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Abstract. There have been many methods used to determine the electric field strength
under the 150 KV overhead transmission lines (OHTL). Since it is simple and can be used
for a homogeneous and multilayer medium, the method chosen for modeling the electric
field under the OHTL is the complex image method (CIM). The results obtained show that
the electric field strength obtained by the CIM is in agreement with that obtained by
Complex Determine Method (CDM). Furthermore, the results obtained from the CIM
model fit well with the field data. The OHTL height that must be raised so that the electric
field strength under the OHTL will meet the WHO quality standards is 3 m at location A
and 2 m at location B. These results show that modelling the electric field under the OHTL
using CIM is exellent.
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1 Introduction

The results of environmental monitoring, in particular the electric field strength, under the sag
of 150 KV OHTL show that the electric field strength is not only influenced by the parameters
of the OHTL, but also influenced by the physical properties of the medium under the OHTL.
This evidence is shown by the electric field measurements conducted in which at the same
segments but different sag location, although the height of OHTL and the measurement time are
relatively the same, the electric field strength obtained can be different significantly. This

evidence is repeated in several monitoring occations (i.e. 2008, 2009, 2011 and 2013).

The electric field is significantly affected by the surrounding environment such as trees and
buildings. But the results of measurements made on open land and paddy fields also found a
very noticeable difference. Since the OHTL parameters of each segment are generally made the
same, the difference of the electric field strength obtained must be caused by the physical

parameters of the medium under the OHTL.
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In terms of reducing the electric field strength under the 150 KV OHTL, there are several

methods available. These methods include raising the height of OHTL from the surface such as
adding new poles or strengthening the OHTL cable tension, doubling the OHTL cable [1],
arranging the configuration of phase [2], installing surge protectors [3], increasing the size of

cable [4] and narrowing the gap between cables of phases [5].

There are many methods that have been developed to determine the electric field strength under
the OHTL. Among them are the quasi-static method [6], the classic image method [7-9], the
vector magnetic potential method [10], the impedance characteristic equation method [11], the
CDM method [12], the Biot Savart method [1], the integral equations method [13], the surface
integral equation method [14], the 3D integration method [15], the surface voltage gradient
method [16] and the finite element method [13]. However, the currently available methods of
calculating the electric field strength under the 150 KV OHTL do not accomodate the layered
medium under the OHTL.

One method that uses the physical parameters of medium in determining the electric field
strength is the method of classic image. Classic image method has been used for long time in
exploration. Maeda [17] and Roman [18] are among the early researchers that are using the
classic image method. Classic image method is a method that uses the physical parameters of
subsurface medium [7]. But in the classic image method, the medium under the OHTL is
assumed as homogenous and the mirrors producing image located at the boundary between the
air and the medium under the OHTL. In reality, the ground consists of multilayer medium.

Thus, this method cannot represent the actual medium under the OHTL.

In 1952, Yost claimed that the CIM may be the best approach that can be made to obtain the
comprehensive solution of the problem. However, contribution of the CIM on the development
of exploration is begun in 1970, when Bannister determined the effect of electromagnetic
coupling between horizontal cables that are relatively high above the ground. In 1973, then
Bannister further developed the use of CIM to determine the electromagnetic coupling effect of
the OHTL which its returns are considered through the homogeneous earth. Thomson and
Weaver [10] and Bannister [19] even said that the CIM can be used for electromagnetic

induction of interest by researchers.

Since then there are many researchers have used CIM for processing of the field data. Among
them are using CIM to determine the electric and magnetic fields strength caused by an auroral
electrojet [20], caused by a wide electrojet [21], caused by the line current [22], and using the
CIM to solve the vector potential Hertz, to eliminating the mutual impedance between the
transmitter and the receiver on the induced polarization method and on the dipole dipole method

and then to eliminate the topographic effect on the induced polarization method.
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Since there are many successful uses of CIM in various areas and situations then the use of CIM

in determining the electric field strength under the 150 KV OHTL should not encounter any

problem.

2  Materials and Methods

Using the concept of complex image means to make the problem simpler. Furthermore, the use
of CIM allows to directly obtaining the total electric field strength above the medium conductor
without solving differential equations associated with the field strength vector and using the
relevant boundary conditions. Thomson and Weaver [11] stated that as long as the depth of
image is smaller than the characteristic length of the field strength (i.e., Ri>3), CIM can be used
to determine the total electromagnetic field strength. Bannister [23] further stated that the CIM
can be used to determine the solutions of the field strength component that valid to any distance
and any source. However, the theory of complex image seems forgotten by most researchers
[24]. Wait and Spies [24] stated that in the case of low-frequency electromagnetic field,
normally a person would not think about the theory of image. They further claimed that in the
near field region (quasi-near), in the air, field strength resulting from induced currents in the
medium can be presented clearly by using CIM. At low frequencies, the displacement currents
are much smaller than the conduction current, thus the quasistatic field approach (quasi-static) is
used more often. Therefore, determination of the electric field strength caused by the OHTL,

should be easier through the CIM by means of quasistatic approach.

In general form, the electric field strength radiated by a Hertzian dipole can be given as [25]:

E = —y2I + V(V.I) (1)
with V is del operator, is wave propagation constant, and IT = kIl + lI1,, + mll, is Hertz vector
potential. Note that k, | and m are unit vectors in x, y and z direction, j = V=1 is complex

number, and y = \/ucw? + juwao, o, & uand w are electric conductivity, electric permittivity,

magnetic permeability and angular frequency respectively.

From equation (1), by assuming Hertzian dipole orientation coincide with x direction then

[T, = 0. For Cartesian coordinate system, the electric field strength in y and z direction is [25]:

a (0 d
E, = @(a“x +211,) )

— 2 9(98 9
E,=-y nZ+az(axH"+azH2) C)
It is clear that once the Hertz vector potential in x and z directions are obtained then the
following step towards getting the electric field strength will be the same for all methods.
Equations (2) and (3) show that the E, and E, components of the electric field strength can be

obtained from vector potential Hertz IT, and IT,. Vector potential Hertz IT, and IT, can be
obtained from [6]:
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e_YOR e_YORl
Hx - C( R h Ry ) (4)
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Where p =./x2+y2, =./z2+p? is distance between the source and receiver, R, =

J(z + d)? + p? is distance between the image and receiver, y3 = gyuow? is the propagation

Ids

constant and € = ——.
4TjEqw

The concept of complex image is the assumption that a medium, either homogeneous or layered,
can be represented by a medium of perfect electrical conductivity of infinite thickness, and the
distance of its surface from the interface is d/2 with d = (1 — i), 8, is the distance between
the source and its image, i = v—1 is the complex number, &; is thickness of the skin (skin
depth) of the first layer and B; is the factor of the layered medium. Factors layered look can be
obtained following Thomson and Weaver (1975):

Start with 8,, = 1, and assume that k = n,n — 1, ..., 2,1

b (1+j)hk_1
4. _ Br=(ok/ok-1)? 2?

A= L = ooz
B, = (1+ys) , — B2—(az/01)*/* %ﬁj)hl

2 1-v3)’ 2 B2+(0/0,)1/?
_ (+y2) _ 2
B = oy and 6, = e
d=1-j)61p; (6)

In general the concept of Complex Image is given in Figure 1. Note that the transmission line S
of height h above the ground will have an image S’ at a depth (h+d) from the surface of the
ground. Note also that the mirror location is at a depth d/2. The electric field strength at point P
of height z from the surface and the horizontal distance of x from S is the resultant of electric
field strength caused by S and S’. The electric field strength at point P is therefore the resultant
of horizontal component (E,) and vertical component (E,) of the electric field strength.

In CIM, electric field strength measured at an arbitrary point P is the electric field strength
caused by two sources, namely S and its image S’. Since the image depth is proportional to the
thickness of skin (skin depth &), then in a medium of high electrical conductivity, contribution

of image can be large.

Based on the above reasons, this work is intended to study the feasibility of using the CIM in
calculating the electric field strength under 150 KV OHTL, and then modelling the electric field
strength under 150 KV OHTL by accomodating the OHTL parameters and physical parameter
of medium under the OHTL.

To ensure that the CIM is suitable for use in determining the electric field strength under the sag
of 150 KV OHTL, the results obtained using CIM is compared with that obtained using CDM.

Next, the model is used to determine the height of OHTL from the surface by appling curve
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fitting method. In a state of fit the OHTL parameters and the physical parameters of medium

under the OHTL can be considered the same as the OHTL parameters and physical parameters
of the medium under the OHTL obtained through model.

J Note that:
P = observation point
s S = transmission line
T’ : rS]’_:hierpage of S
- = height of S from the surface
2 yd z = height of P from the surface
: x = horizontal distance between S and P
_ R=.x2+ (h—2z)?
A = distance between S and P
rerinirin Ri=x2+ (h+d +2)?
2 = distance between S’ and P
O d=Q1-0)é/p - complex depth
E, =y component of the electric field strength
E, = z component of the electric field strength

Figure 1. The concept of complex image

The field data is acquired by using the Holaday ELF Survey Meter of Type HI-3604. To avoid
interference, the selected locations were the locations that are relatively free from trees and
buildings in its vicinity. By doing this the field data obtained is purely caused by OHTL
parameters and the physical parameters of the medium under the OHTL. Field data is then fitted
to the electric field strength generated by the model. In the state of fit, the electric field strength
generated by the model is assumed as the parameters of the OHTL and the physical parameters
of the medium under the OHTL. In this case the electric field strength caused by the OHTL at

any height and any observation point can be obtained.

3  Result and Discussion

3.1 Fesiability of Using CIM

For the purpose of testing the feasibility of CIM in determining the electric field strength under
the sag of 150 KV OHTL, the electric field strength obtained using the CIM is compared with
that obtained using CDM. The OHTL consist of 6 cable and three phases, the lowest height of
OHTL is 20 m above the ground, the horizontal distance between the OHTL is 15 m, vertical
distance between the OHTL is 11.5 m and the diameter of each OHTL is 23.5 mm. The height
of measurement point is 1.4 m above the ground and the path length is 40 m (-20 m to +20 m)
with the spacing of 2 m. Due to the method used by Purwanto (2008) is basically using the
classic image method, in order the comparison is relevant then the physical parameters of
layered medium for CIM are set such that the mirror position is at ground surface. [12] This can

be done by assuming that the layered medium is highly conductive. The comparison between
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the results obtained using CIM and that obtained using CDM are given in Figure 2, Figure 3 and

Figure 4.

From Figure 2 it is clear that the horizontal electric field strength has two minimums. This is
basically caused by the six lines that are splitted into two positions, namely three cables are at
position +7.5 m and the other three lines are at the position +7.5 m from the centre. Position of
the minimums are not directly beneath the cable position. This is due to the electric field
strength at any point under the three phases OHTL is the resultant of the electric field strength
due to all phases. Thus, the results obtained are in agreement with the expected result. On the
other hand, the vertical component of the electric field strength have two maximums, namely
when position of the measurement point is located under the OHTL position (Figure 4). This
result is also in agreement with the expected result, since the vertical component of the electric

field strength under the lines is theoretically maximum.
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CDM and dashed line is CIM
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Figure 4. Comparison of E; as a function of y distance obtained using CDM and that obtained
using CIM

Note that Solid line is CDM and dashed line is CIM Results obtained by using CIM do not

coincide with those obtained using CDM. The degree of similarity between the results obtaned
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by both methods however are very high. These results are indicated by the E,, E, and E;

obtained. The difference found here is negligible.

3.2 Field Data Analysis

From the comparison of results obtained using CIM with that obtained using CDM, it can be
concluded that logically the CIM can be used to model the electric field strength under the sag
of 150 KV OHTL. The difference found here is possibly due to difference of the methods used.
In other words, there is no fundamental difference between the two methods.

There are several sampling points gathered, however the field data analyzed here are only the
field data that their electric field strengths have exceeded the quality standards according to
WHO. The reaason is because the model is expected to give the height of OHTL that its
generated electric field meet the WHO quality standards. Since the electric field strength at
those locations have exceeded the WHO quality standards, so as not to cause any conflict, then
the real locations are not exposed. To distinguish between one and other location, each of them

is called location A and location B.

To get the same electric field strength between the model and the field data, the OHTL
parameters and the physical parameters of medium under the OHTL are adjusted in such a way
so that the sum of squared errors is minimum. The results obtained from this process are given

in Figure 5 and Figure 6.
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Figure 5. Fitting the field data and the electric
field strength generated by the model for E; as
a function of y distance (location A). Note that
dotted line is field data and dashed line is CIM

Figure 6. Fitting the field data and the electric
field strength generated by the model for E; as
a function of y distance (location B). Note that
dotted line is field data and dashed line is CIM

Figure 5 and Figure 6 shows that the results obtained from fitting process are exellent. The
electric field strength obtained through model fits well with the field data. This result shows that
the CIM is best used to model the electric field strength under the sag of 150 KV OHTL. Errors

obtained are much less than the maximum experimentation error.
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The model developed therefore is exellent to be used for determining the height of OHTL at

both locations, the heights at which the electric field strength under the sag of OHTL meet the
WHO quality standards. The results obtained through model show that at both locations the
electric field strength generated by the OHTL are less than 5 KV/m. These results are given in
Figure 7 and Figure 8.
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Figure 7. E; as a function of y distance that
meet the WHO standard (location A). Note meet the WHO standard (location B). Note
that dotted line is field data and dashed line is  that dotted line is field data and dashed line is
CIM CIM

Figure 8. E; as a function of y distance that

From Figure 7 and Figure 8 it is clear that the electric field strength under the sag of 150 KV
OHTL will meet the WHO standard (eg. 5 KV/m) if the height of OHTL is raised at least 3 m in

location A and 2 m in location B.

4  Conclusion

Modeling of electric field strength under the sag of 150 KV OHTL using CIM is satisfactory.
The error that occur between the results obtained using CIM and that obtained using CDM is
negligible. The use of CIM in analyzing field data gives a satisfactory result. This is
demonstrated by the fact that the data field fit well with the result obtained from the model. The
error that occurred here is much smaller than the experimental error. The results also show that
the electric field strengths under the sag of 150 KV OHTL have already met the WHO quality
standard (i.e. 5 KV/m), if the OHTL at location A is raised at least 3 m, while the OHTL at

location B has to be raised at least 2 m.
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