
434 IEEE Transactions on Power Delivery, Vol. 13, No. 2, April 1998 

Electro~agnetic Noise Sp trum Caused by Partial 
Voltage Substations 

M.Hikita, H.Yamashita, T.Hoshino, T.Kato, 
N.Hayakawa, T.Ueda*, H.Okubo 

Nagoya University, Nagoya, Japan 
"Chubu Electric Power Co., Inc., Nagoya, Japan 

In other words, it is very useful for a better diagnosis to 
distinguish the spectrum of electromagnetic wave radiated 
out of PD in sF6 gas from that in air. A number of reports 
have appeared so far on the application ofthe electromagnetic 
spectrum to the assessment of insulation performance of 
tlie power apparatus[7- 1 11. However, the fundamentals of 
the electromagnetic spectrum have not been fully understood 

Absfrach We investigated characteristics of electromagnetic 
spectrum caused by partial discharge (PD) in air at three 
different types of high voltage substations. From the measured 
results, we characterized the electromagnetic noise spectrum 
depending on the type of substation. We also measured long 
term change of the average gain of noise spectrum and discussed 
the influence of atmosaheric conditions on the results. 
Moreover, we introduced "the equivalent charge ye" which 
was derived by converting the electric field strength estimated 
from the average gain into the charge magnitude of PD. We 
also proposed "phase gate control method" for better 
understanding of the electromagnetic noise spectrum 
characteristics and the mechanism causing electromagnetic 
wave by PD. 

I .  INTRODUCTION 

Partial discharge (PD) measurement technique 
allows us to detect discharges partially occurring inside 
power apparatus even at the initial phase of degradation of 
the electrical insulation. PD measurement and diagnosis is 
a useful technique to prevent accident or the damage of 
power apparatus in advance[ 1-41. For establishment of PD 
diagnosis it is also important not only to measure and but 
also to analyze these signals around power apparatus. 
However, the signals of PD emerging in high voltage 
substations are weak and susceptible to noises which mainly 
consist of PD in air, so that it is difficult to measure PD 
signal in practical situations for the assessment of insulation 
performance. Thus, a technique is needed to improve the 
sensitivity by separating PD signals from noises in air[5,6]. 

yet. 
From the above points of view, we measured noise 

spectrum at three different types of substations; 550 kV 
open-air insulation substation, 550 kV open-air GIS 
substation and 275 kV underground GIS substation and 
characterized the electromagnetic noise spectrum depending 
on the type of substation. On the basis of the fundamental 
experiments of electromagnetic wave radiated from PD, we 
introduced "the equivalent charge qe" which was derived 
by converting the electric field strength estimated from the 
average gain into the charge magnitude of PD. Using qe, 
we estimated the noise level at the above three substations. 
In addition, we discussed the relationship between the 
average noise gain and atmospheric conditions. 

We also proposed "phase gate control method" for 
distinguishing PD signal in power apparatus from noises 
mainly caused by PD in air. Using this method, we analyzed 
the noise spectrum in air in detail and investigated the 
relationship between noise spectrum and PD mechanism. 

n. ELECTROMAGNETIC SPECTRUM OF NOISE IN 
HIGH VOLTAGE SUBSTATIONS 

A. MEASURING METHOD 

We measured the electromagnetic spectrum in 550 
kV open-air insulation substation (OAIS) for 4 days, in 550 
kV open-air GIS substation (OGIS) for 6 days and in 275 
kV underground GIS substation (LJGIS) for 2 days. Figure 
1 illustrates a measurement method of electromagnetic wave 
spectrum in the substations. A biconical antenna acting in a 
freauencv range from 30 to 300 MHz was Dlaced at a few 
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was measured with a spectrum analyzer covering a frequency 
range from 100 Hz to 26.5 GHz in such a way that we kept 
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measuring a maximum electric field strength for 30 second. 
The output signal digitized in the spectrum analyzer was 
transmitted to a personal computer. At the same time, 
pressure, temperature and humidity in each substation were 
measured continuously. 

B. ELECTROMAGNETIC SPECTRUM OF NOISES 

Figures 2 (a)-(c) show spectra of electromagnetic 
wave caused by PD in air measured at the three different 
substations. The background noise (BGN) was already 
subtracted in the spectrum shown in Figs.2 (a)-(c). As can 
be seen in Fig.2 (a), at a substation OAIS, the gain of 
electromagnetic spectrum is seen in the frequency range 
from 30 to 300 MHz. In Fig.2 (b), at a substation OGIS, the 
gain of electromagnetic spectrum as large as 20 dB appears 
in only the frequency range from 50 to 70 MHz. In Fig.2 
(c), no electromagnetic spectrum can be seen at UGIS. The 
reason for these results is as follows: OAIS consists of 
many H.V. parts and electromagnetic wave is radiated out 
from them. On the other hand, at the UGIS, all H.V. parts 
of GIS are enclosed in metallic tank and installed in a 
ferroconcrete building, so noise level is low. Hence, UGIS 
is appropriate for separating PD which might occur in power 
apparatus from noise in air. 

C. ESTIMATION OF PD MAGNITUDE OF NOISE USING 
EQUIVALENT CHARGE 

In a substation, it is difficult to know actual 
magnitude of PD charge occurring in air. In this section, 
we try to estimate noise level of the three different types of 
substations by introducing "equivalent charge qe" which is 
derived by converting the electric field strength estimated 
from the average gain into the charge magnitude of PD; qe 
is estimated from the spectrum gain as a function of PD 
charge measured for a needle-plane electrode configuration 
using a computer aided PD measurement system. The 
spectrum analyzer digitized the observed spectrum data into 
701 segments in the frequency range from 30 to 300 MHz. 
Thus, the effective electric field strength Ee estimated from 
measured spectrum is defined by eq.( 1) as a root-mean-square 
value of the distorted wave. 
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Fig.2 Spectra of electromagnetic wave measured at different 
substations. 

Ee = .\/El2 + Er2 + + E,,: + ETOl2 (1) 

Figure 3 shows the electric field strength Ee as a function 
of average positive charge. 

From the above results, we calculate Ee at each 
substation and estimate qe using relationship in Fig.3. Using 
qe, we can compare noise level at each substation. Table 1 
shows Ee and qe at the three different substations. It is seen 
that the charge magnitude in the substation OAIS is 10,200 
pC which is 7 times larger than that in the substation OGIS. 
These values of qe were estimated on the assumption that 
the distance d=2m from PD source to the antenna for the 
experimental needle-plane electrode configurations. We 
found that PD often occurred from a H.V. conductor in 
OAIS and OGIS; the distance from PD H.V. conductor to 
the antenna was about 8m. Thus, the effect of distance d o n  
the estimated electric field strength must be considered. 
Figure 4 shows the normalized electric field strength as a 
function of distance d from PD source for the needle-plane 
electrode configuration. In this figure, it is clear that electric 
field strength is in inverse proportion to d. Hence, qe for 
d=8m can be considered to be 4 times as large as that for 
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Fig.3 Electric field strength Ee as a function of average positive 
charge a.. 

d=2m. Note that in Table 1, the values of qe for d=8m were 
reevaluated according to the above discussion. From the 
above results, we estimate that qe=40,800 pC at an open-air 
insulation substation, 5,820 pC at an open-air GIS substation, 
less than BGN at an underground GIS substation. 

D. MEASUREMENT FOR 6 DAYS OF NOISE SPECTRUM 

Noise spectrum in a substation changes with various 
atmospheric conditions, such as weather, atmospheric 
pressure, temperature and so on. Figure 5 shows the change 
of the average gain of electromagnetic spectrum of noises 
in the substation OMS. A solid line represents the measured 
average gain Gn in the frequency range from 30 to 75 

Table.1 Measured electric field strength Ee and estimated PD 
charge q e  at different substations. 
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Fig 4 Normalized electric field strength as a function of the 

distance from PD source. 

MHz. Note that, by the discussion about Fig.2 in paragraph 
B, the frequency range is the most sensitive one where the 
spectrum gain due to PD noise in air appears. It can be seen 
in Fig.5 that Ga changes between 0 and 30 dB with time. 
Suppose that electromagnetic wave is emitted from the H.V. 
conductor locating just above the antenna. Then, we estimate 
the PD inception electric field Ec using the following 
equation. 

g c = - p / 3  30 [ I+----- gL) (kY/cn2) 47 
(2) 

0.386 x b 
273 + t 6= 

where r[cm] is the radius of the conductor, b[mmHg] is the 
pressure and t[”C] is the temperature. 

We used r=l1.7 and 23.0 [cm] as the equivalent 
radius of bundle conductor for OAIS and OGIS substations, 
respectively. We also substituted the pressure and 
temperature during the measurement of electromagnetic 
spectrum into eq (2) In Fig 5, thus estimated Ec is expressed 
as a broken line. From this figure, it is seen that Gu exhibits 
a local maximum of 8 dB where Ec is at a local minimum 
of 23.3 kV/cm (point A in Fig.5). Besides this point, a 
good correlation between Gu and EC is seen in a whole 
time range measured. The good inverse correlation proved 
to be also seen in the substation OGIS. 

Note that at the region B in Fig.5, G a  shows a 
maximum though Ec is high. In the time of region B, it was 
rainy, so that the rain drops may have enhanced the electric 
field on the surface of the conductor producing PD. From 
the above results, it is concluded that there is a good inverse 
correlation between Ga and Ec in the practical substations. 
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Fig.5 Temporal change of average gain Ga and PD 
inception electric field strength Ec in open-air 
insulation substation (OAIS). 
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spectra gain subtracting BGN in both positive and negative 
cycles, in positive cycles alone, and in negative cycles alone. 
It can be seen in Fig.7 (a) that gain in the low frequency 
range from 30 to 50 MHz is relatively large and the maximum 
gain is 20 dB. The gain in Fig.7 (b) is about 10 dB larger 
than that in Fig.7 (c) over the low frequency range from 30 
to 40 MHz. The spectrum distribution in Fig.7 (b) in the 
frequency range from 30 to 50 MHz is pulse-like, whereas 
that in Fig.7 (c) is not as pulsive as that in Fig.7 (b). As 
shown above, the electromagnetic wave spectra depend on 
the phase-polarity of ac voltage. 

Figures 8 (a) and (b) show the electromagnetic spectra 
gain averaged in the frequency band width of 10 MHz for 6 
different phase regions assigned by the phase gate control 
method. It is seen in Fig.8 (a) that the average gain of the 
positive half cycle in the frequency range from 30 to 40 
MHz is larger than that for the other frequency ranges and 
that the maximum gain, 8-12 dB for 30-40MHz, lies in gate 
phase (2). Whereas in the negative half cycle, as shown in 
Fig8 (b), the average gain in the frequency range from 30 
to 40 MHz is 6-8 dB independent of the gate phase region, 
and decreases with increasing the frequency range. In 
addition, the average gain in each frequency range is constant 
irrespective of the gate phase region. 
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. CHARACTERISTICS OF 
ELECTROMAGNETIC SPECTRUM CAUSED BY PD 

In the previous section, we measured spectrum of 
electromagnetic wave synchronizing in both positive and 
negative ac voltage half cycles at the same time. On the 
other hand, the characteristics of PD occurring in ac positive 
half cycles are expected to differ very much from those in 
negative ones[ 121. Comparing spectrum from the positive 
PD with that from the negative one may give rise to high- 
sensitive PD measurement, resulting in reliable assessment 
of insulation performance. From this point of view, at the 
fjrst stage we separately measure electromagnetic spectrum 
caused by PD in air occurring in ac positive and negative 
half cycles using "phase gate control method". 

A. EXPERIMENTAL 

To generate PD, we applied ac high voltage with a 
given magnitude to needle-plane electrode with the tip radius 
R=50 pm and the gap length g=10 mm in air. In order to 
selectively measure the electromagnetic spectrum appearing 
in different phase regions of the ac voltage, we divided one 
cycle into a selected number of parts; e.g. six parts as shown 
in Fig.6. Using the gate signals with a given width, we 
measured the electromagnetic spectrum caused by PD 
occurring in a designated phase region alone. We call the 
above measuring method "phase gate control method". 

B. RESULTS AND DISCUSSION 

Figures 7 (a), (b) and (c) show the electromagnetic 

Fig.6 Phase gate control method. , 
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Fig 7 Spectra of electromagnetic wa\ e measured \+ith m d  
v,ithout the phase gate control (needle-plane electrode. 
R=50ym. g = l 0 " .  Vnc=4 YkVnns) 
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Fig.8 Average gain for different gate phase regions. (needle-plane electrode, R=SOym, g=lOmm, Vuc=4.9kVim~) 

This is because PD mechanism in air exhibits strong 
polarity difference, resulting in the clear difference in 
spectrum between positive and negative half cycles. In other 
words, it can be seen from Fig.9 that most positive PD 
pulses from needle electrode occur in the gate phase (2) 
and the magnitude of the charge is very large. Fewer positive 
PD pulses occur in the other two gate phases. On the other 
hand, a larger number of negative PD pulses with less 
magnitude of the charge are observed in gate phases (4)-(6). 
Hence, the average gain is independent of each gate phase 
region in the negative half cycle. 

As shown above, we measured electromagnetic wave 
spectrum separately in positive or negative half cycles using 
the phase gate control method. The phase gate control method 
may permit to selectively measure the PD signal according 
to the PD mechanism and finally lead to the high-sensitivity 
PD measuring method for power apparatus under the extemal 
air noise conditions. 

Consequently, controlling a spectrum analyzer with 
gate signals, i.e. the phase gate control method, has proved 
to be effective to enhance the S/N ratio of PD signal to 

extemal noise. 

&'. CONCLUSIONS 

We measured noise spectrum and compared noise 
levels in air at three different types of substations. We 
introduced the "equivalent charge qe" which was derived 
by converting the electric field strength estimated from the 
average gain into the charge magnitude of PD. From the 
measurement for 6 days of noise, it was found that there 
was a good inverse correlation between the average gain 
Ga of noises and the PD inception electric field EC at open-air 
insulation substation and open-air GIS substation. 

We also measured electromagnetic wave spectrum 
separately in positive or negative half cycle using the phase 
gate control method. The results indicated that the 
electromagnetic wave spectra depended on the phase region 
in positive or negative half cycles. This was because PD 
characteristics exhibited strong polarity difference, resulting 
in the clear difference in spectrum between positive and 
negative half cycles. 

By applying the phase gate control method to actual 
PD measurement and diagnosis for GIS and transformers 
on site, it will be possible to eliminate the external noises 
and to have the practical application. Moreover, this method 
enables us to measure the electromagnetic signal from 
positive and negative PD separately which have essentially 
different nature, and then the method significantly enhances 
the S/N ratio of PD measurement on site. 
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A typical example of the phase-resoled partial discharge 
pulses. 
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