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Abstract. Corona and gap discharges occur at discrete points on distribution lines. Such discharges may 
produce electromagnetic interference (EMI) to the communication and control systems operating near 
such lines. Due to the discrete nature of distribution lines EMI sources, the total EMI produced by them 
is strongly influenced by the attenuation characteristics of the line. This paper discusses the factors which 
can influence the attenuation characteristics of distribution lines. Attenuation values are calculated for a 
typical three phase distribution line for different values of frequency, earth resistivity, conductor size, 
inter-conductor spacing, height and ground wire arrangement. The resulting values are presented in the 
form of empirical equations. Using such attenuation values, the relationship between the injected and 
measured noise is discussed for isolated as well as uniformly distributed noise sources. It is shown that 
unlike transmission lines, the distribution lines EMI may exhibit a variety of EMI frequency spectra 
depending upon the lines and soil parameters, type of noise source, as well as location of measurement 
point with respect to the noise source. 

Introduction 

Corona and gap discharges occur on high voltage transmission and distribution lines. 
Such discharges can result in electromagnetic interference (EMI) to the communica
tion and control systems which operate near these lines. Therefore, the EMI charac
teristics of transmission and distribution lines are of significant practical interest. 

The EMI characteristics of EHV and UHV transmission lines have been exten
sively studied in the past due to increasing use of such lines [1-8]. The major EMI 
source on transmission line is the conductor corona which occurs roughly uniformly 
over the entire length of the line. Consequently, the EMI frequency spectrum 
observed at any point along the transmission line reflects upon the frequency spec-
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trum of the EMI source i.e. the corona current pulses. Distribution lines, on the 
other hand, usually have low operating gradients. Consequently, such lines do not 
have a general conductor corona. However, corona can occur at discrete points pro
duced by poor construction procedures. Moreover, gap discharges as well as dis
charges on insulators can occur due to man made as well as naturally produced 
defects. As a result, distribution lines can generate appreciable levels of EMI as 
shown in [8]. This is specially true for lines which are located in arid desert lands 
where insulator contamination problem can become severe, thereby, increasing 
interference from the insulators. Figs 1 and 2 show EMI levels measured under 380 
KV transmission lines and 33 KV distribution lines located in the 'Central Region of 
Saudi Arabia. As seen here, the distribution lines EMI levels arc cven higher than 
those of the transmission lines. 
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Fig. l. EMI levels measured under 31«1 KV transmission line., taken from [81 

Unlike transmission lines, the distribution lines EMI sources are usually located 
at poles. The injected noise undergoes attenuation as it propagates along the line. 
Consequently, the EMI frequency spectrum measured at any point along the line 
mayor may not ,reflect on the frequency spectrum of the EMI source itself. This is 
due to the fact that, besides other factors, the EMI attenuation strongly depends 
upon frequency. Therefore, the frequency dependence of attenuation characteristics 
of distribution lines are of significant practical interest. A review of the available lit
erature indicates a general lack of such information. 
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Fig. 2. EMI levels measured under 33 KV distributiou lines, taken from [81 

This paper examines in detail, the attenuation characteristics of distribution 
lines. The influence of conductor size, its height as well as spacing, frequency, 
ground resistivity and arrangement of earth wire on the attenuation characteristics of 
such lines is examined. Furthermore, the effect of attenuation on the EMI frequency 
spectrum of such lines is considered for isolated as well as uniformly distributed EMI 
sources, and it is shown that for distribution lines, the measured frequency spectrum 
mayor may not reflect on the nature of the EMI source. 

General Line Equations 

Three-phase overhead lines may have bundle conductors and/or ground wires. 
The voltages and currents along all n parallel conductors are related in the frequency 
domain by: 

d [V (x,w)] 

dx 
[Z (w)][1 (x,w)] (1) 

d [I (x,w)] 
jw [C][V (x,w)] (2) 

dx 

The elements of the symmetric series n x n impedance matrix [Z(w)] in Eq. (1) 
are frequency dependent due to the skin effect of the ground return and of the con-
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ductors themselves. These elements are usually calculated from Carson's formula 
[9], or form much simpler impedance formulas with closed form solution which have 
recently been developed [10, 11]. 

The elements of the constant real n x n capacitance matrix [C] in Eq. (2) are 
obtained indirectly, by building a "potential coefficient" matrix [P] and then invert
ing it to get [CJ. [12] 

The resulting n equations for all conductors will contain more information than 
is usually needed. Generally, only the phase variables are of interest. The original 
system may be reduced by matrix reduction techniques to a one conductor per phase 
equivalent system. This reduction is performed by eliminating ground wires and by 
bundling of conductors [12]. However, their effects are reflected in the equivalent 
impedances and admittances of the reduced system. 

Equations (1) and (2) may be used to describe a three-phase reduced system if 
[V(x,w)] and [I(x,w)] represent vectors of phase voltages and currents along the line, 
and [Z(w)] and [C] are the reduced 3 x 3 impedance and capaCitance matrices. From 
Eqs. (1) and (2), the following wave equations may be obtained: 

d2 [V (x,w)] 

dx2 
jw [C][Z (w)][V (x,w)] (3) 

d2 [I (x,w)] 

dx2 
jw [Z (w)][C][1 (x,w)] (4) 

Equations (1) to (4) are coupled differential equations with frequency depen
dent coefficients. These equations may be decoupled, however, through modal 
transformation [13]. Each component of the new modes may be individually 
analyzed as a single phase line. 

Assuming that Z' (w) and Y' (w) denote the per unit length series impedance and 
shunt admittance for anyone of the three modes respectively, then the correspond
ing modal propagation constant is defined as: 

'Y = ex' + jJ3 = V Z'(w)Y'(w) (5) 

Therefore, the attenuation ex, in db/unit length, is given by: 

ex = 20ex'Jog(e) = 8.6859ex' (6) 
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Results and Discussion 

Attenuation 

Fig. 3 shows schematic of a 33 KV three-phase distribution line of a horizontal 
configuration used for the present analysis. The phase conductors are assumed to be 
ACSR Pelican of 477,000 CMIL area and 20.7 mm diameter. The earth wire is gal
vanized steel conductor of 7.9 mm diameter. The average height of conductors above 
ground is 8 m. Fig. 4 shows the variation of modal attenuations for this line for an 
earth resistivity value (p) of 100 Q-m. In these calculations it was assumed that 
ground or earth wire is continuously grounded at each pole. It is clear from Fig. 4 
that, as expected, ground mode has the highest attenuation where as the attenuation 
of line mode 1 (bipolar mode) and line mode 2 (interphase mode) are more or less 
similar with mode 1 having slightly higher attenuation values. The modal attenua
tions a in dblkm as shown in Fig. 4 can be approximated by equations of the following 
form: 

a Kf" (7) 

where K (db/km MHz) and n are constants and f is frequency in MHz. The values of 
constants K and n are different for different modes. For the data shown in Fig. 4. The 
values of these constants are given in the following table: 

Fig. 3. 33 KV Distribution line configuration 
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Fig. 4. Modal attenuations 

Mode 
ground mode 
line mode 1 
line mode 2 

Effect of earth resistivity 

Freq_(MHz) 

K 
3.4232 
0.9636 
0.8078 

n 
0.5589 
0.5026 
0.5163 

For a given distribution line, the values of K and n corresponding to the ground 
mode strongly depend upon p. For modes 1 and 2, the ground resistivity (p) also has 
some minor influence on the values of K and n. For the line shown in Fig. 3 a for the 
various modes was computed for different values of p and f. It was found that a can 
be expressed as follows over the range of 0.5 ,;; f,;; 500 MHz and 50,;; p,;; 2000 Q-M. 

a) Ground mode 
a = { 0.93In(p) - 0.86 } f O.4pl°n (8) 

b) Line mode 1 
a= 1.01lp-D·Oll to.51p-D.OOO7 (9) 

c) Line mode 2 
a= 0.77 pO.01l65 t°.438pO.0361 for 50 ,;; p ,;; 400 Q - m (10) 

and 

a= 0.8846p-D·OI03 to.438pO.0361 for 400 < p,;; 2000 Q - m (11) 
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It is obvious from Eqs. (8) to (11) that the effect of frequency as well as earth resistiv
ity is different for each mode. 

Effect of earth wire segmentation 

Equations (8) to (11) are applicable for the case where the earth wire is continu
ously grounded at each pole. Some times, the earth wire is segmented, i.e. the earth 
wire is grounded in the middle, and is insulated at the adjacent poles to the right and 
left. At both ends of the segmentation section, the earth wire is interrupted as well, 
to prevent circulating currents. Segmented earth wires are handled in the line 
parameters calculations by ignoring them in the series impedance calculation, and 
taking them into account only in the calculation of the capacitances. 

The calculations were also made for the line of Fig. 3 but assuming segmented 
earth wire. The resulting attenuation values can best be described by the following 
equations over the previously mentioned ranges of 1 and p values. 

a) Ground mode 
a= {2.2023 In (p) - 3.9572} I0415pO.0633 (12) 

b) Line mode 1 
a= 0.9712po.0125 10.4061p-O.0561 for 50,,;:; p,,;:; 200 Q - m (13) 

and 

a= (-2.3971 X 10-5 P + 1.0452)/04061p-O.0561 for 200,,;:; p,,;:; 2000 Q - m (14) 

c) Line mode 2 
a= 0.8775po.1453/o.4867pO.0ll7 for 50,,;:; p,,;:; 400 Q - m (15) 

and 

a= 0.8491/°.4867 pO.0117 for 400,,;:; p,,;:; 2000 Q - m (16) 

A comparison of a values for continuously grounded and segmented earth wire 
indicates that segmented earth wire produces considerably higher attention values 
for all modes. This difference is influenced by the frequency as well as earth resistiv
ity values and is specially pronounced for ground mode as well as for line mode 1. For 
line mode 2, the influence of earth wire segmentation is less pronounced. 

It is important to mention that Eqs. (8)-(16) are strictly applicable for earth 
resistivity values in the range of 50-2000 Q-m which covers most of the soils that are 
of practical intrest. However, soil resistivity can be as low as a few milli-ohms-m (salt 
water saturated-soil near the sea) and as high as a few kilo-ohms-m (rock salt and 
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ice). The application of Eqs. (8)-(16) to such extreme values of p may lead to signif
icant errors in the a values. 

EtTect of conductor size 

Conductor size can also influence the values of a. The above mentioned values 
of a are for ACSR conductor of 477,000 CMIL area. Calculations were also per
formed for the line configuration shown in Fig. 3 but for different conductor sizes. It 
was observed that, as expected, ground mode attenuation is not affected by the phase 
conductor size. However, the attenuation of line modes 1 and 2 are affected by the 
phase conductor size. For both of these modes, the general tendency is that a will 
increase when conductor cross sectional area becomes smaller. The extent of 
increase is slightly different for line modes 1 and 2. Let R J be the ratio of modal 
attenuation a for ACSR conductor of area A (CMIL) to that of an ACSR conductor 
of area 477,000 CMIL at a given frequency i.e. 

a for A (CMIL) 
(17) 

a for 477,000 (CMIL) 

It is observed that R J is more or less independent of the frequency. If R2 = AI 
477,000, then for conductors with size in the range of 266,800 :os A:os 1,272,000, R J 

and R2 are related by 

R-m 
2 (18) 

where m = 0.3934 for line mode 1 and m = 0.3714 for line mode 2. Thus combining 
the above equation and the equation for the appropriate modal attenuation as given 
earlier, it is possible to estimate a values for any conductor size for the line configru
ation shown in Fig. 3. 

EtTect of conductor spacing 

For the same conductor size, a values were calculated by using different values 
of interconductor spacings for the line of Fig. 3. The results showed that a values for 
modes 1 and 2 are not affected very much by the inter-conductor spacings. However, 
the attenuation for ground mode decreases when conductor spacing is increased. Fig. 5 
shows the attenuation values for the configuration of Fig. 3 and for the case when the 
inter-conductor spacings are five times the values shown in Fig. 3, where the other 
parameters are kept the same. It is clearfrom Fig. 5, that the decrease in the a values 
for the ground mode depends upon frequency and it is in the range of 15 to 25%. 
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If the line height is increased while the other parameters are kept the same, the a 
values decrease for all three modes. However, the percentage decrease is the highest 
for line mode 1 while it is the lowest for the ground mode. The results for p = 100 Q-m 
showed that, if the conductor heights in Fig. 3 are doubled, the a values are decreased 
by 40 to 55% for the ground mode, and 1 to 5% for line mode 2. There was no change 
in the a values for line mode 1. The highest decrease is at the highest frequency. 

Significance of Attenuation Values 

The results in the previous section indicate clearly that the EM! attenuation 
increases with increasing frequency and ground resistivity values. Furthermore, it 
increases when the conductor size, conductor height above ground, as well as inter
conductor spacings are decreased. The net result is that distribution lines will have 
higher attenuation values as compared to transmission lines since the distribution 
lines have low heights and have conductors close to each other. Furthermore, since 
the phase conductors of distribution lines are relatively close to each other, the inter
ference field produced at the ground level is due only to the line to ground mode, 
other modes (i.e. line modes 1 and 2) being negligible [2]. Therefore, for distribution 
lines, ground mode attenJlation values are of great significance. For distribution lines 
located mainly in hot, dry, desert lands, such as the Central Region of Saudi Arabia, 
the attenuation values become excessively high due to very large values of earth 
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resistivity for such soils. It is well known that dry sandy, loamy soil can have earth 
resistivity values in the range of 100 to 10,000 Q-m. For a given value of earth resistiv
ity, the attenuation of a single phase line is approximately similar to the ground mode 
attenuation value of a three-phase line having similar conductor height as well as 
size. Thus, one can use equations (8) and (12) to discuss the influence of attenuation 
values on EMI characteristics. In order to examine such an influence, the charac
teristics of EMI sources normally found on distribution lines will be discussed next. 

Distribution line EMI sources 

The EMI on distribution lines is generated by [2]: 
a) corona, 
b) gap-type discharges. 

The frequency spectrum of corona current pulses is determined by the physical 
discharge mechanism and is not influenced by impedance in external circuit that 
delivers the high voltage. Therefore, the frequency spectrum of a particular type of 
corona discharge can be considered to be characteristic of that type of discharge. For 
AC power lines, the interference is primarily due to positive corona pulses. 

Gap-type discharges occur at small gaps with sufficient voltage gradients. The 
current pulse shape of the discharge is not determined by the discharge itself but by 
the external circuit and the gap capacitance. Therefore, the gap discharge current 
waveform can vary from one case to the next. The types of gap discharges which can 
occur on distribution lines are: 

a) Sparks between two metal parts, such as between cap and pin in insulator 
string, at the connection of insulator to the tower or the line conductor and 
bad contacts between metal parts. 

b) Micro-sparks between metal parts and electrically charged insulating 
surface. 

c) Surface discharges on insulators. 

A typical frequency spectrum of a corona current pulse and an example of the 
spectrum of a gap-type discharge are given in Figs. 6 and 7 respectively (x = 0 cases) 
[2], which represent the spectra of the injected noise into the power lines. 

Isolated EMI source 

It is clear from the above discussion that the gap-type discharge sources on dis
tribution lines will occur at poles. Furthermore, since operating gradients are low for 
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such lines, corona can only occur at sharp points left on the line (e.g. a projecting tie 
wire used to connect the conductor to the cap of an insulator, etc). Such sharp points 
will also be generally located on poles. Therefore, the EMI sources on distribution 
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lines in general, will be randomly located at poles. As the worst case, there will be 
such sources at each pole. First let us consider a single isolated EMI source (either a 
corona or a gap discharge) which produces noise field of No(f) on both sides of the 
injection point. If a'(f) is the attenuation constant (neperes/unit length), then Nx(f), 
the noise field at distance x from the source is given by: 

Nx (f) No (f)e-(>.'(f)x (19) 

Figures 6 and 7 show the calculated values of Nx(f), at x = 0,1,0.5, and 1 Km 
from the injection point, for corona and a gap discharge for p = 2000 Q-m respec
tively. These figures also show No(f), (x = 0 cases), for both types of noise sources. 
It is clear from these figures, thai for frequencies above 10 MHz, even at 100 m dis
tance from the injection point, there are significant differences between Nx (f) and 
No(jJ, and only for frequencies below 10 MHz, the difference between two values is 
less than 3 db. Consequently, the higher frequency interference components will be 
quickly attenuated below the background noise level if the EMI measurements are 
performed at a location which is even a few spans away from the noise source. There
fore, based upon EMI frequency measurements, one can differentiate between a 
corona source and a gap discharge noise source only if the EMI measurements are 
performed near (i.e. = less than 100 m distance from) the random EMI source. 

Regularly distributed EMI sources 

From the above discussion, it is obvious that it mayor may not be possible to 
identify a random EMI source based upon random EMI frequency spectrum mea
surements. In this section we will discuss the influence of attenuation of the EMI if 
similar sources are regularly distributed along a single phase line which is infinitely 
long on both sides of the observation point located at mid span. The total noise N(f) 
at the observation point will be due to the quadratic summation of the individual 
noise components arriving from both sides of the observation point. Thus 

2N5 (f) e-a'(fJs + 2N5 (f)e-3a'(f)s + 2N5 (f)e-sa'(f)s + ... 

2N5 (f) e-(>.'(f)s [1 +e-2a'(fJs + e-4a'(f)s + ... J 

where s = span length. This can be simplified to 

N(f) 
[ 

e-O,s a'(fJs ] 

V 1-e-2a'(f)s 

(20) 

(21) 
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It is clear from this equation that the shape of the spectrum of the injected noise 
No if) will be different from the shape of the spectrum of the noise observed at the 
mid span. (i.e. Nif)) due to the fre"quency dependence of the attenuation i.e. a'if). 
In Eq. (21), the term within the square brackets represents the attenuation!amplifi
cation of the noise. At low frequencies, a'if) will be small. Consequently, e-2a '(jJs will 
be slightly less than 1. Therefore, the term within the square root will be very small. 
Hence, the term within the square brackets will be more than 1. This will give an 
overall amplification which physically implies that the noise Nif) will be due to many 
sources on both sides of the observation point. At the high end of the frequency 
where a'if) has very large values, the term within the square root will approach l. 
Thus, the term within the square brackets will be less than 1 resulting in an overall 
attenuation with respect to the injected noise. Fig. 8 shows a plot of the attenuation! 
amplification factor i.e. the term within the square brackets ofEq. (21), for p = 2000 
Q-m and continuously grounded earth wire. It is clear from this figure that this factor 
is zero at the cross-over frequency Ie = 15 MHz. If P is large or ground wire is seg
mented, this cross-over frequency will become lower. The net result will be that such 
distribution lines will exhibit significant noise at low frequencies but noise will 
diminish very rapidly with frequency especially if the noise sources are corona dis
charges. Actual EM! measurements on distribution lines in the Central Region of 
Saudi Arabia verify this behavior [8). -
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4. Conclusions 

The attenuation of distribUltion lines are influenced by frequency, line design as 
well as soil parameters. The attenuations of different modes vary according to a 
power law of the form Ct = Kf n where K and n depend upon type of mode. Ground 
mode has the highest attenuation which strongly depends upon earth resistivity. 
Empirical equations are derived for modal attenuation values for a wide range of 
parameters. 

The EM! characteristics of distribution lines strongly depend upon the attenua
tion values for isolated as well as uniformly distributed noise sources. The measured 
frequency spectra for such lines mayor may not reflect on the nature of EM! source 
as usually assumed. 
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