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Abstract

Many scientific articles have been written about electromagnetic field distributions under high
voltage overhead transmission lines. However, some readers are still left wondering just how exactly the
distribution curves formed by the fields are related to the mathematical models used. This paper presents
case study results of a 500kV alternating current overhead transmission line, and explicitly shows how the
fields vary under high voltage lines by employing easily understood mathematical models. The numerical
simulations, done using MATLAB, can help anyone willing to evaluate the amount of electromagnetic fields
available under any other high voltage overhead transmission line. The magnitudes of the fields obtained
are compared with the standard values set by the International Radiation Protection Agency so as to
assess the integrity of external insulation of the line. Thus, the technical staff can easily attend to
complaints that may arise about the electromagnetic field effects from the line.

Keywords: Electromagnetic fields, Insulation, Electrical accidents, MATLAB, Numerical simulation

Copyright © 2013 Universitas Ahmad Dahlan. All rights reserved.

1. Introduction

Electricity is such an essential commodity of modern civilization that everybody is
exposed to some form of electromagnetic field. These fields are spread all the way from power
generation stations via overhead transmission conductors to energy utilization areas where,
even if underground cables [1] may be used, electromagnetic fields can still be detected on the
ground surface. The strongest electric fields are encountered in the transmission corridor of high
voltage overhead transmission lines, especially during overvoltage [2] conditions. The electric
fields, produced by the power system’s voltage, can be a source of electrical accidents if not
properly analyzed and understood. Magnetic fields emanate from the power system’s current
and may not be as strong in the transmission corridor as they are in utilization areas with a
population of large electric motors.

Many articles [3-8] have been written about the distribution of electromagnetic fields
under high voltage overhead transmission lines. The articles have usually concentrated on
either magnetic fields alone or electric fields alone. The methods employed in these articles still
leave some readers wondering just how exactly the electromagnetic field curves produced
directly relate to the mathematical models used. Never in any of these articles has the
longitudinal distribution of the electromagnetic field on the ground level been explained. Only
the lateral profile of the electromagnetic field distribution on the ground has been explained in
the already published literature.

This paper aims at bridging the above gap by explicitly showing a more practical
approach on how the maximum charge values are obtained from the overhead line geometric
dimensions and its highest rated system voltage. Using these charges, the overhead conductor
surface voltage gradient and the ground level distribution of electric field for both the lateral and
longitudinal profiles are evaluated. From the overhead line geometric dimensions and system
current flows, the magnetic field intensity distribution on the ground is as well clearly obtained
for both the lateral and longitudinal profiles. Hence, it is explained how electric fields arise from
electric charges and how magnetic fields arise from the motion of these electric charges. This
has been done by way of numerical simulations, in MATLAB, of a case study of a 500kV AC
400km long overhead transmission line.
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External insulation limits are of interest in this paper. Thus, we decided to evaluate the
electromagnetic field distributions on the ground level and not one meter above ground as it is
commonly done. Line insulation starts from knowing the actual electric field on the conductor
surface and that on the ground. The nature of conductor sag [9, 10] of high voltage overhead
lines necessitated the need to evaluate both the lateral and the longitudinal profiles of
electromagnetic field distributions within the transmission line corridor starting from the position
of largest sag. This is the region prone to electrical accidents due to clearance infringements.

Although a rigorous treatment of the mathematical models used herein is given in [11],
we strongly believe that the manner in which they have been applied for numerical simulations
in this paper will address questions that are of interest to anyone attempting to evaluate the
amount of electromagnetic fields available under any other high voltage overhead line.

2. Mathematical Models for High Voltage Overhead Line External Insulation
2.1. Conductor Surface Voltage Gradient

To find the conductor surface voltage gradient, equation (1) is first used to derive the
3x3 inverse matrix [M] from the Maxwell's potential coefficients matrix [P], which is calculated
from the overhead line geometric dimensions. This inverse matrix is then applied in equation (3)
for the derivation of charges sustained on the three overhead line conductors. A horizontal
three-phase configuration is assumed for the work in this paper as figure 1 shows.

[M]=[P]" (1)

In conjunction with figure 1, the entries of equation (1) are as follows:

2H aH? 4 as? an? 4 s?
Plp =Py =Pgg =l =1, Pg =Py =Inj =1, Pp =Py =Py =Pgp =In} —————
Teq 28 S

Note that phases A, B, and C respectively refer to 1, 2, and 3 in these entries. H is the
conductor height in meters, S is conductor spacing in meters, Feq is given in equation (2) and is

the equivalent radius of the conductor bundle in meters.

Figure 1. Three-Phase Horizontal Configuration of an Overhead Transmission Line

Equation (2) shows bundle radius R (R=B/+/3 in this paper, B is bundle spacing),
number of conductors in a bundle N, and radius of sub-conductor r.

r, =R*(N*r/R)"" 2)

when the three conductors experience a balanced positive-sequence voltage excitation under
steady-state, a matrix of charges [Q] can be derived as shown in equation (3), where V is rms
value of line-to-ground voltage and , i=1, 2, 3 for " row.
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Equation (4) is then used to evaluate the electric field E on conductor surface.

Q' r
E - —! *i*i*|:1+(N—1)—j| 4)
R

27re0Nr

For respective maximum electric field expressions, Eop and Ecp, for any point p on outer

conductor surface and on center conductor surface, equations (5) and (6) can be used.

1+(N-1r/R)

op
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N*r*In{ —* ) S P25
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1
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Equations (1) through (6) stipulate that with only the knowledge of an overhead line geometric
dimensions and the system’s highest rated voltage, it is possible to determine the maximum
conductor surface voltage gradient.

2H
N*r*In{ —*
eq

2.2. Ground Level Electric Field Distribution
The three-phase overhead line conductors can attract either (+q, +q, +q), (+q, 0, -q) or
(+q, -2q, +q) charge conditions. These three scenarios respectively lead to the mathematical

models for ground level electric field E, distributions indicated by equations (7), (8) and (9).

1 Q 1 1 2
Ey = + + (7)
! ’ZEOH[1+(d+S)2/H2 1+d%/H? 1+(d—S)2/H2_
2 Q 1 1
£2 _ . (8)
! ﬂeoHL+(d—s)2/H2 1i(a+s)rn? |
3 Q 1 1 2
£3_ . - (9)
! 7190H|:1+(d+8)2/H2 1+(d—5)2/H2 1+(d/H)2

In equations (7) through (9), d is the lateral distance from the centre phase towards
corridor edge. The factor Q/Tre, is obtained from equation (3). Only the vertical component E, is
evaluated as its horizontal component is zero on an equipotential ground.
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2.3. Ground Level Magnetic Field Distribution
The horizontal component of the magnetic field intensity H,,, in equation (10) is used

since its vertical component is zero as the ground surface is assumed to be a flux line. In
transmission circuits, currents are usually balanced. Hence, the phases A, B, and C respectively

havei, = 1200, Iy = 121200 and I, =1£-240°currents flowing through them. The other
parameters are as defined in equations (7) through (9).

y ~ Hl, , HIj, - HI, . o
- 2 2 2 2 10
HZ ﬁl(d+$) +H2J ﬂ(d +H ) ﬁl(d—S) +H2J
Equations (1) through (10) can now be applied in electromagnetic field measurements for

a real-life situation captured in the following section. These mathematical models can prove very
handy even without the measuring instruments available on the market.

3. A 400 km 500 kV AC Overhead Line Model
3.1. Overhead Line Data Gathered

The following is the overhead line geometric data: conductor height H 27m, conductor
spacing S 13m, average span length between any two towers 345m, conductor diameter
28.62mm, conductor bundle spacing 45cm, and overhead line corridor width 70m. Table 1
contains measured data while on site.

Table 1. Measured Parameters while on Site

Ambient Conductor Load Current Conductor Sag Wind Speed
Temp.(°C) Temp.(°C) (A) (m) (m/s)
28.7 31 445 13.36 1.4
28.7 30.8 439 13.2 1.4
29.6 31.9 530 13.48 24
29.6 31.2 523 13.28 24

3.2. Overhead Line Modeling

The overhead line data were fed into a Power line parameter calculation program in
MATLAB. The positive sequence inductance came out as 0.963mH/km, positive sequence
resistance 0.0224ohm/km, and positive sequence capacitance 12.1 nF/km. Figure 2 shows the
500kV, 50Hz AC, 400km high voltage overhead transmission line model.

The objective of the model is to simulate, using SimPowerSystems software in
MATLAB, the actual situation that residents near the overhead transmission line corridor are
exposed to on a typical day.

500 kv AC 400 km HVTL

l J L =
_L E _i_ _Lﬂuz @2

ScopeUt

Figure 2. Distributed parameter model of a 500 kV AC overhead line.

From voltage stability point of view, reactive power compensation of 110 MVAR was used at the
end of the line to maintain sending end and receiving end voltage within the range 500-525kV.
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4. Results and Analysis
4.1. Conductor Surface Voltage Gradient

Conductor surface voltage gradients for the outer and center conductors were calculated
using equations (5) and (6) respectively, and results were recorded in Table 2.

Table 2. Conductor Surface Voltage Gradients

At height 27 m (kV/cm) At height 18.2 m (kV/cm) At height 13.8 m (kV/cm)

Centre Outer Phase Centre Phase Outer Phase Centre Outer
Phase Phase Phase
17.46 16.35 17.60 16.58 17.76 16.86

From the values in Table 2, it could be seen that the conductor surface voltage
gradients of the studied line tie in well with the values accepted in many countries worldwide for
prevention of corona discharge. This was confirmed by using corona-inception surface voltage

219256

gradient equation, E, = (1+ 0.0308/ rca) kV /m, r.m.s,where § is air density factor, m
is roughness factor, and r; is sub-conductor radius in a bundle in meters. The configuration of
the transmission line in the case study reveals that corona-inception surface voltage gradient is
20kV/cm. The values in Table 2 are all lower than this value.

It was further observed that conductor surface voltage gradient increases with
decreasing conductor height. Hence, there is need to observe minimum conductor-ground
clearance. The specified conductor-ground clearance for a 500kV AC overhead line by the
National Electrical Safety Council is 10.668m. The transmission line in this case study had a
conductor height of 13.52m at mid span when the maximum sag of 13.48m (recorded in Table
1) was observed.

It must be noted that the maximum of 525kV line-to- line voltage was divided by the

factor \/§ for the phase-to-ground voltage used to calculate the values in Table 2. In a typical

situation, the surface voltage gradients are less than these values. From the corona eruption
point of view, the line external insulation [11, 12] of the studied transmission line can be said to
be technically sound.

4.2. Ground Level Electromagnetic Fields

By letting E vary with d in equations (7) through (9), the lateral profiles of ground level
electric fields were obtained and shown in figure 3. Making E vary with H in the same equations
for one span between two towers made it possible to obtain the longitudinal profiles of ground
level electric field distributions shown in figure 4. The conductor height H was varied from 13.2m
(mid span height) to 27m (conductor height at the tower).
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Figure 3. Lateral profile of electric field distribution on the ground

Electromagnetic Field Evaluation of a 500kV HighVoltage Overhead line (First Author)



794 m ISSN: 2302-4046

By letting H,, vary with d in equation (10), the lateral profiles of ground level magnetic

fields for the typical loads and full load were obtained and shown in figure 5 (a). Making H,,

vary with H in the same equation for one span between two towers made it possible to obtain
the longitudinal profiles of ground level magnetic field distributions shown in figure 5 (b). The
conductor height H was varied from 13.2m (mid span height) to 27m (conductor height at the
tower). Only the 530A load current was chosen for the longitudinal profile.

The numerical simulations in figure 3 reveal that the electric field (32.38kV/m) directly
under the line for the charge scenario, (+q, +q, +q), is slightly higher than that set by the
international radiation protection agency (IRPA) of 30kV/m for short time exposure of electrical
personnel. It is not ideal for the public. The magnitudes of the other two charge scenarios, (+q,
0, -q) and (+q, -2q, +q), are less than or equal to 15kV/m directly under the transmission line.
These fall within the accepted range by the IRPA for short time and long term exposure of both
the electrical personnel in protective clothing and the general public. The simulations in figure 4
are a cross-section of the lateral profile shown in figure 3. They show the effect of sag on the
magnitude of the electric field present on the ground. It is observed that the field is stronger at
the mid span than at the towers on horizontal ground. This depicts a direct correlation of the
electric field with conductor height.
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Figure 4. Longitudinal Profile of Electric Field Distribution on The Ground
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Figure 5. Magnetic Field Distribution Patterns on The Ground
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When full load current (1192 A) flows in the system, the ground level magnetic field as
shown in figure 5 (a) has the maximum absolute value of 17A/m. This corresponds to a value of
0.0214mT for magnetic flux density. The value set by IRPA as a safety guide for the general
public is 0.2mT. Thus, from magnetic field viewpoint, the external insulation of the power line in
the case study is satisfactory. In fact, in most cases as can be inferred from figure 5 (a), typical
loads give rise to magnetic fields less than that of the full load current. Figure 5(b) is a cross-
section of the ground level magnetic field produced in figure 5 (a) for a current of 530 A through
the system. It can also be observed that the absolute value of the magnetic field on the ground
decreases with increasing conductor-ground clearance as one move from the mid section of the
line towards the tower on either side. In fair weather throughout the line, this situation can
prevail on every other span.

4.3. Switching Transients

By interfacing the output voltage of figure 2 with the mathematical models used for
calculating the electromagnetic fields on the ground, electromagnetic transients were simulated
during a switching operation. This was done for the first250 ms of switching at positions d=0
(directly under centre phase) and d=35m (corridor edge) and results were recorded in figure 6.
The figures show that ground level electric fields are also sinusoidal with time and increase in
amplitude during a 5 cycle switching voltage transient before reverting to their steady state
values. The transient fields are on the higher side and can be a source of electric shock on
human beings who may happen to be under the line during this time.
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Figure 6. Electric Field Transients Development During a Switching Operation

From Ampere’s circuital law with Maxwell’s correction, it can be inferred from figure 6
that the quantities are varying electric fields with time, which can give rise to magnetic fields.
Thus, the magnetic field transients also follow a similar pattern as that of the electric field
transients.

It must be noted that, in order to increase human safety, the International Commission
on Non-ionizing Radiation Protection uses a factor of 10 to derive occupational limits for
electrical personnel and a factor of about 50 to arrive at exposure limits for the general public.
Thus, transients that last a few milliseconds may not pose electromagnetic field transients of
greater danger to human beings. This is because the severity level of touch or step potential
depends on voltage gradient magnitude, distance and time of exposure.
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5. Conclusion

The paper has shown that sag has a direct bearing on overhead line external
insulation. The position of largest sag has the largest electromagnetic fields on the ground. This
can be a common source of electrical accidents. The absolute values of these fields decrease in
amplitude as one move away from the line going in the lateral direction or from mid span section
towards the tower on either side. All the essential angles for visualizing electromagnetic wave
propagation in the overhead line transmission corridor have been clearly shown.
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