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Abstract: This paper proposes the use of wavelet coherence 0 ceriduct a study on the im-
pact of renewable energy sources' generation on voltage:iocses'in lines. The case study of
the low-voltage distribution grid equipped with sever. photovoltaic panels and one wind
turbine was examined to demonstrate the functionzlity ot uie proposed methodology. Based
on the simulation studies, the concept of hovi*time-voning generation from the wind turbine
or photovoltaic panels can affect the voltags 1Lces in the selected power lines over one
month was discussed. The analysis results were visualized using wavelet coherence delay
plots. In contrast to other related stuci=s, this research also includes additional plots like
scale-averaged coherence, scale-ave 2aed phase shift, time-averaged phase shift, and time-
averaged coherence. The conducted studies extend and enrich the current view on the im-
pact of renewable energy sour22s' ge ieration on the power grid. The use of wavelet coher-
ence can also help highlight»ddicianal information that may be ignored or overlooked, es-
pecially in fast-paced svstems. 7his kind of research may be useful for supplementing the
results of load flow -alculations with additional information on the voltage losses for dis-
tribution grid operator .. It"can be considered a general tool for conducting a more in-depth
analysis of the influence of renewable energy sources on the power grid.

Key words: continuous wavelet transform, distribution grid, renewable energy sources,
voltage losses, wavelet coherence

1. Introduction

In recent years, progressively renewable energy sources (RESs) have been installed in low-
voltage distribution networks [1, 2]. Wind turbines and photovoltaic panels (PVs) are among the
most popular RESs. The presence of these sources affects not only the amount of electricity but
also, among other factors, the value of the voltage losses. Energy generation from RESs depends
on the weather conditions in the given area. Therefore, the varied values of generated power may
impact the values of voltage losses in the network. Distribution networks play a crucial role in
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power delivery and usually supply many end users of electricity. Moreover, the voltage value
changes quite often, assuming that these variations are within the permissible range.

The wavelet transform (WT) is one of the best and most popular tools for performing the
analysis of the variable time series (especially, nonstationary ones). This transform may be
performed as a discrete wavelet transform (DWT) or a continuous wavelet transform (CWT).
When using the CWT, the wavelet coherence (WC) can be applied. This computation is useful
for studying the impact of one time series on another one and their co-movements over time or
frequency. The final WC calculations can be presented as coloured plots called scalograms.

Based on the above discussion, there is a justified necessity to apply the wavelet coherence
to perform the analysis of the possible interactions between the selected electrical parameters,
such as nonstationary time series of active power generation and voltage. The purpose of this
paper is to present the study of the impact of renewable energy sources generation on the voltage
losses values in the distribution grid lines using the wavelet coherence. Thanks to the use of the
wavelet coherence, it is possible to visualize the relationshifis regarding voltage losses that
cannot be easily obtained by calculating traditional load flews:+The author’s objective is to
highlight the features of this application and to indicate tiat 1:zan be easily used for similar and
further studies in this field.

This paper is organized as follows. The first part' xresents the related work review. Next, the
materials and methods used are described. The' m=iwzart is devoted to the results of the wavelet
coherence delay plot analysis for the examinecd example distribution network. The final part
summarizes this study and focuses on the rmain conclusions.

2 kelated work review

The comprehensive literature review was conducted to collect and summarize the current
knowledge on the impact of the RES on voltage, as well as wavelet transform usage. This part
reviews the previous work related to the paper topic and outlines the study gaps that can be
addressed in the presented approach. The operation of renewable energy sources is still an
important topic. This is evidenced by the recently published considerable number of research
papers that deal with this subject, for example [3]. In addition, the wavelet analysis is gaining
growing recognition in the many fields of electrical power engineering, for example [4]. Due to
the large scope of the examined topic, the presented review of related work focuses only on the
issues such as the impact of the RES on voltage, the use of the wavelet transform to analyse the
operation of the RES and voltage values.

In the available literature there are some recently published articles related to the topic of the
influence of renewable energy sources on the voltage values. The authors of [5] performed the
simulation studies on the impact of RESs on the variability of the effective value of the
distribution network voltage using the OpenDSS software. Work [6] explores the influence of
RESs along with the storage devices on electric energy losses and voltage terms in a medium
voltage network. Paper [7] focuses on improving voltage deviation and minimizing active losses
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in transmission lines for a network with the RES. In paper [8], the authors indicated that selecting
the appropriate location and capacity of distributed generation can reduce the network losses
successfully. The authors of [9] suggest using of the genetic algorithm and particle swarm
optimization to minimize the annual energy losses and voltage deviation of the distribution grid
with wind turbines and PV panels. Work [10] presents the impact of hybrid distribution power
sources on voltage, power losses, and electricity costs in the IEEE-13 bus test system. Paper [11]
describes the impact assessment of PV and wind energy integration on a low-voltage distribution
network in Tunisia. Work [12] deals with the impact of PV installations on changes in voltage
levels in the low voltage network. The voltage rise phenomenon caused by a high concentration
of renewable distributed generators was the topic of work [13]. Research [14] deals with the
algorithm for estimating the impact of RESs on voltage fluctuations in the medium voltage
network. Work [15] focuses on the interaction between RESs and loads regarding the voltage
characteristics. Paper [16] indicates that RESs are introducing sianificant challenges for
distribution system management, particularly at the low-voltage level-ivioreover, that work also
deals with the usage of the Monte Carlo method. The authors of [17] have drawn attention to the
fact that voltage regulation in low-voltage distributicii”neszorks is becoming increasingly
complex due to the growing penetration of renewable cnery#sources, as well as electric vehicles.
The authors of [18] propose a model predictive cuntrrl-based corrective control framework
designed to manage voltage stability and congestiuiwin distribution systems with the RES. Paper
[19] proposes a method for causes identificatior., and sources localization of multistage voltage
sags under the influence of high penetration of renewable energy sources. The author of [20] was
focused on examining the relationshi that inay exist between voltage fluctuations in electricity
transmission networks and the variction i piiotovoltaic system production. Work [21] deals with
voltage sensitivity of various nadi= ar.d evaluates the impact of power level changes in PV access
nodes at different locati<ns cn thosvoltage at a target node, particularly when the voltage exceeds
acceptable limits. Paper 221 investigates the power quality issues arising from the grid
integration of low-voltage distributed PV systems, such as reverse heavy overload and voltage
over-limit conditions. The authors of [23] propose a two-tier active voltage control strategy
tailored for coordinated wind-PV grid integration. Paper [24] demonstrates the studies on the
influence of different penetration rates of distributed photovoltaic power supply on the voltage
of a typical rural distribution network with distributed photovoltaic power. Work [25]
investigates the impact of different photovoltaic access scenarios on the voltage and network
losses of a distribution network. Paper [26] investigates the use of battery energy storage systems
in combination with a photovoltaic generating system to improve voltage management in a
distribution system with voltage-dependent loads. The authors of [27] are proposing an
integrated optimization framework for active power supply in a radial, distribution-like network
through the optimal siting and sizing of photovoltaic units and wind turbines, combined with a
real-time pricing based demand-side response program. The problem is addressing, among
others, also voltage drops. Work [28] describes a method for improving power grid voltage
profiles by more effectively regulating reactive power through the integration of hybrid
renewable energy systems into smart grids. The authors of [29] are presenting a new approach
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for quickly and accurately detecting topology attacks in electric power systems. This resolution
aims to minimize losses and restore critical loads while also including PV system generation.

Another group of papers is devoted to the usage of the wavelet transform to investigate the
operation of renewable energy sources. Paper [30] explores the method of analysing PV system
performance signals with the wavelet transform, robust regression as well as extreme point
analysis. In article [31], the author uses the wavelet approach to examine the relationship
between the carbon dioxide emissions and renewable energy consumption. Work [32] presents
the use of the wavelet analysis to detect the islanding of a single-phase grid connected PV system.
Research [33] proves (using Morlet wavelet and wavelet coherence analysis) that the operation
of the residential solar energy has a significant effect on mitigating the CO, emissions. The
authors of [34] use the wavelets to analyse the variability of aggregated photovoltaic systems.
Paper [35] focuses on fault diagnosis of wind turbine blades using the continuous wavelet
transform based on the deep learning model with a vibration sianal. Work [36] shows the
wavelet-based normalized flow for anomaly detection in photovoltaie-lectroluminescence with
nonstationary textures. Paper [37] deals with the impact o1 distriouted generator penetration
levels on the voltage profile and the power losses in the radiai*cw voltage network. The authors
of [38] show how to evaluate the influence of the REC ¢i22/0ltage and reactive power by using
of the combinational evaluation method. Paper [291 proposes a wavelet-based multiscale
coupling index for transient voltage stability assessiasnt in high-renewable grids.

The last part of related papers is devoted tothe usage of the wavelet transform to perform
voltage value analysis. Article [40] explains the wavelet packet evaluation to improve the
detection of voltage sags. Paper [41,.explures the idea of voltage interruption signal using the
continuous, discrete, and packet viaveleraralysis. Work [42] focuses on applying the wavelet
thresholding method to precess viltaye sags, rises and interruption signals containing noise. The
authors of [43] present<he salecton of the wavelet generating function in voltage interruption
detection. Work [44] shov s the evaluation of power quality disturbances in a PV-connected
IEEE-14 bus test system using the lifting-based wavelet transform and random forests. Paper
[45] presents lifting scheme-based match wavelet design for effective characterization of
different types of voltage sags. Work [46] was devoted to the automatic identification of voltage
sag events using matched wavelets and classifier ensembles. The authors of [47] and [48] used
wavelet transforms to investigate voltage sags. Work [49] proposed a wavelet transform-based
multiscale analysis method for achieving multifunctional integration of multi-objective
collaborative voltage estimation in distribution networks. Paper [50] presents accurately
detecting voltage swell disturbances by using wavelet vanishing moments. The authors of [51]
were using wavelet packet transform for the research on power measurement algorithm for
voltage sag.

The numerous and different studies have been developed and presented on the topics of the
operation of renewable energy sources and the usage of the wavelet transform. Although many
interesting topics were uncovered, these papers still do not focus directly on the application of
the wavelet coherence (also with additional plots), particularly for the values of the voltage losses
in the distribution grid during energy generation from the RES.
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This research has been motivated by the desire to overcome the limitations of the above-
mentioned approaches, including the inability to use the wavelet coherence (along with
additional plots) for a more in-depth analysis of RES generation and their influence on other
parameters. At the same time, this research has been conducted to show how dynamic
relationships between two different time-varying variables can be captured and presented
graphically. Applying the wavelet transform analysis for renewable energy sources and their
impact on the power grid is still not fully recognized or described.

The topic of renewable energy sources' impact on the power grid is very broad. This study
focuses only on the influence of PV panels and wind turbine active power generation on the
voltage loss values in the power lines of the distribution network.

The novelty of this study is the use of wavelet coherence to perform an analysis of RES
influence on voltage losses. The existing technique (wavelet coherence analysis) was augmented
with additional plots and applied to conduct a more in-depth (analysis. Consequently, the
proposed method produced new graphical results, which can help to-setter understand how PV
panels or wind turbine generation can affect voltage losses i iines-Jnlike previous studies, this
paper demonstrates that wavelet coherence can be successfuri; used for the examination of the
co-movement of nonstationary time series, like active-pourer generation and voltage losses.

This paper attempts to fill in the study gaps by int:adv.cing the research objective to establish
a suitable and straightforward model for the future aaatysis. The main contributions of this paper
are:

1) the use of the wavelet coherence to study the impact of the RES generation on the voltage

losses in the lines of the distriLution network;

2) to show the plots of scale-avaraged ccnerence, scale-averaged phase shift, time-averaged
phase shift and time-aveta,2d oherence in addition to the standard wavelet scalogram —
these were applie to rerfesm a more in-depth coherence analysis;

3) to fill in the study ges if the topic of RES operation using the wavelet coherence.

3. Materials and methods

3.1. Introduction

The study was divided into two parts:

1) the simulation of the renewable energy sources operation in the example low voltage

distribution network and

2) the use of the wavelet coherence plots to analyse the selected waveforms obtained from

the simulation.

In the first part of the research, the detailed time series were obtained from the specialized
simulation software. The obtained data show the variability of the generated active power and
the percentage values of voltage losses in the lines. Then, using the wavelet analysis with the
dedicated software, the impact of renewable energy sources generation on voltage losses was
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investigated. Finally, the analysis results were presented in the form of extensive graphics,
enabling their interpretation and evaluation.

3.2. Simulation of renewable energy sources operation in the example low voltage
distribution network

The OpenModelica software [52] with Buildings library [53] was used to simulate the
operation of the distribution network containing renewable energy sources. OpenModelica is a
popular and long-established environment used for modeling and simulating dynamic systems,
including also electrical power systems. The program can be complemented by various libraries.
It was decided to use the Buildings library because the examined network model from that
package contained the extensive data regarding the weather conditions, PV panels and wind
turbine conditions and parameters, power lines properties and final load values and their
properties. In general, that library is dedicated to building energy aad.control systems modeling.

In the energy transmission path, the current | causes a voltage !nsz-across the resistance R in
phase with the current, and on the inductive reactance X, it.causgs a voltage loss leading the
current by 1/4 period. According to Kirchhoff's second law, «C voltage at the beginning of the
circuit is balanced by the sum of the voltage at the cnd =fhe circuit and both voltage losses.
Voltage loss is described as the difference of comple.~.nmbers - the voltage at the beginning of
the line and the voltage at the end of the line, \whuicvoltage drop is described as the difference
of voltage magnitudes at the beginning of the liric and at the end of the line.

Voltage drops are used and calculated more often because they are easier to determine than
the full value of voltage losses. In piacticar calculations, it is usually assumed that the voltage
drop is equal only to the longitudiial covipcnent of the voltage loss. However, the omitted part
of the voltage loss value.is reluted (o the presence of reactive power. Hence, it should be
considered (even in the‘metliun.-and low voltage lines with smaller reactance) in case of the
growing number of final ei>ctricity loads having lower power factor (cos ¢) values.

The voltage drop value comes from simplified voltage loss calculations. Therefore, to
accurately present the impact of renewable energy sources on voltage conditions, it was decided
to use more precise voltage loss values. It is desirable to use precise nonstationary time series
for wavelet coherence analysis. The more accurate the waveforms, the more detailed the
coherence results and the more insightful conclusions from the analysis of the impact of one
signal on another.

Figure 1 presents an example of the low-voltage distribution grid (a part of the Buildings
library). The grid consists of an external power system (EPS), 8 power lines, 7 loads, 7 PV panels
and one wind turbine.
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Fig. 1. The example of the low voltage distribution grid with RES. Th=atihor’s work based on [53]

Because OpenModelica is the time-domain analysis s0i1twaic, the total simulation period was
set to 2 678 400 seconds, which is equal to 31 days (ciic nia=ih). Hence, it was possible to obtain
the detailed time series corresponding to the.longe..reriod, while parameters such as active
power generation from RESs changed due tc, vaiisus weather factors. The number of time
intervals was set to 744. OpenModelica transforms a given model into an ODE (ordinary
differential equation) representation by using numerical integration methods. In the presented
study, an implicit, higher-order, mu'ti-step solver with step-size control was used (called
DASSL). During a simulation, thc tolerance was set to 1e-06. The total simulation time was
around 30 seconds.

Due to the large nuri~er o theobtained results, only the selected ones (PV2 and wind turbine
active power generation, I 27and line 7 percentage voltage losses) were considered during the
presented study. The selected parameters of lines and renewable energy sources are shown in
Tables 1-3.

Table 1. Selected line parameters. Based on [53]

Parameter name Symbol Value Unit
Length | 300 m
Resistance R 0.543 Q
Nominal voltage Un 480 \Y

Table 2. Selected PV2 parameters. Based on [53]

Parameter name Symbol Value Unit

Gross surface area A 38.12 m?
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Efficiency of DC/AC conversion n 0.89 [-1

Nominal voltage Un 480 \Y

Table 3. Selected wind turbine parameters. Based on [53].

Parameter name Symbol Value Unit
Heigh over ground h 15 m
Efficiency of DC/AC conversion n 0.92 [-1
Nominal voltage Un 480 \Y

Below are four examples of the waveforms of active power generation from PV2 (Fig. 2),
wind turbine (Fig. 3), percentage voltage losses in lines 2 and 7.(Fig. 4 and Fig. 5). The x-axis
represents the days, while the y-axis shows active power in watts<7iy. 2 and Fig. 3) or percentage
voltage losses (Fig. 4 and Fig. 5) on the y-axis, respectively.
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1000 | |\
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Fig. 2. Photovoltaic Panel 2 (PV2) active power generation. The author’s own work based on [53]
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Fig. 3. Wind turbine active power generation. The author’s'work based on [53]
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Fig. 4. Line 2 percentage voltage losses. The author’s work based on [53]
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Fig. 5. Line 7 percentage voltage losses. The cuthcr’s work based on [53]

As can be seen, all the above-mentionea ime sciies are nonstationary — their statistical
properties change over time. In addition, each ¢ them changes rhythmically with other related
parameters. In the case of the PV panels, the outpat generation is strongly dependent on weather
factors such as temperature, solar ir.adicace. and time of day. In the case of the wind turbine, the
output generation is dependent on wvind speed and wind direction, or atmospheric pressure. All
RES outputs are also connected-to \reir exact location in the grid. It is worth emphasizing that
the wind turbine (due teits stochastic nature) can significantly affect the voltage loss profile
(Fig. 5). The final voltage:'oss values are mainly influenced by the length of the lines and active
power loads. Both RESs hcve intermittent power generation, resulting in fluctuations in the
power grid. Due to their properties, all the time series obtained from the mentioned simulation
are suitable for further wavelet analysis.

3.3. Continous wavelet transform

In general, a signal is an observation (for example — a record) of a series of events resulting
from a certain process. For many years, the Fourier transform had been one of the main tools for
signal analysis. As a result, the examined process could be represented in the frequency- domain.
Hence, either only the time-domain information or only the frequency domain information could
be viewed. If the analysed signal was stationary, this drawback was not significant for the further
analysis. The wavelet transform can be introduced to overcome the mentioned limitations.

It must be emphasized that the electrical power grid, particularly the one equipped with
renewable energy sources, operates as a fast-paced system. Hence, many measured time series
are nonstationary ones (for example — Figs. 2-5). The wavelet transform is widely used for
further analysis of nonstationary signals. It is very convenient for examining especially

10
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periodicities and trends. In general, the name “wavelet” refers to the similarity of the applied
functions to the traditional waves in nature. The basic properties of wavelet functions are finite
signal power, a mean value equal to zero and finite bandwidth. Wavelets are the equivalents of
the sine and cosine trigonometric functions, but unlike them, they are irregular.

Using the wavelet transform, it is possible to analyse a given signal by looking for its
similarity to shifted and scaled versions of the original wavelet, called the mother wavelet. The
CWT for the time series with equal intervals can be expressed by Eq. (1). This equation is the
convolution of the time series under study with the scaled and shifted mother wavelet function.

Win(s) = 202 = |22 (1)
where: g, is the equal interval between signal samples, s is the scale factor, N is the number of
the samples of the observed time series, x, is the n-th elenicny of time series (where
n=1,23,...,N), ¢ is the wavelet function, m is the shift faciur, and * is the conjugation of
complex numbers.

In Eq. (1) the scale factor s describes the influence cn wavelet time duration, while the shift
factor m is responsible for changing the position of the wavelet function on the time axis. Both
values of s and m define the rate of similari ;=af the chosen mother wavelet function to the
examined time series. Small values of scales are-dsea for performing analysis of dynamic signal
details (the mother wavelet is “compressed” at High frequencies), while large scale values are
used for analysing the slowly cliang.na parts (the mother wavelet is “stretched” at low
frequencies).

The Morlet wavelet is one ~f tiia most popular mother wavelet functions. This function is
described by Eq. (2). The'shape ot this wavelet (real part only) is presented in Fig. 6.

o (t) = cym i 3 (e — k), 0

where: k, is the admissibility criterion described by Eq. (3), o is the resolution related factor,
and c, is the normalisation constant described by Eq. (4).

_152
K, =e 2, ©)

3 1
o= (1+e" —2e7) 2. (4)

11
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Marlet wavelet {real part)

Dimensionless period

Fig. 6. Morlet wavelet shape (ral part only)

In the presented study, the Morlet wavele :2s used as the mother wavelet function. The
motivation to adopt this function was its similarity to typical shapes in the examined time series.
Moreover, the Morlet wavelet function usually offers good time-frequency localization, which
is especially desired during coherei.ce aiiatysis. In general, the CWT computation process can
be described in five steps:

1) choose the mother wavelstfuri=tion whose shape most closely resembles the shapes of the

examined time series, for Axample the Morlet wavelet,

2) “place” the mother ‘wave]:t function at the starting point of the tested signal,

3) establish the similarity petween the mother wavelet function and a part of the signal,

4) “shift” the wavelet function in time and redo similarity calculation for the ongoing time

series part,

5) “stretch” the wavelet function and repeat the preceding steps until all scales are finished.

3.4. Wavelet coherence
The cross-wavelet transform (XWT) can be constructed by performing the CWT on two
signals. The XWT of two signals is described by Eq. (5).

Wan = WnXWny*! 5)

where: WXV is the cross-wavelet transform (XWT), WX and W,Y* are the continuous wavelet
transforms of the X and Y signals expressed as a convolution of the n-th element of the signals
with the normalized and scaled mother wavelet function, and * is the conjugation of complex
numbers

12
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One of the major advantages of the XWT is the possibility to expose the common power and
relative phase using the time-frequency domain. Finally, the wavelet coherence can be
introduced. WC is described as the measure between two CWTs, which can show the potential
interrelationships between two considered signals. The WC of two waveforms is given by

Eqg. (6).

|s(s~twXY (s))|°
SGUWE ()2 -ssm2wh ()’

R%(s) = (6)
where: R2(s) is the coherence factor, S is the smooth operator, s is the scale factor, WX and WY
are the continuous wavelet transforms of the time series expressed by a convolution of the n-th
sample from the signal with normalized and scaled wavelet, and W,*Y is the cross-wavelet
transform of x,, and y,, samples.

In general, WC computation process can be described in five stens:

1) provide two examined time series with the same number of camples,

2) calculate the continuous wavelet transform,

3) calculate the cross-wavelet transform,

4) determine statistical significance by applying th2 \2~.te-Carlo approach,

5) perform results interpretation by analysing the arashical outputs of WC.

As a result of applying the wavelet coherencepsit is possible to find the strength of the
correlation and the phase shift (delay) between the examined signals in the time-frequency
domain. The available range of coherence, varies between 0 (extremely low coherence) and 1
(extremely high coherence). The priase siift can be calculated by using a phase angle shift
function for complex numbers of/*he ciuss‘wavelet spectrum. Lastly, radians are converted to
the expected time resolutien.

The interpretation ¢’ theobtoined results is simple and intuitive. The level of coherence is
illustrated graphically by e appropriate colour. Depending on the colour map used, the areas
of high coherence may be marked with a light colour (for example, yellow in Fig. 7), whereas
weak parts can be indicated with a dark colour. By looking at the axes, time periods with
oscillations (on the vertical axis) and times of occurrence (on the horizontal axis) can be
distinguished.

During WC analysis, the first examined signal is called the basic one, while the other is
referred to as the second one. In the final plots, the arrows and their directions describe the phase
interaction between both signals. The phase shift can be positive (the second signal lags the basic
signal, right-aligned arrows) or negative (the basic signal lags behind the second signal, left-
aligned arrows). This information can be useful to determine which signal controls the other. In
the case of a positive lag the basic signal controls the second signal, while a negative lag indicates
the opposite situation. Further and more detailed information on the basics of the CWT, XWT
and the wavelet coherence, as well as more advanced topics, can be found in [54, 55].
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3.5. Using the specialized software for the wavelet analysis

The study of the impact of RES generation on the voltage losses in distribution networks was
a multi-stage task. To perform the main analysis, the specialized software was used. The detailed
simulation results from OpenModelica and the Buildings library were exported to separate files.
Then, the data was imported into the MATLAB environment, which is well recognized in many
fields, especially signal processing. In the case of the MATLAB part, the typical time for
obtaining the final results was a few seconds. During wavelet coherence calculations, the Monte
Carlo method was used for estimating the statistical significance level. Wavelet coherence
statistical significance identifies regions in the time-frequency plane where two signals are
significantly correlated. Viewing data from various perspectives often involves transformations
such as the continuous wavelet transform and wavelet coherence. Monte Carlo methods have
also been used to study random processes, such as renewable energy sources' active power
generation.

The complete wavelet transform calculations were made and.visualized using MATLAB
supplemented by a dedicated script called Coherence-delay ividp Rlotter [56].

4. The results of the wavelev.coherence analysis

The presented study will focus only on the carrelation and phase delay between two pairs of
signals. The first pair is the active pewer generation from Photovoltaic Panel 2 (PV2) and
percentage voltage losses in line 2 (Fia. 4). The second pair is the active power generation from
the wind turbine and percentage v¢'tage (0sses in line 7 (Fig. 5). The wavelet coherence analysis
results are shown in two figureg (3, '« and Fig. 8). Each of them contains panel (a), a coherence-
delay map; panel (b), setle-averaged coherence; panel (), scale-averaged phase shift, and panel
(d), time-averaged cohererice.

The coherence-delay map is the main graphic result of the wavelet coherence calculations.
This graph shows the correlation between two waveforms in the time-period domain. Thanks to
different period sizes (on the y-axis), the studied phenomenon can be observed in both the short
and long term. The proper colour map used [57] allows for easy differentiation of coherence
values in the time-period domain. The areas of high coherence (0.8 and more) are marked in
yellow, while the areas with low coherence (0.2 and less) are marked in dark blue and black. In
addition, the varying shades of colours allow the degree of coherence to be distinguished. The
neutral coherence values (0.5) are marked in pink. The scale-averaged coherence plot shows how
overall coherence changes during the analysed period.

The scale-averaged phase shift plot is used to perform phase difference analysis of the two
signals as a function of the time considered. Moreover, this plot can also show a lag (positive or
negative) between the base and the second time series.

The time-averaged phase shift plot presents how phase shift and lag change as a function of
the periods.
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The time-averaged coherence plot is the last plot. This graph shows the changes in time-
averaged coherence as a function of scales.

In the above-mentioned plots, the phase shift indicates the difference in the pace of two
subsequent maximum values, while the lag presents the variance in the pace of two succeeding
attributes (minimum or maximum) of the examined time series.

In the presented study, the base signal was from the renewable energy source (PV or wind
turbine generation, respectively) and the second signal was from the distribution power grid
(percentage voltage loss in the selected power line).

In the case of PV generation analysis, the main coherence results are shown in panel (a) in
Fig. 7 (coherence delay map). The x-axis shows days, and on the y-axis, there are periods
expressed in hours. The bright yellow parts indicate extraordinarily strong coherence (0.9 or
higher) between PV2 generation and the percentage voltage losses in line 2. The high coherence,
however, does not occur for the entire considered period (31 days) but.for most of the month. It
is clearly visible that this coherence weakens around a 32-hour.oeriod on the 20" day and
approximately a 16-hour period on the 8, 24" and 27" days. in short periods (4-hour periods),
the coherence was extremely high, but only on the days with :C highest PV2 generation.

b) Scale-averaged Cohere. ce
%\ N A A VS

d) Time-averaged phase shift e) Time-averaged Coherence

=)
N 9N
IR

Coherence (RZ)
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60 -40 -20 0 20
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Fig. 7. Wavelet coherence plots for PV2 active power generation and line 2 percentage voltage losses

During the high coherence and the period of approximately 8 to 16 hours, the arrows were
directed vertically upward (PV generation is in phase ahead of percentage voltage losses) or
upward and slightly to the left. Both signals were out of phase with each other; voltage losses
were leading PV generation, approximately on the 13" to 15" day and the 19" to 20" day.

For approximately 32 hours, the coherence was high except around days 20 and 21, which is
reflected in the PV2 generation profile (Fig. 2). Most of the time, the arrows pointed down and
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to the left. Both signals were out of phase, and the percentage voltage losses lagged behind PV2
generation.

Panel (b) in Fig. 7 shows the scale-averaged coherence between PV2 generation and
percentage voltage losses in line 2. The presented parameter oscillates between the values of 0.7
and 0.4 and is unstable. Moreover, it shows a decreasing trend over time until the end of the
month.

Panel (c) in Fig. 7 represents the scale-averaged phase shift. The phase shift (the black line)
is smallest on day 8 and then increases continuously over a period of about 8-16 hours on day 8
as reflected in panel (a). The positive lag values (the grey line) most of the time indicate a small
influence of the PV generation on the percentage voltage losses.

Panel (d) in Fig. 7 shows the time-averaged phase shift. For most of the considered time, the
phase shift is small and oscillates around 0 hours. The increase in lag and phase shift can be
observed when the period cycles increase. The lag shows a smalier.increase compared to the
phase shift.

Panel (e) in Fig. 7 shows the time-averaged coherence. The presented parameter reaches the
highest values (around 1) for periods from approximately 10 «2"32 hours. The lowest values are
for around 16 hours. The longer the considered perioa; tt.=.snaller the coherence.

In the case of wind turbine generation analysis,.the main coherence results are shown in
panel () in Fig. 8 (coherence-delay map). Unlac:PV generation, the arrows mostly point
straight and up to the right. As a result, wind turbine active power generation and line 7
percentage voltage losses are in phase (ooitively related). The areas of strong coherence occur
for the longer periods (32-hour pericd ana 'onger). Over time, the size of the coherence areas
increases (which is reflected by theveneratica profile from Fig. 3). For short periods (4-8 hours),
there are also more frequent and ;angér-lasting coherences.

Panel (b) in Fig. 8 skows'the 2zale-averaged coherence between wind turbine generation and
percentage voltage losses 1 lifie 7. The presented parameter oscillates between the values of
0.50 and 0.75 and is unstable. Contrary to the PV generation, it does not show any decreasing
trend over time. A higher value of active power generated from a wind turbine than from a PV
panel (Fig. 2 and Fig. 3) and longer periods of the wind speed required for power generation than
the availability of solar power may be the reason for this phenomenon.
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Fig. 8. Wavelet coherence plots for wind turbine active power generation and line 7 percentage voltage
losses

Panel (c) in Fig. 8 represents the scale-avarog2d-phase shift. During the entire examined
period, the lag was always positive (above zerw). This means that power generation from the
wind turbine moderately affects the perceniage voltage losses in line 7. The phase shift (the black
line) reaches the negative values on'v arsand the 5%, 71, and 9™ to 11" days, which is also
reflected in the generation profile i1 Fig: 3.

Panel (d) in Fig. 8. displays .2t ie-averaged phase shift. Similarly to the previous case, the
phase shift is small anc“oscillatoe’around zero for most of the considered time. However, the
increase in lag and a phasc shifc can still be observed during periods when cycles increase, but
for smaller ranges comparea to the PV generation. Panel (e) in Fig. 8 shows the time-averaged
coherence. The presented waveform is more stable than the previous one for PV generation.
Moreover, the longer the period (hours), the stronger the coherence.

5. Conclusions

The objective of this paper was to present the application of wavelet coherence to study the
impact of renewable energy source generation on voltage losses in the distribution power
network lines.

The collected coherence plots lead to the conclusion that the quality of the results presentation
is particularly good. Hence, the application of the wavelet coherence to examine RES influence
on the selected power grid parameters has proven to be a suitable solution. Moreover, both short-
and long-term time and phase relationships can be easily captured. This is an undeniable
advantage of applying wavelet coherence plots and is particularly important for studies of rapidly
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changing processes. The use of an appropriate group of colours (along with their shades) allows
for smoothly varying coherences to be marked easily and further interpret graphically.

The usage of voltage loss waveforms instead of, for example, the total harmonic distortion
(THD), was chosen due to the possibility of showing graphically that the value of voltage loss
also indirectly depends on the weather conditions for renewable energy sources (like the wind
turbine - Fig. 5). Such an impact could be overlooked by using only THD values. Voltage loss
values can be used to assess the condition of existing or planned power networks. This is
particularly important in low-voltage distribution networks, where renewable energy sources are
increasingly located close to many electricity consumers.

The potential limitations of the presented methodology may be the availability of the input
nonstationary time series (from simulation or real-world measurements) and the sufficient
quality of this data to achieve acceptable wavelet coherence delay plots.

It needs to be emphasized that the obtained wavelet coherence oitcomes depend, to a large
extent, on the type of renewable energy source (PV panel or wird tuirizivie) and the exact location
of this source in the distribution network. Regardless of the generation type, the (d) type panel
plots with the time-averaged phase shift should be corsidercs over shorter time periods (for
example, 8-32 hours only) due to the unstable and guici=Y*'changing active power output. For
both RESs, the longer the analysis period, the higher the Zoherence value. The conducted studies
have shown that the examined renewable energy scurces differ in the degree of their impact on
the values of voltage losses in the lines. The dyramics of the observed changes were illustrated
mostly by the lag values (panel (c) in Fig. 7 and Fig. 8). In contrast to the PV generation, the
wind turbine generation was in phasa witri the percentage voltage losses. Unlike for the wind
turbine, for PV generation, there ¢t be «iarger discrepancy between the phase shift and the lag.

The black line in pane! (@ 1n..Fiy. 7 and Fig. 8 illustrates the cone of influence. This line
shows areas in the plot tat may L~affected by the edge effects. The presence of this phenomenon
was made by stretching the wavelet function beyond the edges of the observed, finite-length time
series.

Moreover, the final voltage loss waveform shapes (and consequently the wavelet coherence
analysis plots) may also depend on the type of power lines in the distribution network. These
lines can be either overhead or cables. Hence, the applicable type will influence the values of
resistance and reactance, which are crucial in calculating voltage loss values.

The ease of preparing the examined time series is an advantage of applying the proposed
approach. These time series may come from simulation software as well as from real-world
systems. The proposed methodology can also be applied to a real system. Typical domains of
usage may be, for example, smart grids or load flow studies (to augment the view of how
renewable energy sources can affect electrical network parameters), and in forecasting electricity
generation from RES and their future impact on the selected grid parameters. The modular design
of the proposed model is another advantage. The presented methodology has strong potential for
effective application in model validation of complicated real dynamic power systems that
typically generate nonstationary time series data.
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6. Summary

Electric power systems and networks are becoming increasingly complex, resulting in the
creation of time-based nonstationary signals, some of which are not yet fully understood [3, 58].
The features of these signals, such as trends or periodicities, may be the topic of interest for
engineers and scientists. The dynamic development of renewable energy sources in the
distribution grids requires a mature and long-term approach to their monitoring and analysis. For
this type of complex system, there is a justified necessity to combine traditional modeling tools
with modern signal-processing techniques.

The aim of this paper was to present a study of the impact of renewable energy sources’
generation on voltage losses in the distribution grid lines using the wavelet coherence analysis.
Compared to the solutions from the related work review, the intrcdiead approach includes the
use of the wavelet coherence for a more in-depth analysis of FES.operation in the distribution
grid. The final presentation of the wavelet coherence analysis usiiig the main plot (panel (a) in
Fig. 7 and Fig. 8) with an additional four graphs (panels/u), \¢,, (d) and () in Fig. 7 and Fig. 8)
is a distinct advantage of this method and allows for easie. < sualization and interpretation of the
obtained results.

Additionally, using the wavelet coherence, it ca-0e clearly determined whether one signal
“controls” the other. Furthermore, the use of voltage loss values instead of voltage drops allows
for more accurate studies. In the future, the current model can be easily updated to include other
data, especially with nonstationary du*a.

In recent years, the wavelet <:ansfcim©nas proved to be a useful tool in many areas of
electrical engineering (for-exémy'e, [59-61]). The presented study extends and enriches the
ongoing view of the imjiact of RZS generation on the power grid. Hence, the wavelet transform
studies can help emphasize further information that may be ignored or overlooked, particularly
in fast-paced systems. The proposed method can be comfortably used by power system engineers
in several ways. It can supplement the results of load flow calculations with added information
on the voltage losses. It can also be used to support the available tools for forecasting voltage
losses in the network, and it can be treated as a general tool for the more in-depth analysis of the
RES influence on the grid. Possible paths for future research in this area may include the analysis
of the coherence of other electrical parameters (for example, active and reactive power load)
with renewable energy sources, the study of energy transmission losses, the study of power lines
capacities matching the flow from RESs, or the study of the power quality in the distribution grid
equipped with renewable energy sources.
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