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ABSTRACT

In this work, a method for maximizing the efficacy of ozone production by dielectric barrier
discharge (DBD) is presented. By developing an optimiser-based hardware-in-the-loop system,
the effects of varying input waveform parameters and the flowrate of the input gas on the reactor
conditions could be explored with greater fidelity than in previous literature. The waveform used is
biharmonic, consisting of the sum of two sine waves and allowing a greater number of explorable
parameters. The performance of the reactor, evaluated using the parametric sweep technique, is
compared to that of a hybrid optimiser combining particle swarm optimisation and pattern search.
Two metrics were targeted: ozone concentration-to-power ratio (ppm/W) and ozone quantity for
a given energy (g/kWh). Thus, the characteristics of the input voltage waveform and flowrate were
adjusted to target high ozone generation efficacy for the reactor used in the experiment. Results
show that the optimiser achieves 343 ppm/W compared to 170 ppm/W for the parametric sweep,
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using a similar number of measurements.

Introduction

Dielectric barrier discharge (DBD) is a type of electrical
discharge generating non-thermal or “cold” plasma. It
finds widespread use in the generation of ozone, where
it is more efficient than other techniques such as oxygen
photolysis by ultra-violet radiation (Nassour et al. 2016).
Specific applications include the sterilisation of equip-
ment (Kogelschatz 2003), anti-microbial food treatment
(Obileke et al. 2022), and the catalysis of reactions in
chemical engineering (Zeng et al. 2023).

DBD requires a high voltage alternating current (HV
AC) power supply connected to two or more electrodes
with at least one dielectric barrier and one reaction gap
between them (Kogelschatz 2003). An example is shown
in Figure 1.

As the voltage applied to the electrodes varies, a charge
builds on the dielectric barrier until the localized voltage
across the reaction gap exceeds the dielectric strength of
the gas in the gap. The subsequent breakdown is limited
by the charge in the dielectric, confining the discharge to
a narrow region known as a streamer and limiting the
energy in the plasma.

Several metrics are used to measure the efficacy
(effectiveness) of ozone generation. The most common
is a ratio of a quantity of ozone generated and the energy
used to produce the ozone, e.g., g/kWh, usually mea-
sured at the input of the reactor,

n, =5 1]

where 74 is quantitative efficacy, mo, is the mass of
ozone produced and E is the energy consumed by the
reactor. Another useful metric is the ratio of the ozone
concentration to power which is measured in units of
ppm/W and represented by the symbol .,

n.=% 2]
where Oj; is the concentration of ozone and P is the
power used by the reactor.

Usually, 7. is used when the flowrate is kept constant
and is therefore proportional to #4. If a chemical reac-
tion is limited by the concentration of ozone, keeping
the gas/liquid interface area constant, 7. might be more
useful than 7,

The AC waveform used to power DBD reactors is
usually sinusoidal, and the voltage is necessarily high
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Figure 1. Cross-section of a dielectric barrier discharge (DBD)
reactor.

enough to cause the gas in the reaction gap (Figure 1) to
undergo dielectric breakdown, usually >1 kV. The fre-
quency varies depending on the reactor and its applica-
tion. A higher frequency allows for greater plasma
formation as the number of discharges per period is
independent of frequency; the higher the frequency,
the higher the number of periods per second, and the
more discharges occur per second (Kogelschatz 2003).
This usually results in greater ozone production at
higher frequencies, at the cost of a more complex
power supply (PSU) and increased input power. For
example, medium power reactors (<100 kW) may use
a frequency in kHz (Alonso et al. 2005), or even MHz
(Koo, Cho and Lee 2008) due to the reduction in size
and weight of high-frequency PSUs compared to line
frequency PSUs. A large (>100 kW) reactor for waste-
water treatment might operate at line frequency (50/
60 Hz) due to the ease of obtaining high voltage directly
from the grid, although even in these larger installations,
PSUs operating at higher frequencies have become com-
mon (Kogelschatz 1988).

For radio frequency, sub-atmospheric-pressure plas-
mas, researchers have been able to adjust the waveform
by altering the harmonic content to achieve controllable
direct-current-self-bias and control the location of the
high-intensity plasma. Heil et al. (2008), present this
technique and provide a theoretical model derivation
and numerical simulation. The more recent work done
by Bruneau et al. (2014) focuses on the effects of the
time-domain waveshape on the plasma in the spatio-
temporal domain. In the work done by Derzsi et al.
(2017), this technique is applied to oxygen plasma, and
the effects of different fundamental frequencies are also
explored. The effect of the waveform on the energy
efficiency of generating certain chemical species is
investigated by Korolov et al. (2021).

There has also been research on the effects of wave-
form on atmospheric DBD plasmas: Seri et al. (2019)

explore the effect of input waveform on ozone produc-
tion using an indigo probe and Zhang et al. (2019)
change the flowrate of the input gas and the duty cycle
of an amplitude modulated input voltage of a DBD
reactor to explore the effect on efficacy.

To thoroughly explore the effects of waveform and
flowrate on DBD ozoniser efficacy and determine the
most efficacious parameter-set, this work employs
a hybrid global optimiser to adjust the input parameters.

This technique has been used outside plasma science
to alter the voltage waveform to obtain some desirable
outcome. For example, in Bhowmick et al. (2024),
a gate-drive waveform is adjusted to achieve high effi-
ciency in an inverter for solar power by way of a global
optimiser.

Global optimisation is a process of finding the best
solution to a problem, or a solution close to the best,
subject to certain constraints. In this work, optimisation
is used to find waveform parameters and a flowrate that
maximizes reactor efficacy. The two optimisation tech-
niques used here are particle swarm optimization (PSO)
(Kennedy and Eberhart 1995) and pattern search (PS)
(Hooke and Jeeves 1961).

PSO is an optimisation algorithm inspired by the
social behavior of birds. In PSO, a “swarm” of particles
move through the search-space and interact with each
other, where each particle represents a vector of vari-
ables providing a potential solution to the problem. The
algorithm iteratively updates the position of particles
within the search-space based on the optimum solution
found by that particle and the global best solution,
causing the particles to tend toward better solutions
over several iterations. PSO has demonstrated good
performance when operating on problems with multiple
variables.

PS is another global optimisation technique that uses
a systematic approach to explore the parameter space
around a given initial point. From a given starting point,
this technique searches along each dimension of the
problem, where a dimension represents one variable.
The optimiser moves through the search-space in steps
dependent on the success of the previous step. This
success is defined only by whether the solution at the
newer point is better than the current best.

As the PSO is seeded with random particle locations
covering the valid search-space, this allows the optimi-
ser to cover a large area, helping to ensure that a global
minimum is found. The PS technique, however, starts
with a given starting point and iteratively moves toward
the optimum solution, thoroughly covering the para-
meter space, but making it more susceptible to becom-
ing stuck in local minima.



To combine the advantages of each optimisation
algorithm, a hybrid approach is used in this work
where PSO is used to find a reasonable starting point
for PS to refine.

In this paper, a DBD plasma reactor hardware-in-
the-loop system is embedded within an optimisation
routine to determine the most efficacious parameter
set. The investigation focuses on a biharmonic wave-
form with tuneable amplitude and phase relation-
ships of the fundamental and second harmonics
with the intention of determining the ‘optimal” para-
meter set. It is shown that the use of an optimiser
allows a higher efficacy to be found than
a parametric sweep, whilst performing a similar
number of tests.

DBD waveform

The biharmonic waveform for the reactor input voltage
(VR) consists of a first (fundamental) and second har-
monic, termed Vg; and Vg,, respectively. The reactor
voltage, Vy, is

Vr =/ V3, + Vi, 3]

All voltage amplitudes in this work are root-mean-
squared (RMS) values. These parameters were chosen
to give the waveform a wide range of possible wave-
shapes, whilst being easy to generate. The phase angle of
the second harmonic with respect to the first is also
a tuneable parameter and is represented by 6. The fun-
damental frequency of this waveform is kept constant.
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Figure 2. Biharmonic waveform decomposition showing the first
and second harmonics and their sum.
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The proposed system waveform allows Vg;, Vg, and
0 to be varied independently. These parameters can be
seen in the time domain waveforms shown in Figure 2.

Experimental materials and methods

To test how the optimisers can be used to adjust the
operating conditions of a reactor to improve perfor-
mance, three experiments were conducted for each of
the three targeting methods.

Experiment 1 - parametric sweep: variation of four
parameters; flowrate (Fn), Vr1, Vg, and 6, with linearly
spaced test points for each parameter, resulting in 256
tests.

Experiment 2 — PSO for concentration efticacy: using
the Matlab Optimization Toolbox with a swarm size of
20 particles and a maximum of six iterations including
the starting point. The optimiser was allowed to vary the
four parameters to maximize the reactor output con-
centration efficacy, 7., in ppm/W. The most optimal
solution was then given as the starting point to a PS
optimiser which ran for a further 150 tests, for 270 tests
in total.

Experiment 3 - PSO for ozone quantity: using the
same optimiser as experiment 2 but maximizing ozone
quantity, #4 in g/kWh, rather than 7. in ppm/W.

The fundamental frequency of the waveform was
kept constant at 10 kHz for all experiments to limit
the number of parameters that are to be tested. The
amplitude of each harmonic was limited to approxi-
mately 3.2 kVgys, subject to further limitation by the
HV amplifier. Flowrate, F,, ranged from 0.1 to 10 L/
min (liters per minute), and phase was varied
through 360°.

For all three experiments, and for each unique set of
variables, two sets of data were obtained: A steady-state
ozone reading from five consecutive measurements
averaged over a 10 s period and an oscillogram of the
electrical waveforms.

The Lissajous method (Peeters and Butterworth
2018) was used to calculate the reactor power due to
its superior accuracy compared to methods using direct
current measurement (Homola et al. 2020). This
method uses a series-connected current sense capacitor,
Cs, to accumulate charge. The reactor average power,
P,,, can then be obtained with

TBV
P =1 | Va()dVes(t) 14

The experimental setup used is shown in Figure 3 and
the equipment used can be found in Table 1.
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Figure 3. Experimental setup diagram.

The reactor used in these experiments is asymmetri-
cal with a pair of 3 mm diameter cylindrical electrodes,
one alumina (aluminum oxide) and one aluminum. The
reaction gas flows between the electrodes, separated by
a reaction gap of approximately 0.25 mm. The active
length of the electrodes is 20 mm, and the alumina
dielectric thickness is 0.675 mm. The reactor can be
operated with an input voltage of up to 5 kVyys when
air is used as the reaction gas feedstock at a flowrate of
up to 10 L/min. The main body of the reactor is con-
structed from PEEK plastic with a quartz window on the
front. The design of the reactor can be seen in Figure 4.
The gas enters the rear of the reactor, flows through the
reaction gap as indicated by the blue arrow and exits
through the top.

The reactor is driven by an HV amplifier, the input
signal of which is the sum of waveforms from the two
synchronized waveform generators, one operating at the
first harmonic (10 kHz) and the other at the second
harmonic (20 kHz). An oscilloscope is used to monitor
and record the voltage on the input of the reactor and

Table 1. Experimental apparatus.
Ozone monitor

2B Technologies 106-MH

Oscilloscope Picoscope 6404E
High voltage probe Tektronix P6015A
Waveform generators RS RSDG830

Trek 10/410 A-HS
Bronkhorst F-201CV-20K-AAD-22-V

HV amplifier
Mass flow controller

the current-sense capacitor via an HV probe and 10:1
voltage probe, respectively. An ozone monitor records
the concentration of ozone in the gas flow on the output

Aluminium electrode Gas flow

[N

~l cm

Reaction gap  Alumina electrode  Quartz window

Electrical
Connection

Figure 4. Annotated 3D model of the DBD reactor.

of the reactor, whilst a mass flow controller (MFC)
controls the dry air input to the reactor. A PC controls
the MFC and the waveform generators whilst capturing
data from the oscilloscope and ozone monitor (Table 1).

Experimental results

Figure 5 shows the reactor input power against the four
controlled parameters. For Figures 5-7 and 9, the har-
monic ratio (Vg,/Vyg), second harmonic phase (6) and
flowrate (F,) are the horizontal axes of the three sub-
plots, whilst the reactor voltage (Vg,) is the vertical axis.
In these figures, the experimental data for all three
experiments are shown on the same plots, giving
a total of 796 datapoints. The colour represents the
highest datapoint in each bin, as other variables not
plotted on each sub-figure cause significant variation
between datapoints. This variation is explored in other
sub-figures, where the relevant variable forms one of the
axes.

The positive correlation of power and voltage shown
in Figure 5(a) is evident, as expected from (Ponce et al.
2004) for waveforms with frequencies in the tens of kHz.

It can also be seen that the second harmonic voltage
results in a greater power in the reactor than a first
harmonic of the same voltage. This is also in accordance
with the literature, as power should be approximately
proportional to frequency (Kogelschatz 2003).

Reactor power vs. 0 and Vi shown in Figure 5(b)
indicates higher reactor power around 6=0° and 0=
180° compared to 8 =90° and 8 =270°.

Figure 5(c) shows the effects of flowrate and reactor
voltage on reactor power. A weak negative trend is seen,
where flowrate and power have an inverse relationship;
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with Vi approximately constant at 4400 Vs, the reactor
power decreases from 11.9 to 10.5 W when flowrate is
increased from 0.1 to 10 L/min. This could be due to the
increased flow increasing the pressure in the reactor
slightly, resulting in an increase in the breakdown voltage
of the air feedstock (seen with dry air in (Fan et al. 2018))
and reducing the number of discharges per second.

The effects of the second harmonic, Vy,, on the
ozone concentration at the output of the reactor can
be seen in Figure 6(a). This graph shows the same trend
as Figure 5(a), suggesting that the ozone concentration
and reactor power are positively correlated. In this fig-
ure, however, there are datapoints that do not fit this
trend, the orange square at (Vr,/Vr = 0.5, Vg =3 kV) for
example, where ozone concentration is higher than
might be expected from Figure 5.

These outliers are due to the variations in the
other two parameters; Figure 6(b) shows how the
ozone concentration varies with second harmonic
phase angle and shows a similar trend to the power
in Figure 5(b), with more outliers, as the ozone
concentration is heavily dependent on the flowrate,
as seen in Figure 6(c).

The flow of the feedstock helps remove heat
from the reactor and, as the decomposition of
ozone has a strong positive correlation with tem-
perature (Itoh, Taguchi and Suzuki 2020), very low
flowrates (<1L/min) cause a sharp decrease in
ozone concentration, as seen in Figure 6(c).
Outside this region, ozone concentration decreases
with flowrate as the plasma produces a similar
amount of ozone, but it becomes diluted with
more air infeed. This relationship is not linear,
however, with the ozone concentration only
decreasing by approximately a factor of 2 at 10L/
min compared to the concentration at 2 L/min.
This is perhaps due to the increased cooling redu-
cing the decomposition of ozone (Itoh, Taguchi
and Suzuki 2020) at higher flowrates.

Figure 7(a-d) show how the concentration effi-
cacy varies with the harmonic ratio for each of the
three experiments. A comparison of these three
subplots illustrates the effectiveness of the optimi-
sation algorithm targeting this metric. A cluster of
datapoints in the high-efficacy region around (Vj,
/Vr=0.75, Vg=1.2 kV) in Figure 7(d) represent
the final iterations of the optimisation algorithm,
as it converges to the optimal solution.

The voltages chosen by the optimiser result in Vy
reaching just above the plasma ignition threshold and
correspond to an ozone concentration of 10 ppm.

Figure 7(e) shows the optimiser targeting concentra-
tion efficacy converging on a small region of high effi-
cacy around (6 =180°, Vg =1.2 kVgys).

A region of higher concentration efficacy is also
shown in Figure 7(f). A flowrate of ~1.2 L/min has
been identified by the optimisation algorithm as having
the highest efficacy, and refinement attempts around this
flowrate in the parameter-space show an area of high
concentration efficacy between about 0.7 and 1.5 L/min.

Taken together, Figure 7(d-f) clearly show how the
optimiser explores the search space and converges on
the optimum solution, which could be missed with
a simple parametric sweep (Figure 7(a-c)). The optimi-
ser found an operating point at (Vg,/ Vg = 0.75, 6 = 180°,
FA =1.2L/min, Vg =1.2 kV) with a maximum concen-
tration efficacy of 343 ppm/W compared to 170 ppm/W
obtained from the parametric sweep.

The approach taken by the optimiser is illustrated in
Figure 8. Figure 8(a) shows the particle swarm optimiser

Flowrate (L/min)

Voltage (V)

Flowrate (L/min)

2500
2000

100
Phase (°) 0

1500
Voltage (V)

1000
b)

Figure 8. (a) Particle swarm optimisation iteration path for the
concentration efficacy optimisation (one colour per particle), (b)
Pattern search iteration path. Both plots omit the ratio of
the second harmonic, although this was optimised.
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Figure 9. Ozone quantitative efficacy, nq (g/kWh) with reactor voltage and the three controlled parameters for the parametric sweep
and quantity efficacy optimisation. Dots represent experiment datapoints, the colour represents the highest datapoint in each bin.

producing 20 independent paths of five steps each to
explore the parameter-space. The best of these particles
then seeds the pattern search optimiser, as shown in
Figure 8(b). This optimiser takes 150 steps to converge
on a local minimum which, by virtue of the particle
swarm optimisation, should be the global minimum.

Figure 9(a,d) show the effect of the harmonic
ratio on quantitative efficacy. Efficacy is zero
where the reactor voltage is lower than the ignition
threshold (Vx < 0.8 kV), as there is no plasma. It
can also be seen that there is lower efficacy where
Vr > 4 kV across the three subplots. Elsewhere in
the plot, the quantitative efficacy is high on aver-
age, the parametric sweep in Figure 9(a) showing
consistently high efficacy with a slight trend favor-
ing a low second harmonic ratio. During the quan-
titative efficacy experiment shown in Figure 9(d),
the optimiser converged on a point with no second
harmonic (Vg,) content and the highest achievable
for this second harmonic content, Vx =3.3 kV.

No clear effect of the second harmonic phase
angle, 6 on the quantitative efficacy can be seen
in Figure 9(b,c). When Vg, is close to 0, 8 has little

Table 2. Summary of results.

to no effect. However, the optimiser still attempts
to optimise its value, resulting in redundant tests
where the optimizer walks along the Vg,/Vx=0
axis.

Figure 9(c,f) show a positive correlation between
quantitative efficacy and flowrate, due to the
increased cooling effect of the higher flow prevent-
ing ozone decomposition, as already discussed.
A cluster of datapoints in Figure 9(f) can be seen
around the optimiser’s final position (Vg,/Vx=0, 0
=0° F,=9.5L/min, Vg =3.3 kV).

Table 2 shows a summary of results. All three experi-
ments have a similar number of tests, and therefore took
a similar amount of time, approximately a minute per
datapoint.

Due to the number of parameters to cover, only four
datapoints on each parameter could be covered with
a reasonable number of tests: 4* =256 tests. This has
limited the area that could be covered by the parametric
sweep.

Each of the three experiments had a similar max-
imum quantitative efficacy, with the optimisation
intended to target this metric finding the lowest, at

Maximum
Experiment No. of tests per experiment Maximum concentration efficacy (ppm/W) quantitative efficacy (g/kWh)
Parametric sweep 256 169.9 50.87
Optimisation for concentration efficacy 270 343.0 52.54
Optimisation for quantitative efficacy 270 246.8 50.24
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50.2 g/kWh. This may be due to the large number of
datapoints already close to the optimum resulting in
a lack of a clear relationship between many of the
parameters and the target metric, suggesting that
these parameters may have little dependence on this
target metric (quantitative efficacy) for the reactor
and the reaction conditions wused in these
experiments.

Conclusion

A hardware-in-the-loop optimisation approach for tar-
geted waveform ozone generation was presented. The
technique optimised the amplitude and phase difference
of a biharmonic waveform at a fixed frequency. This was
compared to a parametric sweep of equivalent complex-
ity and shows an improvement in the identified opti-
mum operating conditions. For the tests shown, the
technique resulted in an efficacy of 343 ppm/W com-
pared to 170 ppm/W in the parametric sweep.

These results demonstrate the promise of this hard-
ware-in-the-loop approach for optimising chemical
production by dielectric barrier discharge reactors.
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