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Abstract

Piezoelectric transformers (PTs) are ideally suited for resonant converter applications, owing to their inherent resonant tank
circuit, high power density and efficiency. High temperature electronics is an area of research that is increasing in popularity,
due to SiC and GaN devices. However, high temperature power electronic conversion is difficult to achieve using traditional
passive components due to the novel materials required. In this paper, a PT made from lead zirconate titanate (PZT) is proposed

for use in high temperature power conversion.
1. Introduction

Radial-mode piezoelectric transformers (PTs) are an
excellent alternative to traditional magnetic transformers for
low to medium power resonant converter applications. PTs
exhibit an inherent resonant circuit and so require minimal
external components to construct a highly dense resonant
converter. Additionally, their low EMI and non-
flammability make PTs ideal for use in harsh environments,
such as high magnetic fields and/or high temperature.

Whilst several piezoelectric materials exist, lead zirconate
titanate (PZT) is often used when designing and
constructing PTs owing to its excellent properties, which
include very high Q factor and high coupling factor. The
Curie temperature of PZT materials is typically around
300°C (however, it is dependent on PZT variant) and so
they are suitable for use at temperatures up to around 200°C.

There are several potential applications of high temperature
converters: for example, oil and geothermal wells for power
logging and monitoring tools at temperatures of up to 250°C
and 350°C, respectively, and electric and conventional
vehicles, powering the motors and sensors at up to 300°C.
They are also useful in the aerospace industry for the control
circuitry, for motor and breaking controls and simplifying
the electrical design, at temperatures of up to 350°C [1], [2].

Whilst researchers have been able to develop individual
elements of converters that can operate at high (200°C)
temperatures [3], [4], when combining several of these
elements together, the resulting converter was only able to
achieve about 55% efficiency at 1W and about 65%
efficiency at 2W [5]. High temperature materials often used
for these components are complex to work with and have
several trade-offs compared to traditional materials [6].

In this paper, a PZT PT is proposed as a component for use
in high temperature converters. A brief description of the
PT is presented, then the PT is analysed at several ambient

temperatures up to 200°C. The equivalent circuit
components of the PT are extracted and analysed, and then
the performance of a PT based converter is examined with
the PT heated to several temperatures.

2. Design and construction of PZT PT

A ring-dot PT topology was chosen for this analysis due to
its high-power density. Owing to its single disc
construction, it does not require adhesives which may
degrade the performance of the device at higher
temperatures. PZT-85 was chosen as the PZT material
owing to its ‘hard’ piezoelectric properties, which include a
large planar coupling factor and a relatively high Curie
temperature of 300°C.
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Fig. 1 - Geometry of ring-dot PT

For this application, a PT with radius (a) of 8mm, a
thickness (T') of 1.1mm, an 1, = 3.4mm and an 1, = 5.7mm
was chosen. The radius and thickness were chosen to
achieve a radius/thickness ratio of about 7, ensuring that the
PT avoids interaction with spurious modes [7], even though,
as Erhart suggests, these modes aren’t excited in this PT
topology [8]. Secondly, r, and 7, were chosen to achieve a
capacitance ratio (Cy = Cin/N?Coyt) of < 2/m, to agree
with the criterion presented by Foster et al. [9], [10]. This
ensures that an inductorless half-bridge constructed with
this PT will always achieve zero voltage switching (ZVS)
irrespective of the load (if the driving conditions presented
in [9] are adhered to). The resulting prototype PT is shown
in Fig. 2.



Fig. 2 - PZT PT

3. Testing

The prototype PT was experimentally tested under several
ambient temperatures. First, the PT was characterised to
determine its small signal equivalent circuit properties and
how these properties change with increases in ambient
temperature. Second, the PT was used as part of an
inductorless half-bridge resonant inverter to evaluate the
large signal performance of the PT with changes in ambient
temperature.

3.1. Experimental setup

To control the ambient temperature around the PT sample,
an Elite tube furnace was used. This furnace allows the
ambient temperature to be controlled to a high precision. In
order to allow the PT is vibrate freely whilst inside the
furnace, the PT was suspended from a ceramic rod, which
was clamped into position. This allows the PT to be easily
placed inside the oven, as is shown in Fig. 3. The PT was
centred within the furnace and cap was placed other the
other end of the furnace’s tube to aid thermal stability.

Fig. 3 — PT mounted within the furnace

To measure the ambient temperature around the PT
accurately, an N-type thermocouple was placed in close
proximity (about 1cm away) to the PT within the oven. The
temperature from the thermocouple was measured and
logged using a Pico TC-08 datalogger connected to a nearby
computer. Before each measurement was taken, the
temperature was adjusted to the desired temperature, and
the transient allowed to settle until no change in temperature
was observed for at least 20 minutes.

3.2. Small signal measurements
The small-signal input impedance, Z;,, was measured using
an Omicron Bode 100 vector network analyser. This is done
by shorting the output electrode of the PT to earth, and then
measuring the impedance at the input electrode with respect
to earth. Similarly, the small signal output impedance, Z,;,
was measured between the output electrode and earth, with
the input electrode shorted to earth. Each impedance
measurement was taken at a range of frequencies around the
radial resonance. These measurements were then repeated
at a range of temperatures, from 25°C up to a maximum of
200°C. For each measurement, the equivalent circuit
components shown in the equivalent circuit in Fig. 4 are
extracted using the high damping extraction method
presented by Forrester ef al. [11].
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Fig. 4 - Mason equivalent circuit

3.2.1.  Damping: Observing Fig. 5, the PT under test
exhibits around 15.3 Q2 damping at 25°C. The damping then
increases with temperature, peaking at 60.7 Q at 100°C. The
damping then decreases with further increases in
temperature. Whilst, the lowest damping is achieved at
room temperature, only a slight increase in damping is
observed at 200°C compared to 25°C. Therefore, we can
estimate that the losses exhibited by the PT at 200°C will
only be slightly larger than the losses at 25°C.
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Fig. 5 - Changes in damping resistance against temperature



3.2.2.  Input and output capacitance - Cy, and C,,;: The
input and output capacitance exhibited by the PT is shown
in Fig. 6.
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Fig. 6 — Changes in Cj, and C,, against temperature.

In Fig. 6, capacitances Cj, and C,,  increase with
temperature, as expected, owing to the increase in 35 with
temperature as is common in piezoelectric materials. As
both sections of the PT are made from the same material,
both capacitances change at the same rate with temperature.
This also shows that the increased ambient temperature does
not cause a noticeable change in the dimensions (shrinking
or growing) of the PT such that it causes a change in the
electrode area and thus the capacitance. However, an issue
that arises with increases in output capacitance, is a
reduction in both output power and efficiency, as discussed
by Horsley [12]. This may degrade the performance of the
converter at higher temperatures.

3.2.3.  Resonant frequency: The extracted resonant
frequency of the PT is shown in Fig. 7.
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Fig. 7 — Change in resonant frequency against temperature

Observing Fig. 7, the PT’s resonant frequency increases
approximately linearly with temperature. This change in

frequency could potentially cause issues with controlling a
PT based power converter, as the frequency of the converter
should react to changes in temperature. This is further
complicated by the large Q factor of the PT, meaning there
is only a small range of frequencies where the converter is
operating optimally.

3.3. Large signal measurements

The inductorless half-bridge (Fig. 8) inverter topology was
chosen due to its soft-switching ability [13] and to avoid the
difficulties associated with high-temperature magnetics.
The half-bridge circuit is shown in Fig. 8 with switches S;
and S, forming a half-bridge and with the dashed box
highlighting the Mason equivalent circuit for the ring-dot
PT.

Voc (

Fig. 8 — Inductor less half bridge inverter, dashed region
highlights the Mason equivalent circuit model for the ring-
dot PT

The half-bridge-based inverter uses two switches to chop a
DC voltage into a high frequency square wave. The
MOSFETS are switched in anti-phase, with a deadtime
(both switches off) between. The high frequency
trapezoidal-like waveform is filtered by the RLC circuit of
the PT. Due to the high Q factor of the PT, most (if not all)
additional harmonics are heavily attenuated, allowing only
the fundamental of the input trapezoidal wave to the PT to
pass to the output.

If the PT is designed to the criterion presented by Foster et
al. [9], zero-voltage switching (ZVS) can be achieved in this
circuit, irrespective of load. A full description of the modes
of operation during ZVS for this converter can be found in
[9], [14].

3.3.1.  Method: The power and efficiency of the PZT-
based converter was measured across a range of
temperatures to evaluate the performance of the converter.
During testing, the converter was operated with an 80V DC
input, with the half-bridge switches driven in antiphase with
a 25% duty cycle. A dedicated ZVS controller based on the
frequency doubler phased-locked loop control system
described in [14] ensures the converter is operated at
resonance by forcing the resonant current to be /2 out of
phase with the input voltage by controlling the operating
frequency.

The input power to the half-bridge and the output power to
the load were measured using a Yokogawa PX8000 power
scope, allowing the converter efficiency to be calculated.
Similarly, the input power to the PT is measured under the
same driving conditions, allowing the PT efficiency (i.e.
without MOSFET losses) to be calculated and used for
further analysis. These measurements were then repeated at



a range of temperatures, from 25°C up to a maximum of
200°C.

To evaluate the performance of the PT fairly, a matched
load should be used to compensate for the capacitance
variation with temperature. The matched load is calculated
using

1

RLmatched = wCout (1)

However, as found previously both operating frequency and
output capacitance change with temperature. Using (1), the
matched load can be calculated for each ambient
temperature. The converter exhibits a range of 550-800 ()
for the matched load across the temperature range. To
account for this, measurements were taken with a 500 € and
a 1 kQ load, and the most efficient measurement taken.

In addition to the experimental converter testing, the
converter will be simulated using LTSpice, using the
equivalent circuit component values extracted from the
characterisation step performed previously. For each
temperature step, the input and output power and efficiency
will be extracted for comparison to the experimental results.

3.3.2. Output Power and Efficiency:
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Fig. 9 — Circles show the efficiency of the resonant

converter against PT ambient temperature when driving the

most efficient load, lines of best fit are also shown

Fig. 9 and Fig. 10 show the output power of the inverter
increases with temperature (owing to changes in resonant
frequency and the matched load condition), whilst only
exhibiting a slight decrease in efficiency comparing the
performance at 25°C and 200°C. At 200°C, the converter
achieves an output power of around 0.75W with an
efficiency of around 75%.

The simulated results show good correlation to the
measured results. The efficiency of the simulated converter
is higher than the measured results, owing to the simulation
model’s simplifications (i.e. not including parasitics and

additional losses from MOSFETS) but the general trend is
similar to the experimental results. The simulated output
power matches well with the experimental results, with
higher accuracy observed at higher temperatures.
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Fig. 10 — Circles show the output power of the resonant
converter against PT ambient temperature when driving the
most efficient load, lines of best fit are also shown

3.3.3.  ZVS: The ZVS ability of the PT can also be
evaluated by examining the voltage waveform across the
input capacitor; this is shown in Fig. 11.
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Fig. 11 — V¢, voltage to the PZT PT during the deadtime,
with a 500 (1 load at several ambient tempatures

As can be observed in Fig. 11, the converter achieves ZVS
(i.e the input capacitor voltage reaches VDC before the end
of the deadtime) across the temperature range, this is due to
the PT being designed to the critical criterion presented in

[9].

3.3.4.  Power loss analysis

A breakdown of where power is dissipated (either to the
load or as loss) can be generated by comparing the measured
converter efficiency to the measured PT efficiency under



the same driving conditions. An area plot of the power
breakdown against temperature is shown in Fig. 12.
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Fig. 12 — Percentage of input power dissipated in the main
three elements of the converter, the load, the PT, and the
half-bridge MOSFETs

As the converter achieves ZVS across the temperature range
then the switching losses in the MOSFETS should be
negligible. Additionally, the overall power changes
minimally across the temperature range thus the conduction
losses should be approximately constant across the range of
temperatures. As a result, the loss across the switches stays
consistent, accounting for 10% of the input power delivered
to the converter. This percentage could be reduced by using
MOSFETSs with lower RDSon values, however, RDSon often
comes at the expense of larger Cpg capacitances, making
ZVS harder to achieve.

Changes in loss in the PT show a similar trend to the
changes observed in the damping resistance in Fig. 5, as
expected. However, at higher temperatures, the output
capacitance increases to approximately 1.5 times its room
temperature value and as described in [15], increases in Coy;
also cause the efficiency of the PT to decrease. As a result,
the losses in the PT in Fig. 12 stay at a roughly constant for
temperatures greater than 100°C, not decreasing as would
be expected from the decreases in damping observed at
higher temperatures.

4. Discussion

The resulting PT based converter was proven to operate
with the PT heated to temperatures of up to 200°C and with
minimal degradation in performance. The converter was
also able to achieve ZVS across the whole temperature
range.

Compared to the results in [5], where the authors were able
to achieve an efficiency of ~55% at 200°C with a 1W output
power, here the converter achieved ~75% efficiency at
0.75W output power at this temperature. Whilst the output
power is lower than that presented in [5], it is likely a
similarly high power could be achieved with this PT with a

larger input voltage or a smaller load. It can be theorised
that, as the PTs efficiency is not affected by the input
voltage [15], a 1W output power could also be achieved at
a significantly higher efficiency than that in [5].

The PT presented in this paper has a relatively high damping
(loss) value compared to similar PTs presented in previous
literature [16]. This could be due to the construction of the
device or the comparatively low Q factor 200 (vs 1000s) of
the material used. If improvements were made to the PT, it
is likely that both output power and efficiency could be
significantly increased.

In [5], the entire converter was heated whereas this work
heats only the PT. However, it is suggested in [17], [18] that
both GaN and SiC devices see minimal performance
degradation with temperature (even up to 400°C), thus we
suggest that a full high temperature PT based converter will
achieve similar results to those presented here. GaN and SiC
MOSFETSs could also potentially lead to higher
efficiencies, as they typically exhibit lower Rpg  values,
reducing the conduction loss that was observed to be
significant.  Additionally, compared to traditional
electronics a PT-based approach simplifies a high
temperature converter design, as the design and
construction of only a single device from common materials
is required, compared to designing and constructing several
components from novel high temperature materials.

5. Conclusion

The use of PZT PTs in high temperature power converters
has been proposed. A sample PT was designed, constructed,
and tested under several ambient temperatures. The
resulting testing has shown that the performance of a PZT
PT degrades minimally even at temperatures of up to 200°C.
As aresult, a PZT PT based converter was shown to achieve
around a 0.75W output power at an efficiency of 75% at
200°C, proving the effectiveness of PT based converters for
high temperature applications.
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