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Abstract—An advanced technique of energy compression with
the third harmonic circulating current generation is presented in
this paper to improve the surface treatment performance in the di-
electric barrier discharge (DBD) systems. First, the relationship be-
tween the energy compression degree and contact angle is explored,
which shows that the polymer surface wettability can be improved
by the high energy compression degree in DBD. And then, an addi-
tional inductor is inserted into the resonant tank in the current-fed
parallel-series resonant converter to generate the third harmonic
current component, which can reduce the discharge-time-ratio and
compress the energy transferred to the DBD loads. Furthermore,
the method of rectifier-compensated fundamental plus third har-
monic approximation (RCFTHA) is introduced to describe the
current-fed parallel-series resonant converter by superposing two
equivalent linear circuits operating at the fundamental and third
harmonic frequencies, respectively. Consequently, the discharge-
time-ratio optimization with the parallel-series resonant tank de-
sign is realized. Finally, the experimental results from a 350-W
prototype substantiate the effectiveness of the energy compression
with the third harmonic circulating current and the accuracy of
RCFTHA.

Index Terms—Current-fed parallel-series resonant converter,
dielectric barrier discharge, discharge-time-ratio, energy compres-
sion, third harmonic circulating current.

NOMENCLATURE

Ca,Cy Equivalent dielectric barrier and air gap capacitors.

Vr Discharge maintaining voltage of DBD.

Do Instantaneous real power transferred to the DBD
load.

P,y Average real power transferred to the DBD load.

n Transformer turns ratio, Nyec /Npri.

Vo Voltage across the air gap.

Vo, o Voltage and current of the DBD load.

UAB H-inverter output voltage in the current-fed resonant
converter.

o1, %03 Fundamental and third harmonic components of the

load current %,,.
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lexc, lexes EXcitation square-wave currents of the parallel-

series resonant tank referred to the primary and the
secondary sides respectively, texe = Nioxes-

Texcl Fundamental component of the square-wave current
Z.cxc~

To—y Virtual piecewise rectangular current for wave shape
estimation.

Aty Time interval between the zero crossing points of
voltage vap and current %eyxc.

Atgis Active discharge time in a half period 1/2T.

Atgis—sin  Active discharge time in a half period 1/27} in the
sinusoidal CCM.

At Time interval between the zero crossing points of
i, and v,.

Atdis—ov Virtual discharge time of the rectangular current
io—?w

kais Discharge-time-ratio, ratio of Atgs to 1/27%,
kais = 2At45 /Ts

kdis—sin Discharge-time-ratio in the sinusoidal CCM,
kdis—sin = 2Atdis—sin /Ts

ks Zero-crossing-shift coefficient, ratio of Atf,s to
1/2T, k,s = 20,4/ T.

ko Virtual discharge-time-ratio of i, _, ratio of Atgis_,
to 1/2T, k, = 2Atgis—y /Ts.

A Energy compression degree, ratio of kgjs—sin tO
kdisa A= kdis—sin/kdis~

Cy,Cps  Parallel resonant capacitors of the parallel-series
resonant tank referred to the primary and the sec-
ondary sides respectively, Cps = C, /n?.

Ly, Ly Series resonant inductor of the resonant tank re-
ferred to the primary and the secondary sides re-
spectively, Ly = Lyn?.

L,,,L,s Transformer magnetizing inductors of the parallel-
series resonant tank referred to the primary and the
secondary sides respectively, Ly, = L, n2.

Ts, fs Switching period and frequency of the inverter for

DBD, f, = 1/T..

I. INTRODUCTION

HE dielectric barrier discharge (DBD) is a type of high
T voltage discharge occurring between two electrodes with
an inserted insulating dielectric barrier [1]-[4], which is ex-
tensively used in the surface treatment of the polymer, glass,
textiles, and other materials [5]-[9]. The surface treatment
equipment in the atmospheric-pressure air is shown in Fig. 1(a).
The grounded roller is covered with a rubber casing as the
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Fig. 1. DBD surface treatment equipment’s model and operation principle:
(a) left view of the equipment structure and its equivalent circuit; (b) waveforms
of vy,10,vc 4 and p,; (c) charge stage; and (d) discharge stage.

dielectric barrier and rotates together with the film material. An
alternating-current (ac) voltage up to 20 kV at 10-50 kHz is
applied to the knife-edge electrode [10]. When the voltage is
high enough, the air gap between the high voltage electrode and
the dielectric breaks down, producing a filamentary discharge.
Then, the low temperature plasma is generated in the gap to
react with the material and cause the physical and chemical
changes on the material surface, such as the roughening, etch-
ing, and oxidation. After passing through the gap, the treated
material becomes receptive to printing inks, coatings, and ad-
hesives. The electrode configuration is often modeled by the
circuit in Fig. 1(a), where C;, and Cy represent the equivalent
capacitances of the air gap and the dielectric barrier, respectively
[2]-[5]. Fig. 1(b) shows the waveforms of the ac output volt-
age v,, output current ,, gap voltage v¢,, and instantaneous
real power p,. Unlike v, and 7,, the gap voltage vcy cannot
be directly measured using a voltage probe but can be derived
from v, with the defined Cy and C,. When the gap voltage
v 4 is smaller than the discharge maintaining voltage V-, Cj is
charged with the turned-off equivalent rectifier diodes D,1—D 4
as in Fig. 1(c). During this charge stage, there is no discharge
in the gap and no real power flowing through the circuit. When
vo4 reaches Vr, v, is clamped to V7 as in Fig. 1(d) and the
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discharge occurs until i, reduces to zero. During this discharge
stage Atgis, the numerous pulsed microdischarge currents ap-
pear in 4, as in Fig. 1(b) and the real power is consumed by the
gap.

For a fixed electrode structure in the atmospheric-pressure
air, the treatment effect is mainly affected by two factors. One
is the power density, which is calculated by dividing the aver-
age output power by the discharge area on the dielectric sur-
face in Fig. 1(a) [11]. The other is the treatment time taken by
the sample to pass through the gap and be exposed to the dis-
charge [12]-[14], which is controlled by the roller rotation
speed. For convenience, the two variables are combined as a
concept of “plasma dose density,” which is the product of power
density and treatment time [7], [8]. The impact of the dose den-
sity has been substantially analyzed. It is concluded that the
treatment effect can be improved by increasing the dose den-
sity until reaching the saturation state [12]. The active time of
transferring the dose to the gap is the discharge time Atg;s,
which is available per repetitive cycle as shown in Fig. 1(b) and
different from the “treatment time.” Unfortunately, the influ-
ence of the discharge time Aty is rarely discussed. This paper
investigates the relationship between the treatment effect and
dose transfer time by using a concept of discharge-time-ratio,
which refers to the ratio of the discharge time to the period. In
this paper, the reduction of discharge-time-ratio under the con-
stant average power is proved to promote the treatment effect,
which brings economic benefits and practical values.

As the DBD load, the electrode configuration in Fig. 1 can-
not determine the discharge-time-ratio by itself, which depends
on the high voltage power supply. Compared with the pulse
generators in [16]-[18], the resonant converter with a high step-
up ratio transformer [3], [6], [15] has lower current stress on
power devices, better electromagnetic interference performance
and more flexible control, making it an effective and reliable
solution. Most commercial resonant power supplies operate in a
continuous current mode (CCM) and produce an approximately
sinusoidal current through the DBD load as in Fig. 1(b) [5],
[6], which is called the sinusoidal CCM. The discharge-time-
ratio in this case is fixed at the certain frequency and power.
Under the condition that both the average output power and op-
erating frequency remain unchanged, reducing or increasing the
discharge-time-ratio in the sinusoidal CCM through different so-
lutions can be viewed as the energy compression or stretching,
respectively. To make the discharge-time-ratio adjustable, the
resonant converter needs to output a nonsinusoidal waveform.
There are two ways to implement this function: the discontin-
uous current mode (DCM) and the higher harmonic injection
into the DBD load. If the resonant inductance is sufficiently
small, the discharge-time-ratio can be theoretically reduced to
close to zero in the DCM [3]. This study uses the DCM to explore
the interaction between the treatment effect and discharge-time-
ratio, and concludes that the treatment effect can be enhanced by
the energy compression. However, the DCM is associated with
higher current stress on the power devices than with the CCM,
which limits its high power application. If a higher harmonic
current is injected into the load to reshape the original sinusoidal
waveform, the discharge-time-ratio can also become adjustable
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while the current stress is similar to that with the sinusoidal
CCM.

Since connecting the power supply with another indepen-
dent harmonic source is difficult to realize, the single resonant
converter is employed to generate a harmonic. The voltage-fed
resonant topology has a simple inverter structure and flexible
control schemes [3], [5], [19], [20], but its short-circuit survival
ability is weaker than that of a current-fed topology [15], [21],
[22], which is crucial to the power supply life time and the nor-
mal treatment process [22]. The current-fed parallel resonant
topology in [22] outputs an approximately sinusoidal waveform
and eliminates most harmonics. By adding an inductor in series
with the transformer leakage inductor, the parallel resonant tank
in [22] is turned into a parallel-series structure that generates
a third harmonic circulating current. The resonant parameters
should be assigned based on the discharge-time-ratio. The piece-
wise mathematical approach in [3], [22], and [23] gives accurate
design results, but requires considerable calculation. The fun-
damental harmonic approximation (FHA) [24] and the rectifier-
compensated FHA (RCFHA) [25], [26] require less calculation
but do not describe the third harmonic component. A rectifier-
compensated fundamental plus third harmonic approximation
(RCFTHA) method is introduced to describe the current-fed
parallel-series resonant converter by superposing two equiva-
lent linear subcircuits operating at the fundamental and third
harmonic frequencies, respectively.

This study develops an energy compression technique for
DBD performance improvement with the third harmonic
circulating current, which is established in a current-fed parallel-
series resonant converter and designed on the base of a lin-
ear circuit superposition method (RCFTHA). The relationship
between the contact angle and energy compression degree is
explored in Section II. The third harmonic circulating current
principle is introduced in Section III. The parameter design
based on the RCFTHA for the energy compression is summa-
rized in Section IV. The experimental verification is shown in
Section V. The final section summarizes the investigation.

II. RELATIONSHIP BETWEEN CONTACT ANGLE AND ENERGY
COMPRESSION DEGREE IN DBD SYSTEMS

The contact angle is a quantitative measure of the material sur-
face wettability, which is a specialized term in material science
and measured using the liquid droplet on the material surface
[8]. Smaller contact angle indicates better surface treatment ef-
fect. The discharge-time-ratio kg is the ratio of discharge time
Atg;s to half period 1/2T;. At the given power and frequency,
the energy in each period T is a constant value and the reduction
of Atgss or kqjs is called the energy compression. The energy
compression degree A is defined by using the discharge-time-
ratio kgis—sin in the sinusoidal CCM (i, is sinusoidal as in Fig. 1)
as the reference, which is expressed as the ratio of the kqis—sin
to a kqis with any load current shape. It should be noted that kg
and kqis—sin are compared under the condition that the period 7’
and average power P,_,, are the same in the two cases. If A is
larger than 1, the energy is compressed. Otherwise, the energy
is stretched.
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The relationship between the contact angle and the energy
compression degree is assessed by using the voltage-fed series
resonant circuit in DCM [3], as shown in Fig. 2(a). The ac utility
power is rectified, filtered, and then, converted by a front-end
buck circuit to provide a direct-current (dc) voltage V. for the
H-bridge inverter. The power is regulated by using the buck cir-
cuit with the pulse width modulation (PWM). The inverter oper-
ates at a constant switching frequency of 30 kHz. An additional
variable inductor L is connected in series with the transformer
leakage inductor Lg» to adjust kg;s over a wide range. Ly, and
Lo compose the total series inductor L. Fig. 2(b) presents the
typical waveforms of transformer output voltage v, and current
1,. During the discharge, the microdischarge currents appear in
1o, which is shown with a fivefold expansion in Fig. 2(b). The
waveforms of the primary inverter output voltage vy,,; and cur-
rent 7y, are in Fig. 2(c). Atg;s depends on L, and decreases
with decreased L, [3].

The treatment time (s) is set as 0.6 s. The active discharge
area (cm?) of the DBD load is 176 cm?. Thus, the dose den-
sity (J/cm?) is controlled by the average output real power (W)
P,—,v [8]. Three P,—,, values of 250, 300, and 350 W are se-
lected for assessing the energy compression effect, which can
deduce three dose densities of 0.852, 1.023, and 1.193 J/cm?,
respectively. The enveloped area of the voltage/charge Lissajous
figure is measured from the DBD load in Fig. 2(a) to calculate the
value of P,—,, [5], [8], [10]. Moreover, kq;5 can be adjusted by
changing L. The polyethylene (PE) film material was treated
at the three dose densities and different discharge-time-ratios.
Nine test points were selected on one material sample to mea-
sure nine water contact angles, which were then averaged to one
final value. The average measured contact angles at different
dose densities and kg values are illustrated in Fig. 2(d). The
largest kqis (Kdis—sin) at each dose density was achieved when
operating in the sinusoidal CCM. The contact angles in the si-
nusoidal CCM are marked in Fig. 2(d) to be the comparison
objects. At the same dose density, smaller contact angle and
better surface wettability are attained with smaller kq;5. The
lowest contact angle is achieved at the highest A of 4.82. Thus,
the energy compression improves the treatment effect of the
sinusoidal CCM.

Fig. 2(e) presents the peak values of the primary inverter
output current 7,,; measured at different kq;s to indicate the
increase of the power device current stress brought by the en-
ergy compression with DCM. The DCM resonant converter has
higher current stress than the CCM converter and the current
stress increases sharply with decreased kg5, which impacts the
power device selection and limits its high power application.
The reason for the high current stress is the high reactive power
returned from the resonant tank to the input dc source in DCM
as shown in Fig. 2(c).

III. ENERGY COMPRESSION WITH THIRD HARMONIC
CIRCULATING CURRENT

Another approach should be explored to achieve an energy
compression effect similar to the DCM but endure lower cur-
rent stress. As illustrated in Section II, reshaping the load current
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Assessing of energy compression effect: (a) voltage-fed series resonant converter; (b) v, and i, in DCM; (¢) v and iy, in DCM; (d) correlation among

contact angle, discharge-time-ratio and plasma dose density; and () peak currents of i;,.; at different dose densities and discharge-time-ratios.

into a nonsinusoidal waveform can reduce the discharge-time-
ratio. Fig. 3 presents two cases for comparison: the typical DCM
waveforms with solid lines and the waveforms consisting of two
harmonic components with dashed lines. The typical load cur-
rent 7, in DCM is shaped like the superposition of a fundamental
component 7,; and a third harmonic component ¢,3 in Fig. 3.
It would not affect the subsequent analysis by omitting the mir-
codischarge currents. If the superposed current (i, + 7,3) is
injected into the load in Fig. 1, it can yield a gap voltage v,
similar to that in the DCM as shown in Fig. 3. Moreover, pro-
vided the current amplitudes of 7,; and 7,3 are set appropriately,
the discharge time Atg;s value and the instantaneous power p,
waveform generated by this superposed current can be the same
as those in the DCM as shown in Fig. 3. The waveform of p,
in the sinusoidal CCM is also drawn in Fig. 3 as a reference.
Both the harmonic superposition and DCM can decrease the

dose transfer time in 1/27 from Atgis—sin to a smaller Atgjs.
Hence, injecting a third harmonic current into a sinusoidal CCM
DBD system can also realize the energy compression.
Operating in the resonant state, the current-fed converter with
a parallel resonant tank in [22] eliminates higher harmonics,
which is similar to the circuit structure in Fig. 5(a) but has
no series inductor Ly. By inserting this inductor L into the
resonant tank as in Fig. 5(a), the current-fed parallel resonant
converter in [22] is turned into a current-fed parallel-series res-
onant converter that generates a third harmonic circulating cur-
rent. Before detailing this parallel-series resonant converter, the
third harmonic current generation needs to be first explained by
using a simplified circuit form in Fig. 4(a), where the resonant
tank is regarded as the combination of a compensation net-
work and the load capacitances. All parameters in Fig. 4 are re-
ferred to the transformer secondary side. With the series resonant
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Fig. 4. Third harmonic circulating current generation principle in parallel-
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(b) magnitude-frequency characteristics of Z,,,, with and without L.

inductor L, the circuit in Fig. 4(a) is the simplified form of
the current-fed parallel-series resonant converter, which has a
m-shaped compensation network. But with no L, the circuit in
Fig. 4(a) becomes the simplified form of the parallel resonant
converter in [22]. Then, the third harmonic current generation
is explained as follows.

First, the source of the third harmonic current is the DBD
nonlinear behavior. In the actual circuit, the DBD load has an
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Fig.5. Current-fed parallel-series resonant converter: (a) circuit configuration
and (b) time domain waveforms.

equivalent diode rectifying behavior as in Fig. 1, making it
a nonlinear rectifier load. The current through the DBD load
has a tendency to produce the distortion and higher harmonic
components.

Second, a flow path (not source) for the third harmonic cur-
rent exists in the resonant tank, which cannot be analyzed by
using the DBD nonlinearity in the accurate model. To discuss
the current flow paths, the resonant tank should be analyzed at
various frequencies, especially at the third harmonic frequency,
which is difficult for a circuit with the nonlinear DBD model
in Fig. 1. Only if the DBD load is modeled by a linear equiva-
lent circuit, the classical frequency-domain approaches like the
transfer function and Bode diagram can be employed here to
qualitatively analyze the resonant tank characteristics at various
frequencies [27]. Since the DBD load is considered capacitive,
it can be approximated by a parallel combination of capacitor
C. and resistor R, as in [1]. The compensation network and the
load compose a circuit loop as shown with a dashed loop line in
Fig. 4(a). A loop circuit impedance Zj,,,, is defined as the sum
of the compensation network impedance and load impedance.
Z1o00p Tepresents the filtering effect of the circuit loop on each
frequency component of the load current. The R, //C, linear
model is used to plot the Bode diagram of Zj,,,. Fig. 4(b)
compares the theoretical magnitude-frequency characteristics
of Zioop With and without L. The phase of Z,,p is omitted
for its uselessness to the discussion on the circuit loop filtering
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effect. For the parallel resonant tank without L, the magnitude-
frequency characteristic of Zj,,;, has only one valley point at the
resonant frequency as shown in Fig. 4(b). For the parallel-series
resonant tank with Lg, the magnitude-frequency characteristic
of Zj,op has two valley points at two different frequencies in
Fig. 4(b), which shows that the insertion of Lg, causes two res-
onances in this resonant tank. By selecting appropriate resonant
parameters, the lower and higher resonant frequencies can be
designed as the fundamental and third harmonic frequencies,
respectively. Thus, the parallel-series resonant tank can provide
a low-impedance circular path for the third harmonic current
but the parallel resonant tank filters it to a negligible degree.

To sum up, a third harmonic current ¢,3 produced by the DBD
nonlinearity is proved to be absorbed into the low-impedance
circular path in the parallel-series resonant tank. 7,3 only circu-
lates along the circuit loop inside the resonant tank as shown in
Fig. 4(a) and does not flow through the excitation source.

The simplified circuit form in Fig. 4(a) can be instantiated
as the current-fed parallel-series resonant converter in Fig. 5(a).
The ac grid power is rectified, filtered, and then, converted by
a front-end buck circuit to provide a dc current /.. The power
is regulated through the buck circuit with the PWM that con-
trols the amplitude of ;.. The current-fed H-bridge circuit in-
verts 14, to an ac current 7.y, to excite the resonant tank. By
detecting the zero crossing point of the H-inverter output volt-
age vap, a phase-locked loop controller automatically adjusts
the H-bridge operating frequency to maintain a small fixed time
interval At between the zero crossing points of vap and fexc
[2]. This phase-locked loop technique makes vpp and ey al-
most in phase, lowering the switching losses [22]. A step-up
transformer with a turns ratio n is used. The resonant tank is
derived from the parallel resonant configuration in [22] by inte-
grating the transformer leakage inductor Ly, and an additional
inductor Lg; into the resonant tank. L,y and Ly compose the
series inductor L. The parallel-series resonant network com-
prises the parallel capacitor C,, series inductor L, transformer
magnetizing inductor L, , and DBD load equivalent capacitors.
Fig. 5(b) shows the typical waveforms. The dc inductance Lg.
is sufficiently large, allowing .« to be treated as a square-
wave current. A small time interval At exists between the
zero crossing points of vap and i.y. due to the phase-locked
loop control. Through the harmonic analysis, the waveforms of
VUAB, Vo, and 7, are mainly formed by the superposition of the
fundamental and third harmonic components as in Fig. 5(b), and
other frequency components are negligible. Another time inter-
val At,s represents the time by which the zero crossing point
of i, leads that of v,. A coefficient k,q is defined as the ratio
of At to half period 1/2T, which is called the zero-crossing-
shift coefficient and is important for the parameter design in
Section IV.

The third harmonic current circulation is actually a solution
to adjust the current wave shape. The control of the resonant
converter in Fig. 5(a) has two functions: the power regulation
with PWM in the buck circuit and the phase-lock control in the
H-inverter. The third harmonic current, circulating only inside
the resonant tank, is not related to the controls of the buck circuit
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and the H-inverter. Both the amplitude and the phase of the third
harmonic circulating current at the given power and frequency
depend on the resonant tank parameters: C,, Ly and L, to be
designed in Section IV. So the third harmonic current circulation
is an issue in terms of circuit design rather than active control.

The converter in Fig. 5 operates in the CCM with the phase-
locked control, reducing the reactive power returned from the
resonant tank. The third harmonic load current only circulates
inside the resonant tank and the H-inverter carries a square-wave
current, reducing the current peak through the switches. So the
energy compression with third harmonic circulating current does
not increase the inverter current stress.

IV. DESIGN CONSIDERATION FOR ENERGY COMPRESSION

The nonlinear DBD model parameters (Cy, Cy, Vr) and its
working conditions (P,—,y, fs) should be given according to
the specifications before the design. And four key parameters,
including n, C,, Ly, and L, , should be designed. Fig. 6 illus-
trates the proposed RCFTHA design process, which is divided
into two steps. In the first step, the desired wave shapes of output
current ¢, and output voltage v, are estimated by using a virtual
piecewise rectangular load current ,—,. These estimated cur-
rent and voltage wave shapes serve as the design targets of the
next step. In the second step, two linear equivalent sub-circuits
operating at f; and 3f, are first established by using a linear
DBD model. Then, the waveforms of the two sub-circuits are
superposed to realize the desired wave shapes of i, and v, es-
timated from the current 4,—, in the first step, which is called
the wave shape approximating. Two constraints namely power
condition and zero-crossing-shift condition are developed to en-
sure the wave shape approximation of i, and v,, respectively.
A third phase-locked condition is used to constrain the time
interval At in the phase-locked loop control as in Fig. 5(b).
Finally, the results of n, C),, Ly, and L,, are attained by solving
the equations in the three constraint conditions.

It should be noted that a linear DBD model is adopted in
the second step for two reasons. First, the parameter design in
this study needs to decouple and separately analyze the third
harmonic component, which is difficult for a circuit with the
nonlinear DBD model. Thus, for the convenience of circuit
decoupling analysis, Fourier transform is employed to establish
the linear DBD models composed of resistor and capacitor at f;
and 3 f;. Second, the parallel-series resonant tank in Fig. 5(a)
has a nonlinear part and up to five resonant elements. If the
accurate piecewise mathematical approaches in [3], [4], and [22]
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and (b) relationship among k, , kq;s and ks derived from target i, , v, .

are used, the calculation difficulty would be greatly increased.
The linear model avoids the complex piecewise analysis in the
second step, which simplifies the calculation but does not affect
the accuracy.

A. Step I: Estimation Through a Piecewise
Rectangular Current

As mentioned previously, this step is intended to define a
piecewise rectangular current 7,—, and estimate the desired wave
shapes of 7, and v, (wave shape targets) according to the given
parameters: Cy, Cy, V1, Pp—yy, fs.

1) Definition of a Piecewise Rectangular Current i,—,: The
waveform of current 7,—, in one switching period 7 is shown
in Fig. 7(a), which has two different current amplitudes for
different time intervals. During the interval from O to t;, or
from ¢5 to t3, the current amplitude is I; . The interval from ¢; to
ty, or from t3 to t4 is called the virtual discharge time Atqis_,
as marked in Fig. 7(a). Another current amplitude I, appears
during this virtual discharge. A virtual discharge-time-ratio k,,
defined as the ratio of Atgjs_, to 1/2Ty, is utilized to determine
the instants ¢; and ¢3. Ata given period T (= 1/ f;), the various
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instants of ¢,—, in Fig. 7(a) are calculated as follows. k, can be
set to any value between 0 and 1

T T, T 1—k,
tl = — - Atdisfv =— - ;kw ==
2 2 72 2,
LT 1
T2 T2, o
T, 2 —k,
t3 = T, — Atdis—L =T ’ kv =
2 2f;
1
ty =T, = —
Js

The physical meaning of i,—, is explained as follows. 7,—,
is assumed to be injected into the nonlinear DBD model in
Fig. 1(a). The current level /; during the interval from 0 to ¢;
charges vo, and changes it from —Vr to +V7 as at the charge
stage in Fig. 1(c), and in the meantime, an electric charge ),
flows through the DBD model. @, is only determined by C,
and the gap voltage increment 2V; during this stage [3] as
in (2). The current level I during Atq;s—, from ¢; to to pro-
duces the discharge with vc, clamped to V7 as at the discharge
stage in Fig. 1(d), and in the meantime, an electric charge ()2
flows through the DBD model. The average power consumed
by injecting i,—, is the given power P,—_,,. ()1 and (J» can be
represented by the areas of shaded parts below the i,—, wave-
form marked in Fig. 7(a). Thus, Q; and (), are expressed as the
following two equations in (2), from which I; and /> can also
be calculated as

4V f,C,
i hdt=Q) =2V Cy = I = %kg
v (2)
to Po—av Po—av
S LLhdt = = =1 =
o bt =0 =gp e = h =35

From (1) and (2), ¢,—, can be expressed as below. The coef-
ficient k, in a range from O to 1 is the freedom degree of the
wave shape of 7,—,

AV £,C 1k,
11:71_]%9 0<t< o7
Prse 1k, 1
i (1) = " oS,
g ARG, 1 2ok,
-k, 2fs — 2fs
5o P 2-k _,_ 1
Vrk, 2fs — Js

2) Estimation of the Current and Voltage Wave Shape
Targets: The desired wave shapes estimated below are called
the wave shape targets. Fourier analysis is adopted to calculate
the fundamental component 7,; and the third harmonic compo-
nent,3 of 2,—,, which are drawn by two dashed lines in Fig. 7(a).
These two currents are called target i, and target i,3, respec-
tively. The sum of these two current components (7,1 + 7,3) iS
called the target 7,, which gives the target wave shape of the
output current as shown in Fig. 7(a).
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Injecting the target ¢, into the DBD load produces a target
voltage v, across the load, which gives the target wave shape
of the output voltage and is also shown in Fig. 7(a). So far, the
wave shapes of the target 7, and v, have been estimated from
the rectangular current 7,—, at a certain k.

3) Wave Shape Targets at the Highest Energy Compression
Degree: From the wave shapes of target i, and v, at a given
ky, the two time intervals Atg;s and At,, in Fig. 7(a) can be
derived using MATLAB. Then, the values of coefficients kgjs
and k,g at the given k, can be calculated. Varying k, from 0O to
1 gives different sets of kq;5 and k,s values. The relationships
among k,, kqis, and k4 are described by two curves in Fig. 7(b),
which is used to find the target wave shapes at the highest energy
compression degree. In Fig. 7(b), kq;s reaches the minimum or
A reaches the maximum when £k, infinitely approaches 0(k, —
0). Thus, the wave shapes in Fig. 7(a) give the target wave
shapes at the highest energy compression degree if k, — 0 or
Atdis—v — 0.

As defined in Section III, the coefficient k, reflects the wave
shape correlation between 7, and v, from the perspective of zero
crossing point difference. Thus, k, and k,s serve as the wave
shape freedom degrees of target i, and target v,, respectively.

B. Step II: Circuit Superposition and Wave
Shape Approximating

In this step, three substeps will be performed in turn. First,
two linear equivalent subcircuits operating at f; and 3 f; are
established by linearizing the DBD model in Fig. 1. And then,
these two subcircuits are superposed linearly to generate the
synthesized wave shapes of i, and v, . Finally, the design results
of n, C,, Ly, and L,, are attained by approximating these su-
perposed wave shapes to the wave shape targets in Step I under
three constraint conditions.

1) Establishment of Two Linear Subcircuits Operating at f
and 3fs: A resistor in series with a capacitor is used to model
the nonlinear rectifying part of the resonant converter with ex-
cellent accuracy in a method of RCFHA [25]. Similarly, RCFHA
can also be employed to model the combination of Cy, Vr, and
D,1 ~ D,y of the DBD model’s nonlinear part (excluding C})
[26]. Thus, by combining C; and the equivalent capacitor in
RCFHA, the whole DBD load can be modeled by the series
combination of a resistor and a capacitor as in [26]. The cal-
culation method in [26] is employed at both f, and 3 f in this
step. Then, the DBD equivalent resistance R.q1 at f; and the
equivalent capacitances Ceq1, Ceq3 at fs, 3 fs can be calculated.
R.q1 represents the average real power consumption at f;. The
equivalent capacitance R.q3 at 3 f, is not listed here because the
power consumption at 3 f; is neglected in the following analy-
sis. As aresult, the current-fed parallel-series resonant converter
in Fig. 5(a) is decoupled into two linear subcircuits operating
at f; and 3f in Fig. 8. The fundamental component 4.y.; of
square-wave i.x. in Fig. 5(b) is fed into the resonant tank in
the fundamental equivalent circuit in Fig. 8(a). The third har-
monic equivalent circuit in Fig. 8(b) has no input current as the
effect of the third harmonic component of input current iy is
neglected. Another current source with the amplitude and phase
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Fig. 8. Two linear equivalent sub-circuits derived from current-fed parallel-
series resonant converter: (a) fundamental circuit and (b) third harmonic circuit.

of the target current ¢,3 in Step I is injected into the load as in
Fig. 8(b), which represents the third harmonic circulating current
explained in Section III. As shown in Fig. 5, the rated dc current
I4. can be theoretically calculated by using the rated P,—,y,
grid rectified voltage V.., and maximum buck circuit duty cy-
cle Dyyek—max (i-e., rated Iy = Po—av/(‘/rec Dbuck—max)) asin
[22]. From Fourier analysis, the amplitude of ¢.y.; in Fig. 8(a)
is calculated to be 4 /p times as large as this rated I4.. Thus, two
subcircuits have been established with four unsolved parame-
ters: n, Cy, Ly, and Ly, .

2) Linear Superposition of Two Subcircuits: The linear su-
perposition means that the corresponding variables in the two
linear equivalent subcircuits in Fig. 8 are added to express a
superposed wave shape

m(n, va Ly, Ly, t) = T <n7 Cp) Ly, Lmat)
+ x?} (na C[)7 Lsa L?TL 9 t) (4)

where x represents any superposed circuit variable like i, , v,,
and vap. And x; and x5 represent the variables in the funda-
mental and third harmonic subcircuits, respectively. x, z;, and
x3 are all functions of the four unsolved parameters: n, C,, L,
and L,, .

3) Wave Shape Approximation Under Three Constraints:
There are three constraint conditions to fulfill in the wave shape
approximating. The three constraints will be verified through
the wave shape agreement between the superposed waves in
Step II and target waves in Step I in Section V.

1) Power condition. Since the third harmonic subcircuit in

Fig. 8(b) is assumed to have no real power consumption,
the output power P,—,, can be calculated as

Io ) 7L97Lm 2 e
1(” CP 2 ) R ql (5)

where I,1(n,Cy, Lg, Ly, ) is the amplitude of the fun-
damental subcircuit output current 4,1 (n, Cy, Ly, Ly, , t)
in Fig. 8(a). This condition makes i, (n,C), Ly, Ly, , t)
in Step II approximate its target 7,; in Step I. The
superposed i, (n,Cy, Ly, Ly, ,t) is the sum of this
to1(n, Cp, Lg, Ly, , t) and the target ¢,3 in Step I as stated
previously. Thus, the superposed i,(n, C,, L, L;, ,t) in

Po—av =
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TABLE I
CONVERTER SPECIFICATIONS AND DBD PARAMETERS

Parameter Value
Grid RMS Voltage Vi, 220V
Grid Frequency fiy, 50 Hz
Rated Rectified Voltage Ve 310V
Rated Output Power P, 350 W
Rated Switching Frequency f 30 kHz
Dielectric Barrier Capacitance C'y 0.155 nF
Air Gap Capacitance C 0.256 nF
Discharge Maintaining Voltage V7 3300 V

Step II approximates its target i, (¢) that equals the sum
of target ¢,; and target ¢,3 in Step L.

2) Zero-crossing-shift condition. In this condition, the coeffi-
cient k5 is used to ensure the wave shape approximation of
v,. As mentioned in Step I, k¢ represents the freedom de-
gree of the wave shape target of v,. So the approximation
of the k, value reflects the approximation of the v, wave
shape. In other words, the value of k,s(n,C,, L, Ly, )
deduced from the superposed i,(n,C,, Ls, Ly, ,t) and
vo(n,Cy, L, Ly, , t) in Step II should be equal to the
value of k,s(Cy,Cy, Vi, Py_yy, fs, ky) calculated from
the target wave shapes in Step I:

kzs(”v va Lsa L'm) - kzs(Cda Cga VTa Po—avv fS; k1))~
(6)
3) Phase-locked condition. This condition is developed to en-
sure the small fixed time At between the zero crossing
points of the superposed vap and %.x.1; due to the phase-
locked loop technique. If the sinusoidal 7.1 in Fig. 8(a)
is expressed as (4/ml4.)sin(wst + 6), the moment of
the zero crossing point of iy is calculated as —6/ws.
Then, the moment of the zero crossing point of superposed
vap(n, Cp, Ly, Ly, , t) is calculated to be —6 /w, — Atg.
Thus, the zero crossing point of vag(n,C,, Ls, Ly, , t)
can be expressed as the following equation:

vaB(n, Cp, L, Ly, —0/ws — Atps) =0 7

where w; is the angular frequency, ws; = 27 f;.

The design results of n, C,, L, and L,, can be obtained
by solving (5), (6), and (7). All the solutions can be plot-
ted as curves to reveal the relationship of these four vari-
ables. The specifications and DBD load parameters at the
rated power are described in Table I, which are the same as
for the DCM configuration in Fig. 2. About 30 kHz is a com-
mon and typical frequency for DBD surface treatment (median
in 10-50 kHz range [10]). kq;s reaches 0.285 when k, — 0.
Parameters R.q1, Ceq1, Ceqs are also calculated at k, — 0.

By solving (5), (6), and (7), three curves can be drawn on the
coordinate planes of (Cy,, n), (Ls, n), and (L, , n) in Fig. 9(a) and
(b) by using MATLAB, with the turns ratio # as the independent
variable. L and L,,, in Fig. 9(b) are realized by using the air gap
inductors. The values of L, and L,, are adjusted by changing
the air gaps. Fig. 9(c) plots the peak values of vsp at different
n values, which determines the voltage stresses on the active
switches and capacitor C),. Fig. 9(d) gives the root-mean-square
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TABLE II
OPTIMAL DESIGN RESULTS OF PARALLEL-SERIES RESONANT TANK

Parameter Value
Turns Ratio n 40
Parallel Capacitance C, 0.155 puF
Series Inductance L 35.6 uH
Magnetizing Inductance L, 71.8 uH

TABLE III
DEVICES USED IN TESTED PROTOTYPE

Parameter Value
Bridge Rectifier (D) KBPCI1510
Buck Active Switch (S..) IKW15T120
H-bridge Active Switches (S1-54) IKWI15N120H3
Freewheeling Diode (D ) and Reverse-voltage IDP18E120
Blocking Diodes (D1 -D4)

Electrolytic Filter Capacitors (C'y ) 1500 uF

dc Link Inductor (Lq.) 4 mH

(RMS) currents through C), and L, at different n, which affects
the capacitor selection and transformer winding losses.

With n decreased, C), reduces but L, and L,,, increase rapidly.
A smaller volume or lower cost capacitor are accompanied by
a larger magnetic core or more turns for the inductor. So the
inductance and capacitance selection goals are in conflict. As n
reduces, the vyp peak first increases slowly from 400 V and,
then, rises sharply toward 900 V. However, i¢, and ¢, reduces
almost linearly as n decreases. So the voltage and current stresses
contradict. To make both the voltage stress (peak value of vAp)
and current stress (RMS of i¢), oriz,) as low as possible, the
optimal value of 7 is selected at the point in Fig. 9(c) where the
peak value of v g just starts to rise rapidly with the decrease of
n. The optimal results are marked in Fig. 9 and listed in Table II.
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(c) ideal i, wave and superposed vap, iz s waves; and (d) experimental iy, vap and iy s waves.

V. EXPERIMENTAL RESULTS

To verify the RCFTHA and the effectiveness of the third
harmonic circulating current, an experimental prototype was
built by using the given parameters in Table I and the design
results in Table II. The DBD load used here is the same as
that in the DCM experiments in Section II. Other devices are
described in Table III. The buck circuit operates at 16 kHz, which
avoids the audible noises and lowers the buck circuit’s switching
loss simultaneously. The voltage and current on the transformer
primary side are measured by the voltage probe P5200A and
current probe CWTO15, respectively. The voltage and current
on the secondary side are measured by the high voltage probe
P6015A and a 20 €2 sense resistor, respectively. The phase-shifts
induced by these probes are negligible. A Tektronix TPS2024
digital oscilloscope is used to record the voltage and current
waveforms.

Fig. 10(a) and (c) present the theoretical waveforms at the
rated power with the parameters in Table II by using MAT-
LAB: the target i,,v, waves estimated from the rectangular
current i,—, at k, — 0, the ideal 7., square-wave and the su-
perposed ,,v,, VAR, irs Waves from the linear superposition.
In Fig. 10(a), the superposed i, and v, wave shapes are coinci-
dent with their target wave shapes, which verifies the accuracy
of the power and zero-crossing-shift constraint conditions in
the RCFTHA. Fig. 10(b) and (d) illustrates the steady-state ex-
perimental waveforms of i,,v,,vaB, %15, and iey. at the rated
power. i,,v,,vaB, and iz, contain obvious third harmonic
components, which proves the existence of third harmonic

circulating current and the achievement of two resonances at
fs and 3f in the resonant tank as in Fig. 4(b). Compared to
the target and superposed waveforms, the experimental wave-
forms have the same shapes except the microdischarge cur-
rents on ¢, and the ripple current on .., wWhich verifies the
rationality and accuracy of the wave shape estimation, circuit
superposition, and wave shape approximation method in the
RCFTHA. The shape agreement is also a validation of the two
assumptions made earlier in Section IV: the neglects of the
third harmonic excitation current impact and the power con-
sumption at 3 fs. The actual kq;s in Fig. 10(b) is measured to
be 0.329 and close to its target kq;s of 0.285, which points
out the RCFTHA effectiveness in the discharge-time-ratio de-
sign. So the actual highest energy compression degree is cal-
culated to be 1.61 according to the kgijs—sin of 0.530 shown in
Fig. 2(d). The switching frequency f, and time interval At in
Fig. 10(d) are measured to respectively equal the set values of
30 kHz and 2 us, which proves the effectiveness of the phase-
locked constraint condition. In addition, i, has a wave shape
and a discharge-time-ratio similar to those in Fig. 2(b), veri-
fying that the third harmonic load current achieves the energy
compression like the DCM. However, the peak current through
the power devices is only one-tenth of that in the DCM shown in
Fig. 2(c).

Based on the given parameters in Table I, other sets of pa-
rameters can be found out to realize other different wave shapes
and kgis values by selecting other k, values, which have the
same n, C,, and L,, as those in Table II but different L,. Figs.
11 and 12 give the theoretical and experimental waveforms at
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the rated power when L is, respectively, changed to 29.0 and
49.0 pH: the target i,,v, waves, the ideal 7.y, Square-wave,
and the superposed i,,v,,vAB,%5s Waves. A kqis of 0.409 is
achieved when L; is 29.0 ;H in Fig. 11, where the energy com-
pression degree is 1.30. If L is changed to 49.0 ;/H, the actual

kq;s becomes 0.694 in Fig. 12, realizing an energy compression
degree of 0.76. So the energy stretching can also be realized
through the third harmonic circulating current. From the simi-
larity between the theoretical and experimental waveforms, the
same conclusions as in Fig. 10 can be drawn, such as the third
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harmonic circulating current existence, the linear superposition
effectiveness and the RCFTHA accuracy.

From Figs. 1012, itis verified that the wave shape depends on
the resonant parameter selection and is not related to the circuit
control. In the above three cases, the peak current through the
power devices is around 2 A and close to that of sinusoidal
CCM shown in Fig. 2(e). The third harmonic circulating current
is verified not to increase the inverter current stress.

To verify the superior treatment performance with the third
harmonic (H3) circulating current, the above three groups of
experimental waveforms with three different L, values were
applied in the treatment of the PE films. As a comparison, the
sinusoidal CCM case was also realized on this prototype by re-
moving the inductor Ly, and turning the resonant network into
the parallel structure as in [22]. C}, was changed from 0.155 to
0.2 pF to maintain the resonant frequency around 30 kHz. The
correspondence between the dose density and power is the same
as that in the DCM configuration in Section II. Fig. 13(a) shows
the water contact angles measured with three different L, values
at the rated power (at the dose density of 1.193 J/cm?). Com-
pared with the sinusoidal case, the energy compression (1 > 0)
with the L values of 35.6 and 29.0 yH leads to smaller contact
angles, while the energy stretching (A < 0) with the L, value
of 49.0 uH results in a larger contact angle. The greatest con-
tact angle decrease of 6.4% is achieved at the highest energy
compression degree with the optimal design results in Table II.
The contact angles measured in the DCM at the dose density
of 1.193 J/cm? in Fig. 2(d) is also shown in Fig. 13 to com-
pare with the results of the third harmonic current circulation.
Despite occupying different kq;4 ranges, the two lines in Fig. 13
have similar slopes, and they almost coincide completely when
kqis 18 between 0.33 and 0.53. Thus, the relationship between
the contact angle and the discharge-time-ratio obtained by using
the third harmonic current circulation conforms to the law about
energy compression illustrated in Section II.

VI. CONCLUSION

This paper presents an energy compression technique in the
DBD surface treatment applications, which is implemented by
generating a third harmonic circulating current within the res-
onant tank in the current-fed parallel-series resonant converter.
The wave shape with third harmonic circulating current needs
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no special active control. Furthermore, a RCFTHA method has
been introduced to design the resonant parameters by describing
the current-fed parallel-series resonant converter as the linear
superposition of two equivalent circuits at the fundamental and
third harmonic frequencies, respectively. Finally, the RCFTHA
accuracy and the energy compression effectiveness have been
verified by experimentation on a 350-W prototype. Compared
with the sinusoidal CCM case, the third harmonic current circu-
lation method improves the surface wettability by 6.4% with the
highest energy compression degree of 1.61 and a dose density
of 1.193 J/cm?. Meanwhile, the inverter current stress is close to
that in sinusoidal CCM and only one-tenth of that in DCM at the
same energy compression degree. It can be concluded that the
resonant converter with the third harmonic circulating current
is a viable candidate for industrial DBD applications.
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