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ABSTRACT In this paper, a novel method for electric field intensity and magnetic flux density estimation in
the vicinity of the high voltage overhead transmission lines is proposed. The proposed method is based on two
fully connected feed-forward neural networks to independently estimate electric field intensity and magnetic
flux density. The artificial neural networks are trained using the scaled conjugate gradient algorithm. Training
datasets corresponds to different overhead transmission line configurations that are generated using an
algorithm that is especially developed for this purpose. The target values for the electric field intensity
and magnetic flux density datasets are calculated using the charge simulation method and Biot-Savart law
based method, respectively. This data is generated for fixed applied voltage and current intensity values.
In instances when the applied voltage and current intensity values differ from those used in the artificial
neural network training, the electric field intensity and magnetic flux density results are appropriately scaled.
In order to verify the validity of the proposed method, a comparative analysis of the proposed method with
the charge simulation method for electric field intensity calculation and Biot-Savart law-based method for
magnetic flux density calculation is presented. Furthermore, the results of the proposed method are compared
to measurement results obtained in the vicinity of two 400 kV transmission lines. The performance analysis
results showed that proposed method can produce accurate electric field intensity and magnetic flux density
estimation results for different overhead transmission line configurations.

INDEX TERMS Artificial neural networks (ANN), Biot-Savart (BS) law based method, charge simulation

method (CSM), electric field intensity, magnetic flux density, scaled conjugated gradient (SCG).

I. INTRODUCTION
Numerous epidemiological studies were conducted trying to
find correlation between exposure to magnetic and electric
fields, and human diseases. Analysis of data collected from
several studies on the influence of low frequency magnetic
field on the development of childhood leukemia showed that
the existence of a small but not negligible risk of leukemia
associated with exposure to fields above 0.3 uT [1]. Studies
conducted in the United States and France, which analysed
data on cases of childhood leukemia, after 1988 found that the
proximity of the place of residence to 200+ kV transmission
lines could be associated with a small increase in the risk of
childhood leukemia [1]-[3].

Although the International Agency for Research on Cancer
has classified low-frequency magnetic fields as a potential
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cause of cancer, due to the observed association between
field exposure and the development of childhood leukemia,
not all effects of exposure on human health have been fully
understood [4]. In order to limit the impact of electric and
magnetic fields on the environment, many international and
national institutions have defined limit values for fields that
can occur in different areas. Although epidemiological stud-
ies have established a statistical association between exposure
to electric and magnetic fields and the development of severe
diseases in humans, the main objective of these generally
accepted limit values is to prevent the occurrence of induced
currents that approach the values of currents that might pro-
duce neuron excitation [5].

As a result of exposure to strong electric fields, values
above 5 kV/m, the induced currents can occur in the human
body, as well as stimulation of nerves and muscles [6].

The International Commission on Non-Ionizing Radia-
tion Protection [7], based on the hitherto known effects
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of low-frequency electric and magnetic fields, published
in 2010 guidelines for limiting exposure to time-varying elec-
tric and magnetic fields (1 Hz - 100 kHz). According to these
guidelines the reference levels are 10 kV/m and 1 mT for
occupational exposure to 50 Hz electric and magnetic fields
and 5 kV/m and 0.2 mT for general public exposure.

Although extremely low frequency electric and magnetic
fields act and support each other at the same time, due to
the negligible value of the displacement current intensity,
it is a common practice to measure and calculate these fields
separately [8]. The purpose of measuring and calculating
electric and magnetic fields near the elements of the power
system is to detect locations where their values exceed the
allowed field values.

The daily increase in the electricity requirements and envi-
ronmental constraints that are set when building new trans-
mission lines, require constant effort on finding the optimal
design to maximize power transmission without violating the
set of limits in terms of capacity, safety distances, maxi-
mum allowable electric and magnetic fields, noise levels, etc.
Therefore, when planning the construction of new transmis-
sion lines and choosing the configuration of the conductors,
it is important to correctly calculate the maximum level of
electric and magnetic fields that may occur in their environ-
ment, in order to meet the prescribed values [7], [9]-[11].

Itis well known fact that electric field intensity is a function
of applied voltage, while the magnetic field is a function of
current intensity. The distribution of these fields in the vicin-
ity of transmission lines also depends on the arrangement of
conductors, the height of phase conductors, the order of phase
conductors the shape of the ground. When choosing the routes
of transmission lines, it is desirable to avoid populated areas,
but this is often not possible. Alternatively, in populated areas
the overhead transmission lines could be replaced by under-
ground cables, but this solution complicates and significantly
increases the project cost [12].

Over the past decades, various measurement and calcula-
tion methods have been developed to determine the electric
field intensity and magnetic fields in the vicinity of power
facilities such as overhead transmission lines and substations
(SS). The calculation methods can be further categorized as
analytical and numerical methods.

Due to the complexity of the model, the calculation of the
magnetic field by direct application of Maxwell’s equations is
only possible for simple configurations [13]. The advantage
of analytical models is their ability to express the dependence
of the field intensity on the transmission line parameters, and
simpler for analyzing new configurations. The disadvantage
of such models is that they are based on numerous assump-
tions [14].

For analytical calculation of electric and magnetic fields
the multi pole expansion can be used [15], [16], and also
the procedure based on a discrete approximation of the
Biot-Savart law for magnetic fields [17]. For numerical calcu-
lations of electromagnetic fields near power lines, the follow-
ing methods are used, among others: finite-difference method
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(FDM), finite element method (FEM), boundary element
method (BEM), charge simulation method (CSM), surface
charge simulation method (SCSM) [18]. Heuristic algorithms
have been used in conjunction with some of the previously
mentioned calculation methods in order to optimize certain
parameters that are part of the electric and magnetic field
calculations in the vicinity of the transmission lines [19],
[20]. Most commonly, heuristic algorithms are applied to
optimize the number and positions of simulating charges in
CSM method. Heuristic algorithms are also applied to the
transmission line geometry optimization problem [12].

In addition, different artificial neural network (ANN) mod-
els have been used for electric field intensity and magnetic
flux density estimation. These include general regression
neural networks [21], multilayer perceptron [22], normalized
radial basis function networks [14].

In this paper, a novel method for electric field intensity
and magnetic flux density estimation under overhead trans-
mission lines is proposed. The principal advantage of the
proposed methodology is that it is able to produce accurate
electric field intensity and magnetic flux density estimates
in the vicinity of overhead transmission lines for a different
overhead transmission line configurations and for a range of
different applied voltages and currents.

The rest of the paper is organized as follow. Section 2
describes the proposed method. Section 3 presents the vali-
dation of proposed method, where the results of a compara-
tive analysis of the proposed method with charge simulation
method and Biot-Savart law based method are presented. In,
addition the performance of the proposed method is evaluated
by comparing with electric field intensity and magnetic flux
density measurement data. Section 4 concludes the paper.

Il. PROPOSED METHOD FOR ELECTRIC AND MAGNETIC
FIELD ESTIMATION

A. ARTIFICIAL NEURAL NETWORKS

Artificial neural networks, consisting of simple processing
units (neurons), are massively parallel distributed processors
which have an inherent predisposition for learning, general-
ization and storing experiential knowledge [23]-[26]. In this
paper, two fully connected feed-forward ANNSs are designed
to independently estimate electric field intensity and mag-
netic flux density. These two ANNS are trained to estimate the
electric field intensity and magnetic flux density for a range
of different transmission line conductor configurations.

The data collection and preparation, network architecture
and the choice of learning algorithm are important elements
in the process of an ANN model development.

First, the ANN model for electric field intensity estimation
is considered. Here, each training sample that is used to
describe a particular transmission line geometry is defined
by 9 coordinate values. Here, each sample in the training
dataset describes a particular overhead transmission line con-
figuration. Each considered overhead transmission line con-
figuration consists of 5 conductors: 3 phase conductors and
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FIGURE 1. Artificial neural network model for electric/magnetic field
estimation.
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2 shielding wires. Thus, the geometrical description of over-
head transmission line entails 5 (x,y) points in two dimen-
sional space. However, the coordinate system is defined so
that the horizontal coordinate of the central phase conductor
is equal to zero. Therefore, it is sufficient to use 9 coordinate
values to completely define the geometry of an overhead
transmission line. In addition, every sample in the training
dataset contains the lateral distance of the point of electric
field intensity estimation from the central phase conductor
(central vertical line). Thus, the ANN inputs layer consists
of 10 inputs. The neural network output is an estimate of
the electric field intensity for given power line conductor
geometry at a point 1 m above the ground surface and some
lateral distance away from the central vertical line. Thus,
the output layer contains only 1 artificial neuron. For each
training sample the target value (desired neural network out-
put) is electric field intensity. This value is obtained using
CSM. Each sample in the training dataset is defined by a
10-dimensional input vector and a corresponding desired
target value (scalar).

Similarly, a separate ANN is used to estimate the magnetic
flux density in vicinity of overhead transmission lines. The
target values for the magnetic flux density dataset are calcu-
lated using BS law based method. Both ANNs are specified
and trained in a similar manner. The ANNs use the same
network architecture, as shown in Fig. 1.

Both models are fully connected feed-forward artificial
neural networks consisting of one input layer, 4 hidden layers
and 1 output layer. The input layer has 10 inputs and the
output layer has 1 output. Each hidden layer has 20 neurons.
The proposed neural network architecture has a sufficient
number of free parameters to describe some very complex
input-output relations, including the relationships between
the various overhead transmission line configurations and
electric field intensity/magnetic flux density values at points
lying within a considered range of lateral displacement from
the central vertical line and at a height of 1 m above the
ground surface.

For the purpose of ANN training, 200,000 different over-
head transmission line configurations are considered. These
configurations are generated using an algorithm that is
especially developed for this purpose. Two datasets of same
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size are generated. One dataset is used to train the ANN
model for electric field intensity estimation and the other
dataset is used to train the second ANN model for magnetic
flux density estimation. For each overhead transmission line
configuration, the target electric field intensity and magnetic
flux density values are generated for 81 points with different
lateral displacement from the central vertical line. The con-
sidered points are found from -40 m to 40 m away from the
central vertical line at 1 m above the ground surface. Thus,
each dataset consists of 16,200,000 samples. The two datasets
only differ in terms of target values. The target values for
the electric field intensity dataset are calculated using CSM
under the assumption that phase-to-phase voltage of 400 kV
is applied. The target values for the magnetic flux density
dataset are evaluated using BS based law method under the
assumption that 100 A current intensity flows through phase
conductors and that overhead transmission line is symmetri-
cally loaded. A detail description of training data generation
process is described in the section that follows. Prior to train-
ing, the data is randomly selected to form the training (70%
samples), validation (15% samples), and test (15% samples)
datasets.

The ANNs are trained under the supervised learn-
ing paradigm. The scaled conjugate gradient (SCG) algo-
rithm [27] is used to train both neural network models. SCG
algorithm belongs to a larger category of conjugate gradient
methods. Generally, the conjugate gradient algorithms have
low memory requirements and are also attributed with strong
global and local convergence characteristics [28]. Scaled con-
jugate gradient algorithm uses the second-order information
and thus, its convergence speed increases as it approaches the
cost function minimum [27]. The conjugate gradient algo-
rithm defines the iterative procedure to update the synaptic
weights [27]:

Wit1 = Wk + o - P (H

where k denotes the current iteration, usually called epoch,
and oy denotes the learning rate. The term p; denotes the
search direction and its update is defined as:

P+l = —E' (Wi1) + Br - pr 2

Its initial value corresponds to pg = —E’(wq). Here, E'(wy)
describes the cost (error) function that depends on the weights
and biases of the network. The error function gradient at
with respect to weights wy is denoted as E’(wy). Various ver-
sions of the conjugate gradient algorithm [29], [30] propose
different ways of evaluating the factor B;. Most conjugate
gradient methods adapt the learning rate o at each iteration.
The update of learning rate value aims to minimize the error
function along the search direction. Commonly, conjugate
gradient algorithms use a line search technique to evaluate the
optimal learning rate (step size) value. The SCG algorithm
was developed in order to avoid the time-consuming line
search [27]. The scaled conjugate gradient method uses the
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Levenberg-Marquardt approach to scale the step size [27]:

_E'wi +or - po) — E'wp)
Ok

Sk + Ak - pk 3

Here o} and A denote the scaling factors that are used
in the approximation of the Hessian matrix. This step size
scaling mechanism decreases the number of computations
performed in each iteration compared to the line search
method. SCG performance is not significantly affected by
any user-dependent parameters and for networks with a large
number of free weights, the scaled conjugate gradient algo-
rithm is shown to be particularly efficient [27].

B. GEOMETRY GENERATION

The ANN training dataset is generated using different over-
head transmission line configurations. Each configuration
of overhead transmission line is defined using a two-stage
procedure. In the first stage, the phase conductor positions
are generated, while in the second stage, the number and the
positions of the shielding wires is determined. As a reference
case, overhead transmission line rated voltage is 400 kV,
phase current intensity is 100 A, and each phase conductor
is composed of two sub-conductors in the bundle. The radius
of each bundle is 20 cm and radius of used the sub-conductor
is 1.521 cm.

1) PHASE CONDUCTOR POSITION

Different overhead transmission line configurations are cat-
egorized into one of five distinct configuration types. The
phase conductor positions are randomly selected within the
constrains that define a given configuration type. In each
case, the minimum height of the phase conductor was set to
Ymin = 6.44 m and minimal distance between two adjacent
phase conductors is dy,;; = 7.4 m. Furthermore, in each
configuration type, x coordinate value of the bundle center
of the central phase conductor along the x-axis is set to zero,
x1 = 0. The x coordinate values of the bundle center of the
remaining two phase conductors, x» and x3, are defined in
terms of their distance from x;. The graphic illustration of the
generated transmission line configurations is shown in Fig. 2.

Horizontal configuration of phase conductors is shown
in Fig. 2a. All phase conductors have identical heights, y; =
2 = y3. Their height can take values in a range from yj;, to
Ymin + Ay, where Ay is a randomly selected number in the
range [0 - 13.56]. The outer phase conductors are equidistant
from the central conductor x; =—x3. The distance between
the outer and the central phase conductors is constrained
within a range dpn t0 dpin + Ax, where Ax is randomly
generated number in the range of [0 - 7.6].

Vertical configuration of the phase conductors is shown
in Fig. 2b. Here, all phase conductors are placed along the
coordinate system ordinate. Thus, x; = x = x3 = 0. In this
transmission line configuration type the height of the lowest
phase conductor, yp, is constrained to within a range from
Ymin 10 Ymin + Ay, where Ay is randomly generated number
within the range of values [0 - 2]. In this configuration,
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the neighboring phase conductors are equidistant. The ver-
tical distance between two adjacent phase conductors is con-
strained to within the range of d,;i, to dyin + Ay1, where Ay,
is in the range [0 - 2].

Fig. 2c shows a configuration type where the height of
the outer phase conductors differs from the height of the
central conductor. In this case, the outer phase conductors
have equal heights. The height of the central phase conductor,
¥1, is constrained to within a range from Y, to ymin + Ay,
where Ay is randomly selected number in the range [0 -
13.56]. The height of the outer phase conductors is defined
by the following equation y» = y3 = Ynin + Ay, Where
Ay is randomly generated number in the range [0 - 13.56].
The outer phase conductors are equidistant from the central
phase conductor along the x-axis, x = —x3. The x coordinate
values of outer phase conductors are defined by the following
equation:

X) = —Xx3 = dpyn - cOSo + Ax (@)

where o denotes the angle defined in Fig. 2c and Ax is
a randomly generated number. The maximum displacement
of outer phase conductors from the central phase conductor
along the x-axis is constrained to 15 m.

In Fig. 2d, another configuration type is shown. Here the
outer phase conductors are equidistant from the central con-
ductor along x-axis, x = —x3, while the heights of all phase
conductors are different y; # y» # y3. The heights of the
phase conductors are in the range from yin t0 yimin + Ayi,
where Ay; is a randomly generated number within the range
[0 - 13.56] for the i-th phase conductor, i = 1,2,3. On the other
hand, the x coordinate values of the outer phase conductors
are defined as:

Xy = —X3 = dyyip - COS0 + AXxp @)

where o is the angle defined in Fig. 2d and Ax is a ran-
dom generated number. The maximum distance of the outer
phase conductor from the central phase conductor is limited
to & 15 m.

The final configuration type is shown in Fig. 2e. With the
exception of x; = 0, the coordinate values of the phase con-
ductors are randomly selected within the range - 15 m < x; <
15m,j=2,3and y,in <y; <20m,i =1, 2, 3. As previously
stated, the first phase conductor is placed along the ordinate
of coordinate system while the other two phase conductors
have randomly generated positions within the defined range.
The coordinates of phase conductors are generated in such a
way that the minimum distance between phase conductors is
equal or greater than d,,;y,.

2) SHIELDING WIRES POSITION

When calculating electric field intensity, the number and the
position of shielding wires significantly affect the electric
field intensity distribution. On the other hand, when current
in system is symmetric, the shielding wires does not signif-
icantly affect the distribution of magnetic flux density [31],
[32] i.e. the impact of the shielding wire(s) is negligible.

105879



lE E E ACCGSS A. Alihodzic et al.: Electric and Magnetic Field Estimation Under Overhead Transmission Lines

105880

(Xs,ys)é—\p
\tA}H
by () B,
6 .‘9 i 6 ¢ 9 Aimin é“. (X%yl)d\ 9
> o Ay
(Xs,y3) (X2,y2) v
Ay
REOL S
TAY
y“nn

V72

4

(a) Horizontal configuration (b) Vertical configuration

d dm in
min

——>>
29
‘ AX , dnnn ‘ AX ’ (A—);) dmin (XZ,yZ)
¢ 19
(x2y2) XY AN e
Ayz
AY1 AYL AY3
\ 4 \4
A \4
A A A A
Yimin Yomin Vinin Ymm Ymm Ymin
Y A
3 — ~ 7T 7 7
(c) Configuration with same height of outer conductors (d) Configuration with different height of phase conductors
¢ Ax> N
¢ AXs > 19
é (x2y2)
~ .
(XS,y3) dmm
Ay>
Ay3
ymin Ymin

(e) Configuration with different heights and distances between
phase conductors

FIGURE 2. Generated overhead transmission line configurations.

VOLUME 9, 2021



A. Alihodzic et al.: Electric and Magnetic Field Estimation Under Overhead Transmission Lines

IEEE Access

Shielding wire Shielding wire

(xew2, yowz) @ (xaw1, yawr)

Ayecw

dpg

________ N0 VOO SN AU, 400 Phase conductor
(xpc3, ype3) (xpe2, ype2)
T T d
o O
o 0o Phase conductor

Phase conductor

WA
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In order to simplify the problem of determining the position
and number of shielding wires, it is assumed that the heights
of all phase conductors are equal to each other and equal to the
height of the highest phase conductor of the considered con-
figuration, as shown in Fig. 3. The x and y coordinate of first
shielding wire is determined by using following equations:

X1 +x2+x3
XGW1 = -3 (6
yow1 = Ayewi + (dpg + Ypc) @)

where Aygwi is a randomly generated number within the
range [0 - 3], dy; = 6,44 m is minimal vertical distance
between shielding wire and phase conductors and y, is the
height of phase conductors.

The efficiency check of shielding wire is done by compar-
ing distance d and longitudinal distance between the shield-
ing wire and the outer phase conductor. The distance d is
calculated by using the following equation:

d = (Yow1 — Ypc) - tan B ®)

where g is the shielding angle [33]. Within the model shield-
ing angle with maximum value of 20° was assumed to provide
sufficient protection level.

If the longitudinal distance between the shielding wire and
the outer phase conductor is lower or equal to the distance d it
was assumed that one shielding wire is sufficient, and there-
fore, the second shielding wire is considered unnecessary.
Since the number of ANN inputs is fixed, a second shielding
wire must be given some coordinate values. The lack of sec-
ond shielding wire can be effectively represented by placing
the second shielding wire at infinity height. In this model the
height was set to 10> m. Due to the huge height, second
shielding wire does not affect the calculation results of elec-
tric field intensity. When one shielding wire does not give
the satisfactory protection level, i.e. the longitudinal distance
between the shielding wire and the foremost point of the
outer phase conductor is higher than distance d, the second
shielding wire is required.
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When two shielding wires are used, both shielding wires
are set to the same height, as determined by equation (7).
The x coordinates of the shielding wires are determined in
relation to the outer phase conductors by using the following
equations:

XGW1 = Xpe2 —d 9
XGW2 = Xpc3 + d (10

C. ELECTRIC FIELD INTENSITY AND MAGNETIC FLUX
DENSITY CALCULATION

The target values for each sample in the ANN training dataset
for electric field intensity estimation are calculated using the
CSM method. On the other hand, the target values for the
ANN based model for estimation of magnetic flux density
are generated according to a BS law based method. For both,
electric field intensity and magnetic flux density calculations,
the 2D algorithms have been used.

1) ELECTRIC FIELD INTENSITY CALCULATION METHOD
Charge simulation method has been used to calculate the elec-
tric field intensity in the proximity of the overhead transmis-
sion lines. According to this method, the source of the electric
field are fictitious point charges. Each phase conductor and
each shielding wire of the overhead transmission line can be
treated as one fictitious point charge. Since the reference case
uses bundle conductors composed of two sub-conductors, it is
possible to determine the radius of an equivalent conductor.
The radius of the equivalent conductor is defined by the
following equation [34]:

N -
e =R \| =2 (1)

where r,. is the radius of the equivalent conductor, N is
number of the sub-conductors in the bundle, 7. is the radius
of sub-conductors and R is the radius of the bundle. The radius
of the bundle is calculated by following equation [35]:

R=—_ B (12)

[2 - sin Ilv]

where B is the spacing between the adjacent sub-conductors.
The used CSM method consists off two steps:
« calculation of the phasors of the fictitious point charges,
« calculation of the vector components of electric field
intensity phasor caused by fictitious point charges.
In the 2D CSM algorithm, the phasors of the fictitious point
charges are calculated using the following matrix equation:

o} =1[P]-{q} 13)

where {¢} is a matrix of electric potential phasors, {g} is
a matrix of the unknown point charge phasors and [P] is a
square matrix of potential coefficients. Each overhead trans-
mission line conductor is represented by one fictitious point
charge. Thus, in the case of phase conductor, elements of
the matrix of electric potential phasors are equal to line-to-
ground voltage phasor, while in the case of shielding wire,
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they are equal to zero. Potential coefficients of the matrix [P]
are calculated using the following equations [34]:

1 2.y
Py = n 22 (14)
2 - &0 Veci
1 D;j
P = In =2 (15)

2m - & djj
where ¢g denotes the dielectric constant of air, y; is y coordi-
nate of the i-th equivalent conductor, r,; is the radius of the
i-th equivalent conductor, dj; is the shortest distance between
i-th and j-th conductor and Dj; is the shortest distance between
i-th conductor and the image of j-th conductor. All relevant
parameters of the analysed system are shown in Fig. 4.
When calculating the electric field intensity in the prox-
imity of the overhead transmission lines, the impact of the
ground surface must be taken into consideration. Complex
image method, is used to take into account the impact of the
ground surface. This further implies that the influence of the
soil surface can be taken into account by reflecting the point
fictitious charge below the soil surface at a depth equal to the
product of the height of the conductor above the surface and
the complex coefficient " [18], [36]. Complex coefficient [
is defined by the following equation:
]:‘w‘SO_(O—‘i‘J:'CU'gsoil)%_l (16)
Jrw-g+ (0 +jw-Esyi)
where @ is power system angular frequency, o is soil
conductivity, &g is dielectric permittivity of the soil. For
all practical cases, complex coefficient I" is approximately
equal -1.

r=
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By solving the matrix equation (13), the phasors of ficti-
tious point charges are determined, which is a prerequisite
for determining the components of the electric field intensity
phasor at points of interest. Subsequently, the vector compo-
nents of the electric field intensity phasor at some arbitrary
point P(x, y), is determined using the following equations:

n
qi X — Xi X — Xi
Exoc,y):Zzn.go-( 4+ r_,2> (17)

. r:
i=1 [ i

E.(x.y) = ~_di YTV PV g
_yxﬂy _Z 2 +L V~/2

27 -8y :
i—1 0 T

1

where E(x, y) and E (x, y) are x and y vector components
of the electric field intensity phasor at an arbitrary point
(x,y), q, is phasor of i-th fictitious point charge, (x,y) are
coordinates of an arbitrary point, (x;,y;) are coordinates of the
i-th fictitious point charge, r; is the shortest distance between
the i-th fictitious point charge and the arbitrary point, 7/ is the
shortest distance between complex image of the i-th fictitious
point charge and the arbitrary point and r is the total number
of fictitious point charges in the system.

Based on the values determined by equations (17) and (18),
the resultant value of the electric field intensity at some
arbitrary point is defined as:

2
E(x.y) = \/ ) + |Ey e (19)

where E(x, y) is the resultant value of the electric field inten-
sity in arbitrary point with coordinates (x, y).

2) MAGNETIC FLUX DENSITY CALCULATION METHOD

For each generated configuration, the magnetic flux density
phasor is calculated by using the method based on Biot-
Savart law. According to this method, source of the magnetic
field are point current sources which are located at the center
of each equivalent conductor. Under the previously stated
assumption, the vector components of the magnetic flux den-
sity phasor at an arbitrary point P(x,y) can be calculated
using the following equations [37]:

B,(x,y) = X0 Z YTY YENFA) g (ap)
b,(x,y) = o . r_2 r/2 S
i=1 i

1 i
n
Mo X — X X — X
Ey(x,w:g[j( P )~L,- @1

i=1 Fi i

where B, (x,y) and Qy(x, y) are x and y vector components
of the magnetic flux density phasor at point (x,y), wo is
magnetic permeability of air, n is the total number of current
point sources, I; is current intensity phasor of i-th point
source, (x,y) are coordinates of an arbitrary point, (x;,y;) are
coordinates of the i-th current point source, ¢ is the complex
depth, r; is the shortest distance between the i-th current point
source and arbitrary point, r/ is the shortest distance between
complex image of i-th current point source and arbitrary point
and 7 is total number of current point sources in the system.
All relevant geometric parameters are presented in Fig. 5.
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In the equations (20) and (21), the effect of ground surface
is taken into account by using the complex image method.
According to this method, the image of the current point
sources is placed at a depth below the ground surface equal
to the distance of point current sources above the ground
surface but increased by the complex distance «, as showed
in Fig. 5. The complex distance « is defined by the following
equation [38]:

2
a= - - (22)
T o w0 (Osit — J - @ - Esoil)

Since 2D calculation algorithm is used, third component of
the magnetic flux density vector was neglected i.e. B, = 0.

Finally, the resultant value of the magnetic flux density at
some arbitrary point is defined as:

2
B,y = \/ B, )+ [Byx, ) 3)

where B(x,y) is the resultant value of the magnetic flux
density at an arbitrary point with coordinates (x, y).
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D. CONSIDERATION OF VOLTAGE AND CURRENT
VARIATIONS
In literature, it is a common approach to calculate the electric
field intensity using the rated transmission line voltage [39],
[40]. For the 400 kV network, which is used as the reference
case, Grid Code [41] and IEC 60038 [42] allow deviations
of applied voltage values from rated voltage in range from
— 10% to 4+ 5%. However, in South East Europe 400 kV
network even higher long term voltage deviations are regis-
tered [43]. Therefore, for accurate estimation of electric field
intensity, true value of applied voltage needs to be taken into
account. In Fig. 6a hourly voltage values are given for the
one year period (from 1% January to 31% December 2020)
measured in 400 kV SS Sarajevo 10. It can be noted that the
voltage value vary over the time. In Fig. 6b voltage duration
curve is given for the analysed period. More than 90% of time
voltage value is higher than the maximum allowable value
according to the Grid Code and IEC 60038, and 99% of time
is higher than the rated network voltage. These increased volt-
age values are caused by the underloaded transmission lines
and domestic reactive energy production as well as injected
by interconnection lines from neighboring systems [43].
Furthermore, in literature, some authors use overhead
transmission line rated current intensity as input parameter
to calculate magnetic flux density, in order to estimate worst
case magnetic flux density [44]. Itis a well known fact that the
overhead transmission line current intensity varies over the
time with load. In Fig. 7a variation of the current intensity of
transmission line SS Sarajevo 10 - SS Sarajevo 20 is shown.
From diagram given in Fig. 7a it is noticeable that current
also significantly vary over the time. In Fig. 7b the duration
in % of time of current intensity is given. From this figure,
it is noticeable that the current intensity of the analysed trans-
mission line over the entire analysed period (year 2020) is
much lower than the transmission line ampacity. For that this
transmission line, the ampacity is approximately 1900 A [44].
The proposed model is able the estimate accurate electric
field intensity and magnetic flux density values not only for
the different transmission line typologies, but also for any
range of applied voltages and current intensities. The ANNs
are trained to estimate the electric field intensity and magnetic
flux density for the fixed values of applied voltage and current
intensity values (400 kV and 100 A). When transmission line
currents and voltages differ from those used to train the neural
networks, it is necessary to perform adequate scaling of the
ANN outputs in order to obtain appropriate values.
Electric field intensity and magnetic flux density scaling is
performed by the following equations:

Un

E, = — -E 24

n=7, B (24)
Iy

B, = — - B; (25)
I

where U, is the actual applied voltage, U; is the applied volt-
age used for training ANN, I, is the actual current intensity,
I is the current intensity used for training ANN, Ej is the
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electric field intensity obtained by ANN, By is the magnetic
flux density obtained by ANN, E,, is the scaled electric field
intensity and B,, is the scaled magnetic flux density.

lll. VALIDATION OF PROPOSED METHOD

Validation of the proposed method for the estimation of the
electric field intensity and magnetic flux density was done by
comparing results with the calculations obtained by charge
simulation method and method based on Biot-Savart law,
respectively. In addition the performance of the proposed
method is also evaluated using the measurement results. The
comparative analysis is based on different overhead transmis-
sion line configurations.

A. COMPARISON WITH CALCULATION RESULTS

The comparative analysis of the proposed method with CSM
and BS law based method is conducted for three different
overhead transmission line configurations, as shown in Fig. 8.
First analysed case is an overhead transmission line of hori-
zontal configuration of phase conductors with two shielding
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wires, as showed in Fig. 8a [44]. Second analysed case is an
overhead transmission line of vertical phase conductors con-
figuration with a single shielding wire, as showed in Fig. 8b.
Third analysed configuration in this section is a delta phase
conductor configuration with two shielding wires, as showed
in Fig. 8c. For each configuration, the associated geometric
parameters are shown.

The proposed method for the electric field intensity esti-
mation is evaluated for three different applied voltage values,
400 kV, 440 kV and 360 kV. On the other hand, the magnetic
flux density is calculated for two different current intensity
values 100 A and 1000 A. Both, the electric field intensity and
the magnetic flux density values, are calculated 1 m above
ground surface and for the lateral profile in the range from
-40 m to 40 m, with increments of 1 m.

Fig. 9 show the electric field intensity calculation results
by CSM and the proposed method for the horizontal con-
figuration of overhead transmission line. Three different
applied voltage levels are considered. Similarly, in Fig. 10 the
results of magnetic flux density calculations by BS based law
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values were considered. Figs. 11 and 12 show the results for

method and proposed method for the horizontal configuration
electric field intensity and magnetic flux density calculation

of phase conductors are shown. Two different applied current
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corresponding to the vertical configuration of the overhead
transmission line. Figs. 13 and 14 show the results for electric
field intensity and magnetic flux density calculations corre-
sponding to the delta phase conductor configuration with two

shielding wires.
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(c) Electric field intensity (360 kV)

FIGURE 11. Electric field intensity for the vertical configuration of phase conductors.

The results given in Figs 9 - 14 show that the proposed

method is able to generate electric field intensity and mag-
netic flux density results that very closely match the results
obtained by CSM and BS law based method for all con-
sidered overhead transmission line configurations, applied
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FIGURE 13. Electric field intensity for the delta configuration of phase conductors.

voltage and current intensity values over the entire considered
lateral profile. The results show that the proposed method
can be used to accurately estimate the electric field intensity
and magnetic flux density values, irrespective of geometric
description of overhead transmission lines. Although ANNs
are trained for a fixed applied voltage and current intensity,
the results show that the application of the proposed method

VOLUME 9, 2021

is clearly not constrained to these particular applied voltage
and current intensity values. This property of the proposed
method is discussed in previous section.

B. COMPARISON WITH MEASUREMENT RESULTS
The results of the proposed method are also compared with
measurement results obtained on two overhead transmission
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lines SS Sarajevo 10 - SS Sarajevo 20 (tower type AKZ Y)
and SS Tuzla 4 - SS Visegrad (tower type AKZ YN). Both
transmission lines correspond to horizontal phase conductor
configurations, first is the standard dimension and the second
one is the reduced dimension, as shown in Fig. 15. On both
analysed transmission lines, phase conductors are bundle
conductors composed of two sub-conductors. For the calcu-
lation the values of applied voltage and current intensity are
obtained from SCADA system. The height of each conductor
has been measured by using height meter Suparule model
600. The electric field intensity measurements have been
done by using 1D sensor (HI-3604 ELF Survey Meter) and
the magnetic flux density has been measured using the 3D
sensor (Narda ELT - 400). Measurement are taken at the
height of 1 m above ground surface according to [45]. Lat-
eral profile measurements are performed near the midspan,
at minimum conductor height, because highest field values
are expected [46].
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SS Visegrad

At the time of measurement of electric field intensity and
magnetic flux density, results obtained from SCADA system
show that applied voltage was 422.97 kV and that there
was no significant variation of the applied voltage over the
time of measurement of electric field intensity [47]. On the
other hand, during the magnetic flux density measurements
the current intensity has had significant variations, as shown
in Fig. 16b. For the calculation of magnetic flux density the
current intensity of 86.88 A is used as the input parameter.

In Fig. 17, an additional validation of the proposed method
with the measurement results is presented, for transmission
line given in Fig 15b.

As it can be noted from the results given in Figs. 17a and
17b, both the electric field intensity and the magnetic flux
density estimates obtained by the proposed method match
very well with the results obtained by CSM and BS law based
model. On the other hand, the measurement results slightly
deviate from the calculated values. The reason for these
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40

discrepancies in the electric field intensity are the uneven crepancies in the magnetic flux density are current intensity
terrain, operator proximity, and close proximity of shrubs variation during magnetic flux density measurements and
to measurement location. The reason for the observed dis- unsymmetrical current flow on phase conductors.
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Second case analysed within this section is overhead trans-
mission line of horizontal configuration with reduced dimen-
sion, given in Fig. 15b.

At the time of electric field intensity and magnetic flux
density measurements, results obtained from SCADA system
show that applied voltage was 416 kV and there was no
significant variation of the applied voltage over the time of
measurement of electric field intensity [47]. On the other
hand, during the time of magnetic flux density measure-
ments the current intensity had significant variation, as shown
in Fig. 16b. For the calculation of magnetic flux density,
the current intensity of 133.16 A is used as an input parameter.

In Figs. 18a and 18b additional validation of the proposed
method with measurement results is presented.

Similarly, as in previously discussed case, the proposed
method produces electric filed intensity and magnetic flux
density estimates that closely match the calculation results
obtained via CSM and BS law based method, respectively.
As expected, there are slight discrepancies between the
results of the proposed method and the measurement data due
to the previously discussed reasons.

IV. CONCLUSION

In the process of planning of new overhead transmission lines,
it is important to accurately calculate the maximum levels of
electric and magnetic fields that may occur in the proximity of
transmission lines in order to meet the allowed values. In this
paper, a novel method for electric field intensity and magnetic
flux density estimation in the vicinity of the high voltage over-
head transmission lines is proposed. The proposed method is
based on two fully connected feed-forward neural networks
models, where one ANN model is used for electric field
intensity estimation, while the second ANN model is used for
magnetic flux density estimation. Artificial neural network
is a massively parallel distributed processor, which has an
inherent predisposition for learning and generalization. Fully
connected feed-forward neural networks have the capacity to
represent complex nonlinear input output relations. The ANN
training dataset is generated using different overhead trans-
mission line configurations. Different overhead transmission
line configurations are generated using an algorithm that is
especially developed for this purpose. The target values for
the electric field intensity and magnetic flux density datasets
are evaluated using the CSM and BS law based method,
respectively. The scaled conjugate gradient algorithm is used
to train the ANNs. The experimental results show that the
proposed method is able to accurately estimate electric field
intensity and magnetic flux density values that very closely
match the results obtained by CSM and BS law method
for all considered overhead transmission line configurations,
applied voltage and current intensity values, over the entire
considered lateral profile. Due to the aforementioned char-
acteristics of the proposed method, the proposed method
could be successfully applied into high voltage transmission
line design optimization. In addition, the proposed method is
evaluated on electric field intensity and magnetic flux density
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measurement results obtained on two overhead transmission
lines SS Sarajevo 10 - SS Sarajevo 20 and SS Tuzla 4 - SS
Visegrad.
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