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Abstract: The verification of the limits of the population’s exposure to the magnetic field generated
by double-circuit power lines from field measurements carried out on site is not trivial. It requires
knowledge of the power line current instant values during the measurement period, the determina-
tion of the relationship between current and field at the measurement points (made more complex by
the double-circuit overhead line configuration) and the use of that relationship to extrapolate the
field values. Nevertheless, the verification of exposure limits for double-circuit power lines from
on-site measurements is often conducted with rough, or not particularly stringent, procedures. A
practical and straightforward procedure of general validity for non-optimized double-circuit lines is
proposed here. No specific measurement position or conductors disposition knowledge is required
as well as no complex three-dimensional finite element method code is necessary. The procedure,
potentially also applicable to high- and extra-high-voltage lines, is validated on a medium-voltage
(15 kV) double-circuit overhead power line study case. Exposure limits assessment suggests that if
the line is operated at its rated capacity (230/285 A), the 3 µT quality target is missed. Results are
provided with a 95% confidence interval ranging from ±100 nT to ±140 nT in all the cases.

Keywords: exposure limits; magnetic field; magnetic flux density; double-circuit line; overhead
power line; multi-linear regression

1. Introduction

Electromagnetic fields (EMFs) produced by overhead power lines continue being
among the topics collecting most of the attention from both specialized and the general
public. Although low-frequency EMFs produced by overhead lines are classified as non-
ionizing radiations incapable of producing mutagenic effects, their capability to induce
biological tissue heating remains associated (without any solid and scientific-sounding
evidence) with human health effects as cancer development [1,2]. This fear spreading in
the general public was accentuated by a set of, now debunked, epidemiological studies
which emphasized an alleged correlation between low-frequency EMF and childhood
leukemia [3–7]. Together with human health-related concerns, there is a range of technical
issues such as buried/overhead pipelines corrosion, all-dielectric self-supporting fiber optic
cables failure, and railway signaling interference that can be reconducted to low-frequency
EMF (mainly industrial frequency, i.e., 50/60 Hz) [1,3,8].

Policymakers have responded to EMF fear and issues with a set of regulations aim-
ing to discipline EMF emissions (with a particular focus on magnetic fields) and, on the
other hand, to compensate economic effects on the electrical assets and services [1,6,9,10].
Although European Union derived limiting values based on the International Commis-
sion on Non-Ionizing Radiation (ICNIRP) exposure limits (100 µT), member states might
present more precautionary prescriptions [6,11]. Particularly relevant appear to be Slove-
nia and Italy, with quality targets for newly built facilities equal to 10 µT and 3 µT
respectively [10,12,13]. The most restrictive values are applied in Switzerland in residential
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area contexts where 1 µT is set as maximum exposure level [13]. Although the USA has
not harmonized emission levels, New York State, where 20 µT limitations are applied at
the edge of the overhead power line right of way, deserves to be mentioned [13]. American
Conference of Governmental Industrial Hygienists recommends 1 mT as workers limiting
values [10]. North Atlantic Treaty Organization (NATO) generally makes reference to the
Institute of Electrical and Electronics Engineers (IEEE) limiting values (904 µT) set on the
standard IEEE Std C95.1-2019 [10,14]. A broader list of emission limiting values involving a
multitude of counties is reported in [10]. As mentioned above, together with the maximum
exposure limit, certain countries (e.g., Slovenia, Italy, and Switzerland) require the verifica-
tion of attention and quality levels. In most cases, both limits should be met considering
the median value of the flux density around 24-h of a typical operation day. On the other
hand, standard IEEE C95.1-2019 differentiates head/torso from limb exposure levels [14].
Since no universally recognized regulation and estimation procedure is available, flexible
and straightforward approaches are necessary.

It stands clear that the assessment of the continuous exposure to low-frequency
EMF is not a trivial procedure. Spot measurements lack representativeness, and more
advanced estimations are required. Furthermore, power lines often present the so-called
non-optimized double-circuit configuration where two independent lines share the same
overhead corridor. In this kind of configuration, strongly unrelated currents might be
involved, leading to difficult field determination. This topic produced plenty of scientific
literary productions. The determination of Pareto optimal disposition of double-circuit
conductors capable of optimizing EMF emission in overhead lines has been performed
in [13]. In [15], the magnetic field generated by a 400 kV double-circuit transmission line in
Poland has been calculated using superposition and reflection methods. However, a solid
knowledge of each conductor disposition and the lack of lines independence hypothesis
limit the applicability of the results to a well-confined scenario. In [16,17], the role of
the current phase shift in the magnetic field calculation for non-optimized double-circuit
power lines has been analyzed. In the case of phase shift, it appears evident that lack of
knowledge (usually, rms only is recorded), assuming circuits in phase constitutes the most
precautionary condition. In [18], the magnetic field spatial polarization pattern beneath
the two circuits has been determined. Authors in [19] extended these results to complex
configurations of power lines, including towers located on different heights as well as
non-parallel spans. A comparison of field distribution in a compact and noncompact
parallel line has been performed in [20], while the difference between a straight- and
sagging-conductor geometrical approximation of double circuit overhead lines can be
found in [21]. In [22], an assessment of the electric field induced by the overhead line
magnetic field inside the human body in realistic postures has been performed. The
analysis employed human models in live-line working positions over double-circuit four-
and double-conductor bundle overhead transmission lines. Lunca et al. developed a
LabVIEW (NI Corp.) program to compute the magnetic field of single- and double-circuit
overhead lines, referring to Romania’s transmission towers shape [23]. The magnetic field
in double-circuit twisted three-phase cables has been determined and used as a tool for
fault detection [24,25]. Finally, sheath standing voltage induced by double-circuit overhead
lines on underground cables sharing the same right of way has been studied in [26]. Even
in sheath cross-bonding and phase transposition, the longer the parallel corridor is, the
higher the induced voltage is.

To the best of the Authors’ knowledge, no straightforward flux density estimation
procedure capable of assessing in a prudent way exposure with minimum information
is available yet. This paper proposes a magnetic field calculation procedure for double-
circuit overhead powerlines requiring the sole knowledge of on-site field measurements
(spanning over a representative amount of time) and the corresponding line currents
(provided by the system operator). Unlike most of the contributions mentioned above, no
specific measurement position or conductors disposition knowledge is required. Current
in the two circuits could be strongly unrelated with the sole assumption to consider them



Electricity 2021, 2 344

balanced and in phase between each other. A relationship between reference currents
and arbitrary positions (far enough from the line) is found utilizing a straightforward
and widely employed multi-linear regression based on the least squares. The regression
coefficient can be used for determining the exposure in a particularly flexible way according
to the in-force regulation. For instance, the maximum magnetic field can be assessed
assuming as reference current the maximum thermal capability of the line. At the same
time, the quality target can be evaluated referring to the median current. The procedure is
designed specifically for non-optimized double-circuit lines, but it could also be applied to
two parallel single-circuit lines. Although the validation is carried out using a medium
voltage scenario, the principle could be applied effortlessly also to high- and extra-high-
voltage overhead lines. Outcome’s uncertainty is assessed assuming that no measurements
accuracy information is available. All error sources are accounted for implicitly without
introducing clunky formulations. No need for three-dimensional finite element method
(FEM) codes is necessary. All assumptions and simplifications are discussed, and hints
for the overcome of method limitations are given. No specific term capable of considering
possible strong field sources not proportional to the line currents is introduced.

In Section 2, background on the magnetic field calculation is provided. In Section 3,
the proposed calculation procedure is described. Validation on a real medium-voltage
scenario is performed in Section 4. Finally, Section 5 concludes the paper.

2. Calculation of Exposure to the Magnetic Field Generated by Power Lines

A power line can be approximated as a set of conductors with positions imposed
by the size and height of the towers. The calculation of the magnetic field H, as well
as magnetic flux density B in the area adjacent to the line, can be conducted using the
integration of the differential Biot-Savart law. The latter can be simplified adopting the
assumption reported in the CEI 211-4:2008 and ISO 17.220.20 technical standards [27,28]:

1. Infinite plane terrain having a relative permeability µr = 1;
2. line conductors, straight, parallel, and having infinite length;
3. balanced set of line currents.

In particular, by adopting a two-dimensional cartesian coordinate system xy orthogo-
nal to the line axis, the magnetic flux density vector B relative to a generic time instant t
and a point in space P identified by a vector having coordinates xP and yP can be divided
into its scalar components, as follows:

Bx(P, t) =
µ0

π
√

2

M

∑
k=1

Ik sin
[
ωt− ∆k − 2(k− 1)π3

]
(yk − yP)

(xk − xP)
2 + (yk − yP)

2 (1)

By(P, t) =
µ0

π
√

2

M

∑
k=1

Ik sin
[
ωt− ∆k − 2(k− 1)π3

]
(xk − xP)

(xk − xP)
2 + (yk − yP)

2 (2)

where µ0 is the vacuum magnetic permeability, ω is the grid angular frequency, M is equal
to 3 or 6 in case of single- or double-circuit line, respectively. Ik is the rms value of the k-th
current flowing into the wire located at coordinates xk and yk. Conductors enumerated
with k = 1, 2, 3 are forming circuit A, while conductors identified with k = 4, 5, 6 form
circuit B. Angle ∆k is set equal to 0 or ∆ϕwhether k is part of circuit A or B, respectively.

2.1. Single-Circuit Lines

In the case of single-circuit line, it can be seen that rms values of Equations (1) and (2)
are proportional to the line current as (referring to circuit A) [29]:

Bx(P) = KPx IA (3)

By(P) = KPy IA (4)
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where KPx and KPy are appropriate proportionality coefficients derived from Equations (1)
and (2). The magnetic induction rms value evaluated in the point P can be computed as:

BP =

√
[Bx(P)]2 +

[
By(P)

]2
= IA

√
KPx2 + KPy2 = KPA IA (5)

2.2. Double-Circuit Lines

For a double circuit line, on the other hand, it is easy to verify that if ∆ϕ = 0, as in
non-optimized lines [29,30], rms values of Equations (1) and (2) can be calculated as:

Bx(P) = BAx(P) + BBx(P) (6)

By(P) = BAy(P) + BBy(P) (7)

In this case, BP may be derived as follows:

BP =
√
[Bx(P)]2 +

[
By(P)

]2
=
√
[BA(P) cos θ1 + BB(P) cos θ2]

2 + [BA(P) sin θ1 + BB(P) sin θ2]
2

(8)

where θ1 and θ2 are the spatial orientation of vectors BA(P) and BB(P). In case of
θ1 = θ2 = θ (if the point P is far enough from the line), Equation (8) becomes:

BP =
√
[Bx(P)]2 +

[
By(P)

]2
=
√
[BA(P) + BB(P)]2 cos2 θ+ [BA(P) + BB(P)]2 sin2 θ = BA(P) + BB(P)

= KPA IA + KPB IB

(9)

Equation (9) shows that, under the simplifications above, the total field is expressed as
a bilinear combination of the currents of each circuit. As visible, to perform the calculation
of BP a priori knowledge of line currents is necessary. Once proportional factors KPA and
KPB are determined, the field produced by an arbitrary reference current can be derived
easily [12]. A novel calculation procedure of these factors is discussed in the next Section.

When the above assumptions and simplifications cease to be valid, it may be appro-
priate to use calculation codes like the 3D FEM [27,28,30,31].

3. Proposed Calculation Procedure

As shown above, measuring the magnetic field in a given point in space and knowing
the corresponding current value makes it possible to determine the proportionality constant
between field and current. Then measured field value corresponding to an arbitrary
reference current can be determined.

Since the instant value of the magnetic flux density B depends on the instant currents,
simply measuring the field does not provide enough information about the exposure
that a receiver could experience. It is necessary to correlate field measurement with a
current line load diagram (the system operator must store representative current rms
samples). Moreover, a spot measurement is not sufficient; the uncertainty inherent in
measurement methods and the possible presence of other independent low-frequency EMF
sources make the determination of the proportionality constant a not trivial procedure.
Therefore, it is appropriate to acquire the magnetic flux density values over an appropriate
duration period, representative of the regular service conditions of the line, to determine
the proportionality constant between field and current with as little uncertainty as possible.

3.1. Single-Circuit Lines

In the case of a single-circuit power line (indicated as circuit A), by measuring n field
values BPi over an appropriate time interval and by acquiring current IAi from the line
load diagram, it is possible to estimate the coefficient of proportionality KPA accurately.



Electricity 2021, 2 346

The simplest way to compute the coefficient is through the mean of the ratio between each
i-th field and current:

KPA =
1
n

n

∑
i=1

BPi
IAi

(10)

As visible in Equation (11), the coefficient KPA determines the reference induction
value Br corresponding to an appropriate reference current Ir opening to a fair comparison
with grid codes, standards, and quality benchmarks [1,6,10–14]. Both maximum and
quality limiting levels can be assessed.

Br = KPA Ir (11)

3.2. Double-Circuit Lines

In the case of double-circuit power lines, as stated above, the two currents, al-
though supposedly balanced, are generally characterized by a mutual angle shift ∆ϕ
(see Equations (1) and (2)) and by a mutual spatial mismatch θ, (see Equations (8) and (9)).
Therefore, each circuit generates a magnetic flux density vector with its spatial components
and its electrical phase—the total field results from the vectorial composition of each circuit
field. The worst case is when the two vectors have the same electrical phase and the same
spatial disposition (i.e., they are in phase and parallel) so that the total field is obtained
by simply adding the modules of the two vectors [16,17]. Therefore, in the following
developments, assumptions ∆ϕ = 0 and θ = 0 hold.

Under these precautionary hypotheses, in a generic point P (not too close to the
conductors), it is possible to utilize Equation (9). As reported in Equations (12) and (13), the
proportionality coefficients are defined as the ratio between the field in the measurement
point and the individual line current.

KPA = BP
IA

having IB = 0 (12)

KPB = BP
IB

having IA = 0 (13)

A novel procedure is necessary since it is particularly complicated to evaluate these
coefficients assuming only one working circuit.

The procedure for estimating KPA and KPB proposed in this work is obtained from the
numerical processing of the data vectors of the values of BP(k) (obtained by measurements
in the location under test for a representative amount of time) and the values of currents
IA(k) and IB(k) (communicated by the operator of the power line) through a multiple
linear regression procedure based on the method of the linear least squares. According
to this procedure, KPA and KPB represent the coefficients of the regression plane equation.
This method is widely recognized as a good estimator of linear distribution as the one
here treated. A multiple linear regression always presents a closed-form solution easily
computable using the formulation:[

KPA
KPB

]
=
(
[X]T [X]

)−1
[X]T [Y] having

{
[X] =

[
IA(k) IB (k)

]
[Y] = [BP(k)]

(14)

where BP(k), IA(k), and IB(k) are three k × 1 column vectors containing sampled data.
Since the system presents two unknown variables and several equations (one for

each triplet of samples), the regression procedure produces a residual term ε. In the vast
majority of the cases, the number of samples is high enough for stating that the residuals
are represented by a random variable ε having a normal distribution with a null expected
value and standard error σε. The latter accounts for the measurement uncertainty and the
random processes that always characterize on-field measurement procedures. However,
also regressors KPA and KPB present a certain grade of uncertainty that all main statistical
tools (e.g., MATLAB, LabVIEW, Python, R, Julia, Octave, and so on) provide under the
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form of confidence intervals (usually 95%) or standard deviation (σKPA and σKPB ). These
can be computed as:[

σ2
KPA

−
− σ2

KPB

]
= σ2

ε

(
[X]T [X]

)−1
having

{
[X] =

[
IA(k) IB (k)

]
[Y] = [BP(k)]

(15)

These terms can be used for computing the total variance as:

σ2
BrP

(IrA, IrB) = σ2
KPA

[
IrA

2 − 2IrA IA + 2 IA
2]+ σ2

KPB

[
IrB

2 − 2IrB IB + 2 IB
2]+ σ2

ε ≈ σ2
ε (16)

where IA and IB are the mean values of the current samples used for the regression. The
variance changes as a function of the current couple (IrA; IrB) and its minimum is located at
(IA; IB). As visible, the calculation is rather bulky and requires the knowledge of the current
means. Often nonconstant contributions due to σKPA and σKPB are negligible in comparison
to σε, leading to a substantial simplification of the confidence interval evaluation. The
latter statement ceases to be valid if (IrA; IrB) is evaluated far from (IA; IB).

These coefficients, which depend on the point of measure P, as well as of course
on the circuit under consideration, allow estimating the reference induction value Br
corresponding to appropriate current reference values IrA and IrB (which might even be
noticeably different), according to:

BrP = BrP(IrA, IrB) = KPA IrA + KPB IrB (17)

3.3. Procedure Sum up and Discussion

The above-described method is here reassumed and discussed. In particular, Figure 1
summarizes the procedure using a flowchart. The latter will be used in Section 4 for
the validation of the proposal. Figure 1 reports the case in which the magnetic field of a
double-circuit line is characterized; a similar procedure could be applied to a single-circuit
case through Section 3.1 considerations.
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Figure 1. Flowchart of the proposed procedure applied to a double-circuit line—preliminary steps in
red, data acquisition in green, and numerical post-processing in blue.

The multiple linear regression evaluated with the least squares method has been
chosen for many reasons. Firstly, as shown in Equation (9), the paper deals with a linear
problem, and therefore linear fitting methods should be preferred. Secondly, multiple linear
regression is remarkably straightforward because available with high-level functions in
almost all the main numerical tools and however still implementable at a low level with a
simple formulation (see Equation (14)). Furthermore, the uncertainty of the measurements
is considered implicitly. This limits the cumbersomeness of the method, and it is beneficial
when the transmission system operator does not provide an adequate characterization
of the phasor measurement unit (PMU) used. Finally, it is the de-facto standard when
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linear data fitting is required. Its analysis of variance (ANOVA) can be performed through
a widely recognized collection of statistical tools that permit a good understanding and
evaluation of the outcomes.

Possible Extensions of the Proposed Method

As evident, the current development aims at providing a procedure that does not
require cumbersome analytical tools. In this regard, a single-circuit line procedure can be
implemented utilizing a simple arithmetic mean. However, one could extend the least-
squares methodology shown in the double-circuit line case to fit the single-circuit line one
by properly reshaping the design matrix [X]. Although some degree of precision can be
gained, the procedure becomes more complicated.

Similarly, more complex structures involving more than two circuits (distribution and
transmission corridors with multiple parallel overhead lines) could be investigated. This
extension could theoretically be achieved by extending the design matrix [X] to accom-
modate more current samples at the expense of the result variance that could noticeably
increase.

To guarantee procedure ease, the measurement accuracy is not directly involved, and
it is numerically accounted inside the variance of proportionality coefficients and residuals.
As it will be apparent in Section 4, this rather firm simplification provides valid results
as long as the measurements present an acceptable level of accuracy and are performed
under representative conditions of the normal operation of the lines. However, the current
methodology based on multiple linear regression and the least squares could be generalized
employing the total least square modeling procedure capable of explicitly considering
observational errors in both dependent (BP) and independent (IA and IB) variables directly
during the regression rather than implicitly as here performed. This procedure is at the
base of the so-called Deming regression and orthogonal regression.

At the current stage, no specific term dedicated to taking into account strong field
sources not proportional to the line currents is introduced. Future studies might amend the
design matrix [X] aiming at filling this limitation in case of impactful errors.

These more complicated methods and possible extensions are outside the paper’s
scope, and no further detail is provided here.

4. Validation of the Proposed Method on a Medium Voltage Double-Circuit Line
4.1. Building under Test

The area of interest (see Figure 2) houses a residential building (highlighted in yellow),
for which an exposure assessment must be carried out.

The following low-frequency EMF sources are present in the surrounding area:

• Medium voltage (15 kV) double-circuit overhead power line adjacent to the building
under consideration (see Figure 2), which is the primary field source, consisting of
circuit A (displayed in blue color) and circuit B (displayed in orange color);

• Nearby distribution substation (not displayed);
• Three further medium-voltage lines are derived from the distribution substation.

Circuit A and circuit B have the following characteristics:

• Circuit A: overhead power line with a conductor section of 70 mm2 and thermal limit
equal to 285 A;

• Circuit B: overhead power line with a conductor section of 50 mm2 and thermal limit
equal to 230 A;

As evident in the following Sections, the method robustness guarantees no notice-
able detrimental effects on the outcome’s validity due to the above listed third-party
field sources.
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4.2. Current Regulatory Framework

The area under consideration is located in the metropolitan area of Bologna, Italy, so
the current laws regarding human exposure to magnetic fields generated by the power
lines are the national and the regional ones of Emilia-Romagna. International exposure
limits set by the International Commission on Non-Ionizing Radiation Protection (ICNIRP)
are also considered. Below are briefly recalled the regulatory prescriptions assuming an
industrial frequency of 50 Hz:

• Italian nationwide law: the Decree of The President of The Council of Ministers DPCM
8 July 2003 sets exposure limit to 100 µT, attention value 10 µT, and quality target
3 µT [12]. Concerning limits set by [12], measurement guidelines are reported in the
CEI 106-11:2006 standard [32]. Occupational users’ are regulated at the European level
by 2013/35/EU [33];

• Emilia-Romagna law: although the region Emilia-Romagna is currently applying
nationwide laws, in the first 2000s, magnetic field regulatory values for new buildings
were set to an exposure limit of 100 µT, caution value 0.5 µT, and quality target 0.2 µT
(similarly to what still applies in Brussels and Flanders area). Exposure values should
be evaluated assuming Ir 5% higher than the average current experienced by the line
in the previous year or, if more precautionary, 50% of the line rated current;

• ICNIRP limits: field values are set to 500 µT for occupational users’ exposure and
100 µT for general public exposure [6];

• European Council recommendations: 1999/519/EC same as ICNIRP for the general
public (100 µT) [6,11]. Occupational users’ exposure set to 6 mT as for 2013/35/EU [33].

• IEEE and NATO recommendations: Head and torso should not overpass 904 µT and
2.71 mT in unrestricted and restricted environments, respectively. On the other hand,
limb exposure is limited to 75.8 mT for all the environments. Further details are
available in IEEE Std C95.1-2019 [14].

4.3. Description of the Measurement Procedure

The measurements were carried out during the 24 h of a winter working day consid-
ered to be well representative of normal operating conditions. The measured data was
then processed numerically according to the previous Section’s procedure to obtain the
magnetic field’s value corresponding to the reference current.
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The measures were carried out following CEI 211-6:2001 standard (equitable to IEC
61786-2:2014) [34,35]. Due to the similar normative context, the reported conclusions also
match IEC 62110:2009 and IEEE Std 644-2019 standards [36,37]. The measurement instru-
ment is the PMM 8053 electromagnetic field meter, with a 50 Hz filter and isotropic probe
EHP50B, mounted on wooden tripods, after preliminary calibration of the instrument. The
adopted instrument is compliant with the IEC 61786-1:2013 and IEEE Std 1308-1994 [38,39].

As visible in Figure 3, the power line is with good approximation parallel to the
North-West wall of the residential building under test. Therefore, the rooms most exposed
to the magnetic field are those of the North-West side, foreground (building top floor,
excluding the non-habitable attic). Indeed, among multiple spot measures carried out
every short interval in various locations within the premises, the first-floor North-West
side was the one experiencing the highest field values. If the building under test was not a
residential space, [12] recommends verifying the exposure limits in the premises whose
use is expected to be more than or equal to four hours per day. In other regional contexts
(i.e., outside Italy), different reference exposure times may be applied.
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Figure 3. Cartographic representation of the building under test.

In particular, the preliminary instrumental survey identified two bedrooms on the first
floor as particularly significant places for magnetic field exposure, as they are among the
environments closest to the power line under consideration. Inside these two bedrooms,
two measurement points were singled out close to the North-West wall (20 cm clearance)
and at the top height (close to the ceiling). In Figure 3, these points are indicated as
P1 (displayed in pink) and P2 (displayed in green) at the minimum distance from the
overhead line. Although these points experience the maximum value of field (in the room),
these are not the point where the maximum value of human exposure occurs. Actual
human exposure should be tested by measuring the field at different elevations (same
latitude and longitude), representing the human body dimension and activities more closely.
Indeed, IEEE Std 644-2019 suggests a default position at an elevation of 1 m while IEC
62110:2009 proposes the so-called three-point measurement where the field is the arithmetic
average between values sensed at 0.5 m, 1 m, and 1.5 m above the ground/floor [36,37].
On the other hand, D.L. n. 179/2012 prescribes measurement at 1.5 m above the floor
(fields between 100 kHz and 300 GHz) [40]. Different contexts and regulatory bodies
present various requirements. For the sole sake of the data collection, the above-described
points were considered because the compliance of measured field values in these points
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with laws/standards implies laws/standards compliance for all the other building areas
and premises.

The measurement took place for 24-h on each point, and the field was sampled every
15 min. Figure 4 displays the measured field evolution in points P1 (pink trace) and P2
(green trace). Although the field measurement spanned over two different consecutive
days, the proximity of points P1 and P2 ensure similar time evolution and cumulative
distribution function (CDF) profiles. Statistical metrics reported in Table 1 support the
latter statement. Therefore, the estimation of the coefficients is expected to provide similar
values for the two positions.
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Figure 4. Measured field evolution over the 24 h (left) and its cumulative distribution function (right) for points
P1 (pink trace) and P2 (green trace).

Table 1. Measured field statistics and information for points P1 and P2.

Point Mean [µT] Median [µT] Mode [µT] Min. [µT] Max. [µT] Starting Day

P1 1.44 1.44 1.69 0.65 2.27 23rd of January

P2 1.46 1.54 1.63 0.65 2.26 24th of January

In Figures 5 and 6, the instantaneous values of the currents in circuit A (blue traces)
and circuit B (orange traces) over a 24-h span starting from the 23rd of January and 24th
of January are displayed, respectively. As witnessed by the statistical metrics reported in
Table 2 and by profiles in Figures 5 and 6, the two circuits are strongly unrelated. Therefore,
the study of the field distribution with conventional methods is certainly not trivial. The
two consecutive days present similar currents ensuring an alike level of significance.

Electricity 2021, 2, FOR PEER REVIEW 11 
 

 

 
Figure 5. Instantaneous values of the currents over the 24 h (left) and its cumulative distribution function (right) in circuit 
A (blue trace) and circuit B (orange trace) starting from the 23rd of January. 

 
Figure 6. Instantaneous values of the currents over the 24 h (left) and its cumulative distribution function (right) in circuit 
A (blue trace) and circuit B (orange trace) starting from the 24th of January. 

Table 2. Measured currents statistics and information for circuit A and circuit B. 

Circuit Mean [A] Median [A] Mode [A] Min. [A] Max. [A] Starting Day 

A 
74.2 78.1 98.4 39.6 108 23rd of January 
75.7 81 88.8 39.6 109 24th of January 

B 
107 105 43.9 40.1 183 23rd of January 
106 107 50.4 40.1 177 24th of January 

CDF profiles visible in Figures 4–6 are obtained from a kernel probability distribution 
function fitted using normal smoothing functions with a bandwidth equal to 0.1. 

4.4. Measurements Processing Using the Proposed Procedure 
Employing the multiple linear regression proposed in Section 3, proportionality co-

efficient estimation reported in Table 3 has been obtained. As argued above, since the two 
points are located at a similar distance from the line, remarkably similar coefficients have 
been obtained. Table 3 reports the 95% confidence interval for all the estimations. The 
resulting interpolating planes and acquired data are displayed in Figure 7 for points P1 
(left) and P2 (right). As visible, minimal values of rms deviation (RMSD) and a determi-
nation coefficient (R2) close to one witness the excellent grade of replication ensured by 
the model in both positions. The excellent matching between residuals standard deviation 
(σ) and RMSD testify the null error expected value. Finally, the high values of F-statistic 

Figure 5. Instantaneous values of the currents over the 24 h (left) and its cumulative distribution function (right) in circuit
A (blue trace) and circuit B (orange trace) starting from the 23rd of January.



Electricity 2021, 2 352

Electricity 2021, 2, FOR PEER REVIEW 11 
 

 

 
Figure 5. Instantaneous values of the currents over the 24 h (left) and its cumulative distribution function (right) in circuit 
A (blue trace) and circuit B (orange trace) starting from the 23rd of January. 

 
Figure 6. Instantaneous values of the currents over the 24 h (left) and its cumulative distribution function (right) in circuit 
A (blue trace) and circuit B (orange trace) starting from the 24th of January. 

Table 2. Measured currents statistics and information for circuit A and circuit B. 

Circuit Mean [A] Median [A] Mode [A] Min. [A] Max. [A] Starting Day 

A 
74.2 78.1 98.4 39.6 108 23rd of January 
75.7 81 88.8 39.6 109 24th of January 

B 
107 105 43.9 40.1 183 23rd of January 
106 107 50.4 40.1 177 24th of January 

CDF profiles visible in Figures 4–6 are obtained from a kernel probability distribution 
function fitted using normal smoothing functions with a bandwidth equal to 0.1. 

4.4. Measurements Processing Using the Proposed Procedure 
Employing the multiple linear regression proposed in Section 3, proportionality co-

efficient estimation reported in Table 3 has been obtained. As argued above, since the two 
points are located at a similar distance from the line, remarkably similar coefficients have 
been obtained. Table 3 reports the 95% confidence interval for all the estimations. The 
resulting interpolating planes and acquired data are displayed in Figure 7 for points P1 
(left) and P2 (right). As visible, minimal values of rms deviation (RMSD) and a determi-
nation coefficient (R2) close to one witness the excellent grade of replication ensured by 
the model in both positions. The excellent matching between residuals standard deviation 
(σ) and RMSD testify the null error expected value. Finally, the high values of F-statistic 

Figure 6. Instantaneous values of the currents over the 24 h (left) and its cumulative distribution function (right) in circuit
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Table 2. Measured currents statistics and information for circuit A and circuit B.

Circuit Mean [A] Median [A] Mode [A] Min. [A] Max. [A] Starting Day

A
74.2 78.1 98.4 39.6 108 23rd of January

75.7 81 88.8 39.6 109 24th of January

B
107 105 43.9 40.1 183 23rd of January

106 107 50.4 40.1 177 24th of January

CDF profiles visible in Figures 4–6 are obtained from a kernel probability distribution
function fitted using normal smoothing functions with a bandwidth equal to 0.1.

4.4. Measurements Processing Using the Proposed Procedure

Employing the multiple linear regression proposed in Section 3, proportionality coef-
ficient estimation reported in Table 3 has been obtained. As argued above, since the two
points are located at a similar distance from the line, remarkably similar coefficients have
been obtained. Table 3 reports the 95% confidence interval for all the estimations. The
resulting interpolating planes and acquired data are displayed in Figure 7 for points P1 (left)
and P2 (right). As visible, minimal values of rms deviation (RMSD) and a determination
coefficient (R2) close to one witness the excellent grade of replication ensured by the model
in both positions. The excellent matching between residuals standard deviation (σ) and
RMSD testify the null error expected value. Finally, the high values of F-statistic and their
associated p-value smaller than 0.05 show the statistical significance of the independent
variables IA and IB in the prediction of the field.

Table 3. Proportionality coefficients estimation for points P1 and P2, their 95% confidence interval,
and residual standard deviation.

Measurement
Point KPA [µT/A] 95% Conf. Int.

[µT/A] KPB [µT/A] 95% Conf. Int.
[µT/A] σε [µT]

P1 0.0060 0.0060 ± 0.0003 0.0092 0.0092 ± 0.0002 0.052

P2 0.0060 0.0060 ± 0.0003 0.0095 0.0095 ± 0.0002 0.046
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Figure 7. Regression planes together with acquired data for points P1 (left) and P2 (right).

Obtained values have been used for computing the calculated field Bc using
Equation (18).

Bc = KPA IA + KPB IB (18)

In Figure 8 calculated field (on the x-axis) has been compared with the measured
one (on the y-axis) for points P1 (left) and P2 (right). Residuals absolute values versus
measured field have been reported as well. Most—if not all—of the points are well located
within the ±10% error boundary (gray areas) as visible in both cases. The same conclusion
can be drawn from the histograms of the relative residuals (in %) and the associated
Gaussian probability distribution functions (PDF, N ). For assessing the global behavior of
the proposed technique, a linear fit has been carried out. For position P1 the slope differs
from the ideal value by 6.2‰ while position P2 presents an error of about 1.6‰. RMSD and
R2 remain unchanged in comparison to Figure 7. Again, the residuals standard deviation
(σ) presents a good match with the RMSD value. Indeed, the mean value of the percentage
error distribution is only −0.45% and 0.53% for points P1 and P2, respectively. Finally, the
Pearson coefficient (ρ) shows the particularly good linear correlation between calculated
and measured values.
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As easily noticeable in Figures 9 and 10, the instantaneous measured field (solid lines)
at points P1 and P2 is well bounded by the calculated field 95% confidence interval (filled
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areas). The same conclusions can be drawn from the instantaneous residuals absolute value
(solid red lines) adequately confined by the 95% confidence interval sideband (dash-dot
lines). Furthermore, it can be derived that the showed confidence interval calculated
using Equation (16) does not appreciably differ from the single value that σε could have
provided. Indeed, traces in Figures 9 and 10 settle around 107 nT and 96 nT while the more
straightforward calculation 1.96·σε produces 104 nT and 90 nT respectively for points P1
and P2.
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4.5. Evaluation of the Magnetic Field Exposure

To evaluate the magnetic field exposure under various values of reference currents,
two cases have been considered. Firstly BR has been evaluated employing 50% of the
line rated capacity; 142.5 A and 115.0 A for circuits A and B, respectively. Secondly, the
maximum field value evaluated under 100% of the line rated current is provided. Finally,
computed results are compared with the regulatory framework.

Computed data are collected in Table 4. As expected, points P1 and P2 exhibit
comparable values in all the cases. Although the characterization in the two points has
been performed with 24 h delay, the accuracy presents consistent values.
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Table 4. Evaluation of magnetic field exposure for points P1 and P2.

Measurement Point Load IrA [A] IrB [A] BR [µT] 95% Conf. Int. [µT]

P1
50% 142.5 115.0 1.92 1.92 ± 0.11

100% 285.0 230.0 3.85 3.85 ± 0.14

P2
50% 142.5 115.0 1.95 1.95 ± 0.10

100% 285.0 230.0 3.90 3.90 ± 0.13

It stands clear that reference values computed at 50% of the load appear more precau-
tionary if compared to the median of the measurements reported in Table 1. In particular,
without the proposed procedure, the field at point P1 would have been about 0.48 µT
(−25%) smaller, while at point P2, the underestimation would have been about 0.41 µT
(−21%). Even considering the lower confidence interval bound, these mismatches keep on
being relevant. It can be noticed that at 100% of the load, the confidence intervals are wider
(about +30%) if compared to the 50% case because the evaluated working point is farther
away from the current sample means (IA; IB).

The 100 µT exposure limit set by both nationwide codes and ICNIRP recommendations
is well respected in all the cases. The attention value (10 µT) is overpassed neither in the
case of standard load (50%) nor in the case of maximum current. While in the case of
100% load, the quality target (3 µT) is missed. If the Emilia-Romagna exposure limits
were still in place, it would not have been possible to build the line (or the building) as
in Figure 2 because both caution value (0.5 µT) and quality target (0.2 µT) would have
been overpassed. These considerations are well visible in Figures 11 and 12, where Table 4
calculated points are plotted together with the current barycenter (IA; IB). Field evolution
(in µT) at the point P1 and P2 together with the quality target (3 µT) and its 95% confidence
interval is displayed as well in the left column contour plot. The total standard deviation
(in µT) is reported in the right column contour plot. As visible, far from the barycenter, the
uncertainty starts ramping up noticeably.

Electricity 2021, 2, FOR PEER REVIEW 15 
 

 

(in μT) is reported in the right column contour plot. As visible, far from the barycenter, 
the uncertainty starts ramping up noticeably. 

 
Figure 11. Positions P1 field (left) and its standard deviation (right) evolution (pink trace) over the 24 h as a function of 
the currents in circuits A and B (i.e.,  and ). Current barycenter, and field evaluated at 50% and 100% of the line 
capacity are reported in all the frames. 

 
Figure 12. Positions P2 field (left) and its standard deviation (right) evolution (green trace) over the 24 h as a function of 
the currents in circuits A and B (i.e.,  and ). Current barycenter, and field evaluated at 50% and 100% of the line 
capacity are reported in all the frames. 

As anticipated, the method succeeds in providing field estimation for current refer-
ence values  and  that might be noticeably different from the set of data used for 
the regression. Third-party low-frequency field sources did not introduce any appreciable 
detrimental effects on the procedure. Since Section 2 assumptions and simplifications 
hold, no spatial information or 3D FEM codes was used at any development point (differ-
ently from the most state of the art). 

5. Conclusions 
This work described a straightforward methodology explicitly developed for non-

optimized double-circuit medium-voltage overhead power lines. Using the multiple lin-
ear regression and the least mean squares techniques, it can estimate the proportionality 
coefficients between measured magnetic flux density and the line currents. The method 

Figure 11. Positions P1 field (left) and its standard deviation (right) evolution (pink trace) over the 24 h as a function of the
currents in circuits A and B (i.e., IA and IB). Current barycenter, and field evaluated at 50% and 100% of the line capacity are
reported in all the frames.



Electricity 2021, 2 356

Electricity 2021, 2, FOR PEER REVIEW 15 
 

 

(in μT) is reported in the right column contour plot. As visible, far from the barycenter, 
the uncertainty starts ramping up noticeably. 

 
Figure 11. Positions P1 field (left) and its standard deviation (right) evolution (pink trace) over the 24 h as a function of 
the currents in circuits A and B (i.e.,  and ). Current barycenter, and field evaluated at 50% and 100% of the line 
capacity are reported in all the frames. 

 
Figure 12. Positions P2 field (left) and its standard deviation (right) evolution (green trace) over the 24 h as a function of 
the currents in circuits A and B (i.e.,  and ). Current barycenter, and field evaluated at 50% and 100% of the line 
capacity are reported in all the frames. 

As anticipated, the method succeeds in providing field estimation for current refer-
ence values  and  that might be noticeably different from the set of data used for 
the regression. Third-party low-frequency field sources did not introduce any appreciable 
detrimental effects on the procedure. Since Section 2 assumptions and simplifications 
hold, no spatial information or 3D FEM codes was used at any development point (differ-
ently from the most state of the art). 
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optimized double-circuit medium-voltage overhead power lines. Using the multiple lin-
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coefficients between measured magnetic flux density and the line currents. The method 

Figure 12. Positions P2 field (left) and its standard deviation (right) evolution (green trace) over the 24 h as a function of
the currents in circuits A and B (i.e., IA and IB). Current barycenter, and field evaluated at 50% and 100% of the line capacity
are reported in all the frames.

As anticipated, the method succeeds in providing field estimation for current reference
values IrA and IrB that might be noticeably different from the set of data used for the
regression. Third-party low-frequency field sources did not introduce any appreciable
detrimental effects on the procedure. Since Section 2 assumptions and simplifications hold,
no spatial information or 3D FEM codes was used at any development point (differently
from the most state of the art).

5. Conclusions

This work described a straightforward methodology explicitly developed for non-
optimized double-circuit medium-voltage overhead power lines. Using the multiple
linear regression and the least mean squares techniques, it can estimate the proportion-
ality coefficients between measured magnetic flux density and the line currents. The
method has been thoroughly described with a particular focus on error assessment and
accuracy interpretation.

The methodology has been successfully applied to an existing double-circuit line
based on continuous measurement at peak field points and the acquisition of line load
diagrams. The comparison of measurements with calculations has shown that, as assumed
at the beginning of the validation procedure, at the two points of maximum exposure,
the role of the other low-frequency sources was negligible and the estimation of the two
proportionality coefficients allowed to determine the reference induction value in case of
50% and 100% of the standard maximum operating current. In all the cases, the technique
provided outcomes with fair confidence intervals.

The current manuscript constitutes a good starting point for studying lines configu-
rations like optimized double-circuit or multiple lines corridors here not treated. Future
works might extend the presented approach considering third-party field sources and a
more explicit accounting of measurement accuracy already at the regression level. Possible
hints on these matters have been provided in the paper.

Author Contributions: Conceptualization, M.L., G.M., and R.M.; methodology, M.L., G.M., and
R.M.; software, M.L. and R.M.; validation, M.L., G.M., and R.M.; formal analysis, M.L., G.M., and
R.M.; investigation, M.L., G.M., and R.M.; resources, G.M. and R.M.; data curation, M.L., G.M., and
R.M.; writing—original draft preparation, M.L., G.M., and R.M.; writing—review and editing, M.L.,
G.M., and R.M.; visualization, R.M. All authors have read and agreed to the published version of
the manuscript.



Electricity 2021, 2 357

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data is available in the paper.

Conflicts of Interest: The authors declare no conflict of interest.

References
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