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Abstract: In this paper, a control method for the power conversion system (PCS) of plasma generators
connected with a plasma chamber has been presented. The PCS generates the plasma by applying a
high magnitude and high frequency voltage to the injected gasses, in the chamber. With regards to
the PCS, the injected gases in the chamber could be equivalent to the resistive impedance, and the
equivalent impedance had a wide variable range, according to the gas pressure, amount of injected
gases and the ignition state of gases in the chamber. In other words, the PCS for plasma generators
should operate over a wide load range. Therefore, a control method of the PCS for plasma generators,
has been proposed, to ensure stable and efficient operation in a wide load range. In addition, the
validity of the proposed control method was verified by simulation and experimental results, based
on an actual plasma chamber.

Keywords: plasma generator; high-frequency DC-AC inverter; input-parallel and output-series
connected inverter; two-stage AC-AC converter

1. Introduction

There has been an increasing importance for a cleaning process in a semiconductor or a display
manufacturing process, as manufacturing processes have become more precise and require a high yield
rate [1,2]. The purpose of the cleaning process is to remove organic contaminants and particles on the
surface of a semiconductor or a display. Cleaning processes are divided into wet cleaning process (using
a chemical solution) and dry cleaning (a plasma cleaning) processes. Currently, the semiconductor
cleaning process is moving away from the wet cleaning process to the dry cleaning process, because
of environmental issues caused by chemical wastes and the development of precise semiconductor
processes [2–5]. The dry cleaning process requires a plasma generator and it comprises a power
conversion system (PCS), which supplies electric power to generate plasma, and a plasma chamber
that serves as a load of the PCS. In this configuration, the PCS which generates a high-frequency
and high-magnitude AC voltage, is an essential part to ensure a stable and efficient operation of the
plasma generator.

When controlling the PCS for the plasma generator, the characteristics of the plasma chamber
should be considered. According to the condition of the chamber such as the amount of injected gases,
pressure, and plasma ignition states, the required input power of the chamber to be supplied by the PCS
varies. In other words, when the chamber is equivalent to the load of the PCS, the load level of the PCS
is changed, depending on the condition of the chamber. The equivalent impedance of the chamber is
very large (ideally open), before the ignition of the injected gases and the impedance decreases, sharply
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after the ignition state. Therefore, the primary requirements of the PCS for a plasma generator is that it
should have a constant characteristic, to prevent a short circuit problem after ignition. Additionally,
the PCS should be capable of supplying high magnitude and high frequency voltage to the chamber in
the initial state, to ignite the injected gases. The next requirement is that the PCS should supply high
quality power to the chamber, regardless of the chamber conditions because high quality plasma gases
can be generated when the input power quality of the chamber is high. This means that the output
power quality of PCS determines the quality of the plasma gases. In addition, losses of the plasma
generator occur in the PCS. Thus, the efficiency of the PCS is also important for an efficient operation
of the plasma generator [5–9]. In previous studies on modular pulse generators, characteristics of
plasma chambers, the system efficiency, and the output power quality were not seriously considered.
Therefore, they were difficult to directly apply to plasma generators requiring a stable and efficient
operation [10–15].

In the previous studies on PCS for plasma generators, the characteristics of the plasma chamber
were considered. However, the PCS mainly consisted of a single-module PCS, and there were several
disadvantages to this configuration [6–9]. The main disadvantage arose from a transformer with a
high step-up ratio or a high magnitude of input voltage for the DC-AC inverter. In this case, the losses
of inverters were increased because of the increasing input current or input voltage of the inverters.
In addition, the design flexibility was decreased because the hardware design should have changed
according to the rated power of the plasma generator. For these reasons, in this paper, input-parallel
and output-series connected inverters were applied to the PCS for the plasma generator, as shown in
Figure 1. As several inverters were connected, a flexible design was possible, according to the rated
power. In addition, the input voltage of a filter network (vTR.S) was the sum of the secondary side
voltages of the transformers, so a high output voltage could be generated, which was supplied to
the chamber [16–19]. Another advantage was that, this configuration was not significantly affected
by the unbalance between DC-AC inverters. When the secondary sides of the transformers were
connected in parallel, problems of circulating currents could occur due to the unbalance between the
connected DC-AC inverters. However, there was no circulating current in this configuration because
the secondary sides were connected in series [18].Energies 2018, 11, x FOR PEER REVIEW  3 of 12 
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Figure 1. Configuration of the two-stage AC-AC converter for plasma generators.

Several control methods have been proposed for the two-stage AC-AC converters in Figure 1.
The first method employs an AC-DC converter that controls the DC-link voltage (VDC) at a constant
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value, and all of the connected inverters control the output power of the PCS, simultaneously [16,17].
When applying this control method, unnecessary power losses in the light and intermediate load region
occur, because all of the connected inverters are used in the operation, even if one or two inverters
are capable of controlling the output power. In addition, there is a disadvantage that the output
power quality is decreased because THD of vtr.s, which is the input voltage of the filter network in
Figure 1, is increased. The second method employs DC-AC inverters which operate with a fixed duty
ratio, and the AC-DC converter controls the VDC at variable values, to control the output power [19].
When adopting this method, the quality of the output power does not degrade sharply. However, this
method is not suitable for plasma generators because the impedance range of the plasma chamber is
wide. Another control method employs DC-AC inverters, which control the shape of vTR.S as in the
multi-level voltage waveforms [10,18]. However, these control methods mainly focus on the output
power quality, and system efficiency is not seriously considered.

Therefore, in this paper, a control method of the two-stage AC-AC converter with input–parallel
and output–series connected inverters, for plasma generators, is proposed. The proposed method
controls the number of operating inverters by considering the output power level and the output
power quality. Thus, by applying the proposed control method, not only the system efficiency but
also the output power quality could be improved. Additionally, the validity of the proposed control
method was verified through a simulation and an experiment based on an actual prototype of a PCS
for plasma generators.

2. Conventional Control Algorithm of DC-AC Inverters for Plasma Generators

As shown in Figure 1, the two-stage AC-AC converter for the plasma generator consists of a
three-phase AC-DC converter and DC-AC inverters. The three-phase AC-DC converter controls
the input currents to ensure a high input power factor and controls the VDC. The DC-AC inverters
are connected in input–parallel and output–series configuration, by transformers, and each inverter
performs phase-shift control with a high switching frequency, such as 400 kHz. Among these PCSs,
DC-AC inverters which are directly connected to the plasma chamber mainly affect the performance of
the plasma generator. The requirements of the DC-AC inverter for plasma generator are as follows.
(1) As inverters operate at a high switching frequency, a zero voltage switching (ZVS) operation
is necessary. (2) After the ignition of injected gases, the equivalent impedance of the chamber
decreases sharply. Therefore, the filter network can operate with a constant current output, to prevent
overcurrent, even though the chamber impedance drops rapidly. (3) The DC-AC inverter should be
able to supply high-quality output power to a plasma chamber, for high yield rates, by generating a
high-quality plasma. To satisfy the first and second requirements, selection and design of the filter
network is important. Among conventional filter networks, an LCL filter network satisfies these
requirements [5,20,21]. To meet the third requirements, the control method of the DC-AC inverter
is important, and the conventional control method has a limitation that the output power quality
decreases in the light and intermediate load region. Figure 2 shows waveforms of the DC-AC inverters
that are applied in the conventional control method. All of the connected inverters simultaneously
transfer power from the primary side to the secondary side of the transformers. Therefore, there are
several disadvantages of the conventional control method. (1) In the light and intermediate load region,
the phase shift angle (α) is the phase angle of the operating inverter switches, S1 and S3 in Figure 1.
As shown in Equation (1), THD of vTR.S is high when α is small. As a result, the power quality of the
output power in the light load region decreases because vTR.S is the input voltage of the LCL filter
network. (2) The efficiency of DC-AC inverters is drastically reduced because all of the connected
inverters operate, even in the load region. In other words, unnecessary switching losses occur in the
light and intermediate load region, when the conventional control method is applied.

THDv =

√
πα

8 sin2(α2 )
− 1 (1)
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3. Proposed Control Algorithm of DC-AC Inverters for Plasma Generators

3.1. Principle and Characteristics of the Proposed Control Algorithm

As shown in Equation (1) and Figure 3, when α of the inverters become less than 0.5π, THD of
vTR.s is increased so the quality of the output power is decreased. To solve this problem, the proposed
control method controls not only α but also the number of operating inverters (N). When N is reduced,
α should be increased to output the same power. Therefore, the proposed control method has a wide
operating range where THD of vTR.s is low in the light and intermediate load region, as shown in
Figure 3. By employing this control method, the degradation of output power quality can be reduced,
compared with that in the conventional control method. In addition, the efficiency of the PCS can be
increased because N is reduced. The proposed control method is described in detail as follows. (1)
As a high output voltage is required to ignite the injected gases, all connected inverters operate with
a maximum value of N and α, at the initial start. (2) After ignition, the DC-AC inverter controls α

according to the reference value. (3) When α becomes less than 0.5π, N is reduced. (4) After adjusting
N, α is controlled according to the reference value. (5) Steps 2 to 4 are repeated until the output
power of inverters and the reference value become the same or N becomes 1. (6) If N becomes 1, the
operating inverter controls α without a lower limit of α. When the reference value is smaller than
the output of inverters, N is increased when α becomes π. These steps are depicted as a flowchart
in Figure 4. In this flowchart, VREF is the reference output voltage and Vsen is the sensing voltage of
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the output voltage of the PCS. Example waveforms for the proposed control method are shown in
Figure 5. In order to prevent the injection of high-frequency induced currents to the DC-link, through
the non-operating inverters, these inverters operate in a freewheeling mode (freewheeling inverters).
The freewheeling current flows through the upper or lower switches. When the freewheeling current
flows only through the upper or lower switches, thermal imbalance between the upper and lower
switches in the same arm occurs. Therefore, as shown in Figure 6 that shows example gate signals of
the operating and freewheeling inverters, the freewheeling path of freewheeling inverters is changed
periodically. Additionally, the switching frequency of the freewheeling inverters should be relatively
smaller than that of the operating inverters, to prevent high switching losses of freewheeling inverters.
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3.2. Mathematical Model of the Proposed Control Algorithm.

In order to apply the proposed control method and to design the corresponding hardware, it is
necessary to analyze the characteristics of the input–parallel and series–connected DC-AC inverters,
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based on the mathematical model. The fundamental voltage and the RMS voltage of vTR.S, in terms of
N, α, and switching frequency (ωs) are shown in Equations (2) and (3).

vTR.S(1)(t) =
4
π

NVDC sin
(
α
2

)
sin(ωst) (2)

VTR.S(RMS)(1) =
2
√

2
π

NVDC sin
(
α
2

)
(3)

The output voltage and the output current (io) can be derived from the input current (iINV) and the
output gain, as shown in Equations (4) and (5). In this equation, Q is the Q factor of the LCL network,
γ is the ratio of the inverter-side inductor (L1) to the load-side inductor (L2), and ωn is the ratio of the
resonant frequency of the LCL network to the switching frequency [5,15,16].

Hinv =
Iinv(

VTR.S(RMS)(1)
√

L1/C f

) =

(
1− γωn

2
)
+

jωn
Q

1
Q (1−ωn2) + j[(1 + γ)ωn − γωn3]

(4)

HO =
IO(

VTR.S(RMS)(1)
√

L1/C f

) =
1

1
Q (1−ωn2) + j[(1 + γ)ωn − γωn3]

(5)

Using Equations (4) and (5) the output current, output voltage, and inverter-side current can be
derived as Equations (6)–(8), respectively, when the equivalent chamber impedance is Ro.

IO.rms =
1
πZn

2
√

2
(1−ωn2)/Q + j[(1 + γ)ωn − γωn3]

nVDC sin
(
α
2

)
(6)

VO.rms =
1
πZn

2
√

2
(1−ωn2)/Q + j[(1 + γ)ωn − γωn3]

nVDCRO sin
(
α
2

)
(7)

Iinv.rms =
2
√

2
πZn

(
1− γωn

2
)
+ jωn/Q

(1−ωn2)/Q + j[(1 + γ)ωn − γωn3]
nVDC sin

(
α
2

)
(8)

The DC-AC inverter and magnetic components are designed based on the mathematical analysis
results, and the designed hardware is simulated and experimentally studied to verify the proposed
control method.

4. Simulation and Experimental Results

The design of the plasma generator described in previous sections was applied to the simulation
and an experiment. The specifications of the prototype, including the three-phase AC-DC converter
and DC-AC inverters, connected in input–parallel and output–series configuration, are listed in Table 1.
Using Equations (2) and (3), the RMS value of vTR.S (VTR.S(RMS)) was derived. To satisfy the output
power condition at the calculated VTR.S(RMS), the required gain of the LCL filter network was 0.57 or
higher. In addition, the resonant frequency of the LCL filter network for constant current operation
should have been close to the switching frequency (400 kHz), so it was designed to be 450 kHz, at
which the ZVS operation was possible. The parameters of the LCL filter network, which satisfied these
conditions, could be derived using Equation (4), as shown in Table 2. Simulation and experiments
were performed with the designed hardware, to verify the validity of the proposed control method.
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Table 1. Specifications of the power conversion system (PCS) for plasma generators.

AC-DC Converter

Parameter Value

Rated Power 30 kW
Grid voltage 3Φ 440VLL.RMS

Grid frequency 60 Hz
Switching frequency 10 kHz

DC-link voltage 800 Vdc

DC-AC Inverter

Parameter Value

Rated Power 10 kW (1 EA)
Number of connected inverters 3 EA

Switching frequency (operating inverter) 400 kHz
Switching frequency (freewheeling inverter) 10 kHz

Turn ratio of transformer 1
Equivalent resistor of chamber (Ro) 50 Ω

Table 2. Specifications of the designed LCL filter network for the PCS.

Parameter Value

L1 26 uH
L2 20 uH
Cf 4.7 nF

4.1. Simulation Results

The simulation was performed using PSIM based on the system parameters in Tables 1 and 2.
Three kW and 15 kW were set as the light load and intermediate load conditions, respectively. Figure 7
shows the simulation waveforms, when the proposed and conventional control methods were applied.
As shown in these waveforms, α of vTR.S was relatively large when the proposed control method was
applied, compared with α when the conventional control method was applied in the light and the
intermediate load region. Therefore, the quality of the output voltage (vout) was higher for the proposed
control method. From the simulation results, it could be confirmed that the proposed control method
was more advantageous than the conventional control method, in the light and the intermediate
load region.
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4.2. Experimental Results

A prototype of the AC-DC converter and DC-AC inverters were designed using the same
conditions as the simulation. The experimental environment is shown in Figure 8. Figure 9 shows
the maximum output power, according to N and these experimental results corresponded to the
simulation and the numerical analysis results. Figure 10 shows the results of a comparative experiment
of the proposed and conventional control methods. When the output power exceeded 15.6 kW, the
experimental waveforms of the proposed and conventional control methods were the same, because
three inverters must operate in both control methods. However, when the output power was smaller
than 15.6 kW, the experimental results showed that the maximum value of vTR.S was relatively small
and α was relatively large, when applying the proposed control method. These experimental results
showed that the proposed control method could improve the output power quality and increase the
efficiency of the PCS, by reducing N. Finally, THDv of the output voltage and the system efficiency,
according to the control methods, are presented in Figure 11. Figure 11a shows the THDv of the output
voltage (i.e., the input voltage of the chamber). THDv was improved in the light load conditions when
the proposed control method was applied (average 3% and maximum 3.5%). Likewise, the efficiency
in the light load conditions was also improved because α of vTR.S was relatively large and N was small
when applying the proposed control method in the light and intermediate load conditions. Therefore,
the output power quality and the system efficiency were improved in the proposed control method.
Both simulation and experimental results showed that the output power quality and system efficiency
were improved in the light load condition, when the proposed control method was applied. Hence,
these simulation results and experimental results validated the proposed control method.
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5. Conclusions

In this paper, a control algorithm and design for plasma generators with input–parallel and
output–series connected inverters were proposed by considering the characteristics of the plasma
chamber. The proposed control method controlled the number of operating inverters, according to the
chamber condition and controlled the inverter operation to make it suitable for a plasma generator
with an input–parallel and output–series configuration. The proposed control method and the design
method were verified through informative simulation and experiment. In addition, a comparative
simulation and the experiment results of the proposed control method and conventional control
method were presented. The simulation and experimental results showed that the proposed control
method and design method could be successfully applied to a PCS for an actual plasma generator.
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