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Abstract: Dynamic phenomena in electric power systems require fast and accurate algorithms for
processing signals. The processing results include synchrophasor parameters, e.g., varying amplitude,
phase or frequency of sinusoidal voltage or current signals. This paper presents a novel estimation
method of synchrophasor parameters that comply with the requirements of IEEE/IEC standards.
The authors analyzed an algorithm for measuring the phasor magnitude by means of a selected
artificial neural network (ANN), an algorithm for estimating the phasor phase and frequency that
makes use of the zero-crossing method. The original components of the presented approach are:
the method of the synchrophasor magnitude estimation by means of a suitably trained and applied
radial basic function (RBF); the idea of using two algorithms operating simultaneously to estimate
the synchrophasor magnitude, phase and frequency that apply identical calculation methods are
different in that the first one filters the input signal using the FIR filter and the second one operates
without any filter; and the algorithm calculating corrections of the phase shift between the input and
output signal and the algorithm calculating corrections of the magnitude estimation. The error results
obtained from the applied algorithms were compared with those of the quadrature filter method and
the ones presented in literature, as well as with the permissible values of the errors. In all cases, these
results were lower than the permissible values and at least equal to the values found in the literature.

Keywords: artificial neural network; RBF; DFT; zero-crossing method; phase and amplitude estima-
tion; PMU; FIR filter

1. Introduction

Changes taking place in modern electrical power systems require continuous and
reliable monitoring of their working states, mainly due to the need to provide electrical
power safety. In recent years, there has been a significant increase in electrical energy
generation by renewable energy sources. This entails the development of connected
electrical power systems driven by the increase in demand for electrical energy, as well as
by adding new elements to the already-existing electrical power systems. From the other
side, the optimization of operating conditions of entire electrical power systems and their
elements approaches their limit values. In modern networks, this problem is commonly
carried out by the wide area measurement system (WAMS), which consists of measurement
devices called phasor measurement units (PMUs) located in selected points of an electrical
power system; mainly in the substation bays [1]. PMUs measure instantaneous current or
voltage values, calculating their parameters: the phasor magnitude, angle and frequency,
and the rate of change of frequency (ROCOF). The phasor angle is calculated in relation to
the coordinate system that rotates with the electrical power system’s nominal frequency.
PMU results are marked with Global Positioning System (GPS) timestamps converted
to Coordinated Universal Time (UTC), and are called synchronous measurements. The
synchronization error results from a GPS accuracy of around 1 ps, which is equivalent to
0.018° or 0.0314 rad angle error. This, in turn, generates a calculation error of approximately
0.03% [2-4].
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In the WAMS system, it is necessary to consider the selection of PMU installation
locations, and therefore also the selection of their number; to determine the optimal struc-
ture of the WAMS system, including information transmission methods; to determine the
algorithm for converting instantaneous current or voltage values into estimated parameters
(phasor amplitude and angle, frequency and ROCOF); and to define the way of using
the obtained synchrophasor parameters to determine the operating state of the power
system. The definition of the parameters to be met by PMU devices is included in the IEEE
standards [2—4].

In the literature, many publications may be found regarding the estimation methods of
the synchrophasor magnitude, angle and frequency, as well as calculating the synchropha-
sor errors defined in standards [2—4]. Fourier transform (FT) [5] and its variations [6—14]
are the most popular methods used to measure the signal magnitude and angle, since
they are efficient and mostly reliable. In turn, the quadrature filter method is based on the
multiplication of the input signal by two sinusoidal orthogonal functions with the nominal
frequency [15-17]. The phase lock loop (PLL) method contains a feedback loop within
the PID [18] regulator that is responsible for resetting the phase difference between the
input and output signal. The least squares method (LSM) uses the unknown parameters of
measurement values for estimation, and identifies them using the smallest mean-square
error [12]. Many other estimation methods can be found in the literature; e.g., Kalman’s
filter [19-23], which is particularly recommended when a signal includes stochastic inter-
ference; the continuous wavelet transform (CWT) method, which is used for calculating
phasor parameters [24]; Prony’s method, in which the analyzed signal is replaced with
exponentially damped sinusoids in order to minimize the mean-square error [25]; the four
parameters (4P) algorithm, which verifies the real part of the Taylor series of the analyzed
phasor and has four basic parameters [26-28]; and the six parameters (6P) method [27].
Artificial neural networks (ANNSs) are used in many computational problems of electrical
power systems [29-31]. In [32], the authors described the use of a radial basic function
(RBF) of an ANN to calculate signal frequency by means of minimizing the entire phasor
error; and in [33], to calculate the synchrophasor parameters. In [34,35], the authors used
ANN s to identify phasor parameters, while in [36], ANNs were used to calculate the
synchrophasor parameters only by considering the static functions.

From the above, it is seen that the publications lack a complete testing process of a
given method in which all the reference test signals in compliance with IEEE standards are
used [2—4]. This article deals with the issue of application of an artificial neural network
to measure the synchrophasor’s parameters in static and dynamic power systems. ANN
is a new, more accurate algorithm for converting the instantaneous current or voltage
values into the synchrophasor parameters (the phasor magnitude, angle and frequency) for
the P and M classes of PMU devices. Additionally, the paper presents the requirements
that must be met by estimation methods of phasor parameters, including the method
of estimating phasor errors and their permissible values, as well as a flowchart of a
new estimation method used for phasor parameters. The authors” method proposes
the following measurement algorithms: the phasor magnitude calculated using a radial
ANN, the phasor phase and frequency calculations using the zero-crossing method. The
error values obtained from the flowchart were compared with the results of the quadrature
filter method (as was recommended and described in standards [2-4]), with the results
presented in the literature as well as with the phasor permissible error values provided in
standards [2-4]. The RBF of the ANN used in this article is characterized by the speed and
accuracy in terms of the results obtained, which is an important issue when researching
the dynamic states of an electrodynamic system, in particular when overvoltage or other
system failures occur. In a novel approach, it uses two simultaneously operating algorithms
that may estimate the synchrophasor magnitude, phase and frequency. These algorithms
apply identical calculation methods, but they differ from each other in that the first one
filters the input signal using the FIR filter, while the second one operates without any
filter. The approach allows for calculating the corrections of the phase shift between the
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input and output signal and the corrections of the magnitude estimation. In addition, the
algorithms propose estimation of phasor magnitude using functions including out-of-band
interference, which are the most difficult functions for magnitude estimation.

The organization of the paper is as follows. Section 2 presents the requirements
imposed on the estimation methods of phasor parameters of the signal model used, a
new algorithm for measuring the phasor magnitude by means of a radial artificial neural
network and an algorithm for estimating the phasor phase and frequency that makes use of
the zero-crossing method. Numerical results for the P and M classes are shown in Section 3,
together with discussion of the results obtained. The conclusions from the studies are given
in Section 4.

2. Methodology of the Studies
2.1. The Requirements Imposed on the Estimation Methods of Phasor Parameters

The continuous and periodic sinusoidal signal of current or voltage can be presented as
a phasor; i.e., a vector rotating in the coordinate system that rotates with the electrical power
system’s nominal frequency. In addition, standards specify the notion of a synchrophasor;
i.e., a phasor that marks every analyzed sample with a UTC timestamp [2—4].

Standards provide 10 types of testing functions for PMU devices of the P (protection)
and M (measurement) classes. Class P is used in protection that requires a quick response
and allows for less precise measurements when the fundamental wave of the signal has a
frequency other than 50 Hz. On the other hand, the M class is used when the measurement
accuracy is the most important, and the possibility of a longer delay than for the P class
is acceptable. Different courses of the testing functions have been defined for each of the
classes. These functions listed below are divided into two types of signals: static (1-5) and
dynamic (6-10):

1.  The sinusoidal function with a constant magnitude of 1 and a constant frequency of

50 Hz (denoted as function 1);

2. Functions with a constant frequency of 50 & 2 Hz for the P class and of 50 + 5 Hz for

the M class (denoted as functions 2 and 3);

3. Functions with a magnitude change between 0.1 and 2. The authors assumed the
values of 0.1, 0.8, 1.2 and 2 (denoted as functions 4, 5, 6 and 7, respectively);
4. Functions including the harmonics from the 2nd to the 50th with a magnitude of 0.01

for the P class and 0.1 for the M class (denoted as functions from 8 to 56);

5. Functions including out-of-band interference. These exist only in the M class and
have a magnitude of 0.1. The input test signal frequencies are as follows:

o f=fy—(FS/2)—(01Hz x2n)forn=0,1,2,... tof <10Hzforn=0,1,2,...
to f <10 Hz; i.e., they include the following frequency values: 12.2, 18.6, 21.8, 23.4,
24.2,24.6,24.8 and 24.9 Hz (denoted as functions from 57 to 64);

o f=f+(FS5/2)+(0.1Hz x2n)forn=0,1,2,... tof > 2 x fy Hz; i.e,, they include the
following frequency values: 75.1,75.2,75.4, 75.8, 76.6, 78.2, 81.4 and 87.8 Hz (denoted
as functions from 65 to 72);

e  Where FS—the reporting frequency—is assumed to be 50 samples/s. Assuming the
reporting frequency to be 50 samples/s means that the estimated synchrophasor
parameters should be obtained from the signal of the maximum length of 0.02 s,
irrespective of the network frequency;

6  Functions with a magnitude modulation, where the signal is a sum of the base signal
and the sinusoidal signal of a magnitude of 0.1 and the frequency changes between
0.1 and 2 Hz for the P class and between 0.1 and 5 Hz for the M class, with a change
occurring every 0.1 Hz (denoted as functions 57 to 76 for the P class and functions 73
to 122 for the M class);

7 Functions with a phase modulation, where the base signal phase additionally contains
the sinusoidal signal with a magnitude of 0.1 rad and the frequency changing between
0.1 and 2 Hz for the P class and between 0.1 and 5 Hz for the M class, with a change



Energies 2021, 14, 2570

4 of 14

occurring every 0.1 Hz (denoted as functions 77 to 96 for the P class and functions
123 to 172 for the M class);

8  Functions with linear ramp of system frequency, where the ramp range is +2 Hz
for the P class and +5 Hz for the M class, with a ramp rate of 1 Hz/s (denoted as
functions 97 and 98 for the P class and functions 173 and 174 for the M class);

9  Functions with a step magnitude change of £0.1 and with a step occurring at the
beginning and in the middle of the measurement window (denoted as functions 99
to 102 for the P class and functions 175 to 178 for the M class); the functions having
a step occurring in the middle of the measurement window are additional testing
functions implemented by authors for research measurements;

10 Functions with a step phase change of £7/10 and with a step occurring at the
beginning and in the middle of the measurement window (denoted as functions 103
to 106 for the P class and functions 179 to 182 for the M class).

The errors that must be estimated by the PMU devices are described in the IEEE
standards [2—4]. They are valid for all the testing functions, except step functions of
total vector error (TVE), which is a Euclidean vector space of the difference between
the measured synchrophasor and the reference synchrophasor, both at the same time.
Frequency error (FE) is given as the difference between the measured and the reference
frequencies. In turn, the rate of change of frequency error (RFE) is the difference between
the measured rate-of-change of frequency and the reference rate-of-change of frequency,
both at the same time.

Errors for step functions include:

1.  Response time of TVE (RT-TVE), which means a time difference between the point at
which the TVE value decreases below 1% and the point at which the TVE increases
above 1%;

2. Response time of FE (RT-FE) which means a time difference as defined in point 4 but
for the FE value of 0.005 Hz;

3. Response time of RFE (RT-RFE), which means a time difference as defined in point 4
but for the RFE value of 0.4 Hz /s for the P class and 0.1 Hz/s for the M class;

4. Delay time (DT), which is a time difference between the point at which the magnitude
or phase reach 50% of the step value and the initial step value;

5.  Overshoot/undershoot value (OV), which is a difference between the maximum
magnitude or phase value following a step and the step value, which is further
divided by the step value.

The permissible error values of synchrophasor parameters are provided in different
sections of the analyzed standards and are collected in Table 1.

Testing each estimation method of synchrophasor parameters is conducted for the
same signal composed of all the testing functions one by one. It is assumed that every
testing function lasts 2 s (the 1st second aims to eliminate the transient state and during
the 2nd second synchrophasor errors are estimated). The only exception are functions
with linear ramp of system frequency: for frequency range of =2 Hz and frequency rate of
1 Hz/s, the frequency changes (i.e., it increases or decreases) over 4 s. Therefore, a linear
ramp testing function lasts 8 s in total. For frequency range of +5 Hz and frequency rate of
1 Hz/s, the frequency changes (i.e., it increases or decreases) over 10 s. Therefore, a linear
ramp testing function lasts 14 s in total. This testing method causes the total length of the
testing function to be 228 s for the P class and 392 s for the M class.

The constant sampling frequency f;, of the signal is equal to 12,800 Hz, which means L = 256
samples in one measurement window. This means that each measurement window lasts 0.02 s.
It was decided that the end of one measurement window is the beginning of the next one, but
another sequence is also possible; i.e., the next window overlaps the previous one.

For the quadrature filter method, the constant sampling frequency of the signal was
assumed to be 12,750 Hz, which results from the method characteristics and is defined in
the standards.
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Table 1. Permissible measurement error values of synchrophasor parameters.
P Class M Class
TVE FE RFE TVE FE RFE
Function Number Function Number
% Hz Hz/s % Hz Hz/s
1 1 0.005 04 1 1 0.005 0.1
2,3 1 0.005 04 2,3 1 0.005 0.1
47 1 0.005 0.4 47 1 0.005 0.1
8 + 56 1 0.005 04 8 +56 1 0.025 -
- - - - 57 ~72 1.3 0.01 -
57 =~76 3 0.06 2.3 73 =122 3 0.3 14
77 =96 3 0.06 2.3 123 =172 3 0.3 14
97,98 1 0.01 0.4 173,174 1 0.01 0.2
Step Functions—Response Times
. RT-TVE RT-FE RT-RFE . RT-TVE RT-FE RT-RFE
Function Number Function Number
S S S S s s
99-+-102 0.04 0.09 0.12 175 =178 0.14 0.28 0.28
103+106 0.04 0.09 0.12 179 = 182 0.14 0.28 0.28
Step Functions—Delay Time and Overshoot/Undershoot Value
. DT ov - . DT ov -
Function Number S o, _ Function Number s o, _
99 - 102 0.005 5 - 175 = 178 0.005 10 -
103 = 106 0.005 5 - 179 = 182 0.005 10 -

2.2. The Flowchart of the Estimation Algorithm of the Phasor Parameters

The paper proposes a new, more accurate algorithm for converting the instantaneous
current or voltage values into the synchrophasor parameters (the phasor magnitude, angle
and frequency) for the P and M classes of PMU devices and for the conditions defined in
standards: test signal, the methods for calculating measurement errors of the synchrophasor
parameters and the limit values of measurement errors of the synchrophasor parameters.

Testing the new algorithm for converting the instantaneous current or voltage values
into the synchrophasor parameters was conducted by means of computer simulations
using MATLAB software, and the aim was to calculate measurement errors and compare
them with permissible errors (included in Table 1). The presented method made it possible
to accurately calculate the synchrophasor magnitude, phase and frequency by means of
two algorithms working simultaneously, and the final result was the smaller of the two
values provided by the algorithms. Both algorithms used the identical calculation methods
of the synchrophasor magnitude, phase and frequency, and the main difference was the
fact that the first one filters the input signal by means of the finite impulse response (FIR)
filter, and the second one operates without any filter. The most important features of the
first algorithm are:

o  The filtering of the input signal was conducted by means of the FIR filter with a Kaiser
window. The filter parameters were as follows: frequency of a passband edge of 50 Hz,
frequency of a stopband edge of 100 Hz, passband ripple of 0.001 pu, stopband ripple
of 0.1 pu, sampling frequency of fp = 12,800 Hz, order of 929 and Kaiser window beta
of 5.6533.

The zero-crossing method was used to estimate the frequency and phase;

An RBF of the ANN was used to estimate the magnitude;

A frequency-dependent algorithm to make corrections to the estimation results of the
magnitude and phase was used.

In the second algorithm, apart from the fact that no filter was used, the estimation
of magnitude, phase and frequency was conducted in the same way as in the first algo-
rithm. Here, due to the elimination of the filter, the application of the magnitude and
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phase correction algorithm was not required. The flowchart presenting the algorithm for

converting instantaneous current or voltage values into the synchrophasor parameters is
shown in Figure 1.

Algorithm 1
. T i(nT
u, i ADCu(n ),ln)FIR ~ ¢ _ f .
Y S
corrections 2
I iy A| E |[TVEL, FE1, RFE1
hronized ANN -
sync o |RT-TVE1,|RT-FE1, RT-RFE1
sampling clock { g DT1; OV1
+ £
angle N anglel
UTC +
) | TVE, FE, RFE
Algorithm 2 min. ——
RT-TVE, RT-FE, RT-RFE
f DT, OV
f
c
2
g
ANN A| € |TVE2, FE2, RFE2
% RT-TVE2, RT-FE2,RT-RFE2
© |DT2, OV2
f S
angle| &
angle o

Figure 1. The flowchart of the algorithm for converting instantaneous voltage or current values into the synchrophasor parameters.

Figure 1 shows the following processes of the synchronized sampling clock: ADC—
the analogue—digital converter; FIR—the low pass filter, f, and ANN and angle, for es-
timating the synchrophasor frequency, magnitude and phase, respectively; corrections—
calculating corrections of the synchrophasor magnitude and phase; error determination—
determination of the synchrophasor errors; min.—calculates the results the synchrophasor
frequency, magnitude and phase errors selecting the smaller of the two input values; sig-
nals: u, i—the instantaneous voltage or current values; u(nT), i(nT)—the discrete voltage
or current values; f, A, angle—the synchrophasor parameters: frequency, magnitude and
phase; TVE, FE, RFE, RT-TVE, RT-FE, RT-RFE, DT, OV—the synchrophasor errors.

2.3. The Phasor Magnitude Estimation Algorithm Using ANN

Different ANNs were analyzed using MATLAB software during the pre-studies in
order to identify the magnitude of any sinusoidal signal (for example, Elman neural
network, radial basic function, linear neural network, back propagation neural network,
regression neural network, multilayer perceptron or feedforward neural network). These
analyses used the training process, which was based on assumptions that the input signal
(training function) was the matrix 20 x 5, where 20 meant a number of changes of signal
magnitude, while 5 meant an appropriate number of samples selected from the learning
signal neighborhood. A sinusoidal signal with the following parameters was applied: a
magnitude of 0.1 pu to 2.0 pu changing every 0.1 pu, a constant frequency of 50 Hz and
a constant phase equal zero. The input layer was 1, the number of hidden neurons was
10 and the output layer was 1. From the considered networks, the RBF was solely chosen
as the solution that successfully met all the requirements for the identification accuracy
of the signal magnitude within the assumed range of frequency, phase and magnitude
changes. This was due to the fact that for the RBF, the method error was obtained as the
lowest, below 2.085 x 10~ !4. However, the results in the field of choosing the ANN type
were omitted herein, as they were not directly related to the study’s objectives.
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In general, the RBF consists of the input layer, the hidden layer and the output layer
(responsible for the network response). The neurons are excited when they recognize the
situation that they were taught. The advantage of the RBF is a quick learning process,
good generalization of data and structural simplicity in comparison with other neural net-
works [37]. To estimate output weight vectors, it mainly uses the least squares method [38].

From the above, having trained the network for the assumed conditions, as well as
the learning function, the tests were conducted and the sufficient accuracy of the trained
network was obtained. Although the RBF was trained for fixed frequency and phase values,
it correctly estimated the signal magnitudes for any magnitude, phase and frequency of
the input signal. During operation, this method only required the same number of samples
as during the learning process, selected from the learning signal neighborhood extreme
of the analyzed function. The method used samples from the maximum half of each
measurement window; i.e., 128 samples, and for signals of frequency smaller than 50 Hz, it
simultaneously used 30 samples from the previous window.

2.4. The Synchrophasor Frequency and Phase Estimation Algorithm Using the
Zero-Crossing Method

For the synchrophasor frequency estimation, the zero-crossing method was used, as it
is one of the most frequently considered algorithms in terms of its calculation simplicity,
accuracy and dynamism. In this method, three consecutive zero crossings are chosen from
all samples. In order to increase accuracy, the zero-crossing point was calculated using
linear interpolation. The synchrophasor estimated frequency f; in the ith measurement
window was calculated using Equation (1) as follows:

fei = fp/(tZei — tei) (1)

where f, is the signal sampling frequency, ti; is the sample with the first zero-crossing
point of the input signal in the ith measurement window and ty; is the sample with the
third zero-crossing point of the initial signal.

The sampling frequency influences the frequency estimation accuracy of the analyzed
function. The method’s advantage is its speed of frequency estimation, and its disadvantage
is the sensitivity to signal distortions: high harmonics or interharmonics, etc. Therefore,
the authors used the initial signal filtering by means of the FIR filter.

In order to estimate the signal phase in the first measurement window, the first zero-
crossing point of the initial signal was used, and the estimated signal phase was calculated
using Equation (2) as follows:

Qe1 = (11/2) = (2- 70 tre - fei) /fp @)

In the subsequent measurement windows, phases were calculated according to Equa-
tion (3):
QPei=Pe (i —1)+2 -7 (fei/fp) —2-mw-G—1)fori=2,3,...,n 3)

where: 7 is the total number of measurement windows.

2.5. Corrections of the Synchrophasor Magnitude and Phase Estimation

The linear phase FIR filter was used in the presented research, and it was characterized
by a constant group delay; i.e., the phase difference between the input and output signals
depended linearly on the input-signal frequency. As a result, to compensate for the filter
delay, the correction factor was applied to the estimated output signal phase (Figure 2) as
in Equation (4):

Adpe = —0.3542 - f. + 18.85 4)
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Phase corrections (rad)
T
1

_1 L 1 1 1 1 1 1 1 1
45 46 47 48 49 50 51 52 53 54 55
Frequency (Hz)

Figure 2. The correction of a phase shift introduced by the FIR filter as a function of the input signal fre-
quency.

A similar procedure was used for calculating the correction factors for the compen-
sation of the magnitude estimation obtained as a result of using the RBE. To estimate the
magnitude correction factors, a piecewise linear approximation was used with a step of
1 Hz. The calculation results are presented in Figure 3.

0.02 T T T T T T T T

0.018 |

0.016 -

00141

0012

0.008 -

Magnitude corrections (pu
o
=4
T

0.006 |-

0.004 -

0.002

0 I I I I I I I I
45 46 47 48 49 50 51 52 53 54 55

Frequency (Hz)

Figure 3. The magnitude estimation correction as a function of the input signal frequency.

3. Results and Discussion

Figures 4-7 present the error results of the RBF (marked as RBF—blue color), the quadrature
filter method (marked as Met—green color), the permissible error values from standards (Stand—
black color) and the results published in the literature [14-17,22,23,26-28,39-41] (Lit—red color),
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respectively, for the P class of the PMU device in part (a) of each figure and for the M class of
the PMU device in part (b) of each figure. The comparative form of the results presentation was
applied. From the figures, it may be stated that none of the results published in the literature
represented the situation when the same method provided the data for all the testing functions.
In some cases, the testing functions even lacked any results. It is commonly known that it is
easy to obtain very good results for a selected group of testing functions. However, it is more
difficult to do so for a wider range of functions.
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&+ — S
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Figure 4. The TVE, FE and RFE graphs for subsequent functions: (a) data for the P class of the PMU device; (b) data for the

M class of the PMU device.
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Figure 5. The RT-TVE, RT-FE and RT-RFE graphs for subsequent functions: (a) data for the P class of the PMU device; (b)
data for the M class of the PMU device.
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M class of the PMU device.

As mentioned in Table 1 and visible in the quoted figures, 106 test functions in total
were used for the P class PMU device, and 182 test functions in total for the M class PMU
device. This difference in the number of functions resulted from the different values of
modulation frequency, which for the P class was changed from 0.1 Hz to 2 Hz with a 0.1 Hz
step, and for the M class from 0.1 Hz to 5 Hz with a 0.1 Hz step.

After analyzing the obtained error results presented in Figure 4 for the P and M classes,
it can be stated that when using the authors” method, the values of TVE, FE and RFE, which
were tested using the functions from 1 to 98 for the P class and the functions from 1 to 174
for the M class, were always smaller than permissible values, the values obtained using
the quadrature filter method and, in most cases, the results published in the literature.
In the latter, due to the fact that the RBF method was very sensitive to the appearance
of magnitude modulations (functions 57-76 for the P class and functions 73-122 for the
M class), the TVE was on the level of circa 0.05% (slightly higher then literature data);
however, for the rest of test functions it oscillated around the value of 0.01%. In contrast,
the results concerning the quadrature filter method were 0.6%.

Similar observations to the above concerns also were seen in the results connected
with the FE. The RBF-method-based results were comparable when comparing the P and
M classes, and were around 0.0001 Hz. At the same time, the quadrature filter method
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for the functions with phase modulation (77-96 for P class and 123-172 for M class) gave
results on the level of around 10 Hz, which exceeded the permissible values.

An analogous situation was noticed for the RFE. The results using the authors” ap-
proach were equal to 0.001 Hz/s for both classes and the whole range of test functions,
while for the quadrature filter method, the results were much higher (5 Hz/s for the P
class and circa 9.5 Hz/s for the M class), when functions with a phase modulation were
considered. For the same types of functions, the literature data also gave worse results for
RFE than when the RBF method was applied.

In the case of the RT-TVE and RI-RFE values, the results were also promising for the
applied authors” method and for all testing functions. For the M class, the results were
lower than other data for all functions applied. Exemplary, the highest values that were
obtained for functions 181 and 182 (0.038 s) were lower than the permissible values and
the quadrature filter method. The RT-TVE and RT-RFE values for the P class of the PMU
device were slightly worse for some testing functions. However, the differences in relation
to the quadrature filter method, as well as literature data, were not large.

In turn, after assessing the RT-FE values, we can state that they were smaller than the
permissible values and the literature-based results for all testing step functions. Their values
for testing functions with step changes in magnitude were also smaller than the results
obtained using the quadrature filter method. However, for testing functions with step
changes in phase, the results concerning RBF method were larger than the results obtained
by means of the quadrature filter method. These values could be easily minimized by using
a smaller step of the measurement window shift, but it would lengthen the calculation time.

In detail, the RT-FE and RT-RFE for both classes considered increased for the testing
functions, with a step phase change of £71/10 and with a step occurring at the beginning
and in the middle of the measurement window. The obtained values were around 0.04 s
(class P at testing functions from 103 to 106 and class M at testing functions from 179 to
182) for RT-FE, and 0.058 s for class P and 0.06 s for class M of RT-RFE.

When analyzing DT values, it was noticed that they were larger than permissible
values, but smaller than the results obtained using the quadrature filter method, both in the
case of the P and M classes of the PMU device. They could be minimized using the smaller
step of the measurement window shift. DT values obtained using authors’ approach also
were larger than the results provided by literature (only [41] presented such the values,
and it did so just for some parts of the testing step functions). The OV errors were smaller
than the permissible values and the results provided in the literature [22,23,39-41], and for
the M class also were lower than those concerning the quadrature filter method.

The analyses were also focused on the magnitude errors defined as an absolute value
of the difference between the magnitude obtained by means of the RBF and the input signal
magnitude. These errors were close to zero, except the functions containing interharmonics
(their values were around 0.005), and for the functions with a step phase change (their
values were around 0.01). When analyzing the TVE, FE, RFE, RT-TVE, RT-FE, RT-RFE, DT
and OV values, separately for class P and class M, the universality of this method could be
noticed. Differences in requirements for the P and M classes were not a problem for the
RBF method; this was confirmed by the fact that the results obtained were similar and did
not exceed the permissible values (except for the DT time) specified in the standards.

4. Conclusions

The paper presents a method for synchrophasor magnitude, phase and frequency
estimation using two algorithms working simultaneously, for which the final results, in
terms of errors estimated, were smaller than for each individually. Both algorithms used
identical calculation methods for the synchrophasor parameters. The main difference
between them was that the first one used the FIR filter for the input signal, while the
second one did not use any of the filters available. The synchrophasor parameters were
estimated as follows: frequency—by applying the well-known zero-crossing method; phase
in the first step—from the zero crossing in the first measurement window; phase in each of
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the subsequent windows—from the phase from the previous window and the frequency
value from a given window; and magnitude—by means of the RBF. In the first algorithm,
the phase and magnitude estimation values were modified using corrections, while no
corrections were necessary in the second algorithm. Both algorithms calculated the input
signal magnitude through the RBF method, the learning process of which made use of the
sinusoidal signal with the following parameters: a magnitude of 0.1 to 2.0, changing every
0.1; a constant frequency of 50 Hz; and a constant phase equal to zero.

The learning function of the analyzed RBF was an appropriate number of samples
selected from the learning signal neighborhood extreme. Having trained the network for
the assumed conditions and the learning function, the tests were conducted, and it was
observed that although the RBF was trained for fixed values of frequency and phase, it
correctly estimated the signal magnitudes for any magnitude, phase and frequency. The
choice of the appropriate learning function of the analyzed RBF was the basis for obtaining
acceptable results. During operation, the RBF only required the same number of samples
as during the learning process.

To sum up the remarks regarding the simulation results, it can be stated that no
publication known to the authors of the current paper presented results for all testing
functions described in standards [2-4] using a common calculation method, or reported
almost all error values that were smaller than permissible values.

In addition, it was observed that the computation time of the synchrophasor parame-
ters was always shorter than the input signal duration.

The original components of the proposed method were:

e Theidea of using two algorithms operating simultaneously to estimate the synchropha-
sor magnitude, phase and frequency that applied identical calculation methods; the
main difference between them was that the first one filtered the input signal using the
FIR filter, while the second one operated without any filter;

e  The method of the synchrophasor magnitude estimation by means of a suitably trained
and applied RBF;

e  The algorithm calculating corrections of the phase shift between the input and output
signal;

The algorithm calculating corrections of the magnitude estimation;
The algorithm of phase estimation using the phase from the previous measurement
window and the frequency value from a given window.

In addition, the RBF method applied in the studies was characterized by the speed
and accuracy of the results obtained, which is an important issue when researching the
dynamic states of the electrodynamic system, especially when overvoltage or other system
failures occur.

The RBF method presented in this article can be used in a real power system as
an alternative to the algorithms for processing samples in PMU devices described in
the literature; e.g., in the calculation of the transmission line parameters using PMU
measurements from the two ends of the transmission line [42] (herein the authors presented
the scheme processing the samples using algorithms” FFT in PMU devices), or in the
distributed generation system, in which the PMU device is used to monitor the system [43].
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