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 Abstract: This paper deals with partial discharge induced electromagnetic wave 
investigation on three-phase GIS using UHF method and the application of single-phase partial 
discharge monitoring device (PDM) on three-phase gas insulated switchgear (GIS). The PD 
source is a protrusion at different positions on the conductor or on the tank. Frequency and 
phase spectrums of EMW signals emitted by PD at different positions were observed. The 
most dominant frequency of EMW signal in three-phase GIS was estimated from the cutoff 
frequency (fc) formula for single-phase GIS. The main difference in frequency spectrum 
between three-phase and single-phase GIS was found to be the shift of fc to the lower value for 
three-phase GIS. The presence of three conductors can be considered as increase in an 
equivalent radius of three-phase conductor by a factor of 1.6 for this GIS model. The phase of 
PD phase pattern in the phase spectrum depended on the particle position. The PD sources on 
three-phase GIS were diagnosed by single-phase PDM device. The success rate of diagnosis 
results is low. The error is predicted to be caused by error in phase recognition of PD pattern. 
The change in phase shift setting of PD phase pattern in PDM device based on the phase angle 
of applied voltage at maximum electric field gave better diagnosis results.   
Index Terms:  three-phase, GIS, PDM device, phase shift setting, success rate 
 
1. Introduction 
 In general, three-phase equipment differs from single-phase equipment in two aspects: 
configuration and applied voltage. These differences result in different phenomena of electric 
field and partial discharge (PD) between single-phase and three-phase equipment. The special 
characteristics of electric field and PD in three-phase equipment, such as three-phase power 
cable and three-phase gas insulated switchgear (GIS) model have been reported recently [1-6]. 
The development of PD diagnostic device for three-phase equipment and application of single-
phase PD monitoring device (PDM) on three-phase GIS should consider these special 
characteristics.  
 Nowadays single-phase PD monitoring device has been being developed and applied on 
single-phase equipment. PD data base of PDM device is obtained from single-phase 
equipment. Because the application of three-phase GIS in electric power network has been 
increasing, it is very important to develop PDM device for three-phase GIS. It is convenient 
and saving in cost if single-phase PDM device can be used and applied for PD diagnosis in 
three-phase GIS. Therefore, the examination of application of single-phase PDM device on 
three-phase GIS is needed.  
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 This research examines the possibility of application of single-phase PD monitoring device 
(PDM) for PD diagnosis on three-phase GIS model. The PD source is a protrusion on the 
conductor or a protrusion on the tank. Electromagnetic wave (EMW) emitted by PD in three-
phase GIS was detected by UHF sensor. The success rate of PDM was examined for a particle 
attached on different positions. The error in diagnosis result was analyzed. In addition, the 
effect of particle and sensor position on the success rate of PDM were examined and analyzed. 
 
2. Experimental Setup 
 Three-phase GIS model, the experimental setup, UHF sensors position and notation, are 
shown in Figure 1 and Figure 2. Particle position and notation are described in Figure 3. The 
particles which simulate protrusion were put on S45 to produce PD in the phase-phase region 
and S270 and E270 to produce PD in the phase-tank region. The internal UHF sensors, UHF 
A, B, C, and D are installed inside the three-phase GIS for measurement of EMW signals 
excited by PD. UHF A, B, and D are installed in the smaller tank while UHF C is installed in 
the bigger tank. The sensitivity of UHF sensors is below 0.3 pC.  
 
 
 
 
 
 
 
 
 
 

Figure 1.   Layout and dimension of three-phase GIS model 
 
 
 
 
 
 
 
 

Figure 2.   Experimental setup 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 3.   Particle position and notation 
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3. Partial Discharge Monitoring Device 
 Figure 4 and  Figure 5  show the diagram of PDM device examined in this research and its 
masking system respectively. EMW emitted by PD was detected with UHF sensors and 
diagnosed with single phase PDM device by expert diagnostic software [7,8]. The PDM 
contains spectrum analyzer with frequency band 9 kHz-1.5 GHz. A measured signal is 
compared with the reference waveforms stored in a personal computer. The external noises are 
sometimes detected by UHF sensor and disturb diagnosis of PD. Therefore, this system has 
masking function to ignore the external noises such as mobile, aircraft and machine noise etc. 
 
 
 
 
 
 
 
 
 

Figure 4.   PDM Device 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.   Masking system of PDM device 
 
 The reference waveform is obtained from various PD sources in single-phase GIS: 
protrusion, particle on the spacer, floating electrode, spacer crack, and external noise. Figure 6 
shows the typical of phase spectrum pattern in the data base.  At the first stage, actual PD and 
external noise signals are classified by means of phase patterns. Then, through the neural 
network, one reference waveform is selected to identify the PD cause. Figure 7 shows 
procedure of diagnosis by neural network having special branch structures.  
   
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6.   PD phase patterns of mobile phone and various PD sources in PDM data base 
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 PDM provides synchronization facility so that the phase of PDM power source and the 
phase of experiment power source (S phase voltage in this experiment) can be synchronized. 
Because the phase pattern is used for the diagnosis, the phase standard is necessary. S phase 
was measured as a standard phase in this experiment. The phase angle was changed and 
examined afterwards. The change of phase angle to the base phase was assumed to be β. 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7.   Procedure of diagnosis by neural network having special branch structures 
 
4.  Experimental Results  
A. Frequency and Phase Spectrum of PD induced EMW in three-phase GIS 
   
 
 
 
 
 
 
 
 
 
 
 
 
 
   
 
 
 
 
 
 
 
 
 
   

 
 

Figure 8.   Frequency and phase spectrum  of EMW emitted by PD for S270, E270, and S45 
particle detected with UHF A (p=0.3 MPa, Va=16 kV). Frequency is in MHz, phase is in 

degree, and EMW intensity in dBm and pC. 
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 Figure 8 shows experimental results of frequency and phase spectrums of EMW emitted by 
PD measured with UHF A for S270, E270, and S45 particles at gas pressure p=0.3 MPa and 
applied voltage Va=16 kV. The most dominant frequency fd in frequency spectrum appears at 
1018, 1025, and 1027 MHz for S45, S270, and E270, respectively. PDM identifies 
automatically this frequency as the center frequency. The phase spectrum is taken at this 
frequency. As shown in Figure 8 the phase spectrum consists of two mountains in a cycle. θPD 
is defined as phase of single-phase voltage or S applied voltage at the middle point of larger 
mountain in PD phase spectrum measured in the experiment. θPD is shown as dashed lines in 
Figure 4. θPD = 600, 2400, and 1000 for S270, E270, and S45 particles, respectively. θPD 
depended on the particle position. 
 
B. PDM Diagnosis Result 
 Figure 9 summarizes diagnosis results of PDM based on EMW signals measured with UHF 
A when a particle at S45, E270, or S270 was attached in GIS model. Diagnosis is success if a 
protrusion is detected as protrusion. Success rate ρ means presentation of success diagnosis 
results to all diagnosis results. 
 It is found that success rate ρ is 69%, 6%, and 1% for S45, E270, and S270 particles, 
respectively. The success rate ρ of diagnosis mainly for particles on S270 and E270 is very 
low. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 9.   PD diagnosis results by PDM device. Success rate ρ is defined as presentation of 
success diagnosis results to all diagnosis results. 

 
5. Discussion 
A. Frequency Spectrum of PD induced EMW in three-phase GIS 
 Frequency spectrum of EMW emitted by PD describes EMW propagation characteristics 
inside GIS. It is well known that there are three categories of EMW which can be excited and 
propagate in coaxial cylindrical structures like GIS, namely, TEM, TE, and TM modes. The 
electromagnetic waves in TEmn and TMmn modes can not exist at frequencies below the 
cutoff frequency (fc). The characterization and identification of each mode are very useful to 
understand PD phenomena in GIS. Generally, the peaks in the frequency spectrum excited by 
PD describe each mode and the resonant characteristics, namely cutoff frequency (fc) and 
resonant frequency (fr).  
 Let’s analyze the most dominant frequency of the frequency spectrum shown in Figure 8 
by estimation of cutoff frequency of EMW signals in three-phase GIS. In the calculation of 
cutoff frequency, the models as shown in Figure 10 are examined. The model A approximates 
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fc considering only tank A, while the model B approximates fc considering only tank B. For 
each model, there are three types calculation: I, II, III.  
 Model I considers the actual three-phase GIS structure. Model II approximates fc using 
single phase formula of fc, with the single phase conductor radius equal to one of three-phase 
conductor radius. Model III is same with model II, with the single-phase conductor radius 
equal to the radius of the circle connecting three-phase conductors. The special formula of 
cutoff frequency fc for three-phase GIS has not been derived yet. Therefore, the calculation of 
cutoff frequency fc of three-phase GIS will be estimated with the formula for single-phase GIS. 
 The cutoff frequency fc for single-phase GIS, with the outer radius of the conductor ro and 
the inner radius of the tank be ri, can be estimated by these formulas [8,9]. 
 
 fc = c / λc                                                                                               (1)   
 
 TMmn wave:  
 
 λc = 2 (ro – ri) / n      for (m=0,1,…, n=1,2,…)                   (2)   
 
 TEmn wave:   
 
 λc= π (ro + ri) / m     for (m=1, 2, …, n=1)                         (3)   
 λc = 2 (ro – ri) / (n-1)   for (m=1, 2, …, n=2,3,…)              (4)   
 
 Since the model is three-phase lumped buses and not in coaxial cylindrical shape, this 
analytical equation can not be applied strictly speaking. However, because the equivalent ri is a 
small value with respect to ro, that much large error may not occur even by assuming a similar 
form with single-phase bus. 
 Table 1 contains the calculation results of TE11 mode for AII, AIII, BII, and BIII model and 
the comparison with the frequency dominant of frequency spectrum resulted from the 
measurement. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 10.   Model for calculation of cutoff frequencies 
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Table 1 Cutoff frequency fc (calculation results) and 
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 It appears from Table 1 that only fc TE11 of AII model be close to fd.  As mentioned 
previously, model AII only considers the small tank and approximates fc using single phase 
formula of fc, with the single phase conductor radius equal to one of three-phase conductor 
radius. This result indicates that formula of fc for single-phase GIS may be used for calculation 
of fc on three-phase GIS. This result also indicates that the most dominant frequency fd of the 
frequency spectrum emitted by PD can be attributed to the first cutoff frequency of EMW 
signal in three-phase GIS. The cutoff frequency fc are 1018 MHz, 1027 MHz, and 1025 MHz 
for S45, E270, and S270 particles, respectively. 

However, there is a little difference in the cut off frequency of EMW signals between the 
calculation (fcAI = 1092MHz) and the measurement results (fc3φ ≅ 1025 MHz). The difference 
can be attributed to the difference between single-phase GIS and three-phase GIS because the 
calculation is based on the single phase GIS while the measurement is resulted from three-
phase GIS. The fc in three phase GIS is lower than fc in single-phase GIS. The decrease of fc 
may be considered as the increase of radius rieq of the single-phase equivalent conductor as the 
replacement of three conductors in three-phase GIS [2]. The equivalent radius is predicted 
larger than the radius of single phase conductor (rieq > ri) based on equation 3. The calculation 
results are summarized in Table 2.  
 

Table 2 
The calculation results of equivalent radius of three-phase conductor 

Parameter 1Φ  3Φ  
fc  (MHz) 1092 1025 
λ c (m) 0.27 0.29 
ro (mm) 77.5 77.5 
ri (mm) 10 16 

 
 It is found that equivalent radius of three-phase GIS is 1.6 times larger than the radius of 
single-phase conductor (rieq = 1.6 ri). Therefore, the presence of three conductors can be 
considered as the increase in radius equivalent rieq of three-phase conductor while it reduces 
the cutoff frequency fc. 
 
B.  Phase Spectrum of PD induced EMW in three-phase GIS 
 Experimental results show that θPD in the phase spectrum of PD induced EMW signal 
depended on the particle positions. These results are explained by the electric field at the 
particle tip inside three-phase GIS.  
 Figure 11 shows periodic change of absolute electric field on the tips of S45 and E270 
particles at 1 kV applied voltage during one cycle of S applied voltage. θs max is defined as the 
phase angle of S applied voltage when the electric field on the particle tip achieves maximum 
value. Maximum electric field at the particle tip differs depending on the particle position. 
Maximum electric field occurs at θs=90 and θs=270 for E270 and θs=113 and θs=293 for S45. 
Phases where maximum electric field at the particle tip occurs differed depending on the 
particle position. Because PD pulse sequence of protrusion appears around θs max [10], or θPD = 
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θs max, θPD also depends on the particle position in three-phase GIS. It explains the experimental 
results: i.e. θPD depended on the particle position. 
 In single-phase GIS PD caused by protrusion always occurs at the peak of applied voltage 
[10] and independent of particle position, while in three-phase GIS there is dependence of 
phase where PD pulse occurs on particle position [11].  
 However, θPD as shown in Figure 8 is not same with θs max shown in Figure 11. The 
difference is caused by the phase difference between PDM power source and three-phase 
power source. These results should be considered in the practical application, mainly in the 
application of single-phase PDM to 3 phase GIS.  
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 11.   Periodic change of electric field on the particle tips 
 
C. Analysis of PDM Diagnosis Results 
 Experimental results show that application of single-phase PDM device gave low success 
rate of diagnosis results. Note that success rate ρ means presentation of success diagnosis 
results to all diagnosis results. 
 As mentioned previously, PDM device identifies PD sources based on the spectrum of PD 
induced EMW signal. Therefore, the low in success rate may be caused by error in recognition 
of PD pattern. Note that the reference waveform in PDM is obtained from data base of single-
phase GIS whereas there are differences in frequency and phase spectrums of EMW signal 
between single-phase and three-phase GIS as explained in A  and  B. 
 PDM takes PD phase pattern at the frequency where EMW signal has maximum signal to 
noise ratio. PDM detects the change or the shift in dominant frequency. Therefore, PDM is 
independent from the difference in cut-off frequency between single-phase and three-phase 
GIS. Thus, the low in success rate of PDM may be caused by the error in recognition of PD 
pattern. In single-phase GIS PD caused by protrusion always occurs at the peak of applied 
voltage [9] while in three-phase GIS there is dependence of phase where PD pulse occurs on 
particle position [10].  

Figure 12 shows calculated electric field on the particle tip of S45, S270 and E270 particles 
at 1 kV during one cycle of S phase voltage. θs max is defined as the phase angle of S applied 
voltage when the electric field on the particle tip achieves maximum value. PD pulse sequence 
of protrusion appears around θs max [9]. θs max is shown as solid line in Figure 12. Δ is defined as 
the phase differences between θs max and θPD. It is found that in a cycle of S applied voltage θs 

max = 1130 and θs max = 2930 for S45, while θs max = 900 and θs max = 2700 for S270 and E270. It 
is estimated that Δ = 1500 or Δ = -2100 for E270 and S270, while Δ = -1930 or Δ = 1670 for 
S45. Phase of PD pattern in PDM should be translated as β=Δto achieve correct phase 
spectrum. 
 

Umar Khayam, et al.



 
 

252 
 

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0 30 60 90 120 150 180 210 240 270 300 330 360

Phase of S Voltage ( 0 )

El
ec

tri
c 

Fi
el

d 
( k

V/
m

m
 )

S270

S45

E270

θΔ=1500

Δ= -1930

Δ= -210
θPD S270

θPD S45

θPD E270

θS max S270

θS max

E270

θS max S45

0

25

50

75

100

0.5 1.5 2.5 3.5

PARTICLE POSITION

S
U

C
C

E
S

 R
A

TE
 (%

)

β=0

β=Δ

S45 S270 E270

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

Figure 12.   The absolute value of electric field on the tip of S270, S45, and E270 particles 
 
D. Effect of Phase Shift Setting on PDM Diagnosis Results 
 PDM provides phase shift β setting facility so that phase of PD pattern may be shifted [9]. 
Based on the electric field calculation above, the best phase shift setting of PDM are estimated 
to be β = -1930 or β = 1670 for S45, and β = -1930 or β = 1670 and β = -2100 or β = 1500 for 
E270, and S270 particles.  
 Figure 13 shows the effect of phase shift setting on success rate for S45, S270, and E270 
particles UHF A, for β=0 and β=Δ. Note that success rate ρ means presentation of success 
diagnosis results to all diagnosis results. 
 After the phase shift setting was changed to the proper value, the success rate increased to 
almost 100%. This result indicated that the change in phase shift β setting in PDM device 
based on the phase angle of applied voltage at maximum electric field on the particle tip gave 
better diagnosis results. 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 

Figure 13.   Effect of phase shift setting on success rate for S45, S270, and E270 particles 
(UHF A, 3 atm (β=0), 2 atm (β=Δ)). Success rate ρ means presentation of success diagnosis 

results to all diagnosis results. 
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6.  Conclusion 
 We investigated partial discharge in three-phase GIS using UHF method. Frequency and 
phase spectrums of EMW signals emitted by PD on different positions were observed. The 
possibility of application of single-phase PDM device on three-phase GIS for protrusion on the 
conductor and protrusion on the tank was investigated. The results are summarized as follows. 
 The most dominant frequency of EMW in three-phase GIS can be estimated from the 
cutoff frequency formula for single-phase GIS.  
 The main difference in frequency spectrum between three-phase and single-phase GIS was 
found to be the shift of fc to lower value for three-phase GIS.  
The presence of three conductors can be considered as increase in an equivalent radius of 
three-phase conductor by a factor of 1.6 for this GIS model.  
 The phase of PD phase pattern in the phase spectrum depended on the particle position.  
Application of single-phase PDM device in three-phase GIS gave some erroneous in diagnosis 
results. The error is caused by error in phase recognition of PD pattern. The change in phase 
shift β setting in PDM device based on the phase angle of applied voltage at maximum electric 
field on the particle tip gave better diagnosis results.   
 In actual situation, the particle position is unknown, so that the proper phase shift β can not 
be determined. Therefore, PD data base resulted from different PD types at different positions 
inside three-phase GIS is needed to achieve correct diagnosis results. More over, modification 
in PD diagnosis algorithm is needed because three-phase PD data base may be more 
complicated than single-phase one.  
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