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Abstract:  For low power dielectric barrier discharge (DBD) used in small-size material treatment or portable devices, high-
step transformer parasitic capacitance greatly influences the performance of the resonant converter as it is of the same order of
magnitude as the equivalent capacitance of DBD load. In this paper, steady-state analysis of the low power DBD is presented,
considering the inevitable parasitic capacitance of the high-step transformer. The rectifier-compensated first harmonic approxi-
mation (RCFHA) is applied to linearize the equivalent load circuit of DBD at low frequency and the derived expressions are
accurate and convenient for the analysis and design of the power supply. Based on the proposed linear equivalent load circuit,
the influence of transformer parasitic capacitance on the key parameters, including the frequency range and the applied electrode
voltage, is discussed when the power is regulated with pulse frequency modulation (PFM). Also, a design procedure is presented
based on the derived expressions. A prototype is constructed according to the design results and the accuracy of the design is
verified by experimental results.
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1 Introduction

Dielectric barrier discharge (DBD) has been
widely used in material treatment, ozone generation,
biomedicine, etc. The plasma or ozone generated
during discharge can be used for material surface
characteristic modification, sterilization, and chemi-
cal vapor deposition (Fang et al., 2006; Wang and
He, 2006; Burany et al., 2008; Wedaa et al., 2011;
Kostov et al., 2013).

Usually, an AC high voltage is applied to the
load as shown in Fig. la to generate discharge for
industrial applications due to easy power regulation
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methods, simple topology, and high reliability. When
the applied voltage is high enough, the air between
the dielectric and the high voltage electrode breaks
down and a corona discharge is initiated. As the
voltage across the air gap is almost constant when a
corona discharge occurs (Alonso et al., 2003), the
equivalent circuit of the DBD load is as illustrated in
Fig. 1a, where C, ; represents the equivalent capaci-
tance of the air gap, and Cy ¢ represents the equiva-
lent capacitance of the dielectric (Wagner et al.,
2003; Williamson ef al., 2006; Bonaldo and Pomilio,
2010). The diode bridge circuit models the bidirec-
tional voltage clamping properties of the constant
corona discharge voltage. To produce the required
AC high voltage, the resonant converter is usually
applied, as well as a high-frequency high-step trans-
former which leads to galvanic isolation.

In high power DBD applications, the parasitic
capacitance of the transformer is much smaller than
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the equivalent capacitance of DBD load and thus
negligible. Therefore, an inductor-capacitor-capacitor
(LCC) series-parallel resonant converter is used as
the equivalent circuit, which has been discussed in
many papers (Gilbert et al., 2007; Fu et al., 2008;
Martin-Ramos et al., 2008). However, in low power
applications, such as small-size material treatment or
the portable medical device, the equivalent capaci-
tance of DBD load and the transformer parasitic ca-
pacitance are of the same order of magnitude. Thus,
parasitic capacitance must be taken into considera-
tion and the conventional LCC resonant converter is
no more suitable for analysis. The influence of para-
sitic capacitance should be discussed. Moreover, for
higher portability and lower cost, the resonant induc-
tor is integrated into the transformer by applying a
magnetic integration technique (Fu et al., 2008).
Therefore, only one magnetic component is required
(Fig. 1b).
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Fig. 1 Equivalent circuits of DBD load (a) and the whole
resonant converter (b)

The notations used in this paper are given in
Table 1.

To simplify the analysis, a capacitance in paral-
lel with a resistance (RC) is used as the equivalent
circuit of DBD load based on first harmonic approx-
imation (FHA) (Alonso et al., 2003; Kinnares and
Hothongkham, 2010). However, FHA is not accurate
enough for steady-state analysis due to the diode
bridge circuit. Therefore, rectifier-compensated first
harmonic approximation (RCFHA) (Shafiei et al.,

Table 1 The notations used in this paper

Parameter Meaning

Cy Dielectric equivalent capacitance referred to
the primary side of the transformer

C, Air gap equivalent capacitance referred to the
primary side of the transformer

Vr Discharge maintaining voltage referred to the
primary side of the transformer

L Leakage inductance of the transformer

G Transformer parasitic capacitance referred to
the primary side of the transformer

n Transformer turns ratio

fs Operating frequency

N Operating angular frequency, w=2mf;

fo Resonant frequency

Vin Bus voltage applied to the inverter

Vab Output voltage of the inverter

Vae Voltage applied to electrodes

Vae Peak value of v,,

G, Resonant tank gain, G=V,/(nV,)

Ved Voltage applied to Cy

ied Current flowing through Cy

Veg Voltage applied to C,

i Resonant current referred to the primary side
of the transformer

1, Peak value of i,

Py, Average input power

Pou Average output power

ks Load equivalent capacitance ratio, k=Cy/C,

ky ky=C,/Cy

v The angle of charging C,

® Phase error between the output voltage of the
inverter and resonant current

tap Dead band time

tq Time delay between the rising edge of driving
signals and the corresponding zero-crossing
point of the resonant current

Ipe Time delay between the rising edge of the full-
bridge output voltage and the resonant
current

X, nom  Normalized variable X,

X, s Variable X, referred to the secondary side of
the transformer

X Fundamental harmonic component of X,

Xoa Coefficient of the Fourier sinusoidal term of
X, at fq

Xis Coefficient of the Fourier cosinusoidal term of
X1 atf

2013) is used for the steady-state analysis of the res-
onant converter with a rectified bridge. According
to the equivalent circuit derived, the impact of
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transformer parasitic capacitance on the frequency
range and applied electrode voltage is discussed
when the power is regulated with pulse frequency
modulation (PFM), considering the different equiva-
lent load parameters with varied output power (Wang
et al., 2005). Then the design procedure is presented
with the magnetic integration technique and the leak-
age inductance and parasitic capacitance of the trans-
former are given according to the results of steady-
state analysis. The analysis and design are finally
verified by simulation and experimental results.

2 Converter analysis
2.1 Steady-state analysis

A capacitor in series with a resistor is used to
model C, and the rectifier in RCFHA. Thus, the
analysis is more accurate than that in FHA, where a
resistor is used for equivalence. To simplify the
analysis, all the parameters are referred to the prima-
ry side of the transformer (Fig. 2a).
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Fig. 2 Equivalent circuit of low power DBD referred to
the primary side (a) and the key waveforms (b)

The key waveforms of the resonant converter
are shown in Fig. 2b. As i(¢) is almost sinusoidal, it
is assumed to be equal to its first harmonic compo-
nent. That is,

i,()=i(t)=1 sin(ay). (D

According to whether C, is clamped or not, the
circuit operation can be divided into four stages. In
the first half cycle, when i(¢) increases from zero, C,
is charged from —Vt and the equivalent circuit is as
shown in Fig. 3a. Thus, the following equations can
be obtained:

| ()=——— 1 si 1), 2
() Itk +kk, Sin(@) @
I
H=-V_.+ L 1-cos(w.t)). (3
IMOESS# wng(1+kp+kpks)( (o). (3)

At the end of this stage, v,(?) increases to V. That is,

Vey [lj — V.. 4)

By substituting Eq. (4) into Eq. (3), the following
equation can be derived:

VoC,(1+k, +k k)
7 .

T

cosy =1- (5)

Then C, is charging to Vr and is clamped until i(¢)
oscillates to zero. Thus, the equivalent circuit turns
into the circuit shown in Fig. 3b. During this stage,
icd(?) and vey(?) are given by

i, = ﬁ]r sin(@,?), (6)
Ve () =V (7)

Ls Cd
o —
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Fig. 3 Equivalent circuits when C, is charging (a) and
clamped (b)
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The power transfers to the load during this stage. So,
the output power can be obtained by integrating ve(?)
and i.q(?):

p :VTIr(l+cosy/) 1

m 1+k,

®)

Due to symmetry, i.4(f) and vc,(f) in one period can
be summarized to be

;IT sin(a,t),
1+k, +k,k,
0£t<£ 0rn£t<n+—l//,
i ()= ©))
I sin(a.t),
P (@,1)
KSt<7t orH—W£t<2n,
o, o,
I
V. + ! (I1-cos(aw)),
o,C,(1+k, +kk,)
O<t<y/am,
Vi, v/o <t<m,
1
v, (0)=<V; - . (I1+cos(wt)), (10)
: U o C,(+k, +kk)
nSt<n+"[/,
@
., Y <i<om.
a)S

Using the Fourier analysis, the coefficients of the
Fourier series of i¢q(f) and v,(?) are obtained as

1
]ch = .
2n(l+k,)(1+k, +k k) (11)
[(SIn(2y) + 27 = 2y )k k, + 2m(1 + k)],
—Lk k_sin®
LR (12)
n(1+ kp 1+ kp + kpks)
22
V. = I sin"y ’ (13)
JECgCe)S 1+ kp + kpks)
-1 .
(2y —sin(2y)). (14)

I/ch = .
2nC,0,(1+ k, + k k)

Thus, the equivalent impedance can be derived:

Vo.+iV
:MZRCq+jXCq, (15)
chA+JchB

eq
where R.q and X4 are given in Egs. (16) and (17),
respectively:

)
R, =n(l+k)1+k, +kk)sin"y

AC, 0 {(k ksin’ w) +[n(l+k, +kk) (16)

—k k (y —siny cos v,
X =—(+k) (1 +k, +kk )y —siny cosy)

~[(w —siny cosy)* +sin* w Ik k)

17
AC, o {(k k, sin® ) +[m(l+ k,+kk,) {17

~ e, (y —siny cosy)T 1

Consequently, the equivalent circuit of RCFHA
is obtained (Fig. 4a), where C.=1/(wXy). By
combining Cy and Ceq, the circuit can be simplified
further (Fig. 4b), where C.=CyC.q/(C4t+Ceq). Thus,
the resonant converter shown in Fig. 1b is greatly
simplified and the input impedance is derived as
follows:

Zin :Rin+inn’ (18)
where
RC CCZ
R, = — 7 (19)
(Cp + Ce) + (a)sCeCpReq)
C +C. +C w'C*R?

Xin = a)sLs - . : 2 pa)s% e2 eZq 2" (20)

o, (C,+C,) + o C,CIR,

(b)

Fig. 4 Equivalent circuit of Fig. 2a in a steady condition
(a) and the simplified circuit (b)

The phase error between the output voltage of
the inverter and the resonant current, the peak reso-
nant current and the peak applied electrode voltage
are given in Eqs. (21)—(23), corresponding to the
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equivalent circuit in Fig. 4b:

tan¢:)(in/Rin’ (21)
4y
[=— 2w (22)
T[VRii +X§1
Vie=IR, +X;. (23)

The key parameters of the converter, including
the peak applied electrode voltage, peak resonant
current, resonant frequency, and quality factor, can
be obtained from Egs. (16)—(23). Therefore, the
equivalent circuit shown in Fig. 4b can be used to
describe the performance of low power DBD for
simplicity.

2.2 Performance analysis

PFM is usually used to regulate the output pow-
er due to the simple control strategy and zero-voltage
switch (ZVS) (Liu and He, 2005). The output power
decreases with an increased operating frequency and
ZVS is achieved for the whole power range. A nar-
row range of operating frequencies is preferred for
the resonant converter from light load to full load, as
the breakdown voltage of the transformer decreases
significantly with increased frequency (Shafiei et al.,
2011).

On the other hand, the peak applied electrode
voltage, which plays an important role in the number
of microdischarges and surface treatment effect
(Gibalov and Pietsch, 2000; Jidenko et al., 2006),
varies with the output power. In material treatment,
the high applied electrode voltage may ruin or even
burn the materials, while the low voltage may make

the discharge unstable and result in uneven treatment.

Consequently, it is necessary to investigate the influ-
ence of C, on f; and V.

When the resonant tank operates at resonance, it
is resistive and hence the resonant frequency can be
derived from Eq. (20). Fig. 5 illustrates the operating

frequency and tank gain at resonance with variant C,,.

The resonant frequency increases with decreased C,,
which results in high power density. However, the
tank gain of the resonant converter diminishes in the
meantime and the voltage pressure of the switches
increases when a constant V. is required for stable
discharge. Hence, a tradeoff should be made if
necessary.

010 20 30 40 50 60 70
Cy (nF)

Fig. 5 Resonant frequency and tank gain with variant C,

To simplify the analysis in PFM, the normal-
ized results are used (Gilbert et al., 2007). The nor-
malized frequencies of the resonant converter from
full load to light load with variant C, are as illustrat-
ed in Fig. 6a, where C,=0 represents that the con-
verter is the conventional LCC resonant converter
without parasitic capacitance. Fig. 6b shows the
normalized peak applied electrode voltage. What is
more, the equivalent capacitance of DBD load varies
with the peak applied electrode voltage. Cy decreases
from 48 nF to 32 nF with decreased Ve, while Cg is
assumed to be a constant of 16 nF, corresponding to
the conclusions in Wang et al. (2005). The curves in
Fig. 6a demonstrate that a larger C, results in a nar-
rower frequency range from full load to light load as
C,, counteracts the influence of non-constant equiva-
lent capacitance of DBD load, which simplifies the
transformer design and improves the reliability. On
the other hand, V,. decreases faster in PFM with a
larger C,, which may influence the discharge stabil-
ity and change the characteristics. Therefore, a com-
promise should be made when selecting C, accord-
ing to the requirements.

3 Design considerations

Based on the expressions derived in Section 2,
the design procedure for a specified DBD load is
presented as an example. The DBD load consists of
two round planar electrodes and a 1 mm thick, flat
piece of quartz as the dielectric as shown in Fig. la.
The diameters of the high voltage electrode, quartz
dielectric, and grounded electrode are 3, 5, and 6 cm,
respectively. The parameters of the load in rated
conditions are listed in Table 2. In a resonant con-
verter with DBD load, the operating frequency is a
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little higher than the resonant frequency for ZVS as
shown in Fig. 7. When switches S; and Sy are turned
on, the resonant current flows through the reverse
parallel diodes and the voltage through the two
switches is zero. Thus, ZVS is achieved and ¢4 is
defined to be the time delay between the rising edge
of the driving signals and the corresponding zero-
crossing point of the current. By adding the dead
band, ¢4, to #4, the total time the output voltage of the
inverter leading the resonant current, £, is obtained.
In this study, t4, and £, are specified to be 2 us and
4 us in the rated condition, respectively.

1.40

1.35 : :
1.25

“M0 09 08 07 06 05 04 03 02 01

Fig. 6 Performance comparison of variant C, in the nor-
malized frequency (a) and the normalized applied elec-
trode voltage with PFM (b)

A

tab
> |«
I —
St Sap—H >t
I
sas:| | >t
U
Vab(t}—-H
1
i
| » ¢
I ”
N :Ql
toe

Fig. 7 Zero-voltage switch (ZVS) waveforms

Table 2 Converter specification

Parameter Value
P, 26 W
Cy 30 pF
C, 10 pF
Vy 2900 V
Vab 24V
fs 20 kHz
Ipe 4 pus

As the magnetic integration technique is applied,
n, Ly, and C, are the only three parameters required
to be determined. For explicit » and C,, I, and y can
be deduced by combining Egs. (5) and (8):

;TR (+k)
A

m%a+k9—2m%4ga+kp+@@)J

nP, (1+k)+ 2V 0C,(1+k, +k k) |

(25)

Vo C,(+k +kk), (24)

W= arccos{

Thus, Req, Xeq, and Ry, are obtained, corresponding to
Egs. (16), (17), and (19), respectively. Then L can
be derived by substituting Egs. (19), (20), and (24)
into Eq. (22):

2 2
L = _4Vab — ﬁ
) o l, o,
C,+C,+C,w!CR;

e teq

+ .
0} (C,+C,)* +@'C}C?R?

p ¢ ¢q

(26)

Xin 1s obtained by substituting Eq. (26) into Eq. (20).
Then ¢ is calculated according to Eq. (21). And

27

%
tpe = o .

The 3D figure in Fig. 8a illustrates ¢, with vari-
ant n and C, corresponding to Eq. (27) and the
curves of L are given in Fig. 8b according to
Eq. (26). The design procedure can be subdivided
into the following steps based on the curves:

Step 1: Select n and C,. The purple curve in
Fig. 8a includes the points at which ¢, is 4 ps. Here
n is selected to be 40 for convenient calculation, a
low transformer turns ratio and hence a small C, for
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(b)

Fig. 8 Design curves at variant C, and n: (a) #,; (b) L
References to color refer to the online version of this figure

the narrow applied electrode voltage range from full
load to light load as presented in Section 2. Conse-
quently, C, is 52 nF.

Step 2: Calculate the transformer leakage in-
ductance. The red curve in Fig. 8b represents the
pairs of C,, and n at which #,. is 4 ps. Thus, L, is de-
termined to be 827 pH corresponding to the parame-
ters determined in Step 1.

Step 3: Calculate current stress. The peak reso-
nant current is 1.94 A according to Eq. (24) for the
specified n and C,, which is helpful for selecting
switches.

Step 4: Check the tolerance of C, and L,. C, is
highly affected by the structure of windings and the
insulated materials used between the layers (Shafiei
et al., 2011). Moreover, in high voltage applications,
a core type transformer is usually used for its high
insulating property, and the leakage inductance is
difficult to calculate (Doebbelin et al., 2008). Thus,
C, and L¢ cannot be designed exactly and the error
tolerance should be taken into account. Table 3 lists
the key parameters when C, and L, are changed by
10%. It shows that 10% errors of C, and L bring
approximately a 15% error in the rated power when
fpe 1s fixed to be 4 ps. However, a tiny change of the
operating frequency, no more than 9%, guarantees
the required rated power and ZVS is still achieved.

Therefore, a minor error of C, and L in the proto-
type is tolerable.

Table 3 The key parameters when C, and L, are
changed by 10%

Value
C,=47 nF, C,=57 nF,
Parameter  C,=52 nF, L&=T744 uH L=910 pH
L~=827 uH Fixed Fixed Fixed Fixed
[be Pin tpe Pin
P, (W) 26.0 23.0 26.2 29.8  26.5
I.(A) 1.94 1.78 1.91 2.17  2.03
fs (kHz) 20.0 22.3 21.8 18.1 18.4
toe (1) 4.00 4.06 3.28 399 471

4 Simulation and experimental results

A prototype of the transformer shown in Fig. 9
is built corresponding to the parameters obtained in
the design procedure, and the practical transformer
parameters are listed in Table 4. The magnetic core
comprises a pair of UF120A/70/30, which is Mn-Zn
ferrite material.

Fig. 9 Transformer prototype

Table 4 Transformer parameters

Value
Parameter -
Design Prototype
n 40 40
G 52 nF 49 nF
Ly 827 uH 880 uH

A low power DBD system with the built trans-
former is used to verify the equivalent circuit and
design procedure. In practice, C,, is 54 nF in the cal-
culation as the high voltage probe (P6015, Tektronix)
results in an extra 3 pF capacitance referred to the
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secondary side (approximate 5 nF referred to the
primary side of the transformer) in parallel with the
load when measuring the applied electrode voltage.
Fig. 10a illustrates the simulation waveforms corre-
sponding to the prototype parameters while neglect-
ing the parasitic capacitance, which differs greatly
from the experimental waveforms in Fig. 10d. Con-
sequently, C, greatly influences the performance of
DBD and should be carefully taken into considera-
tion. In comparison with the experimental wave-
forms, the simulation waveforms from the converter
with a rectified bridge as shown in Fig. 1b and the
converter with an equivalent resonant model as
shown in Fig. 4b are illustrated in Figs. 10b and 10c,
respectively. There is a voltage drop when the cur-
rent commutes from the diodes to the switches due
to the switches’ turn-on voltage and the diodes’ for-
ward voltage drop. Table 5 lists the key parameters
of simulation, calculation with an equivalent model,
and experiments, which confirm the steady-state
analysis and design procedure a good accuracy.

The output power is regulated by PFM and #,. is
the control variable with self-sustained oscillation to
maintain ZVS (Youssef and Jain, 2007; Gilbert et al.,

)
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Table 5 Simulation, calculation, and experimental re-
sults in rated conditions

Value
Parameter  Simulation . .
with C, Calculation  Experiments

Py, (W) 26.6 27.3 26.8
I.(A) 1.91 1.98 2.05
fs (kHz) 19.0 19.0 18.1
fpe (1S) 4.03 391 4.00
Ve (kV) 7.86 8.03 7.76

2008). Figs. 11a—11c show the experimental wave-
forms at variant frequencies, which illustrate that the
input power of the resonant tank decreases with the
increased frequency and that ZVS is achieved in the
whole power range. When #, is larger than 10 ps,
the applied electrode voltage is too low and the dis-
charge in the air gap almost disappears. Table 6
gives the key parameters of the converter with an
equivalent model, in comparison with the experi-
mental results at variant frequencies, which verifies
the accuracy of the equivalent resonant tank in
steady-state conditions at different power levels.

e\
(10 V/div)

T

(1 Aldiv)
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Fig. 10 Waveforms of i,, v,;, and v, in a rated condition in simulation without C;, (a), simulation from Fig. 1b (b), sim-
ulation with an equivalent model from Fig. 4b (c), and experiments (d)
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harmonic magnitude of the experimental resonant
current as a percentage of the fundamental amplitude
in the rated condition. Table 7 gives the THDs of the
resonant current at variant frequencies derived from
the simulation and experimental waveforms, which
confirm that RCFHA is accurate in all steady-state
conditions when power is regulated by the operating
frequency. Therefore, the equivalent model is able to
replace the original resonant converter with a recti-
fied bridge for simpler performance analysis and
design procedure.

3.0%
2.5%

2.0%

1.5%
1.0%
0.5%

Harmonic magnitude
Fundamental amplitude

0.0%
2 3 4 5 6 7 8 9

Harmonic order

Fig. 12 Harmonic magnitude of experimental resonant
current as a percentage of the fundamental amplitude
in the rated condition

Table 7 The total harmonic distortion (THD) of reso-
nant current at variant frequencies

19 us/qiv

(c)

THD
Js (kHz) . . .
Simulation Experiment
18.1 3.16% 3.10%
18.7 2.29% 2.69%
19.6 1.40% 2.16%
20.7 2.62% 2.89%

Fig. 11 Experimental waveforms when #,:=6 us (a), £,.=
8 us (b), and #,:=10 ps (c)

Table 6 Calculation and experimental results at variant
frequencies

e (uS) Pin (W) Js (kHz) I (A) Vae (kV)

pe Cal. Exp. Cal. Exp. Cal. Exp. Cal. Exp.
6 233 230 196 187 192 195 7.75 7.80
8 154 153 20.7 196 181 1.75 736 6.80
10 459 453 21.8 207 157 1.65 6.17 6.00

Cal.: calculation result; Exp.: experimental result

As RCFHA is based on the sinusoidal resonant
current, the accuracy of the equivalent model is
greatly influenced by the total harmonic distortion
(THD) of the resonant current. Fig. 12 illustrates the

5 Conclusions

The power supply with a high-step transformer
for low power DBD was investigated, taking the
parasitic capacitance of the transformer into consid-
eration. RCFHA was used in steady-state analysis
and the derivation was given in detail, corresponding
to the equivalent circuit of DBD load. The parasitic
capacitance greatly influences the converter perfor-
mance in low power DBD applications and a com-
promise between the small frequency difference and
the stable peak electrode voltage should be made
when determining its value. The design procedure of
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the power supply was presented with the magnetic
integration technique according to the expressions
derived by an example. Finally, a prototype with two
planar electrodes was built according to the design
parameters and the experimental results were in
good agreement with the design.
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