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The main problem of electric utilities around the world is to ensure continuous power supply to
consumers. One of the causes of power outages and blackouts can be geomagnetic storms during
periods of the increased solar activity. They arouse geomagnetically induced currents (GICs) flowing in
the long-distance high-voltage power grids on Earth's surface. The history of this phenomenon
investigation shows that GICs during strong geomagnetic storms had led to blackouts in certain regions
of Canada, Sweden and the USA. To study these phenomena and assess the risks of such accidents for
the regional system, a GICs registration system in 330 kV autotransformers neutrals of the
Kola-Karelian power transit was developed in northwestern Russia. During 11 years of monitoring
numerous cases of the flow of high values of quasi-DC currents with different time durations, induced
by variations of the geomagnetic field, have been registered. In order to analyze the currents a wavelet
transform was chosen, since this method allows to define not only the frequency composition but also
changes in spectral characteristics over time, which is significant in the study of GIC. The paper
presents a discussion of GIC scalograms obtained for four events of Solar Cycle 24: 13–14 November
2012, 17–18 March 2015, 7–8 September 2015 and 7–8 September 2017. The analysis showed that the
characteristic duration of the peak of the considered GICs is from 4.6 to 11.1 min.
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1 Introduction

The Sun is a starting point of a creation chain of
geomagnetically induced currents (GICs) in tech-
nological systems on Earth. During the periods
of the increased solar activity, events on the Sun's
surface, such as coronal mass ejections (CME) and
solar flares, occur. These phenomena are accom-
panied by eruption of a large number of charged
particles, which form high-speed solar wind. If
the stream of charged particles is aimed to our
planet, then the plasma energy is transferred into
the magnetosphere, as the result of the interaction
between solar wind and Earth's magnetic field. In
the magnetosphere this energy is accumulated and
∗Corresponding author: t.aksenovich@ksc.ru

released in the form of strong geomagnetic distur-
bances (GMDs). The process of such interaction is
called a geomagnetic storm.

During geomagnetic storm significant changes
in currents and fields of Earth's magnetosphere oc-
cur, which induce geoelectric field at its surface
and in the ground. The field causes a flow of
GICs in the earthed utility systems, such as power
grids [Belakhovsky et al., 2019; Boteler, 2001; Erin-
mez et al., 2002; Liu et al., 2009]. The best-known
examples of the GIC impact on power systems are
an outage of Hydro-Québec electricity transmis-
sion system in Canada on 13 March 1989 [Guil-
lon et al., 2016] and a blackout of the high-voltage
power system in southern Sweden on 30 October
2003 [Pulkkinen et al., 2005].
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Geoelectric field values for strong GMDs range
from 1 to 10 Vkm−1 typically [Pulkkinen et al.,
2008]. In this case GICs values can constitute
tens and in some cases hundreds of amperes. The
largest GIC value, which equals to almost 300 A,
was measured in a 400 kV transformer neutral in
southern Sweden during the magnetic storm on
6 April 2000 [Wik et al., 2008].

GIC is often referred to as quasi-DC current.
This is due to the fact that it has a frequency range
between 1 and 100 mHz compared to the ac power
system frequency of 50 or 60 Hz. Therefore, GIC
can be considered as almost constant (quasi-DC)
current. Flowing through “the ground – neutral
wire of transformer – windings of transformer –
wires of power transmission lines – windings of
transformer – neutral wire of transformer – the
ground” circuit, the quasi-DC current may result
in a number of disruptions of electrical networks
operation, while the duration of its impact often
doesn't exceed a few minutes.

The most vulnerable component of the power
system for GIC impact is a power transformer.
Increase of quasi-DC currents level (tens of am-
peres) in transformer neutral leads to half-cycle
saturation of the transformer core. This causes
some detrimental effects on power system opera-
tion such as increase of reactive power consump-
tion, generation of even and odd harmonics, ap-
pearance of local overheating of transformer wind-
ings and elements of its construction [Kappenman,
2018; Molinski, 2002]. Long-term effects of GICs
can result in significant damage to the transformer
due to cumulative effect.

In recent times, researchers involved in the
study of geomagnetically induced currents began
to apply spectral analysis techniques more fre-
quently [Adhikari et al., 2019; Falayi et al., 2017; Xu
et al., 2022]. The wavelet analysis method is the
most commonly utilized method for spectral pro-
cessing of quasi-DC currents. The main advantage
of the wavelet transform (WT) is to identify non-
stationary signals, which include GICs too. Se-
lecting the appropriate wavelet function type and
varying its parameters allows WT to achieve the
most accurate determination of time localization
of different frequency components of signal in the
best way.

It was noted in research [Falayi et al., 2017] that
geomagnetic storms, which are accompanied by
significant geomagnetic disturbances, are featured
by high values of wavelet coefficients in most cases.
This relation is clearly visible on the obtained
wavelet spectra of GIC data. The authors used
the Morlet wavelet as the mother wavelet. In the
article [Adhikari et al., 2019] continuous wavelet
transform (CWT) is applied to find the variabil-
ity and periodicity associated with GIC in the

pipeline. This research showed that the GIC sig-
nal has a highly variable nature with time. It was
also found that higher intensity of average energy
is observed during events with higher GIC values,
i.e. wavelet spectra coefficients and GIC values are
related. There is no information about the used
analyzing function. Besides that, authors in [Xu
et al., 2022] used spectra of CWT to gain greater
insight into a relation between GIC and horizontal
component of geomagnetic field dBx/dt during the
intense geomagnetic storm. The research showed
that GIC and dBx/dt data have a certain correla-
tion between them. The non-orthogonal Morlet
wavelet was chosen as the wavelet function.

The main focus of this paper is to study quasi-
DC currents in autotransformers by using wavelet
transform method to specify their spectral char-
acteristics. The analysis of the GIC scalograms
showed that the frequency range of the considered
GICs is 1.5–3.6 mHz.

The structure of the paper is as follows. In sec-
tion 2, we describe the data used in this study and
the method of wavelet analysis. The subsection 2.1
deals with a brief discussion of the registration
system of GMDs in power grids in northwestern
Russia and sampling rate of GIC data. In subsec-
tion 2.2, we give main information about contin-
uous wavelet transform. In subsection 2.3, we ex-
plain the choice of mother wavelet type for wavelet
transform of GICs measurements. Section 3 re-
ports the wavelet spectra of GICs at two substa-
tions of the monitoring system and detailed anal-
ysis and comparison of them for four geomagnetic
storms of Solar Cycle 24. Finally, we discuss and
summarize our study in section 4.

2 Data and the analysis method

2.1 Brief information about geomagnetically
induced currents monitoring system

The GIC data used in the current study are
obtained from a system for monitoring GICs in
power lines in northwestern Russia [Barannik et al.,
2012]. This system was developed by the Polar
Geophysical Institute (Russian Academy of Sci-
ences) and the Northern Energetics Research Cen-
tre (Kola Science Centre of the Russian Academy of
Sciences) in the frameworks of the European Risk
from Geomagnetically Induced Currents (EURIS-
GIC) project in 2011 [Viljanen, 2011]. It was de-
ployed on the Kola Peninsula and in Karelia and
consists of 5 substations, located in the meridional
direction, as shown in Figure 1.

The devices at VKH, TTN, LKH and KND sub-
stations installed in the dead-grounded neutral of
330 kV autotransformers, and in the neutral of
110 kV transformer at the RVD substation. The to-
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Figure 1: A map of the network of GIC
monitoring devices (red dots) at substations in
northwestern Russia and LOZ magnetometer
station (blue dot).

tal current in the network node is twice the mea-
sured value, because probes are located on one of
the two step-down autotransformers at a substa-
tion, with the exception of the KND substation.

The GIC monitoring device consists of three
main parts [Barannik et al., 2012]:

1. clamp-type current sensor using Hall element
(the measurement range is ±200 A and the fre-
quency range is 0–400 Hz);

2. data processing unit (the microcontroller per-
forms analog-to-digital conversion of the in-
put signal with a sampling rate at 10 Hz for
further data processing);

3. unit for storing and transmitting data to the
server.

Measurements are carried out continuously by
most devices of the monitoring system to the
present. Information about coordinates of GIC
monitoring points and availability of measure-
ments data for each substation is listed in Table 1.
Current and archived GIC monitoring data and
data of magnetic observations at geophysical ob-
servatories in the region are available on the web-
site (http://eurisgic.ru/). The information is

presented in the form of overview graphs. The
sampling interval of GIC observations presented
on the website is 1 min, which is sufficient for
a preliminary assessment of the GIC presence in
the neutral current.

In this study we use 1 s GIC data, i.e. the sam-
pling rate is 1 Hz. In research devoted to analy-
sis of the effect of GIC observations sampling rate
on its peak values and time localization was found
that the increase of sampling interval to 10 s and
even 1 min leads to underestimation of peak val-
ues of GIC (decrease to 10 A), shifts in peak values
timing and omissions of some GIC values in range
of 40–70 A [Trichtchenko, 2021]. This in turn may
negatively affect the validity of subsequent exper-
iments, which will use data with such sampling
rates. Based on the above conclusions and com-
putational efficiency, it was decided to use 1 s GIC
data for the analysis.

Due to the potential hazard that GIC poses to the
operation of continuously expanding power sys-
tems around the world, monitoring systems such
as that described above have been established in
several countries [Albert et al., 2022; Choi et al.,
2015; Mac Manus et al., 2017; Watari et al., 2021].
The key features of the geomagnetic disturbances
monitoring system in northwestern Russia include
long-term continuous recording of GIC (more than
10 years), high sampling rate equal to 10 Hz (0.1 s)
and high-latitude location of monitoring stations.

2.2 Continuous wavelet transform

The wavelet transform is a well-known tech-
nique used to analyze the spectra of various non-
stationary signals in many areas of science. There
are two types of wavelet transform: continuous
wavelet transform and discrete wavelet transform.
We selected the first one to study GIC signal in
the autotransformer neutral, because it provides
insight into the signal frequency content with re-
spect to time.

The main idea of the CWT is to estimate a cross
correlation of an analyzed signal with a set of
wavelets of various “widths” (“scales”) at different
time positions. The wavelet coefficients are the re-
sult of the comparison of these signals. The greater

Table 1: Information about the GIC monitoring network in northwestern Russia

Substation Geographical coordinates
The period of registration

Code Name Latitude (◦N) Longitude (◦E)

VKH Vykhodnoy 68.83 33.08 October 2011 – until now
RVD Revda 67.90 34.61 June 2006 – until now
TTN Titan 67.53 33.44 June 2010 – May 2015
LKH Loukhi 66.08 33.12 June 2011 – until now
KND Kondopoga 62.22 34.36 June 2011 – until now
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the coefficient value, the more the signals are simi-
lar to each over. The set of wavelets is obtained by
scaling and translating the mother wavelet. Math-
ematically, the continuous wavelet transform of
a discrete time series xn is given by [Torrence and
Compo, 1998]:

Wn (s) =
N−1∑
n′=0

xn′ψ
∗
[

(n′ −n)δt
s

]
,

where n is the localized time index, s is the wavelet
scaling factor, ψ is the mother wavelet, the (*) de-
notes the complex conjugate and δt is equal time
spacing.

Wavelets are referred to as the mathematical
functions, which most frequently have the form
of waves and their range of variability tends to
zero with distance from the origin of coordi-
nates. Wavelets are localized in time and fre-
quency, which makes it possible to obtain fre-
quency spectrum features of a signal with respect
to time. Since the appearance of the wavelet analy-
sis method, a large number of analyzing functions
– mother wavelets – has been created. This is justi-
fied by the fact that different mother wavelets have
different properties and give different results when
applied to the same signal, respectively.

The CWT result is a three-dimensional array of
wavelet coefficients Wn (s). The graphical repre-
sentation of the CWT result is a scalogram: the
x axis indicates time, the y axis represents a fre-
quency whose value is inversely proportional to
the wavelet scale, and colors indicate the wavelet
coefficients values which characterize the “similar-
ity” degree between the analyzed signal and the
wavelet. The scalogram is an equivalent of the
spectrogram of the Short-time Fourier transform
(STFT) and it's calculated as the square of the mod-
ulus of the wavelet coefficients values |Wn (s)|2.

The CWT has several advantages in the analysis
of non-stationary signals over the STFT. In the pre-
vious study [Aksenovich, 2020], the comparison of
the application of these spectral analysis methods
of signals to the current in autotransformer neu-
tral was made. It showed that the CWT is better
suited for the detection of GIC than the STFT. For
example, it gives more accurate and informative
results about the local features of the signal. In
addition, the use of wavelets (instead of sinusoids
in the STFT) allows the CWT to achieve good lo-
calization in the frequency domain and maintain
sufficient quality in the time domain at the same
time. It is reached through two distinctive prop-
erties of the CWT. First, the wavelet function can
have different shapes, whereas only a sinusoid is
used in the STFT. Second, the original wavelet is
scaled during the analysis, i.e. it is shrunk and
stretched, while the window size is still constant

during the STFT. High time-frequency resolution
is very important to accurately determine the time
and duration of the GICs in the neutral.

2.3 Wavelet transform parameters

As mentioned above in subsection 2.2, there are
wavelet functions that have different properties
and are suitable for solving different problems. In
this paper we use open source library PyWavelets,
which serves, in particular, to compute the CWT
[Lee et al., 2019]. The library contains the follow-
ing families of CWT compatible mother wavelets:
Mexican Hat wavelet (“mexh”), Morlet wavelet
(“morl”), Complex Morlet wavelets (“cmorB-C”),
Gaussian Derivative wavelets (“gausP”), Complex
Gaussian Derivative wavelets (“cgauP”), Shan-
non wavelets (“shanB-C”) and Frequency B-spline
wavelets (“fbspM-B-C”). Where B, C, P and M is
the wavelet bandwidth, center frequency, P-th or-
der derivative of the function and spline order, re-
spectively.

The Morlet wavelet is considered to be the most
suitable wavelet for problems of the bursts of en-
ergy release. This is explained by the fact that
it meets the requirement of exact equality in the
Heisenberg relation, which specifies the uncertain-
ties in the time and frequency localization of stud-
ied bursts [Mallat, 2008]. The application of CWT
to obtain GIC scalograms has not widely dissem-
inated yet, and, consequently, has no specific pa-
rameters of the analyzing function. Based on this,
it was decided to verify adequacy of using the Mor-
let wavelet for the analysis of quasi-DC currents in
the neutral of an autotransformer in practice.

Seven GIC scalograms for mother wavelets listed
above were analyzed with an example of the event
of 7 September 2017 (Figure 2). Comparison of the
obtained scalograms showed that the “morl” (Fig-
ure 2a) and “gaus8” (Figure 2d) wavelet functions
give the most accurate time-frequency representa-
tion of GIC signal in the neutral current. Their
spectra are similar to each over: both scalograms
have distinct peaks in time at approximately equal
frequencies. Nevertheless, the number of apparent
peaks is larger for the Morlet wavelet, and they do
not tend to shift to the y axis. In addition, a compu-
tation time of the coefficients for both wavelets was
compared. The comparison showed that the speed
of the CWT coefficients computation is higher for
the “gaus8” wavelet function. Since the main aim
of the study is to accurately determine the values
of the GIC frequencies and time of its presence in
signal, the Morlet wavelet was chosen for further
analysis, taking into account the above facts. In
this context, the computational speed can be ne-
glected in favor of greater accuracy of the deter-
mination of the wavelet coefficients values. The
Morlet wavelet was also previously used by other
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Figure 2: Continuous wavelet transforms of GIC signal, using: a) Morlet wavelet; b) Complex Morlet
wavelet with B = 1.8 and C = 0.8; c) Mexican Hat wavelet; d) Gaussian Derivative wavelet with P = 8; e)
Complex Gaussian Derivative wavelet with P = 8; f) Shannon wavelet with B = 0.6 and C = 0.9; g)
Frequency B-spline wavelet with M = 4, B = 1.0 and C = 0.8.

researchers to calculate the GIC wavelet spectra
[Falayi et al., 2017; Xu et al., 2022]. The rest of the
mother wavelets in Figure 2 are not useful for the
purpose of the study because of blurry localization
of the coefficients in the time (Figure 2b, Figure 2e,
Figure 2g) and frequency (Figure 2c) domains and
the presence of artifacts (Figure 2f), which do not
provide a clear picture of the spectral characteris-
tics of the processes in the neutral current.

3 Wavelet transform view of the
geomagnetically induced currents
fluctuations

The GIC monitoring system in high-voltage
power lines is located in northwestern Russia. In
particular, the recording devices are installed at
the substations of the Murmansk region (VKH,
RVD, TTN) and in Karelia (LKH, KND). During
Solar Cycle 24, which lasted from December 2008

to December 2019, no accidents caused by space
weather were recorded in the power systems of
these regions. However, the devices of the moni-
toring system registered several cases of GICs flow,
the values of which were exceeded by several times
the threshold of the normal value of the current
in the autotransformer neutral on geomagnetically
quiet days.

In this article we will carry out wavelet analysis
of data from two substations of the system – VKH
and LKH. Selection of these points is justified by
the fact that the data of these substations almost
completely cover the time period of Solar Cycle 24
and both substations are through ones. It should
be noted that at the VKH substation, unlike LKH,
the lines change their direction from meridional to
latitudinal. This topological feature can influence
the GIC value in the neutral towards its increase,
which will be further highlighted in the paper.
During the observation period it was found that
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Table 2: Dates of the Solar Cycle 24 events with high GICs at VKH and LKH substations

Number Dates
Maximum Currents, A

VKH LKH

1 12 June 2012 62.46 4.51
2 13–14 November 2012 39.37 4.99
3 27 March 2013 62.82 6.34
4 1 June 2013 51.60 5.45
5 17–18 March 2015 72.86 6.14
6 7–8 September 2015 51.08 54.57
7 2 September 2016 94.38 6.36
8 7–8 September 2017 92.26 31.52

the average level of the current in the autotrans-
former neutral at the time of relatively low geo-
magnetic activity does not exceed 2 A and 1 A in
absolute value for VKH and LKH substations, re-
spectively. Depending on the mode of operation of
the power system, these values may vary slightly.

Brief information about geomagnetic storms of
Solar Cycle 24 that caused the flow of high val-
ues GICs is summarized in Table 2. Of all the
events, four were selected for further wavelet anal-
ysis: 13–14 November 2012, 17–18 March 2015, 7–
8 September 2015 and 7–8 September 2017. One
common feature of all these events is that geo-
magnetic storms on these dates were associated
with CMEs [Dimmock et al., 2019; Watari, 2017; Wu
et al., 2016].

We will begin our analysis with the event of 7–
8 September 2015, when the maximum values of
GICs at both substations were almost equal. So as-
suming that during the magnetic storm all over-
head lines of the Kola-Karelian power transit are
located in the area of spatially homogeneous dis-
turbance of the geomagnetic field. In the nor-
mal mode of operation of the electrical network,
when all power lines and autotransformers oper-
ate, GICs at the VKH substation are approximately
an order of magnitude higher than those at the
LKH substation. This is due to the topology of the
electrical network and orientation of power lines
relative to the disturbance vector of the horizon-
tal component of the geomagnetic field. If power
lines, which are directed from and to through sub-
station, do not globally change their direction (as
at LKH and KND substations and at other through
substations of the Kola-Karelian power transit),
then input and output GICs in autotransformer
neutral compensate each other. In this case, the re-
sulting currents have low values. At the VKH sub-
station, lines change their direction from merid-
ional to latitudinal. GICs are usually differed sig-
nificantly in perpendicular lines due to the differ-
ence in the “active” components of the geomag-
netic field. This leads to high values of the re-

sulting GICs in the autotransformer neutral. Dur-
ing the event of 7–8 September 2015, the outgoing
overhead line, which is directed to the south from
the LKH substation, was disconnected, for this rea-
son only current from the overhead line coming
from the north flowed in the autotransformer neu-
tral. This explains the high current value at the
LKH substation. And the equality of currents at
VKH and LKH substations is a consequence of the
spatial homogeneity of the GMD over the territory
of the Kola-Karelian power transit.

To determine the qualitative relation between
GICs at selected substations and geomagnetic
field disturbances at LOZ magnetometer station,
a wavelet analysis of the first time derivative of the
geomagnetic component dBy/dt was additionally
carried out. Studies show that there is a high cor-
relation between the GIC values at Kola-Karelian
power transit substations and variations of geo-
magnetic field, which has an east-west direction
[Yagova et al., 2021]. In the general case, the re-
sponse evaluation of a distributed and partially
grounded power system to an alternating mag-
netic field of a magnetospheric disturbance re-
quires a fairly complex analysis of transfer func-
tions with multiple inputs. It is required to know
the impedance distribution in the area of line lo-
cation as well [Oliveira and Ngwira, 2017]. In this
work, we have posed another problem, which is
to determine the qualitative relation between the
quasi-DC current recorded in the electric power
system and changes in the geomagnetic field.

Cross-correlation coefficients were calculated
between the derivatives of horizontal components
of the geomagnetic field dBx/dt and dBy/dt and the
GIC value at the VKH substation for the event 7–
8 September 2015. The relationship between GIC
and dBy/dt (r = 0.42) turned out to be much closer
than between GIC and dBx/dt (r = −0.03). In this
case, the GIC at the selected substations can be
fully determined by the nature of auroral current
disturbance, which has a north-south direction.
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Figure 3: Geomagnetically induced currents at VKH and LKH substations and geomagnetic field
observations at LOZ station during geomagnetic storm on 7–8 September 2015: a) wavelet power
spectrum of current at VKH; b) wavelet power spectrum of the current at LKH; c) wavelet power
spectrum of dBy/dt at LOZ.

Thus, setting the aim of determining the qual-
itative relation between the quasi-DC current
recorded in the electric power system and changes
in the geomagnetic field using the wavelet spec-
trum of the signal, it was decided to limit consid-
eration to one component of the geomagnetic field
and the qualitative comparison of the signal spec-
tra.

Figure 3 shows GICs signals and the first time
derivative of the geomagnetic component dBy/dt,
as well as the corresponding wavelet power spec-
tra (Figure 3a, b and c) at VKH and LKH substa-
tions and at LOZ magnetometer station from 7 to
8 September 2015. Hereinafter the color shows
the intensity of the wavelet coefficients, where
red corresponds to the maximum value of the en-
ergy, and blue corresponds to the minimum one.
The CWT coefficient value is directly proportional

to the degree of coincidence of the shape of the
scaled mother wavelet with the shape of the stud-
ied signal. During the geomagnetic storm on 7–
8 September 2015, the increase in the GIC ampli-
tudes was observed in the region from 15:00 UT to
04:00 UT at both substations. For the VKH sub-
station, the highest values of wavelet coefficients
were obtained from 01:00 UT to 02:00 UT at a fre-
quency of 1.5 mHz, which corresponds to a time
scale of ∼11.1 min. For the LKH substation, the
highest values of wavelet coefficients also had one
peak from 01:00 UT to 02:00 UT at a frequency
of 1.6 mHz (∼10.4 min). The peaks of spectra en-
ergy coincide in time at both substations. On the
scalogram of the time derivative of the geomag-
netic field component By (Figure 3c), the highest
values of wavelet coefficients also had a peak in the
region from 01:00 UT to 02:00 UT at a frequency
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Figure 4: Geomagnetically induced currents at VKH and LKH substations during geomagnetic storm
on 13–14 November 2012: a) wavelet power spectrum of the current at VKH; b) wavelet power
spectrum of the current at LKH.

of 1.8 mHz (∼9.3 min) and 3.7 mHz (∼4.5 min).
The last frequency is high-frequency noise, which
is caused by the processing method of data from
LOZ magnetometer station. The frequency does
not affect the fluctuations of the GIC signal at the
considered substations.

As can be seen from Figure 3a and Figure 3b,
there are no GIC signals with a constant fre-
quency on the scalograms. The frequencies val-
ues of observed quasi-DC currents practically do
not change and vary in a narrow range of 1.5 to
1.6 mHz (11.1 and 10.4 min, respectively). The
spectra energy is in good agreement with GICs
fluctuations.

Figure 4 shows GICs signals and the correspond-
ing wavelet power spectra (Figure 4a and Fig-
ure 4b) at VKH and LKH substations during the
period from 13 to 14 November 2012. The GIC
fluctuations were observed between the period
18:00 UT and 06:00 UT at both substations. For the
VKH substation, the highest values of wavelet co-
efficients were obtained from 00:00 UT to 01:00 UT
at a frequency of 2.6 mHz, which corresponds to
a time scale of ∼6.4 min. For the LKH substa-
tion, the highest values of wavelet coefficients had
two peaks during the period from 00:00 UT to

01:00 UT at a frequency of 2.5 mHz (∼6.7 min)
and from 02:00 UT to 02:30 UT at a frequency of
2.7 mHz (∼6.2 min). At the VKH substation, the
second peak from 02:00 UT to 02:30 UT did not
cause such a significant response in the spectrum.

As well as scalograms in Figure 3a and Fig-
ure 3b, the scalograms (Figure 4a, Figure 4b) do
not contain GIC signals with a constant frequency.
The frequencies values of observed quasi-DC cur-
rents vary in a range of 2.5 to 2.7 mHz (6.7 and
6.2 min, respectively). The spectra energy corre-
sponds well to the GICs fluctuations. At the same
time, the GIC values that are within 10 A practi-
cally did not affect the scalogram at the VKH sub-
station, in contrast to the GIC at the LKH substa-
tion, which is equal to ∼2 A. This may be due to the
fact that the values of wavelet coefficients for VKH
are tens of times higher than the coefficients val-
ues for LKH. Therefore, in further research, parts
of a signal with high and medium GICs should be
analyzed separately.

Figure 5 represents GICs signals and the cor-
responding wavelet power spectra (Figure 5a and
Figure 5b) at VKH and LKH during 17–18 March
2015. An increase in the GIC amplitudes was ob-
served in the region from 20:15 UT to 01:00 UT
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Figure 5: Geomagnetically induced currents at VKH and LKH substations during geomagnetic storm
on 17–18 March 2015: a) wavelet power spectrum of the current at VKH; b) wavelet power spectrum of
the current at LKH.

at VKH and from 20:15 UT to 00:15 UT at LKH.
For the VKH substation, the highest values of
wavelet coefficients were obtained from 23:00 UT
to 23:30 UT at a frequency of 2.0 mHz, which cor-
responds to a time scale of ∼8.3 min. For the LKH
substation, the highest values of wavelet coeffi-
cients also had one peak during the period from
23:00 UT to 23:30 UT at a frequency of 1.9 mHz
(∼8.8 min). The peaks of spectra energy coincide
in time at both substations.

As can be seen from Figure 5a and Figure 5b,
there are no GIC signals with a constant frequency
on the scalograms. The energy of the spectra is
greater for high amplitudes of GIC fluctuations
than for low ones. During this geomagnetic storm,
the GIC frequencies varied in a narrow range of 1.9
to 2.0 mHz (8.8 and 8.3 min, respectively). Fluctu-
ations with low amplitudes are observed on both
scalograms (at 20:15–22:15 UT).

Figure 6 shows GIC fluctuations and results of
their CWT (Figure 6a and Figure 6b) at VKH
and LKH substations during geomagnetic storm on
7–8 September 2017. An increase in the GIC am-
plitudes was observed in the region from 22:00 UT
to 03:00 UT at VKH and from 23:00 UT to
03:00 UT at LKH. For the VKH substation, the

highest values of wavelet coefficients were ob-
tained from 23:00 UT to 23:30 UT at a frequency
of 2.6 mHz, which corresponds to a time scale
of ∼6.4 min, and from 23:45 UT to 00:00 UT
at a frequency of 3.6 mHz, which corresponds to
a time scale of ∼4.6 min. For the LKH substa-
tion, the highest values of wavelet coefficients had
two peaks during the period from 23:45 UT to
00:00 UT at a frequency of 3.5 mHz (∼4.8 min)
and from 01:00 UT to 01:30 UT at a frequency of
2.0 mHz (∼8.3 min). The peaks of spectra energy
partially coincide in time at both substations.

The scalograms ( Figure 6a and Figure 6b) do
not contain GIC signals with a constant frequency.
The frequencies values of observed quasi-DC cur-
rents vary in a range of 2.0 to 3.6 mHz (8.3 and
4.6 min, respectively). The spectra energy is in
good agreement with GICs fluctuations. Between
the period from 01:00 UT to 02:00 UT, GIC fluctu-
ations with amplitudes about 20 A were practically
not reflected on the VKH scalogram, while simi-
lar values led to peak values of wavelet coefficients
in the same region on the LKH scalogram. This
difference can be explained by the fact that the
values of wavelet coefficients for VKH are tens of
times higher than the coefficients values for LKH.
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Figure 6: Geomagnetically induced currents at VKH and LKH substations during geomagnetic storm
on 7–8 September 2017: a) wavelet power spectrum of the current at VKH; b) wavelet power spectrum
of the current at LKH.

It highlights the need to analyze parts of a signal
with high and medium GICs separately.

Numerous studies have shown that the GIC fluc-
tuations have maximum values at certain frequen-
cies, which are within the range of 1.5 to 8 mHz.
This is confirmed by the results obtained above for
four events, caused by GMDs. Pc5/Pi3 pulsations
have a similar frequency range and may cause in-
tense GICs [Yagova et al., 2021]. This statement is
also consistent with the results of the analysis, car-
ried out in the paper. High GIC values were regis-
tered at frequencies that correspond to frequencies
of Pc5/Pi3 pulsations.

The study of quasi-DC currents at two substa-
tions of the monitoring system allowed compar-
ison of the power system responses at different
points of it during geomagnetic storm. On the ba-
sis of the comparison of the maximum GIC values
(Table 2), recorded during the geomagnetic storms
of Solar Cycle 24, the following conclusion was
reached. The topology of outgoing power lines
has a significant impact on the GIC amplitude at
the substation. If the outgoing and incoming lines
are located in one direction (LKH), then incoming
and outgoing quasi-DC currents are almost equal
to each over, which makes the total current of the

neutral close to zero. For this reason, even dur-
ing strong geomagnetic storms, the values at the
LKH substation rarely exceeded 7 A. And the mea-
surement at the VKH substation, where the lines
change their direction, on the contrary, had high
values of quasi-DC currents.

4 Conclusions

Geomagnetically induced currents flowing in
extended electrical networks may affect their nor-
mal operation. These currents are the result of
the interaction between solar wind, directly re-
lated to solar activity, and Earth's magnetosphere.
As stated previously in the paper, GICs are non-
stationary signals, frequencies of which are close
to zero and do not exceed 100 mHz. Well-known
method of continuous wavelet transform was cho-
sen for their detailed analysis. The method allows
the determination of the frequency composition of
a signal in time with sufficient accuracy.

The main results of the analysis presented in the
paper are as follows:

1. The frequency range of 1.5–3.6 mHz of the
analyzed GICs coincides with the frequency
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range of Pc5/Pi3 pulsations. It is at these
frequencies, the maximum GIC values were
recorded.

2. There are no constant frequencies on the ob-
tained scalograms of quasi-DC currents.

3. The scalograms, obtained as a result of the
continuous wavelet transform of the GIC sig-
nal, corresponds well to the GICs fluctuations.

4. Study of the GIC signal with parts that have
a large range of amplitudes does not provide
clear results about frequency content of GIC
at lower amplitudes.

5. The topology of the power lines at the studied
substation strongly affects the GIC value.
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