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Abstract
The high energy and environmental performance of renewable power stations (RPS) contributes to their widespread
introduction in many countries. A trend towards decentralization of generating capacities and an increase in the share of
RPS in their structure brings about the multifactorial features that affect the reliability of power systems. These factors can
result in a failure and unnecessary or false operation of intelligent digital devices and systems that perform the protection
and automatic control functions. Digital substations using the IEC 61850 protocol to exchange instantaneous values of analog
signals employ merging units (MUs) for digital processing of current and voltage. MUs use down-sampling, i.e., decimation, to
reduce the number of calculations and meet other purposes. The paper presents findings of an analysis of the digital processing
effects associated with the disturbance of coherence of current and voltage signals during decimation. Failure to comply with the
coherence requirements during decimation leads to significant errors in the estimates of signal parameters. The extent to which
the sinusoidality of signals is distorted due to incoherence can be determined using a normalized cross-correlation coefficient.
Simulation results have shown that incoherent sampling enhances the distorting effect for the signals containing high-frequency
harmonics and interharmonics. Coherence of digital signal processing after decimation can be ensured by preliminary digital
filtering. Superposition of noise components does not affect much the estimations of signal amplitudes during decimation, which
are within the allowable error. Coherence of digital processing of current and voltage signals during decimation contributes to
the reliable operation of power systems with a large share of RPS, first of all solar photovoltaic and wind power stations.
© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction
In recent years, the global power industry has been involved in organizational and technical activities to transform
power systems fundamentally. Many countries are developing renewable power stations (RPS) due to their high
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energy and environmental efficiency, which helps to reduce dependence on gas and oil imports. A steady trend
towards a decrease in specific capital investments in the construction of RPS contributes to their widespread
introduction in power systems (Razavi et al. 2019 [1]; Singh and Sharma, 2017 [2]; Mehigana et al. 2018 [3];
Zeng et al. 2016 [4]).
A report by Bloomberg NEF and the United Nations Environment Program notes that over the past ten years,
more generating capacities have been added to wind and solar power plants than any other type of energy source.
Some countries plan to completely transition to electricity generation only from equipment based on renewable
energy sources, for example, Sweden by 2040 and Canada by 2050.
In Russia, the share of wind (WPSs) and solar photoelectric (SPVSs) plants by the end of 2024 is expected
to be about 2% of the total installed capacity of all generating equipment and about 0.8% of the total electricity
generation (Ilyushin et al. 2021 [5]). Given the restrictions on power flows between the interconnected power systems
(IPSs) and regional power systems, it is necessary to analyze the size of WPSs and SPVSs capacities in each of
them separately at the level of regional energy systems. In the IPS of the South, with a total installed capacity
of generating equipment at thermal power plants (TPPs), hydroelectric power plants (HPPs), nuclear power plants
(NPPs), and pumped storage power plants (PSPPs) of 24.8 GW, the installed capacity of WPSs and SPVSs will be
3.6 GW, i.e., 14.5%, by the end of 2024, while the available control range at TPPs will significantly decrease. In
2022, in the Republic of Kalmykia, with the installed capacity of the thermal power plant equal to 18 MW, after
commissioning the second start-up complex at the Arshan SPVS (37.6 MW), the installed capacity will be 450.7
MW with maximum power consumption of 124 MW (Degtyarev, 2017 [6]).
A crucial way to transform the power industry is the gradual smartization of power systems. The development
and adoption of intelligent digital devices and systems (IDDSs) should increase the reliability, safety, and efficiency
of control of power systems. However, the IDDSs bring about new problems due to the complication of power
systems and a decrease in the level of self-adaptation and self-resilience to a whole host of destabilizing factors
(Voropai et al. 2018 [7]; Papkov B. et al. 2015 [8]; Voropai et al. 2019 [9]).
It is known that to comply with the requirements, power systems are equipped with IDDSs that perform various
functions, including protection and automatic control. The main purpose of protection and automatic systems is to
quickly identify and reliably and selectively disable damaged components to prevent the development of accidents
(Ilyushin and Pazderin, 2018 [10]). Processing discrete, as well as digital, current and voltage signals of power
frequency in IDDSs requires a reduction or an increase in the sampling rate. Change in the sampling rate provides
an opportunity to simplify the software and hardware implementations of narrow-band digital filters (Rabiner and
Gold, 1975 [11]; Oppenheim and Schafer, 2009 [12]; Ribeiro et al. 2014 [13]).
Sampling rate reduction by sample decimation is used by manufacturers of IDDSs designed for digital substations
that exchange instantaneous values (SV - streams) to reduce the number of calculations.
With the IDDS support of the data exchange protocol according to the IEC 61850 SV standard, the sampling
rate is normally reduced by a factor of 4, i.e., 20 instead of 80 samples are used per power frequency period. The
paper presents the results of analysis for the effects of digital signal processing associated with the incoherence of
power frequency current and voltage signals, which occurs during decimation (Borkowski, 2007 [14]; Khan Shabbir
and Liang, 2020 [15]; Graham and Lediju Bell, 2020 [16]).
The paper aims to present avenues to ensure the coherence of digital processing of current and voltage signals in
IDDSs during decimation. This is necessary to prevent unnecessary and false operation of IDDSs, which perform
the functions of protection and automatic control, to provide the reliable operation of power systems with a large
share of RPSs.
2. Specific features of transient processes in energy systems with renewable power stations
The decentralization of generating capacities and the large-scale adoption of generation systems based on
renewable energy sources leads to the specific features that have a significant impact on the capability of ensuring
reliable operation of power systems:
- permanent fluctuations of the power flow parameters in a wide dynamic range in the case of a large share of
generation systems based on renewable energy sources characterized by a stochastic nature of electricity generation,
- significant deviations of power quality indices from standard values, especially in low-load modes of equipment
with power electronics elements (RPS inverters/converters),
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- the nature and parameters of transient processes are determined by the load characteristics, given the low
mutual electrical resistance, and the fact that the total load value in load centers is comparable with the total power
of generating plants, including RPSs (Ilyushin, 2017 [17]; Gurevich and Libova, 2008 [18]),
- high speeds of electromechanical transient processes caused by a decrease in the equivalent inertia constant of
the rotating masses of gensets in power systems (load centers),
- significant deviations of operating parameters during emergency disturbances accompanied by the shutdown of
generating plants, including RPS, and consumer loads sensitive to such deviations (Gurevich et al. 1990 [19]).
In the current stage, the above specific features manifest themselves clearly in the islanded and off-grid operation
of individual energy system sections (Eroshenko and Ilyushin, 2018 [20]).
At the same time, one of the most important problems for SPVSs today is the problem of correctly determining
the output parameters of the SPVS photovoltaic part, the influence of specific operating conditions on them, and
the compliance of the declared values of these parameters with the actual values at the place of operation (Izmailov
et al. 2019 [21], Shepovalova, 2019 [22], Izmailov et al. 2018 [23], Strebkov et al. 2019 [24]).
Thus, voltages at nodes and currents in the branches of power systems are not ideally sinusoidal since they
contain various harmonic and noise components even in steady-state conditions. Emergency disturbances are
always accompanied by electromechanical and electromagnetic transients, with possible oscillations and resonance
phenomena characterized by a dramatic change in the amplitude of currents and voltages of power frequency and
the phase angle.
The algorithms for estimating the parameters of currents and voltages based on the discrete Fourier transform
(DFT), which are currently used in most measuring devices of the IDDSs, assume a sinusoidal signal model that does
not change in the data window (Ren and Kezunovic, 2012 [25]). Therefore, in transient processes with frequency
fluctuations, when current and voltage signals contain modulation components and jumps in amplitude and phase
angle are observed, there will be significant errors in estimating their values.
In Serna and Martin, 2003 [26] the authors have proposed an improved cosine filtering algorithm that provides
accurate results in cases where current and voltage signals are subject to amplitude modulation. The algorithm
relies on polynomial transformations to approximate changes in amplitude and phase angle, which allow describing
the envelope with a greater degree of approximation. The study discussed in Serna, 2007 [27], develops the idea
presented in Serna and Martin, 2003 [26], and considers the application of the Taylor polynomial model to improve
the accuracy of measurements under power fluctuations. In Kulikov and Lukicheva, 2018 [28], the authors propose
using multiparameter dynamic models with subsequent DFT error compensation.
The research of Ribeiro et al. 2014 [13], Ren and Kezunovic, 2012 [25] notes that step changes in amplitude
and phase angle can occur inside the data window due to electromagnetic transients during the digital processing
of power frequency signals. This can significantly affect the signal parameter estimation due to the “break” of the
functional time dependence of the sinusoidal signal, which in the general case corresponds neither to a previous
normal nor subsequent emergency condition. Jumps of instantaneous current and voltage values are possible in the
case of equipment damage with arc overvoltage, operational switching, or significant changes in weather conditions
that affect the operating conditions of generation systems based on renewable energy sources. In this case, estimates
of current and voltage parameters may prove invalid and, for example, slow down or postpone the generation of
control actions in the IDDSs, which can cause a malfunction of the operation of protection and automatic control.
In light of the considered features of transient processes, reliable operation of power systems with a large
share of RPS can only be provided if the IDDS protection and automatic control functions work correctly. It is
worthwhile to note that the digital signal processing methods used in IDDS may function incorrectly in the case of
electromechanical and electromagnetic transients due to distortions in sinusoidality of power frequency current and
voltage (Antonov, 2018 [29]).
Sinusoidality can also be violated in the event of synchronous oscillations related to the upset power balance
in some parts of the power system due to connection (tripping) of power lines, large generating plants including
RPS, or significant amounts of load. With synchronous oscillations caused by electromechanical transients, the
amplitude and phase of the angle between current and voltage are modulated by a low-frequency signal, which
corresponds to the instantaneous slips of synchronous machines (Buchholz and Styczynski, 2014 [30]; Shushpanov
et al. 2021 [31]).
Fig. 1 shows an example of an oscillogram recorded by WAMS, where one can see low-frequency active power
fluctuations in the power system, which last 12 min, with a frequency of 0.9 Hz and an amplitude of 20 to 80 MW.
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Fig. 1. Oscillogram of synchronous swings in the power system.

There are numerous cases of significant deviations of operating parameters in the islanded or isolated network
areas in the event of emergency disturbances: two-phase or three-phase short circuits in the electrical network
area; load shedding of more than 30% of the total generating capacity, including RPS; direct start of a group of
asynchronous motors with a total power of more than 30% of the total power of generating plants, including RPS.
3. Specific features of digital signal processing in the case of decimation
Devices that perform decimation belong to the so-called descending discrete systems, in which the sampling rate
of the signal at the output FS1 is lower than the sampling rate at the input FS (Goldenberg et al. 1985 [32]).
The typical structure of the elementary descending discrete system is shown in Fig. 2 (TS – sampling interval;
TS = 1/FS ). It includes a filtering module that preprocesses the input signal with a sampling rate FS and a decimation
module that reduces the sampling rate by m times—to FS1 . Both modules are usually part of a digital signal
processing device, i.e., a merging unit.

Fig. 2. Typical structure of the elementary descending discrete system (MU).

The filtering module (see Fig. 2) is necessary to prevent or reduce the aliasing that occurs during the decimation
of current and voltage signals, the features of which are given further in the paper.
We will consider the connection between the input and output sequences of the decimation module. In this case,
the preprocessing procedure in the filtering module is described by the equation (Rabiner and Gold, 1975 [11];
Oppenheim and Schafer, 2009 [12])
w(n) =

n
∑

(1)

h(l) · x(n − l)

l=0

where w(n) is the output signal of the filtering module, n is the current sample index, l is the impulse response
index of the filtering module and h(l) is an impulse response of the filtering module.
Note that digital signal processing in a conventional linear filter (Eq. (1)) can be interpreted as the summation
of the input sequence x(n) in a window sliding through one sample h(n).
The decimation module samples the signals at time points t = nm TS , where n = 0, 1, 2. In doing so, each
mth sample is taken from the input signal w(nTS ) coming from the filtering module. The signal in the process of
decimation is decimated, and sampling is carried out with a large sampling interval equal to TS1 = mTS , as shown
in Fig. 3 (at the decimation module output).
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Fig. 3. Oscillograms of sinusoidal signal before decimation (a) and after decimation (b).

Then the general equation describing the operation of the descending discrete system (Fig. 2) takes the form
(Rabiner and Gold, 1975 [11]; Oppenheim and Schafer, 2009 [12])
y(k) = w(km) =

km
∑

(2)

h(l) · x(n − l)

l=0

where k is the current sample index at the system output.
Processing by down sampling (Eq. (2)) is a summation in a window h(n) “jumping” over m samples.
Analysis of Eq. (2) shows that the decimation procedure implements digital signal processing that is not invariant
to time shift and has m different impulse characteristics (responses to the input sequence in the form of a discrete
δ-function).
To identify the specific features of digital processing, we will analyze the spectra of signals during decimation
using Z-transforms of sequences w(n) and thinned y(k) (Rabiner and Gold, 1975 [11])
W (z) =

∞
∑

w(n)z −n

(3)

y(k)z 1−k

(4)

n=0

Y (z 1 ) =

∞
∑
k=0

Let us determine the spectral components by substitution (Rabiner and Gold, 1975 [11])
z = e j2π f TS

and

z 1 = e j2π f mTS1 = e j2π f mTS

(5)

where f is the frequency, z and z1 is the spectral components of signals before decimation and after decimation
respectively.
It follows from the last expression that (Rabiner and Gold, 1975 [11]; Oppenheim and Schafer, 2009 [12])
z1 = zm

and

Y (z m ) =

∞
∑

y(k)z 1−mk

(6)

k=0

Consider the sum
m−1
∑

(
)
j2π p
W z·e m

(7)

p=0

where p is the spectral components summation index.
To establish relation between W(z) and Y(z1 ), transform Eq. (3) into the form
⎛
⎞
m−1
∞
∞
m−1
) m−1
∑ (
∑∑
∑
∑ j2π pn
j2π p
j2π pn
⎝
W z·e m =
w(n)z −n · e− m =
e− m ⎠ w(n)z −n
p=0

p=0 n=0

n=0
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The sum in brackets is the sum of m terms of the geometric progression with the first term equal to e−
Hence,
{
m−1
∑ j2π pn
m at n = km, k = 0, 1, 2, . . .
− m
e
=
0 at other n
p=0

j2π pn
m

.

(9)

Substitution Eq. (9) into Eq. (8) and replacement n = km yields the expression
m−1
∑

∞
∞
)
(
∑
∑
j2π p
W z·e m =m
w(km)z −km = m
y(k)z 1−k = mY (z 1 )

p=0

k=0

(10)

k=0

Thus, the relation between the Z-transforms of the original and thinned sequences corresponds to the equality
Y (z) =

m−1
)
j2π p
1 ∑ (
W z·e m
m p=0

(11)

and passing to the spectra by substituting Eq. (5) into Eq. (11), we obtain
Y (e j2π f TS1 ) =

)
(
m−1
p
1 ∑
j2π TS f + mT
S
We
m p=0

(12)

Analysis of Eq. (12) allows the conclusion that the spectrum of the output signal of the decimation module is
the sum of the input signal spectra shifted relative to each other along the frequency axis by the value 1/mT S
(
(
))
m−1
1 ∑
p
Y ( j2π f ) =
W j2π f +
(13)
m p=0
mTS
Thus, there will be no superposition of spectra during decimation if the signal spectrum at the decimation module
output occupies the bandwidth
π
π
−
< 2π f <
(14)
mTS
mTS
The spectrum of the output signal from the filtering module (Fig. 2) is the product of the spectra of the input
signal x(nTS ) and frequency response of the filter (HF ) implemented in this module
W ( j2π f ) = X ( j2π f ) · HF ( j2π f )

(15)

Substituting the results from Eq. (15) into Eq. (13), we obtain an expression relating the spectra of the input and
output signals of the decimation module
(
(
))
(
(
))
m−1
1 ∑
p
p
Y ( j2π f ) =
X j2π f +
· HF j2π f +
.
(16)
m p=0
mTS
mTS
The first term in Eq. (16) (corresponding to p = 0) is equivalent to the spectrum of the useful thinned signal.
The remaining terms violate the coherence of digital signal processing, and they can be considered as interference
spectra that distort the useful signal in the base band (Fig. 4) (Hu and Lee, 2014 [33]).
Analysis of Fig. 4 suggests that a mandatory prerequisite for the coherence and adequacy of digital signal
processing is the required suppression by filtering module of the distorting components of the spectrum outside
the main signal band, determined by Eq. (14) (Li et al. 2021 [34]).
4. Model experiments with oscillograms currents and voltages
Let us develop a program for experimental research based on the principles of the implementation of the IDDS
measuring elements. We set analytically the current and voltage oscillograms in combination with the impact of the
following distorting factors:
- additive components of currents and voltages in the form of multiple harmonic components and interharmonics
of various intensities and spectral ranges,
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Fig. 4. Spectral characteristics of a signal of the decimation module in a simplified version, at m = 2: at the input (a) and at the output
(b).

- component in the form of noise in the analyzed frequency spectrum,
- deviations of power frequency values from nominal values in the range of 45–55 Hz.
The quality of digital signal processing can be estimated using a discrete correlation coefficient that characterizes
the distortion of the sinusoidality of the analyzed signal and violation of the coherence requirements (Cook and
Bernfeld, 1971 [35]; Shirman et al. 2007 [36]).
Note that the probabilistic approach defines the degree of coherence of two centered random variables X and Y
(with zero mean) as the value of their correlation coefficient ρ:
m {X Y ∗ }
RXY
ρ = √[ {
=√
}
{
}]
[R X X RY Y ]
m |X |2 m |Y |2

(17)

where m{ } stands for mathematical mean. For example,
∫ ∫ +∞
{
}
x y ∗ px y (x, y)d xdy
RXY = m X Y ∗ =

(18)

−∞

where px y is the joint probability density for random variables X and Y, * is the notation for complex conjugate
numbers.
It is known that the correlation coefficient satisfies the inequality 0 ≤ |ρ| ≤ 1. Variables X and Y before applying
Eq. (18) must be centered by subtracting from each value their respective non-zero mathematical means m{X} and
m{Y}. In Eq. (17), R X Y is the covariance of variables X and Y.
Practical calculations for sets of values X(s) and Y(s), where s is a variable that characterizes the index of a
random value in the set, use the relations
|R X Y |
(19)
|ρ| = √
[R X X RY Y ]
where
RXY =

N
1 ∑
X (s)Y ∗ (s)
N s=1

(20)

If X(s) and Y(s) are taken from a set predefined by px y , then the estimated value R X Y (Eq. (20)) tends to R X Y
(Eq. (18)) in a probabilistic sense at N → ∞.
The degree of coherence is a measure of how closely X and Y are related by a linear transformation. This follows
from the analysis of minimum relative mean square error between X and the linear transformation a · Y of Y
{
}
|X − a · Y |2
{
}
min m
= 1 − |ρ|2
(21)
a
m |X |2
where the value of a to be minimized is determined by the relation
a=

m {X Y ∗ }
{
}
m |Y |2

(22)
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If X and Y are directly related by a linear transformation, then the degree of their coherence is close to its
maximum value of 1. A pair of random variables X and Y are assumed to be coherent when |ρ| = 1 and incoherent
when |ρ| = 0.
The degree of coherence of digital processing of signals during their decimation is determined using Eq. (19) for
the cross-correlation coefficient. In this case, changes in the cross-correlation coefficient will characterize the signal
distortions and the corresponding errors of the IDDS measuring elements. Let us compare the distorted signals with
the ideal ones. The ideal signals will be the decimation module input and output signals at f = 50 Hz.
5. Voltage signal distortion by harmonics
The base signals for calculating the correlation coefficients will be the sinusoidal signals corresponding to the
initial dependence x(n) = U· cos(2π f 0 nT S + ϕ) and the dependence after decimation y(k) = U· cos(8π f0 nT S +
ϕ), with time sequences of discrete signal samples. The parameters assumed in the expressions for the base signals
are voltage U = 100 V; frequency f0 = 50 Hz; sampling interval TS = 1/(f0 · N) s; number of samples per power
frequency period N = 80; initial phase ϕ = 0 rad. Oscillograms of signals x(n) and y(k) correspond to Fig. 3.
We will add the 21st harmonic to the initial and thinned signals at a frequency of f = 42π f0 with an amplitude
of 15 V and evaluate its distorting effect for the two analyzed signals (Fig. 5). Let us assume that the initial phase
of the distorting harmonic equals zero.

Fig. 5. Oscillograms of a sinusoidal signal distorted by the 21st harmonic before decimation (a) and after decimation (b).

We will simulate the filtering process by the IDDS measuring element, through the DFT for the power frequency
harmonic, and determine the amplitudes of the initial x(n) and thinned y(k) signals (Fig. 5).
Sx =

N −1
j2πn
2 ∑
(100 · cos(2π f 0 nTS ) + 15 · cos(42π f 0 nTS )) · e− N
N n=0

8
Sy =
N

(N /4)−1

∑

(100 · cos(2π f 0 k4TS ) + 15 · cos(42π f 0 k4TS )) · e−

(23)
j8πk
N

(24)

k=0

The results of calculations using Eqs. (23), (24) show that the amplitudes of the measured fundamental harmonic
for the signals x(n) and y(k) (Fig. 5) are different |Sx| = 100 V, and |Sy| = 115 V. Thus, the DFT of the decimated
signal did not filter out the 21st harmonic, which led to a distortion of the measurement results. The effect generally
depends on the relationship between the phases of the fundamental and distorting harmonics and can lead to both
an increase and a decrease in the amplitude of the power frequency signal.
Digital processing of analog signals at digital substations using the IEC 61850 SV data exchange protocol often
involves merging units (MUs). MUs are used as sources of instantaneous current and voltage values for all technical
devices connected to the process bus, which perform the functions of protection, automatic control, remote control,
process control systems, power quality control, recording of emergency events oscillograms, and others. Analogto-digital conversion in MU aims to perform adequate digital processing and playback up to the 50th harmonic.
Therefore, not only the 21st but also other harmonics (for example, the 42st harmonic—Fig. 6) will be passed by
the MU input circuits and perceived by the measuring element of the IDDSs as a fundamental frequency harmonic
for a thinned signal y(k). Note that discrete signals y(k) presented in Figs. 5 and 6 are identical at various distorting
disturbances, and oscillograms themselves do not reflect the effect of this impact.
Digital filtering according to Eq. (1) is necessary to ensure the coherence of the digital processing of signal y(k)
after decimation. The filtering, however, must be performed for the signal x(n) corresponding to a high sampling rate.
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Fig. 6. Oscillograms of a sinusoidal signal distorted by the 42nd harmonic before decimation (a) and after decimation (b).

A comparative analysis of Eqs. (1) and (23) suggests that they are equivalent in terms of computational complexity
(number of processing operations), i.e., it is reasonable to estimate the parameters of current and voltage for the
signal x(n) with a high sampling rate.
Thus, the decimation procedure and subsequent DFT filtering of the decimated signal for digital substations
using the IEC 61850 SV communication protocol leads to the incoherence of digital signal processing and excessive
computational load.
The impact of the decimation procedure is assessed only for the power frequency harmonic f0 = 50 Hz with
classical DFT. In this case, the effect of the negative influence of distorting signals is scaled to the 2nd, 3rd, and
subsequent harmonics.
The influence of interharmonics on the signal during its decimation was investigated by introducing a distorting
voltage signal with an amplitude of 15 % of the fundamental harmonic amplitude and a frequency of f = 39π f0 .
Examples of the original and decimated signals are shown in Fig. 7.

Fig. 7. Oscillograms of a sinusoidal signal distorted by interharmonics at the frequency of f = 39πf0 before decimation (a), after decimation
(b).

An analysis of the DFT filtering of voltage signals has indicated that the interharmonic has the same distorting
effect on both signals x(n) and y(k) and violates their coherence. Comparison of the oscillograms for the signals
x(n) and y(k) shown in Fig. 7 illustrates a significant effect typical of power systems with a large share of RPS,
which manifests itself in the analysis of causes of emergencies.
Whereas the distortion of sinusoidality of the signal x(n) by harmonic or interharmonic can be observed in
oscillogram (Fig. 7), the distortion of the signal y(k) is practically not detected visually. This circumstance can
lead to personnel’s misinterpretation of the reasons for the activation of the IDDSs, which perform the functions of
protection and automatic control, and subsequent incorrect control decisions.
An analysis of the DFT filtering of voltage signals has indicated that the interharmonic has the same distorting
effect on both signals x(n) and y(k) and violates their coherence. Comparison of the oscillograms for the signals x(n)
and y(k) shown in Fig. 7 illustrates a significant effect typical of power systems with a large share of RPS, which
manifests itself in the analysis of causes of emergencies. Whereas the distortion of sinusoidality of the signal x(n)
by harmonic or interharmonic can be observed in oscillogram (Fig. 7), the distortion of the signal y(k) is practically
not detected visually. This circumstance can lead to personnel’s misinterpretation of the reasons for the activation
of the IDDSs, which perform the functions of protection and automatic control, and subsequent incorrect control
decisions.
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Consequently, the insufficient information and analyticity of the oscillograms is an additional disadvantage of
the decimation procedure.
Numerically, losses of the coherence of voltage signals are analyzed by comparing the distorted signals for
harmonic voltage fluctuations at the power frequency f0 = 50 Hz.
The order of calculations will be illustrated by processing the distorted signal x(n) at the decimation module
input. In this case, the expression for calculating the cross-correlation coefficient takes the form
|Rx xd |
(25)
|ρx | = √[
],
R x x R xd xd
where Rx x d is the unnormalized cross-correlation coefficient, Rx x and Rxd xd are autocorrelation coefficients
correspond to the energies of voltage signals x(n) and xd (n).
Rx x d =

N
N
1 ∑
1 ∑
x(n)xd (n) =
x(n) · U · cos(2π f 0 nTs + ϕ)
N s=1
N s=1

(26)

where xd (n) is the discrete samples of a sinusoidal waveform (f0 = 50 Hz), ϕ = 0 rad.
A comparative analysis of Eqs. (23) and (26) shows that the differences between the estimate of the complex
amplitude Sx and unnormalized cross-correlation coefficient Rx x d lie only in the use of complex arithmetic in
Eq. (23). Therefore, the similarity of analyzed expressions confirms the applicability of the cross-correlation
coefficient in assessing the coherence of digital signal processing and as a tool for analyzing the magnitude of
errors of the IDDS measuring elements. Note that the autocorrelation coefficients Rx x and Rxd xd correspond to the
energies of voltage signals x(n) and xd (n) that include N discrete samples. Similar considerations and calculated
relationships can be applied to the signals y(n) and yd (n). Table 1 shows the calculation results for the normalized
cross-correlation coefficient for the decimation options considered above.
Table 1. Calculated values of the normalized cross-correlation coefficient.
No.

Option of voltage signal distortion by harmonics

Normalized cross-correlation coefficient
|ρx |

|ρ y |

1
2
3
4

The
The
The
The

0.989
0.989
0.989
0.989

1
0.995
1
0.989

voltage
voltage
voltage
voltage

signal
signal
signal
signal

distorted
distorted
distorted
distorted

by
by
by
by

the 21st harmonic corresponding to Fig. 5
the 21st harmonic with the initial phase ϕ = π/4
the 42sn harmonic corresponding to Fig. 6.
interharmonic corresponding to Fig. 7

Analysis of the options of voltage signal distortion by harmonic components and interharmonics (Table 1) in the
case of decimation has indicated that:
- the calculated normalized cross-correlation coefficient characterizes the probabilistic properties of random
processes, while deterministic signals are subjected to analysis, which is why the difference in the obtained
numerical values is not large. The relation between the signal energy of the fundamental frequency and the distorting
harmonic (signal-to-noise ratio) is high,
- the normalized cross-correlation coefficient can be chosen as a numerical characteristic that allows evaluating
the distortion of power frequency signals and characterizing loss of the digital signal processing coherence
requirements,
- results of calculations for options 1 and 3 (Table 1) confirm that the coherence requirements are violated during
digital processing of a decimated signal. The normalized coefficient of cross-correlation between the distorted power
frequency voltage signal and undistorted one, subject to decimation, is 1 (i.e., the signals are similar), and DFT
filtering does not eliminate the distorting effect of the 21st and 42nd harmonics,
- comparison of options 1 and 2 (Table 1) confirms that the nature of coherence losses (distortions) depends
not only on the energy characteristics of the distortion (the amplitude of the 21st harmonic) but also on phase
relationships (initial phase),
- voltage signal distortions by interharmonics for the signals at the decimation module input and output are
equivalent.
Analysis of Figs. 4–7 shows that the digital signal processing coherence is violated if the spectrum of the
decimated signal contains frequencies greater than half of the reduced sampling rate (i.e., the new Kotelnikov–
Nyquist–Shannon-frequency). Their appearance will lead to false frequency components in the spectrum of the
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output (decimated) signal of the decimation module. The distorting effect, as in the case of the analog signal
sampling, can be eliminated by low-pass prefiltering with a cut-off frequency equal to the Kotelnikov frequency.
In the general case, it is logical to implement low-pass filtering by a non-recursive filter. Firstly, such filtering
allows calculating only the required kth thinned samples of the output signal y(k) and ignoring the rest. The recursive
filter will not provide such saving on calculations. Secondly, to preserve the phase relationships of the harmonic
components of the input signal, it is necessary to use a non-recursive filter with a linear phase response.
6. Distortion of the voltage signal by noise components
Let us consider the voltage signals xx(n) and yy(k), which are a mixture of signals x(n), y(k) and noise in the
analyzed bandwidth
(27)

x x(n) = x(n) + g(n), yy(k) = y(k) + g(k)

where g(n) and g(k) are random instantaneous values of noise component.
Fig. 8 shows examples of the original and decimated signal distorted by noise. The results of modeling and
calculations according to Eqs. (23) and (24) indicate that the DFT filtering of the original and decimated signals
ensures the exclusion of noise components from the power frequency harmonic. Deviations of estimates of signal
amplitudes xx(n) and yy(k) depend on the noise intensity and, being equal to a few percentage points, are within the
permissible measurement error (Kulikov et al. 2016 [37]). Given that the noise components are random in nature
and have both positive and negative values, they can be mutually compensated during summation.

Fig. 8. Oscillograms of a sinusoidal signal distorted by noise before decimation (a) and after decimation (b).

Even with aliased spectra, quasi-coherence of digital signal processing is ensured under the influence of
broadband noise. The calculation of the normalized cross-correlation coefficient for signals distorted by noise has
shown that |ρx x | ≈ |ρ yy | and are close to unity.
The coherence of digital signal processing, and the accuracy of DFT filtering, are somewhat worse ensured for
the signal yy(k) (Fig. 8). This is due to the smaller number of samples used in DFT filtering, and, accordingly, the
smaller number of averaged random noise samples.
7. Distortion of the voltage signal with changes in fundamental frequency
Let us investigate the compliance with digital processing coherence requirements for voltage signals x(n) and
y(n) (Fig. 3) and their distorted variants (Figs. 5–7) in the case of changes in fundamental frequency. In Borkowski
2007 [14], these distortions are associated with the non-coherent signal sampling caused by the “leakage” effect.
The DFT “leakage” effect is a source of significant errors in frequency analysis in power systems (Rabiner and
Gold, 1975 [11]). The “leakage” effect occurs because the DFT spectrum is a convolution of the Fourier transform
with a rectangular window function. In the cases where the frequency of the signal component does not match the
frequencies of DFT (multiples of the fundamental frequency), the energy of this component is distributed among
many other spectral components.
The analysis of current and voltage signals of power frequency normally relies only on the DFT of the first
harmonic (Ribeiro et al. 2014 [13]), and the “leakage” effect is associated with incoherent signal sampling. The
non-coherent sampling of a current or voltage signal is caused by the fact that the sampling rate in the IDDS, which
is usually a constant value, is not synchronized with the changing frequency in the power system. Constant sampling
rates are typical of most of the IDDSs that perform the functions of protection, automatic control, measurement,
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remote control, electricity metering, process control systems, power quality control, and others (Suslov et al.
2014 [38]).
The lack of synchronization between the sampling rate of the IDDSs and the power frequency signal in the
power system leads to a phase error, which is an increasing change in the phase angle in an analysis window with
a length equal to the period of a power frequency signal. This effect, along with the DFT “leakage”, is a source of
significant errors in estimating the operating parameters of the power system at a frequency f0 = 50 Hz (Borkowski,
2007 [14]). Noncoherent sampling rate also causes errors in spectral estimation, detection of harmonic components,
measurement of the total harmonic distortion, digital measurements of active/reactive power flows, and others (Xi
and Chicharo, 1996 [39]; Arrilaga and Neville, 2003 [40]).
The study the losses of the digital processing coherence are carried out by introducing a discrete signal of the
fluctuation frequency f1 into the model. In the experiments, the values f1 will be set by extreme numbers of the
range 50 ± 5 Hz. Thus, discrete signals, for example, those distorted by the 21st harmonic (Fig. 5) will have the
following analytical notation
x(n) =100 cos (2π( f 0 + f 1 )nTS ) + 15 cos (42π ( f 0 + f 1 )nTS + ϕ)

(28)

y(k) =100 cos (2π ( f 0 + f 1 )k4TS )
+ 15 cos (42π ( f 0 + f 1 )k4TS + ϕ)

(29)

Fig. 9 shows the examples of original and decimated signals corresponding to Fig. 5 and having a frequency of
f = 45 Hz, ϕ = π/4 rad.

Fig. 9. Oscillograms of a sinusoidal signal, with deviations of the power frequency from f0 = 50 Hz, distorted by the 21st harmonic before
decimation (a) and after decimation (b).

Table 2 shows the results of calculations of the normalized cross-correlation coefficient for signals (Figs. 5–7)
in the case of the fundamental frequency deviation to the values of f = 50 ± 5 Hz.
Table 2. Calculated values of the normalized cross-correlation coefficient.
No.

1
2
3
4
5
6
7
8
9
10
11
12

Option of the voltage signal distortion by harmonics

Voltage
Voltage
Voltage
Voltage
Voltage
Voltage
Voltage
Voltage
Voltage
Voltage
Voltage
Voltage

signal
signal
signal
signal
signal
signal
signal
signal
signal
signal
signal
signal

distorted
distorted
distorted
distorted
distorted
distorted
distorted
distorted
distorted
distorted
distorted
distorted

by
by
by
by
by
by
by
by
by
by
by
by

Normalized cross-correlation coefficient

the 21st harmonic, f = 55 Hz, ϕ = 0 rad
the 21st harmonic, f = 45 Hz, ϕ = 0 rad
the 21st harmonic, f = 55 Hz, ϕ = π/4 rad
the 21st harmonic, f = 45 Hz, ϕ = π/4 rad
the 42nd harmonic, f = 55 Hz, ϕ = 0 rad
the 42nd harmonic, f = 45 Hz, ϕ = 0 rad
the 42nd harmonic, f = 55 Hz, ϕ = π/4 rad
the 42nd harmonic, f = 45 Hz, ϕ = π/4 rad
interharmonic, f = 55 Hz, ϕ = 0 rad
interharmonic, f = 45 Hz, ϕ = 0 rad
interharmonic, f = 55 Hz, ϕ = π/4 rad
interharmonic, f = 45 Hz, ϕ = π/4 rad

|ρx |

|ρ y |

0.939
0.915
0.939
0.915
0.938
0.915
0.939
0.914
0.939
0.916
0.939
0.915

0.943
0.958
0.943
0.929
0.941
0.921
0.941
0.916
0.919
0.926
0.917
0.927

Analysis of the calculation results given in Table 2 allows the following conclusions:
- digital signal processing in the case of frequency deviations from f0 = 50 Hz causes the effect of “leakage”
(incoherence of signal sampling), thereby reducing the cross-correlation coefficient of voltages at the input and
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output of the decimation module. “Leakage” effect amplifies the distorting effect for the signals containing
high-frequency harmonics,
- deviations of the fundamental frequency up to f = 55 Hz and f = 45 Hz have different effects on the signal
distortion process in the case of decimation. The signals containing the 21st and 42nd harmonics have significantly
lower distortion (higher normalized cross-correlation coefficient) than those at a higher frequency ( f = 55 Hz).
When voltage signals are distorted by interharmonic, this relationship is violated,
- analysis of distorting effects should take into account the initial phases of harmonics. Therefore, analyzing
power quality indices, one should evaluate not only the energy characteristics of high-frequency harmonic
components (for example, the total harmonic distortion) but also their phase relationships,
- at f0 = 50 Hz, the interharmonic component has the same modulating effect on the voltage signals at the
input and output of the decimation module. This pattern, however, is not observed when the fundamental frequency
deviates up to f = 55 Hz and f = 45 Hz.
Analytical expressions and simulation results considered in the paper can be used not only to investigate the
specific features of digital processing of power frequency signals, but they can also be extended to the study of
other technical issues, including bandpass and narrowband filtering, spectral analysis, estimation of signal parameters
under noise conditions, and others.
8. Conclusions
The reliable operation of power systems with a large share of renewable power stations the advancement and
adoption of digital signal processing methods to prevent failures and unnecessary and false operation of the IDDSs
that perform the functions of protection and automatic control.
Digital processing of current and voltage signals of power frequency in IDDSs during decimation must follow
coherence requirements. Otherwise, it leads to significant errors in the estimates of the power flow parameters during
permanent fluctuations in a wide dynamic range.
A normalized cross-correlation coefficient should be used to determine the extent to which the sinusoidality of
current and voltage signals is distorted due to coherence loss during digital signal processing.
The simulation results have indicated that digital processing of signals with frequency deviations from the
nominal value is accompanied by the effect of “leakage” (incoherence of signal sampling), thereby reducing the
voltage cross-correlation coefficient during decimation. The incoherent sampling increases the distorting effect in
the signals with high-frequency harmonic components and interharmonics.
Analysis of the distorting effects on power frequency electrical signals should consider the initial phases of
high-frequency harmonic components. Therefore, the assessment of power quality indices should involve not only
the energy characteristics of high-frequency harmonic components (for example, the total harmonic distortion) but
also their phase relationships.
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