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ABSTRACT Although the increase in frequency improves the transmission efficiency of high-frequency
transformer, a higher probability of insulation failure is caused by high-frequency partial discharges. Through
a high-frequency experimental platform, emission spectrum tests on two types of insulation faults were
carried out under high-frequency square wave voltages. Subsequently, the influence of frequency and voltage
amplitude on the light intensity and the number of photons of emission spectrum caused by air corona were
studied. Finally, the variation of the spectrum of the partial discharge occurring at the interface of gas-solid
insulation with frequency was analyzed. The results show that, the characteristic spectrum of air corona is
composed of the near-ultraviolet spectrum, which is caused by the energy level transition of N2 molecules,
and the number of photons of air corona is positively correlated with voltage amplitude and frequency. Partial
discharges at the gas-solid insulation interface have band spectrums in the visible light region and the near-
infrared light region except for the near-ultraviolet spectrum due to the energy level transitions of outer layer
electronics and the vibrations of C-H chemical bonds of PET molecules. This paper preliminarily verified
the feasibility of applying the emission spectrum diagnostic method to two typical partial faults under high-
frequency square wave voltages.

INDEX TERMS High-frequency insulation, partial discharge, emission spectrum analysis.

I. INTRODUCTION
The solid-state transformer (SST) has been widely used in
smart grid and distributed energy systems for its lower vol-
ume and higher transmission efficiency. SST can realize reli-
able integration of large-scale renewable energy and flexible
connection of AC and DC power systems [1]–[3]. As the
key component of SST, high-voltage high-frequency (HV-
HF) transformer plays an important role in electrical isolation
and power transmission [4], [5]. Since the HV-HF trans-
former is an intermediate module connecting the primary
and secondary power electronic conversion circuits in SST.
After the inverter and rectification transformation, the port
voltage of HV-HF transformer is usually a non-sinusoidal
signal with short risetime, large amplitude and high
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frequency, which approximates the square waveform, which
is far from the operating conditions of power frequency trans-
formers [6], [7]. Partial discharge (PD) caused by coupled
electro-thermal stresses is the main reason for the insulation
aging and premature failure under high frequency voltages.
Some studies have indicated that the partial discharge prop-
erties including the number of discharges, discharge energy
and phenomena under high frequency square wave voltages
are different from those under the power frequency sinusoidal
voltages [8]–[10].

Partial discharges are hazards for power equipment but
also the important monitoring objects for insulation status
diagnosis. There are three forms of partial discharge in the
transformer, including air corona, partial discharge inside
dielectrics and surface discharge at the gas-solid insulation
interface, which will accelerate insulation degradation and
eventually lead to insulation failures such as breakdown
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or flashover. Due to the partial discharge has the phe-
nomenon of electromagnetic and acoustic wave, existing
diagnostic methods for corona discharge under 50 Hz or
60 Hz mainly include the pulse current, radio frequency
(RF), ultra-high frequency (UHF) and acoustic emission (AE)
methods. However, HV-HF transformers are intermediate
modules connecting the primary and secondary power elec-
tronic conversion circuits in SSTs [11]. Due to the exis-
tence of switching circuits, the RF, UHF and pulse cur-
rent methods are subject to high-frequency electromagnetic
interference, making the detection results inaccurate. The
AE method is susceptible to noise from HV-HF transformer
and switching circuits, which makes it unsuitable for the
on-site detection. New detection methods need to be pro-
posed for high-precision on-line monitoring of PD of HV-HF
transformers.

In addition to electromagnetic radiation, acoustic waves
and current flow, the light emission is another phenomenon
caused by partial discharge. With the advancement of optical
sensing technology, the spectral detection is gradually being
used in the diagnosis of partial discharge due to its significant
advantages such as being not affected by electromagnetic
environment and equipment vibration, and high accuracy of
detection results [12]–[14]. M. Koziol et al found that the
emission spectrums of air corona have large differences when
the shape of the electrode changes [15]. K. Fujii et al further
performed partial discharge tests in air under four kinds of
electrode shapes, and found that the emission spectrum of
partial discharge in air is mainly concentrated in the wave-
length range of 300∼400 nm, which belongs to the near-
ultraviolet (UV) region [16]. W. Zhao et al proved that the
light intensity in the near-ultraviolet region of air corona
discharge decreases with the increasing distance between the
electrodes, and increases with the increasing applied volt-
ages [17]. M. Ren further proposed an approach for clus-
tering analysis on the hazard types of partial discharges via
spectral detection [18]. However, research on the emission
spectral characteristics of PD under high-frequency non-
sinusoidal voltage has not been carried out. Literature [19]
studied the spectral properties of the partial discharge in
N2 in the frequency range of 20 Hz to 80 Hz, and found
that the light intensity at a 337.1 nm is increased with the
increasing frequency, which preliminarily showed that the
frequency has an influence on the spectral properties of partial
discharge.

In this paper, we tested the emission spectrum properties
of two typical partial discharges that often occur in HV-HF
transformers. Then, the influence of frequency and voltage
amplitude on the relative light intensity and the number of
photons of emission spectrum caused by air corona were
studied. Finally, the variation of the emission spectrum of the
partial discharge occurring at the interface of gas-solid insula-
tion with frequencywas analyzed. The analysis of the spectral
properties of PDs under high frequency voltage provides a
theoretical reference for the proposal of online detection of
partial discharge of HV-HF transformers.

II. EXPERIMENTAL SETUP
A. PLATFORM ARRANGEMENT
Fig. 1 shows the emission spectrum test platform for par-
tial discharges under high frequency square wave voltages.
The platform is composed of five parts: a) high-frequency
high-voltage power source with the output voltage range
of 0∼20 kV and frequency of 1∼20 kHz, which is connected
to the electrode through protective resistance; b) test chamber
is used for performing PDs, and observation windows inlaid
with optical glasses are opened on the outside of the chamber;
c) electrical signal detection system composed of high voltage
probe and oscilloscope, which is used for measuring high-
frequency voltage; d) optical signal detection system com-
posed of optical fiber probes and spectrum analyzer, which is
used for detecting the wavelength and intensity of emission
spectrum caused by PDs; e) Ocean View is selected as the
spectral analysis software, which is used for statistics and
analysis of the detected spectra. Among them, the spectrum
analyzer is the MX2500+ product of Ocean Optics, with a
measurable spectral wavelength range of 200 nm∼1037 nm
and a resolution of 0.2 nm∼0.7 nm, and the integration time
of the spectrum analyzer was set to 800 ms.

FIGURE 1. Emission spectrum test platform for partial discharge under
high frequency square wave voltages.

The partial discharge test chamber is sealed to minimize
background light interference, and we designed an angle-
adjustable probe holder to make the fiber probe directly at
the partial discharge point through the optical glass, as shown
in Fig. 2(b). During the whole detection process, the edge
of the electrode to be measured and the fiber probes are at
the same horizontal height and the distance between them is
200 mm.

FIGURE 2. The schematic diagram of the test chamber for PDs. (a) The
overall picture of test chamber. (b) Diagram of the probe holder device.

In addition, the definitions of the main signal parameters
of the PDs test platform are shown in Fig. 3, and the settings
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FIGURE 3. The definitions of the signal parameters of high-frequency
high-voltage square wave power supply.

TABLE 1. Parameter settings of power supply.

of signal parameters are listed in Table 1, which can fully
simulate the actual port waveform of the high-voltage high-
frequency transformer during the normal operation of SSTs.

B. INSULATION DEFECT MODELS OF PDs
Different kinds of insulation defects are distributed at var-
ious locations in HV-HF transformers which arise from
design, manufacturing and assembling. After a period of time,
the partial discharges that occur in these insulation defects
will gradually evolve into breakdown or flashover accidents.
In order to simulate different types of insulation defects,
two defect models of partial discharge have been designed,
as shown in Fig. 4. The needle-plate electrode spacing is
set to 10 mm, which is used to simulate air corona in an
uneven electric field. In addition, the finger electrode is used
to simulate the partial discharge that occurs at the intersection
of air and solid insulation materials. Two types of electrodes
are made of stainless steel, and the surfaces are washed with
alcohol before testing to avoid the influence of impurities.

FIGURE 4. Configurations of defect models of partial discharges.
(a) Needle-plate electrode. (b) Finger electrode.

The solid insulation material in partial discharge tests
was selected as 6641F type of Dacron-Mylar-Dacron (DMD)

FIGURE 5. Chemical molecular structure of polyethylene terephthalate
(PET), which is the surface chemical substance of DMD insulation paper.

TABLE 2. Basic parameters of DMD insulation paper at power frequency.

composite paper with a thickness of 0.3 mm, which is widely
used as inter-turn insulation in HV-HF transformers. DMD
insulation paper is made of high-melting polyester film and
polyester fiber non-woven fabric made by hot rolling. The
main surface chemical substance of DMD insulation paper is
the polyethylene terephthalate (PET), and its molecular chain
structure is shown in Fig. 5. Meanwhile, the basic parameters
of DMD paper at power frequency are listed in Table 2.
Before the tests, a uniform boost method with a boost rate
of 0.5 kV/s was used to determine the breakdown voltage Us
and the partial discharge inception voltage U0. During the PD
tests, the output voltage of the power source was limited to the
range [U0, Us] to prevent damage to spectrum analyzer due
to the intense optical radiation caused by breakdown.

For air corona, the detection position of the fiber probes is
the needle area. For partial discharge of gas-solid insulation,
the detection position of the fiber probes is the junction area
of the electrode, air, and solid dielectric, as shown in Fig. 6.

FIGURE 6. Schematic diagram of the fiber probe detection point.
(a) Needle-plate electrode. (b) Finger electrode.

III. SPECTRUM ANALYSIS OF AIR CORONA
A. CHARACTERISTIC SPECTRUM OF AIR CORONA
Air is mainly composed of N2, O2, a small amount of CO2,
H2O, and a variety of inert gases. When the high-frequency
voltage was applied to the needle, particles existing in the
non-uniform electric field region near the needle electrode
absorbed energy and reached an excited state Eq. Once the
particles transitioned from the excited state Eq to a lower
energy state Ep, energy is released in the form of heat and light
radiation, and the emission spectrum is generated. The energy
provided by transition between specific energy levels, which
determines the wavelength of the emission spectrum caused
by partial discharges, as shown in equation (1). Therefore,
the qualitative analysis can be performed on the type of
particles that undergo an energy level transition based on the
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wavelength of spectrum.

λ =
c
v
=

hc
Eq − Ep

(1)

where λ is the wavelength of spectrum, c is the lightspeed,
v is the photon frequency, h is the Planck constant, Eq is
the energy of the excited state, Ep is the energy of the lower
energy level or the ground state.

The spectral characteristics of air corona under high-
frequency voltages were studied based on the needle-plate
insulation model shown in Fig. 4(a). The spacing of the
needle-plate electrode made of stainless steel was adjusted
to 10 mm. The relative humidity of the air between the
electrodes is (25±0.5) %, and the ambient temperature is
(23±1) ◦C. Fig. 7 shows the emission spectrum of air corona
in the wavelength range of 200 nm ∼1037 nm at a frequency
of 5 kHz and a voltage amplitude of 7 kV. It can be seen
from Fig. 7 that the emission spectrum of air corona under
high-frequency has a series of characteristic peaks in the
wavelength range of 315.64 nm ∼405.12 nm, which belongs
to the near-ultraviolet region.

FIGURE 7. The characteristic emission spectrum of air corona at a
frequency of 5 kHz and a voltage amplitude of 7 kV.

TABLE 3. Comparison between the measured and standard data.

Literature [20] gives the standard spectrum of the energy
level transition of N2 molecules. Table 3 is the comparison
between the measured spectral wavelength and the standard
spectral wavelength, which verifies that the characteristic
spectrum of air corona under high-frequency square wave

voltage is mainly caused by the energy level transition of N2
molecules. The specific process of energy transition of N2
molecules will be analyzed in detail below.

The characteristic spectral peaks of air corona discharge
are produced by the process of excitation and transition of
N2 molecules. In the electric field, the N2 molecules in the
high field strength region absorb energy and transform from
the ground state N2(X16+g ) to the transition state N2(A36+u ).
With the continuous absorption of energy, the N2 molecules
with the transition state N2(A36+u ) further transforms into
the excited state N2(C35g), as shown in equations (2)-(3).
However, the N2 molecules with the excited state N2(C35g)
will undergo a radiative transition due to their extremely
unstable state, and rapidly transitions from the excited state
N2(C35g) to the excited state N2(B35g) of a lower energy
level. During the energy level transition, N2 molecules will
release energy in the form of light radiation to produce
spectral characteristic peaks in a specific wavelength range,
as shown in equation (4).

e1 + N2(X16+g ) → N2(A36+u ) (2)

e2 + N2(A36+u ) → N2(C35g) (3)

N2(C35g) = N2(B35g)+ hv (4)

where N2(X16+g ) is the ground state, N2(A36+u ) is the transi-
tion state, N2(C35g) and the N2(B35g) are the excited states
with different energy levels, e1 and e2 are the energy absorbed
by the N2 molecules in the high frequency electric field,
e1 ≥ 6.17 eV and e2 ≥ 4.9 eV.

B. INFLUENCE FACTORS OF AIR CORONA SPECTRUM
In the preliminary experiment in the frequency range
of 1 kHz∼20 kHz, the partial discharge inception voltage of
the air corona is 6.5 kV∼7 kV, and the breakdown voltage is
10 kV∼10.5 kV. Therefore, the applied voltage in the spectral
characteristics tests of the air corona should be lower than
10 kV to prevent damage to the spectrum analyzer due to
the intense optical radiation caused by instant breakdown.
Fig. 8 shows the variations of the emission spectrums with
frequency at different voltages in the near-ultraviolet region
where the emission spectrum caused by air corona appears.
It can be seen from Fig. 8 that the wavelengths of spectrum
peaks have not changed, indicating that the energy provided
by the electric field with the frequency of 1∼20 kHz still
makesN2 molecules transition in the form of equation (2)-(4).
Moreover, the maximum relative light intensity of air corona
increases with the increase of the voltage amplitude at the
same test frequency. When the voltage amplitude is increased
from 7 kV to 9 kV, the maximum relative light intensity of the
air corona increases to 1.75∼2.31 times the original value at
a specific test frequency. The results will be explained from
the perspective of spectrum formation.

The energy level transition of N2 molecules in the high-
field-strength region due to energy absorption occurs when
a high-frequency voltage is applied to the needle electrode,
which is the main cause of emission spectrum. The increase
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FIGURE 8. The variation of the emission spectrums with the frequency at
different voltage amplitudes. (a) 7 kV. (b) 8 kV. (c) 9 kV.

of the voltage amplitude causes the electric field strength
between the needle and plate electrode to increase, and the
total optical radiation energy released when a larger number
of N2 molecules transition from the excited state N2(C35g)
to the lower energy state N2(B35g) increases.
In addition to energy level transitions, the increase in volt-

age amplitude also promotes the increase of relative light
intensity from the perspective of particle ionization and col-
lision, as shown in Fig. 9. In the whole process of air corona,
positive ions generated by ionization near the needle move
toward the cathode under the electric field and collide with
the cathode to generate high-energy free electrons. The free
electrons will collide with N2 molecules in the air, which pro-
motes the generation of the excited state N2 molecules, lead-
ing to an increase in the number of N2 molecules involved in
energy level transitions and an increase in the light intensity.

FIGURE 9. The impact of particle ionization and collision on the energy
level transitions of N2 molecules and light radiation during air corona.

In the process of air corona, the impact of particle collisions
on the light intensity of the spectrum becomes more apparent
as the voltage increases.

It can be seen from Fig. 8 that the relative light inten-
sity in the wavelength range of 315.64∼405.12 nm grad-
ually increases with the increase of test frequency. Under
the same voltage amplitude, when the frequency is increased
from 1 kHz to 20 kHz, the maximum relative light intensity
increases to 3.01∼4.88 times of the original value. Some
studies have shown that the increase in frequency will lead
to a significant increase in the number of discharges per
unit time, but the amount of partial discharge each time
will decrease with the increase in frequency because the
total energy in the total discharge cycle is constant [9], [21].
Based on the above test results, it can be inferred that the
energy of each partial discharge injected into the electric field
is still higher than 6.17 eV, which is the minimum energy
value required for the energy level transition of N2 molecules
although the energy produced per air discharge decreased
when the frequency is increased from 1 kHz to 20 kHz. The
followingwill verify the rationality of the above analysis from
the changes in the total number of photons and the ablation
results of the needle electrodes.

In fact, the light intensity is equivalent to the number
of photons received by the spectrum analyzer in a specific
integration time, and the total number of photons in a certain
wavelength band can be calculated by equation (5).

M =
∫ λ2

λ1

I (λ)dλ (5)

where λ is the wavelength of spectrum, I(λ) is the light
intensity at wavelength λ, M is the total number of photons
in the wavelength range from λ1 to λ2.

Fig. 10 shows the variation of the number of photons with
frequency in the near-ultraviolet wavelength range where
the spectrum of air corona is located. It can be seen from
Fig. 10 that the number of photons increases with the increas-
ing frequency at the same voltage amplitude. When the fre-
quency is increased from 1 kHz to 20 kHz, the total number
of photons increases to 3.38∼5.03 times the original value,
which proves that the energy generated by each discharge still
meets the needs of the energy transition of N2.

Meanwhile, the increase in test frequency increases the
number of corona discharges per unit time, leading to a

219950 VOLUME 8, 2020



Y. Zhao et al.: Emission Spectrum Analysis of Two Typical PD Forms Under High Frequency Square Wave Voltages

FIGURE 10. The variation of the total number of photons with frequency
in the near-ultraviolet wavelength range (200∼400 nm).

sharp increase in the number of charged particles produced
by ionization and collisions in the electric field between the
needle and the plate electrode. Once air breakdown occurs,
the higher the test frequency, the more severe the ablation
caused by larger number of charged particles, as shown in
Fig. 11. The above analysis helps explain the test results that
the spectral intensity increases with the test frequency.

FIGURE 11. The ablation results of the needle after each breakdown at
different frequencies. (a) 1 kHz. (b) 5 kHz. (c) 10 kHz. (d) 20 kHz.

IV. SPECTRUM PROPERTIES OF PARTIAL DISCHARGE ON
GAS-SOLID SYSTEM
A. CHARACTERISTIC SPECTRUM ANALYSIS
The spectral characteristics of partial discharge in the gas-
solid insulation system were studied based on the insulation
model shown in Fig. 4(b). The pre-discharge test results of
the gas-solid insulation system show that the partial discharge
inception voltage is basically not affected by the test fre-
quency, while the flashover voltage decreases significantly
with the increase in frequency. When the voltage frequency
is increased from 1 kHz to 20 kHz, the flashover voltage of
the gas-solid insulation system drops about 3.5 kV, while the
partial discharge inception voltage of the gas-solid insula-
tion system is still remaining at 10.5 kV∼11 kV, as shown
in Fig. 12.

Fig. 13 is the characteristic spectrum of partial discharge on
air-DMD paper insulation system, indicating that the partial
discharges at the junction of the gas-solid system have band
spectrums in the visible light region of 650 nm∼780 nm and
the near-infrared light region of 860 nm∼900 nm except for
the near-ultraviolet spectrum generated by the energy level
transition of N2 molecules. In fact, the emission spectrums in
the visible and near-infrared light regions are caused by the
energy level transitions of outer electronics and the vibrations
of chemical bonds of the molecules in high-frequency high-
voltage electric field.

FIGURE 12. The variation of the partial discharge inception voltage and
flashover voltage of gas-solid insulation system with voltage frequency.

FIGURE 13. The characteristic emission spectrum of partial discharge on
air-DMD insulation at a frequency of 5 kHz. (a) 11 kV. (b) 12 kV.

The main chemical substance that make up DMD paper
is the PET, and the molecular chain structure of the PET has
been shown in Fig. 5. The band-shaped spectrum in the visible
light region of 650∼780 nm is caused by the energy level
transition of the outer electrons of the PET molecule, and the
band-shaped spectrum in the near-infrared wavelength range
of 860∼900 nm is the result of energy transition due to the
expansion or bending vibration of the C-H chemical bond on
the PET molecule. Fig. 14 is the schematic diagram showing
the stretching and bending vibrations of C-H chemical bonds
of the PET molecules on the surface of the dielectric.

B. THE INFLUENCE OF FREQUENCY ON PARTIAL
DISCHARGE OF GAS-SOLID INSULATION
In order to study the influence of frequency on the spectral
properties of partial discharge, the test of gas-solid system
was carried out at 12 kV and a frequency range of 1∼20 kHz.

VOLUME 8, 2020 219951



Y. Zhao et al.: Emission Spectrum Analysis of Two Typical PD Forms Under High Frequency Square Wave Voltages

FIGURE 14. The stretching and bending vibrations of C-H chemical bonds
of the PET molecules. (a) Symmetric stretch. (b) Asymmetric stretch.
(c) In-plane bending. (d) Out-of-plane bending.

FIGURE 15. The variation of the number of photons in different bands
produced by PDs of gas-solid insulation with test frequency at 11 kV.

Fig. 15 shows the variation of the number of photons in
different bands produced by the partial discharge of gas-solid
insulation with frequency. It can be seen from Fig. 15 that the
total number of photons in the near-ultraviolet, near-infrared
and visible range of the emission spectrum of partial dis-
charge increases with the increasing frequency. Among them,
the maximum raising rate appears in the near-ultraviolet,
indicating that the influence of frequency on the energy level
transition of N2 molecules is much than the influence on the
vibration of the C-H chemical bond and the energy transitions
of outer electronics of molecules.

At present, most researchers believe that the secondary
electron emission avalanche (SEEA) model can analyze the
development stage of the surface discharge process [22].
The SEEA model considers that the discharge begins at the
junction of electrode, gas and solid dielectric, where the local
electric field is the highest. The field emission effect causes
the initial electrons to bombard the surface of the dielectric,
which continues to develop and forms the electron avalanche.
Throughout the development of surface discharge, the contact
surface between insulation paper and air forms a three-layer
structure consisting of a micro-surface layer, a gas adsorption
layer and a plasma layer. The electrons hit the micro-surface
of the insulation material to release gas molecules, and the
C-H bonds in the PET molecules can absorb gas and impuri-
ties in the air, so that a plasma layer is formed on the surface
of the dielectric. The existence of the plasma layer promotes
the uneven distribution of the surface charges and accelerates
the development of surface discharge, as shown in Fig. 16.

The emission spectrum measured in this experiment are
mainly generated in the initial and early development stages
of surface discharges. For the initial stage of discharge,
the increase in frequency increases the number of PDs per

FIGURE 16. The effect of gas and impurities on the surface discharge.

unit time, and more N2 molecules in the electric field within
a unit time undergo energy level transitions, resulting in an
increase in the light intensity in the near ultraviolet region
as the frequency increases. Meanwhile, the increase in the
frequency also causes the surface of dielectric to withstand
greater polarization loss and fatigue shock, which promotes
the energy level transition of the C-H chemical bonds and the
outer layer electrons of the PET molecule, and finally leads
to the increase in relative light intensities in the near-infrared
light and visible light regions. After a long period of PDs,
the influence of frequency on polarization loss and fatigue
impact is visualized. Fig. 17 shows the microscopic condi-
tions of DMD paper after 20 minutes of withstand voltage
under the scanning electron microscope (SEM), indicating
that the degree of insulation damage becomes more serious as
the frequency increases, which to a certain extent verifies the
correlation between the polarization loss and fatigue shock of
the PET molecule and test frequency.

FIGURE 17. The surface conditions of the DMD paper after 20 minutes of
withstand voltage under the SEM. (a) 1 kHz. (b) 5 kHz. (c) 10kHz.

FIGURE 18. Comparison of the ratio of photons in different spectral
regions between two types of partial discharges.

For the development stage of surface discharge, the
increase in frequency leads to a decrease in the dissipation
time of the charges on the surface of the dielectric, and
the accumulation of charges accelerates the development of
the electron avalanche. The plasma layer forms a stronger
adsorption effect on gas molecules in the air, and then a
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denser behavior of energy level transition of N2 molecules
occurs on the surface of the insulation dielectric, resulting
in the maximum increase in the relative light intensity with
increasing frequency in the near ultraviolet region.

According to the above analysis results, the characteristic
spectrums produced by air corona and gas-solid insulation
partial discharge are obvious different in the frequency range
of 1 kHz∼20 kHz, which preliminarily shows that it is feasi-
ble to use the emission spectrum detection method to identify
the type of discharge faults, as shown in Fig. 18. Therefore,
optical diagnostic criteria for partial discharges for HV-HF
transformers will be studied in future research.

V. CONCLUSION
In this paper, we have tested the emission spectrums of air
corona and gas-solid insulation partial discharge under high
frequency square wave voltage. The characteristic spectrum
of air corona is composed of the near-ultraviolet spectrum
in the wavelength range of 315.64∼405.12 nm, which is
caused by the energy level transition of N2 molecules. The
spectral intensity of air corona is positively correlated with
voltage amplitude and frequency, because the energy of each
partial discharge injected into the electric field is still higher
than the minimum energy value required for the energy level
transition of N2 molecules although the energy produced
per air discharge decreased when the voltage frequency is
increased from 1 kHz to 20 kHz.

In addition, the partial discharges of the gas-solid sys-
tem have band spectrums in the visible light region
of 650∼780 nm and the near-infrared light region
of 860∼900 nm except for the near-ultraviolet spectrum
generated by the energy level transition of N2 molecules.
The emission spectrums in the visible and near-infrared light
regions are caused by the energy level transitions of outer
layer electronics and the vibrations of C-H chemical bonds
of the PET molecules in high-frequency high-voltage electric
field. According to the SEEAmodel, the reason the number of
photons in the near-infrared and visible range of the emission
spectrum of gas-solid discharge increases with the increasing
frequency is the increase in polarization loss and fatigue
shock and the decrease in dissipation time of surface charges
of dielectric.

The analysis results of this paper preliminarily verify
the feasibility of applying the emission spectrum diagnostic
method to partial discharge of air corona and surface dis-
charge at the junction of gas-solid insulation system under
high-frequency square wave voltages. However, in addition
to the above two typical forms of partial discharges, there
are also partial discharges inside the solid dielectrics. The
applicability of emission spectrometry for detecting other
different forms of PDs still needs further studies. In future
research, we will improve the optical diagnostic criteria for
PDs of different insulation fault types under high frequency
square wave voltages, and try to establish the relationship
between emission spectrum properties and more physical
quantities such as space charge and dielectric surface charge

to provide reliable theoretical basis for the optical on-line
monitoring of partial discharge faults in high-voltage high-
frequency transformer.
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