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Abstract—This paper describes the analysis and design of an
LCL resonant power supply for ozone generation. The main advan-
tage of the proposed topology is the absence of high-voltage trans-
former; the high voltage gain is achievable by means of double-
resonance phenomena. Furthermore, the bandwidth is wider than
the ordinary LC and its phase difference is constant over specific
frequency range; as a result, an open-loop operation can be imple-
mented. The complete analysis and design procedure of the power
supply is presented. The design procedure is verified by imple-
menting the power supply to drive a dielectric barrier discharge
prototype ozone chamber. The hardware results are found to be
in close agreement with simulation and thus justify the validity of
the design procedures. The proposed circuit is suitable for portable
ozone power supply fed by low-voltage source such as battery or
photovoltaic module.

Index Terms—Dielectric barrier discharge (DBD), full-bridge
inverter, high-voltage power supply, LCL resonant circuit, ozone
generation.

I. INTRODUCTION

HE use of ozone gas (O3) has been increasing due to its
T excellent oxidizing properties. It is used in many diverse
fields such as industries, agriculture, pharmaceutical, and water
treatment. It exhibits strong antigermicidal properties, a char-
acteristic that is useful for air and water purification [1]-[3].
In semiconductor industry, dissolved ozone in water is used for
surface cleaning of device fabrication, as an alternative for sul-
phuric acid and ammonia-based mixtures [4]. It has been used
in food processing industry as sanitizers. In hospitals, ozone is
mainly used as disinfectant for surgical equipments, clothes, and
linens. In agriculture, ozone is used for postharvest treatment
to increase the shelf life and freshness of fruits, flowers, and
vegetables [5].
Electrically, O3 can be generated by breaking the oxygen
molecules in a dielectric barrier discharge (DBD) chamber. The

Manuscript received January 30, 2012; revised April 6, 2012; accepted May
20, 2012. Date of current version September 27, 2012. This work was supported
by Universiti Teknologi Malaysia through Vot. No. 79411. Recommended for
publication by Associate Editor H. S. H. Chung.

M. Amjad is with the Universiti Teknologi Malaysia, Johor Bahru 81310,
Malaysia, and also with the University College of Engineering and Technology,
The Islamia University of Bahawalpur, Bahawalpur 63100, Pakistan (e-mail:
muhammad.amjad @iub.edu.pk).

Z. Salam (corresponding author) and M. Facta are with the Univer-
siti Teknologi Malaysia, Johor Bahru 81310, Malaysia (e-mail: zainals@
fke.utm.my; mochfacta@ gmail.com).

S. Mekhilef is with the Department of Electrical Engineering, University of
Malaya, Kuala Lumpur 50603, Malaysia (e-mail: saad @um.edu.my).

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TPEL.2012.2202130

important property of the DBD is the creation of cold nonequi-
librium plasma at atmospheric pressure condition. In a DBD
chamber, a high ac voltage is applied between two electrodes,
one of which is covered with dielectric. Oxygen is forced to
flow in a space between the electrodes, called discharge gap.
If the electric field is sufficiently high, it breaks the oxygen
molecules into its atoms, the latter then combines with other
oxygen molecules to form Os. Traditionally, a low-frequency
(50 Hz) ac source, coupled with a high turns-ratio transformer,
is used as the power supply for the ozone generator [6], [7].
This approach requires high voltage across the chamber, since it
must operate close to the discharge potential. Typically, a volt-
age in excess of 20 kV is necessary to create the breakdown
for a 1-mm discharge gap [8], [9]. The high voltage limits the
ozone production in several ways. First, it restricts the use of
different dielectric materials due to the inability of these mate-
rials to withstand high-voltage stress. Second, the high voltage
limits the discharge gap size, which in turn limits the amount
of ozone gas that can be produced in the ozone chamber. Third,
a low-frequency system is also associated with lower power
conversion efficiency and larger power converter size.

To increase the ozone quantity, the chamber is fed by high-
frequency power supplies. The high-frequency operation in-
creases the power density applied to the electrode surface. This
increases the ozone production for a given surface area, while
decreasing the necessary peak voltage. At lower voltage, it is
possible to experiment various types of dielectric materials with
much lower voltage stress level. It is also more acceptable for
domestic applications as it does not need special handling that
is normally required for high-voltage equipment. In addition,
the power supply using high-frequency technique has smaller
footprint and higher efficiency.

Typically, high-frequency resonant inverters of various
topologies are employed for ozone power supply. A step-up
transformer is required because the gain ratio of the resonant
circuit is insufficiently high to achieve the chamber break-
down voltage. In [10]-[14], a voltage-fed full-bridge resonant
inverter with high-frequency inductor is proposed. The inductor
is placed at the secondary [13], [14] or primary [11] side of
the transformer to stabilize the discharge in the ozone cham-
ber. In [15], a current-fed full-bridge inverter which employs a
parallel inductor between the secondary and the ozone cham-
ber is implemented. For the push—pull inverters proposed in [9]
and [16]-[19], two inductors are used as chokes for the power
supplies. In all the aforementioned topologies, the additional
inductor, with value typically in millihenry, increases the cost
and complexity of the circuit. Correspondingly, the equivalent
series resistance of the inductor reduces the efficiency of the
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power supply. In [20]-[22], ozone power supply using class-E
resonant inverter is presented. However, it is observed that the
voltage waveform across the chamber is nonsinusoidal. The re-
ported efficiency of the power supply is approximately 50%,
which limits the use of this topology in low-power applications.

Since these power supplies utilize high turn ratio transformer,
the associated leakage inductance results in high voltage spike
across the switch during commutation. This results in low-
switch utilization factor. Furthermore, the use of protection
circuit is necessary to avoid destruction of the switch, thus in-
creasing the cost and complexity [19]. Another disadvantage of
transformers is the electromagnetic interference, particularly at
high frequency. Furthermore, the core saturation limits the fre-
quency range of operation. Although piezoelectric transformer
(PT) is introduced to alleviate some of these problems, its band-
width at resonance is extremely narrow; as aresult, a closed-loop
control is mandatory [23], [24]. Furthermore, a high step-up ra-
tio PT with reasonably high power rating is not readily available
in the market.

Most DBD chambers are constructed using fragile but thick
(1-4 mm) dielectric materials. Commonly used materials are
glass and alumina ceramic. Due to the thickness, they exhibit
high dielectric breakdown voltages [25], [26]. Theoretically, the
initiation voltage, i.e., the voltage that initiates the ozone gen-
eration, is close to its breakdown voltage; for a typical chamber
using glass as dielectric with discharge gap of 1 mm, the initi-
ation voltage is about 10-20 kV [4], [27]. Recently, the use of
mica as dielectric in ozone chamber has been reported [28], [29].
The main advantage of mica is the low initiation voltage; for
the same discharge gap size, the initiation voltage is approxi-
mately one order of magnitude less than glass. This is primarily
due to the fact that mica is flexible, agile, and not easily break-
able, hence can be readily constructed with thickness of less
than 0.5 mm. The lower initiation voltage opens the possibility
of developing ozone power supply without a transformer, i.e.,
transformerless ozone generator. This opportunity is explored
in this study.

With the absence of a transformer, the voltage gain of the
power supply is achieved only by the means of the LC resonant
tank circuit [30], [31]. However, for an ordinary LC circuit, a suf-
ficiently high voltage gain cannot be achieved unless the power
supply is fed by the single- or three-phase utility supply [32].
This restricts the availability of the ozone generator to premises
with utility power outlets. In [33], a high gain is achieved by
employing resonant transformer made up by discrete inductors
and capacitors, to achieve a transformer-like voltage gain. This
solution requires more components, thus increasing the reactive
power requirement. Furthermore, if an LC circuit feeds an in-
ductive or capacitive load, the typical power factor is very low,
i.e., less than 0.1 [34]. Considering these factors, a transformer-
less ozone generator based on LCL resonant tank is proposed.
The main advantage of this topology is that the gain is much
higher and its resonant bandwidth is wider than the ordinary
LC. Furthermore, if correctly designed, the output current of the
power supply can be almost independent of the load. Although
the power supplies based on LCL circuit for inductive power
transfer (inductive charging) are implemented in [34]-[37], no
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literature has reported its application for capacitive load such as
the DBD ozone chamber. LCL circuit for resistive load is widely
described elsewhere [38], [39].

The objective of this paper is to describe the concept, de-
sign, and implementation of the LCL-based high-voltage power
supply for ozone generation. The LCL tank achieves double res-
onance, which makes its gain much higher than the ordinary LC
circuit. Thus, it can be suitably used for ozone power supply
fed by low-voltage source such as battery or solar photovoltaic
module. The phase difference between voltage and current is
constant over a specific range of frequency; as a result, a closed-
loop operation is not required. With the elimination of the trans-
former, the power supply size is reduced and its efficiency is
increased.

The remaining of this paper is organized as follows. In
Section II, the ozone chamber parameter determination is ex-
plained. In Section III, the analysis of LCL resonant circuit with
chamber parameters is described. The design procedure is dis-
cussed in Section IV. Experimental setup is described in Section
V. Simulation and experimental results are given in Section VI.
Finally, the conclusion is made in Section VII.

II. PARAMETER DETERMINATION OF OZONE CHAMBER

The configuration of the DBD ozone chamber used in this
study is shown in Fig. 1 [40]. It consists of two plane electrodes:
one is made of aluminium mesh and the other is from copper.
The length and width of each electrode is 120 mm x 70 mm, re-
spectively. The muscovite mica with 0.1-mm thickness is used
as the dielectric in the chamber. The discharge gap between
the electrodes is 1 mm. Since the ozone chamber is considered
as capacitive a load [19], the high-frequency linear model of
ozone chamber is represented by a parallel combination of re-
sistor R, and capacitor C,, as shown in Fig. 2 [41]. The power
dissipated in R, represents the power supplied to the ozone
chamber [42].
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Fig. 3. Measurement setup for chamber parameter determination.

It is necessary to know the parameters of the chamber equiv-
alent circuit (in Fig. 2) at a specific frequency to facilitate the
design of the high-voltage high-frequency power supply. The
measurement setup to determine these parameters is shown in
Fig. 3. The known value of an external inductor L, is placed
between the inverter and the chamber to form a parallel-loaded
resonant circuit. If the input signal frequency is equal to the
resonant frequency, a high voltage gain is obtained. The transfer
function of this circuit is given by

V() | 1
Vi (i) |~ = @y 2 + @/ Q)7

where w,, is the undamped natural frequency and Q, is the
loaded quality factor, given by

1

Av = ‘ (1)

- 2

Wp L2C,!] ()
Rg

Q, = TPLQ =w,CyR,. 3)

The resonant frequency w, and the voltage gain A,,,, at this
frequency can be computed as

1—-557 “

_ @&
—.

For Q, > 1 (which is typical), (4) and (5) can be reduced to

A?; m — (5 )

wr Zw,y (6)
Apm = Q. (7

The C, and R, of the circuit can be calculated by combining
(2) and (6), (3) and (7), respectively, resulting in the following
equations:

1
Cg = szZ (8)
Rg = Au7nw7‘L2~ (9)

For the ozone chamber described previously, the gate drive
circuit provides a stable ac sweep gating signal to the inverter.
The switching frequency of the inverter is varied slowly by
the gate drive circuit until resonance is achieved. With Ly =
128.3 mH and V;,, = 45V, the experimental resonant frequency
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Fig. 4. Voltage and current waveforms of ozone chamber at frequency of
35.5kHz. Note: measurements are carried out using the LeCroy 64Xi, 600 MHz,
10 GS/s digital oscilloscope equipped with a high-voltage probe and a high-
frequency current probe.

is 35.5 kHz. The voltage and current waveforms at resonance
are illustrated in Fig. 4. Note that for every L, C, parallel-loaded
combination, there exists a unique resonant frequency. Further-
more, from (8), the value of C, is independent of chamber
voltage. The computed value of Cy is 157.1 pF. The experimen-
tal results show that A,,,,, is constant at different input voltages,
which is consistent with (9). Accordingly, R, is also independent
of chamber voltage and computed to be 391.9 k2.

It is known that R, and C, are frequency dependent [11].
However, as recently proven in [40], the variation of C (using
the same chamber) is extremely small, i.e., in tens of picofarad.
For that reason, it can be deduced that the variation of C,; on
the voltage gain and resonant frequency is not significant. For
the chamber resistance, its variation has no effect on resonant
frequency. However, it does affect the chamber voltage; if the
chamber resistance increases, the output voltage also increases
and vice versa.

III. ANALYSIS OF LCL RESONANT CIRCUIT
A. Frequency-Domain Analysis

The proposed series—parallel (L; C;Ly) resonant circuit con-
nected to ozone chamber is shown in Fig. 5. Effectively, it
behaves like two parallel-loaded circuits, i.e., L;C; and LyC,
are connected in series (cascaded) to achieve double-resonance
phenomena. The idea is to achieve sufficiently high gain so that
the transformer can be omitted. Although the input to the reso-
nant circuit is a quasi-square (fed from the inverter), the voltages
vy and v, are sinusoidal. The input impedance of the circuit is
given by

a154 -+ a253 + a332 + as8 + as
bi1s3 4+ bys? +bss+1

Zn = (10)

where

ar = L1 L,CiCyRy, ay = L1 LoCh

a3 = LiCyRy + L1Ci Ry + LyCy R,

ay =Li+ Ly, a5 =Ry, b =LCiCyR,
by = LyCy, b3 =CyR,+CiR,.
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The purpose of the L, C; circuit is to provide significant volt-
age gain to the LyC, circuit. This is necessary as the gain of
the latter is small. Furthermore, it provides the reactive current
drawn by the Ly and the chamber. The gains A,» due to LyC,
and A, due to L;Cy can be derived as

Vg Ry

Ave = = O R ? + s+ Iy (b
2
Avi = 7%1 - by st +Z§§3 1267882161578 + as (12
where
ag = L2CyRy, a7 = Lo
by = L1 LyC1Cy Ry, bs = L1 LyChy
b = L1C1Ry + L1CyRy + LyCy Ry, by = Ly + Lo.
The overall voltage gain A, of the chamber is given by
A, = ;’—g = Ayt X Ay (13)

Note that L, is integrated with C, to obtain the voltage gain
Ayo at resonance. Additionally, the values of L; and C; are
calculated so that the voltage gain A, ; is maximum at the same
resonant frequency. The high voltage gain will be achieved due
to double resonance, as depicted in Fig. 6.

Fig. 7(a) and (b) shows the phase variation of voltage and cur-
rent waveforms with respect to the frequency for the proposed
L, C; Ly and the normal L; C; resonant circuits, respectively. As
can be seen, the phase difference for proposed circuit is constant
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Fig. 7. Phase variation of chamber voltage and current waveforms of
(a) proposed L C1 Ly resonant circuit and (b) normal L; Cy resonant circuit.

over the range of frequency in which the gain is high, i.e., 33—
35 kHz. The advantage of a constant phase difference is that the
inverter switching frequency can be selected in this frequency
range to achieve high voltage gain using only a loop control. In
contrast, for the normal L;C; circuit, the phase difference has
a minimum value only at one frequency point, i.e., at 33 kHz.
Furthermore, since the ozone chamber is a capacitive load with
a low power factor, Ly is connected in series with the cham-
ber to compensate for the reactive power and to improve the
power factor. As a result, it increases the power supplied to the
chamber and consequently, the efficiency of the power supply
is increased.

B. Time-Domain Analysis

The state-space equations of the L, CL» circuit and equiva-
lent chamber parameters (see Fig. 5) are developed to understand
the relation between the input voltage, the current of the circuit,
and the output chamber voltage. The state variables such as volt-
age across the capacitors and current of inductors are introduced,
as shown in Fig. 4. The analysis is based on the assumption that
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the components of the resonant circuit are ideal. Furthermore,
to increase the efficiency of the power supply, the class DE in-
verter control with 25% duty factor is implemented [43]. The
input voltage to the L; C; Ly resonant circuit employing a 25%
duty factor is shown in Fig. 8.

The four state equations that describe the time behavior of
the circuit in Fig. 5 can be written as
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Using (18) and utilizing the parameters from the measure-
ments, the MATLAB/Simulink simulation model predicts the
transient behavior of the circuit. The model is shown in Fig. 9.
The input waveforms of voltage vy, the input current i; of the
circuit, and the output voltage v, are plotted, as shown in Fig. 10.
If the inverter is operated above the resonant frequency of the
L1CqLy circuit, the MOSFETSs switch softly prior to the zero
crossing of the inverter output current #; and the zero voltage
switching (ZVS) condition can be achieved. These waveforms
also show the phase difference angle between the input voltage
and the current.

Fig. 9. State-space model using MATLAB/Simulink.
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Fig. 10.  Simulated input voltage viy, input current /1, and output voltage v,, .

IV. DESIGN

To illustrate the application of the proposed L;C; Ly circuit,
the DBD chamber described in Section II is used. The values of
L; and C; are calculated to obtain maximum voltage of 4 kVp-p
across the chamber because the experimental test shows that this
DBD chamber can withstand the maximum voltage of 4 kVp-p
without experiencing the dielectric breakdown. If the L;CiL,
circuit is fed by an inverter with maximum input voltage of 12V,
the required voltage gain is 166.7 (i.e., 2 kVp/12). The voltage
gaindue to Ly Cy (A, 2) is maximum at 35.5 kHz. However, if the
values of L; and C; are calculated to provide the maximum gain
A,1 at the same frequency, the resonant curve would be very
narrow and the closed-loop operation would be mandatory. For
an open-loop operation, L; and C; are calculated to provide the
maximum voltage gain at 33 kHz. As the operating frequency
of the inverter is selected to be higher than the resonance of
the circuit, the overall voltage gain A, should be higher than
166.7 at resonance. From the plot in Fig. 11, the value of A, - at
33 kHz is 7. To calculate the values of L; and Cq, choose A1 =
50, and f = 33 kHz. These values are substituted into (10) and
(12). The input impedance of the circuit is zero at the resonance
condition (12). By solving (10) and (12), the values of L; and Cy
are computed to be 820.1 pH and 27.5 nF, respectively. Based
on these calculated values, the voltage gains A, 9, A, 1, and A,
are plotted in Fig. 11. As can be seen, the A, at the frequency of
33 kHz is equal to the product of A, 2 and A, and the voltage
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Voltage gain A, 2, Ay1, and A, of the L;CyLy circuit versus

gain at the frequency 33.4 kHz (i.e., the operating frequency) is
180.

With regard to component variations, if the combinational val-
ues of L) C Ly are varied within £10% of the designed values,
it will affect the resonant frequency. However, the maximum
gain is almost constant because the gain is mainly dependent on
chamber resistance R, .

V. EXPERIMENTAL SETUP
A. Full-Bridge Inverter and Gate Drive Circuit

The experimental setup of ozone generation system is shown
in Fig. 12. For the bridge circuit, IRFP460 MOSFET:s is used.
The device is equipped with a freewheeling diode. The full-
bridge MOSFETs M1, M3 and Mo, M, are switched in antiphase
to produce quasi-square wave input excitation (V;,). The gate
drive circuit that provides the switching signal for MOSFETSs
consists of LM3524D pulse width modulator (PWM), SN7407
buffer, and HCPL-3120 optocouplers. The circuit is shown in
Fig. 13. The frequency of the gate drive signal is controlled by
fixing a value for C at 0.1 uF (connected to pin C; of the PWM
IC) while adjusting the value of R from 0-200 k€2 (using pin
R;). These values provide stable ac sweep signals up to 100 kHz.
Using the method, the use of phase-locked loop can be omitted.

B. Resonant Circuit

The calculated value of resonant capacitance C; is 27.5 nF.
The maximum operating voltage of the resonant capacitance
equal to V; is 4 kVp-p, at the resonant frequency. The high-
voltage capacitors are not available easily. Therefore, the res-
onant capacitance is implemented by series connection of
medium voltage and low equivalent series resistance capacitors.
Eight polypropylene capacitors of 0.22 . F nominal capacitance,
equivalent series resistance of 0.0616 €2, and 300 V rated volt-
age are connected in series, resulting in equivalent capacitance
of 27.5 nF. The series connection of capacitors can properly
support the required operating voltage; as a result, the voltage
of each capacitor becomes 250 Vp (i.e., 2 kVp/8).

The desired values of resonant inductances are L; = 820.1 uH
and Ly = 142.3 mH. The voltage of the inductors is approxi-
mately equal to 4 kVp-p. This high voltage is not appropriate
for enameled copper wire; as a result, additional interlayer in-
sulation is used. The high-frequency inductors are designed in
accordance with an area product approach. For implementation
of L; and L», the ETD-44 and ETD-59, 3C90 ferrite cores are
used, respectively. Finally, the desired values of resonant in-
ductances are obtained by adjusting the air gap between the
cores.

VI. SIMULATION AND EXPERIMENTAL RESULTS

To prove the viability of the proposed voltage multiplication
method, the power supply using the designed values is imple-
mented. To check the validity of obtained parameters, the circuit
is simulated in MATLAB/Simulink. The resonant frequency of
the circuit is 33 kHz. In order to achieve ZVS, the switching
frequency of the inverter is set slightly above the resonant fre-
quency of the circuit i.e., at 33.4 kHz. To control the output
voltage (in order to avoid dielectric rapture), the following pro-
cedures are adopted during the experimental work. First, at low
input voltage (say 3 V), the switching frequency is adjusted at
33.4 kHz by adjusting R in the gate drive circuit; this frequency
is kept constant throughout the experiment. Then, the output
voltage is increased by slowly increasing the input voltage of
the inverter between 3 and 12 V. This is to ensure that the output
voltage will not exceed the dielectric breakdown limit.

Fig. 14 illustrates the sinusoidal current and the voltage wave-
form of the ozone chamber at various input voltages. As can be
seen, the current leads the voltage for all the operations because
the chamber behaves as a capacitive load. With the increase in
chamber voltage, the microdischarges in the current waveform
of the chamber increases, resulting in an increase in the ozone
generation. The simulated and experimental voltage and the cur-
rent waveforms are in good agreement, which confirms that the
obtained ozone chamber model parameters are valid.

Fig. 15 shows the chamber voltage as a function of inverter
input voltage. As can be seen, the simulation results of the
output voltage are linear throughout the input voltage range
(3-12 V). Similar trend is observed when the inductor resis-
tance is included in the simulation model. The difference is in
the voltage drop due to the resistance that causes the drop in the
output voltage. For the experimental results, the voltage across
the chamber increases linearly up to the input voltage of 8 V
(which corresponds to the output voltage of 3kVp-p). There
is a slight difference in the simulation and experimental results
beyond 3kVp-p due to the saturation that occurs inside the cham-
ber. This phenomenon is consistent with the observations made
by other researchers [9], [44]. The winding resistance of L, and
Lo are 1.4 Q) and 5.1 €, respectively. The maximum loss in L,
is 800 mW, while in Ls the loss is 25 mW.

Fig. 16 shows the plot for the efficiency of power supply
against the chamber output power. The input power of the in-
verter is measured by Voltech PM6000 power analyzer. The
phase difference between the voltage and the current wave-
forms (which are sinusoids) of the chamber is measured by an
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oscilloscope. The output power of the chamber is calculated by
multiplying the power factor and voltage—current [32]. The max-
imum inverter efficiency achieved is about 92% at the chamber
power of 6.5 W. This efficiency is high when compared to other
works (see, for example, [11], [20], and [45]).

Fig. 17 illustrates the ozone quantity as a function of input
voltage. The ozone chamber is fed with 95% oxygen with flow
rate of 1 L/min. The ozone quantity can be controlled by varying
input dc voltage. The ozone concentration is measured using
the InDevR 2B Technologies, UV 106 ozone monitor at scale
of pug/m3. The ozone quantity is calculated from the measured
ozone concentration. The maximum ozone quantity obtained
is 7.2 gOs/h. This value is considered high compared to other
ozone generators in the same category [20], [46].

Fig. 18 shows the ozone efficiency as a function of input
voltage. The input power is measured to calculate the ozone
efficiency. As can be seen, the maximum ozone efficiency of
62.87 gO3/kWh is obtained at the input voltage of 10 V. As the
input increases above 10 V, the power supplied to the ozone
chamber increases. However, the power increases the temper-
ature in the ozone chamber, thus decreasing the efficiency [9].
This ozone quantity is sufficient for many applications, for ex-

ample, airborne ozone disinfection systems, storage and packing
of fruits and vegetables, etc. [3], [5].

Fig. 19 compares the efficiency of the proposed L, C; Ly cir-
cuit with three transformer-based power supplies for ozone gen-
eration system presented by previous researchers. It has to be
noted that comparing the efficiencies of different topologies is
quite difficult for two reasons: 1) the operating conditions of
the power supplies, such as input voltage, power rating, and
switching frequency are markedly different and 2) there exist
variations in components values and types, as their thermal and
electrical characteristics are not same. Despite these diversities,
three transformer-based topologies that are closely related to
this study are cited to gain some insight on the performance of
the proposed power supply. From [20], the reported measured
maximum efficiency of the class-E inverter is 50%, while the
maximum efficiency of the power supply based on push—pull
topology is 78% [16]. In another work [11], the authors have
reported a maximum efficiency of 87% for full-bridge topology.
Moreover, for high-voltage transformer, its secondary resistance
is typically in order of hundreds of ohms [11]. For that reason,
the losses are significantly higher. On the other hand, the wind-
ing resistance of inductors used in the transformerless power
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Fig. 14.

supply is normally in range of ten of ohms. Clearly, the loss of
the latter is much lesser. That may explain why the efficiency of
the transformerless power supply is better.

The information about the cost and size of transformer-based
power supplies is not reported in the literature. However, a rea-
sonable comparison can be justified on the basis of compo-
nent count. Typically, a high-voltage power supply consists of a
step-up transformer and (one or two) inductors. These inductors
have values in millihenry, which are placed at primary or sec-
ondary of the transformer. Furthermore, the leakage inductance
of the transformer causes high voltage spike to appear across the
MOSFETs during commutation. Consequently, protection
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circuit is necessary to avoid switch damage. On the other hand,
for the proposed transformerless power supply, two inductors
(one in microhenry, the second in millihenry) and a capacitor
(value in nanofarad) are used. There is no need for MOSFET'Ss
protection due to the absence of the voltage spike. As the com-
ponent count of transformerless power supply is fewer, it can be
assumed that cost and size of transformerless power supply will
be less as compared to transformer-based power supplies.

On the issue of safety, it is notable that the galvanic isolation
is absent in the transformerless systems. Inherently, there may
exist a connection between the dc power supply (low-voltage
side) and ozone chamber (high-voltage side). This is due to the
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presence of stray capacitance between the dc power supplies
to the ground that will cause common-mode voltage [47]. As a
result, common-mode leakage current flows through the para-
sitic capacitor. To go around this problem, it is suggested that
a ground fault detector may be incorporated in the circuit to
fulfill the safety requirement. A ground fault detector is a reli-

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 28, NO. 2, FEBRUARY 2013

Ozone Efficiency (gO3/kWhr)

2 4 6 8 10 12 14

Input Voltage (V)
Fig. 18.  Efficiency versus input voltage of inverter.
1008
[=1] 8
80
e
G\o 70
<
> 60
92
=
2 s
£
£ aof
44]
0
20
10}
0

Class E Push pull  Full bridge L,C,L, bascd
inverter [20] inverter [16] inverter [11] power supply

Fig. 19. Efficiency comparisons of L; Cy Ly and the transformer-based power
supplies. The L; C1 Ly is tarnsformerless, while others are with transformer.

able device that disconnects the inverter upon the detection of
an isolation fault in the installation [48]. In any case, the casing
for the ozone chamber is made by Acrylic Perspex sheet (with
thickness of 2 mm), which has a breakdown voltage of over
10-kV rms. That should provide the sufficient insulation
required for this application.

VII. CONCLUSION

In this paper, a L; C1 Ly resonant circuit-based power supply
used in ozone generation has been investigated. Without the
use of the transformer, the proposed power supply offering high
voltage is capable for ozone generation. The constant phase
difference between voltage and current waveforms of chamber
over specific frequency range makes the open-loop operation
possible. The advantage of this power supply is the reduced
cost and high efficiency. Moreover, the proposed L; Cy Ly reso-
nant circuit allows the design of high-frequency power supply
to increase the power supplied to the electrode surface, which
increases the ozone production. The simulation and experimen-
tal results are in good agreement and show the correctness of
the design method and parameters of the proposed model.
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