
energies

Article

Comparison and Design of Resonant Network
Considering the Characteristics of a Plasma Generator

Geun Wan Koo 1, Won-Young Sung 2 and Byoung Kuk Lee 1,*
1 Department of Electrical and Computer Engineering, Sungkyunkwan University, 2066, Seobu-ro, Jangan-gu,

Suwon-si 16419, Gyeonggi-do, Korea
2 Automotive Research & Development Division, Hyundai Motor Group, 150, Hyundaiyeonguso-ro,

Namyang-eup, Hwaseong-si 18280, Gyeonggi-do, Korea
* Correspondence: bkleeskku@skku.edu; Tel.: +82-31-299-4612

Received: 22 July 2019; Accepted: 15 August 2019; Published: 16 August 2019
����������
�������

Abstract: This paper presents a theoretical analysis and experimental study on the resonant network
of the power conditioning system (PCS) for a plasma generator. In order to consider the characteristics
of the plasma load, the resonant network of the DC-AC inverter is designed and analyzed. Specifically,
the design of an LCL resonant network and an LCCL resonant network, which can satisfy the output
current specification in consideration of plasma characteristics, is explained in detail. Moreover, the
inverter current and phase angle between the inverter voltage and current is derived for evaluating
inverter performance. Based on these analysis results, the DC-AC inverter can be designed for a
plasma generator considering plasma load characteristics. The theoretical analysis of both networks
is validated through the simulation and experimental results.
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1. Introduction

Plasma generators are used in various industrial fields for display panels and in the wafer cleaning
process of semiconductors. According to the growth in the display and semiconductor markets, plasma
generators are becoming increasingly important in industrial fields [1,2]. These plasma generators
are conventionally constructed as a power conditioning system (PCS) and a chamber for plasma
generation. High frequency current must be supplied by the PCS to the reactor, which is a magnetic
substance in the chamber for supply energy which is used to ionize the gas entering the chamber. The
electric field for ionizing is generated according to the frequency, sinusoidal wave, and magnitude
of the supplied current. Therefore, in order to effectively generate the electric field, the PCS should
supply high switching frequency and low total harmonic distortion (THD) constant current [3,4].

Another characteristic of the PCS for a plasma generator is that the inverter of the PCS using
zero voltage switching (ZVS) is conventionally adopted to decrease the switching losses. In order
to implement ZVS, the phase shift technique or load resonant technique has been used in previous
research on the inverter. In order to achieve ZVS, the inverter should be designed in consideration of
the following load characteristics in the plasma load case [5]: (1) the resistance of the load is increased
in proportion to the gas injected into the chamber; (2) the resistance of the load is changed in inverse
proportion to the load current [6]; (3) a constant load current is recommended for maintaining the
stable plasma state; (4) the THD of the load current should be low for effective plasma generation [7–9].

In the case of the conventional resistive load, the pulse frequency modulation (PFM) or phase
shift control are applied for the ZVS operation of the inverter. In plasma load, applying the PFM to
the control output current is difficult due to the characteristics of the plasma load mentioned above.
When the PFM is used to vary the output current in the plasma load, the plasma load resistance is
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varied depending on the output current. If the output current for generating plasma is increased, the
resistance of the plasma load is decreased. When the output current for generating plasma is decreased,
the resistance of the plasma load is decreased in an inversely proportional manner [6]. In addition,
the designed initial Q-factor is varied rapidly due to changes in resistance. Because of the changed
Q-factor, the resonant inverter cannot control the output current to the designed value.

Therefore, regulating the inverter output current using PFM is difficult because the plasma load
resistance is changed again and the phenomena mentioned previously occur repeatedly. In order
to solve these problems, the phase shift control should be used for the output current regulation.
Conventionally, the phase shift full bridge inverter and load resonant inverter can solve the problem
of using the phase shift control. In the plasma load case, the harmonics of the output current should
be strictly regulated in order to satisfy plasma quality as characteristics of the plasma load [10–13].
Hence, it is difficult to adopt a phase shift full bridge inverter for the plasma system, and only the load
resonant inverter using the phase shift method can be adopted. If a phase shift inverter is used for the
plasma load, the filter with the ability to implement the sinewave of the load current is required for
designing a phase shift inverter [14,15]. Using the additional filter on the phase shift inverter leads to
increased system cost and volume. For this reason, the load resonant inverter using phase shift control
is preferred for the plasma load system over the phase shift inverter with an additional filter [15].

In order to adopt a load resonant inverter in the plasma system, the effective resonant network
design should be considered. There are two representative resonant networks for plasma systems: the
structure of an LCL resonant network and the structure of an LCCL resonant network. These networks
have different characteristics of the maximum inductor current and phase angle between inverter
voltage (vo.inv) and inverter current (io.inv). In the resonant network design, the maximum inductor
current and inverter phase are the factors that influence the conduction loss and the soft-switching
range for phase shift control. Therefore, in order to design a resonant network that is suitable for a
plasma generator, the characteristics of the LCL network and the LCCL network should be compared
to select the optimal maximum inductor current and phase angle.

In this paper, in order to explain the specialty of plasma load to the design of the resonant network,
both the LCL network and LCCL network, which are conventionally used for resonant inverter systems
and satisfy the specification of the plasma load, are analyzed in detail. Based on the analysis, the LCL
resonant network and LCCL network are designed in consideration of the characteristics of the plasma
load and with the aim of preventing the drop-out phenomenon. In order to evaluate the designed
networks, simulation and analysis are conducted. Finally, the experimental results based on a 1 kW
plasma generator are presented to verify the performances of the LCCL and LCL resonant networks on
the plasma generator.

2. Control Scheme and Characteristics of the Plasma Load

Figure 1 shows the conceptual circuit diagram of the plasma generation system that generates
plasma by injecting gas into the reactor of the chamber. In Figure 1, Lr, Cr, Llkg, and Rplasma represent
the resonant inductor, resonant capacitor, leakage inductor, and the equivalent resistance of the
plasma load, respectively. The “Vin” represents the input voltage of the inverter. vo.inv, io.inv, and
iplasma indicate the mean output voltage of the inverter, the output current of the inverter and the
output current for generating plasma, respectively. In the plasma generation system, the injected gas
affects the load. This plasma generator has unique features: (1) the impedance of the plasma load is
proportionally decreased according to the increase in iplasma value [6] and (2) the sinusoidal wave is
highly recommended for generating plasma [15]. These characteristics are an important consideration
point for designing the power supply of the plasma system.
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Figure 1. Conceptual circuit diagram of the plasma generation system. Figure 1. Conceptual circuit diagram of the plasma generation system.

2.1. Chracteristics Analysis of the Plasma Load

These characteristics cause a special issue in the plasma system. Among the above-mentioned
plasma characteristics, the impedance of plasma load leads to a special issue when pulse frequency
modulation is adopted for output current control. In Figure 2, in order to regulate the output current,
the switching frequency (fsw) is changed to be above resonant frequency (fr). In the conventional gain
curve of the resonant network shown in Figure 2, in order to regulate the output current, increasing or
decreasing switching frequency is normally used in the resistive load.
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Figure 1. Conceptual circuit diagram of the plasma generation system. 

Figure 2. Description diagram of plasma drop-out: (a) frequency control method in resistive load; (b)
frequency control method in plasma load.

However, in the plasma load case, when increasing the switching frequency to reduce the output
current the plasma load impedance is increased according to the reduced output current. The increased
impedance changes the Q-factor of the network to make a sharp current gain curve. In addition, the
output current is decreased again because of the change in the current output gain curve, as shown
in Figure 2. These mechanisms progress repeatedly until the output current reaches zero. Therefore,
using PFM to control the output current is difficult in the plasma load. This phenomenon is called
drop-out and is observed when controlling output current using PFM in the plasma load. In order
to solve the above-mentioned problems, the phase shift control scheme should be adopted for the
resonant inverter to satisfy the output current control range. Moreover, the inverter should be operated
at the resonant frequency to avoid plasma drop-out.

2.2. Control Method Considering Characteristics of the Plasma Load

In order to obtain various output current ranges with ZVS, the resonant network should be
designed to consider the minimum phase shift angle which can control the minimum plasma current
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with ZVS operation. The minimum phase shift angle is calculated by Equation (1) [14], which represents
the relation between the amplitude of the fundamental wave of the inverter output voltage (vo.inv.1)
and the phase shift angle.

Figure 3 shows the phase shift control scheme for output current control in the resonant inverter.
In this scheme, the inverter is operated in order to reduce the fundamental wave of the inverter output
voltage (vo.inv.1) with increasing phase shift angle for reducing the width of the square wave (β). In
this control scheme, the vo.inv.1 can be calculated using Equation (1) and the phase angle between the
inverter output voltage and output current is the crucial factor during ZVS to obtain various output
currents. According to Equation (1), vo.inv.1 can be controlled to adjust the phase shift angle at the
fixed resonant frequency. The output current is obtained by the relationship between vo.inv.1 calculated
using Equation (1) and the designed resonant network gain. Therefore, the maximum inverter current
and phase angle between vo.inv and io.inv should be considered in designing the resonant network to
achieve lower conduction loss and soft-switching.

vo.inv.1 =
4Vin· sin( β2 )

π
cos(ωt−

β

2
) (1)
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Figure 3. Conceptual diagram of control method considering plasma drop-out: (a) full output current
condition and (b) decreasing output current.

3. Analysis of the Resonant Network for the Plasma Load

The LCL network and the LCCL network are suitable structures for the resonant network for
plasma generation. Depending on the network, the phase angle between the inverter maximum current
and the plasma current has different characteristics. Therefore, impedance analysis is necessary for
considering the different characteristics of the resonant network depending on variations in the values
of passive elements. Using the results of impedance analysis, the maximum current of the inverter,
plasma current at the resonant frequency, and the phase between the inverter voltage and the current
can be calculated.

3.1. Analysis of LCL Resonant Network

The LC resonant network is suitable for satisfying the constant current output of the plasma
inverter with just a few passive elements. However, the LC resonant network is constructed here as
the LCL network because of the leakage inductance of the reactor which is used for plasma generation,
as shown in Figure 4. Therefore, in order to design the power supply for the plasma generator, the
characteristics of the LCL network should be analyzed mathematically. The first consideration point
in designing the network using mathematical analysis is deriving the Lr and Cr values, which can
regulate the constant output current of the inverter regardless of load variation.
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In order to regulate the constant output current while preventing drop-out, the resonant frequency
should be selected as an operating frequency of the inverter, and the output current can be derived
from impedance analysis, as shown in Equation (2) [14]. Figure 5a presents the characteristics of output
current through the impedance analysis according to frequency variation. As shown in Figure 5a,
the output current changes with the load variation, except for the resonant frequency. Therefore, the
resonant network should be designed to satisfy the maximum output current value at the resonant
frequency in the plasma generation system.
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After determining the maximum current, phase shift control is necessary for satisfying the
minimum current of the load requirement and preventing drop-out. The phase shift angle for satisfying
the minimum output current with phase shift control can be calculated using Equation (1). The
consideration point for satisfying the phase shift angle which is calculated to regulate the minimum
output current in the inverter is the phase difference between the inverter voltage and the current. When
the phase difference is smaller than the phase shift angle, the inverter is operated in the hard-switching
region. By contrast, when the phase difference is larger than phase shift angle, the inverter could be
operated in the soft-switching region. The relationship between the phase shift angle and the phase
difference is considered using Equation (3) [16]. If the calculation results of Equation (3) are larger than
the required phase shift angle, the inverter could be operated in the soft-switching region at resonant
frequency. Figure 5b shows the phase difference between the inverter voltage and the current according
to load variation. When the inverter is operated at the resonant frequency to prevent drop-out and
when the resistance of the load is small, the phase difference is large. Furthermore, the phase difference
becomes small when the resistance of the load is large, as shown in Figure 5b.
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Using the above-mentioned analysis, the inverter can control the output current, which is required
for plasma generation. Regarding the other point of consideration aside from controlling load current
in order to design the power supply for the plasma generator, the inverter current (io.inv) should be
considered for the efficiency of the inverter. The inverter current, which is the main cause of inverter
losses, can be calculated using Equation (4) [16]. This inverter current can be used for the index of the
inverter efficiency. Therefore, in order to design a high efficiency inverter, the inverter current should
be considered.

iplasma.LCL(fr) =
vo.inv.1

√
Cr

√
Lr

(2)

θLCL(fr) = tan−1

 (Lr − Llkg)

Rplasma
√

LrCr

 (3)

io.inv.LCL(fr) =

√
Cr

Lr

1

Lr

√
1

(Lr−Llkg)
2+CrLrR2

plasma

(4)

3.2. Analysis of LCCL Resonant Network

The other structure of the resonant network for applying the plasma inverter is the LCCL network,
as shown in Figure 6. Using the LCCL network, it is possible to compensate for the phase difference,
which is not possible with the LCL network. In the case of the LCCL network design, it is necessary to
use impedance analysis, as shown in Equation (5), to regulate the constant output current regardless
of the load at the resonant frequency in order to prevent drop-out. Figure 7a shows the maximum
current of the LCCL network according to load variation. Aside from the resonant frequency, the
output current is changed with the load variation, as shown in Figure 7a.

Energies 2019, 12, x FOR PEER REVIEW  6 of 11 

 

Using the above-mentioned analysis, the inverter can control the output current, which is 
required for plasma generation. Regarding the other point of consideration aside from controlling 
load current in order to design the power supply for the plasma generator, the inverter current (io.inv) 
should be considered for the efficiency of the inverter. The inverter current, which is the main cause 
of inverter losses, can be calculated using Equation (4) [16]. This inverter current can be used for the 
index of the inverter efficiency. Therefore, in order to design a high efficiency inverter, the inverter 
current should be considered. 

o.inv.1 r
plasma.LCL r

r

v C
i (f )

L
=  (2)

r lkg1
LCL r

plasma r r

(L L )
θ (f ) tan

R L C
−
 −

=  
  

 (3)

r
o.inv.LCL r

r
r 2 2

r lkg r r plasma

C 1i (f )
L 1L

(L L ) C L R

=

− +

 
(4)

3.2. Analysis of LCCL Resonant Network 

The other structure of the resonant network for applying the plasma inverter is the LCCL 
network, as shown in Figure 6. Using the LCCL network, it is possible to compensate for the phase 
difference, which is not possible with the LCL network. In the case of the LCCL network design, it is 
necessary to use impedance analysis, as shown in Equation (5), to regulate the constant output current 
regardless of the load at the resonant frequency in order to prevent drop-out. Figure 7a shows the 
maximum current of the LCCL network according to load variation. Aside from the resonant 
frequency, the output current is changed with the load variation, as shown in Figure 7a. 

The phase shift control is also necessary for satisfying the minimum output current of the LCCL 
network. In this case, the phase shift angle satisfying the minimum output current can be calculated 
using Equation (1), and the phase shift angle is equal to the case of the LCL network case because 
both networks are designed for the same maximum current. In the case of the LCL network, 
designing the phase difference between the inverter voltage and current is difficult because the values 
of Lr, Cr, and Llkg are already fixed in order to satisfy the maximum output current. On the other hand, 
in the case of the LCCL network, the phase difference can be designed through the added 
compensation capacitor (Ccomp), as shown in Equation (6). Figure 7b shows the phase difference of the 
LCCL network according to the load variation at the resonant frequency. As shown in Figure 7b, the 
LCCL network can ensure a wider phase difference than the LCL network. Therefore, the LCCL 
network can be operated in a wider ZVS range than the LCL network. In the case of the LCCL 
network, the inverter current can be calculated using Equation (7), and the inverter current of the 
LCCL network is increased compared with the inverter current of the LCL network. 

 
Figure 6. Conceptual circuit diagram of the LCCL resonant network. 

Vplasma

Reactor

Lr Llkg

Cr

iplasma

Vo.inv

io.inv

Proposal Resonant Network

+

-

Ccomp +

-
Rplasma

Figure 6. Conceptual circuit diagram of the LCCL resonant network.

The phase shift control is also necessary for satisfying the minimum output current of the LCCL
network. In this case, the phase shift angle satisfying the minimum output current can be calculated
using Equation (1), and the phase shift angle is equal to the case of the LCL network case because both
networks are designed for the same maximum current. In the case of the LCL network, designing
the phase difference between the inverter voltage and current is difficult because the values of Lr, Cr,
and Llkg are already fixed in order to satisfy the maximum output current. On the other hand, in the
case of the LCCL network, the phase difference can be designed through the added compensation
capacitor (Ccomp), as shown in Equation (6). Figure 7b shows the phase difference of the LCCL network
according to the load variation at the resonant frequency. As shown in Figure 7b, the LCCL network
can ensure a wider phase difference than the LCL network. Therefore, the LCCL network can be
operated in a wider ZVS range than the LCL network. In the case of the LCCL network, the inverter
current can be calculated using Equation (7), and the inverter current of the LCCL network is increased
compared with the inverter current of the LCL network.
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Because of the compensation capacitor (Ccomp), as mentioned previously, the inverter current of
the LCCL network is higher than that of the LCL network, and the LCCL network can extend the ZVS
region due to the compensation capacitor. Therefore, considering the overall efficiency of the inverter,
loss analysis is necessary to compare the efficiency of both networks.
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4. Simulation and Experimental Results

The simulation and experimental results are presented for the purpose of verifying the analysis of
the resonant network. The simulation has been conducted to describe the operation characteristics
regarding the requirement and the phase shift angle. Finally, the applicability of the LCCL resonant
network for the plasma generator is validated using experimental results. Figure 8 shows the simulation
waveform about the LCL network and the LCCL network in the maximum current output condition.
Both of the resonant networks can be operated to satisfy the maximum current output as shown in
Figure 8a,b. When the LCL network is operated under the minimum current output conditions, the
hard-switching region appears as is shown in Figure 8c. On the other hand, as shown in Figure 8d, the
LCCL network can be operated with ZVS under the minimum load condition.

Loss analysis has been conducted to compare the efficiency of each resonant network [17]. In order
to analyze the losses of the inverter, only the switch loss is considered, without any loss of resonant
inductor, which consists of an air core inductor and a resonant capacitor. Regarding the analysis results,
the loss of the LCL network is smaller than that of the LCCL network in the ZVS operation region
under the 20 A output condition, as shown in Figure 9. In the non-ZVS operation region at the 20 A
output condition, the loss of the LCL network is larger than that of the LCCL network. Beyond the 25
A output region, the loss of the LCCL network is larger than that of the LCL network because the large
inverter current is required in the LCCL network.
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Figure 9. Loss analysis of each resonant network: (a) loss according to load variation in the LCL
network; (b) loss according to load variation in the LCCL network.

The experiment has been conducted based on the parameters listed in Table 1. Among these
parameters, the input voltage 1/3 scale-down model has been used with consideration of the laboratory
power distribution. The resonant network has been designed with Equation (2) considering switching
frequency and maximum output current. Figure 10a shows the experimental waveform of the LCL
network, which represents the narrow phase angle. In this case, it is impossible for iplasma to be
controlled with the ZVS region using the phase shift control to obtain a minimum value, as shown in
Figure 10a. On the other hand, a sufficient phase angle for the phase shift control in the ZVS region is
obtained in the LCCL network, as shown in Figure 10b. In this result, the DC-AC inverter adopting
the LCCL network can be operated with ZVS despite the worst case for obtaining the phase angle, as
shown in Figure 10c.
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Table 1. Parameters of the inverter and both resonant networks for simulation and experiment.

Parameters Value (Unit) Parameters Value (Unit)

Input voltage (Vin) 311 (Vdc) Leakage inductance (Llkg) 2 (uH)

Switching frequency (fsw) 400 (kHz) Equivalent resistor of plasma load (Rplasma) 2–9 (Ω)

Plasma current (iplasma) 20–35 (Arms) Compensation capacitance (Ccomp) 39.6 (nF)
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Figure 10. Feasibility test results of experimental waveform of each resonant network: (a) experimental
waveform of the LCL network under the 9 Ω, 11.6 A conditions; (b) experimental waveform of the
LCCL network under the 9 Ω, 11.6 A conditions; and (c) experimental waveform of the LCCL network
under the 9 Ω, 6.6 A conditions.

The phase difference and soft-switching ability of the designed networks are verified through these
experimental results. In the resonant inverter for using the plasma generator, the inverter loss is determined
with the trade-off relationship between the conduction loss of the inverter current and the switching loss
due to the phase difference. Therefore, the LCCL resonant network could be better performing than the
LCL network under the large resistance of the plasma load and small plasma current conditions.

5. Conclusions

In this paper, the applicability of the LCL network and LCCL network for a plasma generator
have been investigated with consideration of the characteristics of the plasma load. In particular,
the drop-out phenomenon, which is substantially different from the resistive load, is considered for
the design of an LCL network and an LCCL network. Considering the characteristics of the plasma
load, an LCL network and an LCCL network are designed and analyzed. Based on the analysis, a
simulation was conducted in order to verify the validity of the designed networks. Furthermore, the
experiment was progressed while considering the laboratory power distribution level in order to verify
the applicability of the networks.
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