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Abstract—Analyzing the impact of radio interference (RI)
variation during foul weather conditions is an area that has
received limited study. This paper provides a statistical analysis
of RI measurements obtained from a long-term observation
station close to the world’s first commercially operating 1000 kV
UHV AC double-circuit transmission line in China. During
six months of observations, the impact of RI was studied on
the line during fog, drizzle, and light snow and rain. It was
found that RI increases linearly with the natural logarithm of
the precipitation intensity. The Levenberg-Marquardt algorithm
(LMA) is employed to fit the RI value with the precipitation
intensity. The reasonable distribution of RI in different foul
weather is verified by one-sample K-S test. This test is seen as
beneficial for further RI prediction based on statistical weather
mode.

Index Terms—1000 kV UHV AC double-circuit transmission
line, foul weather, precipitation intensity, radio interference,
statistical analysis.

I. INTRODUCTION

ADIO interference (RI) is an important issue to be

considered in the design of UHV transmission lines.
Research has shown that the RI of an overhead electric line
in operation depends on many factors, some constant and
others variable in time. The constant factors are related to the
geometric and physical characteristics of the line (conductor
diameter, number of sub-conductors per phase, etc.). The
variable factors concern the working conditions of the line
(operating voltage), prevailing atmospheric conditions (fair
weather, rain, fog, etc.), and surface conditions of conductors,
e.g., presence of insects or polluting agents, in general, as well
as surface roughness [1]-[4].
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The variable factors are viewed as the most obvious impacts
on RI that can in general lead to extreme variations in RI
during operation. As a result, the behavior of an operating line
with respect to RI may be defined in a complete manner only
when the statistical distribution of RI over a sufficiently long
period of time is known. In recent literature, RI prediction
methods based on statistical weather modes have received
some attention [5].

Huainan—Shanghai UHV Project is the world’s first 1000 kV
UHV AC demonstration project in China that operates on
a double-circuit UHV AC transmission line, starting from
the city of Huainan of Anhui Province, continuing through
the cities of Hefei, Xuancheng, and Jiaxing, and ending in
Shanghai (Fig. 1). The length of this line is 656 km. There
are plans to construct several such UHV projects in the future
in China, but the statistical characteristics of UHV AC lines
RI have not yet been determined. To provide basic data for the
design of future UHV projects, a long-term observation station
has been established around this line at Lujiang County, Hefei.
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Fig. 1. Chinese Huainan—Shanghai 1000 kV UHV AC double-circuit

transmission line.

In earlier works, a common method for RI statistical anal-
ysis has been to acquire cumulative frequency distribution
diagrams in fair and foul weather derived from long-term
measurements [6]-[10]. However, variability in corona exci-
tation sources on conductor surface under different weather
conditions leads to corona discharge of varying complexities.
Studies thus far have addressed this phenomenon by treat-
ing heavy fog, drizzle, rain and snow collectively as “foul
weather.” While the overall cumulative frequency distribution
of RI in foul weather has been examined [11]-[16], there are
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no studies related to different foul weather classifications.
Most research to date has involved the recording of statistical
data from lines, test lines, or corona cage tests of 2.4-765 kV
[17]-[20], but there exists no RI data for operating 1000 kV
UHVAC double-circuit transmission lines.

This paper reports for the first time the RI of operating a
1000 kV UHVAC double-circuit transmission line in different
types of foul weather, and describes the RI variation process
based on weather changes. The aim of this paper is to discuss
the results of continuous recording obtained in different foul
weather between the months of February and July 2015.

II. DESCRIPTION OF RESEARCH
A. Measuring Device and Layout

The tower parameters for the 1000 kV UHV AC double-
circuit transmission line are as shown in Fig. 2. The tower’s
sub-conductor is LGJ-630/45 with a diameter of 33.6 mm.
There are eight sub-conductors in a single bundle, and the
spacing between sub-conductors is 400 mm having an oper-
ating voltage of 1050 kV. The average maximum potential
gradient of the conductor surface of Phase A is 14.44 kV/cm
(RMS value). The average maximum gradient of Phase B
is 14.82 kV/cm (RMS value), and the average maximum
gradient of Phase C is 14.73 kV/cm (RMS value). Based on the
excitation function approach in [21], the calculated RI during
heavy rain is 71.22 dB at lateral 20 m.
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Fig. 2. Tower size of Chinese Huainan—Shanghai 1000 kV UHV AC double-
circuit transmission line (dimensions in mm).

The RI measurement instrument used is a FCKL1528 EMI
receiver manufactured by SCHWARZBECK Mess-Elektronik,
which meets CISPR 16-1-1. Automatic calibration is executed
through a built-in pulse generator. The frequency range is
9 kHz-30 MHz. An active receiving loop antenna, ETS 6502,
produced by ETS-LINDGREN has been used in the past
to receive the magnetic RI field whose frequency range is
10 kHz-30 MHz. A radio frequency preamplifier is built into
the base of the antenna and provides 50 2 output, which
is used by a receiver. The preamplifier helps produce good
sensitivity and almost constant antenna factors. A loop antenna
is individually calibrated in accordance with the IEEE-291
Section 2.3.1 methods, using NIST traceable equipment.
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For measuring weather phenomena and atmospheric param-
eters, SWS200 produced by Bristol Industrial & Research
Associates Ltd. (Biral) is employed. The SWS200 measures
meteorological optical range (MOR) as well as reports the
presence of liquid and frozen precipitation. Precipitation is
reported using WMO 4680 present weather codes with which
SWS200 can identify and provide outputs for 14 types of
weather phenomena.

An ETS6502 is placed below midspan at a position of 20
m lateral and 2 m above the ground (Fig. 3). Brail SWS200 is
placed 3 m above the ground (Fig. 4). An ultraviolet instrument
is used to detect the spark discharge on the adjacent tower and
insulators. To date, no visible spark phenomenon has been
found; this excludes the additional effect on RI caused by
corona discharge of transmission line.

Fig. 3. Loop antenna placed below midspan, 20 m lateral.

Fig. 4. Brai SWS200 placed 3 m above ground.

RI data from FCKL1528 are then sent to a data collecting
system on a PC using a USB/GPIB interface on FCKL
1528. Time of storage and clock synchronization is executed
through a desktop computer using the FCKL1528 and Brail
SWS200 data software. One set of atmospheric parameters is
recorded every 5 minutes including the weather code and the
accumulated precipitation amounts in a 5-minute period. One
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CISPR quasi-peak value of RI at 0.5 MHz is recorded per 20
seconds.

Measured background noise was seen to be approximately
42 dB when the line was out of operation between 30/01/2015
to 02/02/2015. Average RI level in fair weather was about 51
dB, which is 9 dB greater than the background noise, and the
spectrum measurement was also executed by which extra in-
terference could be detected from the spectrum characteristics.
This suggests that the measurement data are accurate.

B. Weather Classifications

Corona phenomena are drastically affected by the weather.
Foul weather conditions have the greatest effect on corona gen-
eration, and it is important to have a common understanding of
the weather terms that are used. IEEE Standard 539-2205 [22]
points out the classification of several weather phenomena:

1) Fair weather: the weather condition when the precipita-
tion intensity is zero and the transmission line is dry.

2) Foul weather: the weather condition when there is pre-
cipitation that can cause the transmission line conductors
to be wet. Fog is not a form of precipitation, but it causes
conductors to be wet.

3) Rain: precipitation in the form of liquid water drops with
diameters greater than 0.5 mm or, if widely scattered,
smaller diameters. For observation purposes, the intensity
of precipitation at any given time and place may be
classified as follows:

a) very light—scattered drops that do not completely wet
an exposed surface regardless of duration;

b) light—the rate of fall being no more than 2.5 mm/h;

¢) moderate—from 2.6 mm/h to 7.6 mm/h;

d) heavy—over 7.6 mm/h.

4) Fog: visible aggregate of minute water droplets suspended
in the atmosphere near the earth’s surface. According to
the international definition, fog reduces visibility below
1 km.

By observing the ratio of forward to backscatter for each
precipitation particle, the SWS-200 provides an accurate as-
sessment of present weather. Obstructed vision and precipita-
tion intensity definitions for Biral SWS200 are as follows:

1) Fog: Meteorological optical range (MOR) is less than 1

km.

2) Haze: MOR is more than 1 km and less than 10 km.

3) Light drizzle: Precipitation amount is less than 0.26
mm/h.

4) Moderate drizzle: Precipitation amount is more than 0.26
mm/h and less than 1.01 mm/h.

5) Heavy drizzle: Precipitation amount is more than
1.01.mm/h.

6) Light snow: MOR is more than 0.8 km.

In this paper, since no accurate definition and threshold
about drizzle \snow\haze\fog has been given in the IEEE
standard, definitions of these weather phenomena have been
adopted according to Biral SWS200. The definition of rain,
however, is based on IEEE standard.

Weather phenomenon code outputs using SWS-200 are
available in Table I.

TABLE I
WEATHER CODE BY SWS-200

Weather Phenomenon Code ~ Weather Classification

0 No significant weather observed
4 Haze or smoke

30 Fog

40 Indeterminate precipitation type
51 Light drizzle

52 Moderate drizzle

53 Heavy drizzle

61 Light rain

62 Moderate rain

63 Heavy rain

71 Light snow

72 Moderate snow

73 Heavy snow

89 Hail

The weather code in Table I will be used in the following
figures to show the relationship between RI and weather
phenomena.

According to the IEEE standard, on a rainy day, the weather
phenomenon in which 5 m accumulated precipitation amount
is less than 2.5/60 x 5 = 0.208 mm will be treated as light
rain; the weather phenomenon in which 5 m accumulated
precipitation amount is between 7.6/60 x 5 = 0.633 mm and
0.208 mm will be treated as moderate rain, while 5 m of
accumulated precipitation amount is more than 0.633 mm will
be treated as heavy rain.

IIT1. RI VARIATION PROCESS WITH THE WEATHER
PROCESS

From February to July 2015, RI data during the following
foul weather was recorded: 74 rainy days, 6 rainy days mixed
with fog, 10 fog days, and 1 light snow day. Here, a rainy day
means in that day it might drizzle, rain, or both.

First, an analysis was conducted on the RI variation process
based on weather and time. The output provided further
understanding of RI behavior in foul weather.

A. Fog

Fog occurred on the following dates: 16/02/2015, 08/04/
2015, 17/04/2015, 21/04/2015, 24/04/2015, 07/05/2015, 18/05/
2015, 19/05/2015, 09/06/2015, 24/06/2015. No liquid precip-
itation was detected. The main weather phenomena during
those days were fog, haze, and no significant other weather
event. Fig. 5 shows that the typical RI value changed from
haze to fog, and then to haze again during different months.

Different from RI during fair weather, RI in foggy weather
appears unstable with many pulses occurring above basic
values, with maximum variations reaching over 10 dB. It
seems that before the beginning of fog, RI value fluctuated
sharply and then rose. The oscillation amplitude and frequency
of RI then tended to be less than that in the beginning and RI
gradually reduced with the fog process. In other words, the
RI value keeps relatively stable until the fog disappears. The
line curves in Fig. 5 also show probable positive correlations
between the RI value and the meteorological optical range
with fog process.
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Fig. 5. RI value changes with fog process. (a) Fog day, 16/ 02/2015. (b)
Fog day, 08/04/2015. (c) Fog day, 07/05/2015. (d) Fog day, 09/06/2015.
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B. Light Snow

Light snow occurred on February 19, 2015. On that day,
the weather phenomena changed from “no significant weather
observed” to “light snow,” and then the light snow disappeared.
Light snow lasted for about 25 minutes. Fig. 6 shows the
RI variation before, after, and during the light snow process.
Also the accumulated precipitation amounts of 5 m, which is
minimal, have been given in this figure. From Fig. 6, it is easy
to see that the changes in RI tend to be minimal with light
snow, and RI almost does not change with the precipitation
under 0.03 mm/5 m.
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Fig. 6. RI value changed with light snow process and precipitation, light

snow day, 19/02/2015.

C. Rain

1) RI vs. Rain Process

Seventy-four rainy days, including light rain, moderate rain,
and heavy rain were recorded. Fig. 7 gives the typical RI
change line curve in the natural rain process, which includes
light rain, light rain-moderate rain-light rain, and light rain-
moderate rain-heavy rain-moderate rain-light rain. RI typically
changed with precipitation demonstrating that RI is affected
by precipitation.

The rainy day records indicate that RI will gradually in-
crease about one hour before precipitation can be measured.
This may be due to the fact that extremely tiny water drops
gradually form at the bottom of the conductors, which leads to
corona spark even though no precipitation has been measured.
RI almost synchronously changes during rainfall because the
number of discharge points on conductor surface is closely
related to the amount of precipitation. When the precipitation
drops to zero, RI drops immediately.

It seems that RI comes to an extremely low value within one
hour after no precipitation is measured. However, RI does not
remain unchanged after dropping to the extremely low value,
experiencing a small increase thereafter. The explanation for
this phenomenon may be that the conductor surface was
cleaned by the rain’s washing effect, and then subsequently
it dried up as a result of load current heating, leading to
some particles (like dust in air) gradually adhering to the
conductor surface to increase the RI. However, this observation
requires further microscopic study to arrive at a more accurate
explanation.
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Fig. 7. RI value changed with rain process and precipitation. (a) Light

rain, 04/04/2015. (b) Light rain, 04/05/2015. (c) Light-moderate—light rain,
15/02/2015. (d) Light-moderate-light rain, 20/02/2015. (e) Light-moderate—
heavy—moderate—light rain, 27/02/2015. (f) Light-moderate—heavy—moderate—
light rain, 17/03/2015.

Curves in Fig. 7(b) show that the RI value may be from 50
dB to 65 dB and can possibly change to about 15 dB even on
light rain days. During light rain-moderate to rain-light rain
conditions, RI tends to be more stable with less oscillations
than in light rain. This indicates that corona discharge in
moderate rain is stable.

2) RI vs. Precipitation Intensity

Average value of RI for a period of rainy time was
calculated. The precipitation intensity is the total average
precipitation amount of that period of rainy time. Total data
size is 54 including 19 light rain days, 22 moderate rain days
and 13 heavy rain days.

Fig. 8 shows a scatter graph of average values of RI vs.
precipitation intensity. The Levenberg-Marquardt algorithm
(LMA) is employed to fit the RI value with the precipitation
intensity [23], [24]. LMA provides a numerical solution to the
problem of minimizing a function, generally nonlinear, over
the function parameter space. The primary application of the
LMA is in the least squares curve fitting problem: given a set
of empirical data pairs of independent and dependent variables,
(x4, ys), optimize the parameters 3 of the model curve f(z, 3)
so that the sum of the squares of the deviations S(3) becomes
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where f and y are vectors with i*" component f(z;, 3) and ¥;,
respectively. This is a set of linear equations that can be solved
for 0. where I is the identity matrix, given as the increment,
0, to the estimated parameter vector, 3.
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Fig. 8. RI vs. precipitation intensity.

The fitting formula is also illustrated in Fig. 8, showing
that RI increases linearly with the natural logarithm of the
precipitation intensity. The line in Fig. 8 is the calculated curve
according to the fitting formula. The R-square of the fitting is
0.60, so not so close to 1, but for the dispersion of RI from
very light rain to extremely heavy rain, it is acceptable for
this fitting. Fig. 9 shows the normal probability plot of the
residuals in which the scatters are close to the straight line,
indicating a good fitting. The derivation of this fitting formula
is (6), which denotes that the magnitude of increase of RI
increases reciprocally with the precipitation intensity growth.

b
6
oy (6)
Based on the IEEE standard, the fitting formula can be
calculated as follows: for light rain, RI is less than 64.70 dB;

oy = Ox
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for moderate rain, RI is between 64.70 dB and 72.06 dB; for
heavy rain, RI is more than 72.06 dB, which is larger than the
calculated value using the CISPR approach. Even in heavy
rain, RI might change from 72 dB to 82 dB, which is not
stable, so a statistical analysis is also necessary.
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Fig. 9. The normal probability plot of the residuals.

IV. STATISTICAL ANALYSIS OF RI IN FOUL WEATHER

Total RI records of 14 fog days, 19 light rain days, 22
moderate rain day and 13 heavy rain days were analyzed.

The one-sample Kolmogorov—Smirnov test (K-S test) was
employed to conduct the nonparametric testing of the empiri-
cal distribution function (EDF) of the sample, and the cumula-
tive distribution function (CDF) of the theoretical distribution,
which measures how well the sample data follows a particular
distribution [25], [26].

K-S test is a nonparametric test of the null hypothesis in
which the EDF of the data is equal to the theoretical CDF.
The two-sided test for “unequal” CDF functions tests the null
hypothesis against the alternative where the EDF of the data
is not equal to the hypothesized theoretical CDF. The test
statistic is the maximum absolute difference between the EDF
calculated from the samples and the hypothesized CDF:

D" = max(|F(x) - G(x)) ™
where F'(z) is the EDF and G(z) is the CDF of the hypoth-
esized distribution.

The p-value of the test is returned as a scalar value in the
range [0, 1]. p is the probability of observing a test statistic as
extreme, or more extreme than the observed value under the
null hypothesis. Small values of p cast doubt on the validity
of the null hypothesis. The K-S test decides to reject the null
hypothesis by comparing the p-value p with the significance
level . In this paper @ = 0.02. In case of p-value p greater
than «, we accept the null hypothesis that the sample data
comes from the hypothesized distribution.

For each fog day, K-S test has been utilized to acquire the
suitable distribution. Fig. 10 shows the typical histogram of
RI value on fog days. In Fig. 10 the curve is the probabil-
ity density function of 4-parameter Burr distribution whose



XIE et al.: STATISTICAL ANALYSIS OF RADIO INTERFERENCE OF 1000 KV UHV AC DOUBLE-CIRCUIT TRANSMISSION LINES IN FOUL WEATHER 53

expression is as follows:

T — ’y)a—l
L ®
B+ (T)“)’“+1

ak(

PDF, 4-parameter Burr (x ) =

The p-value p = 0.33986 in Fig. 10 is greater than o = 0.02.
Fig. 11 is the P-P plot of the same RI data which also confirm
that RI on 08/04/2015, the fog day, follows 4-parameter Burr
distribution. All 14 fog days tested for RI using the K-S test
indicate that 4-parameter Burr distribution is suitable.
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Fig. 10. Histogram of RI value on fog day, 08/04/2015.
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As for RI data in light rain, due to great dispersion, no
uniform distribution could be found to describe the statistical
characteristic. Fig. 12 shows RI histogram values on a light
day, 19/04/2015. In Fig. 12 the curve is the probability density
function of generalized extreme value distribution.

RI value of each moderate rain day was tested, and for
about 82% of moderate rain days, the Johnson SB distribution
is seen as reasonable. The distribution formula is as follows:

d

PDF, r)=——7ro——
JohnsonSB( ) \ 271_2(1_2)

2 1—z

€))

Fig. 13 shows the typical histogram of RI value on a
moderate rain day in which the curve is the probability density
function of the Johnson SB distribution. The p-value p =
0.67916 of Fig. 13 is greater than o = 0.02.
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Fig. 12. Histogram of RI value on light rain day, 19/04/2015.
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Fig. 13. Histogram of RI value on moderate rain day, 09/07/2015.

RI value on each heavy rain day was tested, and for about
75% of heavy rain days, 3-parameter log-logistic distribution
was found to be suitable, whose formula is as follows;

QT =Y a-1 L=V \ay—2
== 1+ .
) A5

Fig. 14 shows the typical RI histogram value on a heavy rain
day in which the curve is the probability density function of
3-parameter log-logistic distribution. The p-value p = 0.95064
of Fig. 14 is greater than o = 0.02.

PDF3—parameter (QL’)

log-logistic

(10)

0.16
0.14
0.12 B

0.1
0.081[]
0.06
0.04

: L QFH\H:JDD
80 82 84 86 88 90

0.02
74 76 78

Probability Density Function

RI (dB (above 1 uV/m))
[JHistogram  — Log-logistic (3P)

Fig. 14. Histogram of RI value on heavy rain day, 15/05/2015.

It is well known that RI prediction under all-weather con-
ditions is based on weather mode in statistical terms, obtained
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from different weather condition. The aforementioned distri-
butions will contribute to further RI prediction of UHV AC
transmission lines.

V. CONCLUSION

The RI of 1000 kV UHV AC double-circuit transmission
line during several foul weather days in 6 months, including
74 rainy days, 6 rainy days mixed with fog, 10 fog days, and
1 light snow day, is reported in this paper. The RI variation
process with changes in the weather process and the statistical
characteristics of RI are also discussed as follows:

1) RI during fog appears is unstable and above the normal
pulses range, indicating there may be a positive corre-
lation between RI value and the meteorological optical
range of fog processes.

RI is definitively affected by precipitation in the form of
rain. RI will gradually increase about one hour before
precipitation can be measured. When the rainfall drops
to zero, RI drops immediately. It seems that RI comes to
an extremely low value in one hour after no precipitation
is measured and even then there is only a small increase.
The Levenberg-Marquardt algorithm (LMA) is employed
to fit the RI value with the precipitation intensity. Ac-
cording to this fitting formula, RI increases reciprocally
with precipitation intensity growth.

Even in heavy rain, RI is not stable and may change
from 72 dB to 82 dB, which is a larger range than the
calculated value of 71.22 dB in the CISPR approach;
therefore further statistical analysis is still necessary.
The one-sample K-S test is employed to find the rea-
sonable distribution of RI in different foul weather. 4-
parameter Burr distribution, Johnson SB distribution and
3-parameter log-logistic distribution are all suitable mea-
surements for RI during fog, moderate rain, and heavy
rain, respectively.

2)

3)

4)

5)
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