replace the material constants and the transformer 

dimensions in the above equations with the values listed in 

Table 1, the value of each component shown in Fig. 4 is 

determined for the three vibration modes. The values of C1, 

C2, and N remain unchanged regardless of the vibration mode. 

However, it should be mentioned that the mechanical loss 

factor Q is actually lower than the value of 1000 given in the 

manufacturer’s data sheet. First, it was estimated using a 

piezoelectric disc in planar vibration mode. In addition, the 

decrease in the quality factor can also be attributed to the 

clamping of the sample along the vibration direction [24]. 

Finally, the nature (silver, aluminum, ...), the thickness and 

the area of the electrodes applied to the material reduce the 

quality factor to only a few hundred [25], [26], [27]. To get 

closer to reality, Q is determined experimentally in the next 

section before it is included in the 1D model. 

B. Admittance and impedance measurements, experimental 

equivalent circuit parameters 

Experimentally, it is possible to extract all the values of the 

lumped components of the equivalent circuit shown in Fig. 4 

in order to compare them with the theoretically determined 

values. This approach, which is based on the analysis of the 

admittance curves, is often used to characterize piezoelectric 

resonators in detail [28].  

A Hewlett-Packard 4192A LF impedance analyzer gene-

rates a sine wave with an amplitude of 1 VRMS to excite the 

PT. Data is acquired over a frequency range that includes the 

first three modes in steps of 10 Hz using acquisition software 

developed in LabVIEW (National Instruments Corp., Austin, 

TX). The sample is kept free in the air by soldered wires to 

get as close as possible to ideal conditions (no stress), as 

shown in Fig. 5.  

In the first place, it would be better to determine the 

experimental value of the mechanical quality factor Q for 

each mode. For this purpose, the admittance module of the 

transformer was measured as a function of frequency and 

plotted in Fig. 6. According to the definition of the Q-factor, 

it can be expressed as: Q = fr /2F, Q can be measured.  

fr is the resonant frequency, 2F is the half-bandwidth 

(bandwidth at -3 dB). 

 

Fig. 5.  Experimental bench used for admittance and impedance 

measurements. 

 

Fig. 6.  Variation of the measured input admittance module versus 

frequency for the first three modes. 

 

Fig. 7.  Variation of the measured output impedance module versus 

frequency for the first three modes. 
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The quality factor Q of the pz26 ceramic given in Table 1 

was about 1000, but the results show that the measured Q 

values of 240, 270, 331 are about 750 lower for the first, 

second and third mode, respectively. These differences are 

significant enough that they cannot be neglected. The 

corresponding input impedances Zin were in the order of a few 

hundred Ohms (665 Ω, 225 Ω, and 1974 Ω). The measured 

output impedances Zout, on the other hand, were much larger, 

evaluated at 19.2 MΩ, 15.4 MΩ and 1.8 MΩ at the first, 

second and third modes, respectively, as can be seen in Fig. 7. 

The determination of these values is essential for the rest of 

the measurements. The equidistant resonant frequencies were 

determined at 69.2 kHz, 139 kHz, and 205.9 kHz for the first 

three modes, respectively. 

We then used a graphical tool consisting of plotting the 

imaginary part of the admittance as a function of its real part 

for the primary Yp side and for the secondary Ys side. For the 

primary side, the process was carried out under the condition 

that the secondary side was short-circuited and vice versa. 

This process is repeated for each mode, resulting in the six 

graphs shown in Fig. 8. These obtained curves with the 

attraction of nearly perfect circles are known as Nyquist 

diagrams, from which all circuit components can be extracted 

directly by following the steps detailed in the standard 

method for studying resonators proposed by the IEEE. 

Table 2 shows a complete comparison between the PT 

equivalent lumped parameter values, the input and output 

impedances determined by the model performance properties 

and those determined by the admittance measurements. 

Despite small differences, the experimental and calculated 

results agree quite well, especially for the third mode where 

the relative error is less than 10% for R, L, C, N, C1, and C2. 

Based on these experimental values, a novel transfer function 

is calculated, while the voltage gain and the resonant 

frequency are determined again.  

 

Fig. 8.  Admittance circles of the primary and secondary at the first three modes of vibration of the PT. 
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Table 2.  Comparison between the PT equivalent lumped parameters obtained using the 1D model and those identified by the Nyquist 

diagram. 

 

3. UNLOADED VOLTAGE GAIN MEASUREMENT 

In this section, the transformer was tested using the test 

setup shown in Fig. 9. The transformer was driven by an 

Alternating Current (AC) voltage generated by a function 

generator HP3314A. A digital oscilloscope LeCroy 64Xi-A 

was used for the measurement of the input and output 

voltages. Since the input and output impedances of the 

transformer must be taken into account, it was necessary to 

ensure a good impedance adaptation between the generator 

and the primary side and then between the secondary side and 

the oscilloscope. If the variable impedance from 10 Ω to 

10 kΩ of the function generator can be accurately matched to 

the input impedance of the transformer, it seems difficult to 

meet the ideal open circuit condition on the secondary side 

because the output impedances of the transformer (several 

tens of MΩ) are still too high compared to the input 

impedance of the oscilloscope 1 MΩ.  

 

Fig. 9  Input and output voltage measurements. 

To increase the effective impedance of the oscilloscope 

connected to the output of the transformer, a 1:10 probe with 

an  impedance of 10 MΩ  was installed in the circuit setup 

and then replaced by a 1:100 probe Tektronix P5122 with an 

impedance of 100 MΩ. Only in this way was it possible to 

obtain a conclusive result, as can be seen in Fig. 10 as an 

example of the third mode, which shows the variation of the 

voltage gain as a function of frequency. Using an 

oscilloscope, it can be seen that the resonance peak occurs at 

a frequency 200.8 kHz that is more or less close to the 

expected value 206 8 kHz, but the voltage gain stagnates at 

1.9, which is too far from the theoretical value 22.2. Below is 

a comparison table (Table 3) between the PT voltage gains 

and the resonant frequencies at the three modes obtained by 

the 1D model, the experimental Nyquist diagram and various 

measurements.  

It can be noted that the resonant frequency seems to be less 

affected by the measuring tool than the voltage gain. It can 

also be observed that the smaller Zout is, the more 

satisfactory the results are. Overall, the relative error does not 

exceed 5% for the voltage gain when using a 1:100 probe, 

while it varies between 50% and 60% when using a 1:10 

probe and reaches 90% when using the oscilloscope.  

 

Fig. 10.  Variation of the voltage gain as function of frequency at the 

third mode. 

 mode 1  mode 1  mode 1  
1D model measure 1D model measure 1D model measure 

R [] 9170 10175 4630 4950 19614 19350 

C [10-13 F] 11.00 9.94 9.50 9.08 1.66 1.53 

L [ H ] 5.33 5.97 1.52 1.64 3.90 3.99 

N 3.96 3.76 3.96 3.21 3.96 3.21 

C1 [10 -10 F] 3.20 3.62 3.20 3.05 3.20 3.20 

C2 [10 -12 F] 4.94 5.33 4.94 4.71 4.94 4.97 

Input impedance Zin [] 530 665 282 225 1650 1974 

Output impedance Zout [M] 18.70 19.20 13.00 15.40 1.84 1.80 
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Table 3.  Comparison between PT voltage gain and resonance frequency obtained through 1D model, experiment Nyquist diagram and 

different measurements (oscilloscope, 1:10 probe, 1:100 probe). 

 

4. CONCLUSION  

Piezoelectric transformers differ from their normal 

electromagnetic counterparts in one major advantage: the 

possibility of miniaturization. Over the years, they have 

gained a good reputation among low-power electronic 

devices, and their application fields are constantly expanding, 

promising them a successful future. 

In this article, the basic properties of a Rosen-type 

piezoelectric transformer were analyzed, namely the output 

impedance and the voltage gain. The experiments were 

carried out with the aim of measuring the voltage gain of the 

unloaded PT as accurately as possible for the first three modes 

of vibration. For this purpose, strict control of the impedance 

adaptation along the electrical test setup (generator, primary, 

secondary, and oscilloscope) was required, taking into 

account the high output impedance of the PT. For this reason, 

two impedance probes were introduced to further emulate the 

electrical test setup and to faithfully compare the experiments 

with the presented 1D model. In addition, a detailed 

equivalent circuit analysis of the transformer was performed, 

and the results were in good agreement with the experimental 

results. 
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