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Piezoelectric Transformer for Integrated MOSFET and IGBT Gate Driver 

 

I. Abstract- 

                 In this paper, a new complementary gate driver for power metal-oxide semiconductor field-

effect transistors and insulated gate bipolar transistors is presented based on the use of a piezoelectric 

transformer (PT). This type of transformer has a high integration capability. Its design is based on a 

multilayer structure working in the second thickness resonance mode. A new design method has been used 

based on an analytical Mason model in order to optimize the efficiency, the available power at the trans-

former secondary ends, and the total volume. This design method takes into account mechanical losses 

and heating of the piezoelectric material; it can be extended to predict the characteristics of the PT: gain, 

transmitted power, efficiency, and heating of piezoelectric materials according to load resistance. 

       Index Terms-Insulated gate bipolar transistors (IGBTs), metal-oxide semiconductor field-effect 

transistors (MOSFETs), piezoelectric transformer (PT). 
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ІI. INTRODUCTION        

CURRENTLY, the tendency in power 

electronics is to integrate the components on a 

single substrate in order to reduce the equipment 

volume and particularly its thickness. The 

electrical insulation constraint of gate drive 

circuits for modern power electronic switches 

becomes, thus, very strong. Commonly, 

magnetic core-based transformers are used to 

achieve this insulation. Their manufacturing 

requires a winding process, which not only 

increases the manufacturing cost, but also 

prohibits the full automation of the mounting 

process. This disadvantage has prompted on 

planar electromagnetic transformer and inductor 

wound on a printed circuit board (PCB). 

However, the manufacturing of these structures 

is complex, and sometimes the galvanic 

insulation is achieved by air, which limits the 

dielectric rigidity. Moreover, the winding 

behaves like an antenna and radiate, 

electromagnetic (EM) fields, which induces 

electromagnetic interference (EMI) problems. 

    

         

           The solution proposed in this paper 

consists of using piezoelectric transformers 

(PTs) to     achieve a very efficient and in-

tegrated electrical insulation. PTs have several 

inherent advantages over conventional magnetic 

transformers: low profile, low cost, low EMI, no 

winding, high efficiency, high power density. 

High operating frequency and they suited for 

automated manufacturing. The use of a high 

rigidity dielectric material means a high degree 

of insulation. The dielectric breakdown field can 

be greater than several kV/mm. Moreover, a PT 

transfers electric energy via an 

electromechanical coupling (i.e., acoustic wave) 

between the primary for step-up or step-down 

voltage conversion. In a conventional magnetic 

core transformer, this function is done by the 

magnetic field, coupling the primary to the sec-

ondary windings. Consequently, a piezoelectric 

transformer is advantageous regarding the EMI. 

The possibility to use a PT to achieve the 

electric isolation in a gate drive circuit for 

power electronic switches such as metal oxide 

semiconductor field-effect transistors 

(MOSFETs) and insulated gate bipolar 

transistors (IGBTs). Feasibility was proved in 

the case of a single-switch

 

 

 

 

 

structure where the gate drive circuits are 

referred to the ground of the power structure. 

The purpose of this complementary gate driver 

is to get enhanced switching performances for 

both turn-on and turn-off operations in an 
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inverter-leg structure. The hard-switched voltage 

source inverter is rated to 3 kW, Vin = 300 

V,Iout = 10 A, it switches over a wide 

frequency range (from 1 to 40 kHz) and the duty 

cycle range is situated between 0.1 to 1. The 

system must be robust regarding to the common 

mode currents due to the dV/dt, but also 

regarding to the common mode currents flowing 

through the two gate drive circuits, the two 

switches and via the capacitances between the 

primary and secondary electrodes of the 

transformers. 

 

 

Schematic structure of the gate driver is 

presented in Fig. 1. The piezoelectric 

transformer is supplied at a constant frequency 

which is its mechanical resonance frequency. 

The driving signal is transmitted by pulsed 

square wave modulation. Signal is demodulated in 

the secondary part of the driver by a demodulator 

circuit (full wave rectifier) which drives the power 

transistor grid. 

In this paper, the design method of a PT gate 

driver will be presented. Based on an analytical 

Mason model, this design method gives the minimal 

geometrical size of a multilayer PT. This analytical 

method is applied to predict the characteristics of the 

PT: gain, transmitted power, efficiency, and heating 

according to load resistance.  

 
III. OPTIMAL STRUCTURE OF THE 
PIEZOELECTRIC TRANSFORMER 
 

The choice of the optimal structure of the 

piezoelectric transformer dedicated to the gate 

driver is done according to two criteria. 

1) The first concerns the power required at the 

secondary of the transformer. In order to reduce 

the volume of the transformer, it is necessary to 

evaluate accurately the energy required by the 

grid of the transistor during its switching. For 

example, the average power necessary for a 

MOSFET IRFP 250 switching at 20 kHz is 36 

mW but the peak value is near 5 W, which 

means that a storage system must be included to 

the driver. 

2) The second criterion is the transformer time 

response to a transient. The transmission of the 

driving signal is done by amplitude modulation. 

If we want to keep a reduced delay time, it is 

necessary to choose a structure whose propaga-

tion distance of the mechanical wave in the 

transformer is minimized. The wave traveling 

time is minimized by the use of the hardest 

material as possible, as lead zirconate titanate 

(PZT) or lead titanate (PbTi03). The wave 

traveling distance is minimized by using a 

multilayer transformer working in thickness 

mode. The resonance frequency being inversely 

proportional to the course distance of the wave, 

it becomes significant. 
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IV. PIEZOELECTRIC TRANSFORMER 

Principle 

The optimal structure of the piezoelectric 

transformer for the gate driver is the multilayer one 

operating in thickness mode, as presented in Fig. 2. 

      The functioning principle is based on a double 

electromechanical conversion of energy (reverses and 

direct piezoelectric effect). If we impose an 

alternating voltage on primary electrodes, an 

alternating vibration of the structure is generated 

which induces an alternating voltage at the secondary 

electrodes. Because PT is based on the transmission 

of an acoustic wave, it must work close to the 

mechanical resonance of the structure. Several 

resonance frequencies exist as explained hereunder. 

The choice of the resonance mode is essential 

regarding the performances of the PT. 

An acoustic wave, propagating from one end 

along the thickness of the structure toward the other 

end will be reflected and will travel back toward its 

origin. If other waves have already been created, the 

first wave will interfere with them as it travels 

through. At particular frequencies (called resonance 

frequencies or modes), this interference produces 

standing waves. At specific points of the PT's 

thickness, named nodes, the medium is always at rest 

and at antinodes the wave amplitude is maximum. 

Therefore, the only standing waves that can exist are 

obtained when the structure's thickness is a whole 

number of the half-wavelength A. In the first mode 

called A/2, the antinodes of the stress wave T (i.e., 

maximum stress) is situated in the insulation layer. 

For the second mode called A, a maximum stress 

point exists in the middles of the two piezoceramic 

parts; a node is situated in the insulation layer. Since 

the available energy is approximately proportional to 

the stress in the piezoelectric material, a maximum 

stress has to be induced in active parts for maximum 

efficiency [5]. In the case of the A/2 mode the max-

imum energy is not used effectively. Moreover, in the 

second mode, the minimum stress is situated at the 

insulation layer. As a result, energy is produced 

efficiently. Consequently, we will choose operation 

in this mode. Fig. 3 shows the vibration displacement 

and stress distributions for the thickness-extensional 

vibration in second resonance mode. 

 

The piezoelectric material used for the primary 

and secondary discs is lead titanate polarized along 

the thickness. This material has the advantage to 

exhibit a very high electromechanical coupling factor 

in the thickness resonance mode. The coupling is less 

significant in radial mode, which makes it possible to 

decrease the parasitic modes that may exist 

superposed to the main mode. The second advantage 

of this material is that the Curie temperature is 490 ° 

C compare to the PZT which is in the order of 328-

365 °C. 

The insulation between the primary and the 

secondary is realized by a thickness layer of alumina 

(A1203), its dielectric rigidity is 35 kVmm-1. The 

three layers are connected by epoxy adhesive. 

    This model is an electrical circuit, representative 

of properties exhibited by two layers of piezoceramic 

physically coupled together. Fig. 4 shows the 

simplified equivalent circuit model common to all 

piezoelectric transformers. 
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The RLC series circuit represents the motional 

branch; it describes the mechanical oscillations of the 

material. The input capacitance Cl and output 

capacitance C Z  describe the dielectric behavior of 

the piezoelectric layers of the transformer. The 

coupling between the electrical and mechanical 

branches is represented by the equivalent transformer 

(ratio: ψ:1). 

 

 

V. GATE DRIVE CIRCUIT 

A. Description of the Device 

The prototype power converter is a hard-switched 

voltage source inverter leg. The IGBT are 15N60 

(VDSS = 600 V and ID = 15 A) and the diodes are 

STTB3006PI. The maximum supply voltage is 300 V 

the transistors may be driven in the 1-40 kHz range. 

The load is made up of a RL series circuit. The tests 

were carried out with the following constraints: U 

=300 V, IC, = 10 A. Fig. 13 presents the structural 

functions of both gate drive circuits, including the 

piezoelectric transformer. The dead time between the 

switching of the IGBTs are regulated by an extra-

circuit added at the primary of the transformer and 

not represented in the figure. 

The driving signal is rectangular, in the 1-40 kHz 

range, its duty cycle ranges from 0.1 to 1. The 

solution adopted here is an amplitude modulation of a 

high-frequency (2.1 MHz) carrier by a low frequency 

modulation (the driving signal). The high-frequency 

carrier corresponds to the transformer resonance 

frequency. The transformer behaves like a band-pass 

filter. The wave transmitted to the secondary is 

sinusoidal. The signal at the transformer secondary 

will be the more identical to the driving signal 

(minimal transient time) that the transformer band-

width will be large enough. 

 
At the transformer secondary, a local supply is 

recovered thanks to the tank capacitor C2 (1 tF), the 

demodulation process is achieved by an RC circuit 

and a trigger. 

The circuit, identified in Fig. 14 by the "trigger" 

block increases the robustness of the gate driver. 

After the state of the signal applied to the transistor 

grid has changed, this circuit prevents any new 

change during an adjustable time. Thus, it inhibits 

any drive of the switches which could be generated 

by common mode parasitic currents. 

 
 
B. Parasitic Effects 

          The topology of the PT operating in the 

thickness-extensional vibration mode generates a 

significant capacitance between the primary and 

secondary electrodes. An experimental value of 26 

pF has been measured; it is due to the insulating 

barrier constituted by the 0.3-mm alumina layer 

between active layers. Consequently, two categories 

of parasitic effects have to be 

considered:
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 the first ones are due to the influence of the power 

structure on the insulation device: the PT parasitic 

capacitances would have to be minimized. The 

second ones correspond to the principle adopted 

herein: the high frequency modulation signal can be 

coupled via the PT's parasitic capacitances 

throughout the driver and perturb it. These points will 

be highlighted hereunder. 

C. Integration of the Driver 

The aim of this study was also to minimize the 

drive volume. This has been done by integrating the 

two PTs in the PCB thickness as represented in Fig. 

17. Owing to this configuration, the primary and 

secondary circuits can be fully separated for a 

maximized insulation. Moreover, it can be improved 

by a buried copper plane connected to ground or to 

a constant voltage, which acts as an electrostatic 

shield. In this configuration, the link between the 

two circuits is achieved only by the mechanical 

wave. If external PCB areas around electronics are 

metalized, the electric field radiation is limited. So, 

this topology enables to limit strongly all EMI 

issues. At last, the manufacturing of this structure 

can be easily automated. This device would be 

easily included in an IPM. 

Pictures of the first gate driver prototype are 

presented in Fig. 18. We can observe the two 

multilayer piezoelectric transformers embedded in 

the PCB, the insulation barrier is 0.2-mm thick. 

Indeed, the structure of the piezoelectric 

transformer and its operating mode enable him to be 

integrated easily in any other substrate as: silicon or 

alumina. 

  This part presents experimental results acquired in 

the gate drive circuits. The curves presented 

hereunder have been acquired in the conditions 

described in paragraph 4. The amplitude of the 

current commutated by the IGBT is 10 A, the 

supply voltage is 280 V. 

The experimental waveforms of the drive signal 

demodulation at the secondary of the transformer 

are presented in Fig. 19. Signal 1 corresponds to the 

secondary voltage of the transformer, modulated by 

the control signal. The envelope of this signal is 

filtered by the transfer function of the transformer. 

The response time of the PT can be clearly observed 

in this curve. The demodulation is achieved by a 

peak detector using a RC circuit. It is represented by 

signal 2. Waveform 3 represents the drive signal 

demodulated and formatted applied to the grid of 

the transistor through the output push-pull and the 

grid resistor. The bottom curve shows the typical 

waveform in the power converter. 

A zoom on the typical switching-on/off 

waveforms of the gate-source (VGS), drain-source 

(VDS), and drain current ID of the power IGBT are 

shown in Fig. 20. Switching frequency is 10 kHz 

and the duty cycle is 0.3. The average power in load 

is approximately 3 kW. The correct functioning of 

the gate driver is validated by the waveforms at the 

switching transients of the upper IGBT of the 

inverter-leg. EMI measurements have shown that 

the common mode current in the upper gate driver is 
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about 1 mA. This current cannot involve any 

dysfunction of the gate driver because its amplitude 

remains low and secondly the electronic locking 

circuit prohibits any undesirable drive of the power 

transistor. 

 
VI. CONCLUSION 
 

In this paper, we have demonstrated the 

possibility of using piezoelectric transformers to 

realize an IGBT or MOSFET inverter-leg 

driver.First,we have highlighted the process to 

choose a PT structure well suited to gate driver 

aplications.It was shown that the multilayered 

structure was preferred and that a useable 

piezoelectric material is lead titanate.The PT must 

be supplied at its resonance frequency and must 

work at its loaded operating point .The choice of the 

PT second resonance mode has been carried out to 

minimize constraints in piezoelectric assembly 

layers. The main conclusion is that the use of PT in 

an IGBT driver may lead to satisfactory electrical 

and manufacturing performances. 

 


