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Abstract— This paper presents a design methodology for a 

square pulse voltage source used in dielectric barrier discharge 

applications. This methodology considers electrical aspects of the 

discharge such as the average power to be delivered and the 

duration of the current pulses to properly size the switches and 

perform the magnetic design of the step-up transformer, where 

parameters such as leakage inductance and parasitic capacitance 

are considered for its design. The methodology was validated with 

the design and implementation of a voltage power supply for an 

experimental nitrogen oxides treatment bench.   

Keywords—Process design, Power supplies, Pulsed power 

systems, Dielectric barrier discharges. 

I. INTRODUCTION 

Dielectric barrier discharge (DBD) is a form of non-thermal 
plasma generation used in different applications, including 
ozone generation, ultraviolet radiation, air and water pollution 
treatment, and surface treatment [1]–[4]. DBD has advantages 
over other forms of non-thermal plasma generation, such as 
plasma stability and homogeneity of the discharge resulting 
from the presence of one or more dielectric layers [1]. 

Due to the presence of dielectric material between the DBD 
electrodes, the power sources used in these systems must supply 
a voltage on the order of a few kilovolts to several tens of 
kilovolts to achieve the discharge in the gas flowing through the 
dielectric material layers. This is a challenge for designers of 
power supplies for DBD applications. 

Among the sources used to power DBD applications, pulse 
voltage sources are widely used because they are able to 
improve the processes associated with the use of non-thermal 
plasma over other types of sources [5], [6].   

The square pulse voltage supply shown in Fig. 1 is one of the 
pulse sources used in different DBD applications. In [7], a set of 
equations explaining the behavior of the source when interacting 
with the DBD is presented for the first time. Prior to [7], the use 
of this source in experiments often required trial and error 
procedures to adjust parameters during experiments, such as the 
power delivered to the DBD [8]. Furthermore, one of the main 
problems of this topology for DBD applications was its design, 
so it was necessary to oversize the semiconductors and the 

transformer to ensure safe operation. Some of the most recent 
works study the development of compact supplies for DBDs 
however sacrificing output power rating [9], [10]. 

 This paper proposes a design methodology for the so-called 
square voltage power source (SVPS) for DBD applications. We 
first outline the design steps for the source that makes up the 
methodology, and then we present its application in a DBD-
based nitrogen oxide treatment system. Finally, the results of the 
source implementation are presented. 

II. POWER SUPPLY DESIGN STAGES 

A schematic of the SVPS feeding a DBD target of the 
design is shown in Fig. 1. This source comprises a full bridge-
type voltage inverter, which is connected to the DBD via a step-
up transformer. As demonstrated in [7], the transformer model 
considers the leakage inductance (Lk) of the transformer as an 
element interacting with the DBD, which determines the 
duration and intensity of the current pulses. An external 
inductance (Lext) is added between the transformer and the 
bridge to adjust the desired duration of the current pulses in the 
DBD since the design aim is to have the smallest possible value 
of transformer leakage inductance. 

 

Fig. 1. Schematic circuit of the square voltage power supply (SVPS) fed to a 
DBD 

The source schematic also includes a parasitic capacitance 
(Cp) and resistor (Rp), which gathers, the semiconductors and the 
transformer windings losses.  

The behavior of the DBD can be modeled using an 
equivalent electrical circuit [11]–[13]. When the voltage in the 
DBD increases, the gas in the gap behaves as an insulator, and 
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the DBD is modeled as two series capacitances, an equivalent 
capacitance of the dielectric (Cd) and an equivalent capacitance 
of the gas (Cg). When the voltage in the gas reaches the threshold 
voltage (Vth), the gas behaves as a conductor, and discharge 
occurs. In this condition, the voltage in the gas remains almost 
constant and equal to Vth, and the model corresponds to the 
capacitance of the dielectric in series with a voltage source of Vth 
value. The values of the electrical model are determined using 
the Manley diagram (charge vs voltage diagram) of the DBD 
experimental data [14]–[16].  

The proposed design methodology has been divided into 
four stages, as seen in the Fig. 2. The inputs for the design are 
the electric model of the DBD, the operating point, the 
assumptions, and the constraints. The operating point 
corresponds to the desired goals to be achieved by the source in 
the DBD, and they are electrical variables that affect the 
performance of the non-thermal plasma processes: DBD 
average power (PDBD), duration of the first current pulse and 
switching frequency (fs). 

 

Fig. 2. Proposed stages for design of the SVPS for DBD applications. 

The assumptions correspond to the values of the loss 
resistance (Rp), the parasitic capacitance (Cp), and the duration 
of the positive voltage pulse (tp). The loss resistance affects the 
efficiency of the converter, and it should have a low value. The 
value of the parasitic capacitance connected in parallel to the 
DBD depends mainly on the transformer and the capacitance 
from the voltage probe used for the measurements. Because this 
capacitance is not easy to predict or adjust when building the 
transformer, and to simplify the design somewhat, its value is 
considered equal to zero. The effect of the capacitance on, for 
example, the DBD average power may be compensated in the 
implementation by the input voltage or the switching frequency. 

Among the constraints we are aspects such as the maximum 
input voltage (VDC), the number of transformer layers (proposed 
to be one for each winding in order to reduce the layer-to-layer 
parasitic capacitance [17]), the skin effect of the conductors, the 
insulation between windings and the availability of 
semiconductor elements and cores. As for the cores, it is 
proposed to use toroidal cores since it is possible to obtain more 
compact and lightweight transformers compared to conventional 
transformers [18], [19], and additionally, lower leakage 
inductance values are achieved [20]. 

A. Stage 1: Fulfillment of the goals 

In this first stage, the values of input voltage and the leakage 
inductance that fulfill the design objectives are found. For this, 
the circuit in Fig. 1 is simplified by reflecting the elements on 
the primary side of the transformer to the secondary side. An 
optimization algorithm using the equations presented in  [7]  
determines values of n2Lk and nVDC in the new equivalent circuit 
that meet the objectives. 

One design assumption is the time the inverter switches must 
be switched to terminate the voltage pulse. This voltage pulse 
duration (tp) is a function of the leakage inductance, so the 
optimization algorithm must adjust this value each time the 
value of n2Lk changes. Equation (1) shows the expression used 
to calculate tp, where Ceq is the equivalent capacitance of the 
DBD when no plasma is present. 
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B. Stage 2: Electrical and magnetic variables of the 
transformer. 

From the information of stage 1, in this stage, the maximum 
magnetic flux to be supported by the transformer is calculated, 
as well as the root mean square (RMS) values of the voltage and 
current of the DBD, which correspond to the voltage and current 
of the transformer secondary.  

Regarding the calculation of the peak-to-peak magnetic flux 
linkage Ψpp (Wb) of the transformer as shown in [21], the 
following equation can be used on the positive voltage pulse of  
the DBD, where at the end of the pulse, the maximum value of 
magnetic flux occurs: 

 ( )
0

pt

pp DBDv t dt =   (2) 

C. Stage 3: Selection of semiconductors 

At this stage, the design information and the maximum 
available input voltage constraint are used to determine the value 
of the turns ratio of the step-up transformer of the source and to 
select the semiconductors of the full bridge inverter.  

For calculating the stress conditions of the semiconductors, 
it is essential to consider the transformer turns ratio since, if it is 
small, the semiconductor, for example, a MOSFET, must 
withstand a higher voltage between its drain-source terminals. 
In contrast, if the ratio is increased to have a lower DC voltage, 
the peak current that the MOSFET must withstand will increase.  

D. Stage 4: Step-up transformer sizing. 

Finally, in this stage, transformer sizing is performed to find 
the number of turns of the primary and secondary winding of the 
transformer. It should be noted that the leakage inductance of 
the transformer is minimized to obtain a value less than or equal 
to that determined in stage one of the SVPS design. If the value 
is less than that determined for the source, it is possible to add 
an inductor (Lext) between the bridge and the transformer to 
achieve the desired value. 
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Although there are different types of cores for the magnetic 
design of the transformer, this work proposes using toroidal type 
cores due to the advantages of transformers built with them, such 
as a reduction in weight and volume and very low magnetic 
dispersion flux [18], [22]. Among the different manufacturers, a 
database with the technical characteristics of 
VACUUMSCHMELZE toroidal cores was elaborated, and 
Vitroperm 500F was selected as magnetic material [23]. 

The first step in this stage is to determine which cores can 
meet stage two's magnetic and electrical specifications using 
equation (3), which shows the relationship between core 
geometry and its power handling and voltage regulation capacity 
for the transformer [24].  
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In equation (3), Pt corresponds to the apparent power, α is 
the regulation of the transformer, and the coefficient Ke relates 
to the magnetic and electric operating conditions. These values 
can be calculated as suggested in [24], where the value of the 
waveform coefficient Kf is defined in (6)  as it exposed in [21], 
[24], [25]: 
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Where η is the transformer efficiency, and Bm is the magnetic 
flux density from the core, which for the Vitroperm 500F cores 
can be selected between 0,4 to 0,8 T [22], [23], [26]. 

The other values of the equation (3) correspond to the iron 
area of the core Ac, the window utilization factor Ku, which is 
equal to 0.4 for toroidal cores [24], the window area Wa defined 
in (7), and the mean length turn MLT (8). ID, OD, and H are the 
inner diameter, outer diameter, and height of the core, 
respectively.  
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As a second step, the number of turns of the primary and 
secondary winding of the transformer is calculated for the cores 
that meet the condition of equation (3). The following equation 
calculates the number of turns of the primary winding: 
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Finally, other transformer specification values are calculated 
at this stage, such as the copper and core losses and the 
transformer leakage inductance value. As mentioned above, one 
of the purposes of the transformer design is to have a small value 
of the leakage inductance, so estimating its value is essential to 

achieve the objectives of the source. The equation used for this 
estimation is presented below [22]: 
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Being µo the vacuum permeability, MLTp the mean length 
of the primary portion, hw the winding height, diso the isolation 
distance, dpri the thickness of the primary winding. and dsec the 
thickness of the secondary winding. 

III. SIZING OF AN SVPS FOR A NOX TREATMENT APPLICATION. 

The results of using the previous SVPS design methodology 
are presented below for a DBD reactor of an experimental 
nitrogen oxide (NOX) treatment bench. The input parameters for 
the design are: 

• DBD average power PDBD = 85 W. 

• Duration of the first current pulse of 550 ns. 

• Switching frequency fs = 40 kHz. 

• DBD electrical model Cd = 87 pF, Cg = 120 pF and 

Vth = 1750 V. 

• Loss resistance n2Rp = 300 Ω 

• Parasitic capacitance Cp = 0 pF. 

The selection of the average power to be delivered to the 
reactor and the pulse duration of current is based on the 
experimental results obtained by Rueda in her doctoral thesis 
[27], who used a rectangular current source to test the NOX 
reduction in the DBD reactor used in this design. The switching 
frequency was chosen considering that, with lower frequencies, 
the peak voltage that the transformer must withstand increases 
to reach the target power, and it is desired to maintain a voltage 
lower than 10 kV. For frequencies higher than 40 kHz, the 
maximum inductance value is limited to comply with the 
duration of the first current pulse due to the damping present in 
the source. 

A. Stage 1 

Fig. 3 shows the behavior of the power delivered by the 
source to the DBD and the corresponding value of nVDC for a 
range of inductance values (n2Lk) from 0.1 mH to 1.2 mH. These 
values and other electrical parameters of the design, such as 
the duration of the current pulses, are obtained using an 
optimization algorithm and the set of equations presented in [7] 
that explains the performance of the power supply when used to 
feed DBD systems. For this case, the following values were 
chosen: nVDC = 4656 V, n2Lk = 430 μH, and tp = 1.39 μs. 

B. Stage 2 

Fig. 4 shows the circuit simulation results of Fig. 1, 
reflecting the elements on the primary side of the transformer to 
the secondary side and using the results of design stage 1. In Fig. 
4a, the waveforms of the voltages at the load (DBD) and at the 
bridge are presented, while Fig. 4b. shows the waveforms of the 
current at the DBD and the gas current in the DBD model, where 
the presence of four discharges can be confirmed. 



 

 

 
a)                                                                     b) 

Fig. 3. Graphs of a) PDBD vs n2Lk; b) nVDC vs n2Lk; 

The RMS (root mean square) values of the current and 
voltage in the secondary side of the transformer estimated from 
these simulation waveforms are 0.53A and 2.11kV, respectively. 
Likewise, the estimated magnetic flux linkage is 7.33 mWb. 

 
a) 

 
b) 

Fig. 4. Simulation results - stage 2. a) Circuit voltages; b) DBD currents 

C. Stage 3 

The maximum DC voltage available at the laboratory for the 
source is 600 V, a constraint that must be considered in selecting 
the step-up transformer turns ratio. For this case, a turns ratio 
equal to twelve (n=12) was selected, which leads to a VDC 
voltage of 388 V for the power supply. From simulation results, 
iDBD peak value is 2.2 A, therefore a maximum peak current in 
the transformer primary of 26.4 A is computed multiplying by 
the n ratio. With these values, we can determine the operating 
conditions of the semiconductor in the full-bridge voltage 
inverter since it must withstand the DC input voltage and the 
maximum peak current of the transformer primary at a switching 
frequency of 40 kHz. TABLE I presents the output values of this 
stage, including the estimated values of the transformer leakage 
inductance and the converter loss resistance, reflected in the 
primary side of the transformer (Fig. 1). 

D. Stage 4 

With the values obtained in the previous steps, we proceed 
to select a toroidal core for the step-up transformer of the source. 
In this step, a script developed in Matlab is used to compare 

different Vitroperm 500F toroidal cores of the T60006 series 
from the manufacturer VACUUMSCHMELZE [28]. The script 
determines the number of turns of the windings, core losses, and 
leakage inductance, among other data, delivering a list with the 
information for each one of the cores that meets the condition in 
(3). Of all possibilities, we are selecting the L2080-V091 for the 
transformer. The number of turns for the primary and secondary 
are 6 and 72, respectively. The theoretical leakage inductance 
(Lk) is 1.17 µH (10), considering an insulation distance between 
the windings of 1 mm for a breakdown voltage of 13.1 kV (this 
insulation layer is made of Kapton tape) and distribution of the 
primary winding over the toroidal core of about 49°. 

TABLE I. STAGE 3 DESIGN RESULTS. 

Parameter Value 

Turns ratio n 12 
Leakage inductance Lk 2.99 µH 
Loss resistance Rp 2.08 Ω 
Input voltage VDC 388 V 
Peak current in the semiconductor 26.4 A 

The Litz-type wire winding was chosen to calculate the 
winding resistances and the copper-related losses of the 
windings due to its advantages concerning a single wire and its 
availability in the laboratory. With the dimensions of the wires 
and the insulation between the windings of the transformer, we 
can sketch the mechanical dimensioning of the transformer, as 
shown in Fig. 5. Due to previous experiments with this type of 
core, we propose to wind the secondary first and then the 
primary, guaranteeing insulation between windings and between 
them and the core to reduce parasitic capacitances (Cp) and 
facilitate the winding of the transformer.  

 

a) 

 
b) 

Fig. 5. Proposed Layout of the transformer. a) Top view, b) Side view. 
 

Fig. 6 shows a schematic with the values determined in the 
design stages, the DBD specifications, and the assumptions 
made to design the power supply for the NOX treatment system. 
It should be noted that adding an extra inductance of 1.82 µH 
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between the inverter and the transformer was necessary to 
achieve the design leakage inductance value. 

 
Fig. 6. Outcome of the SVPS design. 

IV. IMPLEMENTATION OF THE SVPS  

Fig. 7 shows a picture of the power supply source 
implemented for the NOX treatment bench of the Laplace 
laboratory in Toulouse. The MOSFET selected is the GS66516B 
from GAN Systems company, with a drain-source voltage of 
650 V, a maximum drain pulse current of 120 A, and a 
continuous current of 60 A. 

 
Fig. 7. SVPS implemented for a NOX treatment system through DBD. 

The electrical characteristics of the transformer are 
determined using the model shown in Fig. 8 [29], performing a 
frequency analysis with the IM3570 Impedance Analyzer 
instrument. The tests performed correspond to the open circuit 
and short circuit tests from the transformer primary. Fig. 9 
compares the frequency responses of the open circuit test (data 
in black color) and the theoretical results of the model (data in 
red color), showing a good match between the model and the 
transformer frequency data. The transformer parameters are: Rs 
= 60 mΩ, Lk = 1.17 μH, Lm = 0.34 mH, Rp = 1.0 kΩ, n = 12, and 
Cp = 11.2 pF.  

 

Fig. 8. Transformer model. 

 

 

Fig. 9. Transformer frequency response, open circuit test. 

 The estimated loss resistance from the experimental power 
supply data was 3 Ω. The value of the external inductance was 
adjusted to 0.85 µH to obtain the design's voltage pulse duration 
because the values of the electrical model of the DBD and 
the Cp were different from those taken as specifications. 

The SVPS implemented in the treatment bench can deliver 
power to the DBD from 30 W up to 120 W. These powers were 
tested with input voltages from 400 V to 480 V and switching 
frequencies of 30 kHz and 40 kHz, withstanding a maximum 
peak voltage of 9.4 kV. In Fig. 10, the experimental waveforms 
obtained for a VDC of 440 V and a fs of 40 kHz are shown. 

 
a) 

 
b) 

Fig. 10. Experimental waveforms: a) DBD voltage; b) DBD current. 

V. CONCLUSIONS 

This work proposes a sizing methodology for the square 
voltage source that allows the designer of power sources for 
DBD applications to consider electrical aspects of the DBD, 
such as the power delivered and the duration of the current 
pulses, as targets to be met in the design. To meet these 
objectives the methodology considers aspects such as the 
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electrical model parameters of the DBD reactor, the leakage 
inductance of the transformer, and constraints such as the 
available supply voltage, to determine the magnetic design of 
the transformer.  

The experimental results show the methodology's 
usefulness, as the design specifications for a NOX treatment 
bench were met, and the exact value of leakage inductance 
estimated in the design stage was obtained for the transformer 
built. 
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