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ABSTRACT In this paper, a novel method for the magnetic flux density estimation in the vicinity of
multi-circuit overhead transmission lines is proposed. The proposed method is based on a fully connected
feed-forward artificial neural network model that is trained to estimate the magnetic flux density vector
components for a range of single-circuit overhead transmission lines. The proposed algorithm is able to
simplify estimation process in instances when there are two or more geometrically identical circuits present
in the multi-circuit overhead transmission line. In such instances, artificial neural network model is employed
to estimate the magnetic flux density distribution over a considered lateral profile for only one of such
circuits. The magnetic flux density estimates of the other geometrically identical circuits are derived from
these results. The proposed methodology defines the resultant magnetic flux density for the multi-circuit
overhead transmission line in terms of the contributions made by individual circuits. The application of the
proposed magnetic flux density estimation method is demonstrated on several multi-circuit configurations
of overhead transmission lines. The performance of the proposed method is compared with the Biot-Savart
law based method calculation results as well as with field measurement results.

INDEX TERMS Artificial neural network (ANN), Biot-Savart (BS) law based method, current intensity,

magnetic flux density, multi-circuit overhead transmission lines.

I. INTRODUCTION

The effects of low-frequency magnetic fields on the health
of people that reside and/or work near overhead transmis-
sion lines have been of research interest for several decades.
During this period, a number of studies were conducted
with the aim of establishing how the exposures to these
fields exactly affect the human body. Although these studies
have shown that there is a definite association between the
exposure to low-frequency magnetic fields and the devel-
opment of severe human disease, some questions regarding
the effects of long-term exposures to these fields on human
health remain unanswered [1]-[6]. As a result of decades of
research into the effects of low-frequency electric and mag-
netic fields on humans, the International Agency for Research
on Cancer (IARC) has classified extremely low-frequency
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magnetic fields as possibly carcinogenic to humans [7]. The
International Commission on Non-Ionizing Radiation Protec-
tion (ICNIRP) in 2010, issued guidelines for limiting electric
and magnetic fields in the frequency range from 1 Hz to
100 kHz. According to these guidelines the reference levels
are 1 mT for occupational exposure to 50 Hz magnetic fields
and 0.2 mT for general public exposure [8]. The principal
objective of these recommendations is to limit the electric
currents that are induced in the human body as a result of
exposure to such fields and to ensure that the induced cur-
rents do not exceed the electrical currents that are naturally
generated by the human nervous system and heart [9].

The constant changes in the generation sector and growing
requirements for continuity and certainty of electrical energy
supply places a great strain on electric power sector with the
need for further transmission network development. Various
approaches, such as the use of high temperature low sag
conductors, can be employed to increase the transmission
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capacity of the existing transmission lines [10]. However,
these approaches might not provide the long-term solution
to the aforementioned challenges. The alternative solution
to this problem is the construction of new overhead trans-
mission lines. The development of new overhead transmis-
sion lines is subject to numerous administrative, legal, and
environmental constraints. Due to the constraints related to
safety distances, audible noise levels and the electromag-
netic environment, significant challenges are associated with
economically developed and densely populated urban areas.
The land cost associated with the development of new trans-
mission lines can significantly affect the economic viability
of these projects [11]-[13]. Another potential solution is
the use of underground cables. This solution is not always
applicable and brings with itself specific construction chal-
lenges and increased installation and maintenance costs [14].
The construction of multi-circuit overhead transmission lines
can increase the unit line corridor transportation capacity,
increase the efficiency of land resource use and lower the
construction cost. The effectiveness of multi-circuit overhead
transmission lines is increasingly being recognized. Double-
circuit and quadruple-circuit overhead transmission lines on
same tower are already widely used in many countries. These
multi-circuit overhead transmission lines can be of the same
voltage levels, but also towers with multiple voltage levels
can be encountered [11], [15], [16]. Specific challenges are
related to high voltage substations at the entrances of which
there are often several parallel overhead transmission lines.
It is not uncommon for several of them to be placed together
on the same towers at the entrances, due to limited space.

Each of these circuits will cause a magnetic field in its
environment, and since these are small distances, the total
field in the vicinity of such transmission line will be enlarged
with their contributions [17], [18]. This means that fields of
significantly higher intensity will appear compared to those
that would be generated by all transmission lines individually.
Given the prescribed allowable field values, in the design
stage and during the operation of power facilities, it is neces-
sary to perform calculations, measurements or prediction of
the generated field intensities [17], [19], [20]. The field inten-
sity can be reduced by increasing the height of the towers.
However, this is not the optimal solution, as it can cause a sig-
nificant increase in project costs, more complicated construc-
tion and higher maintenance requirements. Therefore, when
designing multi-circuit overhead transmission lines, phase
sequence arrangement and conductor position optimization
should be performed [15], [21].

Overhead transmission line rated voltages are selected to
meet the recommendations defined by the relevant interna-
tional regulations [22]. The 110 kV, 220 kV and 400 kV
overhead transmission lines are used in transmission network
in Bosnia and Herzegovina [23], and also in numerous other
countries as single or multi-circuit overhead transmission
lines [12].

According to Biot-Savart law, magnetic flux density
produced by overhead transmission lines depends on the
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transmission line conductors current intensities and the dis-
tances between the source points and the arbitrary observation
point [24]-[26].

Overhead transmission lines conductor heights are defined
with allowed phase to ground clearances, which are deter-
mined depending on the voltage level i.e. transmission lines
with higher rated voltages require higher permissible con-
ductor heights [27]. Overhead transmission lines with higher
rated voltages have larger power capacity and they are usually
loaded with higher current intensities. Nevertheless, overhead
transmission lines with lower rated voltage can also be loaded
with high current intensities. In instances, when overhead
transmission lines with lower rated voltages and lower con-
ductor heights are loaded with high current intensities, large
magnetic flux density levels are expected in their vicinity and
near ground level.

Numerous analytical and numerical methods have been
developed in response to the need to calculate the value of the
magnetic flux density. Nowadays, numerical methods are pre-
dominantly used [28], [29]. There is a need, especially in the
case of multi-circuit overhead transmission lines, to develop
reliable methods that can determine the magnetic flux density
at a desired point in space using only the phase currents and
positions of the conductors in space [30].

Artificial neural networks can approximate nonlinear func-
tions and model complex input-output relations and such they
are applied to wide range engineering problems [31], [32].
Recently, a method based on the ANNs has been proposed
to enable magnetic flux density and electric field intensity
estimation in the vicinity of overhead transmission lines. The
model is designed to be applied on a single-circuit overhead
transmission line [33].

In this paper, a novel method is proposed for estimation of
magnetic flux density in the vicinity of multi-circuit overhead
transmission lines. The proposed method is able to provide
accurate estimates for a wide range of different transmis-
sion line conductor configurations. This is one characteristic
that the proposed method shares with the method proposed
in [33]. However, in order to facilitate accurate magnetic flux
density estimation in the vicinity of multi-circuit overhead
transmission lines, the proposed neural network model is
trained to estimate the real and imaginary values of each indi-
vidual component of magnetic flux density vector, as opposed
to the resultant value, as in [33].

The ANN model is used to provide magnetic flux density
estimates that are generated by individual circuits in the
multi-circuit overhead transmission line environment. The
proposed method is able to integrate these estimates and
produce the magnetic flux density estimates that correspond
to the multi-circuit overhead transmission lines.

The rest of the paper is organized as follows: In Section II
the proposed model for estimation of magnetic flux density
in the vicinity of multi-circuit overhead transmission line is
described in detail. Section III presents the validation of the
proposed method. The validation is done by comparing the
results obtained by the proposed method to those obtained
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with BS law based method and measurement results. Con-
cluding remarks are given in Section IV.

Il. DESCRIPTION OF PROPOSED METHOD

A. ARTIFICIAL NEURAL NETWORKS

Development of ANNSs is inspired by the fundamental charac-
teristics and functionality of biological computing machines,
i.e. biological brains [34]. Artificial neural networks are able
to acquire experiential knowledge by identifying patterns and
relationships that exist in the training data and they are able
to adapt to a changing environment [35], [36].

Artificial neural networks belong to a class of machine
learning algorithms. Machine learning is a branch of artifi-
cial intelligence that is defined as ‘“‘the field of study that
gives computers the ability to learn without being explicitly
programmed” [37]. In general, ANNs have the capacity to
learn, generalize and recall stored knowledge [38]. Here the
term generalization is used to denote the ability of a machine
learning model to generate correct outputs for new and pre-
viously unseen data, i.e. the instances that were not used to
train the model. The ANNSs can be trained to model complex
and highly nonlinear input/output relations.
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FIGURE 1. A neuron model.

Artificial neural network is a computational model
that contains a certain a number of interconnected basic
information-processing elements called artificial neurons.
Neuron connections are associated with coefficients or synap-
tic weights that can be adapted by ANN training algorithms.
An artificial neuron model is presented in Fig. 1. For some
k-th neuron in a neural network architecture with m distinct
inputs, a mathematical model of the neuron can be repre-
sented by the following equation:

m
=9 | > wi-xi+ b (1)
j=1

were, X1, X2,...,X, denote neuron inputs, while wyp,
Wk2, - - - , Wiy Tepresent the associated synaptic weights. The
neuron bias is denoted as by ; the neuron activation function is
denoted as ¢(-) and the output of the k-th neuron is denoted
as yx . The activation function of the k-th neuron maps its acti-
vation potential (induced local field), vy = Z;"z | Wij - Xj+ by,
to neuron output, yr = ¢(v¢). In this paper, a nonlinear tan-
sigmoid function is selected as an activation function for the
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hidden layer neurons. The tan-sigmoid function is described
by the following equation [39]:

2
o0) =1 1 @)

In this paper, a fully connected feed-forward artificial neu-
ral network model is developed to estimate magnetic flux
density for a range of different transmission line conductor
configurations. The graphical illustration of the proposed
ANN model is presented in Fig. 2. The ANN architecture con-
sists of 1 input layer, 4 hidden layers and 1 output layer. The
input layer consists of 6 inputs. Each hidden layer consists of
20 neurons. Finally, the output layer consists of 4 outputs.
The proposed model is designed to provide the magnetic
flux density estimate for a given overhead transmission line
conductor geometry at a point 1 m above the ground surface
and some lateral distance away from the central vertical line.

For the purpose of magnetic flux density estimation,
an overhead transmission line configuration is defined
by 3 (x, y) points in two dimensional space that denote
the geometric description of 3 phase conductors. Instead of
6 coordinate values, the proposed model uses 5 coordinate
values to completely describe an overhead transmission line
configuration. A coordinate system is defined with respect
to the central phase conductor (central vertical line). Specif-
ically, for each considered overhead transmission line con-
figuration, the horizontal coordinate of the central phase
conductor is set to zero. Thus, only 5 coordinate values are
required to completely describe an overhead transmission line
configuration.

In addition to 5 coordinate values that define the geometry
of overhead transmission line conductors, every input sam-
ple defines the lateral distance of the magnetic flux density
estimation point from the central phase conductor. Therefore,
the input layer of the proposed ANN model for magnetic flux
density estimation consists of six inputs.

On the other hand, the output layer of the proposed ANN
model consists of 4 outputs. These four outputs define the real
and imaginary parts of magnetic flux density vector compo-
nents B, and B,. The graphical illustration of procedure of
obtaining these results by ANN is shown in Fig. 2.

The ANN model is trained using a supervised learning
paradigm. Supervised learning techniques are used to develop
predictive models based on a training dataset of paired input-
output samples, i.e. each training sample in the training
dataset is labeled with the desired (ground-truth) output.
In this paper, the ANN model training is based on a dataset
that represents 200,000 different overhead transmission line
conductor configurations. The configurations are generated
using a method that is described in detail in [33]. For each
of 200,000 different overhead transmission line conductor
configurations, the considered dataset includes 201 points
with different lateral displacement from the central vertical
line. These points are placed at 1 m above the ground surface
and range from —100 m to 100 m away from the central ver-
tical line. Thus, the training of the ANN model for magnetic
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FIGURE 2. Graphical illustration of the proposed ANN model.

flux density estimation is based on a dataset that includes
40,200,000 samples. In this dataset, each sample defines a 6-
dimensional input vector and a corresponding 4-dimensional
desired (target) vector. The target vectors are obtained using
BS based law method under the assumption that in all trans-
mission line phase conductors, current intensity is equal
to 100 A. In order to mitigate the overfitting problem, the
dataset containing 40,200,000 samples is randomly divided
into training (70% samples), validation (15% samples), and
testing (15% samples) datasets.

In this paper, the proposed model for magnetic flux
density estimation is trained using the scaled conjugate gradi-
ent (SCG) algorithm [40]. This is a fast fully-automated algo-
rithm that does not use any critical user-dependent parame-
ters [40]. SCG learning algorithm is designed with the pri-
mary objective of avoiding the time-consuming line search
that is commonly employed by other conjugate gradient
algorithms to evaluate the optimal step size and as such,
it is shown to be particularly efficient in instances when the
neural network model consists of a large number of free
weights [40].

B. BIOT-SAVART LAW BASED METHOD

The target values for all the samples used in the ANN model
training, i.e. the desired real and imaginary values of mag-
netic flux density vector components, are calculated using BS
law based method. Specifically, the 2D algorithm of BS law
based method is used. This method is also used to validate
the proposed magnetic flux density estimation method. The
considered BS law based method assumes that source of
magnetic flux density are current point sources located at the
center of each phase conductor. In the case of bundle phase
conductor, the current point source is located at the center of
equivalent conductor. According to the BS law based method,
x and y component of magnetic flux density vector in an
arbitrary point with coordinates (x, y) can be calculated using
following equations [41]:

n
Mo - 1; y—yi  ytyita
B(x,y) =) 2n'~(— =+ )

i=1 Ti T
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Qy(X,y) = ; o ( ri2 B ri/2 )
= yr(xs y) +j'Byi(x» y) 4)

where B, (x, y) and B, (x, y) are x and y vector components of
the magnetic flux density phasor at point (x, y), ®o is mag-
netic permeability of air, n is the total number of current point
sources, /; is current intensity phasor of i-th point source,
(x, y) are coordinates of an arbitrary point, (x;,y;) are coordi-
nates 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 com-
plex image of i-th current point source and arbitrary point,
and j is complex unit. The B,(x, y) and By;(x, y) represent
the real and imaginary values of x component of magnetic
flux density vector, while By, (x, y) and By;(x, y) represent the
real and imaginary values of y component of magnetic flux
density vector, respectively. Complex depth is denoted by «
and it is defined by following equation [20]:
2

o= - = 5
V= w- po- (Osoil —J - - Esoil)

where w is power system angular frequency, oy, is soil
conductivity, &, is dielectric permittivity of the soil.

Relevant geometric parameters for the calculation of mag-
netic flux density are presented in Fig. 3.

C. ESTIMATION RESULTS INTEGRATION

The ANN based method for magnetic flux density esti-
mation presented in [33] is designed to be used for the
single-circuit three-phase overhead transmission lines, only.
However, in practical situation there is a large number of
different multi-circuit overhead transmission line config-
urations with different number of phase conductors that
can be considered. Development of a specific ANN model
for each case does not seem like a reasonable solution to
address this problem. In order to facilitate the analysis of
multi-circuit overhead transmission lines using the ANN
approach, a novel ANN model is developed. Unlike the
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FIGURE 3. Current point source and image of current point source
distances from an arbitrary point [33].

model proposed in [33] where the output of the ANN model
corresponds to the resultant value of the magnetic flux density
B(x,y) at an arbitrary point with coordinates (x, y), in this
paper the ANN model is trained to estimate the real and
imaginary parts of magnetic flux density vector compo-
nents (Byr(x, y), Bxi(x, y), By (x, ), Byi(x, y)) at some arbi-
trary point with coordinates (x, y). The proposed ANN model
is designed based on the following considerations:

« the ANN model is trained for a fixed value of applied
current intensity,

o the ANN model is trained based on different single-
circuit three-phase overhead transmission line configu-
rations,

« the central conductor of the overhead transmission line
is placed on the vertical axes.

Having developed the ANN model, as described earlier in
this section, the principal problem becomes how to extend
its use to the case of multi-circuit overhead transmission
lines. In this paper, the following solution is proposed. The
estimates of the real and imaginary values of magnetic flux
density vector components that are produced by the proposed
ANN model correspond to a local coordinate system. The
local coordinate system origin coincides with the central
phase conductor of that circuit. In order to appropriately
account for contributions of the individual circuits to the
resultant magnetic flux density, it is necessary to account for
the specific spatial locations of the individual circuits with
respect to the global coordinates system origin. In relation
to the global coordinate system origin, the local coordinate
system origin associated with a particular circuit is displaced
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only by abscissa. The global coordinate system origin is asso-
ciated with the center of multi-circuits overhead transmission
line. Therefore, the following relations with respect to each
output of the ANN model hold:

By i (x,y) = By, (x — ¢k, ) (6)
Buik(x,y) = By(x — ¢k, y) (N
By k(x,y) = B, (x — ¢k, ) ®)
Byik(x,y) = Bj(x —ck, y) C))

where (x, y) is a point in a multi-circuit overhead transmission
line coordinate system. The parameter c; defines the location
of the central phase conductor of k-th circuit on the x-axis
with respect to the global coordinate system origin.

The B;r,k(x,y), B;a.’k(x,y), B/yr,k(x, ), B;i,k(x,y) denote
the ANN output (real and imaginary values of magnetic
flux density of x and y vector components of magnetic flux
density) associated with the k-th overhead transmission line
circuit. The ANN outputs are based on the local coordinate
system, where the local coordinate origin coincides with the
central phase conductor of the k-th overhead transmission line
circuit. On the other hand, By x(x, ), Byxi k (x, ¥), By, k(x, ¥),
By; 1 (x,y) denote the real and imaginary values of magnetic
flux density x and y vector components at point (x, y).

Practical multi-circuit overhead transmission lines usually
have geometrically identical circuits on opposite sides of the
tower. If there are two circuits that are symmetrically placed
around tower, then magnetic flux density distribution for both
circuits are based on the same ANN outputs. In that case,
the ANN model is used to obtain the distributions of the real
and imaginary values of magnetic flux density x and y vector
components for only one of those circuits.

The ANN model is trained under the assumption that the
phase conductors are arranged in such way that the phase
angle of the central phase conductor is 0, the phase shift asso-
ciated with the rightmost phase conductor is —2m/3 whilst,
the phase shift associated with the leftmost conductor is 27 /3.
Very often, multi-circuit overhead transmission lines have
circuits that are symmetrically placed around the tower but
with opposite phase conductor arrangement. In this case, the
distribution of the real and imaginary values of magnetic
flux density x and y vector components for one circuit can
be easily derived from the results associated with the other
circuit. Within the local coordinate system, it is necessary to
change the sign associated with the real and imaginary parts
of y vector component and to rotate the real and imaginary
parts of both vector components along the abscissa.

Therefore, phasors of magnetic flux density vector com-
ponents at an arbitrary point with coordinates (x, y) can be
calculated by using following equations:

N
I . Iy
Byr(x.y) = Y Byi(x,y): — +jBuxx,y) - —  (10)
P I, I

N
I . I,
Byr(x,y) = E Byr i (x,y) - A +J - Byix(x,y) - A (1D
k=1 n
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FIGURE 4. Graphical illustration of proposed method for magnetic flux density estimation in vicinity of multi-circuit overhead transmission lines.

where N is total number of circuits of analyzed multi-circuit
overhead transmission lines, B,7(x, y) and By (x, y) are x and
y components of the magnetic flux density at an arbitrary
point (x, y), Iy current intensity of k-th analyzed circuit and
I, is current intensity value that ANN training was based on.

Finally, resultant value of the magnetic flux density at an
arbitrary point with coordinates (x, y) can be calculated by
using following equation [42]:

) 2

B(x.y) =\/ B (e )+ [Byr (e, ) (12)

Graphic illustration of the previously described proce-

dure of magnetic flux density estimation in the vicinity of
multi-circuit overhead transmission lines is given in Fig. 4.

Ill. CASE STUDIES

The proposed method for magnetic flux density estimation
is evaluated on different multi-circuit overhead transmission
lines. The obtained estimates are compared to the calculations
made by BS law based method. In addition, the performance
of the proposed method has been evaluated on two parallel
transmission lines with different rated voltage and applied
current intensities. In this case, the performance of the pro-
posed method is compared to BS law based calculations and
field measurement results. In all considered cases the mag-
netic flux density is estimated at a height of 1 m above ground
surface, and in increments of 1 m along the lateral profile.
The magnetic flux density measurements were performed in
an identical manner.

A. COMPARISON WITH CALCULATION RESULTS
The validation of the proposed method is done on different
multi-circuit overhead transmission lines and on the parallel
single-circuit overhead transmission lines within a common
corridor. In this paper, for each considered test case, the
estimation of magnetic flux density is based at the point
where conductors are closest to the ground level. In fact, the
lowest distance of a conductor from the ground is taken as the
conductor height. The selected values of the phase conductor
heights in the analyzed cases are in accordance with [27].
The first test case corresponds to two identical 400 kV
overhead transmission lines with horizontal phase conductor
configuration. The central phase conductors of two overhead
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transmission lines are 50 m apart along the x-axis. All phase
conductors consist of two sub-conductors in a bundle. Both
overhead transmission lines have two shield wires and they
both have the same phase conductor arrangement. In this
case the global coordination system origin is positioned at the
middle point between analyzed overhead transmission lines.
Geometric parameters of the considered transmission lines
are presented in Fig. 5.

For this test case, two scenarios are considered. The first
scenario denotes a situation where current intensities of equal
magnitude flow in phase conductors of both overhead trans-
mission lines. The second scenario denotes a situation where
the applied phase current intensities of overhead transmis-
sion line 1 (as shown in Fig. 5) is equal to one half of the
applied current intensity of the overhead transmission line 2
(as shown in Fig. 5).

In Fig. 6 the comparison of the results obtained by the
proposed magnetic flux density estimation approach and by
BS law based method is given. Results presented in Fig. 6a
correspond to the first scenario, where the current intensities
of all phase conductors are equal to 1200 A on both con-
sidered overhead transmission lines. The results presented in
Fig. 6b correspond to the second scenario, where the phase
current intensity of the overhead transmission line 1 is 600 A
and the phase current intensities of the overhead transmission
line 2 is 1200 A. For the first scenario, the highest value of
the magnetic flux density is at the center of overhead trans-
mission lines and amounts 26.07 uT. Similarly, for the sec-
ond scenario, the highest value of the magnetic flux density,
26.71 uT, exists at the center of the overhead transmission
line with higher applied phase current intensity.

In consideration of the results presented in Fig. 6, it can be
noted that for both scenarios, the magnetic flux density esti-
mates obtained using the proposed method closely agree with
the calculations obtained using the BS law based method.

The second analysed case in this paper is a double-circuit
overhead transmission line of 220 kV rated voltage. The
second test case considers two overhead transmission lines
with opposite arrangement of the phase conductors. The
phase conductor arrangement of each circuit of the analyzed
double-circuit overhead transmission line is given in Fig. 7.
For this test case, two scenarios are also considered. The
first scenario corresponds to the symmetric circuit loading,
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FIGURE 6. Magnetic flux density distribution of two horizontal overhead transmission lines of 400 kV rated voltage in common corridor.

while the second scenario corresponds to the asymmetric
circuit loading. For the first scenario, the two circuits have
identical current intensity of 1000 A. On the other hand, for
the second asymmetric scenario, the applied current intensity
of one circuit is 650 A (Circuit 1), whilst the applied current
intensity of the second circuit is 1000 A (Circuit 2).

Due to the geometric symmetry of the analyzed
double-circuit overhead transmission line, the proposed ANN
model is used to obtain the magnetic flux density estimates
for one circuit. The magnetic flux density estimates asso-
ciated with the other circuit are derived from these esti-
mates. Finally, the results associated with the double-circuit
overhead transmission line are obtained by applying the
mathematical model described in Section II.

In Fig. 8 the results of magnetic flux density estimation for
both analysed scenarios are presented. For the first scenario,
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where individual circuits in double-circuit overhead transmis-
sion line are symmetrically loaded, the magnetic flux density
distribution is presented in Fig. 8a. The highest value of the
magnetic flux density on the profile is at the points x; =
8 m and x, = —8 m, and amounts 18.68 uT. For the second
scenario where individual circuits in double-circuit overhead
transmission line are asymmetrically loaded, the estimated
magnetic flux density distribution over the considered lateral
profile is given in Fig. 8b. Here, the highest value of the
magnetic flux density on the profile is at the point x; = 9 m
and amounts 18.2 uT.

The results of magnetic flux density calculations obtained
by the BS law based method are shown in Fig. 8 along with
the results obtained by the proposed method. The results
presented in Fig. 8, demonstrate that the proposed method is
able to produce magnetic flux density estimates that closely

18175



IEEE Access

A. Mujezinovic et al.: Novel Method for Magnetic Flux Density Estimation

Phase conductor

Phase conductor

|
44024 I 660“
8 m 8 m
Circuit 2 I Circuit 1
Pha:%‘e Sonductor Phase conductor I Phase conductor Phase conductor
4 ‘58‘5 I 6‘84‘ “4AG
? 7m 7m
A | ? ?
|
< 12m > 12m >
I
|
z ] | gl = 8
|
|
|
|

y

N

FIGURE 7. Geometry of considered 220 kV double-circuit overhead transmission line.

Bi{uT)

——ANN

Bi(uT)

-50 -40 -30 -20 -10 0 10 20 30 40 50
ylm)

(a) Symmetric scenario

-50 -40 -30 -20 -10 0 10 20 30 40 50
y(m)

(b) Asymmetric scenario

FIGURE 8. Magnetic flux density distribution in vicinity of 220 kV double-circuit overhead transmission line.

match the calculations obtained using the BS-law based
method. Some minor difference between the results obtained
by these two methods can be observed only at the center of
multi-circuit overhead transmission line.

The third test case corresponds to a quadruple overhead
transmission line of E-type with two circuits of 500 kV rated
voltage (higher circuits) and two circuits of 220 kV rated volt-
age (lower circuits) [ 15]. The phase conductor arrangement of
the considered quadruple overhead transmission line is given
in Fig. 9.

Again, two scenarios are considered. In the first sce-
nario, the applied current intensities for the circuits 3 and 4
(from Fig. 9), are equal 1500 A. Also, the applied cur-
rent intensities for the circuits 1 and 2 (from Fig. 9), are
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equal 1000 A. In the second scenario, the applied current
intensities are as follows:

o Circuit 1: 650 A,

o Circuit 2: 1000 A,
o Circuit 3: 1500 A,
o Circuit 4: 1200 A.

The ANN model is used to obtain the real and the imag-
inary values of magnetic flux density vector components B,
and B, for two circuits only, circuit 1 and circuit 3, as shown
in Fig. 9. Exploiting the specific relations in the phase con-
ductors arrangement, the magnetic flux density distribution
associated with the remaining two circuits is derived from
those obtained by the ANN model.
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In Fig. 10 the results of magnetic flux density estimation
for both considered scenarios are given. For the first scenario,
the estimated magnetic flux density distribution over the
considered lateral profile is presented in Fig. 10a. For this
scenario, the highest value of the magnetic flux density over
the considered lateral profile is at the points x; = 7 m and
xp = —7 m, and amounts 30.23 uT. On the other hand,
the estimated magnetic flux density distribution over the
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considered lateral profile for the second scenario, is presented
in Fig. 10b. In this case, the highest values of the magnetic
flux density on the profile is at the point x; = —7 m and
amounts 27.37 uT.

In addition to the magnetic flux density estimates obtained
by the proposed method, the results of magnetic flux den-
sity calculations obtained by the BS law based method are
shown in Fig. 10. The results in Fig. 10 show that proposed
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method is able to produce magnetic flux density estimates
that closely match the calculations obtained using the BS law
based method.

The results obtained on all three test cases demonstrate that
the proposed approach can be successfully applied to estimate
the magnetic flux density distribution over a lateral profile for
different multi-circuit overhead transmission lines.

B. COMPARISON WITH MEASUREMENT RESULTS

The proposed method is also validated with the field mea-
surement results and simultaneously with BS law based
method calculation results. Fig. 11 shows the geometry of
the considered overhead transmission lines. The considered
transmission lines are from electric power system of Bosnia
and Herzegovina. The analysis of these transmission lines is
based on the measured actual phase current intensities and
conductor heights.

On left side of Fig. 11 the 400 kV overhead transmission
line substation (SS) Sarajevo 10 - SS Sarajevo 20 is given,
while on its right side, the double-circuit 110 kV overhead
transmission line is presented. Here, one circuit connects SS
Sarajevo 1 - SS Sarajevo 18 and other SS Sarajevo 1 - SS
Sarajevo 20. The distance between the two overhead trans-
mission lines vertical axes is 59 m. Overhead transmission
line SS Sarajevo 10 - SS Sarajevo 20 has the horizontal con-
figuration of phase conductors and two shield wires. Phase
conductors are bundle phase conductors composed of two
sub-conductors. On the other hand, double-circuit overhead
transmission line SS Sarajevo 1 - SS Sarajevo 18 and SS
Sarajevo 1 - SS Sarajevo 20 have a single conductor per
phase and have one shield wire. The conductor heights were
measured using ultrasonic height meter Suparule model 600,
while the horizontal distances between the conductors were
taken from the tower specifications obtained from the local
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electricity transmission company. The magnetic flux density
has been measured using 3D probe Narda - ELT 400. For both
analyzed overhead transmission lines, the conductor height
and magnetic flux density measurements are conducted at
the middle of the span between adjacent transmission line
towers. The span of both analyzed overhead transmission
lines are almost the same, so this point, for both overhead
transmission lines, represents the point closest to ground
surface. The phase current intensities were taken from the
SCADA system for the period when magnetic flux density
were measured. During the measurement of the magnetic flux
density the current intensities has varied, as it can be noted
from the diagram given in Fig. 12a. The magnetic flux density
calculations relied on the following current intensities:

o SS Sarajevo 10 - SS Sarajevo 20: 120.14 A,
o SS Sarajevo 1 - SS Sarajevo 18: 43 A,
o SS Sarajevo 1 - SS Sarajevo 20: 26 A.

Since each circuit in analyzed configuration has different
phase conductor heights, magnetic flux density produced by
each circuit was estimated separately. These separate results
are further used to obtain the resultant magnetic flux density
distribution in the vicinity of the analyzed arrangement.

Fig. 12b shows the magnetic flux density estimates
obtained by the proposed method as well as the field mea-
surement results and the results produced by the BS law
based calculation method. The highest estimated value of the
magnetic flux density by the proposed method is 2.667 uT at
the center of overhead transmission line of horizontal config-
uration (SS Sarajevo 10 - SS Sarajevo 20). This is due to the
fact that phase current intensity of this overhead transmission
line is higher in comparison to the other two.

Also, in this case the obtained results by the proposed
method and BS law based method closely match. As it
can be noted form Fig. 12, both results deviate from
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measurement results. These deviations are caused by current
intensity variation during the period when measurements
were made. Furthermore there could have been unbalanced
current intensities in the phase conductors of overhead trans-
mission line circuits.

IV. CONCLUSION

In this paper, a novel method for magnetic flux density esti-
mation in the vicinity of multi-circuit overhead transmission
lines is presented. The proposed method can be used to
analyze the multi-circuit overhead transmission lines where
the applied current intensities per circuit are not necessarily
equal. This method relies on the ANN model that is trained
to estimate the magnetic flux density vector components for
a range of single-circuit overhead transmission lines. If the
values of the phase current intensities associated with the
individual circuits differ from the current intensity used dur-
ing the ANN training, then appropriate scaling of the ANN
outputs is performed.

ANN model is employed to estimate the magnetic flux
density distribution for each circuit of a multi-circuit over-
head transmission line separately. In cases when there are
two or more geometrically identical circuits present in the
multi-circuit transmission line, estimations are produced for
only one circuit. The magnetic flux density estimates of all
other geometrically identical circuits are derived from the
previously obtained ANN outputs. The resultant magnetic
flux density for the multi-circuit overhead transmission lines
is defined in terms of the contributions made by individual
single circuit systems. Appropriate transformations are made
to account for their different spatial locations. The results
of the proposed method are compared to the BS law based
method results on different examples of multi-circuit over-
head transmission lines.

Based on the example that entails two real parallel over-
head transmission lines, with different rated voltages, that are
placed in close proximity, the magnetic flux density estimates
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obtained by the proposed method are compared to the field
measurement results and the calculations obtained by the
BS law based method. The obtained results show that the
proposed method can be successfully applied to estimate
magnetic flux density distribution over the lateral profile
for multi-circuit overhead transmission with two or more
circuits where the applied current intensities per circuit are
not necessarily equal.

In this paper, it was demonstrated that the proposed model
is able to accurately estimate magnetic flux density in the
vicinity of multi-circuit overhead transmission lines. As such,
it can be applied on existing transmission lines, and it can also
be used in the design phase of planned overhead transmission
lines. The proposed method can be used to evaluate whether
the magnetic flux density values associated with the existing
or planned overhead transmission lines are within allowable
limits.

From the application point of view, the proposed method
displays a great deal of flexibility. It can be applied to pro-
vide magnetic flux density estimates for a number of dif-
ferent overhead transmission line cases, including: single-
circuit overhead transmission line, single-circuits overhead
transmission lines in the common corridor and multi-circuit
overhead transmission lines with individual circuits being of
same or different rated voltage.
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