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Abstract—In this paper, the implementation of a power supply
for the generation of plasma, with the purpose of sterilizing
a surface, is presented. A power supply based on a Class-E
switching amplifier is proposed. This switch-mode amplifier is
capable of producing a high-voltage and high-frequency output
for plasma generation. In addition, a feedback mechanism is
used to handle load variation. This is achieved through the
characterization of the load at high voltages while generating
plasma. Portability of the system is the primary goal of this
paper. Thus, the implementation of a miniaturized circuit capable
of achieving high efficiency and low power consumption at the
same time is critical. The design and implementation of the
complete battery-powered system, as well as the simulation and
measurement results are discussed.

Index Terms— Class-E, dielectric barrier discharge (DBD),
feedback, high voltage, plasma, sterilization.

I. INTRODUCTION

IELECTRIC barrier discharge (DBD) at atmospheric

pressure has potential of becoming a new practical and
effective method of sterilization. Sterilization technology has
broad applications, from medical devices to food preparation
equipment. When plasma is generated, radicals are formed,
such as ozone, along with heat, and UV light. It is the
combination of these components that makes sterilization
possible. Several studies have been conducted on the killing
potential of plasma over different bacteria and spores [1]-[8].
Mastanaiah et al. [1], [2] have obtained results of com-
plete sterilization within 60-120 s, highly emphasizing the
effectiveness of plasma as a more efficient mechanism than
autoclaving, for instance, which takes about 1 h.

This paper presents a design of portable electronics that
can generate DBD plasma with battery operation. In general,
the proposed technique can be applied to other applications
generating high voltages on capacitive loads.

The DBD plasma is produced when an alternating high
voltage is applied on two electrodes separated by a dielectric.
This high voltage results in strong electric fields that generate
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electrical discharge. Several power amplifier (PA) designs
capable of generating high voltage outputs for ozone
and plasma generation have been reported [9]-[21].
Alonso et al. [9] present a topology similar to an ignition
circuit that can generate a high voltage output. It also
indicates that the efficiency of the PA is 50%. Since the total
power provided to the load is only 1 W, this power loss is
not significant. However, one issue not discussed in [9] is
the current spike generated when the transistor switches OFF,
causing losses and adding stress on the transistor.
Ponce-Silva et al. [10] and Facta et al. [11] show a
topology which is based on a modified Class-E topology. The
Class-E topology is introduced in [22] and further analyzed
in [23] and [24]. Both [10] and [11] have developed systems
operating in the kHz range (27 and 8 kHz, respectively).
However, [10] requires a large inductor on the load side. This
inductor resonates with the capacitive load to produce a high-
voltage sinusoidal waveform. To decrease the inductor size,
Ponce-Silva et al. [10] added a capacitor in shunt with the load
to increase the overall load capacitance, thus decreasing the
resonating inductor requirement. This method is not desirable
because it requires two additional components and increases
power loss. On the other hand, [11] does not use a resonating
inductor. Instead, it operates at a frequency close to the
resonance of the transformer and the capacitive load. Similarly,
Petreus et al. [12] present a plasma torch generator using a
Class-E amplifier. The frequency of operation is 13.56 MHz
and has an output up to 2 kV. However, this system is large in
size due to the current requirement of the application. Other
topologies like current-fed push-pull resonant inverters or full-
bridge inverters presented in [13]-[17] are also used to produce
high voltage across capacitive loads. Alonso et al. [14] are
particularly interesting because it maximizes an efficient high
voltage output by resonating the transformer along with the
load. However, these designs require two or four transistors
and increase complexity. Other works involve high voltage
pulsed generators, [18]-[20], which are capable of generating
plasma. However, for this application, a sine wave is desired.
Finally, [21] provides a summary of different circuit topologies
used for ozone generation. It compares various high voltage
sources and their respective ozone concentrations generated.
The purpose of the plasma sterilizer is to kill bacteria
on the surface. Most of the time, the surface will contain
small quantities of liquid due to contamination. Once plasma
is generated across the surface, this liquid will evaporate
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Fig. 1. (a) and (b) Front and back electrodes of the SSD. (c) Electrode with
DBD plasma on it.

gradually, causing the amplifier load impedance to change
during plasma sterilization, which presents a challenge to the
amplifier design. This change of impedance is unique to this
application and has not been addressed in previous works. The
only change of impedance mentioned has been the capacitance
added by plasma, but not by the contamination of the surface.

Using [9]-[21] as a starting point, the rest of this paper
discusses the design of the PA step by step. Section II presents
a mechanism to model the large-signal load impedance with
plasma generated, as well as the variation due to contam-
ination. In Section III, the PA is then designed using the
parameters extracted from the modeling. Section IV shows
the implementation of the circuit. The handling of varying
load by the PA is also demonstrated in this section. The
automation of the system is presented in Section V, which
emphasizes the challenges of implementing feedback control.
Finally, Section VI presents a brief summary and conclusion
of this paper.

II. MODELING OF VARYING LOAD

In this paper, the plasma is produced at atmospheric pres-
sure. The load of the system consists of two metal elec-
trodes separated by a dielectric (Rogers 4003C) of 1.54-mm
thickness, referred to as the self-sterilizing device (SSD). The
voltage required to achieve the discharge, typically a few
kilovolts, is determined by the distance between the electrodes,
the dielectric constant, and the pressure. The plasma discharge
is extinguished when the electric current is terminated or the
electric field collapses [1]. The size of the SSD shown in Fig. 1
is 1.5” x 1.5” (more detailed explanations on the design of the
SSD can be found in [1] and [2]).

Ponce-Silva et al. [10] presented a device model, which is
described in detail in [25]. Using this technique, the SSD is
modeled as a parallel RC equivalent circuit (Cp and Rp).
The resistor models the power dissipated when generating
ozone, heat, and UV light, while the capacitor represents the
equivalent capacitance of the dielectric and the discharge gap.
There are other circuit models for plasma as the one presented
in [26]; however, it adds complexity, which makes it more
difficult to analyze. The model in [25] is sufficient for the
analysis of this paper.

The values of Cp and Rp are determined using

1
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Fig. 2. Setup used to extract /g and Q. These determine Cp and Rp to
model SSD as a function of frequency and voltage.
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Fig. 3. SSD with DBD plasma.

g0, Voltage - Current gX 10”°Voltage - Charge

3 -4
[&]
éﬂ 5 0 Q
w 7]
0 o 4
-8
Y 35 0 35 7 -7 -3.5V u(kv)3.5 7
Vssp (KV) (a) ssD (b)

Fig. 4. Lissajous diagrams. (a) Voltage—current and (b) voltage-charge used
to extract /o and Qg values, respectively.

To evaluate Cp and Rp, Vssp (the amplitude of the voltage
across the SSD), Ip and Qo (the current and charge when
vssp = 0, respectively, in Fig. 4) must first be determined.
These are extracted by using the setup shown in Fig. 2. A high
voltage probe (Tektronix P6015A) is used to record the voltage
across the SSD, a regular voltage probe (Tektronix P2220)
measures the voltage drop across the series capacitor C, while
the current is measured using a high voltage current probe
(Bergoz CT-D1.0-3).

The value of the series capacitor, C, is selected so as to
be much larger than the SSD capacitance. The purpose of
this capacitor is to determine the charge of the SSD without
loading the system [25]. Fig. 3 shows the voltage vssp across
the SSD as well as the current issp flowing through it.
As illustrated, the current has random spikes which are caused
by the ionization of gas molecules in the air and the discharge
of radicals and photons. Fig. 1(c) shows the SSD with the
plasma being generated on the electrode.

Following the procedure presented in [25], the Lissajous
diagrams, voltage—current, and voltage-charge are plotted,
from which Ip and Qo are extracted. Using Fig. 4
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Fig. 5. Equivalent plasma capacitance Cp and resistance Rp as a function
of applied voltage and frequency.
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Fig. 6. SSD average power Pay as a function of applied voltage and
frequency.

and (1) and (2), Cp and Rp are evaluated. Fig. 5 shows the
variation of Cp and Rp as vssp and the operating frequency is
swept from 4-6 kV and 35-55 kHz, respectively. It is shown
that Cp increases as the voltage increases and the operating
frequency increases, while Rp follows the opposite trend.
Fig. 6 shows the average power dissipated by the SSD. This
is evaluated using (3). It should be noted that Cp, Rp, and
average power Pay do not follow a smoother trend due to the
current spikes generated by plasma. From this, it is concluded
the system needs to be tuned every time when the frequency
or the voltage is changed (which is expected).

Furthermore, the load variation due to contamination needs
to be considered. As described earlier, the purpose of the
plasma sterilizer is to kill bacteria located on the surface of
the SSD. Such contamination is represented as the presence
of some liquid on the surface. As the plasma is generated
across the SSD, the bacteria and the liquid evaporate, gradually
changing the impedance. To measure the actual impedance
change, three sets of experiments are performed.

1) 40 uL of three different types of liquid are applied on the
surface of the SSD, spread out evenly. Three mediums
are used: water, salt water, and serum. This experiment
determines how much the impedance variation differs
using different mediums.

2) 20, 40, 60, and 80 uL of tap water only are applied
to the surface of the SSD. This experiment determines
how much the impedance variation differs by applying
different volumes of liquid.

3) Experiment 2 is repeated but without spreading out the
liquid, just applying it as a single drop at the center of
the SSD (Fig. 7).

Fig. 7.

TABLE I

(b)

SSD liquid tests. (a) Covering the entire surface. (b) Single drop.

IMPEDANCE VARIATION DUE TO DIFFERENT MEDIUMS

Liquid SSD SSD w/ | Impedance | Percentage
Impedance 40 pL Change Change
Water 8 pF 19.4 pF 11.4 pF 144%
Salt o
Water 8 pF 20.6 pF 12.6 pF 159%
Serum 8 pF 21.1 pF 13.1 pF 166%
TABLE 11

IMPEDANCE VARIATION DUE TO DIFFERENT VOLUMES OF LIQUID
(WATER) EVENLY SPREAD OVER THE SSD SURFACE

Volume SSD SSD Impedance | Percentage
Impedance | w/water Change Change
20 pLL 6.26 pF 17.34 pF 11.1 pF 177%
40 pL 6.25 pF 17.53 pF 11.3 pF 180%
60 pLL 6.20 pF 17.43 pF 11.2 pF 181%
80 uL 6.24 pF 17.30 pF 11.1 pF 177%
TABLE III

IMPEDANCE VARIATION APPLYING A SINGLE DROP OF LIQUID (WATER)

Volume SSD SSD w/ | Impedance | Percentage
Impedance water Change Change
20 pL 6.20 pF 7.56 pF 1.36 pF 22%
40 pL. 6.16 pF 7.44 pF 1.28 pF 21%
60 puL. 6.18 pF 7.50 pF 1.32 pF 21%
80 uL 6.16 pF 7.22 pF 1.10 pF 17%

(Note: 20 uL is the volume of a single drop of liquid.) Using
the HP 4192A LF Impedance Analyzer, the impedance across
the SSD is measured for these three cases.

As shown in Table I, the impedance changes using three dif-
ferent liquids are approximately the same. The change ranges
from 144% to 166%. Table II shows the impedance change
applying different volumes of water. For this experiment, the
percentage change ranged from 177% to 181%. On the other
hand, the impedance variation due to a single drop of liquid
with different volumes is small. This is shown in Table III.
From these experiments, it is concluded that the impedance
change depends on the way the liquid is placed but not the
volume of the liquid.

The model of large-signal load impedance and its variation
during sterilization is critical to the PA design, which is
discussed in Section III.

III. PA CIrRCUIT

Before designing the PA, the operating frequency, output
voltage, and power delivered are determined first.
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Fig. 8. (a) Transformer equivalent circuit. (b) Simplified transformer
equivalent circuit referred to its primary side with load connected to its
secondary side.

To obtain the highest voltage swing across the SSD with
the least amount of power, the load is resonated with the
transformer [11]. Fig. 8(a) shows the nonideal transformer
model. The leakage flux is modeled by primary and secondary
inductors (Lp and Lg) while the magnetizing inductance is
modeled by Lj;. The core-loss is modeled by Rc, while Rp
along with Rg represent the copper losses. Its simplified form
with the load connected to the secondary side is shown in
Fig. 8(b), where the leakage inductance has been replaced
by a single inductor, Leq, and the copper losses have been
replaced by Req. The transformer has been removed but Xeq
and Req have been adjusted accordingly to take into account
the number of turns ratio, as demonstrated in (4).

Resonance is achieved when the reactance of the load along
with Xeq equals the conjugate of X (5). Equation (6) shows
the frequency, w, at which resonance takes place. The values
of Ly and Leq (leakage) are extracted from the open-circuit
and short-circuit tests, respectively. The capacitance of the
SSD, Cp, is magnified by the step-up turn ratio (n) of the
transformer, replaced by Cy.

From Fig. 8(b)

Rg Xs
Req:RP+—2 XquXp+—2 4)
n n
where
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n=—
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L ©CLR] L )
w == —w
M Ty eciRe
) 1 1 ©)
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R
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n

Using an HP 4192A Impedance Analyzer, the small-signal
impedance of SSD is measured as 6.3 pF. Likewise, the
impedance looking into the primary side of the transformer
with the SSD connected to the secondary coil is also measured.
Fig. 9 shows the frequency response of this impedance. The
resonant frequency is identified as 41 kHz (for clean case),
which agrees with (6).
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Fig. 9. Total reactance of the transformer and SSD for clean and contaminated
cases. Their resonant frequency is the operating frequency of the system,
at which the highest output voltage and efficiency is achieved.
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Fig. 10. Schematic of the proposed switching PA.

Fig. 9 also illustrates the resonant frequency for the conta-
minated case. From Tables I-III, the impedance change due to
different volumes of contamination (20-80 L) is the same.
Therefore, the resonant frequency shift is the same regardless
of the volume of contamination. The new resonant frequency
is shifted to ~35 kHz. However, in the actual application
when sufficient voltage is applied and plasma is generated,
the resonant frequency will shift. This impedance change is
shown in Fig. 5.

Established from experiments involving different biological
samples, the peak-to-peak voltage of vgsp required to achieve
proper killing rates is 12 kV. From Fig. 6, the power required
is ~13 W at this voltage level and frequency.

In addition, a scalable system capable of sterilizing a surface
of 1 in% as well as 4 in? or larger is desired. Therefore,
a PA that can generate plasma across a 1-in® tile is devel-
oped and then multiple PAs can be used to drive multiple
cells.

Fig. 10 shows the proposed circuit using Class-E
topology [22], [23] as the basis, with the load and the
transformer achieving resonance to generate plasma across the
SSD. This circuit is a dc—ac inverter zero-voltage-switching
(ZVS) PA. In this circuit, the transistor is operating as a switch.
The current and voltage waveforms of the transistor provide
a condition that the high current and the high voltage do not
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(2)

(b)

Fig. 11. Equivalent circuit for (a) ON and (b) OFF cases.

overlap, thus minimizing the power dissipation at the transistor
and maximizing the efficiency.

The ZVS is achieved by operating the amplifier at an
optimum condition [23] by fulfilling

vp(r) =0 (7
dvp(wt)
dt (o) lor=z = 0. (8)

As discussed earlier, the frequency of operation is chosen
so that the transformer and the SSD resonate, yielding a high
output voltage swing. However, due to the nonlinearity from
the transistor, the waveform is not sinusoidal across the RLC
tank. The waveform generated is similar to the case presented
in [22], where during half of the cycle, the voltage across
the RLC tank is the dc source. For this reason, the use of an
inductor L is needed. L is located between the dc source and
the transformer to obtain a sinusoidal-like waveform across
the primary side of the transformer. Due to this inductor,
the current will also oscillate across it, becoming reverse in
direction in a certain time interval. This may cause a reverse
breakdown in the transistor as stated in [15] and the amplifier
may fail to function. However, the power MOSFET in use
(IRF640ns) has a built-in diode across its source and drain.
This diode prevents the reverse breakdown of the transistor
and keeps the amplifier from failing.

L and C; are evaluated by determining the drain voltage
and applying the conditions (7) and (8). First, the circuit is
analyzed by applying KVL and KCL. The equivalent circuits
are shown in Fig. 11(a) and (b) for both cases when the
transistor is turned ON and OFF, respectively.

Following a similar analysis as presented in [23], the
component values determined are L1 = 520 ¢H and C1 =
11 nF using a resistor value of 75 Q for R, which is
the resistance of the transformer and coil at the operating
frequency f of 41 kHz. These were evaluated by applying
conditions (7) and (8).

Fig. 12(a) shows the simulated results for the drain voltage
vp. Also, the gate signal v is plotted which is a square wave
used to turn the transistor ON and OFF at 41 kHz. Fig. 12(b)
shows the voltage vpr and current ipr at the primary side
of the transformer. To obtain the voltage across the SSD, it is
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Fig. 12. Simulated results. (a) Drain voltage vp and driving clock signal vg.
(b) Voltage vpr and current ipr on primary side of transformer. ZVS is
achieved, as well as resonance, ensuring high efficiency operation.

multiplied by the number of turns (n = 165) of the transformer
Vout = ir(t)nR. )

The results simulated do not take into account the added
capacitance from the plasma generated on the surface of the
electrode. This will cause a shift in the resonant frequency
(Fig. 5). However, using the values at 41 kHz is a good
starting point.

IV. SYSTEM IMPLEMENTATION AND RESULTS
A. Clean (Dry) Condition

Using the components derived in the previous section (L =
520 uH, C; = 11 nF), the PA is implemented. The complete
circuit consists of voltage regulator, clock generator, optoiso-
lator/gate driver, PA filter, switching PA, and the load (SSD).

The voltage regulator powers up the clock generator and
the optoisolator. The optoisolator provides isolation between
the PA and the clock source to prevent it from being damaged
by current spikes generated at the load. Finally, a PA filter
consisting of an inductor and a capacitor are added. This is
to prevent any negative current (and voltage) from being fed
back to the dc source, which will consist of a battery and
may be damaged by such oscillation. The block diagram of
the complete system is shown in Fig. 13.

Fig. 14(a) shows the measured voltage vpr and current ipr
at the primary side of the transformer. The phase difference
between the two waveforms indicates that the system is
not operating at resonance. This prevents the system from
achieving proper ZVS operation and reaching the desired peak-
to-peak voltage of 12 kV across SSD [only 8 kV is attained,
as shown in Fig. 14(b)]. However, by gradually changing the
frequency, resonance is attained at 34 kHz. New component
values using the new frequency are generated. These are
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Fig. 14. Nonresonant case at 41 kHz. (a) Current and voltage at primary side
of transformer, illustrating presence of reactive component. (b) vp and voltage
across SSD, illustrating failure of achieving 12 kV peak-to-peak. Driving clock
signal vg is also shown.
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Fig. 15. Resonant case at 34 kHz. (a) In-phase current and voltage at primary
side of transformer. (b) vp and voltage across SSD, achieving perfect ZVS
and 12 kV peak-to-peak. Driving clock signal v is also shown.

Ly = 420 ¢H and C; = 21 nF. Fig. 15 shows the system
running at 34 kHz with the new generated components. As
illustrated, the impedance seen by the PA is resistive and ZVS
is achieved. Vp becomes zero right before the transistor is
turned ON, achieving maximum efficiency, and desired peak-
to-peak voltage of 12 kV. The total power consumption of the
system is 10 W with an efficiency of 91%.

Table IV shows the summary of the result and comparison
with previous works that used similar operating frequencies.
Compared with those previous published results, this paper
achieves the highest voltage and efficiency with power con-
sumption on the same order.

The loss of efficiency in the PA is partially contributed by
the parasitics of the inductor and the transformer. The model
used to estimate the output power, presented in Section II, does
not take into account other parasitic capacitances and phenom-
ena due to plasma generation, which further contributes to the

IEEE TRANSACTIONS ON PLASMA SCIENCE

TABLE IV
COMPARISON OF PREVIOUS SIMILAR WORK AND THIS PAPER
Reference | Frequency | Peak-to- | Pour | Efficiency
Peak
Voltage
[9] 15 kHz 2.8kV 1W 50%
[10] 93 kHz 450 V SW 67%
[13] 25 kHz 46kV | 15W 88%
[14] 6.2 kHz 2.8kV | 18 W | Not listed
[17] 45 kHz 8kV Not | Not listed
listed
This work 34 kHz 12kV | 10 W 91%
TABLE V

RESONANT FREQUENCY OF SSD AND TRANSFORMER
AS A FUNCTION OF VOLTAGE APPLIED

Peak-to-Peak Voltage Resonant Frequency
8 kV 36.8 kHz
10 kV 34.7 kHz
14 kV 32.5 kHz
15 kV 31.7 kHz

loss of efficiency. Furthermore, the current has random high
spikes due to the ionization of the air (Fig. 3), which causes
variation of the calculated power. These factors contribute to
the 9% loss of efficiency.

B. Load Variation Due to Voltage and Frequency

As discussed in Section II (Fig. 5), the change in output volt-
age or frequency will cause the variation of the load impedance
at clean (dry) condition. The variation in impedance due
to applied voltage change is quite unique to plasma, and
was confirmed experimentally. Table V shows the resonant
frequency as the peak-to-peak voltage across the SSD is varied
from 8 to 15 kV. This shift in frequency results in improper
ZVS, which yields to power loss.

C. Contaminated (Wet) Condition

Tables I-III and Fig. 9 show the shift in resonant frequency
as the SSD becomes contaminated. This shift in frequency is
determined by the way the liquid is placed on the electrode
but not the volume of the liquid (Fig. 7). This is confirmed
experimentally, shown in Table VI. The 20, 40, 60, and
80 uL of water are applied evenly throughout the surface.
It is observed the load varies, shifting the resonant frequency
and lowering the voltage across the SSD to ~7.5 kV peak-to-
peak. For all four cases in Table VI the results are the same,
matching the results observed in Table II. The frequency shift
is highly dependent on how the liquid is spread, just as noted
in Section II. The new resonant frequency is determined as
29 kHz and new component values of L1 = 775 pH and
C1 = 15.5 nF are calculated. At this condition, the system
consumes 5.4 W with an efficiency of 88% and an output of
12 kV peak-to-peak.

Now that the operating frequencies have been identified
(34 and 29 kHz for clean and contaminated conditions,
respectively), the PA must operate within this frequency band.
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TABLE VI
RESONANT FREQUENCY OF SSD AND TRANSFORMER AS A FUNCTION OF
VOLUME OF WATER APPLIED ON SURFACE. IN ALL CASES,
RESULTS ARE THE SAME

TABLE VII
COMPARISON BETWEEN IDEAL AND TWO ALTERNATIVE SOLUTIONS.
SOLUTION 2 REQUIRES THE LEAST AMOUNT OF COMPONENTS
AND POWER, YIELDING A CONSTANT PEAK-TO-PEAK

Ideally, this is achieved by using two sets of components,
Ly and Cy, for both conditions. However, this requires more
components (switching mechanism), becoming impractical
because the end goal is to be able to use multiple identical PAs
to power up a larger surface. In addition, the system will have
a fixed dc source. As the system is running, and the impedance
varies, the same dc input voltage must yield a voltage of at
least 12 kV peak-to-peak across the load. The goal is to keep
the system as simple as possible.

The best solution is to use the components derived for clean
conditions. Under this condition, a voltage of 12 kV peak-to-
peak at 34 kHz is achieved. The output power is 10 W with
91% efficiency. Once the surface becomes contaminated, the
system changes its frequency to 29 kHz, yielding a peak-to-
peak voltage of 16 kV with an output power of 14 W and
an efficiency of 83% (keeping dc source constant). However,
letting vssp reach 16 kV peak-to-peak is not desirable. It puts
additional stress on the components and affects reliability.
In addition, it consumes more power than necessary.

To solve this, the frequency is tuned so a constant amplitude
of 12 kV peak-to-peak is maintained throughout the steriliz-
ing process. By doing so, the new operating frequency for
contaminated conditions becomes 32 kHz. At this frequency,
vssp is kept at 12 kV peak-to-peak with an output power of
8.6 W and 55% efficiency. Although efficiency has suffered,
power consumption has decreased by 39%. This will extend
battery life. Therefore, the new frequency band of operation is
32-34 kHz. Table VII compares the two different scenarios
with the ideal case.

Fig. 16 shows the complete circuit consisting of a regulator
(U1), a clock generator (U2), an optoisolator (U3), a supply
filter (U4), and the switching PA. The supply filter is used
to prevent any damages to the dc source (battery) from the
oscillation of the input current. The size of the system is
2.2-in wide by 3.5-in long.

V. FEEDBACK AND CONTROL FOR LOAD VARIATION

After characterizing the SSD, the resonant points at which
plasma is generated are known. These are 34 kHz for clean
condition and 29 kHz for contaminated condition (but it is
tuned to 32 kHz). As described in the previous section, the
dc source stays fixed and only the frequency is varied. It is
desired for the controls to do the following:

1) detect surface contamination (impedance variation due
to wet surface);

2) adjust frequency as surface is
(impedance returning to clean state).

being sterilized

Volume | Peak-to-Peak Voltage | Resonant Frequency VOLTAGE OF 12 KV
20l | 12kV 29.1 kHz Scenario Dry Dry Eff. Wet Wet Eff.
40pL | 12kV 28.9 kHz Ideal 10 W 91 % 54W 88%
60 ul. | 12kV 29 kHz ] ] ]
70 uL, 12 kV 291 kHz Dry: 34 kHz, 12 kV peak-to-peak, L1:420 pH, Ci:21 nF

Wet: 29 kHz, 12 kV peak-to-peak, L1:775 pH, Ci:15.5 nF
| ow | o | 4w | s3%

Solution 1

Dry: 34 kHz, 12 kV peak-to-peak, L1:420 pH, Ci:21 nF
Wet: 29 kHz, 16 kV peak-to-peak, L1:420 uH, Ci:21 nF

Solution2 | 10W | 91% | 86w |

55 %

Dry: 34 kHz, 12 kV peak-to-peak, L1:420 pH, Ci:21 nF
Wet: 32 kHz, 12 kV peak-to-peak, L1:420 pH, Ci:21 nF

Fig. 16. Complete plasma sterilizer device (without feedback).

Detecting any contamination is accomplished by measuring
the voltage vssp across the SSD. At resonance, the voltage is
12 kV peak-to-peak, but once the surface is contaminated,
this reading drops to ~7.5 kV peak-to-peak. The drop in
voltage is significant, making it easy to detect. Once detected,
the frequency is decreased until the desired 12 kV peak-to-
peak is achieved. As the liquid (contamination) evaporates,
the frequency starts increasing, keeping the amplitude of the
voltage across the SSD constant.

A. Implementation

Due to the high voltage, direct sampling measurement of
vssp using a microcontroller is not possible. Therefore, vssp
must be stepped down, which can be achieved by using
voltage dividers. However, from [25] and (1), the capacitance
of the SSD is a function of the voltage across it and the
frequency of operation. Once the circuit is out of resonance,
the load capacitance changes, making the measurement of
vssp a difficult task. For this paper, the simplest solution is to
characterize the load and predetermine the value of Vj using
the voltage divider. This characterization is shown in Fig. 17.

As shown, the value of V; does not vary as the frequency
changes, making it easier to identify the voltage across the
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V1 vs Frequency

—38 kV peak-to-peak
-9 kV peak-to-peak
=10 kV peak-to-peak
w711 KV peak-to-peak
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Fig. 17. Peak voltage across the series capacitor as a function of frequency,
measured at different peak-to-peak output voltage across the SSD.

(START)

h 4

OUTPUT
SET TO NEW
FREQUENCY

ADC PORT
IS READ

A
ADC
COMPARED
W/ TABLE

Fig. 18. Microcontroller FC.

SSD regardless of the operating frequency. Finally, a peak
detector circuit is used which steps down the voltage V| to a
manageable range for the microcontroller to read.

Atmel Attiny88 is used as the microcontroller («C). The
output of the peak detector is connected to its ADC port. The
voltage value read by the port is compared with a lookup table,
which was determined from Fig. 17. The contamination is
detected when V| drops from 65 to ~32 V. The microcontroller
immediately changes the frequency to 32 kHz (output port
toggles at 32 kHz). This signal is fed into the gate driver which
turns transistor ON and OFF accordingly. As Vj increases (sur-
faces is decontaminated), the operating frequency is changed
gradually back to 34 kHz. Fig. 18 shows a simple flow chart
of the microcontroller.

In addition to monitoring the voltage across the SSD, the
input current and the transistor drain voltage can also be
monitored. When the system is OFF resonance, the output
voltage and the input current drop significantly. For the case
when the SSD is clean, the system draws ~260 mA of current,
and when it is contaminated, it drops to 85 mA when operating
at the same frequency. This change is large enough to be easily
detected. Finally, the transistor drain voltage can be monitored
to prevent it from exceeding its maximum allowed voltage
(200 V). These two, if implemented, can make the feedback
more robust.

VI. CONCLUSION

A PA capable of generating plasma across a capacitive load
for sterilization is presented. The PA presented in this paper
is robust and simple, providing the necessary output voltage
while maintaining a small size (3.5 in x 2.2 in). Portability is

IEEE TRANSACTIONS ON PLASMA SCIENCE

the key factor as well as the ability to handle load variation.
This variation is due to the physics of plasma as well as
the conditions of the application (clean versus contaminated
surface).

The PA yields a constant output peak-to-peak voltage of
12 kV for both clean and contaminated conditions across
32-34 kHz. The system tunes itself by detecting contamination
and changing its operating frequency. This is achieved with a
feedback mechanism using a microcontroller, which monitors
the surface of the SSD throughout the sterilizing process. The
maximum output power attained is 10 W with an efficiency
of 91%. The PA was designed with scalability for future
expansion of the sterilizing area [27].

To further decrease the size of the components, the fre-
quency can be increased and the same design procedure can
be applied. The frequency of this paper is constrained by
the available transformers, but a custom-built transformer can
resonate at a frequency set by the user.

This system may also be used for plasma actuators, ozone
generators, or any application that has a capacitive load and
requires a high output voltage.
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