
����������
�������

Citation: Portillo, F.; Alcayde, A.;

García, R.M.; Novas, N.; Gázquez,

J.A.; Férnadez-Ros, M. Grid

Frequency Measurement through a

PLHR Analysis Obtained from an

ELF Magnetometer. Sensors 2022, 22,

2954. https://doi.org/10.3390/

s22082954

Academic Editor: Hossam A. Gabbar

Received: 16 March 2022

Accepted: 9 April 2022

Published: 12 April 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

sensors

Article

Grid Frequency Measurement through a PLHR Analysis
Obtained from an ELF Magnetometer
Francisco Portillo , Alfredo Alcayde , Rosa M. García , Nuria Novas , José Antonio Gázquez *
and Manuel Férnadez-Ros

Department of Engineering, University of Almeria, ceiA3, 04120 Almeria, Spain; portillo@ual.es (F.P.);
aalcayde@ual.es (A.A.); rgarciasalvador@ual.es (R.M.G.); nnovas@ual.es (N.N.); mfernandez@ual.es (M.F.-R.)
* Correspondence: jgazquez@ual.es

Abstract: The stability of the power grid’s frequency is crucial for industrial, commercial, and
domestic applications. The standard frequency in Europe’s grid is 50 Hz and it must be as stable
as possible; therefore, reliable measurement is essential to ensure that the frequency is within the
limits defined in the standard EN 50160:2010. In this article, a method has been introduced for
the measurement of the grid frequency through a power line harmonics radiation analysis. An
extremely low-frequency magnetometer was developed with the specific purpose of monitoring, in
real time, the electromagnetic field produced by electrical installations in the range from 0 to 2.2 kHz.
Zero-crossing and Fast Fourier transform algorithms were applied to the output signal to calculate
the grid frequency as a non-invasive method. As a final step, data for a complete month (May 2021)
were compared with a commercial power quality analyzer connected to the main line to validate
the results. The zero-crossing algorithm gave the best result on 3 May 2021, with a coefficient of
determination (R2) of 0.9801. Therefore, the indirect measurement of the grid frequency obtained
through this analysis satisfactorily fits the grid frequency.

Keywords: PLHR; frequency measurement; zero-crossing; FFT

1. Introduction

Most of the electric power systems of the world operate with a fundamental frequency
of 50 or 60 Hz, depending upon the country [1]. This system carries electricity from the
generation centers to industrial, commercial, and domestic users, but they also generate
electromagnetic fields (EMF) at their fundamental frequency and at their harmonics, com-
monly called power line harmonics radiations (PLHR). If the radiation refers only to the
fundamental component, it is usually called power line emission (PLE) [2].

PLHR are commonly illustrated in a form of frequency-time spectrograms with color-
coded power spectral density of EMF fluctuations. They take an arrangement of a set
of discrete horizontal lines where the frequency separation depends on the fundamental
frequency of the electrical system in the generation area [3]. Figure 1 shows a spectrogram
of the PLHR captured by an extremely low frequency (ELF) magnetometer, where there are
visible lines at the fundamental frequency of 50 Hz and its harmonics.

Weak but coherent signals can be amplified and can trigger emissions when they reach
the wave–particle interaction region near the equator (about 30 dB above the input signal
strength) [4]. The physical mechanism responsible for the triggered very-low-frequency
emissions is the electron cyclotron resonance between these waves and the keV radiation
belt electrons [5]. In 1975, Helliwell et al. [6] performed some experiments at the Siple
Station, Antarctica, and at its magnetic conjugate point, in the industrialized region of
Roberval, Canada. They identified the PLHR lines for the first time and postulated that
their origin was in the radiation of the terrestrial power lines.
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Figure 1. Frequency–time spectrogram captured by an ELF magnetometer on 3 May 2021. 

Considering the underlying mechanism of the PLHR amplification in the ionosphere, 
the only possible source of the PLHR in Spain is found in its electrical system, since the 
magnetic conjugate of the Iberian Peninsula is located in the southern Atlantic Ocean (red 
circle in Figure 2), far from any power system. In the lower atmosphere, a fact that must 
be emphasized about the propagation of the PLHR is the low attenuation of the ELF band 
radiation. According to Burke and Jones, the attenuation at 40 Hz frequency is about 0.64 
dB/1000 km, although there is some dependence on the latitude [7]. This fact allows these 
waves to propagate with very little attenuation. Other authors [8] have carried out a sim-
ilar work using simulations and analytical methods that corroborate this low attenuation. 
However, the lack of data above 50 Hz limits the ability of these methods to obtain reliable 
results beyond the fundamental frequency of the power grid. 
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The contributions in the field of PLHR are doubled every decade [10], and this re-
search continues in several areas, such as engineering, astrophysics, medicine, and even 
biology [11]. PLHR are a source of man-made electromagnetic pollution [12], and they 
have been accepted as an electromagnetic compatibility (EMC) problem [2], especially in 
industrial areas. The universal development of the electricity network has led to a growth 
in electromagnetic pollution. Only in Spain, the electricity distribution network reached 

Figure 1. Frequency–time spectrogram captured by an ELF magnetometer on 3 May 2021.

Considering the underlying mechanism of the PLHR amplification in the ionosphere,
the only possible source of the PLHR in Spain is found in its electrical system, since the
magnetic conjugate of the Iberian Peninsula is located in the southern Atlantic Ocean
(red circle in Figure 2), far from any power system. In the lower atmosphere, a fact that
must be emphasized about the propagation of the PLHR is the low attenuation of the
ELF band radiation. According to Burke and Jones, the attenuation at 40 Hz frequency
is about 0.64 dB/1000 km, although there is some dependence on the latitude [7]. This
fact allows these waves to propagate with very little attenuation. Other authors [8] have
carried out a similar work using simulations and analytical methods that corroborate this
low attenuation. However, the lack of data above 50 Hz limits the ability of these methods
to obtain reliable results beyond the fundamental frequency of the power grid.

Sensors 2022, 22, x FOR PEER REVIEW 2 of 17 
 

 

 
Figure 1. Frequency–time spectrogram captured by an ELF magnetometer on 3 May 2021. 

Considering the underlying mechanism of the PLHR amplification in the ionosphere, 
the only possible source of the PLHR in Spain is found in its electrical system, since the 
magnetic conjugate of the Iberian Peninsula is located in the southern Atlantic Ocean (red 
circle in Figure 2), far from any power system. In the lower atmosphere, a fact that must 
be emphasized about the propagation of the PLHR is the low attenuation of the ELF band 
radiation. According to Burke and Jones, the attenuation at 40 Hz frequency is about 0.64 
dB/1000 km, although there is some dependence on the latitude [7]. This fact allows these 
waves to propagate with very little attenuation. Other authors [8] have carried out a sim-
ilar work using simulations and analytical methods that corroborate this low attenuation. 
However, the lack of data above 50 Hz limits the ability of these methods to obtain reliable 
results beyond the fundamental frequency of the power grid. 

 
Figure 2. Geomagnetic coordinates map [9] with the conjugate point of Spain in a red circle. 

The contributions in the field of PLHR are doubled every decade [10], and this re-
search continues in several areas, such as engineering, astrophysics, medicine, and even 
biology [11]. PLHR are a source of man-made electromagnetic pollution [12], and they 
have been accepted as an electromagnetic compatibility (EMC) problem [2], especially in 
industrial areas. The universal development of the electricity network has led to a growth 
in electromagnetic pollution. Only in Spain, the electricity distribution network reached 

Figure 2. Geomagnetic coordinates map [9] with the conjugate point of Spain in a red circle.

The contributions in the field of PLHR are doubled every decade [10], and this re-
search continues in several areas, such as engineering, astrophysics, medicine, and even
biology [11]. PLHR are a source of man-made electromagnetic pollution [12], and they
have been accepted as an electromagnetic compatibility (EMC) problem [2], especially in
industrial areas. The universal development of the electricity network has led to a growth
in electromagnetic pollution. Only in Spain, the electricity distribution network reached
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44,471 km in 2020 [13], which is generating the consequent concern in the population
about human exposure to the latent danger inherent in the ELF radiation. As a recognized
man-made pollutant, the environmental effect caused by PLHR is becoming an increasing
cause of concern to the public and experts alike [14], which raises the need for large-scale
PLHR research [15]. This has led many scientists and researchers to investigate the potential
effects and risks to human health [16], with most of the publications being concentrated in
the last decades [17].

It was in 1970 when a study tried to clarify the effects of the ELF radiation in animals,
specifically in laboratory rats [18], although no significant differences were found between
rats exposed to radiation and the control group. The major concern in this field began as a
result of an epidemiological study carried out in 1979 [19]. The authors found a relationship
between the risk of childhood leukemia and an indirect measure of the degree of exposure
to ELF radiation from power transmission lines. Subsequent studies found no evidence
to justify the high level of media speculation about possible harmful effects [20]. One
of the most cited studies by the scientific community on the influence of low-frequency
EMF on human health is a review article from 1998 [21]. The researchers, after reviewing
the evidence accumulated from epidemiological studies up to that date, concluded that
a clear correlation between ELF radiation exposure and cancer development could not
be provided.

The limits of exposure to ELF radiation proposed by the standards are becoming less
and less restrictive since no study has been able to demonstrate the relationship between the
effects of exposure to these fields and possible adverse effects on human health. One of the
objectives promoted by the World Health Organization is that exposure to EMF, whether
for workers or the public, should be monitored to ensure that appropriate exposure limits
are not exceeded [22]. Currently, many research articles are focused on EMF measurements
campaigns in various environments, such as near power lines and substations [23], urban,
homes and work environments [24], industries [25], etc.

However, PLHR could not only affect human health. It is commonly believed that
the effects are limited only to the Earth’s surface and atmosphere, but they could also
reach large parts of the near-Earth space environment [26], polluting the ionosphere and
magnetosphere. In this way, to enhance the knowledge and expertise of PLHR, the R&D
project UAL18-TIC-A025-A called “Monitored Electromagnetic Field Generated by Elec-
trical Grids” was created within the framework of the Andalusia Operational Program
2014–2020 of the European Regional Development Fund (ERDF).

The goal of monitoring the EMF produced by equipment and electrical installations in
real time is due to the fact that PLHR affect the quality of the energy, damage the regular
operation of the electrical network, and disturb the communications system [27,28]. Despite
this, the users of the electrical grid are entitled to services of high quality and it is essential
for a stable and reliable supply of electrical power for both society and the economy [29]. To
ensure this, some criteria are established in a series of specific regulations and guides. The
most often used standard related to power quality is EN 50160:2010 “Voltage characteristics
of electricity supplied by public distribution networks” [30] with further amendments EN
50160:2010/A1:2015 [31], EN 50160:2010/A2:2019 [32], and EN 50160:2010/A3:2019 [33].

This European Standard defines, describes, and specifies the main characteristics of
the voltage at a network user’s supply terminals in public high, medium, and low voltage
AC electricity networks under normal operating conditions. It describes the limits or
values within which the voltage characteristics can be expected to be maintained at any
point of supply in the general distribution network, but it does not describe the average
situation normally experienced by an individual network user. The goal of this standard
is to define, describe, and specify the characteristics of the voltage, such as frequency,
amplitude, waveform, and symmetry of the line voltages.

One of the most important parameters in the quality of the electricity network is the
frequency [34] which must be kept as stable as possible. The standard value in Europe’s
electricity grid is 50 Hz, and to ensure that the frequency always remains at a stable level,
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the balance between consumption and production of electrical power must always be
right. A mismatch of consumption and production induces frequency deviations from the
nominal frequency [35]. Nevertheless, these deviations are low if the different networks
are interconnected to achieve a very large production capacity compared to the variations
that may occur [30]. Regarding this matter, a recent problem is the additional fluctuations
in frequency that the massive implementation of wind or photovoltaic generation intro-
duces [36], reducing the overall inertia available in the grid [37]. This is due to the absence
of inertial response and auxiliary frequency support [38] in both wind and solar, so the
all-important damping effect is missing.

According to the standard for high, medium, and low voltage networks with syn-
chronous connection to an interconnected system and under normal conditions of operation,
the mean frequency measured in periods of 10 s should be:

• 50 Hz ±1% (49.5 to 50.5 Hz) for 99.5% of the year;
• 50 Hz −6%/+4% (47 to 52 Hz) for 100% of the time.

Amendment A2 [32] added that under exceptional circumstances, temporarily wider
frequency tolerances may be applied with the purpose of securing an electricity supply.

The entire electrical power system has become more and more complex in recent
decades due to the connection of non-linear loads, the use of distributed generation, and the
presence of unexpected faults [34]. Power networks are often close to their stability limits
because they are operated under heavily loaded conditions [39]. Therefore, observation
becomes mandatory as electrical demand continues to increase [40].

Power system stability is defined as the property of a power system to remain in an
operating equilibrium state under normal operating conditions and to return to its normal
or stable conditions after being disturbed. In this regard, frequency stability is considered a
critical issue for power system operation [41]. A permanent deviation of the frequency from
its nominal value may affect power system operation, reliability, security, and efficiency by
damaging equipment, degrading load performance, overloading transmission lines, and
triggering the electrical protection devices [42]. Accordingly, frequency measurement is a
matter of crucial importance in the field of electrical engineering.

The measurement methods applied in this standard are described in standard IEC
61000-4-30:2015 “Electromagnetic compatibility (EMC)-Part 4-30: Testing and measure-
ment techniques-Power quality measurement methods” [43] and the erratum IEC 61000-
4-30:2015/COR1:2016 [44]. This standard defines the measurement methods and the
interpretation of the results for power quality parameters in AC power supply systems
with a declared fundamental frequency of 50 Hz or 60 Hz. The measurement methods
are described for each type of parameter in terms that give reliable and repeatable results,
regardless of the method’s implementation.

Taking all the above into account, a procedure for measuring the grid frequency
through a PLHR analysis has been investigated. The dataset used in this article was part
of a broader collection from the R&D project UAL18-TIC-A025-A mentioned above that
originally was created with the aim of monitoring, in real time, the EMF produced by
equipment and electrical installations ranging from 0 to 2.2 kHz. In that way, the grid
frequency was measured in a non-invasive way.

2. Materials and Methods

We begin by describing the materials and methods used in this study, followed by the
algorithms. For data processing, MatLab® R2021.a (MA, USA) was used in this work. The
selected data correspond to a complete month of 2021, specifically from 1 May to 31.

2.1. Data

Data were collected from an ELF magnetometer installed on the campus of the Uni-
versity of Almeria (UAL), Spain, in a laboratory of the Electronics, Communications, and
Telemedicine TIC019 Research Group (see Figure 3).
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The ELF magnetometer allows the measurement of weak EMF of very low frequency
and intensity. The geometry, structure, and materials of the system determine its properties
(sensitivity, inductance, self-resonance, and bandwidth). The sensor consists of a coreless
coil with 12,000 turns of 0.25 mm diameter enameled copper wire. The average diameter of
the coil is 32 cm, and the winding width is 4.5 cm. The development of a coil with a large
number of turns is not an innovation, although it is of interest due to its size, the wire used,
and its configuration [45]. The inductance of the sensor is 68.5 H, and the self-resonance
frequency is 990 Hz. The maximum sensitivity of the sensor, plus the amplification stage, is
2.93 mV/pT at 632 Hz, while at 50 Hz the value is 57 µV/pT. Similar sensors were described
in previous studies [45]. The analog signal is converted to digital using a 24-bit resolution
analog-to-digital converter (ADC). The output of the ADC is read by an embedded digital
signal processor (DSP), which performs a pre-processing that consists of decimating the
sample rate in the ADC, reducing the acquisition noise [46] and the final system sampling
frequency to 4439 Hz. Hence, the bandwidth is half of this frequency, 2219.5 Hz. In the
article by Gazquez et al. [47], an electric diagram with the structure of the measurement
system can be found. Finally, data are sent via ethernet to a data server. The laboratory also
has a compute server, which was in operation between 1 May and 15 May 2021, and was
turned off from 16 May onwards to observe the possible effects of the EMF emitted by the
server on our magnetometer. The different parts of the system are shown in Figure 4a.
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To contrast the values of the grid frequency obtained through the PLHR analysis, the
results were compared with data from a commercial power quality analyzer installed in
the main electrical switch of the building where the ELF magnetometer was installed. The
chosen model was the Openzmeter (oZm), which shows the aggregated mean value of the
grid frequency every 3 min. The oZm is a low-cost smart meter with an open-source system
(free software and open hardware [48]) developed between the UAL and the University
of Granada to help with smart energy metering and power quality analysis in power
networks. It measures RMS voltages with an accuracy of up to 0.1%, frequency up to
10 mHz (between 42.5 and 57.5 Hz), and RMS currents according to different sensor probes
(the basic version can handle up to 265 VRMS and 35 ARMS using an onboard Hall effect
sensor) [49,50]. All features comply with international standards IEC 61000-4-30:2015 [43]
and EN 50160 [30] and it has been cited in numerous international research articles [51–54]
and used in research applications [55]. Figure 4b presents a general view of the oZm used
in this article.

2.2. Frequency Measurement Methods

According to the international standard IEC 61000-4-30:2015 [43], the value of the
measurement of the fundamental frequency is the relation between the number of integral
cycles counted during 10 s time clock interval N divided by the duration of the integer
cycles t (see Equation (1)). The standard also allows other techniques with equivalent
results. In Shilpa et al. [56], different frequency measurement methods by signal processing
techniques are described.

f =
Nt=10

t
(1)

The first method used in this article to obtain the grid frequency through the PLHR
analysis was a zero-crossing (ZC) algorithm. A second method was implemented, and an
algorithm based on the Fast Fourier transform (FFT) of the signal was used. Even though
aggregation is not mandatory according to the standard, these data were aggregated to
obtain a value every 3 min to compare with data obtained from the oZm analyzer. The
aggregation was calculated using the algorithm mentioned in the standard.

As a final step, the results of the measurements of both methods were compared with
data provided by the oZm analyzer (see Figure 5).
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2.2.1. Zero-Crossing Method

According to standard IEC 61000-4-30:2015 [43], when this method is used, harmonics
and interharmonics must be attenuated to minimize the effects of multiple zero-crossings.
The measurement time intervals must not overlap and the individual cycles that overlap
the 10 s time clock are discarded. As mentioned in the standard, for some applications
such as wind turbines, the use of times shorter than 10 s may eventually be useful and the
frequency is obtained from 10/12 cycles frequency (dividing the cycles by the duration of
the integer periods).

The features in the time domain are very common due to their computational simplicity.
In addition, they are easy to implement since they do not need any transformation [57].
Therefore the ZC method is a practical and efficient way to calculate the frequency of a
sampled data series [58]. Previously, a low-pass digital filter was applied to attenuate
harmonics and interharmonics to remove undesirable multiple zero-crossings of the time
signal obtained in the ELF magnetometer, as can be seen in Figure 6. After the filtering
process, the algorithm was applied to find the frequency every 10 s.
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2.2.2. FFT Method

To obtain the Fourier transform, the signal was processed using the FFT. Then, our
algorithm searched the frequency of the spectral bar where the maximum values near the
fundamental component and its harmonics are reached. Figure 7a shows the numbered
peaks corresponding to the fundamental frequency and its harmonics up to the 40th order.
Finally, the value of the frequency where the peak is reached was stored (Figure 7b). In
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order to compare the results with data obtained from the oZm analyzer, a 3-min window
was chosen for the FFT method.
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3. Results and Discussion

All timescales in this paper were expressed in universal coordinated time (UTC),
although the local time in Spain in May corresponds to UTC+2. The methods used in this
article to obtain the grid frequency through the PLHR analysis were the ZC and the FFT.
The results of both methods were compared and represented in Figure 8a for 3 May 2021.
Additionally, linear regression in R was carried out for this day and presented in Figure 8b.
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The results for both methods were similar, with a coefficient of determination ranging
from 0.8600 (day 10th) to 0.9392 (day 30th).

These two methods were applied to the data provided by the ELF sensor to obtain
the grid frequency. After that, the results of both methods were compared with the results
of the frequency obtained by the commercial analyzer oZm. Firstly, the daily frequency
obtained through the FFT method was compared with the frequency registered by the oZm.
Data obtained for 3 May 2021 were represented in Figure 9a, as well as the coefficient of
determination (Figure 9b).
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Secondly, the daily frequency obtained through the ZC method was compared with the
frequency registered by the oZm. Similarly, data obtained for 3 May 2021 were represented
in Figure 10a, as well as the coefficient of determination (Figure 10b).

The coefficient of determination for these comparisons is presented in Table 1 for the
complete month of May 2021. According to this, the frequency values obtained from the
ZC method fit better with the frequency measured by the oZm analyzer than the results
from the FFT method. The coefficient of determination for the comparison between the ZC
method and the oZm ranged from 0.6495 (day 25th) to 0.9801 (day 3rd). The coefficient
of determination for the comparison between the FFT method and the oZm ranged from
0.5304 (day 25th) to 0.9427 (day 3rd).
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In a monthly analysis, the minimum, mean, and maximum value of the grid frequency
per day was presented in Figure 11. The maximum value was reached on the 23rd and the
minimum on the 17th.

A detailed analysis for the 17th is shown in Figure 12a. At 14:39, the oZm analyzer
registered the minimum value, 49.870 Hz. At the same time, the ELF magnetometer
registered 49.876 Hz (ZC method) and 49.878 Hz (FFT method). These values are 0.0120%
and 0.0160% higher than the oZm value, respectively.

The maximum value registered by the oZm analyzer is shown in Figure 12b and
occurred on day 23rd. The value was 50.113 Hz at 21:54 h. At this time, the sensor
registered 50.111 Hz (both methods), a 0.0040% lower value.

Table 1. Coefficient of determination R2 of ZC vs. oZm, and FFT vs. oZm of May 2021.

Day 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

ZC vs. oZm 0.9587 0.9185 0.9801 0.9560 0.9626 0.9377 0.9532 0.9436 0.9414 0.9855 0.9311 0.9145 0.7207 0.8630 0.8920 0.8846
FFT vs. oZm 0.8787 0.8280 0.9427 0.8963 0.8992 0.8651 0.8735 0.8689 0.8799 0.8110 0.8409 0.8083 0.6521 0.6817 0.7748 0.7686

17 18 19 20 21 22 23 24 25 26 27 28 29 30 31

ZC vs. oZm 0.8763 0.8785 0.8323 0.8698 0.8208 0.8048 0.8702 0.8310 0.6495 0.7177 0.7109 0.7367 0.7577 0.8089 0.7713
FFT vs. oZm 0.7767 0.7602 0.6714 0.7432 0.6833 0.6694 0.7663 0.7180 0.5304 0.6413 0.5717 0.6307 0.6499 0.7085 0.6454
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The minimum and maximum values of the frequency in May 2021 were within the
limits of 50 Hz ± 1% established in the standard. The maximum deviation in the absolute
value of the frequency from its nominal value measured by the ELF magnetometer occurred
on day 17th, 0.248%, far from the 1% allowed.

PLHR research currently covers a wide variety of fields, the main ones being medicine,
astrophysics, and engineering. In the field of medicine, the publications are focused on
the possible effects that ELF radiation has on human health. Possible disturbances of the
immune system [59] have been collected due to EMF fields. Among the conclusions, this
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article highlights that it is possible that chronic EMF exposure can lead to chronic allergic,
immune dysfunction, and inflammatory responses if it occurs continuously over time.
Other studies have considered possible biological effects of ELF radiation, such as changes
in the mobility of human sperm [60], modifications in the genetic material [61], effects on
the cardiovascular system [62], influence on the functional state of the brain [63], and the
possible relationship with sleep disorders [64].

In the field of astrophysics, PLHR are studied in the wave-particle interaction re-
gion [65,66]. Nonlinear interactions between PLHR and electrons can induce the pre-
cipitation of electrons and part of the PLHR energy dissipates and modifies ionospheric
currents [67].

Many other articles monitor the exposure to EMF, in order to verify that regulatory
limits are not exceeded and focus their research on how PLHR are becoming a source of
EMC problems. In an article from Nicolaou et al. [68], the authors carried out experimental
measurements of EMF in open air 132/11 kV substations, obtaining values of 45.89, 38.11,
and 35.30 µT (values below the safety guidelines), but in one of the coil rooms, they found
values 6.26 times above the safety guidelines.

To our knowledge, there are no previous works relating PLHR and grid frequency. This
article focuses on the validation of the results to measure the frequency in a non-invasive
way through a PLHR analysis using the available data of the R&D project UAL18-TIC-
A025-A corresponding to May 2021.

The procedures implemented in this article used a ZC and an FFT algorithm to obtain
the grid frequency every 3 min. The results of both methods were compared between them,
providing the best coefficient of determination for 3 May (0.9492). Then, the values of both
methods were compared with the frequency obtained from the commercial analyzer oZm.
In our study period, we did not see clear advantages in the use of the FFT method with
respect to the ZC method to find the grid frequency, since the coefficient of determination
was lower in the FFT method than in the ZC method when the results were compared with
the oZm. In addition, the computational cost of both methods was similar, since digital
filtering must be added in the ZC method, which makes the computational cost similar
compared to the FFT method. Considering now the ZC method, 3 May 2021 was the day
when the frequency measured by the ELF sensor fit better with the frequency registered by
the oZm, with a coefficient of determination of 0.9801.

Due to the presence of the compute server in the laboratory where the sensor was
installed, it was decided to turn it off from 16 May 2021 onwards, and no differences were
found in the results of both fortnights in the monthly analysis performed. According to this
analysis, the maximum deviation in the mean daily frequency occurred on 19 May 2021, with
a value of 0.0155%. Similarly, the maximum deviation in the maximum and minimum daily
frequency occurred on 18 May 2021, with values of 0.0327% and 0.0543%, respectively.

4. Conclusions

Since September 2020, an ELF magnetometer has been monitoring, in real time, the
EMF produced by electrical installations, collecting a wealth of information. These data,
properly processed, have allowed us to establish a procedure to measure the grid frequency
through a PLHR analysis.

After analyzing the results of a full month, specifically, May 2021, the indirect and
non-invasive measurement of the grid frequency through the PLHR analysis successfully
fits the grid frequency with the ZC and the FFT methods. The validation procedure with
the commercial device produced a coefficient of determination for the ZC method ranging
from 0.9801 on 3 May 2021, to 0.6495 on 25 May 2021. For the FFT method, it ranged from
0.9427 on 3 May 2021, to 0.5304 on 25 May 2021.

Nowadays, the electrical power system is one of the largest and most widely estab-
lished man-made objects, with billions of components. It has become more and more
complex, and modern energy management systems have a strong focus on power stability
monitoring. Frequency is key in power systems since deviations from the nominal value
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may affect power system operations and damage equipment. Although the maximum
deviation found in May 2021 of the frequency from its nominal value was 0.248%, far from
the limits established in the standard, a recent problem is the fluctuations that the massive
implementation of wind or photovoltaic generation introduces in frequency.

Accordingly, accurate measurements are required as electrical demand continues to
increase. Frequency measurement is usually carried out using direct methods that require
a connection to the distribution network. In our case study, PLHR are obtained through the
EMF generated by electrical installations; thus, we can measure the grid frequency without
a point of connection, performing the measurement non-invasively. The advantage is that
it is possible to monitor the grid frequency of a wide area, with portable equipment that
does not require a physical connection, and without the need to disturb the users of the
electrical power network.

For future works, the system could be optimized for grid frequency measurement if an
analog lowpass filter is implemented to attenuate harmonics and interharmonics before the
signal processing. Thus, the ZC method could be carried out with a lower computational
cost because of the absence of the digital filtering stage, which would be another advantage
over the FFT method. Another improvement would be to make the entire system compact
and portable. This would require reducing the size of the sensor, which could be achieved
by using ultra-thin wire and a high permeability ferrite core for the coil. With these possible
improvements, progress would be made in monitoring the power network quality and
would contribute toward a better understanding of the behavior of the PLHR.
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