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Abstract

®

CrossMark

The article discusses the use of pulse-width modulation signals to generate low-temperature
atmospheric plasma in an inert gas environment. The results of studies of the energy consump-
tion of a low-temperature plasma generation system depending on the duty rate, as well as the
pulse repetition rate, are presented. The operating modes of the system have been established, in
which a minimum of energy consumption is achieved. The issues of evaluating the interaction of
plasma with objects based on the analysis of changes in signal parameters in the high-voltage

circuit of the generator are also considered.

Keywords: low-temperature atmospheric pressure plasma, parameters of plasma-exciting signals,
energy consumption, reactive and apparent power, plasma-object interaction

(Some figures may appear in colour only in the online journal)

1. Introduction

The current stage of society’s development is characterized
by the rapid introduction of new promising technologies that
allow solving a wide range of tasks in various fields of
science and technology. One of these technologies is a tech-
nology based on the use of low-temperature atmospheric
plasma [1-4]. The scope of application of this technology is
quite extensive, the main most important areas are micro-
electronics (product manufacturing), optics (processing and
coating), chemical industry and the production of new mate-
rials (changing the surface properties of various materials in
a non-destructive manner), environmental protection (water,
air purification technologies, etc.), biology and healthcare
(equipment and technologies of sterilization and therapy)

* Authors to whom any correspondence should be addressed.
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and others. The advantages of processing in low-tempera-
ture plasma at atmospheric pressure are the absence of the
need for bulky systems for building and maintaining a
vacuum, the ability to work with various kinds of materials,
including low-temperature polymers and biological objects,
low cost of equipment in comparison with vacuum-plasma
equipment, mobility and versatility of application.

One of the directions for improving generators of low-
temperature atmospheric plasma is the use of special design,
technological and circuit solutions that reduce overall dimen-
sions, power consumption, ensure the stability of the operat-
ing modes of generators, etc.. In currently manufactured
plasma generation devices, a high-voltage sinusoidal volt-
age is applied to the discharge system. The issues of using
other form signals for these purposes are poorly understood.
In modern electronic equipment, signals with pulse-width
modulation (PWM) are widely used to control the power
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supplied to the load [5, 6]. In addition, the widespread use of
low-temperature  atmospheric plasma technologies is
hampered by the lack of simple methods to control its inter-
action with objects, especially with biological objects. Espe-
cially when plasma is excited by non-sinusoidal signals. In
this regard, this paper discusses the use of PWM-based
signals for the generation of low-temperature atmospheric
plasma and an effective way to control the interaction of
plasma with the surface of objects based on the analysis of
the dynamics of changes in the output electrical power.

2. Materials and methodology of the research

2.1. A research layout

To conduct experimental studies, a laboratory research stand
was used, the block diagram of which is shown in figure 1.

The research stand includes the following units: a DC
power supply, a high-voltage converter, a signal generator, a
discharge system, a gas flow regulator, an inert gas cylinder,
a voltage and current parameter recorder with appropriate
meters for determining power consumption and an oscillo-
scope. The system for generating high-voltage alternating
voltage (up to 4 kV) includes a DC power supply with the
ability to adjust voltage and current respectively in the range
from 0 to 30 V and from 0 to 10 A, respectively, a high-volt-
age converter and a signal generator capable of generating a
pulse-width modulated signal with the adjustable parameters.

The standard signal generator OWON AG 4151 was
used as a PWM pulse generator. The high-voltage converter
is based on a flyback pulse converter and consists of a high-
voltage pulse transformer, a transistor switch and protection
elements. The voltage transformation coefficient of the
transformer is 1:300.

The direct formation of plasma is carried out in a coaxial
discharge system, through which gas is passed and a plasma
torch is formed at the outlet [7]. A coaxial-type discharge
unit with dielectric barrier discharge is used as a discharge
system to create a diffuse-type plasma at atmospheric pres-
sure. This discharge unit allows forming a plasma plume up
to 3 cm long, with a treatment zone with a diameter of about
1 cm.

Recorder

[
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Argon (®Ar) is used as a plasma-forming gas. The
amount of gas entering the discharge system is adjusted
using a gas flow regulator. For all conducted experiments,
the condition of constant volume of inert gas consumption of
25-26 L/h was fulfilled.

To control operation modes current and voltage recorder
and digital oscilloscope are used. Since one channel of the
oscilloscope is connected to the high-voltage part of the
circuit, a 1:1000 high-voltage voltage divider was used to
register the high-voltage signal.

2.2. Method of investigation of cold plasma generation by
pulse-width modulated signals

It is known [8] that the step-up transformer, electrodes and
other elements of the discharge system together with the
generated plasma form an oscillatory circuit, which has reso-
nant properties. In this regard, in this work, studies of plasma
generation depending on the time-frequency parameters of
the PWM signal supplied to the discharge system are carried
out. At the same time, the experiments were carried out
under conditions of mandatory plasma combustion without
taking into account its quantitative and qualitative character-
istics and properties (luminance, dimensions and tempera-
ture of the torch, etc.).

Thus, at the first stage of the experiments, the effect of
the duty cycle of PWM control pulses on the energy
consumption of a plasma formation device at a resonant
frequency f; = 1/T was studied. The high-voltage converter
was supplied with control pulses of a rectangular shape with
a fixed voltage amplitude from the signal generator (figure 2
(a)). The duty cycle D of the PWM signal (the ratio of the
pulse width to the pulse period in percent, D = (7/T)-100%)
decreased from 50% (half of the oscillation period at the
resonance frequency) to the value at which the visible burn-
ing of the plasma stopped.

At the second stage, the operation of the plasma forma-
tion device was investigated when the repetition period of
the master pulses did not coincide with the period of the self-
resonance of the formed circuit (figure 2(b)). At the same
time, the duration of the master pulse remained unchanged
and equal to 7= 1/(2f,), i.e. half of the oscillation period at
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Figure 1. Block diagram of the laboratory research stand.
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Figure 2. Sequence of control pulses applied to a high-voltage converter.

the resonant frequency. The repetition rate of the PWM
signal master pulses varied from the value of the resonant
frequency (= 48.8 kHz) downwards.

The parameters of voltage and current consumption were
recorded with the help of the recorder, and the formed
signals on the discharge system electrodes were observed
with the help of a digital oscilloscope.

2.3. Methods of studying the interaction of plasma with the
surface of objects

Low-temperature atmospheric pressure plasma interacting
with the surface of an object is a load for a high-voltage
alternating current source in a circuit with a periodic signal
source. A change in the nature of interaction with the surface
of the object is accompanied by a change in the load
impedance and, accordingly, a change in the signal parame-
ters (instantaneous values of voltages and currents) exciting
the plasma, as well as the power released on the load. In this
regard, the technique used in this work to evaluate the inter-
action of plasma with the surface of an object is based on
measuring the parameters of the signals exciting the plasma
(instantaneous values of voltage and currents), calculating
and analyzing changes in power (instantaneous and average
values over a period) released on a plasma-object load [9].
Thus, at the third stage, precision measurement of the
values of instantaneous voltages and currents on the elec-
trodes of the discharge unit of the plasma generator was
performed on a real time scale. The determination of voltage
and current values is carried out by means of a photometric
method developed by the authors, which provides a galvanic
isolation of the high-voltage circuit of the plasma generator
from the measuring part with the necessary measurement
accuracy [10]. The recorded parameters of the electrical
signal causing plasma generation were transmitted to the
computing device through an external analog to digital
converter (ADC) module. In accordance with the known
expressions [11], the instantaneous reactive Q(n), true P(n)
and apparent power S(n) allocated to the load were calcu-
lated and the corresponding dependencies were constructed,

where 7 is the reference number proportional to time . Next,
the average values of active, reactive and apparent power are
calculated during the period under study.

3. Investigation of the dependence of the energy
consumption of the plasma formation device on
the PWM signal duty cycle at the resonance
frequency

When applying control pulses to the output stage from a
signal generator with a duty cycle of 50% (tortuous),
undamped sinusoidal oscillations will be observed on the
secondary winding of a high-voltage transformer (on the
electrodes of the discharge system) (figure 3(a)). A decrease
in the duty cycle of the PWM signal leads to a decrease in
the voltage of the observed signal U, on the electrodes, as
shown in the figure 3(b). For the waveforms shown in the
figure, when the duty cycle was reduced to 25%, the signal
amplitude decreased by 40%.

Figure 4 shows graphs of the dependence of the power
consumed by the generator on the duty cycle of the PWM
signal at the resonance frequency at different supply volt-
ages. As can be seen from the graphs presented, a decrease
in the duty cycle leads to a decrease in power consumption.
When a certain duty cycle of the PWM signal was reached,
the plasma torch went out, and the discharge glow in the
discharge system was not observed. For supply voltages of 18,
15 and 12 V, the minimum duty cycle, at which plasma
luminescence was still observed, was 7%, 9% and 14%,
respectively.

Three sections should be highlighted on the graphs, char-
acterizing the different operating modes of the device in
terms of energy consumption. In section 1, the power
consumed by the generator decreases with a decrease in the
duty cycle D. In the second section, the power practically
does not change. For example, when the supply voltage £ is
15 V and duty cycle PWM signal is 26%, the ionized noble
gas density reaches the highest value and does not change to
value signal duty cycle 45%. It means that in the pulse width
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Figure 3. Voltage waveforms at the output of the signal generator and at the electrodes of the discharge system at different values of the

duty cycle of the PWM signal.
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Figure 4. Dependence of the power consumption of the generator
on the duty cycle of the PWM signal.

range from 26% to 45%, the ionized noble gas density is the
same. In the third section, there is also a decrease in power
consumption with a decrease in the duty cycle D.

During this research, the temperature at the center of the
plasma plume, measured by the contact method, was
between 35 °C and 40 °C. A decrease in the D factor
resulted in a decrease in the cold plasma plume temperature
in the specified range. Thus, changing the pulse duration at
the resonant frequency supplied to the high-voltage
converter makes it possible to operate the generator in vari-
ous power consumption modes.

The pulse duration of the PWM signal determines the
energy transferred to the inert gas atoms for the transition to
the ionized state, and is determined by the parameters of the
output oscillating circuit (the transformation coefficient of a
high-voltage transformer, the parameters of the magnetic
permeability of the core, the QO-factor of the oscillating
circuit, etc.).

4. Investigation of periodic attenuating signals for
the generation of low-temperature atmospheric
plasma

It is known that when a single rectangular pulse is applied to

the input of an oscillatory circuit in a resonant system,
damped oscillations occur with a frequency equal to the
resonant frequency f;. When a periodic sequence of master
pulses is applied (figure 2(b)) with a duty cycle of less than
50%, periodically damped oscillations occur on the elec-
trodes of the discharge system (figure 5). The duration of the
periodically damped oscillation depends on the O-factor of
the resonant system Q and can be determined using the loga-
rithmic decrement of attenuation A [12]. For the system
under study, the measured logarithmic decay decrement was
A=0.65.

The ratio of the duration of the pulse 7 and its period of
repetition T, which determines the moment when the pulse
energy enters the circuit in the presence of freely damped
oscillations, significantly affects the efficiency of using
PWM signals for plasma generation [13]. Thus, figure 6
shows the waveforms of the pulses with different values of
the repetition period and the corresponding voltage wave-
forms on the electrodes of the discharge system. The dura-
tion of the pulse remained constant and equal to 7= 1/(2f,).
In figures 6(a) and (b) and during the periods of repetition of

1 1
the pulses, respectively, Ta1 = —, Te2 =2+ — and Taz =4+ —
fe fe S
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Figure 5. Damped oscillations on the electrodes of the discharge
system.
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are equal. The number of periods of freely damped oscilla-
tions for these cases is 0, 1 and 3, respectively. At the same
time, the amplitude of the voltage of the damped oscillation
at the time of the arrival of a new pulse is zero. That is, the
final phase of the damped oscillations and the initial phase of
the driving pulses coincide. This ensures the maximum
initial voltage amplitude of the excited damped oscillations.

It follows from the time diagram shown in figure 6(d)
that, depending on the frequency of the master pulses, the
initial phase of a new oscillation may not coincide with the
final phase of a freely damped oscillation. This leads to the
fact that part of the energy of the incoming pulses is spent on
recharging the reactive elements of the output oscillatory
circuit and leads to additional energy costs.

Therefore, the use of PWM signals with parameters
7=1/(2f) can also ensure a reduction in energy costs for
plasma generation when working with a period of repetition
of the master pulses longer than when working at the reso-
nance frequency of the output circuit of the discharge
system. In addition, it should be noted that stable plasma
combustion is ensured by increasing the pulse repetition
period to a certain value TG = T ma (figure 7). This critical
(maximum) period of the master pulses is determined by the
maximum amplitude (level) U, of the last period of
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damped oscillations, at which the energy is sufficient to
excite the plasma, and depends on the attenuation decrement.
The greater the attenuation decrement 4, the faster the energy
stored in the circuit is consumed and, therefore, less 7Tg max-

Figure 8 shows the dependence of the power consump-
tion on the repetition frequency of the PWM signal master
pulses at E =18 Vpc and 7= 1/(2f;) = const. The frequency
of the PWM signal varied from 1 (duty cycle is 1.02%) to
60 kHz (duty cycle is 61.5%).

As can be seen from the graph, the presented depen-
dence has several local minima of power consumption. They
are observed at the resonant frequency f; = 48.8 kHz and at
frequencies equal to fini, = f;/2 =24.4 kHz, i, = f,/3 =
16.3 kHz, fimin = f;/4 =12.2kHz and fiu, = f,/5 =9.76 kHz.
At these frequencies of local minima of power consumption
Sfmin (i =1, 2, 3 and 4), the initial phase of the master pulses
coincides with the final phase of periodically damped oscil-
lations. The number of periods of freely damped oscillations
(excluding the first period of forced oscillation) corresponds
to f./fi—1=k—1. The frequencies f; can be used as the
operating frequencies of the plasma generator. The maxi-
mum number # is determined from the condition of the pres-
ence of plasma. As follows from the graph, plasma genera-
tion at frequencies f; leads to a decrease in power consump-
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Figure 6. Waveforms of the signals.
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Figure 8. Dependence of power consumption on the frequency of
the PWM signal.

tion, while, with a decrease in the values of frequencies f;, a
decrease in the values of power consumption is observed.
Thus, the use of the frequency fii, = 12.2 kHz for plasma
generation instead of the resonance frequency f, = 48.8 kHz
led to a decrease power consumption by 29%.

In addition to local minima of power consumption, there
are also local maxima of energy consumption at frequencies
fimax = 36.6 KHZ, fomax =20.3 kHZ, fimax = 14.2 KHZ, fima =
10.98 kHz and fs,.« = 9 kHz. This is explained by the fact
that at these frequencies, the phase difference between a
freely damped oscillation and the beginning of a forced one
is m. The mismatch of the oscillation phases leads to addi-
tional losses in the output circuit and an increase in power
consumption by the generator. Plasma generation at frequen-
cies above the resonance frequency f; is characterized by an
increase in the duty cycle D of more than 50% and, accord-
ingly, leads to an increase in power consumption.

To determine the effective frequency band of the PWM
master pulses, which provide energy-efficient operating
modes near the fundamental resonance frequency f; and for
frequencies of local minimum of power consumption fiu,,
we use the well-known definition of the bandwidth of the
oscillatory circuit [12]:

_ S
T 2nk

Af imin ( 1 )

Then the conditions for selecting the frequency of the
PWM signal are determined from:

Jr

f=t k=12,
J’SA o @)

R R

fm e ST S

When choosing the frequency fi, of the local minimum
power consumption, with an increase in the number of peri-
ods of freely damped oscillations (with an increase in k), a
decrease in the corresponding effective frequency band is
observed.

Thus, the use of damped voltage on the electrodes of the
discharge system, formed on the basis of PWM signals,
allows controlling the operating modes of the plasma genera-
tor.

5. Control of the interaction of low-temperature
atmospheric pressure plasma with the surface of
the treated objects

5.1. Experimental data processing method

To process the results of the measured instantaneous voltage
and current values in the output circuit of the plasma genera-
tor and evaluate its interaction with objects, a program has
been developed in the Matlab environment. The program
works as follows. The instantaneous values of voltage U(n)
and current I(n) (figures 9(a) and (b)) are stored in the
computing device. The amplitude values of voltage and
current are indicated in relative units.

The studied sequence contains 9 studied (repetitive)
signal periods. However, due to the instability of the
frequency of the pulse generator fg, the number of complete
periods in the recorded sequence may be less than one, that
is M = 8. Accordingly, the sampling frequency of the f;
signals determines the duration of the processed signal T, as
well as the number of processed periods of the plasma exci-

tation signal M =N - TG -1,

Next, instantaneous electrical power is calculated in
accordance with the well-known expression [5]. The graph
of the dependence of the change in instantaneous power for
the signals shown in figure 9 is shown in figure 10.

The recorded current and voltage signals shown in
figures 9 and 10 have a periodic damped character. As can
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be seen from the figures, when interacting with an object,
there is a phase shift indicating that the system ceases to
operate in resonance. This is shown by the presence of a
negative component in figure 11.

As follows from figures 9 and 10, the processed
sequences contain 8 complete repeating periods. The selec-
tion of the analyzed periods of the studied sequences is
performed based on the search for local extremes. For
further processing, the dependence of instantaneous volt-
ages U(n), current I(n), and power P(n) can be used in the
program. However, more clearly the negative extremes P, ;
and the corresponding time counts 7., ; are characteristic of
the dependence P(n), where i = 0,..., M is the sequence
number of the local extremum starting from zero. The first
full period begins with the countdown of time n,,;, ;, corre-
sponds to the local negative extremum Py, ;, and the last one
ends at time ng;, s, which determines the location of
Prying-
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Figure 9. Dependence of the recorded instantaneous voltage values
U(n) (a) and instantaneous current values /(n) (b).
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Figure 10. Dependence of the change in instantaneous electrical
power P(n).

The algorithm for selecting extremes based on the analy-
sis of the dependence of the change in instantaneous power
is implemented as follows.

Starting from the zero value from n, to ny + An, the mini-
mum value P, o of the first local extremum and the corre-
sponding countdown 7., o are searched for. The search inter-
val An is determined from the expression:

An=(1+L.Af)-fs, 3)

fo [

A
where &f is the relative instability of the frequency of the

master oGscillator, Af is the magnitude of the frequency
departure.

Thus, the value n;, o corresponding to the extremum
Pin o 1s determined. Next, the search is performed for the
next local extremum of the analyzed dependence P, i,
Nmin 1 corresponding to the local extremum in the interval
from ngy, | 10 Npin 1 + An.

The procedure for searching for local extremes P,,;,; and
their location ny;, ; is repeated over time intervals from
Hinin i1 10 Amin im1 T An, respectively.

Thus, for further processing, the intervals are formed:
Amin 0 ~ Pmin 1> Pmin 1 = Pmin2 -+ Amini~1 ~ Pmin i- For the selected
intervals, the energy parameters are calculated — true, reac-
tive and apparent electrical power:

1 Mmini
P=———— Z |

Nmini = Mmin i1

UmImn),atUm)I(n) >0, (4)

1 iini
Qi = Z Um)I(n), at Un)1(n) <0, (5)
Nmini — Pmini-1 Timin i~ 1
1 Npmin i
ISil = ————— DU @Y+ (6)
mini ~ /‘mini-1 Fmin i-1

5.2. The results of the research

In accordance with the obtained values of the active, reac-
tive and apparent power of signals, the dependence P;, O;
and S; are constructed. Figure 11 shows the dependence of
the change in the apparent power released at the load when
the distance from the plasma torch to the object changes. A
plastic plate was used as the object. Figure 12 shows the
dependence of changes in apparent, reactive and true power
when interacting with various objects.

A significant increase in the total power (by 21%) is
observed when the distance between the flare and the surface
is increased from 2.0 to 2.5 cm. When the distance is further
increased, the power values remain almost constant.

As can be seen from the graphs, the total measured
power did not change significantly when different objects
interacted with the surface. However, the active power for
the saline cuvette exceeded the corresponding power for the
human plasma cuvette. For reactive power, this difference is
reversed.
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Figure 12. Dependence of changes in the active Py, reactive Q,
apparent S, power of signals generating plasma when it interacts
with a cuvette of a physical solution, Py, Qno, Soo — When interact-
ing with a cuvette of human plasma

Cuvettes with various fillings (saline and human plasma)
were used as objects. As follows from the presented figures,
when plasma interacts with objects, the energy characteris-
tics of the signals generating plasma change. The average
values of true, reactive and apparent power in relative units
for the period under review, respectively, were as follows:
when interacting with a cuvette with saline solution, Sy =
243.87, Py = 32.35, Qo = —243.477, when interacting with a
cuvette with human plasma S, = 215.63, P, = 40.97, Q, =
—211.613. Thus, changes in energy parameters are character-
istic when changing the types of objects (the material from
which the object is made, the shape of the object, etc), as
well as the distance to the object.

6. Conclusion

Thus, in this paper, the use of PWM signals for excitation of
low-temperature atmospheric plasma is investigated. The
power consumed by the plasma generator at the resonant
frequency largely depends on the choice of the duty cycle
value. There is a range of values of the duty cycle D, which

is characterized by a constant power consumption. The
remaining ranges are characterized by a decrease in power
consumption with a decrease in D. When using PWM
signals with a duty cycle of less than 50% and a frequency
less than resonant, periodic damped oscillations occur on the
electrodes of the discharge system. The dependence of
power consumption on the frequency of the PWM signal is
characterized by the presence of local minimum and maxi-
mum. The relations for choosing the frequency of repetition
of signals from buses are proposed and justified, which
provide energy-efficient modes of operation of the plasma
generator and can be used to control its operation.

The issues of evaluating the interaction of plasma with
objects based on the analysis of changes in signal parame-
ters in the high-voltage circuit of the generator are consid-
ered. As a result of the study, it was found that when plasma
interacts with objects, the apparent, true and reactive powers
released on the plasma-object load change. It is established
that the characteristics of true and reactive power have
pronounced differences when changing the distance to the
object, as well as changing the material of the object. This
research result can be used to develop new methods for
controlling the interaction of low-temperature atmospheric
plasma with objects.
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