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 Metal particles can easily be produced in the production and installation of a gas-insulated 
substation (GIS).  The partial discharge (PD) induced by metal particles is a significant security 
risk to GIS.  At present, some related research studies focus on the PD of individual metal 
particles, but less attention is paid to that of accumulated metal particles.  In this study, the 
PD of the accumulated metal particles was investigated.  A defect model of surface free metal 
particles on a basin-type insulator was set up.  Four models of free metal particles of different 
sizes lying inside the GIS were designed.  PD signal waveforms were measured using acoustic 
emission (AE) sensors.  The frequency spectrum characteristics of the PD signal were analyzed, 
and the PD characteristics under different voltage waveforms were compared.  Research results 
showed that, through the detection of PD signals, the accumulation of free metal particles on 
the surface of the insulator could be predicted and evaluated to ensure the safe operation of GIS 
equipment.

1. Introduction

 With the wide application of gas-insulated substations (GISs), the operation reliability of GIS 
has aroused widespread concern in the international community.  Over the past decades, it has 
generally been considered that GIS is a device that does not require maintenance or a very long 
maintenance cycle.  However, according to 40 years operation experience, the insulation fault 
is always one of the most important factors affecting the reliability of GIS.(1,2)  The insulation 
fault is caused by defects such as surface free metal particles, high-voltage conductor spikes, 
insulator surface contamination and internal defects, shell spikes, and floating electrodes.  
In 1996, the International Council on Large Electric systems did a survey from customers 
worldwide.  The results of the survey showed that the fault rates caused by different types of 
insulation defect were different, and that the insulation fault rate caused by the metal particles 
and foreign body was the highest.(3)  Partial discharge (PD), the early manifestation of insulation 
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fault within GIS equipment, carries important information about GIS defects.  If PD is detected 
and removed as early as possible during operation, the equipment fault rate will be reduced and 
the power system reliability will be improved.
 At present, a lot of research studies have been carried out for the PD phenomenon of metal 
particles in GIS.(4–6)  Prabakaran et al. used an actual 420 kV GIS as an experimental platform 
to study the discharge characteristics of the particles fixed on a high-voltage bus bar, an outer 
casing, and an insulator.(7)  Holmberg et al. used the particle suspension time distribution 
to simulate the particles and considered the particle suspension time to evaluate the particle 
discharge characteristics.(8)  Runde et al. studied the relationship between the amplitude-
suspension time characteristic spectrum of an ultrasonic signal and the particle length, and used 
the maximum measured amplitude of the ultrasonic signal as the characteristic parameter.(9)  

In addition, Schlemper et al. studied the characteristic spectrum of the particle discharge 
amplitude-suspension time and analyzed the effect of charge-mass ratio on the particle 
suspension time.(10)  Current research studies mainly focus on the PD of a single particle.  
However, multiple metal particles may be produced during the production and installation; 
unfortunately, there have been no public reports about such issues yet.  Therefore, whether the 
number of particles would affect their PD characteristics, the PD regularity of multiple particles 
should be examined.
 In view of the above problems, four metal particle models were designed to imitate metal 
particle accumulation and the PD of these models was observed; the PD regularities of these 
models were also examined in this study.  Research results show that the characteristics of 
a PD-induced acoustic emission (AE) signal and the size of metal particles have an obvious 
correlation, which can be used as the basis for determining the degree of insulation structural 
damage.  It is also valuable for the in situ detection of high-voltage equipment such as 
transformers.

2. Principle Analysis

 The classical PD theory is based on the theory of electronic avalanche or flow column.  
This theory can explain the microsecond single pulse phenomenon well.  It has also achieved 
great success in the electrical pulse method.  However, a large number of studies show that 
PD is a nanosecond discharge process, and its time domain waveform is composed of multiple 
continuous and amplitude-decimated pulses.  Under this circumstance, the collisional ionization 
or flow column theory cannot explain the oscillation attenuation characteristics, and further 
research on the generation of PD is required.
 Generally, the equivalent circuit of discharge can be represented by a second-order circuit 
that consists of a capacitor, an inductor, and a resistor.  The capacitance and inductance are 
constants that do not change with time, and the resistance is nonlinear in terms of time; all 
three are lumped parameters.  The characteristics of the discharge depend on the inherent 
characteristics of the resistance and discharge loop.  The equivalent of the resistance to the 
linear resistance is a classical research method widely used to calculate the discharge pulse 
circuit with resistance.(12)  The discharge current of the equivalent circuit is shown as
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 i = i0+e−δtcoswt. (1)

 Here, i is the discharge current, i0+ is the initial current, δ is a constant, w is the oscillation 
frequency, and t is the discharge time.  Since the discharge moment is an electron avalanche or 
flow column theory, i0+ is considered to be equal to imax; the above parameters are shown as
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 The parameters in the circuit are related to the discharge circuit.  According to the results 
of the theoretical analysis above, when discharge occurs, a damped oscillation is generated in 
the equivalent discharge loop.  Under the effect of the damped oscillation, the corresponding 
ultrasonic wave is generated in the medium.  A large number of experiments show that the 
frequency of the PD signal is distributed in the 20–110 kHz range.  Therefore, we select sensors 
in the same frequency band for PD signal acquisition.

3. Experiments

 The detection system is built as shown in Fig. 1.  It consists of a voltage source to provide 
voltage for defect models, an AE sensor with a resonant frequency of 30 kHz, the 10 dB 
frequency bandwidth of which is 20–110 kHz to collect PD signals, a preamplifier with a gain of 
40 dB and a bandwidth of 10–50000 kHz to amplify the signals collected from the AE sensor, 
and a PC for data acquisition and processing.

Fig. 1. (Color online) Detection system.
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 Four defect models of the free metal particles, which use copper beads with diameters of 1.0 
(model 1), 1.8 (model 2), 2.0 (model 3), and 2.5 (model 4) mm, are shown in Fig. 2(a).  They are 
arranged in series.  As shown in Fig. 2(b), a 5-cm-long PD channel is formed by an insulating 
double-sided adhesive on the surface of the basin insulator.
 Four sets of experiments were carried out through the experimental platform.  In each group 
of experiments, three PD initial voltage measurements were performed and averages were 
obtained to determine the initial PD voltages of the four different defect models.  Experimental 
results show that the PD defect models 1–4 produce PD signals at initial voltages of 7.02, 6.13, 4.05, 
and 2.57 kV, respectively.  

4. PD Signal Analysis

 In this paper, time and frequency domain analyses are used to analyze the PD signals 
generated by the four defect models.  AE signals are extracted by these two methods.  We 
selected root mean square (RMS) as the feature parameter in the time domain.  It can be 
calculated as
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 Here, N is the number of sampling points of the AE signal and Xi is the amplitude 
corresponding to the sampling point of the i-th AE signal.  The maximum power spectrum (MPS) 
is selected as the feature parameter in the frequency domain that can be calculated as

 ( ) ( )max , 1, .MPS psd f f N = ∈   (4)

(a) (b)

Fig. 2. (Color online) (a) Four defect models and (b) 5-cm-long PD channel.
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4.1 Signal acquisition and denoising

 The PD signal is collected by the AE sensor, which is closely attached to the edge of the 
basin insulator.  The sampling frequency is set to 1.0 MHz through the data acquisition card, 
and PD signals are collected.  Four groups of time domain signals and the frequency domain of 
0–500 kHz obtained by fast Fourier transform (FFT) are shown in Figs. 3(a)–3(d).  
 By comparing frequency domain diagrams, the PD signals are found to be mainly 
concentrated in the 0–170 kHz range.  The acquired PD signals are processed by wavelet 
transform to obtain the time and frequency domain signals of the four sets of defect models as 
shown in Figs. 4(a)–4(d).
 Through time domain signal analysis, the maximum amplitude of the PD signal generated 
by model 1 is found to be 0.55 V, and that generated by model 2 is found to be 0.48 V.  This 
does not present many differences, and the amplitudes of the PD signals generated by these 

Fig. 3. (Color online) Time and frequency domain diagrams of models (a) 1, (b) 2, (c) 3, and (d) 4 at initial 
voltages of 7.02, 6.13, 4.05, and 2.57 kV, respectively.

(a)

(b)

(c)

(d)
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two models show obvious transitions with time.  For models 3 and 4, the detected PD signal 
amplitudes are maximum at 0.24 and 0.03 V, respectively.  Compared with the PD signals 
generated by models 1 and 2, a large decrease in amplitude is observed for the signals generated 
by models 3 and 4.  Generally, the amplitude of the PD signal negligibly changes with time, 
especially the amplitude of the PD signal generated by model 4, which basically maintains a 
relatively stable range.  The RMS values extracted for the four models are shown in Fig. 5.
 By analyzing the RMS values, as the diameter of the copper bead in the defect model 
increases, the RMS is also found to increase, and the relationships between the RMS values and 
copper bead diameters of the four models are observed to be quadratic with a fitness of 0.9842.  
To some extent, RMS can be an effective value of the PD signal.  It can be considered that, 
when PD occurs, as the diameter of the copper bead in the defect model increases, the effective 
value of the PD signal increases.

(a)

(b)

(c)

(d)

Fig. 4. (Color online) Time and frequency domain diagrams of models (a) 1, (b) 2, (c) 3, and (d) 4 for PD signals 
after wavelet denoising.
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4.2 Frequency domain analysis

 Through frequency domain signal analysis, it is found that the frequency spectra of the 
four defect models mainly include the following three frequency bands: frequency band 1: 
0–56 kHz, frequency band 2: 56–107 kHz, and frequency band 3: 107–170 kHz.  It can be 
seen from the frequency domain diagram that the frequency spectrum distribution trend does 
not change with the diameter of the copper bead in the defect model, and that the energy that 
mainly concentrates in the frequency bands 1 and 2 decreases with the increase in the diameter 
of the copper bead in the defect model.
 Figure 6 shows the MPS values of the AE signals for the four different defect models in the 
three frequency bands.  In frequency bands 1 and 2, as the diameter of the copper bead in the 
defect model increases, the MPS value decreases; but in frequency band 3, as the diameter of 
the copper bead in the defect model increases, the MPS value increases.  Among the models, in 
frequency bands 1, 2, and 3, the copper bead diameter has a binomial relationship with the MPS 
value, and the fitting degrees are 0.9967, 0.9993, and 0.9603, respectively.  This indicates that 
the four defect models have a PD signal of 0–170 kHz with a maximum energy concentration of 
0–107 kHz.

Fig. 5. (Color online) RMS values extracted for four defect models.

Fig. 6. (Color online) MPS values of three frequency bands for four defect models.
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5. Conclusions

 In this study, we designed four defect models and a detection system to study the PD 
characteristics of these defect models.  Observation results show that when PD occurs, the 
initial voltage of PD increases with the copper bead diameter, and the effective value of the 
PD signal also increases.  For the four defect models, the PD signal was detected from 0 to 
170 kHz, and the spectral distribution trend did not change with the copper bead diameter.  The 
copper bead diameter and MPS value had the best quadrupling effect at 56–107 kHz.  It can 
be inferred that, as the metal particles accumulate, the initial voltage required for local power 
generation decreases.  At the beginning of PD, the weaker the detected PD signal, the more the 
accumulation of metal particles.  In a future study, the eigenvalues of the four discharge signal 
models will be extracted and the PD signal will be identified by the SVM algorithm.  We will 
analyze the accuracy of recognition before and after denoising and improve the recognition 
algorithm to achieve higher recognition accuracies.  
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