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Abstract

To address the issues of high switching losses in power devices and device temperature
rise caused by hard switching in conventional plasma power supplies, this study presents a
dielectric barrier discharge plasma power supply system based on a zero-voltage switching
(ZVS) control strategy. First, the design of the plasma power supply input module, the
plasma drive control board, the high-frequency transformer, and the dielectric barrier dis-
charge load is presented. Next, a phase-shifted full-bridge topology simulation model based
on the ZVS control strategy is developed using PLECS, and the optimal combination of
parameters—including duty cycle, phase shift, resonant inductance, and dead time—is dis-
cussed. Subsequently, experimental tests are conducted on the dielectric barrier discharge
plasma power supply system, with analyses focusing on the soft-switching waveforms of
the power devices under the ZVS control strategy and the performance of the dielectric
barrier discharge plasma generator load. Experimental results demonstrate that within
the proposed system, the plasma exhibits a uniform distribution. Furthermore, junction
temperature measurements of the power devices on the circuit board using a temperature
tester show that the temperature rise remains within a reasonable range, thereby validating
the feasibility of the designed dielectric barrier discharge plasma power supply system.

Keywords: ZVS control strategy; phase-shifted full bridge; PLECS; dielectric barrier
discharge plasma

1. Introduction

As a material state characterized by high energy density and significant non-
equilibrium properties, plasma has found extensive applications in fields such as en-
vironmental remediation, materials surface engineering, biomedical sterilization, precision
component cleaning, and advanced manufacturing. Among various plasma sources, dielec-
tric barrier discharge (DBD) plasma is a typical non-equilibrium low-temperature plasma,
offering advantages including high electron temperature, low heavy-particle temperature,
high density of reactive species, uniform discharge, a wide operating pressure range, and
the absence of a vacuum system [1]. These attributes endow DBD plasma with irreplaceable
technical value in areas such as exhaust gas purification, material modification, thin-film
fabrication, and plasma catalysis, making it a prominent focus of interdisciplinary research.

In practical industrial applications, dielectric barrier discharge plasma power supplies
are typically required to operate stably over extended periods under high-frequency, high-
voltage, and high-power conditions. However, conventional high-frequency, high-voltage,
and high-power power supplies often fall short of meeting the demands of modern plasma
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discharge and advanced manufacturing in terms of circuit topologies, control strategies,
energy conversion efficiency, and operational reliability. Therefore, the development of
dedicated high-frequency, high-voltage power supplies featuring low loss, high efficiency,
low temperature rise, and high output waveform purity is critical to enabling the engineer-
ing implementation and large-scale industrial application of dielectric barrier discharge
plasma technology.

To enhance the performance of dielectric barrier discharge plasma power supplies,
various technical solutions have been proposed in existing studies. For instance, Su et al. de-
veloped a high-power-factor plasma power supply that effectively improves input current
quality and output stability [2]. Cai and Neretti et al. proposed high-frequency high-voltage
power supply solutions for plasma cleaning and dielectric barrier discharge applications
from the perspectives of resonant topologies and adaptive regulation, demonstrating the
feasibility of soft-switching and self-tuning control under plasma loads [3,4]. In addition,
multi-module parallel inverter systems have been employed in plasma-related applications
to increase system capacity and operational reliability.

With the rapid advancement of wide-bandgap semiconductor devices, SiC and GaN
devices—characterized by high breakdown voltage, low conduction loss, and excellent high-
frequency performance—have opened up new technological pathways for high-frequency
high-power dielectric barrier discharge power supplies [5]. These devices significantly
enhance power density and operating frequency, driving the miniaturization and efficiency
improvement of dielectric barrier discharge equipment. Relevant studies indicate that LLC
resonant converters and high-frequency inverter power supplies based on SiC devices
offer notable advantages in terms of efficiency and power density, while GaN devices
demonstrate strong potential in very-high-frequency AC power supplies and pulsed power
applications. Furthermore, continuous progress in packaging and interconnection technolo-
gies for SiC devices has further promoted their engineering applications in high-voltage,
high-power power supply systems.

Despite the positive progress made in the aforementioned studies, several key engi-
neering challenges remain for dielectric barrier discharge plasma power supplies under
high-frequency and high-voltage conditions. On one hand, conventional hard-switching
inverter topologies suffer from significant voltage—current overlap, resulting in high
switching losses, strong electromagnetic interference, and substantial device tempera-
ture rise—drawbacks that are further amplified at high frequencies. On the other hand, the
strongly nonlinear and time-varying characteristics of dielectric barrier discharge loads can
easily lead to output waveform distortion, loss of soft-switching operation, and reduced
energy transfer efficiency. Moreover, conventional phase-shifted full-bridge ZVS converters
face issues such as difficulty in achieving soft-switching for the leading leg under light-load
conditions, sensitivity of the lagging leg to parameter variations, significant influence of
parasitic parameters at high frequencies, and duty cycle loss under capacitive loads, making
it challenging to maintain stable and efficient operation over a wide load range [6,7].

To address the issues of high switching losses in power devices and the temperature
rise caused by hard switching in conventional dielectric barrier discharge plasma power
supplies, this paper proposes a phase-shifted full-bridge dielectric barrier discharge plasma
power supply scheme based on a zero-voltage switching (ZVS) control strategy. Section
II primarily presents the design and analysis of the phase-shifted full-bridge topology [8].
Section III focuses on the system design of the dielectric barrier discharge plasma power
supply, completing the integrated design of the external input PFC power module, power
supply drive control board, high-frequency transformer, and plasma power supply load
tailored to the characteristics of the dielectric barrier discharge load. Section IV mainly
describes the design of the ZVS control strategy for the dielectric barrier discharge plasma
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power supply, detailing the PLECS simulation model developed based on the ZVS control
strategy and analyzing the effects of duty cycle, phase shift, resonant inductance, and
dead time on the drive signals and output signals [9]. Section V primarily presents the
experimental analysis of the dielectric barrier discharge plasma power supply system.
Experiments are conducted to analyze the ZVS soft-switching test waveforms, output
waveforms of the drive control board, and the load characteristics of the dielectric barrier
discharge plasma power supply. The proposed system achieves stable ZVS soft-switching
operation, controllable temperature rise in power devices, high-quality output waveforms,
and uniform plasma discharge, thereby providing a highly stable design solution for
dielectric barrier discharge plasma power supply systems.

2. Design and Analysis of Phase-Shifted Full-Bridge Topology

In this paper, a phase-shifted full-bridge (PSFB) converter is employed to achieve
zero-voltage switching (ZVS) for the plasma power supply, thereby achieving higher
conversion efficiency [10]. Its core advantage lies in its ability to leverage the inherent
resonant components in the circuit—namely the series inductor LrLr and the parasitic
output capacitance Coss of the switching devices—to achieve zero-voltage switching of the
switches [11].

The PSFB circuit topology adopted in this paper is shown in Figure 1, which consists
of the following components: (1) Input rectification stage: rectifies the AC input VAin into
a DC input VDin [12]; (2) Full-bridge inverter: composed of the leading leg (switches Q1
and Q2) and the lagging leg (switches Q3 and Q4), where the leading leg operates with
a fixed duty cycle and leads the lagging leg, while the lagging leg regulates the output
power through phase-shift control relative to the main bridge, with Lr serving as the
resonant inductor [13-16]; (3) Transformer: provides high-voltage isolation and voltage
step-up; (4) Output filter circuit: filters the high-frequency AC output from the transformer
secondary to drive the plasma load [17].
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Figure 1. Phase-shifted full-bridge topology.

For the PSFB topology shown in Figure 1 to achieve zero-voltage switching (ZVS),
the key is to provide sufficient inductive energy and an appropriate dead time. To satisfy
the inductive energy condition, the PSFB must deliver adequate inductive energy E| to
fully charge and discharge the output capacitance of the switching devices according to
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Equation (1). Here, Ceq represents the board-level equivalent capacitance, which includes
the output capacitance Ctr of the switching devices and the parasitic capacitance Cxryr of
the transformer and printed circuit board, as expressed in Equation (2).

For the leading and lagging legs, the inductive energy available during commutation
differs because their output capacitance charging and discharging occur at different time
points, as illustrated in Figure 2. When the output capacitance of the transistors in the
leading leg is being discharged, the primary-side current reverses its polarity [18]. This
causes current commutation in the secondary-side rectifier transistors, resulting in zero
voltage across the transformer secondary. This indicates that the inductive energy available
for achieving ZVS in the leading leg is primarily provided by the transformer leakage
inductance, as defined in Equation (3). For the lagging leg, the situation is more favorable.
During the capacitance discharge, the primary-side current is at its maximum and is mainly
formed by the current flowing through the secondary-side filter inductor Lf reflected to
the primary side. The current in this filter inductor also participates in the charging and
discharging process of the capacitance, with its energy defined by Equation (4).
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Figure 2. Switching timing diagram and primary side voltage/current waveforms.

In this context, Leq_lead represents the effective inductance involved in resonance
during ZVS commutation of the leading leg, which is typically close to the transformer
leakage inductance Llk. leq_lead is the primary-side current flowing through Leq_lead
at the moment of leading-leg commutation; due to the polarity reversal of the primary
current at this instant, its magnitude is generally small and less influenced by the output
current [19,20]. 2Ctr denotes the total dynamic output capacitance of the two switches
in the leading leg. Leq_lag is the effective inductance involved in resonance during ZVS
commutation of the lagging leg, typically represented by the series inductance; leq_lag is the
primary-side current flowing through Leq_lag at the moment of lagging-leg commutation,
and 2Ctr is the total dynamic output capacitance of the two switches in the lagging leg [21].

As described above, the leading leg relies on leakage inductance and a relatively
small current to achieve ZVS, whereas the lagging leg depends on the series inductance
Lr and a larger current (Ip_lag, determined by the load). This difference makes ZVS
easier to achieve for the lagging leg over a wide load range, while ZVS for the leading
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leg tends to fail under light-load conditions. To address this issue, one approach is to
add an auxiliary inductor, which can provide sufficient inductive energy to charge and
discharge the capacitances when the leading leg is operating under no-load conditions.
This means that the magnetizing current of the transformer alone can be sufficient to
achieve ZVS [22,23]. This solution improves efficiency under no-load conditions. However,
the introduction of an auxiliary inductor also brings drawbacks such as increased losses,
phase-shift limitations, and parasitic oscillations.

The second method is to ensure a sufficiently long dead time. The capacitive energy
and the inductive energy form a resonant tank, causing the voltage across the transistor to
decrease in a resonant manner, as shown in Figure 3. When the dead time is shorter than
one-quarter of the resonant period Tr, zero-voltage switching (ZVS) cannot be achieved.
Extending the dead time can enable ZVS; however, it also leads to an unnecessarily pro-
longed conduction period of the transistor’s antiparallel diode, resulting in increased losses.
Conversely, an excessively long dead time may also cause ZVS failure. Therefore, the
optimal dead time should be precisely set at the moment when the voltage falls to zero,
which requires accurate alignment with the resonant period of the circuit. Ideally, the gate
drive signal should be applied exactly when the drain-source voltage across the switch
resonates to zero, achieving perfect zero-voltage turn-on.

R

Vngl td 4
VeQ, >

VDSTE

H gunn
'. - >

IDSTI

Figure 3. Resonant fall of collector voltage.

The conclusion indicates that reducing the capacitive energy—that is, minimizing the
output capacitance of the transistors—remains highly advantageous. The waveforms in
Figure 4 illustrate a comparison of the voltage fall across transistors with different output
capacitances (C1 > C2) under constant inductive energy and load conditions. This figure
demonstrates that when the output capacitance is large and the inductive energy remains
unchanged, zero-voltage switching (ZVS) may fail to be achieved even if the dead time is
sufficiently long.

Based on the foregoing analyses and considering the objective of achieving soft-
switching operation and control in high-frequency high-voltage plasma power supplies as
pursued in this study, appropriate tuning of key circuit components—such as switching
devices and other parameters—is required to address the complex issues encountered in
practical applications.
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Figure 4. Schematic diagram of the effect of different output capacitances (C1 > C2) on achieving ZVS.
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3. System Design of the Dielectric Barrier Discharge Plasma Power
Supply Apparatus

Based on the foregoing analysis of the soft-switching implementation mechanism of
the phase-shifted full-bridge topology for the plasma power supply, and in consideration
of the design objectives for the high-frequency high-voltage plasma power supply pursued
in this study, the overall performance specifications of the power supply are determined as
listed in Table 1 [24]. This set of specifications provides clear constraints and a theoretical
basis for the subsequent selection of key components and the design of the modular system.

Table 1. Performance specifications of the dielectric barrier discharge plasma system.

Parameter Value Unit
Input voltage 220 \%

Operating frequency 15 kHz
Primary-side peak output current 7 A
Secondary-side peak output voltage 8 kv
Output peak power 2.7 kw

3.1. Design of the External Input PFC Power Module

As illustrated in Figure 5, which presents the interconnection schematic between the
power factor correction (PFC) module and the drive control board, the proposed plasma
power supply is energized from the utility grid at a nominal line voltage of 220 V AC with
a frequency of 50 Hz [25,26]. This AC input is first routed to the PFC module, where active
power factor correction is performed. The module subsequently outputs a regulated DC
bus voltage of 380 V, which serves as the primary power source for the drive control board.

The PFC module is designed to meet the following key performance specifications:
universal AC input range of 100-240 V, tightly regulated DC output of 380 V with a tolerance
of £2%, near-unity power factor between 0.92 and 0.99 under full-load conditions, high
conversion efficiency exceeding 95%, and a rated output power of 3000 W. Based on these
requirements, the XN-QO0619E-3000 PFC module, manufactured by Suzhou Xiniu Electronic
Technology Co., Ltd. (Suzhou, China), was selected for its proven reliability and compliance
with the above parameters.

Internally, the module employs a dedicated control integrated circuit that first rectifies
the 220 V AC input into a pulsating DC voltage with a peak value of approximately 310 V.
This pulsating voltage is then fed into a Boost converter stage, which steps it up to the target
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380 V DC level. Through closed-loop control, the built-in power factor correction algorithm
actively shapes the input current waveform to be nearly sinusoidal and in phase with the
line voltage, thereby achieving a power factor close to unity. Meanwhile, the output voltage
is precisely regulated to maintain a stable 380 V DC supply, ensuring consistent and reliable
operation of the downstream power control board under varying load and line conditions.

Figure 5. Schematic diagram of the connection between the PFC module and the drive control board.

3.2. Design of the Drive Control Board for the Dielectric Barrier Discharge Plasma Power Supply

The drive control system of the proposed plasma power supply employs an inte-
grated architecture. The drive circuit utilizes the M57962AL chip, manufactured by Mit-
subishi.(Tokyo, Japan), which features high-speed optocoupler isolation and desaturation
protection with a propagation delay of only 1 ps. For current and voltage sampling, CHB-
1000S and CHV-25P Hall-effect sensors, manufactured by Beijing SENSOR Electronic Co.,
Ltd. (Beijing, China) are employed, respectively, enabling high-precision non-contact mea-
surement. The main control unit is based on the STM32F334C8T6 microcontroller, manu-
factured by STMicroelectronics. (Geneva, Switzerland), which leverages its high-resolution
timer to achieve digital closed-loop control [27]. Additionally, a hardware-software co-
operative overcurrent and overvoltage protection mechanism is implemented to ensure
dynamic response and operational safety of the system. The power switching devices
used in the full-bridge inverter are SiC MOSFETs (model IV2Q12030T4Z, manufactured by
InventChip Technology Co., Ltd. (Shanghai, China)). The key parameters of this device
are: drain-source breakdown voltage V = 1200 V, continuous drain current I = 79 A at
Tc =25 °C. The device was selected for its low on-resistance, fast switching speed, and
high-temperature capability, which are essential for high-frequency high-voltage plasma
power supply applications.

3.3. Design of High-Frequency Transformer

Figure 6 presents the physical design of the high-frequency transformer, whose overall
dimensions are 81.8 mm x 94.1 mm. The secondary output winding is constructed using
stranded wire (Litz wire) with a total cross-sectional area of 3.14 mm?. This configuration
effectively mitigates skin and proximity effects at high operating frequencies, thereby
significantly reducing AC copper losses. The outer insulation of the winding is composed
of a high-temperature-resistant film that can reliably withstand continuous exposure to
temperatures up to 180 °C, ensuring long-term dielectric integrity and thermal stability
under the severe electrical and thermal stresses inherent in high-voltage, high-frequency
operation [28].
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To achieve high magnetic coupling efficiency while minimizing core losses, an amor-
phous alloy material is chosen as the transformer core. Owing to its high permeability,
low coercivity, and exceptionally low high-frequency core loss, this material is particularly
well-suited for high-power, high-frequency energy conversion applications. Furthermore,
to satisfy the air breakdown voltage requirements and to provide an adequate safety mar-
gin, the primary winding is designed with 34 turns, while the secondary winding consists
of 800 turns, yielding a turns ratio of *n* = 800:34 (approximately 23.5:1). This design
ensures that the required high voltage can be stably generated at the secondary side from
the nominal primary DC bus voltage, thereby enabling reliable excitation of the dielectric
barrier discharge load under practical operating conditions.

Figure 6. Physical structure of high-frequency transformer.

3.4. Load Design of the Dielectric Barrier Discharge Plasma Power Supply Apparatus

Figure 7 shows the dielectric barrier discharge plasma generator. The dimensions of
the upper and lower dielectric ceramic plates are 60 mm x 60 mm x 2 mm, the copper
plates are 50 mm x 50 mm X 4 mm, and the air gap between the upper and lower copper
plates is 2 mm [29].

Figure 7. Dielectric barrier discharge plasma generator.

4. Design of ZVS Control Strategy for Dielectric Barrier Discharge
Plasma Power Supply

4.1. Design of PLECS Simulation Model Based on ZVS Control Strategy

According to the design scheme described above, a PLECS simulation model based
on the ZVS control strategy is constructed, as shown in Figure 8. The simulation model
mainly consists of the following parts: First, the 220 V single-phase AC power is converted
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into a smooth DC voltage through a PFC rectifier bridge and filter capacitor [30,31]. This
380 V DC voltage is then input to a full-bridge inverter circuit composed of four SiC
switching devices, where high-frequency inversion is achieved through phase-shift control,
outputting a high-frequency AC square wave. Subsequently, the energy is coupled to
the secondary side via a high-frequency transformer, producing an AC output, thereby
completing the full power conversion process [32]. It is important to acknowledge that the
simulation model employs a simplified resistive-capacitive load (10 () resistor with 30 pF
capacitance) to represent the DBD plasma reactor. This simplification is adopted to enable
systematic parameter optimization and to isolate the fundamental effects of the control
parameters on ZVS operation. It should be noted that the current simulation model employs
an open-loop control scheme, which is adopted to isolate and systematically analyze the
effects of individual parameters on ZVS operation. Closed-loop control, while offering
improved regulation and adaptability, would introduce additional complexity that could
obscure the fundamental relationships between the parameters and ZVS performance.
Nevertheless, closed-loop operation is a direction for future work, and the parameter
optimization results obtained from this study provide a solid foundation for the design of
closed-loop controllers.
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Figure 8. PLECS simulation model based on ZVS control strategy.

Two PWM driving waveforms with a fixed phase-shift angle are directly generated
using a signal generator in the simulation software, and are used to control the switching
devices in the two legs of the full-bridge circuit, respectively. The driving signals maintain
a constant duty cycle (set to 0.5) and a constant phase-shift angle, which determine the
amount of power transferred. After being processed by a rectifier diode and an LC filter at
the output stage, a DC voltage is supplied to the load.

Since the system adopts an open-loop control scheme, the output voltage and current
signals are used only for observation and recording, and are not fed back to the input side
for dynamic regulation. The operating state of the switching devices is determined solely by
the preset driving signals and is not affected by load fluctuations or input voltage variations.

The simulation parameters are as follows: bus input voltage 380 V, dead time 2 ps,
junction capacitance 2.3 nF, operating frequency 15 kHz, load resistance 10 (), load capaci-
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tance 30 uF, and the duty cycle of the driving signals fixed at 0.5. The phase-shift angle is
adjusted within the range of 0° to 180° to vary the output voltage, and simulation tests are
conducted accordingly.

4.2. Optimization Methodology for Key Control Parameters

The optimal design parameters—duty cycle, phase difference, resonant inductance,
and dead time—are determined through a systematic and iterative simulation-based opti-
mization approach. The methodology proceeds as follows:

Step 1: Establish baseline parameters based on theoretical calculations. The initial
values are derived from the circuit equations presented in Section 2, ensuring that the
inductive energy condition for ZVS is satisfied.

Step 2: Perform individual parameter sweeps. Each parameter is varied while keeping
others fixed at their baseline values. The ranges explored are: duty cycle (0.3-0.6), phase
difference (45-135°), resonant inductance (100400 uH), and dead time (0.5-3 us).

Step 3: Evaluate waveform quality and ZVS performance. The criteria for optimal
selection include: (a) absence of distortion in drive signal waveforms, (b) clean output
voltage and current waveforms without ringing or flat steps, (c) successful ZVS turn-on
with drain-source voltage reduced to near zero, and (d) acceptable duty cycle loss within
design tolerance.

Step 4: Validate the optimal combination. The selected parameter set (duty cycle = 0.5,
phase difference = 90°, resonant inductance = 300 uH, dead time = 2 us) is validated
through multiple simulation runs and subsequently verified experimentally.

The optimal design parameters are determined through a systematic simulation-based
optimization approach. The quantitative criteria used for evaluating waveform quality and
ZVS performance are defined as follows:

(@) Overshoot: The peak voltage or current exceeding the steady-state value during
switching transients. Acceptable limit: <10% of steady-state value.

(b) Ringing amplitude: The peak-to-peak amplitude of high-frequency oscillations ob-
served after switching. Acceptable limit: <5% of the nominal signal amplitude.

(¢) ZVS margin: The residual drain-source voltage at the turn-on instant. ZVS is consid-
ered achieved when Vpg < 5% of the nominal bus voltage (i.e., <19 V for a 380 V bus).

(d) Output voltage ripple: The peak-to-peak variation in the output voltage. Acceptable
limit: <2% of nominal output voltage.

(e) Total Harmonic Distortion (THD): Measured for the primary voltage waveform. Ac-
ceptable limit: <5%.

4.3. Analysis of the Effect of Duty Cycle on Drive Signals

In phase-shift-controlled ZVS control, with other parameters fixed, the duty cycle
of the drive signals is varied to 0.3, 0.4, 0.5, and 0.6, and the resulting MOS drive signal
waveforms are presented.

It can be observed from Figure 9(c2) that when the duty cycle is 0.5, the drive signal
waveform exhibits no distortion. A duty cycle of 0.5 ensures that the on-time equals the
off-time for all four switching devices. Only on this symmetrical basis can the width of the
voltage waveform obtained across the transformer primary be linearly varied by simply
shifting the drive signals of the lagging leg, thereby enabling precise control of the energy
transferred to the secondary side.

From Figure 9(a2,b2,d2), it can be seen that when the duty cycle deviates from 0.5,
the switching timing of the devices does not match the energy reset period of the resonant
inductor, resulting in a failure to achieve zero-voltage switching (ZVS). Under such non-ZVS
conditions, when a switching device turns on, a residual voltage remains across its drain
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and source terminals, causing the junction capacitance to discharge through the switch at
the turn-on instant, which generates a large current spike. This spike current is coupled into
the gate drive loop through the Miller capacitance (Cgd), superimposing a high-frequency
oscillation (ringing) or spike onto the drive waveform and causing distortion.

4.4. Analysis of the Effect of Phase Difference on Output Current Signal

In phase-shift-controlled ZVS control, the duty cycle of the drive signals for the
four switching devices is typically fixed, and the pulse width of the transformer primary
voltage is varied by adjusting the phase difference (i.e., the phase-shift angle) between the
drive signals of the diagonal switches, thereby regulating the output voltage. With other
parameters fixed, the output voltage and current signals are obtained by adjusting the
phase difference to 45°, 90°, 135°, and 150°.
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Figure 9. Voltage Waveforms of the four MOSFETs under different duty cycles: (al) MOSFET
drive signal waveform at a duty cycle of 0.3; (a2) Voltage waveforms of the four MOSFETs.
(b1) MOSFET drive signal waveform at a duty cycle of 0.4; (b2) Voltage waveforms of the four
MOSFETs; (c1) MOSFET drive signal waveform at a duty cycle of 0.5; (c2) Voltage waveforms of the
four MOSFETs. (d1) MOSFET drive signal waveform at a duty cycle of 0.6; (d2) Voltage waveforms
of the four MOSFETs.

As shown in Figure 10(b2), when the phase difference is 90°, the output current signal
waveform exhibits no distortion. When the phase-shift angle ¢ is 90°, it means that within
one complete switching cycle (360°), the transformer primary side experiences positive and
negative voltages for 90° + 90° = 180° each (excluding dead time). Under this condition,
the primary voltage of the transformer is a symmetric AC square wave with a duty cycle of
50%. Under such symmetric excitation, the primary current waveform is also completely
symmetric in the positive and negative half-cycles. The rising and falling slopes of the
current are consistent, and the zero-crossing points are clear and smooth. Under this
waveform, the current change rate di/dt is linear, without any abnormal abrupt points.
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As can be seen from Figure 10(al,c3,d4), the use of an inappropriate phase difference
leads to waveform distortion.

The smaller the phase angle (approaching 0°), the higher the output voltage, which
corresponds to a lighter load (assuming constant output voltage). Under light-load con-
ditions, the energy stored in the secondary-side output inductor is very low, causing the
inductor current to drop to zero during the latter half of the switching cycle, thereby driving
the circuit into discontinuous conduction mode (DCM) [33]. In DCM, the secondary-side
rectifier diodes turn off at the current zero-crossing instant. At this moment, the parasitic ca-
pacitances on the secondary side (including the junction capacitances of the rectifier diodes
and the winding capacitance of the transformer) begin to resonate with the primary-side
resonant inductor (Lr) [34,35]. This resonance is coupled to the secondary side through the
transformer, superimposing a high-frequency sinusoidal oscillation onto the output current
waveform and resulting in waveform distortion.
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Figure 10. Output voltage and current waveforms for different phase differences: (al) Voltage
waveforms of the four MOSFETs at a phase difference of 45°; (a2)Output voltage and current
waveforms. (b1) Voltage waveforms of the four MOSFETs at a phase difference of 90°; (b2) Output
voltage and current waveforms. (c1) Voltage waveforms of the four MOSFETs at a phase difference
of 135°; (c2) Output voltage and current waveforms. (d1) Voltage waveforms of the four MOSFETs at
a phase difference of 150°; (d2) Output voltage and current waveforms.

The larger the phase angle (approaching 180°), the lower the output voltage, which
corresponds to a heavy load and leads to duty cycle loss. When the phase angle reaches
150°, the effective on-time becomes very short, and the proportion of duty cycle loss is
very large. The primary-side current requires a longer time to complete commutation [36].
During this commutation interval, all secondary-side rectifier diodes are conducting, the
transformer secondary is short-circuited, and the output voltage becomes zero. Reflected
in the output current waveform, a flat step (i.e., a period with no current change) appears
where the current would otherwise rise or fall linearly, resulting in waveform distortion.
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4.5. Analysis of the Effect of Resonant Inductance on Output Voltage Signal

In phase-shift-controlled ZVS control, the resonant inductance serves as the sole
source of energy for resonance in the lagging leg. It also effectively suppresses abrupt
changes in the primary-side current, significantly reducing the severe oscillations (ring-
ing) caused by parasitic inductance and capacitance during switching transients, thereby
lowering voltage and current spikes, reducing switching losses, and mitigating electromag-
netic interference [37]. With other parameters fixed, the resonant inductance is varied to
100 pH, 200 uH, 300 uH, and 400 pH, and the resulting output voltage and current signals
are examined.

As shown in Figure 11(c2), when the resonant inductance is 300 pH, the output voltage
signal waveform exhibits no distortion. At this value, the resonant inductance is at an
optimal balance point: it reliably charges and discharges the junction capacitance of the
switching devices in the lagging leg to ensure zero-voltage switching (ZVS), while also being
sufficiently large to suppress abrupt changes in the primary-side current and slow down
the commutation speed of the secondary-side rectifier diodes. Consequently, the severe
high-frequency oscillations (ringing) caused by diode reverse recovery combined with
transformer leakage inductance and parasitic capacitances are effectively mitigated [38].
Although a certain degree of duty cycle loss is introduced, this loss remains within the
design tolerance and does not cause a noticeable “plateau” or step in the secondary-side
voltage waveform.

When the resonant inductance is too small, as shown in Figure 11(al,b1), the inductive
energy stored in the 100 uH inductor is severely insufficient. After the lagging-leg switching
devices turn off, the current in the resonant inductor fails to resonate the junction capaci-
tance voltage of the opposite device down to zero, resulting in the switch being forcibly
turned on while a voltage still remains across it—i.e., hard switching. Hard switching
generates extremely high voltage and current spikes, which are coupled into the drive
circuit through parasitic parameters such as the Miller capacitance, causing distortion of the
drive waveform. More importantly, this severe switching transient excites high-frequency
resonance between the transformer leakage inductance and the parasitic capacitance of
the secondary-side rectifier diodes, which is directly conducted to the output terminal [39].
Consequently, large-amplitude high-frequency ringing is superimposed onto the output
voltage/current waveforms, leading to severe waveform distortion.

When the resonant inductance is excessively large, as shown in Figure 11(d1), al-
though a voltage square wave exists on the primary side and the 400 uH inductor stores
sufficient energy, the current must first flow through this large inductor Lr for a long time
to complete commutation before energy can be transferred to the secondary side. During
this commutation interval, both secondary-side rectifier diodes conduct simultaneously;,
short-circuiting the transformer secondary and causing the secondary voltage to drop to
zero. This interval represents the lost duty cycle for the secondary side [40]. The larger
the resonant inductance, the more severe the duty cycle loss [41,42]. Severe duty cycle loss
means that the effective on-time of the secondary voltage is greatly shortened. To maintain
the output voltage, more energy must be transferred within the remaining very short time,
resulting in an abnormally high peak primary current.
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Figure 11. Output voltage and current waveforms for different resonant inductances: (al) Voltage
waveforms of the four MOSFETs with a resonant inductance of 100 pH; (a2) Output voltage and
current waveforms. (b1) Voltage waveforms of the four MOSFETs with a resonant inductance of
200 puH; (b2) Output voltage and current waveforms. (c¢1) Voltage waveforms of the four MOSFETs
with a resonant inductance of 300 uH; (¢2) Output voltage and current waveforms. (d1) Voltage
waveforms of the four MOSFETs with a resonant inductance of 400 uH; (d2) Output voltage and
current waveforms.

4.6. Analysis of the Effect of Dead Time on Output Voltage Signal

In phase-shift-controlled ZVS control, the function of the dead time is to reserve a precisely
sufficient interval before the switching devices turn on, allowing the resonant inductor (Lr) and
the junction capacitance (Coss) of the switches to complete resonance and bring the voltage
across the switches down to zero, thereby creating the condition for achieving zero-voltage
switching (ZVS). This interval must be accurately matched to the resonant period of the cir-
cuit [43]. With other parameters fixed, the dead time is varied to 0.5 us, 1 ps, 2 pus, and 3 us, and
the resulting output voltage and current signals are examined.

As shown in Figure 12(c2), when the dead time is 2 ps, the output voltage signal
waveform exhibits no distortion. A dead time of 2 us corresponds exactly to the resonant
period required to complete one full resonance cycle. This precise dead time ensures that
at the moment the gate drive signal is applied to the switching device, the drain-source
voltage (Vds) across the device has just resonated to zero [44].

When the dead time is reduced to 1 us or even shorter, it forcibly intervenes before
the resonance is completed, thereby disrupting the soft-switching process. The resonant
inductor Lr and the junction capacitance Coss do not have sufficient time to finish charge
transfer and voltage resonance. Consequently, when the switching device turns on, its
drain-source voltage (Vds) remains high and has not yet fallen to zero. This forced turn-on
under high voltage constitutes hard switching, leading to severe waveform distortion.

When the dead time is extended to 3 ps, the circuit encounters the opposite
extreme—excessive waiting also disrupts soft-switching. After 2 ps, the resonance between
the resonant inductor Lr and the junction capacitance Coss has already completed [45].
Once the switch voltage resonates to zero, if the resonant inductor still retains residual
energy, the voltage may continue to develop in the negative direction (clamped by the body
diode) or start rising again. By the time the dead time ends, the voltage across the switch
may have already deviated from zero [46]. This leads to two adverse consequences. First, if
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the switch voltage rises again after having resonated to zero, the subsequent turn-on be-
comes hard switching. Second, even if the body diode has already conducted and clamped
the voltage—seemingly achieving zero-voltage switching—the excessively long dead time
means that the primary current circulates in an ineffective freewheeling state for a longer
period, exacerbating duty cycle loss. Both conditions result in waveform distortion.

In summary, to ensure high-quality waveforms for both the drive signals and the
output voltage/current signals while avoiding signal distortion caused by improper pa-
rameter settings, this paper selects the following key parameters based on a comprehensive
consideration of system stability: the duty cycle of the drive signals is set to 0.5 to achieve
distortion-free drive signal waveforms; the phase difference between the drive signals
is set to 90° to operate the system in an appropriate resonant state, thereby reducing
switching losses and improving energy transfer efficiency; the resonant inductance is
chosen as 300 pH to match other resonant components in the system and ensure reliable
soft-switching operation; and the dead time is set to 2 us, which effectively prevents shoot-
through of the power switches while avoiding waveform distortion or reduced voltage
utilization due to an excessively long dead time.
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Figure 12. Output voltage and current waveforms for different dead times: (al) Voltage waveforms
of the four MOSFETs with a dead time of 0.5 ps; (a2) Output voltage and current waveforms.
(b1) Voltage waveforms of the four MOSFETs with a dead time of 1 ps; (b2) Output voltage and
current waveforms. (c1) Voltage waveforms of the four MOSFETs with a dead time of 2 ps; (c2) Output
voltage and current waveforms. (d1) Voltage waveforms of the four MOSFETs with a dead time of
3 us; (d2) Output voltage and current waveforms.

5. Experimental Analysis of the Dielectric Barrier Discharge Plasma
Power Supply System

Following the topology design, component selection, and ZVS control strategy design
and simulation of the dielectric barrier discharge plasma power supply system, this section
focuses on the development of an engineering prototype and experimental verification.
Figure 13 shows the proposed dielectric barrier discharge plasma power supply system,
which mainly consists of a PFC power module, a plasma drive control board, a high-
frequency transformer, an oscilloscope, and a DC power supply. The plasma drive control
board is mounted on an aluminum heat sink to effectively enhance heat spreading and
prevent local heat accumulation.
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Figure 13. Construction of the dielectric barrier discharge plasma power supply system.

5.1. Analysis of ZVS Soft-Switching Test Waveforms

As shown in Figure 14, the oscilloscope captures the soft-switching waveforms of the
full-bridge circuit. The red curve represents the gate-source drive voltage (Vs), and the
green curve represents the drain-source voltage (Vpg). At the time instant X2, it can be
observed that at the moment the power switching device turns on (when the gate-source
drive voltage transitions from low to high), the drain-source voltage across the device
has already fallen to zero. Through the ZVS control strategy, the drain-source voltage is
reduced to approximately zero before the device turns on, thereby avoiding the overlap
of voltage and current inherent in hard switching, significantly reducing switching losses,
and improving conversion efficiency.

Ves (20V/div)

Vos (500V/div)

Figure 14. ZVS soft-switching test waveforms. (The red curve represents the gate-source drive
voltage (Vs), and the green curve represents the drain-source voltage (Vpg)).

In addition to the qualitative waveform analysis, quantitative measurements of switch-
ing losses were performed. The turn-on switching loss and turn-off switching loss were
calculated by integrating the product of drain-source voltage and drain current during
the switching transient. For the proposed ZVS-controlled system, the measured turn-on
switching loss was 1.2 m] per switching cycle, which is negligible compared to the 2.8 m]
measured under hard-switching conditions (i.e., when the dead time was set to less than the
resonant period). The turn-off switching loss was measured as 1.5 mJ for the ZVS-controlled
system, compared to 3.2 m] for hard switching. The total switching loss per cycle was
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reduced from approximately 6.0 mJ (hard switching) to 1.62 mJ (ZVS control), representing
a reduction of approximately 55%. This substantial reduction in switching losses directly
contributes to the improved efficiency.

5.2. Output Waveform Testing and Analysis of the Drive Control Board

Figure 15 shows the transformer primary-side voltage signal Vpc = 380V and
primary-side current signal Ip = 7 A. The output power of the transformer can be calcu-
lated from the primary-side voltage and current using Equation (5), yielding an output
power P = 2.7kW.

P = Vpc-Ip ()

The relationship between the primary-side DC voltage (Vpc) and the secondary-
side output voltage (Vo) in a phase-shifted full-bridge converter is governed by the
following expression:

Vout = 1-Vpc-Deff (6)

where 7 is the transformer turns ratio (23.5), and D, £ 1s the effective duty cycle, which
accounts for both the phase shift modulation and the duty cycle loss. The effective duty

cycle can be expressed as:
2¢ 2Ly - Ijpaq
Deff=—— —"7r 7
= T T Vpe T ()
where ¢ is the phase shift angle, L, is the resonant inductance, I, is the load current re-
flected to the primary side, and T; is the switching period. The first term (2¢ /) represents
the ideal duty cycle determined by the phase shift modulation, and the second term repre-
sents the duty cycle loss caused by the commutation interval. In this work, Vpc = 380V,
= 235¢ = 90°, L, = 300 uH, I}y = 7A,and Ts = 1/15kHz ~ 66.7 ps.

Thus, the output voltage Vo, is 7.45 kV, which is close to the design target (8 kV)

considering the actual transformer efficiency and parasitic effects.

V (475 V/div) Voc: 380V

/ (15A/div) Ip: 7A
”\ \ /’“\_ \ \

ot Lt A B hd A

Figure 15. Transformer primary current and voltage waveforms.

5.3. Load Experimental Analysis of the Dielectric Barrier Discharge Plasma Power
Supply Apparatus

When the transformer secondary voltage is applied to the upper and lower copper
plates, a stable electric field is established between the plates, thereby generating plasma as
shown in Figure 16. The plasma exhibits a uniform distribution and full coverage, meeting
the uniformity requirements of dielectric barrier discharge.
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Figure 16. Load of the dielectric barrier discharge plasma power supply apparatus.

A non-contact temperature measurement of the case temperature on the plasma drive
control board was performed using a DL333380 infrared thermometer, manufactured by
Deli Group Co., Ltd. (Ningbo, China). This thermometer features fast response and high
measurement accuracy. The temperature measurements were conducted under the fol-
lowing conditions: ambient temperature, operating frequency = 15 kHz, output peak
power = 2.7 kW. The plasma generator load was operated continuously during the 5h
test period. The aluminum heat sink used for the drive control board had dimensions
of 200 mm x 150 mm X 20 mm. No active cooling (e.g., forced air or liquid cooling) was
employed during the measurements. The junction temperature was estimated using the
relationship Tj = T¢ + Pj,ssRp, where Tc is the measured case temperature, P}y is the
estimated power loss per device (calculated from switching loss measurements and con-
duction losses), and Ry is the junction-to-case thermal resistance specified in the device
datasheet (0.5 °C/W for the SiC MOSFET used). The test results of the case temperature
measurements and estimated junction temperature of the switching devices are presented
in Table 2. The measured junction temperatures of the driving switches indicate that under
prolonged continuous operation, the operating temperature of the dielectric barrier dis-
charge plasma power supply apparatus remains within a reasonable range, demonstrating
good controllability and thermal stability without significant uncontrolled temperature
rise. Thus, the feasibility and reliability of the proposed dielectric barrier discharge plasma
power supply apparatus under practical operating conditions are validated [47].

Table 2. Case Temperature Measurements and Estimated Junction Temperature of the Switching Devices.

Time (h) Junction Temperature (°C) Estimated Junction Temperature (°C)
1 60 72,5
2 65 78.6
3 68 82.2
4 72 87.0
5 80 93.2

5.4. Performance Metrics and Operational Stability

To comprehensively assess the performance improvements and operational stabil-
ity of the proposed system, the following key metrics were measured or calculated un-
der nominal operating conditions (phase difference = 90°, duty cycle = 0.5, resonant
inductance = 300 pH, dead time = 2 ps). Input power was measured using a JingRi DP1200
power supply, manufactured by Hangzhou Jingri Technology Co., Ltd. (Hangzhou, China),
and output power was calculated from the measured primary-side voltage and current
using the relationship (5). Table 3 presents the key performance parameters.
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Table 3. Key Performance Metrics.

Metric (h) Value
primary-side voltage 380V
primary-side current 7A

Input Power 29 kW
Output Power 2.7 kW
Efficiency 93.1%
total switching loss 2.7 m]
Total Harmonic Distortion (THD)—Primary Voltage 4.7%

This efficiency (93.1%) is notably higher than that of conventional hard-switching con-
verters operating under similar conditions, which typically achieve efficiencies in the range
of 70-75% due to significant switching losses. The efficiency improvement is attributed to
the reduction in switching losses achieved through ZVS operation. The efficiency (93.1%)
indicate that the proposed system generates high-quality output waveforms and operates
efficiently from the grid, which are critical for industrial applications requiring stable and
reliable power delivery.

6. Conclusions

To address the engineering challenges of high switching losses and significant device
temperature rise in conventional dielectric barrier discharge plasma power supplies, this
paper proposes a phase-shifted full-bridge dielectric barrier discharge plasma power supply
scheme based on a ZVS control strategy, targeting the requirements of high-frequency, high-
voltage, and high-power dielectric barrier discharge plasma applications. The design of the
PFC power module, plasma drive control board, high-frequency transformer, and dielectric
barrier discharge plasma generator load is completed. A ZVS phase-shifted full-bridge
simulation model is built using PLECS, and the effects of duty cycle, phase difference,
resonant inductance, and dead time on soft-switching implementation and waveform
quality are systematically analyzed. The optimal combination of control parameters is
determined as duty cycle of 0.5, phase difference of 90°, resonant inductance of 300 nH,
and dead time of 2 us. The key findings of this work are summarized as follows:

(1) First systematic integration of optimized ZVS operation in a DBD plasma power
supply at the 2.7 kW, 15 kHz power level. While PSFB-ZVS topologies are well-
established in general power electronics, their application to DBD plasma power
supplies with the specific constraints of high-voltage (8 kV) and nonlinear plasma
loads has not been comprehensively addressed.

(2) Elaborated on the optimization method of key control parameters (duty cycle, phase
difference, dead time, resonant inductance) for ZVS control strategy to clear evaluating
ZVS performance.

The experimental results show that the designed power supply, with an input of
220 V AC, outputs a stable DC bus voltage of 380 V after processing by the PFC module.
The operating frequency reaches 15 kHz, and the transformer achieves a primary-side peak
output current of 7 A, an output peak power of 2.7 kW, and a secondary-side peak output
voltage of 8.9 kV, meeting the system design requirements for high frequency, high voltage,
and high power. Stable ZVS soft-switching operation is realized, with the drain-source
voltage of the power devices falling to nearly zero before turn-on, effectively avoiding the
voltage—current overlap inherent in hard switching. Experimentally measured transformer
primary voltage and current waveforms are free from distortion. The load of the dielectric
barrier discharge plasma power supply generates a uniformly distributed plasma, and the
junction temperature of the MOS switching devices remains within a reasonable range
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under prolonged operation. These results validate the feasibility and stability of the
proposed power supply under high-frequency, high-voltage, and high-power conditions,
providing a viable technical pathway for the efficient and engineering-oriented application
of dielectric barrier discharge plasma systems.

The current study still has certain limitations. Adaptive control has not been adopted
for the nonlinear dielectric barrier discharge load, resulting in insufficient operational
adaptability. Future work will focus on implementing closed-loop control strategies to
enhance the system’s adaptability and robustness, particularly under varying load con-
ditions to further improve load adaptability and enhance multi-dimensional protection
mechanisms, thereby promoting large-scale deployment of this power supply in fields such
as exhaust gas treatment, material modification, and thin-film fabrication. In addition, we
recognize that an actual DBD plasma reactor exhibits strongly nonlinear and time-varying
characteristics, including frequency-dependent impedance, hysteresis, and dynamic varia-
tion in capacitance and resistance during discharge. The simplified model does not fully
capture these characteristics, and the optimal parameter set obtained from simulations
serves as a baseline that requires experimental tuning. In the experimental validation, the
plasma load was operated under actual discharge conditions, and the observed uniform
plasma generation and stable ZVS operation confirm the practical applicability of the
optimized parameters. Nevertheless, the lack of a detailed nonlinear plasma load model in
the simulation is a limitation of the current study, and future work will focus on developing
more accurate equivalent circuit models of DBD plasma loads for simulation-based design
and optimization.
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