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Abstract: To investigate the effect of altitude on radio interference (RI) of AC power lines, a corona cage test system was
used to measure the RI excitation function values of different bundle conductors in different altitude locations, such as
Wuhan 23 m, Jingyuan 1408 m, Xining 2261 m, Gonghe 2943 m and Yangbajain 4300 m. Then, the RI curves with
different altitudes, bundle numbers and subconductor diameters were obtained. The analysis and comparison show
that the actual RI altitude correction values fall in between the range of 1 dB/300 m and 40(1 − σ/σ0) when the altitude
below 3200 m, which is widely used as Italian correction term and Westinghouse correction term, respectively. Above
this altitude, they are not applicable to predict the correction values. In this study, an RI correction term is proposed
from the test results, which are fitted well for different altitude regions <4300 m.

1 Introduction

The ultra-high voltage AC transmission lines are indispensable for
the development of electric power transmission in China
nowadays. Owing to the imbalance distribution of energy
resources, more and more power energy should be transported
from western to eastern region in China, so some transmission
lines should be built in high-altitude areas inevitably, such as
Qinghai-Tibet plateau [1–3]. As we know, the corona
phenomenon in high altitude areas becomes more serious, which
is mainly caused by the decrease of air density, and the increase
of mean free path [4, 5]. Radio interference (RI) is an important
factor in corona effect. Therefore it is necessary to investigate the
influence of altitude on RI level.

In the early days, there are some studies on RI level with different
altitudes. In 1958, the Italian researcher Barntenstein and his
partners proposed the term q/300 m as the altitude correction
factor, in which q is the altitude in metres [6]. In 1960s, The
Public Service Company of Colorado and the Westinghouse
Electric Corporation carried out the tests together with a full-scale
test line at 3200 m near Leadville, then the similar test was done
at sea level (195 m) at the Tidd Project. By comparing the
Leadville with Tidd data, the term 40(1− σ/σ0) was proposed by
Westinghouse as an additional term for the effect of altitude in
1973, where σ is the relative air density [7–9]. Then, Charier
et al. [10] summarised the RI test results from a test station
located at an altitude of 1953 m near a double-circuit 500 kV
line. By comparing with the test results from another station at an
altitude of 277 m which is near to a 500 kV line with similar
design, they found that the correction factor of 1 dB/300 m was
still valid and could also be used for audible noise (AN),
television interference and, possibly, corona losses. In 1987, the
Eskom built a corona cage in Johannesburg at an altitude of
1584 m, and the identical one of this cage was also built in Italy
at sea level in order to obtain relationships between RI, AN and
air density. By comparing the two test results under the heavy
rain condition, the RI level in Johannesburg was 5–6 dB higher
than that in Italy, which is in consistency with the correction
factor 1 dB/300 m [11].

In sum, these studies mainly focus on single type of conductor
bundles and the valid data of RI level measured above 2000 m
altitude were very rare. To investigate the terms 1 dB/300 and 40

(1− σ/σ0) whether or not can be applicable in higher altitude
areas, such as 3000 and 4000 m or more, this paper made a
summary of cage measurements of RI for six types of conductor
bundles in different altitude regions by using a mobile corona
cage, and then the excitation function values of different bundle
conductors and different altitude areas were calculated and
analysed.

2 Experimental method

2.1 Introduction of test conductors and test locations

In this paper, a mobile corona cage is designed into wire-mesh
enclosures, with a cross-section of 5 × 5 m and an effective length
of 10 m. Six types of bundle conductors are used to measure the
excitation function values under the heavy rain condition in the
cage. The types of bundle conductors are given as follows: 4 ×
LGJ400, 6 × LGJ400, 6 × LGJ500, 6 × LGJ630, 8 × LGJ400 and
8 × LGJ630. These bundle conductors have different sizes: the
subconductor diameter varies from 26.8 to 33.6 mm, whereas the
bundle number alters from 4 to 8 (Table 1). The conductor
spacing is set to a constant of 400 mm in this paper. The
measuring frequency is 0.5 MHz, and the rate of artificial heavy
rain is ∼18 mm/h. The conducted RI voltage is measured by RI
receiver, model FCKL 1528 m, from Schwarzbeck Mess Company
in Germany.

The atmospheric pressure of different altitude may be
approximated by the empirical equation [12]

P = P0 1− H

k

( )
(1)

where H is the altitude in kilometres, P0 is the standard atmospheric
pressure 101.325 kPa and k is a constant 10.7.

Besides, the relative air density is a function of temperature t (°C)
and pressure P (kPa) of the air surrounding the conductor surface
[12]

d = 273+ 25

273+ t
· P

101.325
(2)
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Therefore the air pressures in Wuhan (23 m), Jingyuan (1408 m),
Xining (2261 m), Gonghe (2943 m) and Yangbajain (4300 m)
were calculated as 101.1, 88.0, 79.9, 73.4 and 60.6 kPa,
respectively. The temperatures were about 10°C, and variation
range was <±6°C. Then, the relative air densities of these five
locations were 1.05, 0.91, 0.83, 0.76 and 0.63, respectively. The
influence of humidity can be ignored because the test was done
in heavy rain condition, and the influence of temperature was
much smaller when compared with the air pressure/altitude.
Therefore the altitude was the major influence factor on RI level
in these measurements.

The five different altitude areas are shown in Fig. 1.

2.2 Introduction of measuring method

In this paper, the conducted RI voltage was measured by a test circuit
connected between the ground and the bundle, which includes a
high-voltage coupling capacitor. The schematic diagram of this
method is indicated in Fig. 2.

The high-voltage coupling capacitor should be chosen to meet the
requirement of C≥ 5Ccage [13], where Ccage indicates the
capacitance between bundle conductors and the cage. In these
experiments, the high-voltage coupling capacitor is assembled by
using three capacitors of 10 000 pF in series to supply both the
large capacitance and high withstanding voltage. The resistor R2 is
selected as 50 Ω, and the filter has an impedance of not
<20 000 Ω at 0.5 MHz.

Owing to the independence from actual conductor or line
configuration, the excitation function is widely used in the
propagation analysis and RI level prediction for practical
transmission line configurations. Therefore the RI excitation
function correction factors of different altitudes were discussed in
this paper. The calculation method of excitation function values is
shown in [13, 14].

3 Test results and discussion

3.1 Corona inception field calculation

In the beginning, the corona inception fields of different conductors
were calculated by Peek’s formula [12–14], and the results are given
in Table 2

Eonset = 21.9md 1+ 0.308���
dr

√
( )

(kV/cm) (3)

where Eonset is the root-mean-square (RMS) value of the corona
inception field; δ is the relative density of the air; r is the
subconductor radius in centimetres; m is the roughness coefficient
of the conductor surface, because of the presence of water drops in
the heavy rain condition, the value of m is in the range of 0.3–0.6
[12]. Before the experiments, an ultraviolet imager model
CoroCAM 504 was used to detect the photon production of
electric discharges on the conductor surface in heavy rain
condition, which can also deduce the corona inception field of
bundle conductors. By comparing the measured corona inception
field values and calculated values from Peek’s formula, it is found
that m-value of 0.4 is more suitable for different bundle
conductors to meet the actual situation better when the rain rate is
∼18 mm/h. Therefore in this paper, the m-value is selected as 0.4
to calculate the corona inception field.

Table 1 Relationship between conductor type and subconductor
diameter unit: millimetres

Conductor type LGJ400 LGJ500 LGJ630

subconductor diameter, mm 26.8 30 33.6

Fig. 1 Tests at different altitude locations

a Wuhan (23 m)
b Jingyuan (1408 m)
c Xining (2261 m)
d Gonghe (2943 m)
e Yangbajain (4300 m)

Fig. 2 Schematic diagram of a corona cage and RI measurement system
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3.2 Measured excitation function values of different
bundle conductors and altitudes

All the measurements were carried out in heavy rain condition with
different bundle conductors in different altitude areas. The results are
shown in Fig. 3, where the average maximum gradient is the RMS
value.

From Fig. 3, it can be seen that the altitude has a great influence on
RI performance. As the altitude increases, the RI levels of all bundle
conductors also increases. Besides, the RI difference in various
regions displays a decreasing trend with an increasing gradient of
conductor surface, which is similar with the test results in [15].
This is mainly because the corona discharge of bundle conductors
is not obvious in low-altitude regions with low-potential gradient
because of a higher corona inception field. However, the corona
inception field is reduced in high-altitude areas [5], so the corona
phenomenon is obvious in these areas in low-potential gradient.
With the increase of gradient, the corona discharge becomes more
severe and adequate in low-altitude areas, and the differences
between high-altitude locations and low-altitude locations become
smaller.

In this paper, the average maximum gradients of bundle conductors
is selected from 16 to 18 kV/cm to discuss the RI performance, which
is because that the gradient of transmission lines is usually designed
in this range [16]. Then, the average RI excitation function values of
this range with different subconductor diameters and different bundle
numbers are discussed. Owing to the test conductors in Gonghe
location are incomplete, the discussion of this section are just using
the test data in other four locations.

The RI excitation function mean values of six-bundle conductors
with different subconductor diameters and LGJ400 with different
bundle numbers are depicted in Figs. 4 and 5.

In Fig. 4, the subconductor diameter is from 26.8 to 33.6 mm, and
the RI level increases as the subconductor diameter increases. In
Fig. 5, the influence of bundle number on RI performance is much
smaller when compared with the subconductor diameter.

Table 2 Corona inception field of each conductor in five different locations unit: kVrms/cm

Test locations conductor types Wuhan, 23 m Jingyuan, 1408 m Xining, 2261 m Gonghe, 2943 m Yangbajain, 4300 m

LGJ400 11.58 10.19 9.39 8.69 7.37
LGJ500 11.45 10.07 9.28 8.58 7.26
LGJ630 11.33 9.96 9.17 8.47 7.17

Fig. 3 RI excitation function values with different bundle numbers and different subconductor diameters in different altitude areas

a 4 × LGJ400
b 6 × LGJ400
c 6 × LGJ500
d 6 × LGJ630
e 8 × LGJ400
f 8 × LGJ630

Fig. 4 RI levels of different subconductor diameters and the same bundle
number 6
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3.3 Discussion of measured RI correction factor

The measured average RI correction values of different bundle
conductors between 16 and 18 kV/cm are shown in Fig. 6.
Besides, the correction factors of Italian term and Westinghouse
term are also described in this figure to make a contrast with test
results.

From Fig. 6, the measured average correction values fall in
between Italian term and Westinghouse term when the altitude is
below about 3200 m. Above 3200 m, the correction factor is less
than both terms. It can also be seen that this factor is increased
non-linearly, and actually, it increases more slowly when the
altitude exceeds a certain extent. The phenomenon is discussed as
follows.

The RI is mainly caused by the high-frequency corona current,
which is mainly affected by two factors, the ion mobility K and
the strength of collision ionisation near bundle conductors [12].
Therefore the influences of altitude on these two factors are analysed.

First, about the corona discharge ion mobility, it was discussed at
reduced pressures in [17, 18], where the mobility value at low
pressure was corrected to standard conditions (273 K and 101.325
kPa) as

K0 = K × P

101.325
× 273

T
(4)

From (4), the ion mobility K increases with the decrease of
atmospheric pressure P when the K0 and temperature T keep
constant. Therefore the ion mobility is increased with the increase
in altitude.

Second, about the strength of collision ionisation, it can be
represented by the collision ionisation coefficient α, which is
calculated by formula (5) [19]

a = APe−B(E/P) (5)

where A = 11.3 cm·kPa and B = 274 V/(cm·kPa).
Then, the α/E represents the ionisation efficiency, which means

that the strength of collision ionisation in per voltage

a/E = Ae−B(E/P)/(E/P) (6)

From (6), the ionisation efficiency is the function of (E/P), where E
in volt per centimetres and P in kilopascals. The curve of this
function is described in Fig. 7.

From Fig. 7, with the increase of E/P, the ionisation efficiency α/E
increases first and then decreases. Therefore when the electric field E
keeps constant, the strength of collision ionisation begins to increase
and then decrease with increasing altitude, which is known as
Stoletow effect [20].

This phenomenon is caused by two competing effects. On one
hand, the energy gathered from the geometrical electrostatic field
(which is taken as constant with changing pressure) raises because
of the increased mean free path at reduced pressure, on the other
hand, the collision number and by that the number of ionising
collisions declines at reduced pressure.

Therefore because of the combination of ion mobility and
strength of collision ionisation, the corona current rises more and
more slowly when the pressure reduces to a certain extent. Then,
the RI correction factor rises more slowly when the altitude
exceeds a certain extent.

3.4 Reasonable correction term

On the basis of the measured RI correction results, neither Italian
term nor Westinghouse term fits very well in more high altitude.
In this paper, a correction term of formula (7) is fitted by using
least mean squared error method from the test results, which is
more suitable for both low altitude and high altitude areas

RIA = 22.8(1− e(−(H/5000))) (7)

where RIA is the correction term in decibels and H is the altitude
difference with 23 m in metres.

The comparisons of calculated correction values and tests results
are shown in Fig. 8.

From Figs. 6 and 8, the Italian term and Westinghouse term are
valid below 3200 m, but above this altitude, these two terms have
a more error than formula (7).

Fig. 5 RI levels of different bundle numbers and the same subconductor
diameter LGJ400

Fig. 6 RI correction factors of different altitudes

Fig. 7 Ionisation efficiency as function of E/P
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4 Conclusions

(1) In this paper, the RI excitation function values with different
bundle numbers and different subconductor diameters were
measured in five different altitude locations by using a mobile
corona cage.
(2)TheRI correction factorwas analysed from the test results. It is found
that the RI correction factor is not raised linearly with the increase of
altitude, and actually it rises slowly when the altitude exceeds a
certain extent, and this phenomenon is discussed qualitatively.
(3) The widely used Italian RI correction term and Westinghouse
correction term are valid below 3200 m, but above this altitude,
they are not applicable.
(4) An RI correction term is proposed in this paper, which is
applicable for different altitude areas <4300 m, and whether or not
this term can be applicable for more higher altitude regions than
4300 m should be investigated in the future.
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