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Abstract: - In recent years, there has been a stagnation in the investigation of the issues related to exposure to
electromagnetic fields, as it has been deemed that their presence is not significantly apparent; however, they may
induce alterations within the human body and pose certain occupational risks. It is widely accepted that these fields
do not emit sufficient energy to effectuate such changes at the atomic level, yet they can have detrimental effects
on the health of employees. This article delineates the findings from the assessment of non-ionizing radiation
within the premises of the MULALO Electric Transmission Substation, where the reference values for exposure
around the generation plant are based on public safety; conversely, within the substation, the relevant values should
pertain specifically to workers exposed in occupational settings. Ultimately, these results facilitate an analysis to
ascertain whether the emissions from AM No. 155, MAE, TULSMA CEM standards comply with the limits
established by the International Commission on Non-Ionizing Radiation Protection, in addition to identifying the
most significant values of electric and magnetic fields present within the easement strip.
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1 Introduction

The assessment of low-frequency electric and
magnetic fields in electrical substations is
fundamental to worker health and welfare standards,
[1]. This assessment focuses on magnetic fields
generated by equipment such as transformers,
busbars and cables in secondary substations. To
competently conduct the analysis, a methodological
approach is used to accurately measure magnetic
fields and assess the associated risks, [2]. The
methodology outlines protocols for measuring
exposure levels and ensures that potential hazards
are thoroughly identified and quantified, [2]. This
comprehensive process is critical to understanding
the potential hazards to which personnel are exposed
at medium and low voltage switchgear installations.
In addition, the presence of extremely low frequency
(ELF) electric fields, especially in the vicinity of
high-voltage transmission lines, has prompted the
study of their biological effects, raising concerns
about environmental impact and workplace safety,
[2] . In summary, the integration of these principles
provides a sound basis for assessing and mitigating
the risks associated with low-frequency electric and
magnetic fields in substations, [3]. Studies show
that electromagnetic fields (CEM) generated by
substations and transformers vary considerably, and
many measurements are often below internationally
established safety standards. For example, in Aguata,

Nigeria, a maximum electric field of 0.7783 V/m
was measured, while the magnetic field strength was
1.3317 A/m, which meets International Commission
on Non-Ionizing Radiation Protection (ICNIRP)
guidelines, [4]. Similarly, measurements near
high-voltage power lines in Iran showed average
magnetic flux densities below the recommended
limits, [5]. However, concerns remain about potential
health effects, as several studies have shown that
people exposed to ELF magnetic fields exhibit
health problems, [6]. This highlights the need for
continuous monitoring and thorough risk assessment
to ensure safety in these environments. Electric and
magnetic fields are quantified using CEM meters
and the results are evaluated below with respect to
ICNIRP standards. At Aguata, a maximum power
density of 1.0365 W/m² was measured, which means
that exposure levels are site-specific, [4]. Employees
working near transformers have reported symptoms
such as fatigue and dizziness, raising great concern
about the consequences of prolonged exposure, [6].
A research study conducted in Tehran indicated a
possible link between exposure to electromagnetic
fields and mental health problems, [7].

Although several studies have identified generally
low levels of electromagnetic fields, potential health
risks, especially in occupational settings, require
thorough assessment and strict compliance with
safety standards, [8]. CEM are ubiquitous in modern
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society and are a growing problem in the workplace
and the environment. These fields can have biological
effects, especially in the case of ELF generated by
high-voltage power lines or electrical appliances, [9],
[10], [11]. A study by [12], evaluated CEM levels in
electrical substations and showed that occupationally
exposed workers were likely to exceed recommended
exposure limits, [13]. Researchers have also studied
the biological effects of ELF-CEM exposure and
have found evidence of changes in the central and
peripheral nervous systems, [14], [15], [16]. The
results underline the need for further research on the
possible harmful effects of these fields on human
health. Regarding regulatory standards, the authors
highlight in their contribution the importance of
following the protocols established by the ICNIRP
to ensure safety, [17]. These recommendations set
exposure limits based on available scientific evidence
and current research, which suggests that exposure
to CEM from substations may pose a risk to human
health, [17], [18]. Further research is needed in
this area to improve our understanding of exposure
to these fields and to develop effective protective
measures, [18]. CEM are a combination of electric
and magnetic waves that travel simultaneously at
the speed of light. The higher the frequency, the
more energy thewave transmits; thesemagnetic fields
are created by the accumulation of charge in certain
regions of the atmosphere due to the effects of storms,
[17], [19].

This section deals with the evaluation of low
frequency CEM in a substation. The significance of
this evaluation, regarding the safeguarding of human
health and the environment, will be articulated,
taking into account the potential effects associated
with exposure to CEM. Furthermore, the parameters
of the study will, specifying the elements that will be
examined in the methodology. In addition, the article
is structured as follows: the second section deals with
the measurement methodology, mathematical
methodology, measurement procedures, the
applicable legal framework and instrumentation.
The third section discusses the treatment of both
the measured results and their simulation in order
to apply the mathematical methodology. The fourth
section presents the simulation of the data using the
Least Squares Methods (MLS) method. The fifth
section presents additional information, based on
observations and location of the measured points in a
sketch. Finally, the last sections present conclusions
and recommendations, derived from the study carried
out.

2 Data Measurement Methodology
The methodology used for measuring non-ionizing
radiation from electromagnetic fields followed the

regulations established in the internal procedure
detailed in [20], [21]. In the case of measurements
in substations, the limits to be used are the following:
for measurements in the periphery of the substation,
the reference values are those of population exposure;
inside the substation, the reference values should be
those of exposure to occupationally exposed workers.
Select the measurement points where there is greater
exposure of the worker as a reference point to perform
the measurement. Figure 1 shows the procedure
to be followed for electric and magnetic field
measurements, based mainly on the identification
and recognition of the site, determining the different
sources of energy to select measurement points
where workers are most exposed, carrying out the
measurements with equipment that complies with the
established regulations.

Fig. 1: Internal procedure PE/IPGM/11 measurement of

non-ionizing radiations

2.1 Electrical Substations Measurement

Procedure
In the case of measurements in substations, the
limits to be used are as follows: for measurements
in the periphery of the substation, the reference
values are those of population exposure; inside the
substation, the reference values should be those of
exposure to occupationally exposed workers. Select
the measurement points where there is the greatest
exposure of the worker as a reference point for
measurement.

Reference standards for exposure to CEM
originating from 60 Hz sources, applicable to both
the public and individuals in occupational settings.
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In this case measurements in substations the limits to
be used are the following: for measurements in the
periphery of the substation the reference values are
those of population exposure; inside the substation
the reference values should be those of exposure to
occupationally exposed workers. Select at least two
axes that are perpendicular to each other and that
cover the entire substation. The location of these
axes should have a horizontal separation of 0.2m in
addition to the safety distance. The first of the axes
should be located in front of the entrance gantry or
gantries inside the substation and the center phase
of each entrance line gantry should be taken as a
reference or first measurement point, then two points
should be measured both to the right and to the left
with respect to the reference point with an equally
spaced separation covering the entrance gantry.

Fig. 2: Procedure for measuring magnetic and electric fields

Figure 2 shows the correct procedure to perform
the respective measurements by locating the
geographic coordinates, through the use of GPS,
the measurement points that have already been
defined in the sampling strategy, detailing through
sketches, photographs, and views of the site, the
particularities of the sites exposed to non-ionizing
radiation, proceed to turn on the equipment and
set the units and measurement time according to
the equipment manual, perform the calibration
of the measuring equipment according to the
equipment instructions and measure the electric field.
Measurement uncertainties arising from calibration,

temperature, interference, observed proximity, and
parameters and presented as the comprehensive
estimated uncertainty of the measurements, ensuring
that the total uncertainty does not surpass ± 10%.

2.2 Mathematical Methodology

The moving least squares method was applied, which
is a technique used in data analysis and computer
graphics to make smooth approximations and fit
surfaces from a discrete data set.

2.2.1 MLS Representation
The interpolation method applied was the “griddata”
method incorporated in MATLAB, which generates a
uniform grid every 5 m that adapts to the original data
and fills the information by means of an interpolation
based on “biharmonic spline” adjustment. With the
fitted meshes the surfaces and contour lines for the
electric and magnetic field can be generated. The
fitted meshes correspond to the matrices E and B,
which correspond to the input data of the whole
analysis process. Once the adjustment meshes and the
E and B matrices are available, the MLS adjustment
method can be applied.

F̂ = Φ · F (1)

Where:

• F : It is the original data matrix.

• Φ : It is the fit shape matrix.

• F̂ : It is the resulting matrix of adjusted values.

The main objective is to obtain the fitting shape
matrix Φ, which is given by the equation:

Φ = P ′ ·A−1 ·B (2)

Where:

• P : It is the vector of polynomials chosen, P ′ is
the transpose of P .

• A−1 :Pitch matrix.

• B : Pitch matrix.

The polynomial matrix is made up of polynomials
of a given degree. The higher the degree of the
polynomial, the smoother the surface will be. In
this case it was determined that the results would be
sufficiently satisfactory with second order.

P =

[
p11 p1n
pn1 pnn

]
(3)
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Where each pij value is obtained by evaluating the
following expression:

pij = 1 + xij + yij + x2ij + xij · yij + y2ij (4)

Once the polynomial matrix is assembled, we
proceed with the other parameters. The step matrices
A and B are matrices that are calculated as a
function of the polynomial matrix and the diagonal
matrix of weights W. They are calculated solely
for the purpose of saving computation time and
organizing mathematical formulas. The expressions
for calculating the step matrices are given by:

A = P ′ ·W · P (5)

B = P ′ ·W (6)

Where matrix W, as mentioned above, is the
weight matrix. This matrix is a diagonal matrix,
where each matrix entry is a variable determined by
the weight function ω. The matrix W, will have the
following form:

W =

[
ω1 0
0 ωn

]
(7)

To calculate the value of each weight ωk the
following expression is applied:

ωk


2
3 − 4r2k + 4r3k si rk ≤ 1

2

4
34rk + 4r2k −

4
3r

3
k si 1

2 < rk ≤ 1

0 si r < 1

(8)

The value of β is a constant, and depending on the
configuration of the problem and the criteria of the
data analyst, it can range from:

2.0 ≤ β ≤ 5.0 (9)

For this case study it was established that β = 3.0.
On the other hand, the value of the parameter rk is
calculated by the following equation:

rk
‖Fk − Fk + 1‖

dmi
(10)

In other words, the magnitude between a point
and its adjacency is considered, and divided for the
parameter dmi. The parameter dmi is known as
the radius of convergence, and is one of the most
important parameters in the MLS process, since it
determines how smooth the resulting surface will be.
For this particular case study, a convergence radius

of 5was established, since it coincides with the initial
meshing every 5 m. A convergence radius smaller
than 5 may have no effect on the result, while a
convergence radius larger than 5 may exaggeratedly
smooth the surface, [22]. The following flowchart
MLS shows the process followed to obtain the CEM
(Figure 3).

Fig. 3: Procedure for obtaining MLS data matrices

3 Results Processing
3.1 Measurement Results
In the results of the measurement of electric and
magnetic fields 54 points were considered, the first
50 points are points of analysis within the substation
and the remaining 4 are points of analysis of the
boundaries of the S/E, it is considered that the
greatest presence of electric fields are at points P5,
P6,P8,P9,P17,P19,P20,P48 and of the boundaries is
point P2, while in the magnetic field the greatest
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presence is identified in points P25,P26,P27,P28 and
in the points of the boundaries point P4 is considered
with the greatest presence, these data are shown in
Table 1.

Table 1. Measurement results
Measuring

point
X Y

Electric

field V/m

Magnetic

field uT

Measurement points within the S/E

P5 766282 9911973 1000 0.713

P6 766282 9911962 948.9 0.735

P7 766282 9911952 935.9 0.9236

P8 766282 9911944 1001.4 0.786

P9 766282 9911935 995 0.7019

P17 766259 9912000 107.5 1.14

P19 766229 9912013 1868 1.223

P20 766231 9912004 1477 1.154

P48 766185 9911951 1176.5 1.277

P25 766232 9911966 1656 2.064

P26 766231 9911959 3524 2.952

P27 766231 9911952 3024 2.712

P28 766231 9911945 763.8 2.294

Measurement points within the S/E

P2 766298 9911980 110.5 1.275

P4 766146 9911980 240.9 1.352

3.2 Final Results

Table 2. Final results
Measuring

point

Electric

field V/m

Uncertainty

±U(V/m)

Magnetic

field uT

Uncertain

±U(uT)

Reference

level

P5 1000 8.42 0.713 0.21 8333V/m

;417uT

P6 948.9 8 0.735 0.21 8333V/m

;417uT

P7 935.9 7.89 0.9236 0.21 8333V/m

;417uT

P8 1001.4 8.43 0.786 0.21 8333V/m

;417uT

P9 995 8.38 0.7019 0.21 8333V/m

;417uT

P17 107.5 1.13 1.14 0.21 8333V/m

;417uT

P18 432.1 3.77 0.76 0.21 8333V/m

;417uT

P19 1868 15.54 1.223 0.21 8333V/m

;417uT

P20 1477 12.33 1.154 0.21 8333V/m

;417uT

P48 1176.5 9.87 1.277 0.21 8333V/m

;417uT

P25 1656 13.8 2.064 0.21 8333V/m

;417uT

P26 3524 29.12 2.952 0.21 8333V/m

;417uT

P27 3024 25.02 2.712 0.21 8333V/m

;417uT

P28 763.8 6.49 2.294 0.21 8333V/m

;417uT

Measuring points on the boundaries

P2 110.5 1.15 1.275 0.21 4167vV/m

;83uT

P4 240.9 2.21 1.352 0.21 4167vV/m

;83uT

With the measurement points that have a
higher presence of electromagnetic fields, the
corresponding verification is performed with
the declared uncertainty based on the expanded
uncertainty multiplied by a coverage factor k=2,
which guarantees an approximate confidence level
of 95%. Therefore the values of Table 2, of the final
results are governed by the TULSMA regulations.

3.3 Operation data

Table 3, Table 4 identifies the mean which is the
measure of central tendency that provides an overall
representation of the data set, the mode is the value
useful for identifying the most common value in a
data set.

The standard deviation is a measure of dispersion
that indicates how much the individual values deviate
from the mean in a data set, quartile 1is the value that
separates the bottom 25% of the ordered data from
the top 75%, quartile 2, also known as the median or
second quartile is the value at which 50% of the data
are above and 50% are below, quartile 3 is the value
that separates the top 75% of the ordered data from
the bottom 25%, minimum is the smallest value in a
data set, maximum is the largest value in a data set.

These statistical measures provide important
information about the distribution and structure of
a data set, which can help in the analysis and
interpretation of the data.

Table 3. Results of 50 points taken from electric and magnetic field

within the S/E
Data within the S/E

Data
Electric

field

Magnetic

field

Half 1389,18776 1,36405

Median 884,35 1,299

Standard

deviation

1325,789867 1,119426703

Quartile 1 al 25% 467,65 0,78825

Quartile 2 al 50% 884,35 1,299

Quartile 3 al 75% 2066 1,51225

Minimum 2,078 0

Maximum 5313 7,387

Table 4. Results of 4 points taken from electric and magnetic field at the

S/E boundaries
S/E boundary data

Data
Electric

field

Magnetic

fiel

Half 216,765 1,287

Median 175,7 1,283

Standard

deviation

200,1612239 0,050444689

Quartile 1 al 25% 49,195 1,24125

Quartile 2 al 50% 175,7 1,283

Quartile 3 al 75% 425,4 1,33675

Minimum 28,76 1,23

Maximum 486,9 1,352
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3.4 Graphical Representation of MLS

Method

To visualize the coordinates of the points evaluated at
the station, a plot of the scattered points of the x and
y coordinates is made. It is shown in Figure 4.

When creating the scatter plot, it is important to
properly configure the axes and scales so that the
points are distributed in a clear and understandable
way. You can add labels to the axes, a legend if
necessary, and other graphical elements that help to
better interpret the data.

Fig. 4: Coordinates of the measurement points

Each point has an associated electric field and
magnetic field value. Because the measurements
were taken under difficult field access conditions, the
data obtained are not perfectly aligned and do not
form a perfectly gridded grid. It is shown in Figure
5.

Fig. 5: Electric field measurement adjustment grid

The following Figure 6, Figure 7, and Figure 8
show the mesh and grids adjustment.

Fig. 6: Magnetic field measurement adjustment grid

Fig. 7: Adjustment grids for electric field measurements with critical
points

Fig. 8: Adjustment grids for magnetic field measurements with critical
points

Therefore, part of the data preprocessing is to
generate a perfectly spaced grid by interpolating the
collected data, as this shows the most critical points
in both CEM, as shown in Figure 7 and Figure 8.

WSEAS TRANSACTIONS on ELECTRONICS 
DOI: 10.37394/232017.2024.15.10

Romina Beltrán, Emily Chamorro, 
Carlos Quinatoa, Jimmy Toaza

E-ISSN: 2415-1513 82 Volume 15, 2024



4 Simulation
The result of applying the MLS adjustment is shown
below. It can be seen that now the results are
displayed for a finer grid, exactly 1m by 1m,
previously coarser 5m by 5m.

This gives the appearance of a continuous surface,
thus meeting the criteria for the application of MLS
for data refinement.

In Figure 9, the electric field and contour lines
of a point charge show how an electric charge
generates a force in the surrounding space. The
direction of the electric field indicates the direction
and magnitude of this force, being more intense
near the charge. Contour lines, or equipotential
lines, are perpendicular to these curves and represent
regions where the electric potential is constant. This
diagram visualizes the relationship between electric
field and potential, facilitating the understanding of
fundamental concepts in electromagnetism.

Fig. 9: Original electric field and its respective contour lines

In Figure 10, the electric field and contour lines
fitted with MLS provide an accurate and smoothed
representation of the field behavior in the presence
of multiple charges or complex distributions. MLS

allows to fit the experimental electric field data
to minimize errors and to obtain a continuous
and differentiated model of the field and its
equipotentials. This technique is useful for analyzing
real systems where the charge distributions are not
ideal, improving the accuracy in the prediction and
visualization of the electric field and its associated
potential.

Fig. 10: Electric field and contour lines fitted with MLS

If we distinguish between these two
representations, it is clear that the electric field with a
point charge and the contour allows us to understand
the relationship between the charge dynamics, the
electric field strength, and the potential.

In Figure 11, the initial magnetic field generated
by an electric current shows a configuration of lines
creating closed loops, indicating both the orientation
andmagnitude of the field. These magnetic field lines
show a higher density in the vicinity of the source,
suggesting an increase in field strength. Contour lines
showing the magnetic potential are perpendicular
to the field lines and delineate regions of constant
magnetic potential. This representation is crucial
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for understanding the interactions between magnetic
fields and materials, as well as electric currents in
various technological and scientific fields.

Fig. 11: Original magnetic field and its respective contour lines

In Figure 12, the integration of the magnetic field
with contour lines, enhanced by the MLS technique,
provides a representation of magnetic phenomena
within systems. The MLS methodology allows to
synchronize the experimental data of the magnetic
field, thus minimizing inaccuracies and obtaining a
complete model, even in the midst of irregular current
distributions. This methodology is indispensable
for accurate analysis in practical applications, thus
improving the capability of magnetic behavior in real
devices and systems.

The magnetic field and its contour lines associated
with the field function generated by a magnet or an
electric current. Although they serve to elucidate
fundamental principles, they fail to adequately
capture the complexities inherent in real systems. In
contrast, MLS-enhanced magnetic field and contour
lines provide a more accurate and realistic modeling
approach, facilitating smoothing of experimental data
and addressing complexities to current and material

distributions. While the original model is ideal for
theoretical illustrations, MLS fitting is essential for
detailed practical applications.

Fig. 12: Magnetic field and contour lines adjusted with MLS

5 Additional Information

5.1 Remarks
The purpose of the measurements was to evaluate the
electric andmagnetic field generated at theMULALO
transmission substation, to which the personnel who
work there and the general public are exposed. The
monitoring was carried out at 50 points within the
facilities and 4 points on the substation boundaries in
order to be able to cover all the behavior of the energy
sources.

The results obtained inside the substation with
respect to the Maximum Exposure Criteria for
occupationally exposed personnel do not exceed the
reference levels established in current regulations as
shown in Table 4, likewise the results obtained at
the boundaries of the substation with respect to the
Maximum Exposure Criteria for the general public do
not exceed the reference limits established in current
regulations.
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5.2 Location of Measurement Points
The sketch of the location of the measurement points
is presented below.

5.2.1 Measurement Points within the Substation

Fig. 13: Measurement points within the S/E

Figure 13 shows a sketch of the 50 measurement
points used for the investigation.

The image presents an aerial perspective of
the Mulaló Substation, where numerous points of
interest are prominently marked with yellow pins and
alphanumeric labels. These points, identified with
numbers ranging from P1 to P50, are systematically
arranged in an organized grid of rows and columns
across the substation. The bounded area appears
to be segmented into several sections, and it is
possible that the numbers assigned to each point
refer to equipment, structures, or poles in the facility.
The structured design implies that the identified
elements adhere to a specific configuration within
the substation, characteristic of this type of facility
in terms of the systematic arrangement of electrical
components, including transformers, transmission
lines and other essential apparatus. In addition,
it can be observed that certain sections of the
substation have a higher concentration of points,
which may correspond to areas of increased activity
or aggregation of electrical equipment.

5.2.2 Substation Boundary Measurement Points

Fig. 14: Measurement points of the S/E boundaries

Figure 14 shows a sketch of the 4 measurement
points used for the investigation.

The diagram presents a panoramic view of
the Mulaló electrical substation, with perimeter
delineations indicated at four designated points.

The reference coordinates indicated in the image
(P1, P2, P3 and P4) can serve as critical data points for
environmental impact assessments, electromagnetic
field monitoring, perimeter security measures or for
possible facility expansions. The exact location
of these coordinates establishes a framework for
systematic inspections and maintenance operations or
for the formulation of technical evaluations at the
substation.

6 Conclusion
The results acquired within the substation concerning
the Maximum Non-Ionizing Radiation Exposure
Criteria for personnel exposed in occupational
settings indicate conformity with the reference
levels set forth in the prevailing regulations. These
outcomes signify that the exposure levels are within
acceptable limits and do not surpass the thresholds
established to safeguard the health and safety of
workers who may encounter non-ionizing radiation
in their professional environment. Moreover,
the analysis guarantees a confidence level of
approximately 95%, considering the measurement
uncertainty associated with the data. This elevated
confidence level underscores the dependability of
the results and reinforces the conclusion that the
exposure levels remain significantly below the
maximum permissible limits, thereby mitigating
potential health risks to personnel operating in
such environments. This compliance with the
established criteria ensures the execution of safety
measures consistent with regulatory standards,
thereby enhancing the overall safety and well-being
of the workforce.

The maximum measured value for the electric
field is 5.313 kV/m, while the maximum value for the
electric field adjusted with MLS is 5.335 kV/m. If
we take the field measurement value as the accepted
value, we have that the variation between the adjusted
value and the accepted value is 0.41%. Similarly, the
maximum value measured for the magnetic field is
7.387 uT, while the adjusted value is 5.625 uT; being
the variation of 23.84%.

The refined values derived from the MLS
methodology for the electric field demonstrate
an average deviation of approximately 0.53%
when juxtaposed with the values obtained through
direct on-site measurements. This slight deviation
signifies a substantial concordance between the
adjusted model values and the empirical field
measurements, implying that the MLS adjustments
yield a dependable representation of the electric field.
Conversely, the adjusted values for the magnetic
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field reveal a more significant average deviation
of around 5.85% in relation to the values acquired
on-site. While this deviation is somewhat greater
than that noted for the electric field, it remains
within permissible thresholds, suggesting that the
adjusted magnetic field values still offer a reasonably
precise estimation of the actual conditions. This
discrepancy may be ascribed to a range of factors,
including measurement uncertainties, environmental
impacts, or the intrinsic complexities associated with
modeling magnetic field dynamics in fluctuating
substation settings.

Based on the percentage of fit between the values
taken in the field and those fitted by the MLSmethod,
it can be said that the smoothing for the electric field
was not so significant, while it was significant for
the magnetic field. This is quite common, since
the electric field values present variations in the
whole region; while in the magnetic field it is almost
flat with a single concentrated peak. The MLS
setting ”smooths” and ”flattens” the surfaces, with the
magnetic field being more affected than the electric
field.
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