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Piezoelectric Resonator Based Power Supply
for an Ozone-Generating Dielectric Barrier
Discharge Reactor

Henry O’Keeffe, Martin P. Foster, Jonathan N. Davidson

Abstract—In this work, a dielectric barrier discharge (DBD)
reactor power supply designed for operation with a low input
voltage is presented. A piezoelectric resonator is used to provide
voltage gain and high efficiency in a small volume for portable
(point of use) ozone generation, suitable for the disinfection of
surfaces for example. The power supply was coupled to a small,
asymmetrical DBD reactor and achieved an efficiency of 63%
and an ozone generation efficacy of 67 g/lkWh when operating at
4.4 W. The use of a piezoelectric resonator (PR) to provide
voltage gain has several advantages over, for example, a
traditional electromagnetic transformer. The PR has monolithic
construction for reliability, is inherently insulated against high
voltage due to the ceramic material, can operate up to 300°C, and
its resonant behaviour allows the power supply to operate with
zero-voltage switching.

Index Terms—Resonant Converter, Dielectric Barrier
Discharge, Piezoelectrics, Ozoniser

[. INTRODUCTION

ZONE (05) is a reactive chemical species of oxygen
formed from three oxygen atoms [1]. Ozone breaks
down to form short-lived oxygen radicals which
readily combine with organic compounds, altering
their composition. This has led to applications in toxic-gas
treatment [2], medicine [1], water filtration [2], [3], and many
others where ozone’s ability to destroy organic compounds
can be utilised [2]. Ozone is currently most efficiently
produced in a dielectric barrier discharge (DBD) reactor [4].

A. Dielectric Barrier Discharge Reactors

DBD reactors are a category of chemical reactors that can
produce high-value chemicals on a small scale. They are also
suitable for low-cost ozone production with a modular design
and are known as ozonisers in this role. They provide an
opportunity for small-scale testing (such as in lab-on-a-chip
systems) and allow the use of renewable energy for chemical
production as they derive the activation energy from
electricity. A significant challenge in their design is the high-
voltage (HV) power supply required to produce high electric
fields >1 kV/mm. The structure of a DBD reactor (Fig. 1)
usually consists of a pair of electrodes with one or more
insulating layers between them, with at least one of the layers
being a dielectric (e.g., glass, quartz or ceramic) and one of the
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electrodes exposed to gas
generation).

A reactor can either be symmetrical (electrodes of the same
type) or asymmetrical (electrodes of differing types e.g., one
conductive, and one with a dielectric coating).

In this work, an alumina (aluminium oxide) coating on an
aluminium electrode (labelled A in Fig. 1) forms the dielectric
and brass is used for the second electrode (labelled B).

(air or oxygen for ozone
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Brass electrode B
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A terminal
0.25 mm

¢
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| 10 mm
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Fig. 1. Cut-away 3D model of the DBD reactor

An HV bipolar waveform is applied to the electrodes,
causing a small current to flow through the reactor due to its
capacitance. A charge builds up on the surface of the dielectric
until the potential difference across the gap adjacent to the
charge carrier exceeds the breakdown voltage of the gas in the
gap, causing localised discharge (streamers) through the gas.
Each streamer exists for tens of nanoseconds.

This discharge reduces the charge on the dielectric to the
point the voltage across the gap can no longer support further
discharge. The current flowing though the largely capacitive
reactor causes charge to build up again until another discharge
occurs. Compared to continuous discharge, this cycle of
charge and discharge limits the energy supplied to the gas and
the resultant plasma. This type of plasma is known as non-
thermal, or “cold” plasma and is favourable for ozone
generation, as it prevents high temperature from prematurely
breaking down any ozone formed.

The electrical input to a DBD reactor must, therefore, have
sufficient voltage to cause breakdown of the gas in the gap,
i.e. it must be greater than the ignition voltage, and must be
bipolar to allow current flow to reset the charge on the
dielectric. The input voltage and frequency of continuous-
wave DBD reactors vary over a wide range depending on
design requirements. The parameters of some examples from
literature are shown in Table I, showing that peak operating
voltages range from 700 V to 6 kV, frequency ranges from
5 kHz to 57.5 kHz over power ranges of 0.15 W to 240 W.



TABLE 1
DBD OZONISER PARAMETERS FROM LITERATURE
PSU Ozoniser
Voltage  Frequency Power -
Ref efficiency efficacy
(kVpk)  (KH2) (W) % (kW
[4] 3-6 25 12-53* - -
[5] 2343 19 32-1015 <8l -
< 140 (air)
[6] 24-3 26.3 0.3-3 - <223 (0y)
[7] 0.8-1.25 534 144 90 <340y
% 3 _ <206 (air)
[8] 5 5 0.15-1 <414 (0y)
[9] 3.44 45-57.5 940 30-85 4.5-21
[10] 0.7 15.6 1 50 6 (0y)
This .
Work 0.9-1.1 ~56.9 0.5-4.5 63 45-105 (air)

* subject to caveat explained in the reference

B. DBD Reactor Modelling

DBD reactors are commonly electrically modelled as a pair
of series capacitors with a switch and resistor connected in
parallel with one of them [11], seen in Fig. 2a, where Cj is the
bulk capacitance of the reactor, Cg is the capacitance of the
discharge gap and R¢ models the discharge. For a period of
each cycle, Sw is closed, representing the occurrence of
discharge, thereby extracting energy from the system.

In [12], Alonso, et al. simplified the model of the DBD
reactor to the parallel RC network shown in Fig. 2b, allowing
it to be used in linear systems. In addition, a reactor with an
input voltage lower than the ignition voltage can be modelled
as purely capacitive [13].

Sw A
Qe CG A
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G CD
Rp
Cp
B
B
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Fig. 2. (a) Conventional DBD reactor model and (b) high-
frequency DBD reactor model

The plasma discharges cause significant stochastic electrical
noise: both radiating EMI and creating noise on the input
current waveform, although this is not modelled in either the
conventional DBD reactor model or the high-frequency
model.

C. DBD Reactor Power Supply

Power supply topologies used for DBD include the resonant
LLCC half-bridge [14], a transformer-coupled LC resonant H-
bridge [15] and the phase-shifted full bridge [9] amongst
others. As with other types of power supply, resonance allows
high efficiency and, in this application, results in a sinusoidal
output voltage with low harmonic distortion.

As DBD reactor power is proportional to the frequency of
the reactor input waveform [2], a higher frequency power
supply can be used to obtain a higher production rate in an
ozone-generating reactor, for example.

For small, portable DBD reactors, a simple topology such as
the single-switch resonant flyback converter presented in [10]
can be wused, although the topology has only been
demonstrated with 50% efficiency.

In [5], a resonant series-parallel converter is presented where
a series LC tank drives a parallel LC tank and achieves zero-
current switching (ZCS). This topology is transformer-
coupled, with the transformer accounting for a large part of the
total losses and system volume.

Alternatively, a piezoelectric transformer (PT) can provide
voltage gain and isolation while also forming the resonant
tank. PTs are three- or four-terminal devices that use the
piezoelectric effect at or near resonance. An alternating
voltage is applied between the input electrodes and a higher or
lower voltage is induced between the output electrodes.

PTs have been used to provide voltage gain for driving low-
power DBD reactors in the literature. In [7], Salam et al.
report 90% power supply efficiency for a 4 W reactor,
resulting in 3.6 g/lkWh of ozone production with pure oxygen
as the feedstock.

Due to the capacitance of the PT, any driving circuit usually
has a series inductor to reduce switching losses. This inductor
adds size and weight to the system and represents a source of
additional power loss.

D. Piezoelectric Resonators

Piezoelectric devices use the electromechanical properties of
a piezoelectric material to convert electrical energy to
mechanical energy and vice versa. Such devices exploit
mechanical resonance whose natural frequency is dependent
on the material parameters and geometry.

There are two piezoelectric devices commonly used in
power electronics: the two-port piezoelectric transformer (PT)
and the one-port piezoelectric resonator (PR).

Whilst the piezoelectric transformer has been studied for
DBD reactor power supply applications ([6], [16], [17], [18]),
this paper is the first to study the use of a PR for reactor power
supply design. A PR is a simpler device than a PT; only
having one-port, it cannot provide voltage gain without
additional components. As in the PT, an external voltage
applied to the PR causes the material to deform. Mechanical
resonance, coupled to the electrical domain by the
piezoelectric properties of the material, allows it to be
electrically modelled with the Van Dyke equivalent circuit
shown in Fig. 3 [19], [20].

Fig. 3. Van Dyke equivalent circuit model of a piezoelectric
resonator



Due to the properties of the piezoelectric material, a high Q-
factor of over 600 can be achieved for a lead zirconate titanate
(PZT) resonator [20]. This makes the equivalent circuit
unrealisable with electrical components in a volume
comparable to the resonator. For example, a PZT resonator
with a volume of 11.87 mm? which has parameters
R=4.45Q,C=75.2pF, and L =1.51 mH, is used in the DC-
DC converter described in [21].

This paper describes the use of a piezoelectric resonator in a
high-voltage power supply, for use with a DBD reactor. The
high Q-factor of the piezoelectric resonator reacts with an
external capacitance to achieve the required voltage gain
necessary to initiate discharge.

II. PARAMETERISATION

A. Parameterisation of the DBD reactor

To design the power supply, accurate equivalent component
values must be determined for the electrical equivalent models
for the reactor and PR.

The DBD reactor used here is a co-axial type with an
alumina-coated inner (A) electrode. The key dimensions and
parameters can be seen in Table II. The design can be seen in
Fig. 1.

TABLE 11
DBD REACTOR DIMENSIONS AND PARAMETERS
Inner electrode diameter 3 mm
Alumina dielectric thickness ~ 60 um
Average electrode gap distance 0.25 mm
Electrode active length 20 mm
Reactor frequency test range 10 — 85 kHz

Reactor voltage test range 582 — 886 Vrums
Maximum reactor power 5W

The reactor was tested with the characterisation set-up
shown in Fig. 4 using the Lissajous method [8] where Cs is the
current-sense capacitor. These tests were performed over the
range of operating frequencies and voltages given in Table II
to find values of Rp (shown in Fig. 2). To reduce degradation
of the electrode the power was limited to 5 W.

HYV Probe

1000:1 Picoscope

6404C

H_OOO

VR

DBD

Fig. 4. DBD reactor characterisation setup

A Picoscope 6404C, TREK 10/40A-HS HV amplifier,
Tektronix P6015A HV probe, and RSDG 830 waveform
generator were used for these tests.

The waveforms taken were used to calculate average power
dissipated in the reactor with (1). This was then used with the
RMS reactor voltage to calculate the Rp for each voltage and

frequency.
t=Tqp

[ V() dves(®) )

P = —
av Tav g

Where T,y > 1/f, f'is the frequency of the sinusoidal reactor
voltage, Vr and Vcs is the voltage across the sense capacitor
Cs.

Whilst the capacitance of the reactor can be calculated from
its geometry, in practice there will be additional parasitic
capacitance from the other parts of the reactor such as wiring.

To provide an accurate estimate of Cp, the effective
capacitance of the reactor, Cr, was calculated from the
characterisation test data using (2) with a Viy lower than the
ignition threshold (500 V) and was found to be 11.4 pF.

Co = CsVes @)
D A

Whilst in operation, charge accumulates in the reaction gap,
(as highlighted in Fig. 1). This causes the capacitance to
change under load. Other authors [9], [10], [12] have found
that this change is typically <20%, depending on the type of
reactor, whilst Rp can vary significantly with reactor output
power. To account for this variation, an expression for Rp as a
function of frequency and reactor input voltage was found.
Thus (3) was fitted to the data from these tests using a mean-
square-percentage-error cost function, (4), and a particle
swarm optimiser to ensure a global best fit was found.

aVyp
Ry = — 3
p= 7 (3)
where a and b are constants chosen by the fitting algorithm
which minimises the mean square error (Ems).

v (M= Fe)?

s (M)

4
Ens =
where N is the number of data points used in the fit, M is the
measured data, and F is the data from the equation being
fitted. The curve fit can be seen in Fig. 5. The constants were
determined to be a = 1.0x10?° Q.Hz.V*>?and b = —5.52.

% 10°
G

R, ()

Fig. 5. Curve fit surface of Rp (resistance) using (3). Measured
data points are indicated with red stars.



B . Parameterisation of the piezoelectric resonators

In [22] a particle swarm optimisation method was described
for finding the input impedance of a piezoelectric transformer.
This technique was adapted to determine the first resonant
mode of three PRs from STEMiNC; the parameters are shown
in Table III. An example of the closeness of the fit is in Fig. 6.

TABLE III
PIEZOELECTRIC RESONATOR PARAMETERS
SMD25T85F234S SMD35T12S118  SMD43T105F200S

G (pF) | 494 567 1140
R(Q) 13.5 10.7 431
L(mH) | 17.5 334 20.2
C (pF) 194 188 508

OrLc 704 1250 1460

S
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Fig. 6. Resonator parameterisation fit to measured data for the
SMD43T105F200S.

III. VOLTAGE GAIN

Without the inherent voltage gain of a transformer, the
suitability of a piezoelectric resonator for generating high
voltages for a DBD reactor is not immediately apparent. In
this work, the RLC branch in the Van Dyke model is made to
resonate with a parallel combination of the reactor
capacitance, Cr, and a discrete capacitor, Ca. Ca is tuned to
maximise the gain of the system, although this does not
necessarily maximise its efficiency. The total capacitance seen
by the Van Dyke model (Fig. 7) is Cp = Cr + Ca.

The complex frequency domain equation for the gain of the
circuit in Fig. 7 is shown in (5).

VR _

o=

s3RpLCpC+S2RRpCpC+sRp(Cp+C) 5
s3CLRp(Cp+Cp)+s2C(CpRpR +CpRpR +L)+s(RpCp+CpRp+CRp+RC)+1 ( )
where the complex frequency, s = jw, j is the imaginary unit
and o is angular frequency.

To calculate the frequency at which the maximum gain
occurs, (3) was substituted into (5) to eliminate Rp(Vr), and a
least-squares optimiser varied the frequency, o, to maximise
V'r for a given Vi =48 V.

Output power, Pg, is defined as the power dissipated by the
linear-model load resistance (Fig. 2), Rp,

[Vel?
= 6
0= ®
Ip
R
Cp C
Vi ,\/
L
A
g sy
Rp
14
E. CR CA R
B CD

Fig. 7. Proposed power supply circuit diagram showing the PR
Van Dyke model with AC voltage source, series capacitance
(Ca) and DBD reactor model (Cr & Rp).

The only other source of power dissipation in Fig. 7 is the
resistance in the model of the PR, R. The power dissipated in
this resistor is given by,

Pr = |IzI’R (7
Iz was formulated in terms of 77,
IR =
sViC(sRpCp+1) (8)

1+s3CLRp(Cp+Cp)+s2C(R(Cp+Cp)Rp+L)+s((C+Cp+Cp)Rp+CR)

where C, R, etc. are shown in Fig. 7. The efficiency, 7, can
then be calculated from Po and Pk,

P, 9)
Py + Py (

These calculations were performed for each resonator with a
range of Cp to analyse the effects of Cp on output power and
efficiency. These results can be seen in Fig. 8.

Comparion of the results for the three PRs in Fig. 8 shows
that the largest resonator, SMD43T105F200S with the highest
Q-factor and lowest impedance at resonance (seen in Table
IIT) exhibits a higher maximum power and higher efficiency
than the other two resonators. For this reason, this resonator
was chosen for the final design.

As the power rating of the reactor is 5 W (Table II), the
power supply can be designed for this power, maximising
efficiency because the efficiency and power have an inverse
relationship as Cp is increased (Fig. 8a and Fig. 8b
respectively). 5 W corresponds to a Cp of ~500 pF, an
efficiency of 88% and frequency of 56.7 kHz. Ca was chosen
to be 500 pF as Ck is negligible for this reactor.

rl:
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IV. Low VOLTAGE AC SUPPLY

To drive this system, any voltage source with an AC
component can be used: any DC voltage component will be
blocked by the resonator and only spectral components around
the resonant frequency will contribute significantly to the
reactor power.

A GaN full-bridge inverter was used as the AC supply for
this system. The specifications can be seen in Table IV. A
half-bridge can alternatively be used but has half the output
voltage of a full bridge. The half bridge is generally cheaper
but requires higher resonant system gain, reducing overall
system efficiency.

To reduce the switching losses associated with switching a
capacitive load, a deadtime of 10% was used. The deadtime
allows energy to be recovered from the PR acoustic wave to
charge the capacitance on the output of the inverter during this
dead time.

TABLE IV

INVERTER SPECIFICATIONS
Bus voltage 48V
GaN switches TI LMG5200
Controller IC dsPIC33CH512MP505
Switch on-state resistance 15 mQ
Switch slew-rate 50 V/ns
Switch current rating 10 A

PCB dimensions

55 mm x 32 mm

V. EXPERIMENTAL RESULTS

The experimental setup can be seen in Fig. 9. The additional

100 , , : :
~ 90 N 4
N
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-~
> 80r ——SMD25T85F234S |1
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S 70F - - -SMDA43T105F200S |
g R R m s an s ]
T ]

50 ‘ PRt ittt
0 1 2 3 4 5
C,, (nF)
9)

Fig. 8. Simulated effect of Cp on a) efficiency, b) maximum
power and c) frequency for the three resonators in Table I1I

equipment used over previous tests was a Yokogawa PX8000
power analyser to assess the performance of the inverter, and a
48 V DC supply to power the system. The connection of this
test equipment necessitated wires approximately 50 cm in
length. These have a parasitic inductance on the order of
microhenries represented by Lp in Fig. 9.

The PX8000 was used to measure the voltage and current at
the input and output of the inverter (Vpc, Inc, Viv, Iiv). Fig.
10a shows the waveforms of the inverter output current and
voltage when operating with an output power of 0.4 W. The
10% deadtime allows the resonant current (leading the voltage
by approximately 90°) to charge the capacitance present on the
output of the inverter, causing the inverter output current to

o) (o]
Yokogawa Picoscope o
PX8000 Power | O Parasitic 6404C
Analyser fe) Inductance, Ly o
N 77
\_/7<V>
WY g7 """ 7 7T
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1 1 1
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— . .
oV : | Ve 1000:1
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] | 1 - 1
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Fig. 9. Experimental test set-up



drop and the output voltage to rise to the bus voltage during
the deadtime, achieving ZVS. Also visible is a high frequency
component: ringing resulting from the change in current
(0.2 A) through the resonator and parasitic inductance (Lp) in a
short period of time (100 ns).

0.4

0 10 20 30 40
a)

Inverter Output Voltage, V. v V)

Inverter Output Current, lIV (A)

Time (us)
b)

Fig. 10. Inverter waveforms, a) Po = 0.4 W, b) Po=4.4 W.

Fig. 10b shows these waveforms during operation at
Po=44W. The voltage-leading phase shift has now
increased to 150° and there is less current available during the
deadtime to charge Cp. By the end of the deadtime, Cp has
charged with Vv nearly at Vpc as the output current crosses 0
at 19 us. This operating condition represents a limit to the
maximum output power of the system whilst still maintaining
ZVS.

At 4.4 W there is significant discharge in the reactor. This
causes noise on the current and voltage waveforms in Fig.
10b, seen periodically before commutation at 16 ps for
example. There is also generally less ringing at this power
level as the reactor current is lower during commutation,
resulting in a lower dI;;, /dt.

Fig. 11 shows the voltage waveforms on the reactor, V', and
the current sense capacitor, Vcs. These signals are digitally
low-pass filtered in post-processing with a corner frequency of
12.5 MHz and attenuation of 60 dB in the cut-off region to
reduce high-frequency noise caused by the discharge in the
reactor.

Vr is sinusoidal, with a small distortion twice per cycle
during the dead time. Vcs shows noise from the discharge,
visible as many regions of high dV/dt. When one plasma
streamer is formed, the resulting conducting channel often
prompts nearby charged regions to discharge, resulting in a
cascade effect. As these discharges are very short (~10 ns) in
duration, this cascade is also very short. This results in a large
AVes over a short time, seen at 30 ps in Fig. 11a, for example.

Fig. 11 shows a DC offset on JVcs. Since the reactor
electrodes are asymmetrical, the DC offset is thought to be due
to charge build-up on the dielectric. To test this hypothesis,

two pairs of electrodes were used: a pair of identical alumina-
coated electrodes as described in Table II, and a set of one
coated and one uncoated clectrode.

-5
1000
-10
0 155
20
-1000 |

Reactor Voltage, VR V)

Sense Capacitor Voltage, VCq Vv

0 20 40 60 80
Time (us)
b)
Fig. 11. Reactor waveforms, a) Po =0.4 W, b) Po=4.4 W.

A sinusoidal voltage of approximately 600 Vk at 20 kHz
was applied to the electrodes, and the DC offset of Ves was
measured over 40 cycles. The pair of identical electrodes
(symmetrical) had a DC offset voltage of —0.022 V, whilst the
coated / uncoated set (asymmetrical) had a DC offset of 0.2 V,
approximately ten times higher than the symmetrical test.
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0 : : : 0
56.75 56.8 56.85 56.9 56.95
Frequency (kHz)

Fig. 12. Reactor voltage and power distribution as frequency
is varied.

Fig. 12 shows the variation in power and voltage over the
frequency range 56.75 kHz to 56.95 kHz. This is sufficient to
change the reactor input power approximately linearly from
04W to 44W, with reactor voltage also varying
approximately linearly over the range 647 Vrms to 746 Vrws.
This allows the reactor power to be inferred from the reactor
voltage.



The change in power and voltage for a given frequency
when the flowrate is increased from 5 to 10 litres per minute
(Ipm) is seen in Fig. 12. This change suggests that parameters
in the electrical model of the reactor, Cr and Rp, change with
flowrate, perhaps due to the increased flow causing individual
discharges to be extinguished faster.

The power loss distribution in Fig. 12 shows the power loss
in the inverter reduces as frequency decreases and power
increases. The power loss in the resonator increases with
reactor power more slowly than the reactor power, meaning
efficiency is increasing with reactor power. The system
reaches a total efficiency of 63%, with all support circuity
(microcontroller, etc.) included in the inverter losses.
Considering the resonator alone, the efficiency is 72%. For a
given resonator and reactor, this efficiency could be increased
at the cost of maximum output power, by reducing Cp (shown
in Fig. 8). In future work, improvements could also be made
by optimising the design of the reactor and resonator geometry
specifically for use in this circuit.

Fig. 13 shows the performance of the DBD reactor. The tests
at 10 Ipm in had increased efficacy (a ratio of the generated
mass of ozone and the energy delivered to the reactor), and a
lower ozone concentration probably due to the greater flow
also reducing reactor temperatures. The results demonstrate
that the reactor is most efficacious at a lower power. This is
most likely due to the reduced heating causing less ozone to be
destroyed after it is produced as ozone is destroyed at higher
temperatures [23].
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Fig. 13. Measured performance of the DBD reactor.

The system's overall efficiency has a positive trend with
reactor power and ozone production, reaching a peak
efficiency at the maximum power rating of the reactor,
suggesting that this efficiency could be improved further at the
expense of a loss of ZVS (as most of the input power is
delivered to the reactor, it is likely that despite the reduced
efficiency of the inverter, the overall efficacy would increase
in line with the reactor efficacy trend).

VI. CONCLUSION

This paper describes the first use of a PR as a device for
driving a dielectric barrier discharge. The use of a PR as an
energy converter offers several advantages over conventional

power supplies, including high efficiency and the ability to
operate at high frequencies for increased ozone production.
The results show that the power supply achieves 63%
efficiency with a reactor voltage of over 740 Vgrms at
56.8 kHz. These are shown in Table I. Whilst the efficacy was
high, at 67 g/lkWh when operating at 4.4 W, further research
focused on optimising the efficacy of the reactor could help
improve this.

The voltage and power vary linearly with frequency,
simplifying control, whilst the reactor is most effective at
lower power levels due to reduced heating and a smaller
percentage of ozone being destroyed after it is produced. The
results demonstrate the potential of the PR-based power
supply as a viable alternative to conventional power supplies
for DBD reactors.
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