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Abstract: In the long distance GIL under certain conditions, this paper researches and realizes detection of PD characters and accurate 
fault localization through UHF coupling sensors at different positions of the GIL pipeline. The main methods for the detection are UHF 
signal amplitude difference (DOA) and time difference (TOF). We analyze the localization error by using TE and TEM component and 
high order TE mode component in electromagnetic coaxial wave guide theory. Research and field test prove the DOA detection error 
can meet the requirements of real-time online diagnosis and for history tracking analysis. The error of TOF detection method can be 
controlled within 3% and can be applied to the site. 
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1. Introduction 

The advantages of GIS (gas insulted switchgear) 

make it widely used in power system while the GIL 

(gas insulted line) has been widely used in modern 

power system gradually. The GIL principle is almost 

the same with GIS. Compared with GIS, GIL is the 

main channel of the power flow. The electric 

breakdown of GIL caused by dielectric breakdown will 

not only do great harm to GIL itself, but also influence 

the power transmission greatly. Thus, the insulation 

test of GIL is more important than that of GIS. 

Similar to the insulation test and diagnosis of GIS, 

one effective insulation test method of GIL is the signal 

detection of PD (partial discharge). The detection of 

UHF (ultra high frequency) coupling signal generated 

by PD is currently the most widely used online/offline 

detection method [1], and proved to be effective. There 

are already studies on the signal sampling of UHF 

generated by PD of GIS. We can achieve the resolution 
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of insulation defects at a high recognition rate in a 

laboratory environment [2]. 

The studies of UHF generated by PD are mainly for 

GIS, the methods include: The characteristic signal of 

PD is acquired and analyzed by methods of analyzing 

corona ultrasonic signals of steel body acoustic 

oscillations, or the high-frequency pulse current of 

pulse current signals, along with the methods of 

wavelet transform or complex wavelet transform of 

single PD signal, or multiple grayscale image fractal 

spectrum analysis. The main goal of these methods is 

to analyze the causes of discharge caused by insulation 

deterioration, such as metal particles (fixed projection), 

surface contaminants and so on [3-7]. 

One difference between GIL and GIS is the length of 

GIL is much greater than GIS. The possibility of the 

occurrence of defects inside GIL increases greatly 

restricted to the installation crafts and conditions. The 

insulation accidents caused by remaining foreign body, 

dielectric breakdown and the drop of equipments or 

devices accounts for more than 57.3% of the total, what 

is more, the number rises in exponential trend when the 
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equipments run for over 25 years. When insulation 

deterioration occurs, it is very important to locate the 

insulation failure parts precisely, especially for long 

distance GIL, no matter what kind of insulation defect 

it is. However, the studies in this area are very few. 

This paper analyzes the characteristics of UHF 

coupling signal waveform generated by PD. Online 

detection and location can be achieved by detecting the 

DOA of UHF using PDM, and high-precision 

positioning in the way of TOF using the method of 

ultra-high-speed dual track wave record. 

2. Partial Discharge Signal 

2.1 The Sources and Transmission of PD 

PD belongs to the category of the electric breakdown 

of insulated gas. The electric breakdown of SF6 results, 

in a short time (nanosecond level), current flowing 

through the conductor. The characteristic impedance of 

the gas insulated equipment results in a pulse voltage 

which spreads from the source of PD when the current 

is flowing through it. The rise time of PD is very short 

(less than a nanosecond) and the frequency bandwidth 

is very wide (more than 1 GHz), of which the 

propagation will cause the electric resonance and 

stimulate electromagnetic. The propagation path of the 

electromagnetic pulse spreading in the long gas 

insulated cavity is shown in Fig. 1: ε1 is the airtight 

insulator attenuation coefficient, ε2 is the attenuation 

coefficient of 90 degree angle bend, and ε3 is the 

coupling attenuation coefficient [8]. 

2.2 The Detection of PD Signal Using UHF 

The frequency of the PD signal generated in SF6 gas 

insulated cavity is much higher than that in the air. As 
 

 
Fig. 1  Diagram of pulse dispersion & attenuation. 

can be seen in the propagation map, it is necessary for 

the PD to stimulate electromagnetic in a sealed metal 

chamber so that the coupler is able to detect the PD 

pulse, and eliminate the interference of inherent 

external air discharge whose frequency is within the 

range of HF and VHF. GIL meets the requirements [9]. 

The test model of UHF partial discharge signal 

detection in closed cavity is shown in Fig. 2. 

As shown in Fig. 2, 3 represents for air; 4 represents 

for a closed metal tank with the volume of 1 m3; 5 

represents for a columnar high voltage bushing, of 

which the attenuation coefficient εr equals to 5.5; 1 and 

2 represent for the positive and negative AC field; 8 

represents  for  a  UHF  coupler. The PD  pulse  is 

generated in the place of 7, and the UHF coupling wave 

is detected in the place of 8. The comparison of PD 

pulse in air and SF6 in the closed metal tank is shown 

in Fig. 3, with the test discharge capacity q equals to 

500 pC. In the UHF wave band (500-3,000 MHz), the 
 

 
Fig. 2  Test model of UHF PD signal detection. 
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Fig. 3  Contrast diagram of pulse spectrum. 
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Fig. 4  Pulse current waveform and amplitude spectrum. 
 

PD pulse generated in the air attenuates rapidly. While 

using SF6 as the medium, when the PD pulse generates 

a rising pulse, the UHF coupler is able to detect the 

corresponding time-domain wave. The map of the 

pulse current and amplitude spectrum is shown in Fig. 

4. The time of PD pulse is in the level of nanosecond, 

and the rising pulse time is 0.5 ns. The UHF spectrum 

is mainly within the frequency band of 1 GHz or more 

than 1 GHz [10]. 

3. Online Detection and Location of PD Using 
DOA 

3.1 UHD Coupler Settings and PDM System 

The real-time detected UHF coupler signal of GIL is 

introduced into the monitoring system PDM. For GIL 

with long distance, whether the built-in coupler or the 

window-type coupler is used as the isolation coupler, 

the signal transmission link is necessary for the signal 

to be introduced into PDM. 

The Inherent signal attenuation of straight GIL 

pipeline is shown as following: 

01 dB 2 dB                  (1) 

A typical reference value can be chosen as the 

airtight insulator attenuation: 

1 2 dB                      (2) 

Assume that the shell cylinder signal attenuation ε4 

equals to 0, and the ventilation insulator attenuation is 

shown as: 

50 0.4 dB                   (3) 

Use the middle frequency band of UHF as the 

coupling signal, namely the signal frequency is 1,500 

MHz. When coax is used as the transmission medium, 

the attenuation coefficient is shown as: 

6 17.04 dB /100 m              (4) 

Assume that there are two airtight insulators each 

one hundred meters on average, thus the total 

transmission attenuation of the straight line is shown 

as: 

0 1 4 5 62 100

21.04 23.44
L

L

     


    
 

      (5) 

The basic requirement for the PDM to achieve UHF 

coupling signal detection is that the maximum 

attenuation is 12 dB each one hundred meters of single 

path. However, according to Eq. (5), the minimum 

attenuation of GIL is about 21.04 dB each one hundred 

meters. For GIL with long distance, if coax is used to 

transport the signal, the total attenuation exceeds the 

allowed attenuation requirements. Thus the 

electrical/optical and optical/electrical conversion link 

is necessary in order to reduce the transmission 

attenuation of UHF coupling signal when transported 

in copper cable path. 

As shown in Fig. 1, the attenuation coefficient of 90 

degree elbow: 

2 6 dB                    (6) 

This is detrimental to the transmission and location 

detection of UHF coupling signal in long distance, thus, 

we can install two couplers at the ninety degree elbow, 

one in the horizontal direction and the other in the 

vertical direction, in order to reduce the attenuation of 

the elbow. 
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Fig. 5 shows a typical single-phase GIL structure, 

which is the same as the other two phases. The line LA 

and LB are two typical pipelines with corner, and each 

endpoint of the line segment is installed with a coupler. 

According to the requirements of the signal attenuation 

mentioned above, if the corner angle is 90 degrees, then 

it is necessary to install a UHF coupler to reduce the 

signal measurement attenuation; if the corner angle is 

greater than 90 degrees, we can just regard it as line 

segment and there is no need to install a coupler. 

The coupler transmission signal is converted through 

the OCU (optical convert unit), and the signal of three 

phases are combined into one group and filtered by 

OCU in order to filter out the radio interference signal 

or the other discharging signal coming through the 

interface of the equipment which is insulated from the 

outside air, and detect the amplitude signal of UHF. 

The digital signal is converted into optical pulse signal 

by OCU and transferred to the PDM system by optical 

fiber. The signal is on-line detected, displayed and 

recorded in the system, as shown in Fig. 6. 

3.2 On-Line Detection Method of DOA 

According to the sketch map of single GIL pipeline 

shown in Fig. 7, the two endpoints of the pipeline are 

installed with UHF couplers, and the way of the signal 

introduced into PDM system is as mentioned before. 

Assume that the actual distance of the two couplers 

is L, and the distance between the UHF coupler A and 

the place where PD occurs is La, and the distance 

between the UHF coupler B and the place where PD 

occurs is Lb. We also assume that the actual intensity 

amplitude of the place where PD occurs is i0, and that 

of the UHF coupler A and B are ia and ib. 

The airtight insulator attenuation coefficient is 

shown in Section 3.1, which is ε1, and the ventilation 

insulator attenuation coefficient is ε5. Assume that the 

number of the ventilation Insulator between the place 

where PD occurs and the UHF coupler A is x, and that 

of the UHF coupler B is y. Then: 

a bL L L                     (7) 

 
Fig. 5  UHF coupler adapt to GIL pipeline structure. 
 

 
Fig. 6  UHF coupler signal link into PDM. 
 

 
Fig. 7  DOA method detection and calculation. 
 

As for the intensity amplitude of the UHF coupler A, 

we can get the following formula: 

0 1 5a ai i L x               (8) 

As for the intensity amplitude of the UHF coupler A, 

we can get the following formula: 

0 1 5b bi i L y                  (9) 

Eliminating the variable i0 by using Eqs. (5), (8) and 

(9), we can get the following: 
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From Eq. (10), we can conclude that we can achieve 

on-line detection by calculating the distances between 

the place where PD occurs and the two UHF couplers 

directly using the following parameters: the number of 

the airtight insulator and ventilation insulator, which is 

fixed due to the design of the pipeline; the airtight 

insulator attenuation coefficient ε1 and the ventilation 

insulator attenuation coefficient ε5 acquired by 

experiment, and the PD intensity amplitude ia and ib 

acquired by the PDM system. 

3.3 The Analysis of Detection Error 

The GIL pipeline conductor is a kind of waveguide 

system composed of coaxial cable, of which the 

excitation waves generated by partial discharge include 

transverse electromagnetic wave and higher order TE, 

TM wave [11, 12]. Assume that the PD source is a 

point discharge source, the transverse TEM wave can 

be expressed as: 

   
2 1 2ln 4

i zI e
R R R

 



TEME       (11) 

In Eq. (11), ω is the pulse current angular frequency, 

R1 is the inner radius of the coaxial conductor, μ is the 

magnetic permeability, ε is the dielectric constant, β is 

the cavity gain constant, and    is the wave 

impedance. 

Assume that the angle of the point where PD occurs 

and the vertical direction is φ，then the transverse 

component of the TM wave magnetic field can be 

expressed as Eq. (12). 
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In Eq. (12), δm
0 is Kronecker delta, Jm(kcr)、Nm(kcr) 

are the first and second kind of m-order Bessel function. 

Similarly, we can get the transverse component of 

the TE wave electric field as Eq. (13). 
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  (13) 

When the boundary conditions are r equals to R1 and 

r equals to R2, we assume that ETM equals to 0 and 

ETE equals to 0, then we can get the characteristic 

mode equations as following: 

       1 2 2 1 0m m m mJ kR N kR J kR N kR     (14) 

       ' ' ' '
1 2 2 1 0m m m mJ kR N kR J kR N kR     (15) 

The m-order equation solution of Eqs. (14) and (15) 

is the characteristic modulus value kc of Eqs. (12) and 

(13). 

The study and research of the system expressed in 

Eqs. (11)-(15) show that, the amplitude of each 

transverse component of the electromagnetic wave 

generated by PD increases with the increasing length of 

the waveguide system, which can be applied in long 

distance GIL pipeline. In the case of proceeding 

program calculation by using FFT (fast Fourier 

transform), the relationship of the dominant 

components TE11, TE21, TE31 of high-order TE wave, 

the TEM wave and the PD pulse width is weak. 

However, they change with the change of the PD 

amplitude synchronously, and the changes of each 

wave and transverse component are inconsistent, 

which is the main reason for causing the positioning 

error based on signal amplitude difference calculation. 

For example, in the PD signal area whose frequency is 

with range of 1 GHz ± 200 MHz. The proportion of 

high modulus component of TE wave changes up to 

five percent, and the ratio of high amplitude and low 

amplitude can reach two to three times after 

decomposition. 

According to Eq. (10), the amplitude calculation of 

the same-order high-order wave is the most accurate in 
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theory, however, after acquisition and transform, the 

amplitudes are not in the same order or same mode. We 

assume that the ratio of high amplitude and low 

amplitude after decomposition is two times, and ignore 

the sign bit of the photoelectric conversion in Fig. 7. 

The A to D effective value digit m is 13 according to 

Table 1. According to Eq. (10), the maximum error of 

measuring and positioning is 7.5 percent every one 

hundred meters of GIL. Taken the angle of PD source 

and UHF sensor into consideration [13-15], the 

comprehensive error can be abbreviated as formula: 

 2 1

1 2

2

2 sin cos
2 2 2

         100 7.5%
cos cos

         3 7.5

DOA

a b

R R

L L

R

  

 

         
   

   

 

 (16) 

4. TOF (Time of Flight) Detecting Method 

The DOA method can not only detect the occurrence 

of PD in the long distance GIL pipeline, but also detect 

the place where PD occurs on line. The maximum error 

of the method DOA can reach ±9.0 m away from the 

place where PD actually happens every 100 m of GIL 

pipeline with the pipe diameter of 50 cm. Such 

positioning accuracy needs to be improved. As the 

basis of the disintegration overhaul of GIL, the method 

to improve the positioning accuracy is TOF method by 

using ultra high speed double channel signal 

acquisition. 

4.1 The TOF Detection and Positioning Method 

The hardware structure of the TOF method is the 

same with the DOA method, namely the already 

installed UHF coupler, of which the signal is 

introduced into the high speed optical oscilloscope. 

The PD signal is acquired while the GIL pipeline is 

under the high pressure testing, of which the principle 

is detecting the time difference of the PD signal 

reaching the two couplers installed at the beginning and 

end of the GIL pipeline. The structure diagram is 

shown in Fig. 8, PT is the photoelectric transducer. 

Table 1  Error relationship table with different A-D bits. 

m Δ (%) 
15 0.39 
14 0.77 
13 1.50 
12 3.00 
11 6.00 

 

 
Fig. 8  Structure diagram of TOF method. 
 

The cable distance of the UHF coupler A and PT is 

Lea1, and that of the UHF coupler B and PT is Leb1; the 

optical fiber distance of the two PTs connected to the 

coupler A is Lfa, and that of the two PTs connected to 

the coupler B is Lfb; the distance of the cable that 

connects the PT of coupler A to the dual trace 

oscilloscope is Lea2, and the distance of the cable that 

connects the PT of coupler B to the dual trace 

oscilloscope is Leb2; the time difference of the 

waveforms of coupler A and coupler B is tf. 

Assume that the PD signal is electromagnetic wave, 

of which the propagation velocity in SF6 gas or copper 

medium is the speed of light c in the vacuum; we also 

assume that the signal conversion time of the PTs is the 

same, namely tPT. In order to improve the detection 

accuracy, the intensity amplitude of the DOA method 

needs to be ignored, thus the TOF method is shown as 

following: 
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4.2 Analysis of the Positioning Method 

As shown in Eq. (17), the first part is the time 

difference of the PD signal transmitting in different 

distances, and the second part is the time difference of 

the signal transformation and measurement. The 

conditions that Lea1=Leb1, Lea2=Leb2, Lfa=Lfb need to be 

complied with strictly in the process of the positioning 

experiment to set the data of the measurement link. 

Thus, the second part of Eq. (17) equals to zero, then 

location of the fault point is as following: 

2
f

a

L t c
L


                  (18) 

When the value of tf is negative, the fault point is on 

the left of the GIL pipeline, and positive is on the right. 

Eq. (18) has proved that the main error of the TOF 

method exits in the measurement of tf in experiment. 

The GIL pipeline is filled with SF6 with the pressure 

of 0.6 MPa. The length of the pipeline is 200 m, and the 

outside diameter of the pipeline R2 is 510 mm. The 

inner conductor is a cavity, of which the outside 

diameter is 150 mm, and the inner thickness of the 

conductor is 10 mm. The PT is 15 bits with symbol. 

The sampling rate of the dual trace oscilloscope is 5 

GS/s. The waveform record of the two groups is shown 

in Fig. 9. 

The calculating results are tf in the first group is 11.6 

ns in the first group, and tf in the second group is 6.12 

ns. Using these results and Eq. (17) or (18), we can 

locate the place where PD occurs in GIL pipeline in 

experiment. 

The error of the measuring link is set as 0 in the 

previous sections for convenience of calculation, 

however, this error needs to be taken into consideration 

in the practical application. The TOF method is used to 

record the flight wave in experiment, and the PD signal 

of the UHF coupler is near complete transmission. The 

high-order TE wave and TEM wave of PD can be 

traced directly, and can be acquired and recognized 

according to the theoretical amplitude. Thus, the main 

error includes the transforming link and the first and 

second part in Eq. (16). 

2040 8 12 16 
Time（ns） 

am
pl

it
ud

e(
m

V
) 

10

0

-100

100

0

-10

 

50100 20 30 40 
Time（ns） 

am
pl

it
ud

e(
V

) 

1

0

-1

1

0

-1

 
Fig. 9  Wave record of TOF method. 
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According to Eq. (19), we can calculate that the error 

of the TOF method is 2.3% in the experimenting 

pipeline, of which the accuracy can meet the 

requirements of the strip inspection of GIL. In 

particular, the TOF method can achieve the positioning 

of linear closed pipe; if the PD occurs outside the linear 

closed pipe, the positioning location of PD using the 

TOF method will be at the two UHF couplers at the 

both ends of the pipeline; if there is a T connector in the 

pipe, the positioning location will be at the T 

connector. 

5. Conclusions 

(1) The two kinds of detecting and positioning 

method of the location where PD occurs in the long 

distance GIL pipeline are analyzed in this paper, and 

the hardware structure for the detecting and positioning 

is described. The error of the two methods is analyzed 

using the analysis of the TEM and TE wave in 
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waveguide theory. The intelligent analysis methods of 

UHF signal needs to be studied and discussed in the 

future work; 

(2) The positioning of UHF signal is achieved by 

detecting the PD signal wave amplitude using the DOA 

method, which is an on-line continuous detecting 

method and ran in the PDM system to judge the 

position signal of the PD in the GIL pipeline and output 

the alarm. The method can also achieve the acquisition 

and record of the PD wave acquired by any single UHF 

coupler for further diagnosis and trend analysis;  

(3) Compared with the DOA method, the TOF 

method based on the existing hardware can achieve the 

high speed acquisition and display of the wave, of 

which the effective detection accuracy is improved 

from 7.5% to 2.3%, which meets the requirements of 

experiment and maintenance, thus it can improve the 

economical efficiency and continuity of the operating 

system greatly. 
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