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Abstract—The electrostatic painting system is widely used in
many industry applications. The electrostatic painting system
projected charged paint particle toward conducting bodies. Paint
particles were highly accelerated during projection process,
because of electrostatic charges. Electrostatic painting process
takes advantage of the principal of physics to achieve better
coverage and to lessen the environmental impact by allowing
smaller amounts of chemicals to be used. In this system, a high
voltage module is essential component. The high voltage generates
electrostatic field used to accelerate projection toward conducting
bodies. The high voltage module is composed of voltage multiplier
and transformer. In this paper, the development of voltage
multiplier and transformer in high voltage module was described.
The simulations results are described using PSIM tools. In addition
to, experimental results from a laboratory prototype are presented
to validate the feasibility of the proposed electrostatic painting
system
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I. INTRODUCTION

Because of nonpolluting aspects, an
electrostatic  painting system in automotive
industrial field has been focused. In electrostatic
painting system, atomized paint particle is
projected toward a conductive parts [1]-[3]. To
spray paint particles, the high voltage generating
module and controller are required. The high
voltage module is composed of a high voltage
cascade and controller. The high voltage cascade
or multiplier generates the high voltages,
approximately 100 kV and the high voltage
controller controls output of high voltage modules.
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Fig. 1. Electrostatic Painting System [3]

Fig. 1 shows configuration of electrostatic
painting system. As mentioned above, to operate
electrostatic painting system, very high voltage is
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required. The voltage source shown in Fig.1
produce the high voltage adopted each painting
system. The electrostatic applicator controls the
deposition of powder onto the parts being sprayed.
The charging system creates a force within the
sprayed paint particles enabling them to attach
themselves to bare, grounded, metal parts.

This paper presents the development of high
voltage module for electrostatic painting system.
Experimental results from a laboratory prototype
are presented to validate the feasibility of the
proposed electrostatic painting system.

II. SYSTEM CONFIGURATION AND CONTROL DESIGN

A. System Configuration

Fig. 2 shows the high voltage generating
module of electrostatic painting system. This
module generates high voltage with negative
polarity. The ac voltage is used as input and
rectified. The dc to dc converter controls input
voltage of LLC resonant converter. Then, the LLC
resonant converter controls frequency and
amplitude and transfer to high voltage cascade [4]-
[8]. The high voltage cascade generates high
voltage by transformer and voltage multiplier.
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Fig. 2. System configuration for high voltage generation
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B. Design of high voltage modules
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Fig. 3. High voltage cascade circuit.

Fig. 3 shows high voltage cascade topology. It
is composed of a voltage multiplier, transformer
and feedback resistor. The transformer is a part of
LLC resonant converter. The output of LLC
resonant converter is the primary voltage of
transformer. The regulated voltage magnitude and
frequency is transferred to voltage multiplier by
transformer. The voltage multiplier is assumed that
the number of stage is n. The each stage contains
capacitor and diode. The feedback resistor
measure output voltage of high voltage cascade.
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Fig. 4. Equivalent circuit of high voltage cascade impedance

Fig. 4 shows the equivalent circuit of impedance
of high voltage cascade. High voltage cascade is
seemed as capacitor. So, to design transformer and
capacitance, the frequency analysis of high voltage
cascade is useful. For this analysis, the Psim tool
was used as shown in fig. 5.
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Fig. 5. Frequency analysis of high voltage cascade equivalent circuit
usign PSIM
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It is possible to design main component of high
voltage cascade by frequency analysis.

Input impedance of the circuit, shown in fig. 5.
can be given by

. Lic
" R+ joL+1/ joC

(1)

The impedance characteristic is that magnitude
of impedance is peak at resonant frequency. At
low frequency region, the inductive characteristic
is dominant, whereas the capacitive characteristic
is dominant at high frequency region. And the
phase extremely changed at resonant frequency.

Fig. 6. Frequency analysis results

The target resonant frequency is 25 kHz. By
tuning the inductance and capacitance, the desired
characteristic was developed as shown in fig. 6.
The magnitude has peak value at resonant
frequency and phase changed from 90 degree to —
90 degree. The tuned value of inductance and
capacitance is 97uH and 0.4367uF. Using this
parameters, transformer was developed.

C. Operation of High Voltge Module with High
Voltage Controller
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Fig. 7. Typical waveform of LLC resonant converter at resonant
frequency
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To operate high voltage module, the high
voltage controller, composed of half bridge dc to
dc converter and the LLC resonant converter, is
combined to this module as shown fig.1. The half
bridge dc to dc converter controls magnitude of
output voltage and the LLC resonant converter
controls frequency as variation of load.

The typical waveform of LLC resonant
converter at resonant frequency is shown in fig. 7.
The voltage transferred from LLC converter is
primary voltage of transformer. The secondary
side voltage of transformer is input voltage of
voltage multiplier.

The output voltage of high voltage multiplier
and voltage drop by diode, shown in fig. 3, are
given by

V,=2NV,, )

I 2, 1, 1
Vipp=—2(on + 0> = 3
drop fC(3n 2” 6”) ( )

Where N is the turn ratio of transformer, Io is
the output current, f is input frequency, C is
capacitance and m is the number of stage.

III. SIMULATION AND EXPERIMENTAL RESULTS

Fig.8 shows the simulation model of the high
voltage cascade equivalent circuit. The simulation

model is composed of the LLC resonant converter,

high voltage cascade equivalent circuit. The LLC
resonant converter controls switching frequency
and magnitude. Then the output voltage and
current characteristics are measured.

Fig. 8. The block for simulation of the high voltage cascade
equivalent circuit

From the frequency analysis the high voltage
cascade was designed and simulated as shown in
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fig. 8. Fig. 9 shows the simulation results at
condition that switching frequency is same as
resonant frequency.
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Fig. 9. Simulation results at resonant frequency .

The specification of the high voltage module
proto type, simulated as shown in fig. 10, is shown
in Table 1.

TABLE L SPECIFICATIONS OF THE PROTOTYPE
Parameter Unit Value
Resonant frequency frl kHz 25
Resonant capacitor Cr uF 1
Transformer Turn ratio
- 0.004264:1
(Np:Ns)
Leakage inductor uH 7.7
Magnetizing inductor uH 97
Output voltage of high v -100,000
voltage module
Output current of high VA 200
voltage module
Output Power w 20
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Fig. 10. The total block for simulation of high voltage module

The total simulation model was developed as
shown in fig. 10. It is composed of 220V ac source,
the half bridge dc to dc converter, the LLC
resonant converter, and high voltage cascade. The
high voltage cascade was designed as shown table
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1. The number of stage of high voltage multiplier
is set to 12 stage. To generate -100 [kV], the
secondary voltage of transformer is approximately
more than 8000 [V]. The voltage drop by diodes is
approximately 30 [V]. The simulation switching
frequency is set to resonant frequency and the load
condition is full load.

Fig. 11 shows the simulation results at
frequency resonant. The first plot is the output
voltage of high voltage module. It is
approximately -100 [kV]. The second plot is the
primary voltage and the next plot is the secondary
side voltage of transformer. The lowest plot is the
output current of high voltage module.

Fig. 11.Simulation results of operation with LLC resonant converter

Fig.12 shows the proto type of high voltage
cascade. It contains transformer, voltage multiplier
and feedback resistor. The specification of high
voltage cascade is based on the frequency analysis
above mentioned.

Fig. 12. The prototype of the high voltage cascade
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Fig. 13. Experimental Setup

The experimental setup is shown in Fig. 13.
This set include divided high voltage resistors to
measure output voltage of high voltage cascade
module. To keep electric insulation of high voltage
cascade, the insulation oil is used in experiments
as shown in fig. 13. The high voltage controller,
developed as mentioned in Table 1, was used to
control input voltage of transformer and operation
frequency. To prove transformer, transformer and
output resistor is connected to high voltage
controller, which contains the half bridge dc to dc
converter and the LLC resonant converter.

Fig. 14 shows the experimental results of
transformer test. The blue plot is the primary
voltage of transformer and the green plot is the
secondary voltage of the transformer. As shown in
fig. 14, the secondary side voltage of transformer
is multiplied by 230 times of the primary voltage
of transformer.
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Fig. 14. Experimental Results of proto type transformer operation.

Fig. 15 shows the output voltage of proto type
high voltage module. The output voltage is
measured by resistor divider. So, the measured
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voltage, 10 [kV], is treated as 100 [kV]. The left
plot is the transient operation of output voltage.
And the right plot is steady state plot.

Fig. 15. Output voltage of proto type high voltage module

IV. CONCLUSION

This paper presents development of the high
voltage module for electrostatic painting system..
To spray paint particles, the high voltage
generating module and controller are required.
The high voltage module is composed of a high
voltage cascade and controller. The high voltage
cascade or multiplier generates the high voltages
and the high voltage controller controls output of
high voltage modules. The high voltage cascade is
composed of transformer and voltage multipliers.
To design proper transformer and voltage
multiplier, the frequency analysis is used. By
considering input impedance of high voltage
cascade, the parameter was selected to fit the
target resonant frequency. This process 1is
achieved by PSIM tools. Using selected parameter,
the transformer and voltage cascade was designed
and simulated. Also, Experimental results from a
laboratory prototype are presented to validate the
feasibility of the proposed electrostatic painting
system.

ACKNOWLEDGMENT

This work was supported by the Technology
Innovation Program (10048059, Development of
BELL atomizer for painting application) funded
By the Ministry of Trade, industry & Energy(MI,
Korea)

REFERENCES
(1]

A. A. Elmoursi, C. E. Speck, “Electrical characterization of a charged
workpiece grounded sprayer electrostatic painting system,” [EEE
Trans. Industrial App. vol. 27, pp. 311-315, Apr. 1991.

Yi Zhu, De-An Zhao, Fa-zhong Li, and De-yuan Kong, "Numerical

Simulation of the Gas Flow Field of Electrostatic Rotary-bell Spray,"

ISSN: 2074-1308

319

[3]
(4]
[5]
(6]

(7

(8]

Volume 10, 2016

in Proc. IEEE Computer Science and Information Technology Conf.
(ICCSIT), vol. 2, pp.1-4, 2010.

Ken Kreeger, "Application Vaiables for Powder Coating Systems,"
Nordson Corp., 2009.

R. Lin, C. Lin, “Design criteria for resonant tank of LLC DC-DC
resonant converter, ” IECON 2010, pp. 427-432, 2010.

J. Jung, J. Kwon, “Theoretical analysis and optimal design of LLC
resonant converter,” EPE2007, pp. 1-10, 2007

J. Kim, G. Moon, “A New LLC Series Resonant Converter with a
Narrow Switching Frequency Variation and Reduced Conduction
Losses,” IEEE Trans. Power Electronics. vol. 29, pp. 4278-4287, Oct.
2014.

L.Sahaya Senthamil, P.Ponvasanth, V.Rajasekaran, “Design and
Implementation of LLC Resonant Half Bridge converter,” ICAESM
2012, pp. 84-87,2012.

R.Beiranvand, B. Rashidian, M.R. Zolghadri, S.M.H. Alavi, “Using
LLC Resonant converter for Desining Wide Range Voltage source,”
IEEE Trans. Industrial Electronics. vol. 58, pp. 1746-1756, May.
2011.





