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Abstract—Dielectric barrier discharge (DBD) loads and driving
converters are widely utilized in low-temperature plasma genera-
tion, but their resonant tanks have typical nonlinear characteristics
with control issues. The state plane trajectory analysis is used in
this article to investigate the resonant behavior of a DBD load. The
converter’s working principle and state plane modeling are first
discussed. The impact of a high-ratio step-up transformer with
parasitic capacitance is then explored, and the updated trajectory
model is examined. The DBD platform is created to verify the
suggested model, and the associated experimental data are pro-
vided. The results of the experiment demonstrate that the discharge
trajectory is a zone with distinct borders. The trajectory equations
can be utilized to calculate the load equivalent capacitance, and the
difference in the boundary equivalent capacitance represents the
discharge intensity. The pattern of resonant frequency variation
with discharge power is given. The impact mechanism of discharge
phenomena and resonance characteristics is discussed.

Index Terms—Dielectric barrier discharge (DBD), nonlinear
load, resonant converter, state plane trajectory.

I. INTRODUCTION

THE resonant switching converter is one of the most pop-
ular topologies in current power electronic research. The

emergence of the resonant converter was first for the purpose
of obtaining ac voltage or current. After years of development,
the resonant network is now designed for impedance matching
and gain adjustment [1], introducing frequency as an additional
power control dimension besides input voltage and duty cycle.
Resonant tank design has progressed from two-element reso-
nance to multielement resonance [2], [3], [4], [5], and parasitic
parameters can be fully used to improve power density [6], [7].

The frequency response characteristics of common resonant
converters may be observed and estimated since their resonant
parameters are fixed [8]. However, how to obtain and use the
resonant state in a resonant tank with nonlinear parts is a critical
topic to address. A typical nonlinear load is the dielectric barrier
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Fig. 1. Basic structure of dielectric barrier discharge (DBD) load.

discharge (DBD) load, which is commonly employed to produce
low-temperature plasma or nonthermal equilibrium plasma [9],
[10], [11], [12]. DBD adopts the approach of inserting insulating
medium between electrodes to retain the gas discharges at the
state of corona discharges and filamentous discharges as illus-
trated in Fig. 1 in order to generate uniform and controllable
plasma. Because the resonant converter that drives DBD often
treats the load as a component of the resonant tank, it’s important
to understand DBD’s resonant properties.

Due to the reactor structure, the electrical properties of DBD
are capacitive basically. Stages of charging and discharging
make up the load state. DBD can be equivalent to a capacitor in
terms of charging time. As soon as the load begins to discharge,
the gas gap voltage is capped, and the load current enters a
discrete state with intermittent discharge. The load has a higher
capacitance value than its charging equivalent capacitance. Ad-
ditionally, discharge intensity and load equivalent capacitance
are influenced by environmental factors including temperature
and humidity [13], [14].

The connection between the applied voltage and working fre-
quency is the main challenge for DBD power control. Discharg-
ing power is affected by applied voltage, working frequency, and
load equivalent capacitors, according the average power calcula-
tion formula [15]. In experiments, the discharge power increases
with rising voltage [16]. And the equivalent capacitors grow
too, which will undoubtedly modify the resonance frequency
and complicate gain control. Therefore, in order to construct
a DBD power supply, it is necessary to first measure the load
characteristics and establish an accessible electrical model.

The Lissajous figure is universally used to measure the equiv-
alent capacitance of discharge loads [17]. It is about the relation-
ship between the load voltage and the charge flowing through the
load. The Lissajous figure of DBD driven by sinusoidal voltage
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is usually a quadrilateral. Between the discharge and charg-
ing segments, there are evident turning points. The slopes of
different segments represent respective equivalent capacitances
and the area enclosed by the figure represents the power con-
sumed by discharges. In some models, the dielectric capacitor
is used to define the measured discharge capacitance, whereas
the sum of the dielectric capacitor and the gas gap capacitor
in series is used to describe the measured charge capacitance
[18]. However, because to the change in gas dielectric constant
produced by ionization, the dielectric and gas gap capacitances
between two stages are not invariable. This defining approach
is hard to apply in practice since the values of barrier and gas
gap capacitance are difficult to measure directly. In addition,
the measured equivalent capacitance value during the discharge
phase is a specific value, which makes it impossible to uti-
lize the Lissajous diagram to describe the intermittent pulse
phenomenon. It cannot accurately reflect the intensity of the
discharge, and a higher discharge power does not necessarily
indicate a better discharge outcome. There exists a theory gap
between measuring capacitance from Lissajous figure and load
behaviors.

A variety of DBD load models are proposed through ex-
periments such as the resistance-capacitance model, controlled
current source model, and diode rectifier model [19], [20], [21].
As was already established, DBD has complicated behavior
traits, making it challenging to develop a general electrical
model. These suggested models make an attempt to provide a
partial description of the electrical properties of the discharge
phenomenon. In the resistance-capacitance model, the load ca-
pacitance is represented by a capacitor and the energy consump-
tion of discharge is represented by a resister without the transient
changes. The controlled current source model shows that the
discharge power is influenced by the load terminal voltage. The
diode rectifier model defines the load capacitance as two series
capacitors: 1) dielectric capacitor; and 2) gas gap capacitor. The
gas gap capacitor is connected to the voltage source through
the diode rectifier bridge. When discharge occurs, the gas gap
capacitor is replaced by the voltage source, which shows that the
gas gap voltage reaches to and stays at the maintain voltage and
load capacitance increase. These common employed models are
essentially based on homogenization and steady-state. They lack
a description of the discharge process and are unable to capture
changes in load characteristics due to discharge.

Since the DBD is one of the resonant elements from the
viewpoint of a resonant converter, it could be a feasible research
direction to model DBD with resonant converter analysis, which
requires a method capable of observing multielement resonance.
State plane analysis [22], [23] is a traditional method for analyz-
ing the operation of resonant converters. It picks state variables
in the resonant tank, such as inductance current and capacitor
voltage, and plots the trajectory on the state plane. The con-
verter state is represented by several trajectories under various
resonance circumstances. The resonant converter’s functioning
can be controlled by planning the trajectory [24]. The state
plane analysis was first focused on LC resonant converters, but
was gradually expanded to include LLC and LCC converters
[25], [26]. Understanding how the resonant element evolves in

Fig. 2. Typical topology of resonant converter for driving DBD load.

different resonant states can be simplified by using state plane
trajectory for the nonlinear resonant network.

In this article, the state plane trajectory is used to study the
nonlinear resonant characteristics of a DBD load at the converter
level, which indicates the relationship between the discharge
state and the resonance characteristics. The operating principle
and state plane analysis of the resonant converter driving the
discharge load are introduced in the second section. The reso-
nant characteristics and state plane trajectory with transformer
parasitic capacitance are discussed in the third part. Then, the
DBD platform is created to verify the suggested model, and
the associated experimental data are provided. The results of
the experiment demonstrate that the discharge trajectory is a
zone with distinct borders. The trajectory equations are used
to calculate the load equivalent capacitance, and the differ-
ence in the boundary equivalent capacitances can be used to
quantitatively represent the discharge intensity. The pattern of
resonant frequency variation with discharge power is given,
and it is discussed how resonance characteristics and discharge
phenomena are related.

II. OPERATING PRINCIPLE AND STATE PLANE ANALYSIS OF

RESONANT CONVERTER DRIVING DBD LOAD

The DBD requires a high working voltage; hence a high ratio
step-up transformer can be used to power the discharge load.
As shown in Fig. 2, the typical converter topology is adding an
inductor, usually an external inductor on the primary side or the
leakage inductance of the transformer, in series with the load
to form a resonant tank. Because of the two switching resonant
states, the resonant converter’s working mode is similar to that
of an LCC converter. The key distinction is the presence of
persistent current spikes induced by discharges.

The DBD load is driven by a converter that operates in
discontinuous current mode (DCM). DCM produces a greater
peak current at the same power as continuous current mode,
making it ideal for low-temperature plasma creation. Further-
more, the DCM working point is lower than the resonance center
frequency, allowing the gain to be less affected by frequency.

The DBD load model discussed below no longer distinguishes
between dielectric and gas gap capacitance, instead using the
measurable quantities of the charging and the discharging equiv-
alent capacitance Cec and Ced. Fig. 3 depicts the suggested DBD
load model. When discharging, Cec switches to Ced and Ced is
connected in series with the maintain voltage source VT.
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Fig. 3. DBD equivalent capacitance load model.

The time-domain waveform analysis, Lissajous figure, and
state plane trajectory will all be studied together in order to fully
analyze the DBD load characteristics. Obtaining the amount of
reactor charges for the Lissajous figure necessitates the use of a
measuring capacitor linked in series at the load end. The charge
measurement capacitance, Ca, is shown in Fig. 2. In order to
avoid interfering with DBD’s functionality, the value of Ca is
substantially bigger than the load capacitance. The load current
measurement resistance, Rm, is set towards the ground end of
the circuit. Because the DBD’s working voltage is so high and
the load current is so low, the measuring resistor has little effect
on the system’s efficiency.

The vg represents the idealized voltage across the gas gap
and the absolute value of vg is clamped at sustaining voltage
VT when the discharge process begins. In experiments, the vg
is difficult to measure directly but the VT could be obtained by
means of Lissajous figure. Here, it is used to show the resonance
waveform changes with discharge. The vsw is output voltage
of the H-bridge. A whole resonant cycle and a discontinuous
interval with zero current are included in each half working
cycle of the converter in DCM. Because the operating mode
of the negative half cycle is similar to that of the positive half
cycle, the study that follows will use the positive half as an
example. The input voltage Vin and resonance inductance Ls are
equivalently transformed to the secondary side as (1) and (2),
respectively, to simplify the study of the resonant tank.

Vins =
Vin

n
(1)

Lss = n2Ls. (2)

The functioning modes of the converter can be separated into
Mode 1 and Mode 2 depending on whether the vg reaches the
VT at the start of resonance. When the vg does not equal the
VT at the start of the cycle, this is referred to as Mode 1. Fig. 4
shows the waveform of Mode 1 and Fig. 5 shows the resonant
equivalent circuit. The four stages of the positive half cycle are
as follows.

Stage I [t0∼t1]: All switches are switched OFF before t0. The
load current io and the inverter output voltage vsw are zero.
The load voltage vo remains unchanged at -Ve while the value
of vg is VTe. At t0, S1 and S4 are turned ON. Cec is charged as
io begins to climb. The voltage across the gas gap, vg, rises to
VT. At the end of this stage, io = Ibr and vo = Vbr.

Stage II [t1∼t2]: The load begins to discharge at t1, while the
io continues to charge the Ced. io rapidly declines to zero at
t2 and vo climbs to the maximum value Vom as resonance

Fig. 4. Waveform of resonant converter in Mode 1.

Fig. 5. Equivalent resonant circuit of Mode 1.

progresses. The vg begins to drop, and the discharge comes
to a halt.

Stage III [t2∼t3]: At t2, io reverses and starts extracting charge
of Cec. The amplitude of io increases at first and subsequently
falls as a result of resonance, eventually reaching zero at t3. A
complete resonance cycle concludes at this point. The values
of vo and vg at t3 are opposite to their values at t0, according
to the half cycle’s working symmetry.

Stage IV [t3∼t4]: At t3, io falls to zero, and the resonance cycle
comes to an end. Switches and diodes have all been turned
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Fig. 6. Waveform of resonant converter in Mode 2.

Fig. 7. Equivalent resonant circuit of mode 2.

OFF. Until the second half of the cycle, at t4, vo and vg stay
unchanged.

Mode 2 is the situation when the vg equals VT at the beginning
of the resonant cycle. Figs. 6 and 7 show how the positive half
cycle can be separated into four sections.

Stage I [t0∼t1]: In comparison to Mode 1, vg has reached the
clamping voltage VT at the start of the cycle, whereas vo
= -Ve. S1 and S4 are turned ON at t0, and the load starts to
discharge. vg remains clamped, while io rises and begins to
charge the capacitor Ced. As the resonance progresses, vo rises

to the peak voltage Vom at t1 and io falls to zero, halting the
discharge.

Stage II [t1∼t2]: At t1, the vg begins to drop and the discharge
comes to a halt. The charge of Cec is removed as io increases
in the opposite direction from zero. vg goes from positive to
negative and continues to drop. At t2, it reaches -VT and is
clamped once more. The load begins to discharge again.

Stage III [t2∼t3]: When io reaches zero at t3, the discharge
stops and the resonance cycle is completed. At t3, vo equals
Ve according to the half cycle’s working symmetry.

Stage IV [t3∼t4]: As in Mode 1, vo and vg remain unchanged
until the second half of the cycle at t4.

When compared to Mode 1, Mode 2’s discharge time makes
up a larger share of the overall cycle. As a result, the discharge
application is usually in Mode 2. The following analysis focuses
primarily on Mode 2.

The DBD load’s state plane trajectory is then derived, ignoring
the power loss produced by the devices. The discharge load
voltage vo and load current io are chosen as state variables
because they are straightforward to obtain in applications. The
voltage and current equations between Lss and Ced are presented
in (3), (4), and (5), respectively, in the equivalent circuit of stage
I in Fig. 7.

vLss(t) = Vins − vo(t) = Vins − VT − vCed(t) (3)

iLss(t) = io(t) = Ced
dvCed(t)

dt
(4)

vLss(t) = Lss
diLss(t)

dt
. (5)

At t0, the values of io and vo are displayed in (6){
io = 0
vo = −Ve

. (6)

Under the condition of t0, the relationship of state variables
can be derived as shown in (7).

(vo − Vins)
2 +

Lss

Ced
i2o = (Ve + Vins)

2. (7)

Similarly, the voltage and current equations of Stage Ⅱ are as
shown in (8), (9), and (10).

vLss(t) = Vins − vo(t) = Vins − vCec(t) (8)

iLss(t) = io(t) = Cec
dvCec(t)

dt
(9)

vLss(t) = Lss
diLss(t)

dt
. (10)

At t2, the values of io and vo are shown in (11){
io = 0
vo = Vom

(11)

where the Vom is the output peak voltage.
Under the condition of t2, the relationship of state variables

can be derived as shown in (12).

(vo − Vins)
2 +

Lss

Cec
i2o = (Vom − Vins)

2. (12)
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Fig. 8. Waveform of load current io and load voltage vo for mode 2.

Fig. 9. Lissajous figure for resonant converter with DBD load.

The voltage and current equations of Stage III are as shown
in (13), (14), and (15).

vLss(t) = Vins − vo(t) = Vins+VT − vCed(t) (13)

iLss(t) = io(t) = Ced
dvCed(t)

dt
(14)

vLss(t) = Lss
diLss(t)

dt
. (15)

At t3, the values of io and vo are shown in (16){
io = 0
vo = Ve

(16)

where Ve is the load voltage in chopping current phase.
Under the condition of t3, the relationship of state variables

can be derived as shown in the following equation:

(Vins − vo)
2 +

Lss

Ced
i2o = (Vins − Ve)

2. (17)

Equations (7), (12), and (17) are the equations for the state
plane trajectory throughout the positive half cycle. The trajectory
equations are elliptic equations with the horizontal axis as the
long axis. In addition to the value of resonant elements, input
voltage Vins, initial voltage Ve, and the max output voltage Vom

are the key parameters that influence the trajectory shape. The
equivalent capacitance of the reactor under the same excitation
voltage can be estimated using the trajectory equations because
the resonant inductance is constant.

Fig. 8 depicts a waveform that varies with io and vo. In Fig. 9,
the DBD load is represented by a Lissajous figure. The trajectory
of Mode 2 for a whole resonant cycle is illustrated in Fig. 10,
with vo as the horizontal axis and io as the vertical axis. The

Fig. 10. State plane trajectory of io and vo for Mode 2.

Fig. 11. Transformer model considering parasitic capacitance.

intersection point on the voltage axis has a coordinate expression
of in (18). The Lissajous figure develops counterclockwise with
time, whereas the trajectory advances clockwise.

vE = − vA = Vom

vG(H) = − vC(D) = Ve. (18)

For positive half cycle, the curve segments DE, EF, and FG
correspond to (7), (12), and (17) in Figs. 8–10. The charging
periods are AB and EF, and the discharging periods are BC,
CE, FG, and GA in a working cycle. The electrodes complete a
unidirectional discharge during the AE that does not correspond
to the resonant cycle, but rather spans two resonant cycles. Due
to a shortage of energy supply during cut-off periods such as CD
and GH, discharge is rare. And because the vo is constant, these
segments in Figs. 9 and 10 represent themselves as points. When
the current is generated again, however, the discharge begins
right away and does not require reaching the initial discharge
voltage.

III. RESONANCE CHARACTERISTICS CONSIDERING

TRANSFORMER PARASITIC CAPACITANCE

The DBD converter’s high gain is primarily achieved by a high
ratio step-up transformer. Larger interturn parasitic capacitance
is produced by more turns and higher insulating requirements.
In practice, the magnitude of parasitic capacitance is found to
be close to that of load equivalent capacitance. As a result,
parasitic capacitance should be taken into account while making
resonance analysis.

The parallel parasitic capacitor Cp on the secondary side of the
transformer is equivalent to the interturn parasitic capacitance
of the winding as Fig. 11. Fig. 12 shows the resonant equivalent
circuit after parasitic capacitance is added. In the charging
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Fig. 12. Equivalent circuit considering parasitic capacitance of transformer.

period, the inductor current iLss and output voltage vo are as
follows in (19) and (20):

iLss = io
Cec + Cp

Cec
(19)

vo = vCp = vCec. (20)

In the discharging period, the inductor current iLss and output
voltage vo are as follows in (21) and (22):

iLss = io
Ced + Cp

Ced
(21)

vo = vCp = vCed + VT. (22)

The parasitic capacitance shares a portion of the resonant cur-
rent since it is connected in parallel with the load. The observed
output current io shifts from total resonant current to branch reso-
nant current, which should be transformed throughout trajectory
equations in the solution process. Substitute (19)∼(22) into
voltage and current equations between Lss and Cec in Section II
and the equations for the state plane trajectory with parasitic
capacitance can be derived as (23), (24), and (25)

(Vo − Vins)
2 +

Lss(Ced + Cp)

C2
ed

i2o = (Ve + Vins)
2 (23)

(Vo − Vins)
2 +

Lss(Cec + Cp)

C2
ec

i2o = (Vom − Vins)
2 (24)

(Vins − Vo)
2 +

Lss(Ced + Cp)

C2
ed

i2o = (Vins − Ve)
2. (25)

The state plane trajectory can be depicted using the preceding
equations as Fig. 13, and the matching time domain waveform
can be seen as Fig. 14. Compared with Figs. 8 and 10, when
the charging region is moved to the discharge area, there is
a sudden jump in current on the load. This is due to the fact
that Cec is less than Ced, and the io will be growing at the
time of changeover. For the ideal resonance process, the current
will remain continuous. But the parasitic capacitance affected
resonance no longer exhibits a smooth transition and the branch
current is redistributed after switching. When the discharge
area is changed to the charging area, the current is zero and

Fig. 13. Waveform of load current io and load voltage vo with the parasitic
capacitance.

Fig. 14. State plane trajectory of io and vo with the parasitic capacitance.

TABLE I
CONVERTER SPECIFICATIONS

will not change. The state plane trajectory will also reflect the
phenomenon in load current.

In a traditional converter, a quick shift in current will reduce
the stability of the system. The discharge process in a DBD
driving converter, on the other hand, is always accompanied by
a constant pulse current, and current fluctuation only occurs on
the high voltage side of the transformer, causing no harm to
semiconductor devices. Otherwise, the Lissajous figure’s mea-
suring charges only include the DBD load portion, so parasitic
capacitance’s influence is not apparent.

IV. EXPERIMENTAL RESULTS

The physical phenomena and nonlinear behaviors of gas dis-
charge are not captured by circuit analysis, hence the model must
be verified through experiments. As a result, a DBD platform is
constructed, and the parameter design, which includes the power
supply and the DBD reactor, is explained in this section.

The converter topology is shown in Fig. 2. Table I lists
the circuit’s parameters. The input voltage is 220 V from the
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Fig. 15. DBD reactor includes electrodes and quartz medium.

Fig. 16. Photo of DBD phenomenon during work.

Fig. 17. Experiment waveforms of load voltage Vo, load current Io,
bridge voltage Vsw, and measuring capacitor voltage VCm (Ve = 900 V,
Vom = 12.6 kV).

power grid and is regulated using a buck converter at the front
stage. To ensure that the converter operates in DCM, the power
switchers’ operating frequency is adjusted to 30 kHz, which is
less than the resonance center frequency. Resonant inductance
is the sum of external series inductance and transformer leakage
inductance. The transformer winding parasitic capacitance at the
high voltage side is measured by a sinusoidal signal source.

As shown in Fig. 15, the discharge electrode is asymmet-
ric. A disk-shaped high voltage electrode with a diameter of
140 mm is used. A rectangular electrode with a length of
700 mm and a width of 200 mm serves as the grounding elec-
trode. With a thickness of 2 mm, the insulating quartz medium
covers the grounding electrode. The gas gap is fixed at 1 mm. The
load voltage vo is measured by high voltage probe P6015A. The
load current io is measured by a 20-Ω resistor (RM) connected in
series with the ground electrode. The charge of Lissajous figure
is obtained by using a 66 nF series capacitor (CM). The discharge
picture is shown in Fig. 16.

Fig. 18. Lissajous figure drawn from the experiment data (VT = 2.412 kV).

In Fig. 17, Vsw of the H-bridge, the load current io, the load
voltage vo and VCm of the measure capacitor are shown. The
input voltage Vin is 195 V and the max output voltage Vom is
12.6 kV. It should be noted that while the vo remains constant in
theoretical analysis during the cutoff time, it falls in experiment
due to circuit resistance and natural charge loss in the gas gap.
During the cutoff period of DCM, obvious ringing phenomenon
can be observed in the waveform of Vsw. This is because the
resonant inductor continues to resonate with the capacitance in
the circuit, such as the parasitic capacitance of the switches,
which does not affect the normal operation of the circuit. The
waveform of io in the discharging portions displays a continuous
and densely organized pulse current, while its envelope retains
the shape of resonant current. It is generally accepted that the
bigger the number and peak magnitude of pulse currents, the
greater the discharge intensity. Because of the asymmetric con-
struction, the discharge of the positive half cycle is substantially
more intense than the negative half. However, this change in
discharge intensity is difficult to quantify.

The Lissajous figure is drawn as a scatter diagram in Fig. 18
based on Vo and VCm, with the shape of a parallelogram in
this experiment. The calculated power based on the figure’s
area is 485 W. The figure’s horizontal axis crossover point
is VT, and the value is 2.412 kV. The discharging equivalent
capacitance Ced is represented by the slope of the discharge
interval kd, whereas the charging equivalent capacitance Cec is
represented by the slope of the charge interval kc. By calculating
the slope, it can be concluded that Ced = 0.194 nF and Cec =
0.087 nF.

The state plane trajectory of vo and io is shown in Fig. 19.
The “Lissajous trajectory” is a trajectory curve based on the
equivalent capacitance calculated from the Lissajous figure.
The Lissajous trajectory roughly matches the actual trajectory
curve throughout the charging period, as can be observed. The
difference from the theoretical waveform mainly lies in the
discharge period. The discharge trajectory is now spread across
a region with upper and lower bounds, rather than being a curve.
The Lissajous trajectory is almost in the middle of the discharge
zone. The trajectory equations can also be used to compute the
boundary conditions. The equivalent capacitance of the upper
boundary Cub in the positive discharging area is 0.300 nF, while
the lower boundary capacitance Clb is 0.088nF, with the average
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Fig. 19. State plane trajectory of io and vo when Vin = 195 V and Vom = 12.6 kV.

Fig. 20. State plane trajectory of io and vo when Vin = 208 V and Vom = 13.5 kV.

Fig. 21. State plane trajectory of io and vo when Vin = 216 V and Vom = 14.0 kV.

being roughly identical to the CL observed by the Lissajous
figure. Furthermore, the positive discharge trajectory has a larger
coverage area than the negative discharge trajectory. It shows
that the positive discharge is more intense than the negative
discharge.

The trajectory diagrams in Figs. 20 and 21 are for output
voltages of 13.5 kV and 14.0 kV, respectively. With the increase
of voltage, the area covered by the envelope of the discharge
trajectory increases and has a similar shape. This proves that the
discharge becomes more intense. The equivalent capacitance
calculated from the Lissajous trajectory and the upper discharge
barrier increases as well, indicating a trend in load characteristics

as external voltage varies. Similar to the situation in Fig. 19, the
Lissajous trajectories of the discharge area are located in the
middle of the upper and lower boundaries too. This shows that
the Lissajous capacitance is about equal to the average of the
upper and lower boundary capacitance.

Figs. 22–24 provide data for the high voltage side’s peak
voltage, Lissajous capacitance, boundary capacitance, and reso-
nance center frequency with discharge powers ranging from 300
to 650 W. The Cec and Clb of the positive and negative discharge
areas remain virtually unchanged as the voltage and discharge
power increase, whereas the upper boundary capacitance Cub

and Lissajous capacitance CL steadily rise. In addition, it should
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Fig. 22. Discharge power for various peak voltage.

Fig. 23. Equivalent capacitances for various discharge power in the positive
discharge period.

Fig. 24. Equivalent capacitances for various discharge power in the negative
discharge period.

be noted that the positive discharge’s Clb is lower than that of
the negative discharge.

The center frequency fd of the resonance network composed
of discharge equivalent capacitance, parasitic capacitance, and
inductance is shown in Fig. 25. It is clear that raising the voltage
and discharge power will cause the resonance center frequency
of the discharge to fall. When the working frequency is lower
than fd, raising the discharge power causes the resonance gain
to spontaneously grow. A higher discharge power will result in
a lower central resonance frequency and resonance gain when
the working frequency is higher than fd. The above behavior is
more pronounced where the working frequency is near the fd.
In the opposite case, it little affects the gain. Therefore, when
formulating the control strategy for the DBD driving power

Fig. 25. Resonance center frequencies for various discharge power in the
discharge period. (fd+ is the center frequency in the positive discharge period
and fd- is the center frequency in the negative discharge.).

Fig. 26. Trajectory characteristics of DBD with boundary equivalent capaci-
tance.

supply, it is important that the voltage and frequency must
be adjusted synchronously to obtain the optimal transmission
power.

V. DISCUSSION

The trajectory and resonant features of DBD can be summa-
rized using experimental data in Fig. 26 as follows.

1) During the charging period, the resonant properties of the
DBD load are similar to those of the LC resonance. Its
state plane trajectory is a curve that roughly corresponds
to the Lissajous trajectory.

2) During the discharge period, the state plane trajectory of
DBD load covers a certain area with apparent envelopes.
The trajectory oscillates between the two borders. In the
centre of the discharge region lies the Lissajous trajectory.

In comparison to the Lissajous figure, the state plane trajectory
analysis naturally and thoroughly displays the change process of
the resonant characteristics with the converter and components.
The trajectory equations can also be used to determine the
equivalent capacitance measured by the Lissajous figure. The
Lissajous figure, on the other hand, can better compute discharge
consumption power and discharge maintain voltage VT.

When the load characteristics of DBD are integrated with the
gas discharge theory, the load characteristics of DBD may be
further explained. When discharge begins, the gas gap contains
a number of discharging channels that are randomly dispersed.
These discharge channels have a brief life span and occur on a
regular basis. Discharging channels can be thought of as short-
circuit paths, resulting in a reduction in the average distance
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between electrodes. According to the capacitance characteristic
formula, the shorter the distance, the greater the capacitance.
When discharge channels exist, the upper border of the discharge
trajectory denotes the maximum equivalent capacitance. When
the discharge channels disappear, the bottom border of the
discharge trajectory reflects the minimal equivalent capacitance.
As a result, the discharge trajectory shows a circular motion
between the two boundaries. The switch of the load equiva-
lent capacitance can be characterized as the movement of the
track.

Furthermore, as the discharge intensity increases, the number
and volume of discharge channels increases, raising the load
equivalent capacitance. The experimental results reveal that as
the supply voltage rises, the upper boundary trajectory capaci-
tance rises as well. The lower border capacitance reveals varied
circumstances depending on the discharge polarity. The value of
the lower border capacitance is nearly equivalent to the value of
the charging capacitance during positive discharge. Negative dis-
charge, on the other hand, has a lower boundary capacitance that
is clearly greater than the charging capacitance. The asymmetric
electrode structure is to account for this phenomenon. Close to
the negative electrode is where the dielectric is inserted. During
the intermittent phase of positive discharge, most of the energy
is dissipated in the gas gap, whereas during the intermittent
period of negative discharge, some of the energy is stored on
the medium’s surface. Actually in Fig. 24, it has been observed
that the Clb increases slightly, which is caused by the increase
the medium surface charge with more intense discharge. In
a double dielectric barrier discharge, this distinction may not
exist.

The change in discharge degree can be represented by a
state plane trajectory and equivalent capacitance. As a result,
the discharge intensity may be quantified using the capacitance
difference ΔCeq between the upper and lower boundary capac-
itances Cub and Clb as (26). The more intense the discharge, the
higher the value of ΔCeq. Moreover, observing the distribution
of discharge trajectory in a single cycle, which can show dis-
charge uniformity, is convenient. Positive discharge, e.g., has a
sparser and more irregular trajectory than negative discharge in
Figs. 18–20.

ΔCeq = Cub − Clb. (26)

The equivalent capacitance CL produced from the Lissajous
figure is also identical to the average value of Cub and Clb as a
result of the experiment in (27). This is because the Lissajous
figure is about the charge–voltage relationship and charge is the
integral of current. The discharge current’s fluctuation features
in the trajectory tend to average out after integration, so the
Lissajous trace lies in the middle of the discharge area. Without
adding an additional capacitor to construct the Lissajous figure,
the Lissajous capacitance can be calculated using trajectory
analysis.

CL =
Cub + Clb

2
. (27)

The situation depicted in the experiment is a fairly uniform
discharge. The discharge continues to deviate from the trajectory

model in several regions. The intensity of discharge fluctuates to
some extent due to factors such as electrode surface uniformity
and gas composition distribution, which is outside the model’s
predictive capacity.

VI. CONCLUSION

In this article, the state plane trajectory approach is used to
study the resonant properties of DBD in DCM. The experimen-
tal data show that the DBD discharge period trajectory does
not follow the normal resonant converter curve trajectory but
rather appears to cover the region with distinct boundaries. The
trajectory oscillates between the boundaries, which embodies
the properties of nonlinear resonance. This research suggests
that the discharge intensity increases with the rising difference
in boundary capacitance and it can be used to quantitatively
define the discharge intensity, which make up for the drawbacks
of conventional measuring methods. The rise in upper boundary
capacitance and average equivalent capacitance of the discharge
area, as well as the decrease in the calculated resonant center
frequency, are also mentioned as effects of increasing voltage.
Some suggestions on the control strategy of driving power
supply are given. Finally, the physical explanation of the above
phenomena based on the theory of gas discharge is discussed.
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