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Abstract—Surface microdischarge (SMD) has various
application potential in biomedicine, agriculture and industry. An
important issue for practical use is to develop an online monitoring
method for operation mode recognition of SMD. In this paper, we
proposed a operation mode recognition method for SMD based on
digital image processing technique. The visible light digital images
of SMD were shot and the RGB chromaticity index of the
discharge images were extracted. It was found that the sum of all
pixel values in the SMD discharge gray scale image and in the R,
G, and B monochromatic images increased with the applied
voltage monotonically, which can reflect the change of the
discharge intensity. The difference between the proportions of the
B component and the G component ( A (B-G)%) showed a trend of
first increasing and then decreasing as the applied voltage
increased. The A (B-G)% reached the maximum value of 46.93%
at Vpp of 5kV and was corresponding to the mode transition point
measured by Fourier transform infrared spectrometer (FTIR).
Finally, a SMD operation mode recognition method, based on the
A (B-G)% and the applied voltage was proposed.

Keywords—surface microdischarge; operation mode; digital
image processing; gray value; chrominance component

I. INTRODUCTION

In recent years, cold atmospheric plasmas (CAPs) has been
widely applied in many fields, such as material modification,
biomedicine, energy chemical industry, food processing and
agriculture, etc [1-5]. A variety of CAPs sources have been
reported to address requirements for these fields, including
dielectric barrier discharge (DBD), plasma jet, corona discharge,
gliding arc. Surface microdischarge (SMD) is a kind of DBD.
Because of its simple discharge form, abundant active
ingredients, and low processing temperature, SMD has been
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widely studied and applied. Lu et al adopted the SMD device to
modify the mechanical properties of decellularized porcine
aortic valve leaflets [6]. Xiong ef al used the SMD device to
treat model nails that had been coated on the backside of the
nail with either bacteria or fungus, which showed a good
sterilization result [7].

SMD has been reported to have different operation modes
according to the dominating gas phase products, including
ozone mode, transition mode and NOx mode [8-9]. It is
important to monitor the operation modes of SMD online in
industrial applications. The current main methods for
determining the operation mode of SMD usually directly detect
the products under different conditions using spectrometer or
NOyx sensors. These methods are valid, however, with
disadvantages of high cost, complicated operation, and long
time-consuming. Therefore, developing fast-responding,
reliable and low cost diagnostic methods for the operation mode
recognition of SMD has become a key issue in accelerating the
industrial application of SMD.

With the development of digital image processing
techniques, CAPs diagnostics based on these methods have
been emerging recently, with the advantages of non-invasive ,
simple use, low price, and high real-time performance. Guo et
al achieved the division of AC corona discharge stages and
analyzed the spatial structure of AC corona discharge, though
taking color images and using RGB and HSI chromaticity
indicators [10]. Prasad et al used a color thresholding based
image segmentation method to extract the effective spread of
corona plasma, and analyzed the correlation between image
parameters and corona power [11]. Wu et al identified the
homogeneous and filamentary mode of DBD by analyzing the
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Fig. 1. The sketch of SMD and the expeiment setup

gray level histogram of the DBD discharge image, and verified
the effectiveness of the method by changing the applied voltage,
power frequency, and exposure time [12].

In this paper, we conducted preliminary study on using
digital image processing techniques to detect the operation
mode transition of SMD. FTIR was used to diagnose the gas
phase products of SMD at different voltages to obtain the
operation modes at different voltages. The digital camera was
applied to catch the discharge images of the discharge in the
corresponding operation modes under dark conditions. A SMD
operation mode recognition method, based on combination of
two features from the results, was proposed in this paper, by
correlating the chromaticity information of SMD discharge
images with its operation modes.

II. EXPERIMENAL SETUP

A. Device Configuration

Fig. 1 shows the structure of the SMD device used in this
paper. The power electrode made of copper was 20mm in
diameter and 14mm in height, wrapped by Teflon. A wire mesh
with a diameter of 50mm and a mesh density of 5x5 mesh/cm?
was used as the ground electrode. A dielectric barrier made of
AlO3 (50mm in diameter and 0.5mm in thickness) was attached
between the power electrode and the ground electrode. The
SMD device was placed on top of a cylindrical acrylic chamber
with a diameter of 38mm and a height of 45mm, which was
used to store the gaseous chemical composition produced by the
SMD device. Two ZnSe windows (13mm in diameter) were
placed on the wall of the cylindrical acrylic chamber to transmit
the IR beam for analyzing the composition of the gas phase

products. A high-voltage and high-frequency AC power supply
(Corona Lab, CTP-2000K) was used as the power source. For
all the experiments, the waveform frequency was fixed at 8kHz.
The applied AC voltage amplitude was monitored by a voltage
probe (Tektronix P6015A) and an oscilloscope (Tektronix
MDO3034) with a sampling gate up to 2.5GHz. A current probe
(Pearson 6585) was used to measure the current of the circuit.
A 10nF capacitor was connected in series between the woven
wire mesh and the ground. The voltage across the capacitor was
measured by a differential probe (Tektronix P5200A).
Therefore, the power consumed by the SMD device can be
obtained by the Lissajous method.

B. Gas-phase Spectroscopy

FTIR (Fourier transform infrared spectrometer, VERTEX
70, Bruker) was applied as an in situ diagnostic of the gaseous
chemical composition produced by the SMD device. The
wavenumber resolution of the FTIR measurements was set at
4cm™!, and 16 scans were averaged to create each spectrum. The
time resolution of each spectrum was 15s. The total
measurement time of FTIR was consistent with the discharge
time of the SMD device, both were 10 minutes. The primary
gas phase products generated by the SMD device include N>O,
NO, NO,, HONO, Os. Fig. 2 shows a typical FTIR spectrum of
the SMD device. It can be seen that, the main product of the
SMD device at applied voltage V,, of 4kV is ozone, so we
define the SMD device operates in ozone mode; when V.,
increases to 9kV, the main products of the SMD are nitrogen
oxides, so we simply define the operation mode as non-ozone
mode in our study.
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Fig. 2. Typical FTIR spectrum of the SMD device under different applied
voltages.

C. Digital Image Processing Techniques for SMD

As shown in Fig. 1, the digital camera (NIKON D750) was
used to obtain discharge images of the SMD under different
voltages under dark background. The main camera parameters
were set as follows: aperture f= 5.6, exposure time T = 1s, and
ISO = 2000. The remaining parameters were set to default
values. In order to avoid noise interference from the
surrounding environment, the denoising and filtering measures
on the captured discharge images were performed as follows:
(a) Five SMD discharge images were taken continuously at the
same voltage, while other conditions remain unchanged. (b)
The image, when the applied voltage was 0kV, was used as the
background image. And the SMD discharge images were
compared with the background image to eliminate the
interference of background noise. (c) For the same voltage, the
final results were the average of five consecutive images.

The discharge color image was formed by superimposing
three basic monochromatic images of R, G, and B. The SMD
discharge gray scale image and the R, G, and B monochromatic
images were analyzed in this study. First, for different voltages,
the SMD discharge color image after denoising and filtering,
was converted into the grayscale image. And the sum of all
pixel values in the SMD grayscale image were extracted, as
shown in formula (1). At the same time, the SMD discharge
color image after denoising and filtering, was separated into
three basic monochromatic images of R, G, and B. And the sum
of all pixel values in the R, G, and B monochromatic images
were extracted, as shown in formula (1). Then, the proportions
of the R, G, and B components were calculated, as shown in
formula (2).

- iiﬂx ») M

2)

Here, S; is the sum of all pixel values in the SMD
discharge gray scale image or in the R, G, and B
monochromatic images, m is the total number of pixels in the

horizontal direction in the SMD discharge gray scale image or
inthe R, G, and B monochromatic images, n is the total number
of pixels in the vertical direction in the SMD discharge gray
scale image or in the R, G, and B monochromatic images,
f(x,y) is the each pixel value in the SMD discharge gray scale
image or in the R, G, and B monochromatic images, k are the
proportions of the R, G, and B components.

III. RESULTS AND DISCUSSION

A. Division of the Operation Modes for SMD using FTIR

The operation modes of the SMD device at different applied
voltages detected by FTIR method are presented in Fig. 3.
When the value of the applied voltage V., is within 2.5kV to
5kV, the SMD operates in the ozone mode. When the value of
the applied voltage V,., is within 5.5kV to 10.5kV, the SMD
operates in the non-ozone mode.
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Fig. 3. Division of the operation modes for the SMD device by FTIR.

B. The Discharging Color Images vs. V).,

The discharge color images of the SMD device at different
voltages were shot and shown in Fig. 4. Fig. 4(a) and (b) are the
color images of SMD operating in ozone mode, Fig. 4(c) and
Fig. 4(d) are the color images of SMD operating in non-ozone
mode. It can be seen that, as the applied voltage V., increases,
the discharge intensity of the SMD device becomes more severe,
the discharge brightness of the SMD becomes stronger and the
discharge area of the SMD becomes larger. At the same time,
when the applied voltage V)., is low, the place of discharge is
mainly located at the interlace of the wire mesh. With the
increase of the applied voltage V,.,, the discharge area of each
interlace of the wire mesh gradually expands and covers
together, thereby forming a larger discharge area.

sanens

Fig. 4. The color images of discharge at different voltages
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C. The Sum of All Pixel Values of the Discharging Area

In Fig. 5, the sum of all pixel values in the SMD discharge
gray scale image and in the R, G, and B monochromatic images
are shown as a function of the applied voltage V. It can be
seen that, as the applied voltage Vy., increases, the sum of all
pixel values in the SMD discharge gray scale image and in the
R, G, and B monochromatic images increases monotonically.
In addition, under the same applied voltage V., the sum of all
pixels in the B component is the largest, followed by the sum of
all pixels in the R component and the sum of all pixels in the G
component. The sum of all pixel values could be used for Vy.,
or discharge power tracking in application.
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Fig. 5. The curve of the gray value with the applied voltage

D. The Relationship Between the Proportion of Chromaticity
Components and the Operation Modes

In Fig. 6(a), the curve of the proportion of the R, G, and B
components of the SMD device with the applied voltage V., is
given. It can be seen that, when the SMD device operates in
ozone mode, as the applied voltage V,., increases, the B
component gradually increases, the R component almost

- @

< 170 I

2

5 1 ozone mode : non-ozone mode —"—R

g 60 S -G

g‘ 7o i B

! | A A v

=504 7 | e

§ ] ' : ‘v .._'.'.'"‘v

g 40+ 1 VIV

5 ' %
1 1 = _._._-—l—l—l—

; 304 = - | l/." -

&) e —n—p—

E 4 . 1 =0 =

S24{ W | e

é ] “ Sy I _e A

I} e

E“ 10 7 T T b T ¥ T v T . T ¥ T ¥ T il

A~ 2 3 4 5 6 7 8 9 10 11

unchanged, and the G component gradually decreases. When the
SMD device operates in non-ozone mode, as the discharge
voltage V., increases, the B component gradually decreases,
and the R component and G component gradually increases. For
a same applied voltage V., the proportion of the B component
is the largest, the proportion of the R component is the second,
and the proportion of the G component is the lowest. When the
applied voltage V., is 5kV, the proportion of B component
reaches the maximum value, 59.31%. And the proportion value
of G component reaches the minimum value, 12.37%.

In order to further analyse the relationship between the
proportions of the R, G, and B components of the SMD device
and the operation modes, as shown in Fig. 6(b), the curve of the
difference between the proportions of B and G components with
applied voltage V., is provided. When the applied voltage V.,
is within 2.5kV to 5kV in ozone mode, as the discharge voltage
Vpp increases, the A (B-G)% sharply increases. When the
applied voltage V,, is 5kV, the A (B-G)% reaches the
maximum value, 46.94%. When the applied voltage V., is
higher than 5.5kV in non-ozone mode, as the discharge voltage
Vpp increases, the A (B-G)% sharply decreases. This
demarcation point is consistent with the mode transition point
measured by FTIR (at 5kV).

From all the above results, it can be seen that the
proportions of the R, G, and B chromaticity components of the
SMD discharge images can reflect the useful information of the
SMD in different operation modes. However, since the curve is
parabola-like, we couldn’t directly use the A (B-G)% value to
recognize the operation modes of SMD. When in real
application for an unknown SMD system, as the applied voltage
is clear, it could be able to effectively identify the SMD
operation modes through combining the feature of A (B-G)%
and the applied voltage.

IV. CONCLUSION

In this paper, digital image processing technique was used
to study the RGB chromaticity of SMD images. As the applied
voltage increases, the discharge intensity, the discharge
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Fig. 6. The curve of proportion of chromaticity component with the applied voltage
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brightness and the discharge area of the discharge images of
SMD becomes larger. The sum of all pixel values could be used
for V., or discharge power tracking in application. The A (B-
G)% curve can be used as an effective basis for online operation
modes recognition of SMD. The highest point of A (B-G)% is
corresponding to the operation mode transition voltage of SMD.
Through combining the feature of the A (B-G)% and the applied
voltage, the SMD operation modes can be effectively identified.
The chromaticity index of the discharge images of SMD could
be a potential method to offer online monitoring of operation
modes. Future works, such as using other chromaticity systems,
chromaticity indicators, and digital image processing
techniques need to be conducted.
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