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Abstract: The performance of magnetic field-induced dielectric barrier discharge (DBD) as an
ozone generator has been investigated. The effects of permanent magnet induced DBD position
has also been varied using three approach models. Model 1 was by placing the ring permanent
magnet under the ground electrode tied with Teflon, model 2 was by placing 2 (two) permanent
magnet rings above the high voltage electrode and below the ground electrode, respectively
which was limited by a Teflon solid material and the magnetic conditions were repelling each
other, model 3 was by using 2 (two) pieces of ring permanent magnet placed above the high
voltage electrode and below the ground electrode which was bounded by Teflon materials and
these magnetic conditions were attracting each other. When the fly-back transformer terminal
was connected to the high voltage and ground electrodes for model 1, the maximum measured
voltages and discharge currents for model 1,2, and 3 were 13.8 kV and 690 mA, 12.5 kV and
973 mA, 11 kV and 800 mA, respectively. The ozone generator produced ozone gas at 110 ppm,
162 ppm, 207 ppm for model 1,2, and 3, respectively. Furthermore, the addition of permanent
magnet beans as electrodes increased energy to produce plasma in the gap between the high
voltage electrode and dielectric ceramic. It was shown that the permanent magnet beans
enhanced the development of plasma in the gap. The effect of induction of ring permanent
magnet with attractive conditions is new thing to improve the performance of ozone generators.
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1. Introduction

Dielectric barrier discharge (DBD) was first introduced by Siemens which was used as an
ozone generator. Siemens began his experiment to examine the effect of dielectrics on the plasma
produced and this plasma was used to react oxygen compounds to ozone gas [1]. The main
components of this dielectric barrier discharge (DBD) are high voltages in kilovolts with system
frequencies from Hz to kilo Hz, high voltage and ground electrodes and dielectrics made of
ceramics, glass, mica, etc. The construction of the barrier discharge dielectric (DBD) is given in
figure 1 below [2]. The dielectric barrier discharge (DBD) application has fulfilled various
aspects of science such as ozone generators used for drinking water treatment, waste treatment,
waste gas treatment, plasma medicine, surface treatment, etc [2-7].

HYV Electrode HV Electrode

7/4Dielectric

material

v \Y

™ Ground
Electrode

Dielectric
material

(a) (b) (c)
Figure 1. Dielectric barrier discharge arrangement. (a). Cylindrical DBD, (b) Planar DBD, (c)
Surface DBD.
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The ozone formation reaction process which is more dominant when the high pressure on the
gas is given in the following reaction as equation (1) [8].

0+03 +M—>03+M H

This chemical reaction does not always succeed in forming an ozone gas, but this reaction
sometimes produces oxygen gas and molecular M as in the reaction equation (2) below.

O+0+M—->02+M 2)

At the case of discharge of electric charge in the air, molecule M is molecular oxygen or
nitrogen. Ozone under certain conditions can react again with nitrogen given in equations (3)
and (4).

NO2+03 ->NO3 +O2 3)

O+NO3 — O +NO2 (4)

There are two-steps process of ozone generation in a non-equilibrium discharge in air at
atmospheric pressure. First, oxygen atoms dissociate to an oxygen molecule with the threshold
energies [9,10] for these processes as seen in Table 1:

Table 1. Threshold energy in the oxygen ionization

Process Threshold energy (eV)
0;+e—>0+0 4.2
0,+e—>0+0+e 5.58
0,+e—>0+0('D)+e 8.4

Secondly, oxygen ion reacts with molecule O2 and creates an ozone molecule that requires
the presence of electrons with these energies.

Nowadays, many researchers conducted a dielectric barrier discharge (DBD) to be used as
an ozone generator. Kamel examined surface dielectric barrier discharge (SDBD) and volume
dielectric barrier discharge (VDBD) as an ozone generator with cylindrical geometry. This DBD
has cooling media. This study showed the cooling media could improve the performance of
ozone generators [11]. Some researchers also examined ozone generators using power supply
impulses in order of nanosecond and managed to regulate spark discharge to produce the ozone
well [12-15]. The mini impulse generator prototype was also successfully made by Waluyo
which was used for high voltage purposes [16]. Murdiya uses a half-bridge resonance inverter
power supply and was successfully combined with a dielectric barrier discharge (DBD) to
produce high voltage plasma [17].

The effect of the magnetic field on the high voltage plasma between the electrode and the
dielectric has been investigated by Park [18]. Park used needle electrodes as high-voltage
electrodes placed inside the gap between the electrode and dielectric [18]. Murdiya also
examined the influence of magnetic fields on plasma produced by surface barrier discharge
(SDBD) and showed things that were different from DBD without magnetic fields. It was shown
that plasma with the influence of magnetic fields was denser than plasma without a magnetic
field [19]. Pakarek also examined the effect of permanent magnets on the development of high
voltage plasma in the gap between a needle and a dielectric, where the position of needle
electrode was parallel to permanent magnet. The results of the study showed the effects of
magnetic fields affected the movement of gas molecular ions [20]. Liu began the study by
comparing plasma generation with magnetic field induction (not induced by magnetic fields).
He also did the arrangement of plate electrodes and dielectrics in magnetic field and focused on
the nanosecond power supply connected to a high-voltage electrode. This experiment results in
fact is the plasma moving above the dielectric surface that is induced by magnetic fields and it
is slightly different from the plasma without induction by magnetic fields [21]. Murdiya, et.al
used a permanent magnet with an intensity of 315 mT in a dielectric barrier discharge (DBD)
experiment as an ozone generator. Magnetic fields with magnetic induction of around 300 mT
were also used in dielectric barrier discharge (DBD) for the wettability of polypropylene.
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Pakarek used permanent magnets with 60 mT induction in dielectric barrier discharge (DBD)
for ozone production [17, 22,23].

In this study, we attempted to examine the ozone generator with novel configuration of DBD.
We also installed another power supply as known with non-sinusoidal inverter. Then, dielectric
barrier discharge (DBD) which was induced by permanent magnetic fields for ozone production
has been carried out in this research. The effect of a permanent magnet addition that induced a
dielectric barrier discharge by placing two permanent magnet rings above and below the high
voltage and ground electrodes were also investigated. Otherwise, ferrite permanent magnet beans
were also used as additional electrodes and they were attached to the high voltage electrode
surface. There were three models of permanent magnet ring positions were tested. First model
was ,the permanent magnet ring was placed under the ground electrode, second model was by
placing the permanent magnet ring above and below the high voltage and ground electrodes
under the repulsion condition between the permanent magnet rings, and third model was the
same as the second model with the difference in the condition of permanent magnets attracting
each other. The power supply used was a non-sinusoidal inverter with a maximum voltage of
15kV. In this study, the characteristics of plasma, current and voltage characteristics, Lissajous
diagrams and ozone concentrations produced from several models were examined.

2. Experimental procedures
A. High voltage generator circuit and experiment set up
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Figure 2. Complete electronic circuit of a nonsinusoidal half bridge resonance inverter

The complete electronic circuit of a non-sinusoidal inverter is given in figure 2. The inverter
input was supplied from a direct current (dc) power supply with a voltage of 18 volts dc. For the
MOSFET control circuit side on this inverter was equipped with IC CD4047 which was a PWM
IC (pulse width modulation). In this electronic circuit, six MOSFETs that were connected in
parallel and form a bridge circuit in order to enlarge the current into the LC resonance circuit. In
order to produce oscillation currents, this circuit was equipped with an inductor of 65 micro
Henry and was connected in series with capacitors with varying values of 470nF, 150nF, and
1uF, respectively. In this test, the selected capacitor was 150nF. The output of the resonance
circuit was connected to the low voltage side of the fly-back transformer with the primary coil
was a center tap with some turns 10/2. The high voltage side of the fly-back transformer was
connected to the high voltage and ground electrodes as given in figure 3. The photograph of the
complete ozone generator is depicted in figure 4. Non-sinusoidal high voltage generator fed by
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the resonance inverter circuit applying a voltage of 18 Vdc was connected to the primary side of
the fly-back transformer. The high voltage side of the fly-back transformer was connected to the
high voltage DBD terminal. The measurement of the output voltage of the fly-back transformers
using a voltage divider with a ratio of 1,000: 1 (with the brand of SEW) was connected to the
high voltage electrode terminal, and the output was also connected to a digital oscilloscope
(Hantek 6204 BC). The discharge current in the DBD circuit was measured by using a current
probe (Hantek CC65), and it was also connected to a digital oscilloscope. We also measured the
Lissajous graph by detecting voltage of Cs of 0.01uF and high voltage probe. In this research,
we practice how to produce ozone gas by injecting free air into the DBD with the help of a small
fan. Ozone concentration data was recorded by an ozone meter HT-E-O3.

Voltage Divider (VD)
r'Y
— 5 toms
AC220V ‘Non Simmsoidal
50Hz Resonance Inverter
— 5 tornes
= Osmlltrsmpc
s 2
Flyback —
Transformer Current Probe

Figure 3. Experiment set up and collecting data
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B. DBD Configurations

The dimensions of DBD can be seen in figure 5 below. We designed a Teflon as a holder of
the permanent magnet ring with an outer diameter of 14 cm and the Teflon thickness of 3 cm,
respectively. The distance between the holders (Teflon to Teflon) was 3.2 cm, while the outer
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diameter of the permanent magnet ring was 10 cm. The high voltage and ground electrodes used
were made of stainless steel with a diameter of 9 cm. The dielectric used in this DBD was the
floor tiles (Trademark Platinum), it was made in Indonesia. This ceramic had a diameter of 13
cm with a thickness of 0.7 cm. A high voltage electrode was attached to 5 (five) small permanent
magnets which were useful for initiating a plasma in the gap between the high voltage electrode
and ceramic dielectric as shown in figure 6. This ozone generator was also installed the
permanent magnet rings (10cm Outer Diameter) with several models including model 1 was by
placing the ring permanent magnet under the ground electrode tied with Teflon, model 2 was by
placing 2 (two) permanent magnet rings above the high voltage electrode and below the ground
electrode, respectively which was limited by a Teflon solid material and the magnetic conditions
were repelling each other, model 3 was by using 2 (two) pieces of ring permanent magnet that
placed above the high voltage electrode and below the ground electrode which was bounded by
Teflon materials and these magnetic conditions were attracting each other.
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1. HV Termination
2. Bolt and Nut 10M
3. Teflon/Holder
4. Solid dielectric/Tile (Trademark Platinum)
5. Electrode
6. Permanent Magnet Bean (Ferrite Magnet)
7. Circular Permanent Magnet (10 cm OD)
8. HV Termination

Figure 5. View of Dielectric Barrier Discharge (DBD) Chamber
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Figure 6. The arrangement of small permanent magnets on the high voltage electrode.

3. Results and discussion
A. Plasma Photographs

From this experiment, model 1 is designed by placing a permanent magnet ring under the
ground electrode, and plasma is initiated by adding some permanent magnet beans attached on
the high voltage electrode, while model 2 and 3 are designed by equipping two permanent
magnet rings above high voltage electrode and under ground electrode. These models also
initiate a plasma in the gap by equipped some permanent magnet beans under the surface of the
high voltage electrode. The condition of model 2 is making repulsion between permanent magnet
rings while model 3 is attraction condition between permanent magnet rings. The plasma pictures
that occur in the gap between the high voltage electrode and ceramic dielectric are given in figure
7 below. The light intensity on model 1 is higher than models 2 and 3 as seen in the left photo of
figures 7a, 7b, and 7c. This is also supported by the right photo of the images in figures 7a, 7b
and 7c which are the results of the invert color. In this condition, it can be seen in figure 7a which
has a more extensive black color which is a higher light intensity when compared to figures 7b
and 7c. There is some black area in all pictures, and it is indicated that the plasmas produce high-
intensity energy. The black area in model 1 is more and more significant than model 2 and model
3.

By adding some permanent magnet beans under the surface of the high voltage electrode,
this method is successful for producing plasma in all the models. These permanent magnet beans
are able to initiate plasma with the accumulation of electric and magnetic fields. Plasma appeared
on the edge of the permanent magnet beans, and they developed on the surface of the ceramic.
These plasmas are non-homogenous plasmas that form non-dense beam between them. Plasmas
which have a high light intensity marked in black on the invert color condition energized with
high discharge energy. The plasma produced in model 3 is denser than plasma in models 1 and
2. Then, plasma in model 2 is also denser than that of model 1. It can be seen that a permanent
magnet is placed between two electrodes with attraction condition, it can make plasma more
tight than model 1 and 2. Furthermore, by adding permanent magnet beans as electrodes, it will
increase energy to produce plasma in the gap between the high voltage electrode and dielectric
ceramic. It is shown that the permanent magnet beans enhance the development of plasma in the
gap. This plasma can also cause erosion on the ceramic/dielectric surface. Model 1 is also found
that the solid dielectric (ceramics) is more accessible to erode gradually than models 2 and 3. If
an area of ceramic dielectric has a point of erosion, plasma tends to be concentrated in the area
of the erosion point. This centralized plasma will glow the dark yellow light. The stages of
plasma development on the erosion point are given in figure 8. It can be concluded that this
erosion point has decreased its isolation resistance and the electric field is centrally located at
that point. The plasma will continue to erode the point until finally, the solid dielectric can
conduct the electricity. It is this phenomenon that always occurs in the event of an electrical
breakdown in insulation materials which can be explained in theory, the plasma that occurred
for all models under conditions of the air pressure of 1 atm. Noise produced by model 1 is also
noisier than models 2 and 3.

364



The Effect of The Magnetic Field on an Ozone Generator FED

r— A ; .-.- L
\

a. Model 1

b. Model 2

c. Model 3
Figure 7. The results of plasma shooting for various permanent magnet conditions
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Figure 8. Plasma at an erosive dielectric point (plasma picture in circle line)

B. The voltages and displacement currents

The high voltage side of the fly-back transformer in a no-load state produced a non-sinusoidal
wave with a maximum voltage of 17.3 kV that was measured by using a voltage probe with a
ratio of 1: 1000 and it is given in figure 9a. When the fly-back transformer terminal is connected
to the high voltage and ground electrodes for model 1, the results of current and voltage
measurements are given in figure 9b. The maximum measured voltage is 13.8 kV and the
maximum current pulse measured is 690 mA. The results of current and voltage measurements
for model 2 show that the maximum voltage is 12.5 kV and the maximum current pulse is 973
mA. For model 3, the maximum current pulse measured is 800 mA and the maximum voltage
measured is 11 kV. For all models produce current pulses which indicate micro discharge occurs
in the gap between the high voltage electrode and ceramic dielectric. Of all the models, it appears
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that the most current pulses are in model 3, which also indicates that this model 3 produces more
micro discharge than models 1 and 2. This is also characterized by current pulses of model 2
which are more than models 1. This current pulse occurs when the maximum voltage for all
models. From figure 9 it can also be concluded that the maximum voltage and maximum current
pulse at discharge for all models are different. When there is a discharge of current suddenly
reaches its maximum value for all models. This discharge causes an increase of current in the
test circuit.

The discharge current in model 1 is depicted in figure 9b. Partial discharge occurs during
positive cycles and negative cycles. Partial discharge occurs in a positive cycle that is at zero
voltage and up to maximum voltage and then it decreases to zero. Next, it also occurs during a
negative cycle of voltage. The current pulse in the positive cycle is more than the negative cycle.
The current pulses in model 1 take place intermittently. The pulse amplitude of discharge current
in the negative cycle is higher than the positive cycle. The discharge current is shown in figure
9c¢ shows that partial discharge occurs during a positive cycle and a negative cycle as well.
During a positive cycle, the partial discharge occurs starting from zero voltage until the voltage
reaches the maximum value. The current pulse in the positive cycle appears for 2 us and then
reappears in the negative cycle after 6 us of the positive cycle. In a negative cycle, it starts from
zero voltage until the voltage approaches the minimum. The current pulse during the positive
cycle is more than the current pulse in the negative cycle. This ozone generator model shows
that the amplitude of discharge current is greater in the negative cycle than the amplitude of the
current in the positive cycle. The ozone generator from model 3 (figure 9d) experiences a
discharge of charge every period of 20 us.

The release of this charge occurs for every 15 us. This discharge is initiated when the
equipment voltage reaches its maximum value of 11 kV, and it will take place even though the
voltage value decreases to the minimum value. The electrical discharge in model 3 occurs when
the voltage value is zero until reaching the maximum voltage, and it is continued until the voltage
goes to the minimum and it returns to zero. After the discharge event, the voltage drops and an
electrical discharge is not easy to redischarge for period of 20 us. When discharge occurs, the
discharge current pulse rises to a maximum value of 800 mA. The release of this charge indicates
that the ozone generator for model 3 is suffering micro discharge which reacts oxygen to form
ozone gas. From the results of this current measurement, it can be seen that the plasma developed
is not continuous which follows the release of the charge from this ozone generator.

The measurements shown in the Lissajous diagram (figure 10) were carried out using the
Sawyer-Tower circuit with a capacitor value of 0.01uF. The voltage versus electric charge graph
gives different areas of the Lissajous area. On a 1-minute discharge condition, it appears that the
Lissajous area for all models is slightly different. The area of Lissajous in model 3 is slightly
more significant when compared to the area in models 1 and 2. The area of the Lissajous model
2 is the smallest area compared to other models. However, after a S-minute discharge, the
Lissajous area for all models expanded. The area of the Lissajous model 3 is slightly smaller
than the models 1 and 2. The area of Lissajous in model 2 is the largest area compared to models
1 and 3. It is seen that the effect of the position of the permanent magnet parallel to the high
voltage and ground electrodes on the area of the Lissajous (discharge energy) is not very
significant. For further research, it is necessary to place a permanent magnet perpendicular to the
high voltage and ground electrodes. The accumulation of electric and magnetic fields is predicted
to have a different impact on the dielectric barrier discharge.
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Figure 9. Voltage and discharge current for all models
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Figure 10. Lissajous diagram for all models of DBD

In the generator ozon with DBD induced by magnetic field, the direction of electric field is
perpendicular to magnetic field that is known as the Lorentz force:

F=evx B (%)
Eotal = nf‘e"—nFm
=qgnEtqn(v xB)=gqnE+j*xB (6)

where 7 is the charge density, F the electric force, F, the magnetic force, g the charge, v the
charge velocity, E the electric field strength , j the current density and B the magnetic flux
density. The Lorentz force will act on the charge in channels and it affects the micro discharge
channels dimension and interaction between the micro channels, which can expand these
channels on the surface of barrier. It also lead to ionize the oxygen gas to form the ozone
molecule.

C. Ozone Production

Ozone measurement using a gas analyzer is shown in figure 11 below. The results of the
comparison of ozone concentrations produced for all models are given in figure 12. When the
ozone generator starts operating in a range of 1 minute, all models suffer a significant increase
to generate ozone gas. It can be seen in figure 12, model 1 produces ozone at 98.3 ppm and model
2 produces ozone gas at 135 ppm and model 3 produces ozone to 111 ppm. For this period, it is
seen that the generator ozone for model 2 is higher than models 1 and 3. And also the generator
ozone for model 3 produces ozone gas higher than model 2. In the period from 1% minute to 5
minute, ozone generator for model 1 is more likely to remain stable in producing ozone gas until
the gas concentration value reaches 110ppm. However, the generator ozone for model 2 is
gradually up to a value of 162 ppm. Furthermore, the generator ozone for model 3 generates
ozone gas which rises sharply until its concentration reaches 207 ppm. Ozone production speed
for model 1, 2,and 3 was 22, 32.4 and 41.4 in ppm/minutes, respectively. Here, it can be seen
that the ozone concentration produced from model 3 is higher than that of models 2 and 1. Model
2 also produces higher ozone concentrations than model 1. By looking at the maximum current
pattern at discharge, it can be concluded that model 3 occurs current pulses more than models 2
and 1 which is indicated that there is a more ionic discharge that can increase the ionization
process on oxygen which further it will produce more ozone gas than model 1 and 2. The effect
of induction of ring permanent magnet with attractive conditions is the new thing to improve the
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performance of ozone generators. The generator ozone with dielectric barrier discharge induced
by permanent magnets promotes the effect of ozone production by the ionization process on
oxygen molecules. The presence of a magnetic field in dielectric barrier discharge broadens the
path of free electrons in the ionization region (i.e. Larmor precession), and it bring down the
mean energy of electrons to reach a high voltage electrode which will increase gradually by the

collision with gas molecules [24, 25]. If the number of collisions with oxygen molecules
increases, more ozone atoms will be formed.

Figure 11. Ozone measurement with a gas analyzer.
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Figure 12. Comparison of ozone concentrations produced for all models

Model 3 has the velocity to produce ozone at an average of 41.4 ppm per minute. While
models 1 and 2 produce ozone with an average of 22 ppm per minute and 32.4 ppm per minute,
respectively. It is seen that model 3 is faster than models 1 and 2 in producing ozone. While the
model 1 is the slowest in producing ozone.
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4. Conclusions

This study has succeeded in showing the performance of an ozone generator by using
permanent magnet beans as a high voltage electrode and induced with a permanent magnet ring
with three models of the position of the permanent magnet. From the experiments, it can be
concluded that model 3 with the position of the permanent magnet ring above the high voltage
electrode and under the ground electrode with attracting each other produced more ozone in a 5
minutes period compared to models 1 and 2, respectively. The maximum measured voltage is
13.8 kV and the maximum current pulse measured is 690 mA. The results of current and voltage
measurements for model 2 show that the maximum voltage is 12.5 kV and the maximum current
pulse is 973 mA. For model 3, the maximum current pulse measured is 800 mA and the
maximum voltage measured is 11 kV. The ozone generator generated ozone gas at 110 ppm, 162
ppm, 207 ppm for model 1,2, and 3, respectively. The model 3 was faster than model 1 and 2 to
generate the ozone gas with a value of 41.4 ppm per minute. Model 3 inflowed many discharge
current pulses which was indicated that there was a lot of electrical discharge in the gap to
convert oxygen atoms to ozone gas. From the results of plasma shots that occurred in the gap
between electrode and dielectric, it could be seen that model 3 produced a plasma with a lower
light intensity than models 1 and 2. This could be proven by plasma images of inverted images
that model 3 had fewer black areas compared to models 1 and 2. The effect of the position of the
permanent magnet was clearly visible in the performance of the ozone generator under attractive
condition, where it produced more ozone gas. The addition of permanent magnet beans as high
voltage electrodes is new in the study of high voltage plasma.
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