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Streszczenie

Rozprawa doktorska zatytutowana “Diagnostyka wahan napiecia ukierunkowana na identyfikacje i lo-
kalizacje uciazliwych odbiornikéw w sieciach elektroenergetycznych”, jest monotematycznym cyklem pu-
blikacji, w ktérej przedstawiono nowe podejécie umozliwiajace selektywng identyfikacje i lokalizacje zrodet
wahan napiecia wystepujacych w sieciach elektroenergetycznych o znanej topologii, bazujac na symul-
tanicznie wykonanych pomiarach w poszczegdélnych punktach sieci elektroenergetycznej. Przedstawione
podejécie uwzglednia miedzy innymi zrédla wahan napiecia, ktére zmieniajg swoj stan z czestotliwoscig
do 3f., gdzie f. jest czestotliwoscia sieciowa, ktéra w Europie wynosi 50Hz. Zaproponowany autor-
ski algorytm sktada sie z trzech blokéw. W pierwszym bloku zarejestrowane chwilowe wartosci napieé¢
sg poddawane procesowi demodulacji z uzyciem autorskiej metody demodulacji amplitudy z estymacja
przebiegu nosnego, umozliwiajaca odtworzenie przebiegu modulujacego o czestotliwosci wiekszej od cze-
stotliwo$ci nosnej rownej czestotliwosci sieciowej f.. W drugim bloku estymowane przebiegi modulujace
poddawane sa procesowi dekompozycji z uzyciem ulepszonej empirycznej transformaty falkowej (EEWT),
ktéra umozliwia estymacje sygnatow sktadowych skojarzonych z poszczegdlnymi zrédtami zakidcen w
sieci, nawet w przypadku gdy analizowany sygnal jest zaszumiony i niestacjonarny. Na podstawie esty-
mowanych sygnatéw sktadowych wypadkowego sygnatu modulujacego wyznaczane sa wybrane parametry
skojarzone z poszczegdlnymi zrédtami zaktocen w sieci. Wybrane parametry to m.in. czestotliwo$¢ zmian
stanu zrodta zaklécen oraz amplituda wywotywanych przez nich zmian napiecia. W ostatnim bloku na
podstawie estymowanych wybranych parametréw skojarzonych z poszczegdlnymi zréodtami zaklocen dla
analizowanych punktéw sieci, mozliwe jest zidentyfikowanie typu wystepujacych zrédet zaktdcen, badz
ich grupy oraz mozliwe jest wskazanie punktéw zasilania zrédel zakldécen bazujac na metodzie oceny
propagacji wahan napiecia w promieniowej sieci elektroenergetycznej. Przedstawione podejscie zaimple-
mentowane w infrastrukturze inteligentnych licznikéw stwarza bezposrednig mozliwo$¢ automatycznej
lokalizacji zrédet wahan napiecia bez dodatkowej wiedzy eksperckiej. Uwzgledniajac konieczno$é¢ mody-
fikacji infrastruktury pomiarowo-rejestrujacej w celu wdrozenia proponowanego podejscia, opracowano
proces kodowania z uzyciem wskaznikow wahan napiecia, ktére sa rejestrowane przez istniejacy infra-
strukture pomiarowo-rejestrujaca. Na podstawie zarejestrowanych wskaznikéw wahan napiecia mozliwe
jest odtworzenie zmiennosci napiecia. W poszczegdlnych pracach skladajacych sie na monotematyczny
cykl publikacji stanowiacy rozprawe doktorska, przedstawiono walidacje dla poszczegdlnych blokow, jak i
calego proponowanego podejsécia. Realizowana walidacja obejmowala numeryczne badania symulacyjne,
badania laboratoryjne na modelach sygnatowych oraz badania eksperymentalne w rzeczywistej sieci elek-
troenergetycznej.

Do rozprawy doktorskiej opracowano autoreferat sktadajacy sie z pieciu rozdziatéw. W rozdziale 1
przedstawiono uzyskane tytuly oraz stopnie naukowe. W rozdziale 2 przedstawiono informacje o zatrud-
nieniu. W rozdziale 3 przedstawiono ogdlny przeglad osiagnigé¢ naukowych. W rozdziale 4 przedstawiono
opis poszczegdlnych publikacji wchodzacych w skltad monotematycznego cyklu publikacji stanowiacego
rozprawe doktorska. W rozdziale 5 przedstawiono pozostate osiagniecia naukowo-badawcze i dydak-
tyczne.




Abstract

The Ph.D. dissertation, which is entitled “Diagnostics of voltage fluctuations focused on identification
and localization of disturbing loads in power grids”, is the mono-thematic series of publications, which
presents a new approach allowing for the selective identification and localization of voltage fluctuations
sources occurring in power grids with a known topology. The presented approach considers, inter alia,
voltage fluctuations sources that change their operating state with a frequency of up to 3f., where f,
is the power frequency, which is 50 Hz in Europe. The proposed proprietary algorithm consists of three
blocks. In the first block, the recorded sampled voltage are demodulated using a proprietary amplitude
demodulation method with carrier signal estimation, allowing the estimation of modulating signal with
a frequency greater than the carrier frequency equal to the power frequency f.. In the second block, the
estimated modulating signals are decomposed using an enhanced empirical wavelet transform (EEWT),
which allows for the estimation of component signals associated with individual disturbance sources in the
power grid, even in the case when analyzed signals are noisy and non-stationary. On the basis of estimated
component signals of the resultant modulation signal, selected parameters associated with individual
disturbing sources in the power grid are determined. The selected parameters include frequency of changes
in the operating state of disturbing sources and the amplitude of voltage changes caused by them. In the
last block, on the basis of estimated selected parameters associated with individual disturbing sources
for the analyzed power grid points, it is possible to identify the type of disturbing loads or their group,
and it is possible to indicate supply points of disturbing loads based on the method of assessing voltage
fluctuations propagation in radial power grids. The presented approach implemented in the infrastructure
of smart meters allows for direct possibility of automatic localization of voltage fluctuations sources
without additional expert knowledge. Considering the need to modify the measurement and recording
infrastructure in order to implement the proposed approach, an encoding process using voltage fluctuation
indices that are recorded by the existing measurement and recording infrastructure has been proposed.
On the basis of recorded voltage fluctuation indices, it is possible to recreate the voltage variation. In
particular publications contained in the Ph.D. dissertation, validation is presented for individual blocks,
as well as for the entire proposed approach. The performed validation included numerical simulation
tests, laboratory tests on signal models and experimental tests in the real power grid.

For the Ph.D. dissertation, an independent guide consisting of five sections has been prepared. Sec-
tion 1 presents the obtained titles and degrees. Section 2 provides information on employment. Section 3
provides a general overview of scientific achievements. Section 4 presents the description of individual
publications included in the mono—thematic series of publications. Section 5 presents other scientific,
research and didactic achievements.




1 Uzyskane tytuly oraz stopnie naukowe

e czerwiec 2018 - magister inzynier

Politechnika Poznanska, Wydzial Elektryczny (obecnie Wydzial Automatyki, Robotyki i Elek-
trotechniki), Zaktad Metrologii i Optoelektroniki (obecnie Zaklad Metrologii, Elektroniki i Tech-
niki Swietlnej)

kierunek: Elektrotechnika, specjalno$é: Systemy Pomiarowe w Przemysle i Inzynierii Biome-
dycznej

— tytul pracy: ,,Problem “przecieku widma”w procesie oceny jakosci energii elektryczne;j”
— promotor: dr inz. Przemystaw Otomanski
e czerwiec 2018 - licencjat
— Politechnika Poznanska, Wydzial Elektryczny (obecnie Wydzial Automatyki, Robotyki i Elek-
trotechniki), Zaktad Réwnan Rézniczkowych i Funkeyjnych
— kierunek: Matematyka, specjalnosé: Modelowanie Matematyczne

— tytul pracy: ,,Zastosowanie analizy numerycznej do badania stanéw nieustalonych liniowych
uktadéw elektrycznych”

— promotor: dr Alina Gleska
e luty 2017 - inzynier

— Politechnika Poznanska, Wydzial Elektryczny (obecnie Wydzial Automatyki, Robotyki i Elek-
trotechniki), Zaktad Metrologii i Optoelektroniki (obecnie Zaklad Metrologii, Elektroniki i Tech-
niki Swietlnej)

— kierunek: Elektrotechnika, specjalno$é: Systemy Pomiarowe w Przemysle i Inzynierii Biome-
dycznej

— tytul pracy: ,,Wplyw wartosci skutecznej sygnalu wymuszajacego na btad pomiaru zawartosci
harmonicznych wybranymi przyrzadami pomiarowymi”

— promotor: dr inz. Przemystaw Otomanski

2 Informacje o zatrudnieniu

— pazdziernik 2019 - obecnie

Asystent w grupie pracownikéw badawczo—dydaktycznych, Politechnika Poznanska, Wydzial Au-
tomatyki, Robotyki i Elektrotechniki (dawniej Wydzial Elektryczny), Instytut Elektrotechniki i
Elektroniki Przemystowe;j

— wrzesien 2019 - listopad 2020

Programista / Elektronik / Specjalista od pomiaréw sygnalu (praca w ramach projektu NCBiR),
Excento Sp. z o.0.

— kwiecien 2018 - wrzesien 2018
Instruktor, AmRest Holdings SE
— lipiec 2018 - sierpien 2018

Gléwny asystent ds. produkcji, SprintWerkt BV (Holandia)




3 Ogdlny przeglad osiggnie¢ naukowych

W tym rozdziale przedstawiono ogdélne informacje dotyczace dorobku naukowo-badawczego kandy-
data. Oprocz tabel przedstawiajacych wspélezynnik Imapcet Factor (w przypadku jego nadania) i punk-
tacji wedlug wykazu czasopism naukowych i recenzowanych materiatléw z konferencji miedzynarodowych,
przedstawiono réwniez aktualng analize cytowan z baz Web of Science, Scopus oraz Google Scholar. W
tabelach 1 i 2 przedstawione zostalo podsumowanie wszystkich prac naukowych opublikowanych do dnia
dzisiejszego. W tabelach 3 i 4 przedstawione zostalo podsumowanie publikacji naukowych odpowied-
nio znajdujacych i nieznajdujacych sie w wykazie czasopism naukowych i recenzowanych materialow z
konferencji miedzynarodowych wraz z przypisang liczba punktéw MEIN (dawniej MNiSW). W tabeli 5
przedstawione zostalo podsumowanie pozostalych prac naukowych, tj. monografii i rozdzialéw w mono-
grafiach.

Tablica 1: Ogdélny wykaz osiagnie¢ naukowo-badawczych

L.p. Wykaz osiggnieé Liczba osiagnieé¢
1 Publikacje w czasopismach wyréznionych przez 3
Journal Citation Reports (JCR) - Lista Filadelfijska
Publikacje w recenzowanych czasopismach krajowych
2 . . . 7
i zagranicznych nieujetych przez JCR
3 Autorstwo monografii lub rozdzialu w monografii 7
4 | Wygloszone referaty w ramach konferencji miedzynarodowych 8
5 Wygloszone referaty w ramach konferencji krajowych 4
7 Udziatl w projektach naukowo-badawczych 8
Tablica 2: Ogélne podsumowanie punktacji MEIN (dawniej MNiSW)
L.p. Publikacje Liczba punktéw
1 Publikacje w czasopismach wyréznionych przez 1040
Journal Citation Reports (JCR) - Lista Filadelfijska
Publikacje w recenzowanych czasopismach krajowych
2 . . L 54
i zagranicznych nieujetych przez JCR
3 Autorstwo monografii lub rozdzialu w monografii 120
tacznie: 1214




Tablica 3: Zestawienie Impact Factor oraz liczby punktéow dla wszystkich publikacji wyréznionych przez
Journal Citation Reports (przedstawione wartosci IF oraz liczby punktéw obowiazywaly w podanym roku

publikacji)
. Rok Impact Liczba tLacznie | Lacznie
L-p. Crasopismo publikacji | Factor | * 8% | publikacji | IF | punkty
1 IEEE Transactions on 2021 4,016 | 100 1 4,016 100
Instrumentation and Measurement
p Energies 2021 3004 | 140 2 6,008 280
3 Biomedical Signal 2021 3.880 | 140 1 3.880 140
Processing and Control
4 IEEE Transactions on 2021 4131 | 140 1 4,131 140
Power Delivery
5 Energies 2020 3004 | 140 1 3,004 140
6 IEEE Transactions on 2020 8236 | 200 1 8,236 200
Industrial Electronics
Journal of Electrical
7 Engineering & Technology 2020 1,069 40 1 1,069 40
Suma: 8 30,344 | 1040

Tablica 4: Zestawienie liczby punktow dla wszystkich publikacji w recenzowanych czasopismach krajo-
wych i zagranicznych nieujetych przez Journal Citation Reports (przedstawione liczby punktéw obowia-
zywaly w podanym roku publikacji)

. Rok Liczba Lacznie
L-p. Crasopismo publikacji Punkty publikacji | punkty
1 Przeglad Elektrotechniczny 2019 20 1 20
Poznan University of Technology
2 Academic Journals. Electrical Engineering 2019 o 2 10
3 Zeszyty Naukowe Wydziatu Elektrotechniki 92019 5 1 5
i Automatyki Politechniki Gdanskiej
4 ITM Web of Conferences 2019 5 2 10
Poznan University of Technology
g Academic Journals. Electrical Engineering 2017 ) 1 )
Suma: 7 54




Tablica 5: Zestawienie liczby punktéw dla wszystkich rozdziatéw w monografiach

Rok Punkty Liczba tacznie

L-p. Monografia (wydawnictwo) publikacji | za rozdzial | rozdziatéw | punkty

Proceedings of the 13th International
Conference on Measurement (IEEE)
Proceedings of the 19th International
2 Conference on Harmonics 2020 20 2 40
and Quality of Power (IEEE)

V Konferencja Naukowo-Techniczna:
3 Pomiary i diagnostyka w sieciach 2020 5 1 )
elektroenergetycznych (PTPiREE)
Proceedings of the 12th International

2021 20 2 40

4 Conference on Measurement (IEEE) 2019 20 1 20
Proceedings of the 11th International

g Conference on Measurement (IEEE) 2017 15 1 15

Suma: 7 120

Bazy naukowe

Ponizej przedstawiono analizy cytowan z najbardziej popularnych obecnie baz naukowych. Indeks
Hirscha dla opublikowanych prac w ostatecznej formie wynosi: 5 na podstawie bazy Web of Science, 5
na podstawie bazy Scopus, 5 na podstawie Google Scholar.

Aktualnie w bazie Web of Science znajduje si¢ 15 publikacji mojego autorstwa, w bazie Scopus znajduje
sie 15 publikacji mojego autorstwa, zas w Google Scholar znajduja sie 23 publikacje mojego autorstwa.

1. Scopus

This author profile is generated by Scopus Learn more

Kuwalek, P.

@ Politechnika Poznanska, Poznan, Peland Show all author info

57195411305 © https:/forcid.org/0000-0002-8746-7767

# Editprofile [\ Setalert := Savetolist 22 Potential author matches [3 Export to Scival

Metrics overview Document & citation trends Most contributed Topics 20162020 ®

15 7 48 Arc Furnaces; Flicker; Power Quality
Documents by author é A 6 documents

5 % Voltage Sag; Power Quality; Distribution System
69 a 2 1 document

] .'/I Neuronal Network; Chaotic Oscillator; Synchronization

2017 m Documents M Citations 2022 1 document

Citations by 28 documents

o
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5

h-index: Viewh-graph Analyze author output  Citation overview View all Topics




2. Web of Science

Publications Citing Articles o]
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3. Google Scholar
Piotr Kuwalek
Poznan University of Technology
Verified email at doctorate put.poznan.pl - Homepage
power guality evaluation  signal processing
TITLE CITED BY
Estimation of parameters associated with individual sources of voltage fluctuations 18

P Kuwalek
|IEEE Transactions on Power Delivery 36 (1), 351-361

AM modulation signal estimation allowing further research on sources of voltage fluctuations
P Kuwalek
|IEEE Transactions on Industrial Electronics 67 (8), 6937-6945

The application of kernel density estimation for aided the process of locating sources of
voltage fluctuations

P Kuwalek

Przeglad Elektrotechniczny 95 (8), 70-74
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4 Rozprawa doktorska

4.1

Tytul rozprawy doktorskiej

Diagnostyka wahan napiecia ukierunkowana na identyfikacje i lokalizacje ucigzliwych odbiornikéw w
sieciach elektroenergetycznych

4.2

Cel rozprawy doktorskiej

Celem rozprawy doktorskiej jest opracowanie sposobu identyfikacji i lokalizacji Zrodetl wahan napiecia
w sieci elektroenrgetycznej niskiego napiecia o topologii promieniowej, z uwzglednieniem odbiornikéw
zmieniajacych swéj stan z czestotliwoscia wieksza od czestotliwosci sieci (tj. 50 Hz w Europie).

4.3

Zestawienie opublikowanych i powigzanych tematycznie prac naukowo-badawczych
tworzacych rozprawe doktorska

Na osiaggniecie sktadaja sie nastepujace publikacje podane w kolejnosci chronologicznej poczawszy od
najnowszego:

1.

[En_2021] Piotr Kuwalek, Selective Identification and Localization of Voltage Fluctuation So-
urces in Power Grids, Energies, 2021, vol. 14, no. 20, art. no. 6585, DOI: 10.3390/en14206585.
Punktacja MEiN (MNiSW): 140, IF: 3,004.

[ICM_2021] Piotr Kuwalek, Comparison of the Estimation Errors of Parameters Associated
with Individual Voltage Fluctuations Sources using Selected Decomposition Methods, Proceedings
of the 13th International Conference on Measurement, IEEE, Bratystawa, Stowacja, 2021, pp. 101-
104, DOI: 10.23919/Measurement52780.2021.9446782.

Punktacja MEiN (MNiSW): 20.

[IEEE_TPD_2021] Piotr Kuwatek, Estimation of Parameters Associated with Individual Sour-
ces of Voltage Fluctuations, IEEE Transactions on Power Delivery, 2021, vol. 36, no. 1, pp. 351-361,
DOI: 10.1109/TPWRD.2020.2976707.

Punktacja MEiN (MNiSW): 140, IF: 4,131.

[IEEE_TIE_2020] Piotr Kuwalek, AM Modulation Signal Estimation Allowing Further Research
on Sources of Voltage Fluctuations, IEEE Transactions on Industrial Electronics, 2020, vol. 67, no.
8, pp. 6937-6945, DOI: 10.1109/TIE.2019.2935978.
Punktacja MEiN (MNiSW): 200, IF: 8,236.

. [ICHQP_2020] Piotr Kuwalek, Increase of Diagnostic Capabilities of Voltage Fluctuation Indi-

cies, Proceedings of the 19th International Conference on Harmonics and Quality of Power, IEEE,
Dubaj, Zjednoczone Emiraty Arabskie, 2020, pp. 1-6, DOI: 10.1109/ICHQP46026.2020.9177887.
Punktacja MEiN (MNiSW): 20.

[JEET _2020] Piotr Kuwalek, Waldemar Jesko, Recreation of Voltage Fluctuation Using Basic
Parameters Measured in the Power Grid, Journal of Electrical Engineering & Technology, 2020, vol.
15, no. 2, pp. 601-609, DOI: 10.1007/s42835-020-00351-7.

Punktacja MEiN (MNiSW): 40, IF: 1,069, udzial procentowy: 90%.

[ZNWEAPG_2019] Piotr Kuwatek, Identyfikacja Wybranych Parametréw Zrédel Wahai Na-
piecia z Wykorzystaniem Ulepszonej Empirycznej Transformaty Falkowej, Zeszyty Naukowe Wy-

dzialu Elektrotechniki i Automatyki Politechniki Gdaniskiej, 2019, vol. 66, pp. 33-36, DOI: 10.32016/1.66.06.

Punktacja MEiN (MNiSW): 5.




4.4 Opis publikacji wchodzacych w sklad rozprawy doktorskiej

Spis uzytych skrétéw i symboli
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Zaproponowane algorytmy umozliwiajace odtworzenie zmiennosci napiecia w sieci elek-
troenergetycznej ze wskaznikéw wahan napiecia.

Wartos¢ srednia estymowanych kolejnych amplitud i-tej sktadowej sygnatu modulujacego
AM w okresie dyskryminacji (z wylaczeniem wartoéci odstajacych).

Modulacja amplitudowa (ang. Amplitude Modulation).
Wspoblczynnik wypelnienia okreslajacy cykl pracy zrédta wahan napiecia.

Amplituda pojedynczego wahania - zmiana wartoéci skutecznej kwalifikowana jako wa-
hania napiegcia.

Wskaznik - ekwiwalent wahan napiecia.

Amplituda zmiany warto$ci obwiedni napiecia.

Maksymalna amplituda zmiany wartosci obwiedni napiecia w oknie dyskryminacji.
Wskazniki wahan napiecia.

Chwile czasowe miedzy kolejnymi zmianami napiecia wprowadzanymi przez algorytm
odtwarzajacy zmienno$¢ napiecia.

Btad éredniokwadratowy.
Demodulacja AM z estymacja sygnalu nosnego.
Empiryczna Transformata Falkowa (ang. Empirical Wavelet Transform)

Ulepszona Empiryczna Transformat Falkowa (ang. Enhanced Empirical Wavelet Trans-
form).

Czestotliwosé sieciowa (50 Hz lub 60 Hz) - czestotliwo$¢ sygnatu nosnego dla modulacji
AM bez ttumionej fali nosne;j.

Czestotliwosé podstawowa wypadkowego sygnalu modulujacego.

Czestotliwosé podstawowa i-tego sktadowego sygnalu modulujacego skojarzona z czesto-
Scia zmian stanu i-tego Zrédla zakldcen.

Estymowana czestotliwoéé podstawowa i-tego komponentu sygnatu modulujagcego AM
napiecie.

Demodulator w torze sygnatowym IEC flickermetru.
Szybka Transformata Fouriera (ang. Fast Fourier Transform)

Ptlaskie wierzchotki widma sygnatu poddanego procesowi regularyzacji z uzyciem filtracji
OSF.

Demodulator SOI Hilberta.

Miedzynarodowa Komisja Elektrotechniczna (ang. International Electrotechnical Com-
mission).




(v}

€))

o~

Ip,

nN

SSR

Umodi (t)

w;(t)

Amplituda wypadkowego sygnalu modulujacego.
Amplituda i-tego sktadowego sygnatu modulujacego.
Estymowana amplituda i-tego komponentu sygnatu modulujacego AM napiegcie.

Estymowana j-ta amplituda i-tej skladowej sygnatu modulujacego AM w okresie dyskry-
minacji (dla sygnaléw okresowych k; ) = k; . = const).

Odleglosé od stacji elektroenergetycznej.

Odleglosé punktu zasilania i-tego zrodta zaktocen od stacji elektroenergetycznej.
Liczba komponentéw uzyskanych w procesie dekompozycji z uzyciem EEWT.
Niskie napiecie.

Granice segmentacji widma analizowanego sygnatu.

ang. Order Statistical Filter

i-ty punkt zasilania odbiornikéw w sieci elektroenergetyczne;j.

Wskaznik krétkookresowego migotania o$wietlenia.

Wskaznik krotkookresowego migotania oSwietlenia wyznaczony dla zmiennosci napiecia
odtworzonej ze wskaznikéw wahan napiecia.

Wskaznik dtugookresowego migotania oswietlenia.
Empiryczna funkcja skalujaca.

Empiryczna falka Meyera.

Skonczona OdpowiedZ Impulsowa.

Szybkoé¢ zmian wartosci skutecznej napiecia lub szybko$¢ zmian wartosci obwiedni na-
piecia.

Przekaznik statyczny (ang. Solid-State Relay).

Srednie napiecie.

Okres podstawowy sygnatu.

Okres podstawowy wypadkowego sygnatu modulujacego.

Wartoéci chwilowe napiecia w sieci elektroenergetycznej, sygnat zmodulowany AM.
Sygnal noény, sygnal sinusoidalny o parametrach znamionowych.

Obwiednia napigcia.

Wypadkowy sygnal modulujacy AM napiecie w sieci - sygnal skojarzony z wypadkowym
oddzialywaniem wszystkich zrédet zaklécen w danej sieci elektroenergetyczne;j.

i-ta sktadowa sygnatu modulujacego skojarzona z oddzialywaniem i-tego zrédta wahan
napiecia.

Wielomian Hermite’a.
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U(t) Zmienna w czasie chwilowa warto$¢ skuteczna napiecia.

U, Wartosé skuteczna sygnalu nosnego.
Uenv,in Wartos¢ minimalna obwiedni napigcia.
Uenvan,g Wartos¢ srednia obwiedni napiecia.
Uenvion Warto$¢ maksymalna obwiedni napiecia.
Un Amplituda sygnalu nosnego.

w(t) Wielomian Lagrange’a.

W4 /W3 /Wp,, Globalne miary jakosci energii elektrycznej wyznaczane na podstawie Ps;/Py.

wg(t) Funkcja wagowa okreslona dla btedu sredniokwadratowego.

4.4.1 Wprowadzenie

Intensywny rozwoj $wiadczenia ustug dostarczania energii elektrycznej spowodowal, ze na mocy
ustawy [1] odwolujacej do rozporzadzenia Ministra Gospodarki [2], istnieje wymog, ktéry gwarantuje
dostarczenie przez dystrybutora energii elektrycznej o pewnym standardzie. Jednym z najczedciej wy-
stepujacych zakldocen pogarszajacych jakosé energii elektrycznej w sieci elektroenergetycznej sa wahania
napiecia [3]. Mimo powszechnego wystepowania tego zjawiska, wciaz nie ma ono Scistej definicji w litera-
turze naukowej i technicznej. Przyklady réznych definicji wahan napiecia, to m.in.:

e Wahania napiecia to seria zmian lub ciggla zmiennosé wartosci skutecznej lub amplitudy napie-
cia [4]. [5] ponadto zaklada, ze zmiana napiecia (klasyfikowana jako wahanie) nie moze powodowaé
wystapienia napiecia o warto$ci mniejszej od 90% znamionowej wartosci skutecznej napiecia. Nie-
spelnienie tego warunku powoduje sklasyfikowanie zmiany napiecia jako zapadu.

e Wahania napiecia to seria zmian napiecia albo cykliczna zmiana obwiedni napiecia [6].

e Wahania napiecia to cykliczna zmienno$é napiecia o amplitudzie nieprzekraczajacej 10% (bez spre-
cyzowania wielkosci opisujacej napiecie) [7].

¢ Wahania napiecia to regularna zmiennosé obwiedni napiecia lub seria przypadkowych zmian napie-
cia, ktorych amplituda normalnie nie przekracza powyzej 1,1 i ponizej 0,9 wartosci okreslonych w
ANSI C84.1 [8]. Zwrécono uwage na réznice pomiedzy wahaniami napiecia a zjawiskiem uciazliwego
migotania o$wietlenia - flicker.

e Wahania napigcia to szybkie zmiany wartodci skutecznej napiecia, ktére u odbiorcéw energii elek-
trycznej powstaja na skutek wystepowania w sieciach elektroenergetycznych tzw. niespokojnych
odbiornikéw energii elektrycznej. Odbiorniki niespokojne pobieraja zmienny (co do wartosci sku-
tecznej) prad, ktéry wywoluje zmienne spadki napiecia w sieciach zasilajacych te odbiorniki, a te
sprawiaja, ze napiecia u innych odbiorcéw energii elektrycznej ulegaja zmianom (wahaniom) [9].

¢ Wahania napiecia to zmiany amplitudy napiecia o czasie dluzszym od okresu napiecia, dla ktoérego
rozwazane sa te wahania [10].

Jedna z najczesciej wykorzystywanych definicji okreéla Miedzynarodowa Komisja Elektrotechniczna IEC
(ang. International Electrotechnical Commission), ktéra definiuje wahania napiecia jako szybkie zmiany
wartosci skutecznej lub amplitudy napiecia. Na potrzeby pracy przyjeto definicje wahan napiecia jako
zmienno$¢ obwiedni [8] w celu uwzglednienia zrédel szybkozmiennych. Przyjeta definicja jest zgodna z
definicja IEC dla sztywnej sieci elektroenergetycznej. W praktyce do oceny wahan napiecia wykorzysty-
wanej jest wiele miar takich jak np.:
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e wskaznik krétkookresowego Py [11] 1 dlugookresowego Py [12] migotania oSwietlenia,
e wskaznik AVjg [13],

e wskazniki wahan napiecia (6Uz—y, fo—y) [14],

e maksymalne/$rednie(zagregowane)/minimalne wartosci skuteczne napiecia.

W Europie najczesciej stosowane sa wskazniki Py /Py, ktére de facto dokonuja oceny skutkéw wahan
napiecia w postaci uciazliwego migotania o$wietlenia - flickera [15], a nie samego zjawiska. Na podsta-
wie Py /Py wyznaczane sa globalne miary jakosci energii Wy [16]/ W3 [17]/ Wp,, [18]. Obecnie w sieci
elektroenergetycznej przedstawione miary wahan napiecia sa najczesciej rejestrowane przez analizatory
jakosci energii elektrycznej zainstalowane u duzego konsumenta energii elektrycznej lub przez operatora
w momencie rozpatrzenia skargi dotyczacej jakosci energii elektrycznej. Warto zauwazy¢, ze skutki wa-
han napiecia sa jedna z najczestszych przyczyn skarg (dotyczacych jakosci energii elektrycznej w sieciach
elektroenergetycznych) zgltaszanych przez konsumenta energii elektrycznej. Jednym z dominujacych skut-
kéw wahan napiecia jest zjawisko uciazliwego migotania o$wietlenia, ktére w niesprzyjajacych warunkach
indukuje stany depresyjne lub epileptyczne. Nasilenie migotania zalezy od parametréw wahan napiecia,
wlasciwosci Zrédel $wiatla (najbardziej podatne na wahania napiecia sa zrédla inkadescencyjne i wyla-
doweze [19, 20], zas§ LED w zaleznosci od sposobu ich zasilania [21, 22]), warunkéw $rodowiskowych oraz
indywidualnej wrazliwosci odbiorcy bodzcéw $wietlnych. Problematyka dotyczaca wahan napiecia i uciaz-
liwosci migotania o$wietlenia jest przedmiotem wielu badan naukowych [23, 24, 25, 26, 27, 28, 29, 30, 31].
Wahania napiecia moga réwniez powodowaé niepoprawna prace innych odbiornikéw zasilanych z tej sa-
mej sieci co zrédlo zaklécen [32, 33, 34, 35, 36, 37, 38, 39, 40]. Stad, wazne jest zlokalizowanie Zrédel
wahan napiecia, celem eliminacji wywotywanych przez nich zaburzen.

Obecnie, dzialania stuzace minimalizacji wahan napiecia w sieci elektroenergetycznej, podejmowane
sa w przypadku zgloszenia skargi przez konsumenta energii elektrycznej do dostawcy energii elektryczne;j.
W takim przypadku, wystepuje konieczno$é¢ identyfikacji, a nastepnie lokalizacji niespokojnych odbiorni-
kéw w sieci elektroenergetycznej. Przez identyfikacje rozumie si¢ wskazanie wybranych cech (wlasciwosci)
zrédel zaburzen (np. czesto$é zmian jego stanu), zas przez lokalizacje rozumie sie wskazanie punktu zasi-
lania uciazliwego odbiorcy w sieci elektroenergetycznej. W literaturze dominujg jednopunktowe metody
identyfikacji/lokalizacji Zrédel zaburzen, takiej jak np.:

e korelacja zmian Py i mocy i/lub pradu [14, 41, 42],

e badanie kierunku przeplywu mocy interharmonicznej [43],
e analiza mocy wahan napiecia [44, 45],

e ocena nachylenia charakterystyki napieciowo-pradowej [46].

Jednakze w wiekszosci przypadkow umozliwiajg one jedynie wskazanie strony, ktora jest gléwnym zro-
dlem zaklécenn w sieci. Do lokalizacji gltéwnego zrdédla wahan napiecia w sieci, konieczne jest czesto
wieloetapowe postepowanie iteracyjne. Wiekszymi mozliwosciami diagnostycznymi cechuja sie metody
wielopunktowe, takie jak np.:

e analiza zmienno$ci napiecia 6V [47, 48],
e skojarzenie analizy zmiennosci wahan napiecia ze zmiennoscia pradéw [49, 50],
e analiza emisji flickera w poszczegélnych punktach sieci [51],

e metoda bazujaca na wielowarstowej sieci neuronowej i transformacie S [52] lub dyskretnej transfor-
macie falkowej [53],

e metoda gradientéw amplitudy napiecia [54].
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Metody wielopunktowe z uzyciem symultanicznych pomiaréw w sieci elektroenergetycznej, stwarzaja bez-
posrednig mozliwo$é¢ wskazania punktu zasilania gléwnego zrédla zaburzen. W przypadku wystapienia
wiekszej liczby zrodel zakldcen, zidentyfikowanie/zlokalizowanie poszczegdlnych niespokojnych odbiorni-
kéw na podstawie jednego okresu pomiaréw symultanicznych, mozliwe jest dopiero po wyeliminowaniu
gltownego zrodta zaklécen. Ponadto, zadne obecne rozwiazanie dostepne w literaturze nie stwarza moz-
liwosci zidentyfikowania zrédel wahan napiecia, ktére zmieniajg swéj stan z czestotliwoscig wieksza niz
czestotliwosé sieciowa f. (np. urzadzenia energoelektroniczne). Tego typu zrédla zaburzen moga wywo-
tywaé zjawisko uciazliwego migotania o$wietlenia, poniewaz w procesie demodulacji IEC flickermetru [55]
odzwierciedlajacej Zrédlo swiatla, skladowe sygnalu modulujacego o czestotliwosci f,; (skojarzonej z
zrodlem zaburzen) w pasmie f. <+ 3 f. staja sie skladnikiem flickera o czestotliwosci |2 f. — fin;|. Istniejace
w literaturze metody identyfikacji Zrédel zakldcen nie rozrézniaja zrodel wolnozmiennych (zmieniajacych
swéj stan z czesto$cia mniejsza niz f.) od Zrédel szybkozmiennych (zmieniajacych swéj stan z czesto-
tliwoscia wieksza niz f.). Przykladowo w przypadku wystapienia dwéch zZrédet zaklécen zmieniajacych
swéj stan z czestoscia f,; oraz 2f. + fm;, to obecnie dostepne rozwiazania w literaturze beda te dwa
zrodla identyfikowaé jako jedno zrédlo i wskaza jedynie punkt zasilania ucigzliwego odbiorcy bardziej
oddalonego od stacji elektroenergetycznej.

Uwzgledniajac przedstawiona problematyke, opracowano kompleksowe narzedzie do diagnostyki wa-
han napiecia, ktére umozliwia identyfikacje (wskazanie liczby istotnych Zrédet zaklécen, estymacje czesto-
$ci zmian stanu poszczegdlnych niespokojnych odbiornikéw oraz amplitudy wywotanych przez nich wahan
napiecia w poszczegdlnych punktach sieci) i lokalizacje (wskazanie punktu zasilania poszczegdlnych Zré-
det zaklécen) zrédel wahan napiecia z uwzglednieniem odbiornikéw zmieniajacych swéj stan z czestoscia
wieksza od czestotliwosci sieci. Opracowana metoda jest ztozona koncepcyjnie, ale jej implementacja w
istniejacej infrastrukturze inteligentnych licznikéw umozliwitaby automatyczng identyfikacje i lokalizacje
zrodel wahan napiecia w czasie rzeczywistym bez dodatkowej wiedzy eksperckiej.

4.4.2 Algorytm selektywnej identyfikacji i lokalizacji Zzr6del wahan napiecia

Zaproponowany w [En_2021] algorytm selektywnej identyfikacji i lokalizacji Zrédel zmiennosci na-
piecia przedstawiono na rys. 1. Przez selektywnos¢ rozumie sie identyfikacje i lokalizacje wielu Zrodet
wahan napiecia wystepujacych w tym samym czasie na podstawie jednego symultanicznego okresu po-
miarowego. Proponowane podejscie sktada sie z trzech gtéwnych krokéw i wykonywane jest w procesie
iteracyjnym dla 1-minutowych interwaléw. W kazdej iteracji, w pierwszej kolejnosci dokonywana jest
estymacja rzeczywistego sygnalu modulujacego AM z uzyciem demodulatora AM bazujacego na esty-
macji sygnalu nosnego [IEEE_TIE_2020]. W drugiej kolejnosci estymowany sygnal modulujacy AM
napiecie poddawany jest dekompozycji z uzyciem ulepszonej empirycznej transformaty falkowej (EEWT)
na N sktadowych. Dla poszczegélnych i-tych sktadowych wyznaczana jest czestotliwos¢ podstawowa f,;
oraz $rednia z amplitud zmian napiecia A; (z wykluczeniem wartosci odstajacych) [IEEE_TPD_2021].
Czestotliwosé podstawowa f,; jest wyznaczana jako maksimum globalne widma funkcji autokorelacji
i-tego sygnatu sktadowego. W przypadku zaszumionych niestacjonarnych sygnatéow sktadowych, estyma-
cja czestotliwosci podstawowej powinna by¢ Wykonywa(n)a dla widma poddanego procesowi regularyzacji
2

z uzyciem $redniej ruchomej. Amplitudy zmian (klgl), k;”, ...) i-tego sygnaltu sktadowego wyznaczane sa
jako potowa réznicy miedzy wartosciami lokalnych ekstreméw oddalonych od siebie o okres czasu réwny
co najmniej 1/(1.5f,,,). Dobranie zapasu odlegloéci miedzy sasiednimi ekstremami wynika z faktu, iz w
rzeczywistosci zrédla wahan napiecia zmieniaja swoj stan quasiokresowo, a wiec f,; jest usredniona cze-
stotliwoscia podstawowa. Lokalnie zmiany moga wystepowaé z pewna odchytka od wyznaczonego estyma-
tora fm;. Do selektywnej identyfikacji Zrédel zaburzen wykorzystywana jest srednia A; (z wykluczeniem
wartosci odstajacych) amplitud zmian (k,gl), kZ@)? ...) i-tego sygnalu sktadowego po filtracji z uzyciem
filtru $redniej ruchomej o czestotliwosci odcigcia réwnej 2 f,,,;. Usrednianie z wykluczeniem wartosci od-
stajacych ma na celu uwzgledniaé¢ losowy charakter rzeczywistych zrodel wahan napiecia oraz wykluczaé
lokalne zmiany wynikajace z proceséw taczeniowych. W ostatnim kroku przeprowadzana jest selektywna
identyfikacja zrédet zmiennosci napiecia poprzez ocene propagacji sygnatu skladowego, zakladajac, ze
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propagacja komponentu sygnalu modulujacego przebiega w ten sam sposéb co propagacja wypadkowej
zmiennosci napiecia w sieci elektroenergetycznej (wypadkowego sygnatu modulujacego) [47, 49].

Zarejestruj u(t) i wskaznik Pst e e :
dla wybranych punktéw pomiarowych : :

Demodulacja AM sygnatu u(t)
z uzyciem estymacji sygnatu nosnego

Czy Pst
punkcie pomiarowy
jest wigksze od wartosci
granicznej?

Nie i N=1
Zapomnij u(t) : ;

Dekompozycja EEWT sygnatu
modulujgcego AM do N sktadnikow

Podziel sprobkowane u(t)

na bloki 60s Estymacja czestotliwosci

podstawowej fm; i wyznaczenie
$rednich estymowanych amplitud Ai
dla i-tych sktadnikéw skojarzonych
z poszczegOlnymi zrédtami zaktécen

Wyznaczenie charakterystyk A=f(/)
dla sktadnikéw o poréwnywalnej
czestotliwoéci podstawowej fm;

Wyznaczenie globalnych maksimow /i
dla Ai=f(l) dla kazdego i=1,...,N
(réwnoznaczne ze wskazaniem punktu
zasilania i-tego zrodta zaktocen
w odlegtoéci /pi od stacji elektroenerg.)

l

Czy zachodzi Nie

OBLICZENIA WYKONYWANE W BLOKU 60s

relacja (1)?

Tak

Zapomnij u(t) and zapamietaj fm;, Ai, IPi
z (N-1)-tej iteracji

Rysunek 1: Schemat blokowy algorytmu selektywnej identyfikacji i lokalizacji zrédet wahan napiecia
[En_2021]

Proces iteracyjny rozpoczyna sie od N=1 (ilo$¢ sygnaléw uzyskanych w procesie dekompozycji, ktére
skojarzone sa z poszczegdlnymi zrédtami wahan napiecia) i powtarza sie go zwigkszajac N do momentu,
az ktérekolwiek dwa sygnaty sktadowe sposréd N sygnaléw wskazg ten sam punkt zasilania. W procesie
lokalizacji punktéw zasilania uciazliwych odbiorcéw istotna jest N-1 iteracja. Z kolei do procesu iden-
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tyfikacji (rozpoznania) Zrédet zaburzajacych, mozna wykorzystaé N-ta iteracje (lub wykonywaé kolejne
iteracje z zwigkszeniem N), pod warunkiem, ze dla czestotliwosci podstawowych dwoch dowolnych sy-
gnaléw sktadowych, ktérych ocena propagacji prowadzi do wskazania tego samego punktu, nie zachodzi
nastepujaca relacja:

Eli,jel,.‘.,NZ(i#j/\lpi%lpj) {fmz = ‘ch - fm]’ \ fmz = nfm]} (1)

gdzie: n € 1,2,3,4,5, f. to czestotliwoé¢ sieciowa, tj. 50Hz lub 60 Hz. Relacja opisana przez zalez-
no$é¢ (1) dla czestotliwosci podstawowych dwédch dowolnych sygnaléw skladowych fi,1 1 fing, ktérych
ocena propagacji prowadzi do wskazania tego samego punktu, moze by¢ zwigzana z bledem estymacji
sygnalu nosnego, lub blednym (nadmiarowym) zdekomponowaniem sygnalu modulujacego. Graficzne
przedstawienie procesu selektywnej identyfikacji i lokalizacji zrédel zmienno$ci napiecia przedstawiono na

rys. 2
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punkt zasilania zrodta wahan
napIQCIa - P3(A1max)’ P4(A2max)

Rysunek 2: Graficzna reprezentacja procesu selektywnej lokalizacji Zzrodet wahan napigcia
[En_2021]
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Algorytm przeprowadza selektywna identyfikacje niespokojnych odbiornikéw na podstawie symul-
tanicznie wykonanych rejestracji wartoéci chwilowych napiecia z czestotliwoscia probkowania co naj-
mniej 12kHz dla okresu rejestracji w ktérym wystapito oddzialywanie zrédla zaburzajacego. Wy-
bér okresu rejestracji mozna dokonaé poprzez monitorowanie wybranego wskaznika wahan napiecia.
W [En_2021] rozwazono przede wszystkim sieé¢ niskiego napiecia o topologii radialnej z rozgalezieniami
(topologia najpowszechniej stosowana w sieciach niskiego napiecia). Dlatego przyjeto wyznaczenie okresu
rejestracji i przechowywania probek napiecia w przypadku, gdy warto$é¢ wskaznika krétkotrwalego mi-
gotania o$wietlenia P na koncu linii osiagnela warto$¢ wieksza niz 0.8. Przyjeta warto$¢ graniczna
wynika z faktu, iz dopuszczalna warto$¢ graniczna wskaznika Ps; w sieci niskiego napiecia wynosi 1.0
oraz uwzgledniajac sytuacje wystapienia zrédta zaktécen na poczatku linii elektroenergetycznej, dla kto-
rej z uwagi na pojemnosciowy charakter linii moze dojs¢ do tlumienia wahan napiecia, skutkujacego
zmniejszeniem wartos$ci Ps; na konicu linii. W przysztosci wybor okresu rejestracji moze by¢ wykonywany
automatycznie poprzez wykorzystanie infrastruktury inteligentnych licznikéw, ktére w ramach wydzie-
lonej struktury sieci elektroenergetycznej beda symultanicznie rejestrowaé¢ wartosci chwilowe napiecia i
przechowywaé¢ je w 10 min interwatach w przypadku, gdy wskaznik Ps na koncu linii osiagnie warto$é
zadana. Dla zarejestrowanych prébek napiecia wywolany zostanie algorytm przedstawiony na rys. 1,
po czym urzadzenia moga usunaé z pamieci zarejestrowane probki napiecia i przechowywaé w pamieci
jedynie wynik dziatania proponowanego algorytmu.

W [En_2021] zawarto réwniez wyniki weryfikacji proponowanego rozwiazania. Weryfikacje wyko-
nano w numerycznych badaniach symulacyjnych na modelu sieci niskiego napiecia w programie MA-
TLAB/SIMULINK oraz w badaniach eksperymentalnych w rzeczywistej sieci elektroenergetycznej ni-
skiego napiecia. Na rys. 3 przedstawiono rozwazana w weryfikacji sie¢ niskiego napiecia o topologii
promieniowej oraz promieniowej z odgatezieniami.

a)
St P P2 Ps Ps Ps
I GD I [1 -I-l-l- l2 -I-l-l- [3 -I-l-l- I4 -IT
‘ SN/nN | | :
elektrsgrfﬁgrer’:yczny; Transformator; Sekcja | Sekcja ll Sekgja lll Sekcja IV |
b)
SK” P P2 Ps P4 Ps
I GD I A -I-l-l- 2 7" 3 -I-l-l- la -IT
SN/nN :
System :Transformatorj Sekcjal  Sekcjall | Sekgall  Sekdja IV

elektroenergetyczny

Ps P
I5 -I-l-l- I3 -IT

Sekcja V Sekcja VI

Rysunek 3: Sie¢ niskiego napiecia o topologii: a) promieniowej, b) promieniowej z odgalezieniami
[En_2021]
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WYNIKI BADAN SYMULACYJNYCH WYNIKI BADAN EKSPERYMENTALNYCH
DLA MODELU SIECI ELEKTROENERGETYCZNEJ W RZECZYWISTEJ SIECI ELEKTROENRGETYCZNEJ
W PROGRAMIE MATLAB/SIMULINK (SIEC NISKIEGO NAPIECIA)
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Rysunek 4: Poréwnanie proponowanego podejsécia (oznaczonego jako (a)) z innymi metodami dostepnymi
w literaturze (metoda wykorzystujaca analize statystyczna zmian wartosci skutecznej 0V oznaczona jako
(b) oraz metoda wykorzystujaca analize statystyczng wskaznika Py oznaczonej jako (c)) dla wybranej
sieci elektroenergetycznej niskiego napiecia (wariant symulacyjny i eksperymentalny) [En_2021]
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W weryfikacji eksperymentalnej, zrodlem zaktécen byt konwekcyjny uktad grzewczy o mocy 3kW z
ukladem sterowania SSR-TRIAC (kluczujacym prace uktadu grzewczego z czestotliwoscia do 50 Hz) oraz
konwekcyjno-radiacyjny uklad grzewczy o mocy 2kW z uktadem sterowania SSR-MOSFET (kluczujacym
prace uktadu grzewczego z czestotliwoscia do 150 Hz). W weryfikacji symulacyjnej zamodelowano zrédta
zmienno$ci napiecia jak w weryfikacji eksperymentalnej, celem poréwnania wynikéw badan symulacyjnych
i eksperymentalnych. W badaniach Zrédla zaklécen zasilano jednofazowo, a wiec wszystkie wyniki przed-
stawione w [En_2021] ograniczono tylko do fazy w ktérej wystapito zaklécenie. Przedstawione podejscie
w analogiczny sposéb przeprowadza sie w pozostalych fazach w przypadku wystapienia w nich zmienno-
Sci napiecia. Ponadto w symulacji zamodelowano losowe oddziatywanie innych odbiornikow zasilanych z
tej samej sieci, poprzez losowe zalaczanie i wylaczenie odbiornikéw o mocy do 1kW w poszczegdlnych
punktach sieci P1-P7. Na rys. 4 przedstawiono graficzng reprezentacje pozwalajaca na poréwnanie propo-
nowanego podejicia z innymi metodami stosowanymi w praktyce dla wybranej sieci elektroenergetyczne;j.
Przedstawiona reprezentacja graficzna pozwala rowniez na pordéwnanie wynikéw numerycznych badan
symulacyjnych dla modelu sieci elektroenergetycznej w programie MATLAB/SIMULINK z wynikami
badan eksperymentalnych w rzeczywistej sieci energetycznej (sie¢ niskiego napiecia).

4.4.3 Blok demodulacji AM

W celu umozliwienia identyfikacji Zrédel wahan napiecia zmieniajacych swoj stan z czestoscia wieksza
od czestotliwosci sieci, konieczna jest estymacja rzeczywistego sygnatu modulujacego AM napiecie w
sieci elektroenergetycznej. Stad, w [IEEE_TIE_2020] zaproponowano nowa metode demodulacji AM
wykorzystujaca estymacje sygnalu nosnego.

W ogélnosci, celem modulacji jest transformacja (proces modulacji) komunikatu wupeq(t) (wplyw ob-
ciazen zaklécajacych) na inny sygnal u(t) (sygnal napiecia w sieci elektroenergetycznej). Transformacja
musi by¢ odwracalna, aby wumeq(t) mozna bylo wyznaczy¢ (proces demodulacji) dokladnie z u(t). Zmo-
dulowany sygnal AM bez tlumionej fali nosnej ma postaé [56]:

u(t) = [1+k - umod(t)] - uc(t), (2)

gdzie: k jest dodatnia stala zwang czulodcia amplitudowa modulatora (amplituda sygnalu modulujacego),
uc(t) jest fala nosna. Dla sygnalu opisanego réwnaniem (2) definiuje sie obwiednie sygnatu jako [56]:

uenv(t) = Um’1+k’um0d(t)| s (3)

gdzie U, jest amplitudg sygnatu nosnego. W procesie identyfikacji parametréow zrodet wahan napiecia,
w przypadku braku odksztatcen przebiegu napiecia w sieci elektroenergetycznej, sygnalem nosnym jest
sygnal dany réwnaniem [IEEE_TIE_2020]:

ue(t) = V2U, cos (27 fot) (4)

gdzie np. dla sieci niskiego napiecia U, i f. wynosi odpowiednio 230V i 50 Hz. Gdyby przebieg napiecia
w sieci nie bylby odksztatcony, to mozliwa bylaby skuteczna demodulacja AM z uzyciem funkcji secans.
W takim przypadku, zakladajac ze modulacja amplitudy w dziedzinie czasu dana jest zaleznoscia (2)
oraz sygnal no$ny dany jest réwnaniem (4), to zachodzi przyblizona réwno$¢ [IEEE_TIE_2020]:

w(t) t:cos(2mfut) =0 ()

gdzie: w(t) jest wielomianem Lagrange’a stopnia co najmniej pierwszego, bazujacego na punktach nale-
zacych zaréwno do sasiedztwa prawo- jak i lewostronnego otoczenia punktu osobliwego. Dla przykltadu
dyskretnego, ktory spelnia zalozenia wstepne oraz gdy wartosci prébek zostaly pobrane w chwilach cza-
sowych, takich ze cos (27 f.t) # 0, to zachodzi réwno$¢ [IEEE_TTE_2020]:

V2U 1+ k - umoa (t)] = u(t) sec(2 fot) = v/2U. cos(2m fet) [1 + k - tmod (t)] sec(2m fot) =

6
= \/iUc COS(zﬂ'fct) [1 + k- umod(t)] m = Uenv(t), ( )
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umozliwiajaca wyznaczenie Ueny(t), badz réwnosé [IEEE_TIE_2020]:

k- Umod(t) = u(t)% — 1 = V2U, cos(2m ft) [1 + k - tmoa (t)] 2L — 1 = -

= V2U.cos(2m fot) [1 + k - tmod (1)] m —1=14k umoa(t) = 1=k - umoa(t),
umozliwiajaca wyznaczenie sygnalu modulujacego. Jezeli prébki zostaty pobrane w chwilach czasowych,
takich ze cos (27 f.t) = 0, to przy oszacowaniu wartoéci w tych punktach z wykorzystaniem interpola-
cji wielomianowej, mozliwe jest odtworzenie sygnalu modulujacego. Blad interpolowania wartosci dla
punktow osobliwych funkcji secans jest pomijalnie maty. Stad, niedoktadno$¢ demodulacji bedzie bez-
posrednio zalezna od poziomu odksztalcenia napiecia zasilajacego. W celu skutecznej demodulacji AM
umozliwiajacej estymacje sygnatlu modulujacego o czestotliwoéci wiekszej od noénej dla rzeczywistego
odksztalconego przebiegu napiecia, wprowadzono modyfikacje demodulacji z funkcjg secans, polegajaca
na dokonaniu estymacji rzeczywistego przebiegu nosnego. W konsekwencji sprowadza sie to, do dzie-
lenia odpowiednich wartosci chwilowych sygnatu modulujacego przez wartosci chwilowe estymowanego
sygnalu nosnego. Pominiete zostaje dzielenie przez zero, dla ktoérego wartosé oszacowuje sie z wyko-
rzystaniem interpolacji Lagrange’a. Z réwnania (2) wynika, ze po przeprowadzeniu procesu modulacji
AM, wartoéci chwilowe napiecia oddalone od siebie o calkowita wielokrotnosé okresu podstawowego beda
oscylowaly wokél odpowiedniej wartoéci chwilowej przebiegu nosnego powiekszonej o warto$é srednig
sygnalu modulujacego. Wykorzystujac ten fakt, jako estymator sygnalu nosnego przyjeto usredniony
sygnal zmodulowany zgodnie z algorytmem przedstawionym na rys. 5.
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Rysunek 5: Algorytm przyblizania sygnalu nosnego usrednionym przebiegiem zmodulowanym
[IEEE_TIE 2020]

Przedstawiony proces mozna roéwniez zrealizowa¢ w ruchomym bloku 30s. Podzial na 30s bloki
umozliwia uwzglednienie wahan napiecia o malej wartosci czestotliwosci. Interpolacja ma na celu wyeli-
minowanie sytuacji w ktérej w okresie pobierana jest rézna iloéé prébek, badz sytuacji w ktorej probki
pobierane sa w odstepach niebedacych catkowita wielokrotnoscia okresu podstawowego. Zaproponowano
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interpolacje sklejanymi wielomianami Hermite’a wu;(t), ktéra na przedziale sklejania [t;,t;11] dana jest
zaleznoscia [57]:

(t) = u(t:) + b (1) 255 + bt (tig) 5 + by |l I | (32— 93) - (8)

gdzie:

t—t;
hi=ti1 —t;, 1= :
7 +1 () hi

Wybbér tej metody zwiazany jest dobrymi wlasno$ciami interpolacji sygnatéw przedziatlowo monotonicz-
nych, a w przypadku aproksymacji zapewnia bezwzgledna zbieznos$¢ w przestrzeni z waga. Majac war-
tosci chwilowe estymowanego sygnatu nosnego, mozna przeprowadzi¢ proces podobny jak w demodulacji
z funkcja secans. A wiec wartosci chwilowe napiecia zmodulowanego sa dzielone przez odpowiadajace
im wartosci chwilowe estymowanego przebiegu noénego. Dla przypadku, gdy warto$ci estymowanego
przebiegu no$nego sa mniejsze niz 0,005U., wartosci sygnatu modulujacego wyznacza sie z interpolacji
Lagrange’a znajac punkty w sasiedztwie. Proces ten pozwala wyeliminowa¢ blad zwiazany z rozdziel-
czo$cia bitowa stosowanego rejestratora. Przedstawiony proces demodulacji zaklada, ze okres przebiegu
napiecia jest w przyblizeniu réwny T' = 20 ms. Znaczne odchylenia wartosci czestotliwosci napiecia w sieci
od wartosci znamionowej (np. ponad 1Hz) beda generowaé bledy. Jednakze w obwodach doltaczonych
do systemu elektroenergetycznego takie odchylenia sg mato prawdopodobne, co pokazano na rys. 6.

25 [

<35 -30 -20 -10 O 10 20 30 40 >45
odchytka czestotliwosci sieciowej AffmHz]

Rysunek 6: Dane systemowe PSE za rok 2018 — rozktad godzinowych odchytek czestotliwosci od wartosci
bazowej réwnej 50 Hz [58]

W [IEEE_TIE_2020] w sekcji 3 przedstawiono wyniki weryfikacji proponowanej metody demodula-
cji przeprowadzonej na podstawie numerycznych badan symulacyjnych oraz badan eksperymentalnych.
Dodatkowo poréwnano dzialanie proponowanej metody demodulacji ze stosowanym obecnie demodula-
torem w IEC flickermetrze oraz z demodulacja bazujacg na transformacie Hilberta, ktora w literaturze
jest wskazywana jako najskuteczniejsza metoda demodulacji AM [59]. Do oceny dokladnosci dziatania
poszczegdlnych metod demodulacji wykorzystano nastepujace wspélczynniki: k./k oceniajacy doklad-
no$¢ demodulacji pod katem zachowania poprawnej gtebokosci modulacji, fie/ fm oceniajacy dokladnosé
demodulacji pod katem zachowania poprawnej wartosci czestotliwosci, blad globalny € bedacy btedem
sredniokwadratowym [60]:

b

c= / g (1) ttmoa(t) — tmoa, (£)] 24, (9)

a

gdzie: wq(t) jest funkcja wagowa, Umed, (t) jest estymowanym przebiegiem modulujacym, k. i fie jest
odpowiednio wyznaczong amplitudg i czestotliwoscia podstawowa odtworzonego sygnalu modulujacego.

20



Na potrzeby badan przyjeto funkcje wagowa jako funkcje tozsamosciowo rowng jeden. W przypadku
idealnego dzialania demodulacji wspétczynniki k./k oraz fyc/fm powinny byé¢ réwne jeden, za$ blad
€ powinien wynosi¢ zero. Do wyznaczenia czestotliwosci sygnatu wykorzystano funkcje autokorelacji z
waga, ktéra umozliwia wyznaczenie czestotliwosci podstawowej dowolnej funkeji g(t) [61]. Dla funkcji
dyskretnej g(n) autokorelacje z waga mozna wyliczy¢ zgodnie z zalezno$cia:

N—

r(n) =Y [e(w(i)e(G —n)wj - n)], (10)

=0

—_

<

gdzie: w(n) jest wybrang funkcja okna. Wyznaczajac réznice pomiedzy polozeniem maksiméw otrzymuje
sie estymacje czestotliwosci podstawowej finc.
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Rysunek 7: Przyktadowe charakterystyki k./k=f(fm), fme/fm=Ff(fm), e=f(fm) dla wybranych metod
demodulacji uzyskane z pomiaréw laboratoryjnych, gdzie ESD - to proponowana metoda demodulacji

z estymacja przebiegu nosnego, FD - to demodulator w IEC flickermetrze, HD - to demodulator SOI
Hilberta [IEEE_TIE_2020]
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Na potrzeby symulacji numerycznych przyjeto, ze sygnal modulujacy um.q(t) opisany jest réwnaniem:

=k t: T, <t < (140,1)T,
umod(t)_{k t: (l—‘rO,l)ngtS(l‘Fl)Tm, (11)

gdzie: k jest amplituda sygnalu, [ jest dowolna licza naturalna, za$ T,, = 1/f,, jest okresem podsta-
wowym sygnalu. Przedstawiony przebieg modulujacy mozna identyfikowaé¢ z typowym zZrédlem wahan
napiecia, ktére powoduje w przyblizeniu skokowe zmiany wartosci skutecznej napiecia. Ponadto wiekszosé
proceséw produkcyjnych zmienia stany pracy niesymetrycznie, stad rozwazono przypadek, dla ktérego
wspolezynnik wypelnienia jest rézny od 50%. Dla przyjetego sygnalu modulujacego o czestotliwosdei fp,
z zakresu od 0,01 Hz do 150 Hz i amplitudzie k£ réwnej 0,05 przeprowadzono proces demodulacji: z uzy-
ciem demodulatora w torze IEC flickermetru; metoda bazujaca na transformacie Hilberta; oraz metoda
wykorzystujaca estymacje sygnatu nosnego. W badaniach symulacyjnych rozwazano dodatkowo wplyw
typowego odksztalcenia przebiegu nosnego jakie wystepuje w sieci niskiego napiecia na proces demodula-
cji AM. Na rys. 7 przedstawiono przykladowe charakterystyki k./k=f(fm), fme/fm=L(fm), e={(fm) dla
wybranych metod demodulacji uzyskane z pomiaréw laboratoryjnych.

4.4.4 Blok dekompozycji z uzyciem EEWT

W celu umozliwienia automatyzacji procesu identyfikacji i lokalizacji zrodet wahan napiecia, w tym
odbiornikéw zmieniajacych swéj stan z czestodcia wieksza od czestotliwosci sieci, zaproponowano uzycie
algorytmu Ulepszonej Empirycznej Transformaty Falkowej EEWT (ang. Enhanced Empirical Wavelet
Transform) [IEEE_TPD_2021]. Empiryczna dekompozycja sygnalu umozliwia automatyczny proces
podziatu sygnalu zalezny od aktualnych cech dekompowanego sygnalu. Wynikiem procesu dekompo-
zycji sa sygnaly skojarzone z poszczegdlnymi zrédlami wahan napiecia. Na podstawie poszczegdlnych
sygnaléw sktadowych mozliwe jest wyznaczenie parametréw skojarzonych z poszczegdlnymi zrédiami
wahan napiecia, tj. czestosci zmian stanu niespokojnego odbiornika f,,; oraz amplitudy wywolywanych
przez nich wahan napiecia k;. W [ZNWEAPG_2019]/[ICM_2021] przedstawiono jakosciowa/ilosciowa
oceng EEWT w kontekscie wyodrebniania sygnatéw skojarzonych z poszczegdlnymi typowymi zrédtami
wahan napiecia wzgledem innych wybranych metod empirycznej dekompozycji. Ponadto, uwzgledniajac
ograniczone mozliwoéci obliczeniowe istniejacej infrastruktury pomiarowo-rejestrujacych, zaproponowano
alternatywne wyznaczanie wybranych parametrow skojarzonych z poszczegdlnymi zrédtami zaktdcen z
uwzglednieniem procesu kodowania zmienno$ci napiecia do wskaznikow wahan napiecia. W taki podej-
sciu dekompozycja z uzyciem EEWT jest realizowana dla sygnatlu odtworzonego ze wskaznikéw wahan
napiecia. Proces odtwarzania zmiennosci napiecia ze wskaznikéw wahan napiecia wyznaczanych w sposéb
konwencjonalny ze zmian wartosci skutecznej w czasie zostal opisany w [JEET _2020] oraz wyznacza-
nych w zaproponowany sposob ze zmian obwiedni napiecia w czasie zostal opisany w [ICHQP_2020].
Sposéb wyznaczania wskaznikéw wahan napiecia determinuje zakres mozliwych identyfikowanych czesto-
$ci zmian stanu zrédet wahan napiecia. Dla konwencjonalnego sposobu wyznaczania wskaznikéw wahan
napiecia, wystepuje ograniczenie poprawnego odtwarzania zmiennosci napiecia dla czestotliwosci sygnatu
modulujacego do 20 Hz, poniewaz warto$é¢ skuteczna poprzez uérednianie zachowuje wlasnoéci filtru dol-
noprzepustowego. Stad, w celu uwzglednienia odbiornikéw zmieniajacych swdj stan z czestotliwoscig
wieksza niz czestotliwo$¢ sieci, konieczne jest rejestrowanie zmian rzeczywistej obwiedni sygnatu napie-
cia.

W ogolnoéci, do wyodrebnienia sktadowych sygnatu modulujacego AM napiecie w sieci elektroenerge-
tycznej, ktory tworzy suma oddzialywan poszczegdlnych niespokojnych odbiornikéw, proponuje si¢ uzycie
Ulepszonej Empirycznej Transformaty Falkowej EEWT. Algorytm EEWT jest ulepszonym algorytmem
Empirycznej Transformaty Falkowej EWT (ang. Empirical Wavelet Transform) zaproponowanej przez
Gillesa [62]. Algorytm EEWT mozna przedstawi¢ w nastepujacych krokach [63].

1. Zastosowanie szybkiej transformaty Fouriera FFT (ang. Fast Fourier Transform) do wyznaczenia
widma analizowanego sygnatu.
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2. Wyznaczenie gérnej obwiedni analizowanego sygnalu z uzyciem filtracji OSF (ang. Order Statistical
Filter). W metodzie rozszerzonej (w odniesieniu do metody EWT) obwiednia stuzy do identyfikacji
trendu zmiennosci widma.

3. Wyznaczenie lokalnych maksimow czestotliwosci widma z wyznaczonej obwiedni i wybor przydat-
nych na podstawie nastepujacych kryteriow: a) szerokosé¢ plaskiego wierzcholka nie moze by¢ mniej-
sza niz rozmiar filtru OSF; (b) wybierany jest najbardziej reprezentatywny plaski wierzcholek w
konkretnym sasiedztwie; (c) uzyteczne plaskie wierzcholki nie pojawiaja sie w trendzie spadkowym
analizowanego widma sygnalu.

4. Obliczenie granic segmentacji widma na podstawie ptaskich wierzchotkéw uzyskanych w kroku 3.

5. Konstrukcja empirycznej funkeji skalujacej i falki empirycznej jak w metodzie EWT oraz dekom-
pozycja analizowanego sygnalu na sygnaly sktadowe.

Kroki 1-4 pozwalaja na segmentacje widma analizowanego sygnatu. W celu podziatu widma, ko-
nieczne jest okreSlenie granic segmentacji. W tym celu widmo normalizuje sie do zakresu [0; 7] i dzieli
sic na N przedzialéw (metoda EEWT umozliwia dekompozycje przetworzonego sygnalu na okreslona
liczbe N sygnaléw skladowych). Granice poszczegélnych przedzialéw oznacza sie jako wy, gdzie wy = 0

N

i wy = 7. Kazdy podzakres oznacza sie jako |J A, = [0;7]. Wyznaczanie granic opiera sie na plaskich
n=1
wierzchotkach opisanych w kroku 3. Kazda granica to minimum miedzy kolejnymi ptaskimi wierzchotkami

w analizowanym widmie sygnatu. Jesli ptaskie wierzchotki sa oznaczone jako FT,,, to:

w, = arg min (f(w)) (12)
WE(FTn,FTyt1)

gdzie f(w) jest widmem analizowanego sygnalu. Krok 5 pozwala na zbudowanie falki empirycznej umoz-
liwiajacej ekstrakcje sygnaléw poszczegdlnych skltadowych, jak opisano w [62]. Dla okreslonych przedzia-
16w konstruowana jest empiryczna funkcja skalujaca ®,, opisana przez (13) i empiryczna falka Meyera ¥,,
opisana przez (14) [62]:

1 dla lw| < wp —
®,, = { cos [gv <i (lw| — wn + Tn)ﬂ dla wy, — 7 < |w| <wp + T, (13)
0 pozostate przypadki
1 dla  wp+ 7 < |w| < wWng1 — Tt
v cos [%U <2Ti+1 (Jw| = wng1 + Tn+1)>] dla wpi1 — Tng1 < W] < wny1 + Tt (14)
" sin [gv i(]w\ —wn—l—Tn))} dla Wy — Tn < W] < wp + 7 7
0 pozostate przypadki
gdzie v(x) mozna opisaé jako:
4(35 — 84 2 —202%) dl 1
v(z) = x*(35 — 84z + 70x 0z?) dla 0<zx< - (15)
0 pozostale przypadki

Dla zdefiniowanej falki empirycznej, 7, mozna wybiera¢ na wiele sposob6w i okreslaé¢ odpowiednig szero-
kos¢ segmentu widma. Jednym z najprostszych wyboréw jest 7, proporcjonalne do wy,, wiec 7, = Ywp,
gdzie 0 < v < 1. Wspélczynniki skalujace sa iloczynem skalarnym przetwarzanego sygnatu i empirycznej
funkcji skalujacej:

W'jmod (O’t) = <’LL, (I)1> = /umod(T)(I)l(T—t)dT. (16)
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Wspotezynniki szczegdtdéw sa iloczynem skalarnym przetwarzanego sygnatu i empirycznej falki:
Witnoa (1:1) = (W) = /umod(T)\I’n(T—t)dT. (17)

Dla zdefiniowanych wspoétczynnikéw skalujacych i wspétczynnikéw szezegdtéw dekompozycje sygnatu
mozna opisaé jako:

WEe  (0,t) « ®1(t) dla 1=0
. — Umod
umOdZ (t) { Wlimod (7/7 t) * \I/z(t) dla’ 7‘ = 17 27 ey N . (18)

Szczegblowy opis i weryfikacja EEWT zostala przedstawiona w [63].

Jak wspomniano wczesniej, sygnaly skojarzone z poszczegdlnymi zZroédtami wahan napiecia wyznacza
sie w procesie dekompozycji z estymowanego sygnalu modulujacego AM (w wersji bez kodowania) lub z
odtworzonego sygnalu modulujacego AM ze wskaznikéw wahan napiecia (w wersji z kodowaniem). Na
rys. 8 przedstawiono estymowane przebiegi umoq1(t) 1 Umod2(t) skojarzone z oddzialywaniem typowych
zrodel wahan napiecia w podejsciu z kodowaniem i bez kodowania.

01 umod1(t) - \ 0,12 umodZ(t) - ‘

I
estymowane u,,(t); bez kodowania 2k, estymowaneu,,.,,(t); bez k_c??_(_nwanla

T e ST A, ey T - eea

0,05 [Pe—= < f/ 2k1 0,04 4 g S.‘q/\

umod(t) [_]
mod(t) [']

u

A DJ -0,04 —~] 1=
-0,05 Y ¥ 3

1 ;
Tu=1/fosc' estymowane .. (t); z kodowaniem, To=1/f o s
-0,1 L e R —— [ ’ 0,12 | ‘
1 1,5 2 2,5 3 1,648 1,658 1,668 1,678 1,688
t[s] t[s]

Rysunek 8: Przykladowe estymowane przebiegi tumodi(t) 1 umoq2(t) skojarzone z oddzialywaniem typo-
wych zrédel wahan napiecia w podejéciu z kodowaniem i bez kodowania [IEEE_TPD_2021]

Tablica 6: Zestawienie przyjetych warto$ci zmian obwiedni dla poszczegdlnych podzakreséw dUepy
[JEET_2020] [ICHQP_2020]

Wartosci zmian wartosci .
Podzakresy 0Ueny obwiedni wzgledem 0Uepy Uwagi
[1,0;0,9] 1,0 -
(0,9;0,8] 0,85 _
(0,8;0,7] 0,75 -
(0,7;0,5] 0,69; 0,60; 0,50 W poszczegdlnych podzakresach liczbe zmian
podzielono na 3, a amplitudy przyjeto
(0,5;0,3] 0,49; 0,40; 0,30 jako wartoéci skrajne i centralne w stosunku
do podzakresu 0Ugyy,. Gdy liczba zmian
(0,3;0,1] 0,29; 0,20; 0,10 jest niepodzielna o 3, to reszta
przypada na zmiany centralne.
(0,1;0,0) 0,09; 0,05; 0,01
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Proces kodowania zmienno$ci napiecia do wskaznikéw wahan napiecia i jej ponownego odtwarzania
moze zostaé zrealizowany przez jeden z szesciu zaproponowanych algorytméw A1-A6. Dane wejsSciowe
dla poszczegolnych algorytméw za okres 5 minutowy to: wartos¢ minimalna Ueny,,,, $rednia Uepy,,,
oraz maksymalna Ueyy,,.. obwiedni napiecia, maksymalna zmiana wartosci obwiedni napiecia 0Ueny =
OVenvaay, liczba zmian wartosci obwiedni napigcia w nastepujacych podprzedziatach 0Uepny: [1,0;0,9],
(0,9;0,8] (0,8;0,7], (0,7:0,5], (0,5;0,3], (0,3;0,1], (0,1;0,0). Poszczegdlne algorytmy odtwarzajace zmiennos$é
napiecia przyjmuja wartosci amplitud w poszczegblnych przedzialach zgodnie z tab. 6 [JEET_2020]
[ICHQP_2020]. Warto zwrécié uwage, ze analogicznie wartosci te moga zosta¢ wyznaczone wprost z
przebiegu modulujacego wykorzystujac zaleznosé liniowa opisana przez réwnanie (3).

Wszystkie algorytmy wprowadzaja kolejne zmiany w taki sposéb, aby oscylowaly one wokoét wartosci sred-
niej Uenv,,, Oraz, zeby kolejne zmiany nie przekroczyly zakresu okreslonego przez wartosci Ueny,,, oraz
Uenv o - Roéznice w dzialaniu poszczegélnych algorytméw opisano ponizej [JEET_2020]
[ICHQP_2020].

A1 Utworzono tabele, w ktorej przyjeto wszystkie zmiany zgodnie z zalozeniami przedstawionymi w
tabeli 1. Przyjeto skokowe zmiany obwiedni napiecia (modulacja amplitudy sygnalem prostokat-
nym) oraz rownomierny rozklad zmian w czasie. Nastepnie zmiane, ktérej indeks w tabeli jest
wybierany losowo zgodnie z rozkladem réwnomiernym, wpisuje sie z takim znakiem, aby aktu-
alna wartos¢ srednia w momencie wprowadzenia zmiany byta jak najbardziej zblizona do wartosci
mierzonej Ueny,,,- Jedynym wyjatkiem jest sytuacja, gdy zmiana spowodowalaby wyjscie poza za-
kres [Uenv,y, ;Uenvinas s WOWCzas zmiana jest dokonywana tak, aby nie wychodzi¢ z zaakceptowanego
zakresu zmian.

A2 Utworzono dwie tabele. W jednej tabeli sa zmiany z przedzialu (0,1;0,0)0Ueyy, traktowane jako
,t10” (drobne fluktuacje). Z kolei druga tabela zawiera pozostale wahania napiecia. Przyjeto sko-
kowe zmiany wartosci skutecznej (modulacja amplitudy sygnatem prostokatnym) oraz réwnomierny
rozklad zmian w czasie. Z uwagi na fakt, ze liczba zmian (0,1;0,0)0Ueyy jest czesto znacznie wigksza
niz liczba zmian z pozostalych zakreséw, zatozono ze w cyklu beda wprowadzane kolejne zmiany:
jedna zmiana z tabeli [1,0;0,1]0Uecpny, k zmian z tabeli (0,1;0,0)0Uepny, gdzie k to zaokraglenie w
dot liczby zmian (0,1;0,0)0Ueny podzielone przez liczbe zmian [1,0;0,1]0Ueny. Gdy k wynosi zero
lub jest niezdefiniowane, zmiany sg wprowadzane naprzemiennie z obu tabel. Dodatkowo zmiany
wprowadzane sa w trzech fazach: w pierwszej fazie zmiany wprowadzane sg jako dodatnie, aby
osiagnac najblizsza wartos¢ Uepy,,.., W drugiej zmiany wprowadzane sa jako ujemne, aby osiagnac
najblizsza wartos¢ Uepy, ;. , W ostatniej zmiany faz sa wprowadzane w taki sam sposéb, jak w A1l. W
przeciwienstwie do Al zmiany nie sa wybierane losowo, lecz dobierane (przeszukujac tabele) w taki
sposé6b, aby spelnione byly zalozenia kazdej fazy (poréwnujac kolejno wprowadzane zmiany napie-
cia z warto$cig bezwzgledna réznicy Uepy,,,, 1 koficowej wartos¢ odtworzonej obwiedni i analogiczna
wartodcig bezwzgledna w stosunku do Ueny,,,, )-

A3 Zmiany napiecia wprowadza sie analogicznie do Al. Zalozono jednak trapezoidalne zmiany wartosci
skutecznej napiecia, a wprowadzane zmiany nastepuja w réznych odstepach czasu (patrz rys. 9) z
wykorzystaniem wielomianu pierwszego stopnia interpolacji Lagrange’a. Krok czasowy dt; wyzna-
cza sie przy zalozeniu stalej predkosci zmian napiecia SR=300% Uy /s, gdzie Uy jest znamionowa
wartoscig napiecia w sieci elektroenergetycznej. Z kolei krok czasowy dts jest okredlany jako réznica
miedzy okresem dyskryminacji (5 min) a suma krokéw czasowych dt; dla wszystkich zarejestrowa-
nych zmian, podzielona przez liczbe zmian.

A4 Wprowadzenie zmian napiecia odbywa sie jak w A2. Przyjeto trapezoidalne zmiany napiecia i
zmienny krok czasu analogicznie jak w A3.

A5 Wprowadzenie zmian napiecia odbywa sie jak w Al. Przyjeto trapezoidalne zmiany napiecia i
zmienny krok czasowy analogicznie jak w A3, z ta rdéznicg, ze dt; wyznacza si¢ na podstawie
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zmiennej predkosci zmian napiecia SR. 7 rozkladu gamma wybierane sg losowo rézne wartosci
szybkosci zmiany napiecia o parametrze ksztaltu réownym 300/0,7 i parametrze skali réwnym 0,7.

A6 Wprowadzenie zmian napiecia odbywa sie jak w A2. Przyjeto trapezoidalne zmiany napiecia i
zmienny krok czasu analogicznie jak w Ab5.

A

-; Y 1
: 6 Ve”"i+1 -SReny
= \J
S
3 5V0,
S Renv
dt, dt, dt, . dt,
|
t[s]

Rysunek 9: Przykladowy fragment obwiedni otrzymanej z uzyciem algorytmu A3 [ICHQP_2020]

Wiyniki dla weryfikacji poszczegdlnych algorytméw odtwarzajacych zmiennos$é napiecia, z uwzglednie-
niem badan symulacyjnych, laboratoryjnych oraz eksperymentalnych w rzeczywistej sieci elektroenerge-
tycznej zostaly przedstawione w [JEET_2020] [ICHQP _2020]. Na rys. 10 przedstawiono przykladowe
poréwnanie skutecznosci odtwarzania zmiennosci napiecia dla wybranych algorytméw (A1, A3, A5) wy-
korzystujacych wskazniki wahan napiecia wyznaczane w sposéb konwencjonalny [JEET _2020] oraz w
zaproponowany sposob z rzeczywistej obwiedni AM napiecia [ICHQP_2020]. Wartosci zamieszczone
na charakterystyce uzyskano w badaniach symulacyjnych i eksperymentalnych. W badaniach wygene-
rowany zostal sygnatl sinusoidalny o wartosci skutecznej 230V oraz o czestotliwosci réwnej 50 Hz, ktory
poddano modulacji AM (bez tlumionej fali nosnej) sygnatem prostokatnym o czestotliwosci od 0,01 Hz
do 150 Hz. Dla wygenerowanych sygnatéw dokonano rejestracji wskaznikéw wahain napiecia w sposoéb
konwencjonalny i w zaproponowany sposéb, oraz wskaznika krétkookresowego migotania o$wietlenia Py,
z uzyciem IEC flickermetru. Wykorzystujac proponowane algorytmy odtworzono zmienno$é¢ napiecia, a
nastepnie dla wyznaczonej zmiennoéci napiecia dokonano ponownie pomiaru wartosci Ps; z uzyciem IEC
flickermetru. Wynik ponownego pomiaru oznaczono jako Pg.. Dla poprawnie odtworzonej zmiennosci
wskaznik Ps./Ps; powinien by¢ rowny 1.

W [IEEE_TPD 2021] przedstawiono dodatkowo analize mozliwosci identyfikacji wybranych para-
metréw poszczegdlnych typowych zrédet wahan napiecia z uzyciem EEWT w wariancie z kodowaniem
i bez kodowania. W tym celu przyjeto wypadkowy sygnal modulujacy AM jako sume dwoch sygnatow
(Umod1 () 1 Umod2(t)) skojarzonych z dwoma Zrédlami wahan napiecia. Dla poszczegdlnych sygnaléw
sktadowych rozwazono rézne wartosci wspolczynnika wypelienia 6 = ton/(ton + torr) zwiazane z
niesymetrycznym cyklem pracy niespokojnych odbiornikéw, gdzie ton i topr to odpowiednio czas, gdy
zrodlo zaklécen jest zalgczone i wylaczone. Ponadto, przeanalizowano mozliwosci identyfikacji propo-
nowanej metody w zaleznosci od réznych szybkosciach zmian napiecia SR. W tym celu uwzgledniono
sygnaly modulujace o ksztalcie przedstawionym na rys. 11.

Otrzymane wyniki numerycznych badan symulacyjnych oraz laboratoryjnych badan eksperymentalnych
[IEEE_TPD _2021] pokazuja, ze zaproponowany sposob estymacji parametréw skojarzonych z poszcze-
gblnymi zrédtami zaklocen wykorzystujacy dekompozycje EEWT pozwala na oszacowanie wybranych
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Rysunek 10: Przyktadowe charakterystyki Ps./Ps; = {(f,) dla Py = 1,0 = const dla algorytméw Al, A3
i A5 wykorzystujacych wskazniki wahan napiecia wyznaczane w sposéb konwencjonalny [JEET _2020]
oraz w zaproponowany sposob z rzeczywistej obwiedni AM napiecia [ICHQP_-2020]
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Rysunek 11: Przyklady obwiedni napiecia o dwéch réznych przykladowych czestotliwosci fr1,=1/Tma,
i fmi,1=1/Tm1,,,, gdzie: sygnal 1 to sinusoidalne zmiany napiecia z SR=f(t, f,1)=var; sygnal 2 to
trapezoidalne zmiany napiecia z czasem zmiany 1/47,,1 (SR={(f,,1)=var); sygnal 3 to trapezoidalne
zmiany napiecia o statej szybkosci zmian S R=const; sygnat 4 to trapezoidalne zmiany napiecia o szybkosci
SR — oo [IEEE_TPD_2021]

parametréw dla typowych zrédel zaklécen z btedem mniejszym niz 5%. Dla wersji bez kodowania mini-
malne bledy uzyskuje sie przy rownym czasie miedzy zalaczeniem i wylaczeniem obciazenia (cykl pracy
0 = 50%). Btlad oszacowania wzrasta, gdy ¢ zmierza do zera lub 100%. Jest to wynikiem zastoso-
wania dekompozycji EEWT, ktéra zmniejsza dokladno$é wraz ze zmniejszeniem udzialu podstawowej
harmonicznej w widmie sygnatu sktadowego. Maksymalne bledy wystepuja, gdy czestotliwosci sygnatéw
sktadowych sa w przyblizeniu réwne. Jesli czestotliwoéé sygnatéw skladowych jest rowna, pojedyncze
sygnaly sktadowe nie sa wykrywane. Wyniki badan wskazuja, ze najtrudniejsza jest ocena parametréw
zwiazanych ze zrédtami zaklécen powodujacych gwaltowne zmiany napiecia. Jesli predko$é¢ zmian napie-
cia maleje, lub jedli czestotliwosé zmian napiecia wzrasta, a predko$¢ zmian napiecia jest stata, to btad
proponowanego algorytmu maleje, poniewaz wzrasta podstawowa harmoniczna wyodrebnionego sygnatu
sktadowego. W wersji z kodowaniem zmniejszenie wymaganej mocy obliczeniowej urzadzenia pomiarowo-
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rejestrujacego skutkuje prawie dwukrotnie wigkszym btedem niz typowe bledy w wersji bez kodowania.
Jednakze dla proponowanego podejscie z kodowaniem niezauwazalny jest wplyw asymetrycznego cyklu
pracy obciazen zakldocajacych oraz réznych ksztattéw wywolywanych przez nich zmian napiecia, ponie-
waz w procesie odtwarzania sygnalu modulujacego AM (w przypadku uzycia algorytmu A1) zaklada sie
rownomierny rozktad zmian napiecia skutkujacy wzrostem udziatlu harmonicznej podstawowej w widmie
poszczegdlnych sygnaléow sktadowych.

4.4.5 Podsumowanie

Oméwione osiagniecie (w postaci cyklu publikacji spéjnych tematycznie) przedstawia nowe podejscie
umozliwiajace selektywna identyfikacje i lokalizacje Zrodet zmiennosci napiecia w sieci elektroenergetycz-
nej, tj. umozliwiajace wskazanie cech i punktéw zasilania poszczegdlnych zrédel wahan napiecia w sieci
na podstawie jednej symultanicznej wielopunktowej serii pomiarowej. Przedstawione podejécie uwzgled-
nia przede wszystkim zrédta zmiennosci napiecia, ktére zmieniaja swoj stan z czestoscia wieksza niz
czestotliwosé sieciowa. Tego typu zakléceniami sg np. urzadzenia energoelektroniczne, ktérych iloéé
w sieci znaczgco sie zwieksza. Poza przedstawionym algorytmem selektywnej identyfikacji niespokoj-
nych odbiornikéw, nie ma rozwiazan, ktore umozliwiaja identyfikacje i lokalizacje zrédet zaburzajacych,
uwzgledniajacych szybkie zmiany napiecia z czestotliwoscig do 3 f.. Przedstawione podejscie jest ztozone
koncepcyjne, jednakze implementacja rozwiazania w istniejacej infrastrukturze inteligentnych licznikéw
stworzytaby bezposrednia mozliwos¢ automatycznej lokalizacji zrédet wahan napiecia, ktéra nie wymaga
dodatkowej wiedzy eksperckiej. Poprawnos¢ proponowanego podejscia, jak i jego elementéw sktadowych,
zweryfikowano w: badaniach eksperymentalnych w rzeczywistej sieci elektroenergetycznej; badaniach
laboratoryjnych z uzyciem modelowych przebiegéw generowanych w sposéb arbitralny; oraz w nume-
rycznych badaniach symulacyjnych (w tym na modelu linii nN w programie MATLAB/SIMULINK).
W badaniach rozwazono powszechnie wystepujaca w sieci niskiego napiecia topologie promieniowa oraz
topologie promieniowa z odgatezieniem. W rozwazanych topologiach uwzgledniano hybrydowe konfigu-
racje sieci elektroenergetycznych (sie¢ zlozona z linii napowietrznych i kablowych o réznym przekroju,
oraz o réznej mocy zwarciowej sieci i transformatora SN /nN). Na podstawie przedstawionych wynikéw
badan, mozna zauwazy¢, ze jedynie proponowany algorytm selektywnej identyfikacji i lokalizacji zrodet
zmienno$ci napiecia umozliwia skuteczng identyfikacje zrédet zmiennosci napiecia i umozliwia wskazanie
ich punktéw zasilania, uwzgledniajac zrédla zaburzajace zmieniajace swéj stan z czestoscia do 3f.. Dla
niespokojnych odbiornikéw, ktére zmieniajg swdj stan z czestotliwoscig mniejsza niz f., zauwazalne sg
problemy poprawnej identyfikacji przez inne stosowane w praktyce metody dla sztywnej sieci elektro-
energetycznej o znaczacej mocy zwarciowej oraz przy rozsynchronizowaniu pomiaréw w poszczegdlnych
punktach sieci w przypadku metod wielopunktowych. W takich sytuacjach, proponowane podejscie réw-
niez umozliwia zidentyfikowanie Zrédel zmiennosci (okreslenie czestosci zmian stanu zrédla zaklécen)
oraz wskazanie ich punktu zasilania.

Do ograniczen proponowanego podejscia nalezy zaliczy¢, problem poprawnej identyfikacji zroédet zabu-
rzajacych zasilanych z jednego punktu w przypadku wystapienia zaleznosci opisanej przez réwnanie (1),
co jest $cisle zwigzane z wykorzystana metoda demodulacji z estymacja sygnatu nosnego. Drugim istot-
nym ograniczeniem moze byé¢ identyfikacja Zrédel zmieniajacych swéj stan z poréwnywalng czestoscia,
z uwagi na problem poprawnego podzialu widma sygnalu w procesie dekompozycji z uzyciem EEW'T.
Rozwiazaniem przedstawionych ograniczen, moze by¢ uzycie metody dekompozycji, w ktorej sygnatami
bazowymi, beda funkcje opisujace ksztalt wahan napiecia wywotanych oddziatywaniem typowych Zrodet
zmienno$ci napiecia w sieci. Pozyskanie sygnaléw bazowych wymagajace dlugotrwalych rejestracji war-
tosci chwilowych napiecia w réznych punktach sieci oraz wykorzystania demodulacji z estymacja sygnatu
nosnego jest przedmiotem dalszych badan.

Biorac pod uwage ztozono$¢ proponowanego podejécia, wcigz istnieje koniecznos$é rozwijania jego
poszczegblnych elementow sktadowych, w celu uwzglednienia rzeczywistych stanéw wystepujacych w sieci
elektroenergetycznej. W celu uwzglednienia zmian stanéw niespokojnych odbiornikéw z czestoscia wieksza
od 3f., konieczne jest prowadzenie dalszych prac badawczych nad opracowana metoda demodulacji AM
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z estymacja przebiegu noénego. W takich przypadku informacja zawarta w sygnale zmodulowanym jest
na poziomie szumu pomiarowego, co jest wyzwaniem badawczym. Ponadto, w sytuacji wystapienia
pracy wyspowej, gdzie zmiany obciazen wywotujg zmiennos¢ napiecia tozsama z jednoczesng modulacja
amplitudowo-fazowa(czestotliwosciowa), réwniez niezbedna jest dalsza modyfikacja proponowanej metody
demodulacji.

Kolejnym kierunkiem dalszych badan jest ulepszanie i weryfikowanie w rzeczywistych warunkach
proponowanych algorytméw odtwarzajacych zmiennosé napiecia w sieci elektroenergetycznej. W pracy
skupiono sie gtéwnie na obwodach jednofazowych. W przypadku obwoddéw tréjfazowych zaktécenia moga
przenikaé¢ do sasiednich obwodéw. Zapewnienie poprawnoéci dziatania proponowanych algorytméw w
takiej sytuacji jest niewatpliwie kolejnym wyzwaniem badawczym.

Warto zaznaczy¢, ze ogdlna idea proponowanego podejscia moze zosta¢ w analogiczny sposob przeto-
zona na zagadnienia identyfikacji innych Zrédel zaklécen (np. Zrédel harmonicznych - Zrédel odksztal-
cenia napiecia). Ponadto wykorzystywane narzedzia z zakresu przetwarzania sygnaléw maja charakter
interdyscyplinarny, a wiec moga zosta¢ uzyte do rozwiazywania probleméw badawczych w innych dziedzi-
nach, czego przykladem moga by¢ opublikowane wyniki badan w renomowanych czasopismach z zakresu
skutecznej wezesnej diagnostyki zwaré w uzwojeniach stojana silnika indukcyjnego lub skutecznej ekstrak-
cji cech z zaszumionych sygnaléw biologicznych bogatych w artefakty ruchowe. Konkludujac, kierunkéw
dalszego rozwoju jest nieograniczenie duzo, naturalnie nie tylko w dziedzinie Automatyki, Elektroniki i
Elektrotechniki.
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4.4.6 Opis wkladu w poszczegélne artykuly wchodzace w sklad rozprawy doktorskiej

Ponizej zaprezentowane zostaly podsumowania wkladu kandydata w poszczegdlne prace wchodzace
w sktad rozprawy doktorskiej. Dla pracy wspotautorskiej wskazane zostaly zadania wyszczegdlnione w
oswiadczeniu przygotowanym z wspélautorem publikacji.

1. W artykule [En_2021] zostaly przedstawione nastepujace sekcje:

— opis opracowanego algorytmu selektywnej identyfikacji i lokalizacji zrédet wahan napiecia w
sieci elektroenergetycznej, ktéry umozliwia wskazanie punktu zasilania ucigzliwego odbiorcy
na podstawie pomiaréw wielopunktowych (sekcja 2);

32



opis wybranych konfiguracji sieci niskiego napiecia, w ktérych przeprowadzona zostata wali-
dacja opracowanego algorytmu selektywnej identyfikacji i lokalizacji zrodel wahan napiecia ze
wskazaniem wartosci parametréw poszczegdlnych konfiguracji (sekcja 3);

opis wynikéw walidacji opracowanego algorytmu przeprowadzonej w numerycznych badaniach
symulacyjnych oraz w badaniach eksperymentalnych w rzeczywistej sieci elektroenergetycznej
(sekcja 4);

sformutowanie wnioskéw koncowych oraz przedstawienie propozycji kierunkéw dalszej pracy
(sekcja b).

2. W rozdziale monografii [ICM_2021] zostaly przedstawione nastepujace sekcje:

skrocony opis opracowanego algorytmu identyfikacji wybranych parametréw (amplituda wywo-
lywanych zmian napiecia, czestotliwo$é zmian stanu niespokojnego odbiornika) skojarzonych z
poszczegdlnymi zrodlami wahan napigcia na podstawie pomiaréw jednopunktowych (sekcja 2);
opis badan eksperymentalnych, na podstawie ktérych wyznaczono btad estymacji wybranych
parametréw skojarzonych z poszczegdlnymi Zrédlami wahan napiecia dla réznych wybranych
metod dekompozycji empirycznej (Empiryczny Rozklad na Mody, Empiryczna Transformata
Falkowa, Ulepszona Empiryczna Transformata Falkowa) (sekcja 3);

analiza otrzymanych btedéw estymacji wybranych parametréw; sformutowanie wnioskéw kon-
cowych oraz przedstawienie propozycji kierunkéw dalszej pracy (sekcja 4).

3. W artykule [[EEE_TPD _2021] zostaly przedstawione nastepujace sekcje:

opis opracowanego algorytmu identyfikacji wybranych parametréw (amplituda wywolywanych
zmian napiecia, czestotliwosé zmian stanu niespokojnego odbiornika) skojarzonych z poszcze-
gb6lnymi Zrédtami wahan napiecia na podstawie pomiaréw jednopunktowych, w wariancie bez
kodowania i z kodowaniem w postaci wskaznikéw wahan napiecia (sekcja 2);

opis wskaznikéw wahan napiecia (amplituda i czesto$é wahan napiecia) (sekcja 3);

skrocony opis bloku demodulacji AM z estymacja sygnalu nosnego, ktéry wykorzystano w
torze sygnalowym opracowanego algorytmu na potrzeby estymacji wypadkowego sygnatu mo-
dulujacego AM (sekcja 4);

skrécony opis bloku dekompozycji sygnatu z uzyciem ulepszonej empirycznej transformaty
falkowej, ktéry wykorzystano w torze sygnalowym opracowanego algorytmu na potrzeby esty-
macji sygnatéw skltadowych wypadkowego sygnalu modulujacego AM skojarzone z oddzialy-
waniem poszczeg6lnych niespokojnych odbiornikéw (sekcja 5);

skrécony opis bloku odtwarzajacego zmiennosé napiecia w sieci ze wskaznikoéw wahan napiecia,
ktéry wykorzystano demodulacji AM z estymacja sygnatu noénego, ktéry wykorzystano w torze
sygnalowym na potrzeby realizacji algorytmu w wariancie z kodowaniem (sekcja 6);

opis numerycznych badan symulacyjnych oraz badan eksperymentalnych, na podstawie kto-
rych dokonano walidacji opracowanego algorytmu identyfikacji wybranych parametréw skoja-
rzonych z poszczegdlnymi niespokojnymi odbiornikami (sekcja 7);

sformutowanie wnioskéw koncowych oraz przedstawienie propozycji kierunkéw dalszej pracy
(sekcja 8).

4. W artykule [IEEE_TIE_2020] zostaly przedstawione nastepujace sekcje:

opis problematyki demodulacji AM bez ttumionej fali nosnej z uwzglednieniem sygnaléw mo-
dulujacych o czestotliwosci wiekszej niz czestotliwosé sygnatu noénego; opis metod demodulacji
AM najczesciej wykorzystywanych w procesie estymacji flickera oraz opis zaproponowanej me-
tody demodulacji AM z uzyciem funkcji secans oraz z uzyciem estymacji sygnalu noénego,
ktéra umozliwia odtworzenie sygnalu modulujacego o czestotliwosci wiekszej niz czestotliwoéé
sygnatu nosnego (sekcja 2);
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opis numerycznych badan symulacyjnych oraz badan eksperymentalnych, na podstawie kto-
rych dokonano walidacji opracowanej metody demodulacji AM z estymacja sygnalu no$nego;
poréownanie btedow estymacji sygnatu modulujacego AM przez opracowang metode demodu-
lacji AM, przez demodulator w torze sygnatowym IEC flickermetru oraz przez demodulator
filtru SOI Hilberta z uwzglednieniem sygnatéw modulujacych AM wystepujacych przy oddzia-
lywaniu typowych zrédet wahan napiecia, w tym niespokojnych odbiornikéw zmieniajacych
swéj stan z czestodcia wieksza od czestotliwosci sieciowej (sekcja 3);

sformutowanie wnioskéw koncowych oraz przedstawienie propozycji kierunkéw dalszej pracy
(sekcja 4).

5. W rozdziale monografii [ICHQP _2020] zostaly przedstawione nastepujace sekcje:

opis wskaznikéw wahan napiecia (amplituda i czestos¢ wahan napiecia) wyznaczanych w kon-
wencjonalny sposob ze zmian warto$ci skutecznej w czasie oraz w zaproponowany sposob z
odtworzonego sygnatu modulujacego AM z uzyciem opracowanego demodulatora AM z esty-
macja sygnatu nosnego (sekcja 2);

opis trzech wybranych autorskich algorytméw odtwarzajacych zmiennoéé napiecia w sieci elek-
troenergetycznej, ktére na podstawie wskaznikéw wahan napigcia umozliwiaja odtworzenie sy-
gnalu modulujacego AM wywolujacego zblizone skutki do rzeczywiscie wystepujacych wahan
napiecia (sekcja 3);

opis numerycznych badan symulacyjnych oraz badan eksperymentalnych, na podstawie ktorych
dokonano walidacji nowego sposobu wyznaczania wskaznikéw wahan napiecia, umozliwiajacego
odtworzenie zmiennosci napiecia wywotanego niespokojnymi odbiornikami zmieniajacymi swoj
stan z czestoscia wieksza od czestotliwosci sieciowej (sekcja 4);

analiza otrzymanych bledéw odtworzenia zmiennosci napiecia ze wskaznikéw wahan (wyzna-
czanych w sposéb konwencjonalny oraz w zaproponowany sposéb) przez wykorzystane algo-
rytmy; sformutowanie wnioskéw koncowych oraz przedstawienie propozycji kierunkéw dalszej
pracy (sekcja 5).

6j wklad w powstanie pracy [JEET_2020] polegal na:

opisie podstawowych parametréw okreslajacych wahania napiecia (sekcja 2);

opracowaniu i opisaniu szesciu autorskich algorytmoéw odtwarzajacych zmiennosci napiecia w
sieci elektroenergetycznej ze wskaznikéw wahan napiecia (sekcja 3);

opisie wspolprowadzonych numerycznych badan symulacyjnych oraz badan eksperymentalnych
(przeprowadzonych samodzielnie), na podstawie ktérych dokonano walidacji opracowanych
algorytméw odtwarzajacych zmienno$é napiecia (sekcja 4);

analizie otrzymanych btedow odtworzenia zmiennosci napiecia przez poszczegdlne algorytmy;
sformutowaniu wnioskéw koncowych oraz przedstawieniu propozycji kierunkéw dalszej pracy
(sekcja b5).

7. W artykule [ZNWEAPG _2019] zostaly przedstawione nastepujace sekcje:

opis algorytmu Ulepszonej Empirycznej Transformaty Falkowej (sekcja 2);

opis uzycia metody Ulepszonej Empirycznej Transformaty Falkowej do dekompozycji sygnatu
modulujacego AM napiecie w sieci elektroenergetycznej, celem ekstrakcji sygnatéw sktado-
wych skojarzonych z poszczegdlnymi niespokojnymi odbiornikami; ocena jakoSciowa metody
dekompozycji z uzyciem Ulepszonej Empirycznej Transformaty Falkowej w procesie identyfi-
kacji wybranych parametréow skojarzonych z poszczegélnymi zrodlami zakidcen (sekcja 3);

sformutowanie wnioskéw koncowych oraz przedstawienie propozycji kierunkéw dalszej pracy
(sekcja 4).
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5 Pozostale osiggniecia naukowo-badawcze i dydaktyczne

5.1 Wpykaz pozostalych publikacji
5.1.1 Publikacje w czasopismach wyrdéznionych przez Journal Citation Reports (JCR)

1. Piotr Kuwatlek, Grzegorz Wiczynski, Dependence of Voltage Fluctuation Severity on Clipped
Sinewave Distortion of Voltage, IEEE Transactions on Instrumentation and Measurement, 2021,
vol. 70, art. no. 2006008, DOI: 10.1109/TIM.2021.3102693.

Punktacja MEiN (MNiSW): 100, IF: 4,016, udzial procentowy: 50%.
Moj wkiad w powstanie tej pracy polegal na:

— zaproponowaniu i uwzglednieniu napiecia zasilajacego typu “clipped cosine”i “sharpened co-
sine” (rzeczywiste przebiegi napiecia powstale na skutek oddzialywan odbiornikéw energoelek-
tronicznych) w badaniach dotyczacych oceny uciazliwoéci wahan napiecia (sekcja 3);

— wspélprowadzeniu badan eksperymentalnych oraz analizy otrzymanych wynikéw prac ekspe-
rymentalnych (sekcja 4);

— przygotowaniu manuskryptu w formie zgltoszenia do czasopisma.

2. Konrad Gorny, Piotr Kuwatek, Wojciech Pietrowski, Increasing Electric Vehicles Reliability by
Non-Invasive Diagnosis of Motor Winding Faults, Energies, 2021, vol. 14, no. 9, art. no. 2510,
DOLI: 10.3390/en14092510.

Punktacja MEiN (MNiSW): 140, IF: 3,004, udzial procentowy: 50%.
Moj wkiad w powstanie tej pracy polegal na:

— opracowaniu metody diagnostyki zwaré¢ w uzwojeniu stojana silnika indukcyjnego z uzyciem
metody Ulepszonej Empirycznej Transformaty Falkowej oraz metody Zagniezdzonych Drzew
Decyzyjnych (ang. Ensemble Bagged Trees) (sekcja 2);

— walidacji zaproponowanej metody diagnostycznej oraz pordéwnaniu jej skutecznosci z innymi
metodami uczenia maszynowego pod katem wczesnej diagnostyki zwaré w uzwojeniu stojana
silnika indukcyjnego (sekcja 4);

— implementacji softwarowej proponowanej metody diagnostyki.

3. Piotr Kuwalek, Bartltomiej Burlaga, Waldemar Jesko, Patryk Konieczka, Research on methods
for detecting respiratory rate from photoplethysmographic signal, Biomedical Signal Processing and
Control, 2021, vol. 66, art. no. 102483, DOI: 10.1016/j.bspc.2021.102483.

Punktacja MEiN (MNiSW): 140, IF: 3,880, udzial procentowy: 70%.
Moj wkilad w powstanie tej pracy polegal na:

— zaproponowaniu uzycia Ulepszonej Empirycznej Transformaty Falkowej do ekstrakcji sktado-
wej oddechowej z sygnalu fotopletyzmograficznego (PPG) ze znaczacym udzialem artefaktow
ruchowych; opisie wybranych metod dostepnych w literaturze do ekstrakcji sktadowej odde-
chowej z sygnalu PPG (sekcja 2);

— opisie baz danych (klinicznej ogélnodostepnej bazy danych oraz bazy danych pozyskanej w
ramach realizacji projektu e-Pionier I - wspétudzial w procesie pozyskiwania danych do eks-
perymentalnej bazy danych) wykorzystanych do walidacji proponowanego sposobu ekstrakcji
sktadowej oddechowej z sygnatu PPG (sekcja 3);

— analizie uzyskanych wynikéw badan; oszacowaniu ztonosci obliczeniowej proponowanego spo-
sobu ekstrakcji sktadowej oddechowej z sygnalu PPG oraz innych metod dostepnych w litera-
turze (sekcja 4);

— sformulowaniu wnioskéw koncowych (sekcja 5).
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4. Piotr Kuwalek, Przemystaw Otomanski, Krzysztof Wandachowicz, Influence of the Phenomenon
of Spectrum Leakage on the Evaluation Process of Metrological Properties of Power Quality Ana-
lyser, Energies, 2020, vol. 13, n0.20 , art. no. 5338, DOI: 10.3390/en13205338.

Punktacja MEiN (MNiSW): 140, IF: 3,004, udzial procentowy: 40%.
Méj wklad w powstanie tej pracy polegal na:

— opisie zjawiska “przecieku widma”w procesie oceny jakosci energii elektrycznej (sekcja 3);

— opisie okien pomiarowych umozliwiajacych minimalizacje skutkow zjawiska “przecieku widma” w
pomiarach wyzszych harmonicznych; zaproponowaniu uzycia okna typu Flat Top w pomiarach
wyzszych harmonicznych oraz w pomiarach wspoétczynnika catkowitego znieksztalcenia napie-
cia THD (sekcja 4);

— wykonaniu badan eksperymentalnych dla analizatoréw jakosci energii elektrycznej klasy A,
na podstawie ktérych dokonano jakosciowej i iloSciowej oceny wplywu zjawiska “przecieku
widmana pomiar harmonicznych i THD (sekcja 5);

— na przygotowaniu i wykonaniu badan symulacyjnych, na podstawie ktérych dokonano jakoscio-
wej i ilodciowej oceny skutecznosci réznych okien pomiarowych w pomiarach harmonicznych i
THD (sekcja 6).

5.1.2 Publikacje w recenzowanych czasopismach krajowych i zagranicznych nieujetych
przez Journal Citation Reports (JCR)

1. Piotr Kuwalek, The Application of Kernel Density Estimation for Aided the Process of Loca-
ting Sources of Voltage Fluctuations, Przegled Elektrotechniczny, 2019, vol. 95, no. 8, pp. 70-74,
DOI: 10.15199/48.2019.08.18.

Punktacja MEiN (MNiSW): 20.

“W artykule przedstawiono ulepszenie wielopunktowej metody identyfikacji zrédet wahan napie-
cia bazujacej na analizie zmiennoéci napiecia. Ulepszenie polega na wykorzystaniu estymatora
jadrowego gestosci do analizy statystycznej. Przedstawiono problemy, mogace zaburzaé przeprowa-
dzenie poprawnego procesu lokalizacji z wykorzystaniem metod wielopunktowych, ktére do oceny
statystycznej wykorzystuja inne metody statystycznej analizy nieparametrycznej. Przedstawiono
rezultaty badan symulacyjnych, pokazujace korzysci zaproponowanego ulepszenia. Oméwiono moz-
liwoéé automatycznej lokalizacji zroédel wahan napiecia oraz praktycznej implementacji metody w
przyrzadach pomiarowo-rejestrujacych.”

2. Piotr Kuwalek, Problem “przecieku widma”w procesie oceny jakosci energii elektrycznej, Poznan
University of Technology Academic Journals. FElectrical Engineering, 2019, vol. 97, pp. 63-73,
DOI: 10.21008/j.1897-0737.2019.97.0006.

Punktacja MEiN (MNiSW): 5.

“ W artykule przedstawiono wyniki symulacji zwigzane ze zjawiskiem “przecieku widma”w procesie
oceny jakosci energii elektrycznej. Przedstawiono analizowane sygnaly testowe wraz z ich opisem
funkcyjnym. Dla wybranych przebiegéw przeprowadzono analize widmowa FFT z wykorzystaniem
programu MATLAB. Podczas symulacji zmieniano czestotliwo$é sygnatu badanego w zakresie do-
puszczalnych odchylen czestotliwosci napiecia sieci okreslonych odpowiednig normg. Przy zmianie
wspomnianego parametru monitorowano btedy pomiaru zawarto$ci wyzszych harmonicznych przy
zastosowaniu wybranych okien czasowych.”

3. Waldemar Jesko, Piotr Kuwalek, Bezprzewodowa sieciowa karta pomiarowa, Poznan
University of Technology Academic Journals. FElectrical Engineering, 2019, vol. 100, pp. 19-28,
DOI: 10.21008/j.1897-0737.2019.100.0002.

Punktacja MEiN (MNiSW): 5, udzial procentowy: 10%.
Moj wklad w powstanie tej pracy polegal na testach stworzonej prototypowanej bezprzewodowe;j
karty pomiarowe;j.
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4. Piotr Kuwatek, The Problem of ,Spectrum Leakage” in the Measurement of Harmonics, ITM

Web of Conferences, 2019, vol. 28, art. no. 01044, DOI: 10.1051 /itmconf/20192801044.
Punktacja MEiN (MNiSW): 5.
“ W artykule przedstawiono wyniki badan symulacyjnych ukazujacych problem “przecieku widma”w
pomiarach harmonicznych. Na wstepie w artykule oméwiono zagadnienia zwigzane z koniecznoscia
analizy jakosci energii oraz zjawiskiem ,przecieku widma”. Nastepnie dla sygnaléw testowych wy-
konano pomiar harmonicznych zgodnie z obowiazujaca norma. W trakcie badan symulacyjnych
zmieniano czestotliwo$é badanego sygnalu w zakresie dopuszczalnych odchylen czestotliwosci na-
piecia w sieci elektroenergetycznej okreslonych odpowiednig norma. Wyznaczono btad pomiaru
harmonicznych ze znanym widmem sygnaléow testowych. W artykule przedstawiono metrologiczna
interpretacje uzyskanych wynikéw oraz sformutowano wnioski.”

5. Waldemar Jesko, Piotr Kuwalek, The prototype of a wireless measurement card, ITM Web of
Conferences, 2019, vol. 28, art. no. 01045, DOI: 10.1051 /itmconf/20192801045.
Punktacja MEiN (MNiSW): 5, udzial procentowy: 10%.
Moj wklad w powstanie tej pracy polegal na testach stworzonej prototypowanej bezprzewodowe;j
karty pomiarowe;j.

6. Piotr Kuwatek, Przemystaw Otomanski, Wplyw wartosci skutecznej sygnatu na doktadnosé po-
miaru zawartoéci harmonicznych, Poznan University of Technology Academic Journals. Electrical
Engineering, 2017, vol. 90, pp. 213-221, DOI: 10.21008/;.1897-0737.2017.90.0019.

Punktacja MEiN (MNiSW): 9, udzial procentowy: 90%.
Méj wklad w powstanie tej pracy polegal na:

— opisie zagadnienia rozwiniecia funkcji okresowej w szereg Fouriera (sekcja 2);
— opisie zagadnienia analizy harmonicznych wybranych sygnaléw (sekcja 3);

— wykonaniu badan eksperymentalnych, na podstawie ktorych dokonano oceny zalezno$ci war-
tosci skutecznej od bledu pomiaru wyzszych harmonicznych; analizie otrzymanych wynikéw
badan (sekcja 4);

— na sformulowaniu wnioskéw koncowych (sekcja 5).

5.1.3 Rozdzialy w monografiach naukowych

1. Piotr Kuwalek, Influence of Voltage Variation on the Measurement of Total Harmonic Distortion
(THD) by AMI Smart Electricity Meters, Proceedings of the 13th International Conference on Me-
asurement, IEEE, Bratystawa, Stowacja, 2021, pp. 159-162, DOI: 10.23919/Measurement52780.2021.9446802
Punktacja MEiN (MNiSW): 20.
“W artykule przedstawiono przyktadowe wyniki pomiaru THD inteligentnymi licznikami energii
elektrycznej AMI oraz wybranym analizatorem jakosci energii klasy A w sytuacji wystepowania
wahan napiecia. Przedstawiono metrologiczna interpretacje uzyskanych wynikéw oraz wskazano
problem rozbieznosci wskazan THD w sytuacji wystapienia wahan napiecia, ktora wynika z wybra-
nej implementacji zaleznosci okreslajacej THD.”

2. Piotr Kuwatek, Trace of Flicker Sources by Using Non-Parametric Statistical Analysis of Voltage
Changes, Proceedings of the 19th International Conference on Harmonics and Quality of Power,
IEEE, Dubaj, Zjednoczone Emiraty Arabskie, 2020, pp. 1-6, DOI: 10.1109/ICHQP46026.2020.9177871.
Punktacja MEiN (MNiSW): 20.

“W artykule zaproponowano zastosowanie wielopunktowej nieparametrycznej metody analizy sta-
tystycznej zmian napiecia w celu identyfikacji zrédet wahan napiecia w sieci elektroenergetyczne;j.
Omowiono estymacje jadrowa gestosci, ktora zostata wykorzystana w metodzie analizy statystycz-
nej. Nastepnie omoéwiono propagacje wahan napiecia, na podstawie ktérej zaproponowana metoda
pozwala na identyfikacje zrédla zaklocen. Omébwiono poszczegdlne etapy proponowanej metody
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oraz wykorzystano proces lokalizacji obciazen zaktécajacych dla trzech symulowanych przypadkéw
w programie SIMULINK/MATLAB.”

3. Piotr Kuwalek, Grzegorz Wiczyniski, Krzysztof Chmielowiec, Zastosowanie licznikéw AMI do
oceny jakosci energii elektrycznej, V Konferencja Naukowo-Techniczna: Pomiary i diagnostyka w
sieciach elektroenergetycznych, Polskie Towarzystwo Przesytu i Rozdzialu Energii Elektrycznej, Ko-
tobrzeg, Polska, 2020, pp. 1-11.

Punktacja MEiN (MNiSW): 5, udzial procentowy: 50%.

Moj wkiad w powstanie tej pracy polegal na przegladzie inteligentnych licznikéw energii elek-
trycznej AMI (Advanced Metering Infrastructure) dostepnych na rynku, ktére wyposazone sa w
funkcjonalnos¢ pomiaru i oceny jakoéci energii elektrycznej, z uwzglednieniem wymagan prawnych
i normatywnych w tym zakresie.

4. Piotr Kuwalek, Przemystaw Otomanski, The Effect of the Phenomenon of “Spectrum Leaka-
geén the Measurement of Power Quality Parameters, Proceedings of the 12th International Confe-
rence on Measurement, IEEE, Smolenice, Stowacja, 2019, pp. 70-73, DOI: 10.23919/MEASURE-
MENT47340.2019.8779957.

Punktacja MEiN (MNiSW): 20, udzial procentowy: 90%.
Moj wkitad w powstanie tej pracy polegal na:

— opisie zjawiska “przecieku widma”w pomiarach harmonicznych i THD (sekcja 2);

— przygotowaniu i wykonaniu badan eksperymentalnych dla analizatoréow jakosci energii elek-
trycznej klasy B, na podstawie ktérych dokonano jakosciowej i iloSciowej oceny wplywu zjawi-
ska “przecieku widmana pomiar harmonicznych i THD; na przygotowaniu i wykonaniu badan
symulacyjnych, na podstawie ktérych oceniono uzytecznosé okna typu Flat Top w pomiarach
harmonicznych i THD (sekcja 3);

— na sformulowaniu wnioskéw koncowych (sekcja 4).

5. Piotr Kuwatek, Przemystaw Otomanski, Application of Fourier Series to Determine the Measu-
rements Error of Harmonics with Selected Power Quality Analysers, Proceedings of the 11th Interna-
tional Conference on Measurement, IEEE, Smolenice, Stowacja, 2017, pp. 15-18, DOI: 10.23919/ME-
ASUREMENT.2017.7983525.

Punktacja MEiN (MNiSW): 15, udzial procentowy: 30%.
Méj wklad w powstanie tej pracy polegal na:

— opisie zagadnienia rozwiniecia funkcji okresowej w szereg Fouriera (sekcja 2);

— opisie zagadnienia analizy harmonicznych wybranych sygnaléw (sekcja 3);

— wykonaniu badan eksperymentalnych, na podstawie ktorych dokonano oceny zaleznoéci war-
tosci skutecznej od bledu pomiaru wyzszych harmonicznych; analizie otrzymanych wynikéw
badan (sekcja 4);

— na sformulowaniu wnioskéw koncowych (sekcja 5).

5.1.4 Wystapienia na konferencjach krajowych i miedzynarodowych w roli prelegenta

1. Piotr Kuwatek, Grzegorz Wiczynski, Pomiar licznikami AMI wskaZnika Ps napieé¢ odksztalco-
nych wywotanych oddzialywaniem zasilaczy impulsowych, VI Konferencja Naukowo-Techniczna:
Pomiary © diagnostyka w sieciach elektroenergetycznych, Poznan, Polska, 16-17.06.2021.

2. Piotr Kuwalek, Influence of Voltage Variation on the Measurement of Total Harmonic Distor-
tion (THD) by AMI Smart Electricity Meters, 13th International Conference on Measurement,
Bratystawa, Stowacja, 17-19.05.2021.
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10.

11.

12.

5.2

. Piotr Kuwalek, Comparison of the Estimation Errors of Parameters Associated with Individual

Voltage Fluctuations Sources using Selected Decomposition Methods, 13th International Conference
on Measurement, Bratystawa, Stowacja, 17-19.05.2021.

. Piotr Kuwatek, Grzegorz Wiczynski, Krzysztof Chmielowiec, Zastosowanie licznikow AMI do

oceny jakosci energii elektrycznej, V Konferencja Naukowo-Techniczna: Pomiary i diagnostyka w
steciach elektroenergetycznych, Kotobrzeg, Polska, 28-29.10.2020.

. Piotr Kuwatlek, Trace of Flicker Sources by Using Non-Parametric Statistical Analysis of Voltage

Changes, 19th International Conference on Harmonics and Quality of Power, Dubaj, Zjednoczone
Emiraty Arabskie, 6-7.07.2020.

. Piotr Kuwatek, Increase of Diagnostic Capabilities of Voltage Fluctuation Indicies, 19th Inter-

national Conference on Harmonics and Quality of Power, Dubaj, Zjednoczone Emiraty Arabskie,
6-7.07.2020.

Piotr Kuwatek, Przemystaw Otomanski, The Effect of the Phenomenon of “Spectrum Leakagedn
the Measurement of Power Quality Parameters, 12th International Conference on Measurement,
Smolenice, Stowacja, 27-29.05.2019.

. Piotr Kuwalek, Problem “przecieku widma”w procesie oceny jakosci energii elektrycznej, 24th

Scientific Conference on Computer Applications in Electrical Engineering, Poznan, Polska, 15.04.2019.

. Waldemar Jesko, Piotr Kuwalek, Bezprzewodowa sieciowa karta pomiarowa, 24th Scientific Con-

ference on Computer Applications in FElectrical Engineering, Poznan, Polska, 15.04.2019.

Piotr Kuwalek, Identyfikacja wybranych parametréw zrédel wahan napiecia z wykorzystaniem
ulepszonej empirycznej transformaty falkowej, 51. Miedzyuczelniana Konferencja Metrologow, Opole-
Moszna, Polska, 23-25.09.2019.

Przemystaw Otomanski, Piotr Kuwatek, Application of Fourier Series to Determine the Measu-
rements Error of Harmonics with Selected Power Quality Analysers, 11th International Conference
on Measurement, Smolenice, Stowacja, 29-31.05.2017.

Piotr Kuwalek, Przemystaw Otomanski, Wplyw wartosci skutecznej sygnatu na doktadnosé po-
miaru zawartosci harmonicznych, 22th Scientific Conference on Computer Applications in Electrical
Engineering, Poznan, Polska, 10-11.04.2017.

Udzial w projektach naukowych
Kierownik projektu SB MK 2021 pt. “Zwiekszenie mozliwosci technik diagnostycznych w elektro-

technice poprzez zastosowanie zaawansowanych narzedzi do przetwarzania sygnatéow” (0212/SBAD/0541)

finansowanego z Subwencji Wydzialu Automatyki, Robotyki i Elektrotechniki Politechniki Poznan-
skiej, termin realizacji: 2021.

Wykonawca w projekcie SB MK 2021 pt. “Badanie wplywu nieostrosci rejestrowanego termogramu
na wartos¢ niepewnosci termowizyjnego pomiaru temperatury” (0212/SBAD/0542) finansowanego
z Subwencji Wydzialu Automatyki, Robotyki i Elektrotechniki Politechniki Poznanskiej, termin
realizacji: 2021.

Wykonawca w projekcie SB 2021 pt. “Pomiary wielkosci elektrycznych i nieelektrycznych w diagno-
styce uktadéw elektrycznych, elektronicznych i o§wietleniowych” (0212/SBAD/0539) finansowanego
z Subwencji Wydziatu Automatyki, Robotyki i Elektrotechniki Politechniki Poznanskiej, termin
realizacji: 2021-2022.
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5.3

5.4

5.5

Wykonawca w projekcie SB 2020 pt. “Pozyskiwanie i przetwarzanie wybranych sygnaléow dia-
gnostycznych”(0212/SBAD/0515) finansowanego z Subwencji Wydzialu Automatyki, Robotyki i
Elektrotechniki Politechniki Poznanskiej, termin realizacji: 2020-2021.

Kierownik projektu SB MK 2020 pt. Zwickszenie mozliwoéci diagnostycznych wskaznikéw wahan
napiecia” (0212/SBAD/0525) finansowanego z Subwencji Wydzialu Automatyki, Robotyki i Elek-
trotechniki Politechniki Poznanskiej, termin realizacji: 2020.

Koordynator i specjalista od przetwarzania sygnaléw w projekcie e-Pionier I (WG-POPC.03.03.00-
00-0008/16-00) finansowanym przez Narodowe Centrum Badan i Rozwoju NCBIR pt. “System
monitorowania funkcji zyciowychzozwiazujacy problem gospodarczy pt. “Nieefektywny monitoring
0s6b zatrzymanych” (55/08/2019/UD), termin realizacji: 2019-2020.

Wykonawca w projekcie SB 2019 pt. “Pozyskiwanie i przetwarzanie wybranych sygnaléow dia-
gnostycznych” (04/42/SBAD/0487) finansowanego z Subwencji Wydzialu Automatyki, Robotyki i
Elektrotechniki Politechniki Poznanskiej, termin realizacji: 2019-2020.

Kierownik projektu SB MK 2019 pt. “Zwiekszenie mozliwosci identyfikacji zrédet wahan napiecia
oraz zmniejszenie bltedéow pomiaréw wyzszych harmonicznych celem poprawy procesu diagnostyki
jakosci energii elektryczne” (04/42/SBAD/0493) finansowanego z Subwencji Wydzialu Automatyki,
Robotyki i Elektrotechniki Politechniki Poznanskiej, termin realizacji: 2019.

Recenzowanie artykuléw do czasopism naukowych

Archives of Electrical Engineering, 2021, liczb recenzji: 3.

EAT CICom 2021 - 2nd EAI International Conference on Computational Intelligence and Commu-
nications, 2021, liczba recenzji: 5.

IEEE Transactions on Industrial Electronics, 2020, liczba recenzji: 3.

Miedzynarodowe i krajowe nagrody za dzialalno$¢ naukowg
Laureat stypendium START 2021 finansowanego przez Fundacje na rzecz Nauki Polskiej (FNP).

Laureat nagrody “Young Investigator Award” za najlepsza prezentacje ustna na 13th International
Conference on Measurement - MEASUREMENT 2021, Bratystawa, Stowacja (uczestnicy konferen-
cji pochodzili z 18 krajow).

Nagroda II stopnia JM Rektora Politechniki Poznanskiej za wyrdzniajace sie osiggniecia w pracy
naukowej za rok 2020.

Laureat gtéwnej nagrody w VIII edycji konkursu Oddziatu Polskiej Akademii Nauk w Poznaniu na
najlepsza prace badawcza opublikowana w 2019 roku - Nagroda w obszarze nauk technicznych
Piotr Kuwalek, AM Modulation Signal Estimation Allowing Further Research on Sources of
Voltage Fluctuations, IEEE Transactions on Industrial Electronics, 2019 (tryb Farly Access).

Nagroda JM Rektora Politechniki Poznanskiej za osiagniecia w pracy naukowej za rok 2019.

Czlonkostwo w organizacjach oraz towarzystwach naukowych

Czlonkostwo Institute of Electrical and Electronics Engineers (IEEE), sekcja Power and Energy
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Abstract: The current study presents a novel approach to the selective identification and localization
of voltage fluctuation sources in power grids, considering individual disturbing loads changing their
state with a frequency of up to 150 Hz. The implementation of the proposed approach in the existing
infrastructure of smart metering allows for the identification and localization of the individual sources
of disturbances in real time. The proposed approach first performs the estimation of the modulation
signal using a carrier signal estimator, which allows for a modulation signal with a frequency greater
than the power frequency to be estimated. In the next step, the estimated modulating signal is
decomposed into component signals associated with individual sources of voltage fluctuations using
an enhanced empirical wavelet transform. In the last step, a statistical evaluation of the propagation
of component signals with a comparable fundamental frequency is performed, which allows for
the supply point of a particular disturbing load to be determined. The proposed approach is verified
in numerical simulation studies using MATLAB/SIMULINK and in experimental studies carried
out in a real low-voltage power grid. The research carried out shows that the proposed approach
allows for the selective identification and localization of voltage fluctuation sources changing their
state with a frequency of up to 150 Hz, unlike other methods currently used in practice.

Keywords: decomposition; demodulation; enhanced empirical wavelet transform (EEWT); identifi-
cation; noxious load; power quality; voltage fluctuation

1. Introduction

One of the typical disturbances in power grids is voltage fluctuation [1]. According to
the International Electrotechnical Commission (IEC) definition, voltage fluctuations are
defined as fast changes of the instantaneous root mean square (RMS) value of voltage [2].
The occurrence of this phenomenon may lead to incorrect operation of other loads supplied
from the same network that supplies the noxiousload [3—6]. If these loads are light sources,
the voltage fluctuation can cause an obnoxious flicker [7,8], which may induce depressive or
epileptic states. Incandescent and discharge light sources are the most sensitive to voltage
fluctuations. However, research results from recent years show that LED lamps with built-
in switching power supplies or supplied directly from the power grid are also sensitive to
voltage fluctuations [9], which is also shown on the basis of a signal from a photodiode
with a spectral sensitivity similar to that of the human eye [10,11]. Therefore, it is important
to detect the voltage fluctuation [12-14], to locate voltage fluctuation sources [15] (e.g., by
using histogram analysis for voltage fluctuation indices [16]; voltage fluctuation amplitude
analysis [17]; kernel density estimation analysis for voltage fluctuation indices [18]; a
multi-level perceptron neural network [19]; a Jacobian matrix for gradients of voltage
amplitudes [20]; analysis of power of voltage fluctuations [21]; or analysis of active power
changes [22]), and to eliminate disturbances caused by them [23].

Nowadays, appropriate steps to minimize voltage fluctuations in a power grid are
undertaken when a complaint is filed by a power consumer. In this case, there is a need
to identify disturbing loads in the power grid. Single-point methods for the identification
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of sources of disturbances are dominant in the literature (e.g., methods using analysis of
interharmonic power direction [24]; analysis of the correlation of changes in the flicker
severity and/or changes in the active and reactive power [25]; analysis of voltage/current
harmonics [26]; analysis of the power of voltage fluctuations [21]; or analysis of active
power changes [22]). However, in most cases, single-point methods only allow for one
side (the power consumer or power supplier) to be determined at the point of common
coupling, which is the main source of disturbance. Often, a multi-step iterative process is
required to locate the dominant source of voltage fluctuations in the power grid. Multiple-
point methods are characterized by greater diagnostic possibilities, which with the use
of simultaneous measurements in the power grid allow one to determine the point of
supply of the main source of disturbances in one step [16-20,27,28]. If many disturbance
sources occur, then the identification of individual disturbing loads on the basis of one
period of simultaneous measurements is possible only after eliminating the main source
of disturbances. Moreover, the current solutions proposed in the literature do not allow
for the identification of sources of voltage fluctuations that change their operating state
with a frequency greater than the power frequency f, [29,30] (e.g., power electronic de-
vices [31-35]). These disturbance sources can cause an obnoxious flicker, because in the
demodulation process of the IEC flickermeter, the components of the modulating signal
with the frequency f; in the band from f. to 3f. (associated with the disturbance source)
become components of the flicker with the frequency |2f. — f;|. The current methods of
identifying sources of disturbance proposed in the literature do not differentiate sources
changing their operating state with a low frequency from sources changing their oper-
ating state with a frequency greater than f; (e.g., in the case of two disturbance sources
changing their operating state with a frequency f; and 2f.+f;, current solutions proposed
in the literature identify these two sources as one source and indicate only the supply point
of the disturbing load, which is the most distant from the substation).

The current paper proposes a novel approach that allows for the selective identifica-
tion and localization of many significant disturbance sources on the basis of one period
of simultaneous measurement of the instantaneous voltage in the power grid. Localiza-
tion is understood to indicate the supply point of the disturbance load. Identification is
understood as the estimation of parameters associated with individual disturbance loads
(e.g., by estimating the rate of changes in the operating state of individual disturbance
loads). Identification allows a preliminary assessment of disturbance source types, and
localization allows for the determination of which point in the power grid is supplied by
a specific disturbance source. Selectivity is understood to indicate the supply point and
parameters associated with particular disturbing loads. The proposed approach allows
for identification of the supply point of a noxious load, considering the sources of voltage
fluctuations changing their operating state with a frequency of up to 3f. (up to 150 Hz
for f. =50Hz or up to 180Hz for f. = 60 Hz). The proposed approach uses a statistical
assessment of component signal propagation of the estimated real voltage AM modulating
signal. The implementation of the proposed approach in the existing infrastructure of smart
metering allows for the individual source of disturbances in real time to be identified. The
proposed approach is a complex concept, but the implementation of the algorithm in the
smart metering infrastructure allows for the identification and localization of disturbing
loads without expert knowledge. Currently, there are no solutions in the literature with the
presented advantages of the proposed approach.

2. Algorithm for Selective Identification and Localization of Voltage
Fluctuation Sources

The proposed algorithm for the selective identification and localization of individual
voltage fluctuation sources is presented in Figure 1. The proposed approach consists of
three main steps and is performed in an iterative process for 1 min intervals. In each
iteration, first, the real AM modulating signal is estimated using carrier signal estimation
according to the algorithm presented in Figure 2. A detailed description of the selected
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AM demodulation method, verification of its correctness, and its limitations are presented
in [36].

Recording u(t) for selected measuring points
and short-term flicker indicator Pst

Is Pst at
measuring point
greater than
imit value?2

Erase u(f)

Yes

Division of the sampled
voltage u(t) into blocks of 60s

A T TVI- W P

AM Demodulation u(t) using
carrier signal estimation

EEWT Decomposition of modulating
signal AM into N components

!

Estimation of fundamental
frequency fi and determination of
mean A of estimated amplitudes

for i-th components associated
with individual disturbing loads

!

Determination of characteristics A=f(/)
for components with comparable
fundamental frequency fi

!

Determination of global maximum /pi
of A=f(l) for each j=1,...,N (identical
to indication of power supply of i-th

disturbing load at distance /ri from

power station) :
Yes f

!

CALCULATIONS PERFORMED IN 60s BLOCK

Is there relation
described by (1)?

Erase u(t) and remember each fi, Ai, Ipi
from (N-17)-th iteration

Figure 1. Proposed algorithm for selective identification and localization of individual disturb-
ing load.
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( Start )
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voltage waveform u(t)
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the average voltage
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obtained from
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u(t), u(txT), u(tx2T), ...

Cubic Hermite spline
interpolation of averaged
values of instantaneous

the input signal u(f) voltage

End
Figure 2. Algorithm for approximating the modulating signal using the estimated carrier signal [36].

In the next step, the estimated voltage modulating AM signal is decomposed using
the enhanced empirical wavelet transform (EEWT) into N components. For individual i-th
components, the fundamental frequency f; and the average of the amplitudes of voltage
changes A; are determined (excluding outliers). The fundamental frequency f; is defined
as the global maximum of the spectrum of the autocorrelation function of the i-th com-
ponent signal. In the case of noisy non-stationary component signals, the estimation of
the fundamental frequency should be performed for the spectrum after the regulariza-

tion process using the moving average. The amplitudes of changes (ki(l), k), .. ) of

the i-th component signal are determined as a half of the difference between the values
of local extremes separated by a period of time equal to at least 1/(1.5f;). The selection
of the boundary for the distance between the adjacent extremes results from the quasi-
periodic changes in the operating state of voltage fluctuation sources, so f; is the average
fundamental frequency of the i-th component signal. Hence, the distance between the in-

dividual amplitudes (ki(l),ki(z), .. ) of the i-th component signal can have a deviation
from the estimated value of 1/ f;. The mean A;(excluding outliers) of the amplitudes of
changes (ki(l), ki, .. ) of the i-th component signal after filtration with a moving average

filter with a cut-off frequency of 2f; is used to selectively identify sources of disturbances.
Averaging with the exclusion of outliers is carried out to take into account the random
nature of the real sources of voltage fluctuations and to exclude local changes resulting
from switching processes. The correctness of the decomposition of the real voltage modulat-
ing AM signal and the determination of selected parameters associated with the influence
of the i-th disturbing source is described in [37].

Finally, the selective identification and localization of voltage fluctuation sources are
carried out by assessing the propagation of the i-th component of the modulating AM
signal, assuming that the propagation of this component proceeds in the same way as
the propagation of the resultant voltage fluctuation in the power grid (resultant modulation
signal) [16-18,38]. The propagation of the resultant voltage fluctuation can be discussed
with the use of the simple diagram shown in Figure 3. Without loss of generality, it
is assumed that the impedance of the neutral line is zero, the transients in the circuit
tend to zero, the supply voltage e(t) is undistorted, and the single-phase power system is
considered. For the presented case, it is possible to use the representation of rotating vectors
on the complex plane. Considering that voltage fluctuations are caused by disturbing loads
that change their operating state, the impedance of a disturbing load can be described
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by the relation Z,,(t) =

Zopy (t)’ ¢/9(1). Based on the impedance, the admittance can be

determined as Y, (t) = ﬁ(t) Should the load be cyclically turned on and off, then the load

admittance

@(t)‘ = ‘Zo:(t) cyclically changes from a value equal to 0 to a determined

value Y,;. For chaotic loads (e.g., arc furnaces) or loads equipped with additional soft-
start systems, it is commonly observed that also after being switched on, the module
and the argument of Z,,(t) or Y,,(t) are changed with time. For other power loads
and the supply line, it is assumed that their impedance Z; is constant. In addition, for
the impedance of individual line sections, it is assumed that their impedance modulus is
proportional to the distance [.

Z=l\Z|e"
1=0 4 I=a__I=b

u, 0| | | Za0=1201¢"

()

Figure 3. Diagram of a simplified single-phase power supply system for a disturbing load [18].

Considering the assumptions and using Kirchhoff’s current and voltage law, the volt-
age at the load power supply terminals at the distance I = a4 is as follows:

Zob(t)‘umeﬂwtw(t)—wz(t))
Ugp(t) = — 1

2 2
\/12‘21‘ + |Za(®)] +21|21] | Zan(8) | cos(y — 9 (1))

<l’Zl’cosyb+

+j(l‘zl‘ sin g +

where:

@(t)‘ cos go(t)) +

()
Z(1)]sin (1))

T12(t) = arg

Equation (1) can be identified with amplitude and angle/phase modulation (AM-
PM/FM) [39]. For a stiff power grid, the frequency change is usually not greater than
+50mHz [40]. Hence, simplifying for such power grid, the voltage fluctuation can be
identified with amplitude modulation AM [41-44]. Equation (1) shows that the voltage
fluctuation depends on the distance /. For [ = 0m, the voltage amplitude is constant, so there
is no voltage fluctuation. The greatest fluctuations occur for / = am; that is, at the point of
supply of the disturbing load. The rate of the increase in the amplitude of voltage changes
on the section from [ = 0m to [ = am depends on the parameters of the supply line and
the value of the load impedance seen from the terminals e(t). For loads supplied from
the same circuit, not being the source of voltage fluctuations, at a distance of | > am,
the voltage fluctuations are constant or are slightly suppressed by the supply line [16-18].
The discussed situation with a linear approximation of the dependence of the voltage
fluctuation on the distance is shown in Figure 4. The propagation assessment for branching
radial topology is carried out in the same way as for the assumed single-phase power
supply circuit [16,45].
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Figure 4. Linear approximation of the dependence 6 Vmayx = £(I) [18].

Assuming that the propagation of the modulating signal component proceeds in
the same way as the propagation of the resultant voltage fluctuation in the power grid,
the indication of the supply point of a noxious load is carried out by determining the dis-
tance Ip, for which the mean value of the amplitude changes in the i-th component signal
(with a comparable fundamental frequency for selected measuring points) achieves its
global maximum value.

The iterative process starts with N = 1 (the number of decomposition signals asso-
ciated with the individual voltage fluctuation sources) and is repeated with an increase
in N until any two i-th component signals lead to the indication of the same supply point.
N — 1iteration is important in the process of locating supply points for disturbing loads.
However, for the process of identifying (recognizing) disturbing sources, the N-th iteration
can be used (or subsequent iterations with an increase in N), provided that for the funda-
mental frequencies of any two component signals whose propagation assessment leads to
the indication of the same point, dependence:

T jet,N: (iintn, ~1p;) {fi - )ch B ff‘ vii= nf]-} ®

is not satisfied, where n € {1,2,3,4,5}, f is the power frequency, i.e., 50 Hz or 60 Hz.
The dependence described by (3) for the fundamental frequency of any two component
signals, whose propagation assessment leads to the indication of the same point, can result
from an incorrect carrier signal estimation or an incorrect (redundant) decomposition of
the modulating signal. A graphic representation of the process of selective identification
and localization of voltage fluctuation sources is shown in Figure 5.

The algorithm performs selective identification and localization of disturbing loads
on the basis of simultaneous recordings of instantaneous voltage values with a sam-
pling frequency of at least 12 kHz for the period of discrimination in which the influence
of the disturbing source occurred. The sampling frequency of 12kHz results from the
Kotelnikov-Shanon theorem and the necessity to consider the band of the signal up to
the 40th harmonic of the modulating signal with the fundamental frequency equal to the
maximum assumed rate of changes in the disturbing load state (the analysis up to the
40th harmonic results from the fact that in the case of an asymmetrical operating cycle of
disturbance sources, the signal energy is concentrated around higher harmonics [37]). The
selection of the period of discrimination that should be stored can be made dependent on
the monitoring of the selected voltage fluctuation indicator. In the paper, the main consid-
eration is a low-voltage network with a radial topology with branches (the topology most
commonly used in low-voltage networks). Therefore, in the paper, the recording periods of
instantaneous voltage values are stored when the short-term flicker Ps; at the end of the line
is greater than 0.8. The adopted limit value results from the fact that the acceptable limit
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value of the indicator Py in the low-voltage network is 1.0 and considering the situation
when voltage fluctuations may be suppressed by the capacitive nature of the line, resulting
in a reduction in the P;; value on the end of the line. In the future, the selection of the period
of discrimination can be performed automatically by using the infrastructure of smart
meters, which, within a separate structure of the power grid, will simultaneously record
the instantaneous voltage values and store them in 10-min intervals (Ps; measurement
period), if the indicator Py at the end of the line achieves the limit value. For the registered
voltage samples, the algorithm presented in Figure 1 will be triggered, then the devices can
delete recorded voltage samples from the memory and store in the memory only the result
of the proposed algorithm.

P, P, P, P,
QD T
MV/LV

i \ DEMODULATIONV
: EEWT £P3 5 P4 P3
; DECOMPOSITION f ~f,
umod1(t) U u M U U f { [2[{ () I
. g * _ ‘ “
Unocall) ———— 7 T ‘-. mwm :
: ASSESSMENT ./
' OF PROPAGATION - ;

Ay A5 (=)

point of disturbance
sources Supply - P3(A1max)’ P4(A2max)

Figure 5. Graphic representation of the process of selective identification of supply point of voltage
fluctuation source.



Energies 2021, 14, 6585

8 of 19

3. Selected Configurations of Low-Voltage Networks

The research focused mainly on low-voltage networks, because the voltage fluctua-
tions most often occur in them. Currently, most of the low-voltage networks in Poland
are radial topologies with branches. The proposed approach was verified in experimental
studies in a real power grid with the structure shown in Figure 6b and in simulation studies
using the MATLAB/SIMULINK program, in which the network structures presented in
Figure 6 were modeled.

a)
Sk P+ P2 P3 Pa Ps
| | '|TI' '|T|' '|T|'
I @ I I I2 I3 la -'T
MV/LV
SP;S\;V:nZ Transformer: Section | Section I Section Il Section IV
b)
Sk P+ P2 Ps P4 Ps
| | '|T|' TTC '|T|'
I CZD I I I2 I3 la -'T
MV/LV
SF’yoSvtv:nrq Transformer: Section | Section Il Section Il Section IV
Ps P7
Is s -'T

Section V Section VI

Figure 6. Low-voltage power grid configurations selected for testing: (a) radial topology, (b) branch-
ing radial topology.

Considering the negative impact of voltage fluctuations on other loads supplied from
the same network as the disturbing load and technical limitations, experimental verification
could only be performed in one network configuration. Therefore, additional simulation
studies were carried out with consideration of many configurations of the low-voltage
power network with the topology shown in Figure 6. The parameters of selected power
networks presented in Figure 6 are presented in Tables 1-4.

Table 1. Parameters of selected low-voltage power grid configurations with radial topology—Line 1.

I; S R X z
Parameter SCP Type (m) (mm2) (mQ) (mQ) (mQ)
Power System 80 MVA - - - 0.0 2.2 22
Transformer 315 kVA - - - 9.2 21.5 23.3
Section I - Cable line—Al 200 120 51.0 134 52.7
Section II - Overhead line—Al 200 70 87.4 66.0 109.5
Section III - Overhead line—Al 200 50 122.7 66.0 139.4
Section IV - Cable line—Cu 25 10 45.8 2.0 45.8
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Table 2. Parameters of selected low-voltage power grid configurations with radial topology—Line 2.

I; S R X Z
Parameter SCP Type (m) (mm2) (mQ) (mQ) (mQ)

Power System 200 MVA - - - 0.0 0.9 0.9
Transformer 630 kKVA - - - 3.8 10.8 114
Section I - Cable line—Al 200 240 25.6 13.2 28.8
Section II - Cable line—Al 200 120 51.0 13.4 52.7
Section III - Cable line—Al 200 120 51.0 134 52.7
Section IV - Cable line—Cu 25 25 28.8 19 28.8

Table 3. Parameters of selected low-voltage power grid configurations with radial topology—Line 3.

I; S R X z
Parameter SCP Type (m) (mm2) (mQ) (mQ) (mQ)
Power System 60 MVA - - - 0.0 29 29
Transformer 100 kVA - - - 35.2 62.7 71.9
Section I - Overhead line—Al 200 70 87.4 66.0 109.5
Section II - Overhead line—Al 200 50 122.7 66.0 139.4
Section III - Overhead line—Al 200 35 175.3 66.0 187.3
Section IV - Cable line—Al 25 16 47.0 19 47.0

Table 4. Parameters of selected low-voltage power grid configurations with branching radial topology—Line 4.

I; S R X z
Parameter SCP Type (m) (mm2) (mQ) (mQY) (mQ)

Power System 200 MVA - - - 0.0 0.9 0.9
Transformer 630 kVA - - - 3.8 10.8 114
Section I - Overhead line—Al 300 70 150.0 31.4 153.3
Section II - Overhead line—Al 250 50 150.0 31.4 153.3
Section III - Overhead line—Al 100 35 100.0 69.1 121.6
Section IV - Cable line—Al 50 16 50.0 2.1 50.0
Section V - Overhead line— Al 100 35 100.0 69.1 121.6
Section VI - Cable line—Al 50 16 50.0 2.1 50.0

4. Verification of the Algorithm for Selective Identification and Localization of Voltage
Fluctuation Sources

Simulation verification of the proposed algorithm for the selective identification and
localization of voltage fluctuation sources was carried out for many power grid topologies,
considering the influence of many disturbing sources that change their operating state
with different frequencies. Considering the paper’s clarity, only five cases described in
Table 5 were selected for each line presented in Section 3. Experimental verification of
the proposed algorithm for the selective identification and localization of sources of voltage
fluctuation was carried out for five cases described in Table 5 and for line 4.
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Table 5. Selected cases for verification of the proposed algorithm for selective identification and
localization of voltage fluctuation sources.

Disturbing Load
3 kW Convection Heating 2 kW Convection-Radiation Heating
System with SSR TRIAC System with SSR MOSFET
Control System Control System
Case
No. Rate of Point of Rate of Point of
Change in Disturbance Change in Disturbance
Operating Sources Supply Operating Sources Supply
State on Line 1-4 State on Line 1-3 (Line 4)
fi (HZ) Pi fi (HZ) Pi
I 0.5 Py 100.5 P3 (Pg)
I 0.5 Py 91.2 P5 (Pe)
I 0.5 Py 8.8 P; (D)
v 0.5 Py 91.2 Py (Py)
\% 0.5 Py 8.8 Py (Py)

The rates of changes in the operating state of disturbing loads in individual cases were
selected in such a way that the adopted limit value Ps; = 0.8 was exceeded at the end of
the line. The presented cases include the following:

¢ identification of a “slow” voltage fluctuation source (changing its operating state with
a frequency lower than the power frequency) and a “fast” voltage fluctuation source
(changing its operating state with a frequency greater than the power frequency),
which are supplied from the same supply point or a separate supply point;

*  identification of two “slow” sources of voltage fluctuation, which are supplied from
the same supply point or a separate supply point;

e  identification of a “slow” source of voltage fluctuation and a “fast” source of voltage
fluctuation, which result in a flicker of the same frequency and are supplied from
a separate supply point.

For the selected frequency values, in most cases, it is impossible to correctly identify
all the disturbing sources using other methods of voltage fluctuation source identification
available in the literature. In the experimental verification, the source of interference
was a 3kW convection heating system with the SSR-TRIAC control system (switching
the heating system with a frequency of up to 50Hz) and a 2kW convection-radiation
heating system with the SSR-MOSFET control system (switching the heating system up to
150 Hz). In the simulation verification, the sources of voltage fluctuation were modeled
as in the experimental verification to compare the results of simulation and experimental
studies. In the research, disturbing sources were single-phase supplied, so all results
presented in Section 4 are limited only to the phase in which the disturbance occurred.
The presented approach can be performed in a similar way in the other phases, if voltage
fluctuation occurs in them. In addition, a random operation of other loads supplied
from the same network by random switching on and off of resistive loads up to 1 kW at
individual points P;—P; of the network was modeled in the simulation verification.

Figure 7 shows a graphical representation of the proposed approach for Case I for Line 1.
The results for all cases considered are shown in Tables 6-9. The individual tables present
the simulation and experimental results (shown in brackets) of the proposed approach and
compare them with other exemplary methods of identifying sources of voltage fluctuation
using the statistical analysis of the rms value changes 6V [16-18,45] or the value of the short-
term flicker indicator Ps; [24,25,46], which are currently used in real power grids to locate
disturbing sources. Bold font with a grey background indicates the supply point of the dis-
turbing load, which was determined using the proposed approach (columns f; and A;) and
the currently used methods (columns Ps; and 6 Vinax, where 6 Vinay is the maximum change
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in the rms value of voltage in the period of discrimination). Figure 8 shows a graphical
representation that allows comparison of the proposed approach with other methods used
in practice for Case I of Line 4 (numerical simulation research results for the power grid
model in MATLAB/SIMULINK and experimental research results for the real power grid
(LV network)).

The instantaneous voltage values at individual points in the network (the input data
of the proposed approach) were recorded synchronously in the simulation variant and
asynchronously with a 2 min delay in the experimental variant. The asynchrony of the mea-
surements in the experimental variant resulted from hardware limitations. It is worth
noting that with the de-synchronization of the measurements in the experimental variant,
there are visible problems in the correct location of the disturbing sources by the currently
used identification methods. As a consequence, the currently used methods can incorrectly
indicate a supply point of a disturbing load (see Table 9) when de-synchronization of
the measurements occurs. Moreover, the currently used identification methods mainly
allow one to locate the dominant source of disturbance. The problems of locating more
sources of voltage fluctuation (especially in the case of the radial network) by the currently
used methods of identifying the sources of voltage fluctuations are presentedin [16-18,38].
For the proposed approach, small de-synchronization (up to 2 min) of voltage measure-
ments at individual points of the network does not cause problems in the correct location
of disturbing loads. The proposed approach in each considered case allows the sources of
disturbances in the power grid to be identified and for their supply point to be determined.

P =) =) point of disturbance
1 2 3 4 5
1_@ | T I T T I T T I |—-'-|_ sources supply - P, (A ax)
|

P,

~0.012 ‘ ‘ ‘ .
= 0.006
aw W
0 200 400 600 625 |
‘ ‘ [(m) ~0.006 |
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Figure 7. Graphical representation of the proposed approach for Case I and for Line 1.
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Table 6. The numerical simulation research results for Line 1.

Distancefrom the Power

Modulating Signal Components Associated
with Individual Disturbing Load

. P, st (_) 5 Vmax (V)
Case No. Station I (m) e (0) e (D)
f1 (Hz) A1 () f> (Hz) Az ()

0 0.5 0.000 99.5 0.000 0.12 0.3

300 0.5 0.003 100.5 0.002 0.73 1.6

I 550 0.5 0.008 100.5 0.005 1.95 43

650 0.5 0.014 100.5 0.005 3.62 7.3

700 0.5 0.014 100.5 0.005 3.62 7.3

0 0.5 0.000 91.2 0.000 0.23 0.4

300 0.5 0.003 91.2 0.002 1.18 22

1 550 0.5 0.008 91.2 0.005 3.26 6.0

650 0.5 0.014 91.2 0.005 4.58 9.6

700 0.5 0.014 91.2 0.005 4.58 9.6

0 0.5 0.000 8.8* 0.000 0.16 0.2

300 0.5 0.003 8.8 0.002 1.75 23

111 550 0.5 0.007 8.8 0.005 4.56 6.0

650 0.5 0.014 8.8 0.005 5.56 9.0

700 0.5 0.014 8.8 0.005 5.56 9.0

0 0.5 0.000 91.2 0.000 0.18 0.3

300 0.5 0.003 91.2 0.002 1.14 2.1

1\Y 550 0.5 0.007 91.2 0.005 3.16 5.9
650 0.5 0.014 91.2 0.009 5.97 11.2 @)

700 0.5 0.014 91.2 0.009 5.97 11.2

0 0.5 0.000 8.8* 0.000 0.16 0.2

300 0.5 0.003 8.8 0.002 1.73 2.3

\Y% 550 0.5 0.007 8.8 0.005 4.50 5.9
650 0.5 0.014 8.8 0.010 8.43 10.9 @

700 0.5 0.014 8.8 0.010 8.43 10.9

*—The problem during decomposition. The resulting component has a significantly different frequency than 8.8 Hz, but has a negligibly

small amplitude. (®/(2)—The method of statistically assessing the propagation of voltage changes 8V using histograms allows for
the correct indication of supply points of disturbing loads without/with a correct estimation of the rate of changes in their operating state.

Table 7. The numerical simulation research results for Line 2.

Distancefrom the Power

Modulating Signal Components Associated
with Individual Disturbing Load

Case No. . Py () O Vmax (V)
Station I (m) tmodr (£) tmoda ()
f1 (Hz) A1 () f2 (Hz) A ()

0 0.5 0.000 100.5 0.000 0.10 0.2

200 0.5 0.002 100.5 0.001 0.42 1.0

I 400 0.5 0.004 100.5 0.002 1.07 2.5
600 0.5 0.007 100.5 0.002 1.74 3.8

625 0.5 0.007 100.5 0.002 1.74 3.8

0 0.5 0.000 91.2 0.000 0.18 0.3

200 0.5 0.001 91.2 0.001 0.77 15

II 400 0.5 0.004 91.2 0.002 1.80 3.4
600 0.5 0.007 91.2 0.002 2.32 4.8

625 0.5 0.007 91.2 0.002 2.32 48
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Table 7. Cont.
Modulating Signal Components Associated
Distancefrom the Power with Individual Disturbing Load
Case No. Station I (m) 8 Pyt (-) Vmax (V)
umodl(t) umodz(t)
f1 (Hz) A1 () f> (Hz) Az ()
0 0.5 0.000 8.8 * 0.000 0.07 0.1
200 0.5 0.001 8.8 0.001 0.88 1.2
111 400 0.5 0.004 8.8 0.003 2.50 3.3
600 0.5 0.007 8.8 0.003 2.90 4.6
625 0.5 0.007 8.8 0.003 2.90 4.6
0 0.5 0.000 91.2 0.000 0.16 0.2
200 0.5 0.001 91.2 0.001 0.73 1.4
1A% 400 0.5 0.004 91.2 0.002 1.76 3.3
600 0.5 0.007 91.2 0.004 2.83 54 2
625 0.5 0.007 91.2 0.004 2.83 5.4
0 0.5 0.000 8.8% 0.000 0.07 0.1
200 0.5 0.001 8.8 0.001 0.88 1.2
A\ 400 0.5 0.004 8.8 0.003 2.50 3.3
600 0.5 0.007 8.8 0.003 2.90 4.6 @
625 0.5 0.007 8.8 0.003 2.90 4.6

*—The problem during decomposition. The resulting component has a significantly different frequency than 8.8 Hz, but has a negligibly
small amplitude. ) /() —The method of statistically assessing the propagation of voltage changes JV using histograms allows for the correct indication of

supply points of disturbing loads without/with a correct estimation of the rate of changes in their operating state.

Table 8. The numerical simulation research results for Line 3.

Distancefrom the Power

Modulating Signal Components Associated
with Individual Disturbing Load

. P () 6Viax (V)
Case No. Station I (m) tmodr () tmodn (D)
f1 Hz) A1 (5 f2 (Hz) Az ()
0 0.5 0.001 100.5 0.001 0.28 0.7
200 0.5 0.006 100.5 0.004 1.46 3.2
I 400 0.5 0.012 100.5 0.008 3.15 6.9
600 0.5 0.021 100.5 0.008 5.63 11.1
625 0.5 0.021 100.5 0.008 5.63 11.1
0 0.5 0.001 91.2 0.001 0.58 1.1
200 0.5 0.005 91.2 0.004 2.56 47
Il 400 0.5 0.012 91.2 0.008 5.29 9.7
600 0.5 0.021 91.2 0.008 7.21 14.4
625 0.5 0.021 91.2 0.008 7.21 14.4
0 0.5 0.001 8.8 0.001 0.59 0.8
200 0.5 0.005 8.8 0.004 3.36 4.4
III 400 0.5 0.011 8.8 0.008 7.27 942
600 0.5 0.021 8.8 0.008 8.67 13.6 (@)
625 0.5 0.021 8.8 0.008 8.67 13.6
0 0.5 0.001 91.2 0.001 0.54 1.0
200 0.5 0.005 91.2 0.004 2.49 47
v 400 0.5 0.012 91.2 0.008 5.21 9.6
600 0.5 0.021 91.2 0.014 9.09 16.5 (2)
625 0.5 0.021 91.2 0.014 9.09 16.5
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Table 8. Cont.

Modulating Signal Components Associated

Distancefrom the Power

with Individual Disturbing Load

Case No. . Py (-) 6 Vmax (V)
Station I (m) - tmodn(P)
f1 (Hz) A1 () f> (Hz) Az ()
0 0.5 0.001 8.8 0.001 0.59 0.8
200 0.5 0.005 8.8 0.004 3.29 43
\Y4 400 0.5 0.001 8.8 0.008 7.12 9.2
600 0.5 0.021 8.8 0.014 12.70 16.2 (2)
625 0.5 0.021 8.8 0.014 12.70 16.2

(2) /() _The method of statistically assessing the propagation of voltage changes 8V using histograms allows for the correct indication of
supply points of disturbing loads without/with a correct estimation of the rate of changes in their operating state.

SIMULATION RESEARCH RESULTS
FOR THE POWER GRID MODEL
IN MATLAB/SIMULINK

EXPERIMENTAL RESEARCH RESULTS
FOR THE REAL POWER GRID
(LOW VOLTAGE NETWORK)

real points of disturbance sources supply - P, and Pg

e PN
llj1 Py Py { P4\ Ps 'IDW P, Ps { P4\ Ps
+CDH +CDH
MV/LV MV/LV
(a) point of disturbance (a) point of disturbance -
sources supply - Pg (Aq12) sources supply - Pg (Aqax)
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Figure 8. Comparison of the proposed approach (marked as (a)) with other methods (the method using

the statistical analysis of the rms value changes §V marked as (b) and the method using the statistical

analysis of the Ps; value marked as (c)) for case I of Line 4 (simulation and experimental variant).
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Table 9. The simulation and experimental (in brackets) research results in the real power grid—Line 4.
Modulating Signal Components Associated
Case No. Distansc:te;ftli'grlt?ne1 )Power with Individual Disturbing Load P, (O SVimax (V)
Umod1 (D) Umod2(t)
fiHz) A1) faHz) A2 )
0 0.5 (8:888) 1005 (82882) <823§> (822)
s O s gm0 23 s
550 05 (8:8}% 1005 (8:882) (i:gé) (18:2)
: 650 0.5 (8;8}% LELLE (g:gﬁ) (i:;‘;) 1(11'16.;)
700 05 (8:8}% 100.5 (8:83) (i;i) (1123? ;
650 0.5 (g:gg) 1005 (82882) (Z:gg) 1&Z.zi§)
700 0.5 (8:835) 1005 (82882) (629; f (giz)
: s UM wa gmom w
300 0.5 (8:88;) 912 (8288?) (gigé) (Z:g)
550 0.5 (8:8}?) 912 (8:883) (ZZZ?) (ﬁig)
. 650 05 (8:8}?) A% Gwer @8 1(61;);2))
700 0.5 (8:8}‘;’) 91.2 (8:83) (ijgé) (12:8)
650 0.5 (g:gﬁ) 91.2 (8:883) (;tgé) 1(6;;2))
700 05 omy 2 gom os' ash’
0 5 gy %% oo 0 09
300 05 (8:88;) 8.8 (8:882) é:gg) (;:Z)
550 5 oo % oo o) (iié
o [ e dee
700 0.5 (8:8}% 8.8 (8:8};) (1124.509) (12:8)
650 05 ©.023) 58 0o [ (ﬁ:;)%
700 0.5 (8:8% 8.8 (8283) (}(1):;?) (151;:;)
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Table 9. Cont.

Modulating Signal Components Associated

Case No. DiStarlsizft;gnmlt?; )Power with Individual Disturbing Load P () Vinax (V)
Umod1 () Umod2(f)
f1 (Hz) A1 (O f2 (Hz) Az ()

0 5 oy 2 oon 0% 09

300 5 e 2 o 63 o)

550 0.5 (8:8}% 91.2 (8:883) (Z:g) (S:Z)
. 8 am "2 wm om o
700 05 (8:852) 91.2 (8:815) (g:g;) (1195.;; ;
0 ST A S ¥

700 05 o092 oo esnt (39

0 0.5 (8:88(1)) 88 (8:88(1)) (82;) (8;)

300 05 (8:88;) 8.8 (8:882) (;L:Z?) (;Zg)

550 0.5 (8:8}?) 8.8 (8:812) (19(5?436) (}ZZS)
y 650 05 0029 8.8 OE) (i 2(01'3.((;)
700 0.5 (gjgﬁg) 8.8 (8:8%) &iié(f) (2%)(.)6?; t
- 05 ams s 000 et el

700 0.5 (8:8}% 8.8 (8:812) (11)(.)4%% ¥ (}Zé)

(2) /() _The method of statistically assessing the propagation of voltage changes 8V using histograms allows for the correct indication of

supply points of disturbing loads without/with a correct estimation of the rate of changes in their operating state. f—Incorrect indication of
the point of disturbance source supply.

5. Conclusions

The current paper has presented a proposed algorithm for the selective identification
and localization of the sources of voltage fluctuation in a power grid, which allows the de-
termination of the supply point of individual disturbing loads. The presented approach
first considers sources of voltage fluctuation, which change their operating state with
a frequency greater than the power frequency. These types of disturbances are caused,
for example, by power electronic devices, whose number in the power grid shows an
increasing trend. Apart from the presented algorithm of selective identification and local-
ization of disturbing loads, there are no solutions that would allow for the identification
and localization of disturbing sources with the consideration of rapid voltage changes with
a frequency of up to 150 Hz.

The correctness of the proposed approach was verified in experimental and simulation
studies. The research considered the branching radial topology common in low-voltage
networks. The correctness of identification was verified for selected hybrid configurations
of power networks in the considered topologies (network consisting of overhead and
cable lines of different cross-sections and with different short-circuit power of the network
and medium-voltage/low-voltage transformer). The considered sections of different line
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impedance and line nature can cause incorrect identification and localization of disturb-
ing sources using the currently used statistical methods. This problem does not affect
the accuracy of the proposed approach. The presented research results show that only the
proposed algorithm for the selective identification and localization of voltage fluctuation
sources allows the identification of voltage fluctuation sources and determination of their
supply points with consideration of disturbing sources changing their operating state
with a frequency of up to 150 Hz. For disturbing loads that change their operating state
with a frequency lower than the power frequency, there are problems with the correct
identification of voltage fluctuation sources when using other methods used in practice
for a stiff power grid with significant short-circuit power or for the measurement of de-
synchronization at individual points in the network. In such a case, the proposed approach
allows sources of voltage fluctuation to be identified (determination of the frequency of
changes in the operating state of the disturbance source) and for their supply points to
be determined.

The limitations of the proposed approach include the problem of correct identification of
disturbing sources supplied from one point in the case of the relationship described by (3),
which is closely related to the demodulation method used with carrier signal estimation.
The second significant limitation may be the identification of sources changing their state
with a comparable frequency because of the problem of correct division of the signal
spectrum in the decomposition process with the use of the EEWT, which is described
in [37]. The solution to the presented limitations can be the use of the decomposition
method, in which the base signals will be a function describing the shape of voltage
fluctuations caused by the influence of typical sources of voltage fluctuation in the power
grid. The acquisition of base signals that require long-term recordings of instantaneous
voltage values at many points in the power grid and the use of demodulation with carrier
signal estimation will be the subjects of further research.
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Abbreviations
The following abbreviations are used in this manuscript:

AM Amplitude modulation.
EEWT Enhanced empirical wavelet transform.

u(t) Instantaneous values of voltage.

e(t) Instantaneous values of sinusoidal (undistorted) nominal supply voltage.

fe Power frequency (50 Hz or 60 Hz)—nominal voltage frequency (carrier frequency).

fi Estimated fundamental frequency of i-th modulating signal component in period of dis-
crimination.

k; (i) Estimated j-th amplitude of i-th modulating signal component in period of discrimination.

Aj Mean of estimated amplitudes of i-th modulating signal component in period of dis-
crimination (excluding outliers).

N Number of voltage modulating signal components obtained using EEWT.

) Distance from power station.

Ip, Distance from power station of supply point of i-th disturbing load.

Py Short-term flicker indicator.

P; i-th supply point of loads in the power grid.
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Z Line impedance per unit length.

Z,,(t) Load impedance at time f.

Y,;(t) Load admittance at time t.

0Vmax  The maximum change in rms value of voltage in the period of discrimination.
LV Low voltage.

MV Medium voltage.

Cable/overhead line cross-section.
Cable/overhead line resistance of the length [;.
Cable/overhead line reactance of the length ;.
Cable/overhead line impedance of the length J;.
SCP Short-circuit power.

SSR Solid-state relay.

N > = 0
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Abstract. The paper presents preliminary research results on the estimation errors of parame-
ters associated with individual voltage fluctuations sources using selected decomposition meth-
ods, i.e. Empirical Mode Decomposition (EMD), Empirical Wavelet Transform (EWT), En-
hanced Empirical Wavelet Transform (EEWT). The estimated parameters are the rate of changes
in the operating state of disturbing loads and the voltage changes values caused by a particular
source of the disturbance. The decomposition of the voltage modulating signal, assuming that
the voltage fluctuations can be identified with the amplitude modulation without the suppressed
carrier wave, was used for estimation. The paper presents the results of experimental studies
that allow comparing the accuracy of the estimation errors of parameters associated with indi-
vidual voltage fluctuations sources using selected decomposition methods. Experimental studies
were included typical sources of voltage fluctuations that cause fast voltage changes.

Keywords: Decomposition, Demodulation, Power Quality, Voltage Fluctuations

1. Introduction

One of the typical disturbances in the power grid is voltage fluctuations, which can be defined
as fast changes in the maximum or rms value of a voltage [1]. Voltage fluctuations can cause
flicker and the incorrect operation of loads supplied from the power grid. Hence, it is important

to locate such loads to eliminate the interference they cause [2, 3].
The change in the maximum value of the voltage at time U,,(?) in a stiff power grid can be

identified with the change in the envelope of the amplitude modulated (AM) voltage (without the
suppressed carrier wave) [4, 5]. This assumption is used in the signal chain of flickermeter [6, 7],
allowing the measurement of indicators of short-term and long-term flicker. Typically, change
in the voltage envelope is the result of the impact of many sources of voltage fluctuations, so the
AM modulating signal is the resultant signal. The decomposition of the AM modulating signal
or the voltage envelope allows selective location sources of voltage fluctuations by assessing the

propagation of voltage changes associated with the individual voltage fluctuation sources [8].
The paper presents research results, assessing the diagnostic possibilities of decomposition

(Empirical Mode Decomposition (EMD) [9], Empirical Wavelet Transform (EWT) [10] or En-
hanced Empirical Wavelet Transform (EEWT) [11]) for the estimation of selected parameters
(the rate of changes f;, in the operating state of disturbing loads and the voltage changes values
(60U /U,,) caused by a particular source of disturbance), which are associated with the individ-
ual sources of voltage fluctuations. In the experimental research, the rectangular shape with an
asymmetrical duty cycle was considered, because most voltage fluctuations are caused by rapid
voltage changes [12, 8, 13].

2. Identification of Parameters Associated With Voltage Fluctuation Sources

The identification algorithm is precisely discussed in [8], where the EEWT algorithm is used to
decompose the modulating signal [14]. However, it does not discuss the impact of the decom-
position method on the accuracy of identification of selected parameters. Hence, an attempt
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is made to evaluate the estimation errors of selected parameters depending on the selected
method of decomposition in the signal chain of the identification algorithm [8]. Fig. 1 shows the
waveform of the voltage envelope in case of occurring one source of voltage fluctuations, with
marked considered parameters associated with its operation. In the case of independent oper-
ation of more sources of disturbance, the modulating signal or voltage envelope is the sum of
signals associated with individual sources [12, 8]. Voltage fluctuations with the shape shown in
Figure 1 are typical disturbance and result from cyclic switching on and off of loads [8, 13, 12].

Um (t) [']

T

Fig. 1: The example of a voltage envelope with variation caused by cyclic switching on and off of load

3. Research Results

To compare the estimation error of amplitude and frequency of voltage changes associated with
the specific disturbing loads, the following coefficients are assumed: k. /k and f,,c/ f,n assessing
the decomposition accuracy for correct estimation of the amplitude (6U/U,,=2k) and frequency
respectively, of voltage changes caused by individual sources of disturbance, where k. and f;,.
are respectively the amplitude and frequency of the estimated components of the modulation

signal. For ideal decomposition, the k./k and fy,c/ fin should be equal to one.
In experimental studies, voltage fluctuations were modeled in accordance with the equation:

u(t) = \/EUC Sin(27 fet ) [1 4 tpoq1 () + tmoaz (1)) 5 (D

where U,.=230V, f.=50Hz. In the research it was assumed that the components of modulating
signal (t,,,041(t) and u,,42(t)) are rectangular signals with a duty cycle 6 = ton/ (ton +torr),
described by the equation:

umodl(t) - { _ki lei+t0N <t< (l+1)Tm, ) (2)

where: i=1,2; k; and T,,,;=1/ f,;,; is respectively the amplitude and period of the modulation signal
associated with the i-th source of voltage fluctuations, and / is any natural number.

To evaluate the accuracy of the estimation of selected parameters using the EMD, EWT
and EEWT decomposition, the following parameters of the component signals were assumed:
k>=0.025 (depth of modulation of 5%), k; € [0.005 (depth modulation of 2%); 0.05 (depth mod-
ulation of 10%)], f,x=2Hz, f,,1 € [0.01;50] Hz, 6,=50%, 0, € {10%, 30%, 50%, 70%, 90%}.

In experimental research, using an arbitrary generator in PicoScope 5444d, a sinusoidal sig-
nal with f,=50Hz (carrier signal) was AM modulated (without suppressed carrier wave) with
signal described by equation (1). Using the amplifier built into CHROMA 61502, the modu-
lated signal was amplified to the voltage level in the low voltage network (the gain was selected
in such a way that the rms value of voltage U, without modulation (carrier signal), was equal
to the nominal value of voltage in the low voltage network). The amplified voltage signal was
recorded using the measuring card PicoScope 5444d. For the recorded signal, the amplitude
and frequency of individual components of the modulation signal (associated with individual
disturbing loads), obtained from the decomposition were estimated.
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Figure 2 shows an example of an given component signal u,,,41(¢) with f,,;=5Hz, k;=0,025,
and 0;=90%; and its estimation obtained using EMD, EWT and EEWT. Estimated parameters
kic and f,1. associated with selected disturbing load are marked on the presented waveforms.
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Fig. 2: The example of the given component signal u,,,41(t) with f,,,1=5Hz, k1=0,025, and 6;=90% (a);
and its estimation obtained using EMD (b), EWT (c) and EEWT (d)

Figures. 3 shows the characteristics ki./ki=f(fin1) and finic/ fini=f(fin1) for weq1(t) with
the amplitude of k; = 0,05 and with the duty cycle of 8; €{50%, 90%}. The characteristics
ke/k=t(fim1) and fiue/ fin=f(fin1) fOr thy042(2), and for u,,,41(t) with other parameters k| and 8y,
are omitted, because the tendency of error for these cases are coincided with the presented
results.
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(b) The characteristic ki./ki = f(fui;k1 =0,05;6; = 50%; fir = 2Hz;ky = 0,025; 8, = 50%);
(c) The characteristic fuic/fm1 = £(fm13k1 =0,05;8, = 90%:; fur = 2Hz;k, = 0,025; 8, = 50%);
(d) The characteristic k1. /k; = £ (fm1;k1 = 0,05;8; = 90%; fo = 2Hz;kp = 0,025; 8, = 50%)

4. Discussion and Conclusions

The best estimation of the selected parameters is achieved when both component signals have
the duty cycle of 50%. In this case, the fundamental harmonic in the spectrum of the compo-
nent signal is dominant. If the fundamental harmonic in the spectrum of the component signal
is significantly lower than the higher harmonics (6; €{10%, 90%}), the decomposition error in-
creases. If additionally f,,,; = f2, the shape of the estimated component signals is significantly
distorted and maximal errors of estimation of the desired parameters occur. The maximum error
mainly depends on the contribution of the fundamental harmonic in the spectrum of the compo-
nent signal (duty cycle 8). If the frequency of the component signals is equal (f,;1 = fin2), the
individual component signals are not detected.

ISBN 978-80-972629-5-2 95



MEASUREMENT 2021, Proceedings of the 13th International Conference, Smolenice, Slovakia

The estimation error of amplitude of the voltage changes 6U/U,,=2k caused by the specific
disturbing loads, is greater than the frequency estimation error because of rapid changes Gibbs
effect has occurred. For the EEWT and EWT methods, the error does not depend on the ampli-
tude value of the component signal, unlike the EMD method. For the EMD method, as the value
of the amplitude of the component signal decreases, the inaccuracy of the estimation of consid-
ered parameters for this component signal increases. This is dangerous because in practice the
relative amplitude of the voltage changes 6U/U,, caused by the individual disturbing loads are
small (k <1). For the EWT method, the amplitude estimation error is much greater than for the

EEWT method.
The EEWT method does not cause data redundancy, which is for EWT and EMD methods.

The EMD decomposition creates redundant signals resulting from the operation of the algo-
rithm, that does not have a physical interpretation. The data redundancy in EWT method results
from the incorrect division of the spectrum of AM modulating signal. Thus, several EWT re-
sult signals can create one real signal associated with the source of voltage fluctuations. Fur-
thermore, EMD and EWT causes excessive changes (Figure 2), which may result in incorrect
locating of the disturbing load in the power grid.
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Estimation of Parameters Associated With Individual
Sources of Voltage Fluctuations

Piotr Kuwalek

Abstract—The paper presents research results on a novel al-
gorithm that allows estimation of parameters associated with the
specific voltage fluctuation sources in the power grid, which change
their operating state with a frequency of up to 150 Hz. The proposed
algorithm allows estimating the rate of changes of the disturbing
load state, the amplitude, and shape of voltage changes caused
by specific sources of disturbances. The decomposition of the es-
timated AM modulation voltage signal in the power grid is used to
implement the algorithm. The algorithm uses a carrier function es-
timator, which allows research on disturbing loads that change their
operating state with a frequency greater than the power frequency.
The enhanced empirical wavelet transform is used for the decom-
position, which allows recreating the selected parameters, consid-
ering random operation of disturbing loads. Accurate recreation
of selected parameters will allow selective location of disturbing
loads by assessing the propagation of voltage fluctuations caused
by specific sources of disturbances. An alternative algorithm has
been proposed with coding of voltage changes to voltage fluctuation
indices determined from the estimated AM modulation signal of
voltage, allowing reducing the necessary memory of the measuring
device. Experimental studies have been conducted for the proposed
algorithms, considering rapid voltage changes.

Index Terms—Decomposition, demodulation, EEWT, power
quality, voltage variation, voltage fluctuations indices.

NOMENCLATURE

U(t) Instantaneous rms value of voltage.

Un Nominal rms value of voltage.

Un, Amplitude of the voltage carrier signal.

Uy Nominal value of the voltage carrier signal amplitude
(for an ideal sine wave U, ,, = V2UN).

uenv(t)  Voltage envelope.

Umod(t)  Resultant voltage modulating signal - a signal asso-
ciated with the resultant impact of sources of distur-
bances (Ueny (t) = Upn |1 + tmoa(t)]).

Umod, (t) Component voltage modulating signal - a signal asso-
ciated with the impact of i-th source of disturbances.

0; Duty cycle of the i-th component of the modulating
signal.

fm Frequency of the modulating signal.

S, Frequency of the i-th component of the modulating
signal.
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Fmac Estimator of frequency of the i-th component of the
modulating signal.
k; Amplitude of the i-th component of the modulating

signal (umodi (t) =k Umod, )

i max{|wmod, | }

kic Estimator of amplitude of the i-th component of the
modulating signal

T Period of voltage fluctuation indices discrimination.

Umin Minimum value of the voltage envelope ueny(t) in
the period 7.

Umax Maximum value of the voltage envelope weny (t) in
the period 7'

ov; Discriminated ¢-th change in the instantaneous rms
value of voltage U(t) in the period 7T'.

oU Maximum or second maximum of rms voltage

change 0V in the period 7.
f Rate (frequency) of changes in the instantaneous rms
value of voltage U (t) in the period T'.

O Veny, Discriminated i-th change in voltage envelope
Ueny (t) in the period T'.

OUeny Maximum or second maximum of voltage envelope
change Ve, in the period T'.

fenv Rate (frequency) of voltage envelope ueny () changes
in the period T' (feny = fin)-

6{‘;6—"” Determined i-th relative voltage envelope change.

‘SgA Maximum value of the relative voltage envelope
change Méﬁ (if the modulation signal has one com-

ponent, then 2 k = 6UU7:,V)'

1. INTRODUCTION

NE of the basic types of disturbances that occur in the

power grid are voltage fluctuations. Often voltage fluctu-
ation is defined as fast changes in the rms value of voltage [1].
Voltage fluctuations can disturb the correct operation of loads
connected to the power grid [2]-[5] and, in particular, cause
flicker [6], [7]. Therefore, to eliminate the disturbances caused
by such fluctuations, it is important to locate the disturbing loads
in the power grid [5], [8], [9].

Multi-point methods based on the assessment of propagation
of voltage fluctuations can be used to locate sources of distur-
bances. The assessment of propagation of voltage fluctuations is
based on the amplitude §U and rate of changes f (frequency for
periodic changes) in the rms value of the voltage in the power
grid. The amplitude of voltage changes §U depends on the prop-
erties of the power supply circuit and sources of interference.
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The maximum amplitude §U n,x occurs at the point of supply of
the dominant disturbing load [10], [11]. The amplitude §U can
be associated with the change in the current consumed by the
dominant disturbing loads (load changes). The rate (frequency)
of changes f depends only on the properties of the dominant
source of voltage fluctuations. Thus, the assessment of propaga-
tion of voltage fluctuations consists in analysing the amplitude
of voltage changes §U with a comparable frequency f at several
measuring points. Therefore, it is necessary that all measuring
devices at different points have synchronized measurements in
time.

Currently, the assessment of propagation of voltage fluctu-
ations is performed by statistical analysis of voltage changes
determined by voltage fluctuations, which are calculated from
U(t) (see Section IIT) [10]-[13]. The use of statistical analysis
enables reliable identification of the dominant source of voltage
fluctuations, whose probability of occurrence in the analysed
time interval is the greatest. This solution limits research on
voltage fluctuation sources to disturbing loads that changes
the operating state with a frequency of up to 30 Hz. This is
the result of the determining the fluctuation indices from the
change in the instantaneous rms value of voltage U (¢), which
has the properties of a low-pass filter. In recent years, it has been
shown that flicker occurs for the frequency of the AM mod-
ulating signal of voltage up to 150 Hz [14], [15]. Sources of
disturbances that change the operating state with a frequency of
up to 150 Hz are inter alia power electronics devices [16]-[18].
Research on this type of load should be included, as their number
in the power grid is still increasing [19].

Assessing the propagation of the component amplitude of the
voltage changes caused by the influence of a specific disturbing
load, will allow the selective location of voltage fluctuation
sources, thus changing the operating state with a frequency of
up to 150 Hz. For this purpose, it is necessary to accurately esti-
mate the amplitude, frequency and shape of voltage fluctuations
associated with the influence of individual sources of voltage
fluctuations that occur in the power grid. These parameters are
determined from the components of the voltage envelope (see
Section V) or the AM modulating signal, assuming that the
voltage fluctuations are identified with the AM modulation of
the voltage (see Section I'V) [20]. In general, voltage fluctuations
are identified with simultaneous amplitude and angle modula-
tion [21], but for a stiff power grid in which frequency fluctua-
tions are negligibly small, this assumption is correct. The error of
the estimated parameters associated with individual disturbing
loads is caused by error of the modulating signal estimation
and its decomposition. The article focuses on the method of
parameter estimation associated with the influence of individual
sources of voltage fluctuations. Selective location of voltage
fluctuation sources is the subject of a separate publication.

The proposed decompositions of the AM modulating signal
in the literature based only on flicker, refer to sinusoidal voltage
fluctuations [22]-[28], and limit research to sources of voltage
fluctuations with frequency smaller than the power frequency
(i.e., 50 Hz or 60 Hz). However, flicker is distorted relative
to the real AM modulating signal voltage for a modulation
frequency greater than 35 Hz or 42 Hz, with the power frequency
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of 50 Hz or 60 Hz, respectively. In addition, sinusoidal voltage
fluctuations rarely occur. Therefore, taking into consideration
voltage fluctuations with a rectangular waveform with an asym-
metrical duty cycle, a method (see Section II) is proposed
that allows estimation of selected real parameters of disturbing
loads that cause rapid changes in voltage. There are also loads
equipped with a softstart system, causing trapezoidal voltage
changes. However, probably the largest group of fluctuation
sources causes approximately step changes [10], [11], [29]-[31].
In addition, there are no known solutions to analyse voltage
fluctuations in the range from power frequency to 150 Hz.

In general, the innovation of the proposed approach is:

e identification of the real amplitude and frequency of
changes in the operating state of individual disturbing loads
(considering voltage fluctuation sources that change their
operating state with a frequency of up to 150 Hz and
cause rapid voltage changes) from the real AM modulating
signal, not from the flicker (e.g. power electronics device
that changes its operating state with a frequency of 108
Hz generate a flicker with a frequency of 8 Hz [14],
[15]; therefore, so based on flicker alone, the frequency
of operating state changes emanating from such sources of
voltage fluctuations cannot be assessed);

® using the author’s demodulation method [32] to obtain real
AM modulating signal;

® using a new method of empirical decomposition [33] to
identify desired parameters, allowing the most accurate
recreation of component AM-FM signals from currently
available decomposition methods; and carrying out a qual-
itative and quantitative assessment of the proposed ap-
proach;

® proposing a new method of obtaining voltage fluctuation
indices, allowing recreation of an envelope or modulating
signal with a frequency of up to 150 Hz (the current
method of determining voltage fluctuation indices, allows
recreating voltage variation with a frequency of up to
20 Hz [34]-[36]);

e using recreation of the voltage variation based on voltage
fluctuation indices; for practical implementation of the pro-
posed approach for the needs of long-term measurements
in the power grid (the version with coding).

II. ALGORITHM OF ESTIMATION OF PARAMETERS ASSOCIATED
WITH INDIVIDUAL SOURCES OF VOLTAGE FLUCTUATIONS

The proposed algorithm for estimating the parameters asso-
ciated with the individual i-th source of voltage fluctuations,
that is, the amplitude k; (relative value) and rate/frequency f,,,
(rate/frequency of operating state changes of disturbing loads)
of the voltage changes caused by them, is shown in Fig. 1.

The proposed algorithm is presented in two versions: with
and without coding. Implementation of algorithm 1.(a) (without
coding) requires storing a significant amount of data from the
recording device, that is, at least 12,000 samples per second of
voltage recording of a single phase, necessary to recreate the
shape of voltage changes with a rate of changes (frequency)
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Fig. 1. Diagram of the algorithm of estimation of parameters associated with
individual sources of voltage fluctuations, where: (a) the version without coding,
(b) the version with coding.

equal to 150 Hz. The algorithm 1.(b) (with coding) allows re-
ducing the recorder’s memory by encoding the AM modulating
signal into a voltage fluctuations indices, that is, (6 Uepy, fenv) (s€€
Section IIT). In the current recording and measuring devices,
the voltage fluctuation indices require the device to store eight
samples per voltage phase during one period of discrimination.
If the voltage fluctuation indices are registered every second,
the algorithm with coding allows a 1500-times decrease in the
required memory of the measuring and recording device.

Initially, in the case of the without coding version, a recorded
voltage u(t) is AM demodulated. At this stage, using a demodu-
lator that allows the accurate estimation of the modulating signal
is important. Among the currently used methods of AM demod-
ulation, the Hilbert transform demodulation achieves the best es-
timation of the modulating signal [37]. However, for f,,,>50Hz,
using Hilbert transform causes distortion of amplitude, fre-
quency and shape of the modulation signal. This causes exces-
sive and significant values of voltage changes ¢ Veyy, /Uy, that
do not really exist, as shown in the experimental verification
in Section VII. Therefore for correct identification of selected
parameters associated with sources of voltage fluctuations that
change their operating state with a frequency of up to 150 Hz, the
author proposes the use of the demodulation method presented
in [32].

In the next step, the estimated AM modulation signal is
decomposed using the Enhanced Empirical Wavelet Transform
(EEWT). The number of decomposed signals depends on the
number of independently working disturbing loads, which in the
analysed time interval causes significant voltage changes. In the
case of EEWT decomposition, the number of component signals
is determined in advance; therefore, an iterative process must be
performed. It begins with the decomposition into two component
signals. If one of the signals has a negligibly small amplitude
relative to the other, then iteration can be completed assuming
that there is one significant source of disturbance. Otherwise, the

number of decomposed signals increases iteratively until one
of them has a negligibly small amplitude relative to the other
signals. EEWT decomposition is discussed in Section V.

Finally, for each decomposed signal, relative
changes Vi, /U,, and rate of (frequency) changes feny
are determined, where U, is the amplitude of the voltage
carrier signal. The relative amplitude Uy, /U, is determined
as maximum to the relative changes dVepny,/Usy,. In the presented
approach, Uy, /U, and fe,, of the i-th component signal is an
estimator of k; and f,,,, respectively. To determine §Vpy, the
modified algorithm [11] is used, assuming a boundary speed
equal to 1% dU ,  /dt, where U,,, = V2Uy, and Uy is the
nominal voltage value in the power grid.

In the version with coding, the EEWT decomposition is
performed for the signal recreated from the voltage fluctuation
indices determined from the AM modulation signal. Coding
uses voltage fluctuation indices (see Section III) for storing
information on voltage fluctuations from the voltage envelope
or the AM modulation signal. The relationship between the
voltage envelope and the AM modulation signal is discussed in
Section IV. It is a lossy coding, and thus the information about
the shape of the voltage fluctuations and the moment of their
occurrence in the recorded time interval disappears. There are
methods [34], [35] that allow an approximate recreation of the
voltage envelope or AM modulation signal, but only in the range
up to 20 Hz, because of the conventional method of determining
voltage fluctuation indices. The determination of voltage fluctua-
tion indices from a modulating signal or voltage envelope, allows
consideration of disturbing loads with rate of voltage changes up
to 150 Hz. However, estimation errors of the voltage envelope
or the AM modulation signal causes determination errors of the
voltage fluctuations indices, and this causes voltage variation
recreation errors, as shown in Section VII.

III. VOLTAGE FLUCTUATIONS INDICES

Conventional voltage fluctuations indices [11] are a set of
magnitude 0U and rate of fluctuation f in the period of dis-
crimination 7. The magnitude 0U is the maximum or second
maximum of rms voltage change &V; in the period 7. The
rate f is the number of occurrences of changes dV; in the
period T'. To increase the capabilities of this measure, the rate of
fluctuation f is represented as a set of values, which inform about
numbers of voltage changes in selected subranges of value 0U.
The increase in sub-ranges enables a more accurate analysis of
voltage fluctuations; however, it also leads to an increase in the
memory in which the data for the period is stored. Therefore,
in practice, the following sub-ranges 6U are used: [1.0,0.9],
(0.9,0.8], (0.8,0.7], (0.7,0.5], (0,5,0.3], (0,3,0.1], (0.1,0.0) [38].

Voltage fluctuation indices allows assessment of the flicker
using the characteristic 6U = () [34]. The use of voltage fluc-
tuation indices allows indicating the supply point of a disturbing
load in the power grid [10]-[13]. To increase the capabilities of
research on the sources of voltage fluctuations, it is proposed
to calculate voltage fluctuation indices from the voltage en-
velope ueny(t) (see Section IV), and not from the change in
the instantaneous rms value of voltage U (t). In the latter part
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of this article, dUe,y is understood as the maximum change of
the voltage envelope 0Veny,. The rate feny is understood as the
number of occurrences of changes §Veyy, in the period T'.

IV. BLOCK OF AM DEMODULATION
A. AM Demodulation

”The purpose of modulation is to transform (the modulation
process) a message m(t) (impact of disturbing loads) into an-
other signal u(¢) that can be transmitted. The transformation
must be reversible so that m(¢) can be recovered (the demodu-
lation process) exactly from w(t) at the receiver. An AM signal
has the mathematical form (1):

u(t) - [1 + k- m(t)] : uc(t) ) (D

where: k is a positive constant called the amplitude sensitivity
of the modulator, u.(t) is called the carrier wave” [39]. When
there is no distortion of the voltage waveform in the power grid,
the carrier wave is described by (2):

Uc(t) = Upsin (2w fot) )

where, for example, for a low-voltage network, U, and f,.
are 23042V (Um/\/§ - nominal rms value of voltage) and
50 Hz (power frequency), respectively.

”The signal (3) is u(t) envelope:

Ueny (£) = Up |1+ k - m(t)] 3)

where: U, is the amplitude of the carrier wave” [39].

Furthermore, in the latter part of this article, the modulation
signal umeq(t) is assumed to be equal to k - m(t). In addition,
the voltage envelope is understood as the signal (3) proportional
to the amplitude of the carrier signal with a dc offset; therefore,
the estimation of the envelope makes it possible to estimate the
modulating signal and vice versa.

AM demodulation is a process of estimating wumoq(t) (or
voltage envelope ueny (t)) based on signal u(t).

B. Demodulation With Carrier Function Estimation

The demodulation proposed by the author with the estima-
tion of the carrier function [32] enables the estimation of the
AM modulating signal with frequency higher than that of the
carrier signal. If the voltage has no distortion in the power
grid, it is possible to perform a coherent demodulation using
the multiplication of modulated signal and the secant function.
It is an analogous, as dividing the appropriate instantaneous
values of the modulated waveform by the instantaneous values
of the carrier function, omitting the division by zero, for which
the value is estimated using Lagrange interpolation. To correct
the operation of the proposed demodulator in practice, the carrier
wave estimation must be performed. As the estimator of the
carrier signal, the average AM modulated signal is adopted, in
accordance with the algorithm shown in Fig. 2.

The estimation algorithm presented in Fig. 2 can also be
implemented in a moving block for 30 s. A detailed description
of the demodulator operation, argumentation of the selection of
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Fig. 3.

individual blocks, and comparison of the correctness of demod-
ulation with other methods of demodulation used in practice,
considering voltage distortion in the power grid, are presented
in [32].

V. BLOCK OF THE DECOMPOSITION OF THE AM
MODULATING SIGNAL

To extract the components of the signal modulating the voltage
in the power grid, which is the resultant signal of the influence of
individual disturbing loads, the EEWT algorithm is used. The
mathematical description of the algorithm is omitted because
it is presented in a separate publications [25], [33], [40], [41].
A simplified diagram of the EEWT algorithm is shown in Fig. 3.
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The advantage of EEWT is that there is no data redun-
dancy, which occurs with other decomposition methods such as
Empirical Mode Decomposition (EMD) or Empirical Wavelet
Transform (EWT) based on scale-space. In addition, as EEWT
is based on the signal spectrum, there are no signals that do
not have a physical interpretation, which can appear for EMD.
An overview of selected decomposition methods, a qualitative
comparison of the correctness of AM-FM component estimation
(in mathematical terms) and preliminary research results (the
author’s general idea) considering the application of EEWT to
voltage decomposition is presented in [42]. In addition, EEWT
creates a bank of adaptive wavelet filters, allowing recreation of
components with modulated amplitude and frequency. This is
particularly important, because operation of sources of voltage
fluctuations is random and does not cause periodic voltage
changes. The discussed situation can be presented using an
example of a modulating signal (individual elements of the real
modulating signal have variable amplitude and frequency, i.e.,
they are AM-FM modulated in themselves):

Umnd(t) = (Umodl (t) + umodZ(t)) ) 4)

where umoq1 (¢) is described by (5), and umoedn(t) is described
by (6):

Umod1 (t) = (1 + kans sin(27w fanrt)) ke

X sin (27 frn1t + kpa sin(2w fragt)),  (5)
Umod2 (t) = (1 + kans sin(2m fanrt)) ko

X Sin (27 ot + kparo sin(2w fragt)),  (6)

where: kAM = 0.05, fAJW =2 HZ, kFJWl = 0.1, kFMg = 0.5,
fram =2Hz, ky =02, ky = 0.25, fu1 = 5 Hz, fino = 11 Hz.
Coefficients have been arbitrarily adopted.

Signal (4) is the resultant signal of the influence of two dis-
turbing loads causing sinusoidal voltage fluctuations. Although
sinusoidal voltage fluctuations occur sporadically, they have
been included for didactic purpose of presenting the essence
of the EEWT method. The result of the EEWT decomposition
of signal (4) is shown in Fig. 4, excluding transient states. The
duration of transient states for EEWT decomposition is equal
to the period of individual decomposed signals; therefore, for
every resultant signal of EEWT occur at different transient
time. Because the graphs partially overlap, the line of individual
waveforms cannot be observed.

EEWT implementations in the MATLAB, by Giless [43], are
used for conducting the research.

VI. BLOCK OF THE RECREATION OF VOLTAGE CHANGES

To limit the amount of input data, voltage fluctuations infor-
mation was coded into the voltage fluctuation indices calculated
from the voltage envelope w.,, (t). It is also possible to register
the indicators from the voltage modulating signal using the
linear transformation resulting from (3). In the next step for
registered voltage fluctuations indices, it is possible to approxi-
mate the recreated voltage variation, to implement the proposed
analysis of disturbing loads using EEWT. Error estimating the
modulating signal or envelope results in the error of recreating
these signals from voltage fluctuations indices. Experimental
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Fig.4. Waveforms of EEWT decomposition signals and of errors determining
difference between the known and recreated signal, where MOD 1ggwt () is the
estimated umodi (¢); and MOD2ggwr () is the estimated umoqz (t)-

verification of the correctness of recreation of voltage changes
depending on the demodulator used is performed, the results of
which are presented in Section VII.

Algorithm A was used to recreate the voltage changes. Algo-
rithm A is based on the assumption that most disturbing loads
cause rapid voltage changes.

Algorithm A: Subsequent voltage changes are introduced in
such a manner that they oscillate around the average value and
that the introduced subsequent changes do not exceed the range
of Upin and um,x changes, where up, and uny,y are the minimum
and maximum recorded value of the estimated voltage envelope.
All changes accepted in accordance with the assumption are
presented in Table I. The step changes in the voltage value
(modulation AM with a rectangular signal) and even distribution
of changes in time were accepted. Subsequently, the change (of
which the index in the table is randomly selected in accordance
with the uniform distribution) is entered in such a manner, that
the mean value at the time of change in the introduction is as
close as possible to the measured value. The only exception is
when the change results in going beyond the range [tmin ,%max ]- In
this case the voltage change is introduced in such a manner, that
the value after introduction is included in the range of measured
variation of the voltage envelope.

VII. EXPERIMENTAL VERIFICATION

A. Verification of AM Demodulation Block

To verify the correctness of the estimation of the modulating
signal, the accuracy of recreating the amplitude and frequency of
the modulating signal are compared. The following coefficients
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TABLE I
LIST OF ADOPTED VOLTAGE CHANGE VALUES FOR 0 Ugyy SUB-RANGES

Comments to
The values of changes OUeny sub-ranges:
0Ueny sub-ranges |~ lotive to §Ueny (0.7.0.5], (05031,
(0.3,0.1], (0.1,0.0)
[1.0,0.9] 1.0
(0.9,0.8] 0.85
(0.8,0.7] 0.75 In individual sub-ranges,
0.69, the number of changes
(0.7,0.5] 0.60, was divided into 3
0.50 and the amplitudes
0.49, were taken as extreme
(0.5,0.3] 0.40, and central values
0.30 in relation to the
0.29, sub-compartment.
(0.3,0.1] 0.20, When the number
0.10 of changesis indivisible
0.09, by 3, then the rest
(0.1,0.0) 0.05, falls on central changes.
0.01
Oscilloscope
Iylodulator DSO1052B
Agilent 33220A
PC
Signal Picoscope
Amplifier 5444D
| | PVS 160 | |
Calibrator 230V 230y | Probe TEK P5100
CHROMA 61502 ~ ~ Ratio 100:1
Fig. 5. Simplified diagram of the measurement system.

are used to assess the accuracy: k./k, for the recreation of the
amplitude of the modulation signal; f,./ ., for the recreation
of the frequency of the modulation signal, where k. and f,,. is
the amplitude and frequency of the recreated modulation signal,
respectively. For an accurate estimation of the modulation signal,
the k./k and f,,./ f, coefficients should be equal to one.

The accuracy of the recreation of voltage changes from the
voltage fluctuation indices obtained from the voltage envelope,
which was estimated using the considered demodulation meth-
ods, is verified. To assess the accuracy of the recreation of voltage
changes depending on the frequency of the modulating signal,
a global error is assumed [44]:

b
e= / W) [t (£) — ttem rec (£)] 2, ™

where: wg (t) is the weight function, ueyy (£) is the known voltage
envelope, Uenyrec(t) is the recreated voltage envelope. For an
accurate recreation of the voltage envelope (modulation signal)
from voltage fluctuations indices, the global error € should be
equal to zero.

Fig. 5 shows the diagram of the measurement system. In the
experimental studies, using an Agilent 33220 A generator, a si-
nusoidal signal with frequency f. = 50 Hz (carrier signal) is AM
modulated (without suppressed carrier wave) with a square wave
(modulating signal) with a duty cycle of 50%, modulation depth
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Fig. 6. The characteristics k./k = f(fm) and fio/fin = f(fm) for the

estimated modulation signal using the FIR Hilbert filter and the proposed
demodulation method [32].

equal to 10% (k = 0.05), the frequency f,, ranging from 0.01
Hz to 150 Hz. Using the amplifier built into CHROMA 61502,
the modulated signal is amplified to the voltage level in the low
voltage network (the gain was selected in such a manner that the
rms value of voltage U, without modulation (carrier signal) was
equal to the nominal voltage Uy in the low voltage network).
Therefore, in the study, the rms value of the tested signal varied
in the range [218.5, 241.5] V. The amplified voltage signal is
recorded using a measuring card. First, the recorded signal is
demodulated using FIR Hilbert filter (type III) of order 200
(delay of the signal analysed by 100 samples is applied to obtain
a constant phase shift equal to —n/2, as in the ideal Hilbert
filter) and the proposed demodulation method with carrier wave
estimation [32]. The k./k and f,,./f are calculated for the
estimated signals. Then, for the modulating signals estimated by
the proposed demodulation method and the FIR Hilbert filter,
the voltage envelope is estimated using the relationship (3).
For determined voltage envelope signals, voltage fluctuation
indices are obtained. Voltage variations are recreated based
on the determined indices using the algorithm A. The global
error ¢ is calculated for the recreated signals. Fig. 6 shows
the characteristics k./k = f(f,,) and f,../fm = f(f,,) obtained
as a result of experimental research. Fig. 7 shows exemplary
waveforms of estimated modulation signals with an f,,, of 67
Hz, using the FIR Hilbert filter and the proposed demodulation
method.

The experimental studies (Fig. 6) show that the demodulation
based on the Hilbert transform for f,,> 50 Hz distorts the
amplitude, frequency and shape of the modulating signal. In
the case of determination of voltage fluctuation indices from
the estimated signal, excessive and significant changes dVeny,
are determined (Fig. 7), which could result in an incorrect
operation of the algorithm recreating the voltage changes. For
the proposed demodulation method, significant errors only occur
for a frequency that is a total multiple of power frequency (i.e.,
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voltage fluctuations indices, that were determined from the known voltage
envelope (PSE), or estimated envelope using the FIR Hilbert filter (HD) and
demodulator with carrier function estimation (ESD).

50 Hz or 60 Hz). This is acceptable, because in this case there
is only voltage distortion with higher harmonics that does not
cause voltage variation.

Fig. 8 presents the characteristic € = f(f,,,) for the recreated
voltage changes from the voltage fluctuation indices obtained
from both the known envelope (PSE) and the envelope esti-
mated using the FIR Hilbert filter (HD) and for the proposed
demodulation method (ESD). The results of the research (Fig. 8)
show that, only demodulation with carrier estimation allows for
a sufficiently accurate recreation of the modulating signal after
decoding the information from the voltage fluctuation indices
in the range of the analysed voltage changes with f,,, of up to
150 Hz.

B. Verification of the Algorithm for Estimation of Parameters
Associated With Individual Sources of Voltage Fluctuations

The k./k and fy,./ fm coefficients are used to verify the
correctness of estimation of amplitude and frequency of voltage
changes associated with sources of disturbance, which are dis-
cussed at the beginning of Subsection VII-A. The proposed algo-
rithm is verified in both without and with coding. The signal (4)

switching off of LOAD

s — - :
ty t
Tl M)

Fig. 9. The example of a voltage envelope with variation caused by cyclic
switching on and off of load.
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PVS 160
Calibrator 230V 230V Probe TEK P5100
CHROMA 61502 ~ ~ Ratio 100:1
Fig. 10.  The simplified diagram of the measurement system.

is used for verification (see Section V), which is the resultant
signal associated with two sources of voltage fluctuations in the
power grid. In the research, it is assumed that the components of
modulating signal (tmed1 (£) and umedn (1)) are rectangular signals
with aduty cycle d =ton/(ton + torr) and described by (8):

(ﬁ) —k; lei <t< (l + tON) Tmi

Umods — ’

! ki (I+ton)Tm, <t < (I+topr) T,
®)

where: ¢ = 1,2; k; and T,,,; = 1/f,,,; are respectively the ampli-
tude and period of the modulation signal associated with the i-th
source of voltage fluctuations, and [ is any natural number.

Voltage fluctuations of the adopted shape are the result of
cyclical switching on and off of loads [10], [11], [31], as shown
in Fig. 9. Also, as shown in [34], effects of cyclic voltage
changes are worse than the effects of slow voltage changes,
or rare rapid voltage changes. Formerly, chaotic loads, such
as arc furnaces, were flicker source. However, currently such
loads have a separate power supply circuit or are equipped with
voltage regulation systems. Therefore, they have been omitted
in the research.

In the first stage of the experimental research it was as-
sumed that wumegr(t) has an amplitude k; equal to 0.025
(modulation depth of 5%), frequency f,,1 equal to 2 Hz,
and duty cycle 6; equal to 50% and umoq2(t) an ampli-
tude ko = ki, frequency f,,2 €[0.01, 150] Hz, and duty
cycle 65 €{10%, 30%, 50%, 70%, 90%}. Therefore, in the
study, the rms value of the tested signal varied in the range
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ing the proposed algorithm without and with coding; with marked the estimated
parameters associated with the sources of voltage fluctuations.

[218.5, 241.5]V. Fig. 10 shows a diagram of the measurement
system.

Experimental research was carried out in the same manner
as in Subsection VII-A. For the recorded voltage, the desired
parameters are estimated using the proposed algorithm without
and with coding.

Fig. 11 shows examples of estimated component signals for
fm2 = 91 Hz and d = 30%, obtained using the proposed
algorithm without and with coding. Because the graphs partially
overlap, the line of individual waveforms cannot be observed.

Fig. 12 shows the characteristics of ko./ko = {(fin1 =
2Hz, fm2) and fch/me = f(fml = 2Hz, fm2) for the esti-
mated umoa2(t) using the proposed algorithm without coding.
Considering the limited number of pages and low clarity of the
waveforms, characteristics foe/ fim = f(fm) and ko /k = £(f1n)
for the other cases are omitted. The tendency of error for omitted
cases coincides with the presented characteristics, whereby the
error of the algorithm with coding is two times higher than for
the version without coding.

The experimental results show that an error limit of parameter
estimation associated with voltage fluctuation sources is less
than 5% for an algorithm without coding, and from 10% for
an algorithm with coding. As the limit of amplitude estimation
errors is assumed:

k 3
er = max (|]€11 — 1| - 100%, |ki; —1|- 100%) .9
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f(fm1 = 2 Hz, f,2) determined for the estimated umoa2 (¢) using the proposed
algorithm without coding.

and as the limit of frequency estimation errors is assumed:

_ fmlc
ey = max | | =
m

omitting the case for which the frequency of component signals
are comparable (exemplary intervals f,,1 & f,,2 are marked in
Fig. 12). If f,,1 = fm2, the shape of the estimated component
signals is significantly distorted. If the frequency of the com-
ponent signals are equal (f,,1 = fin2), the individual compo-
nent signals are not detected. The error limit is determined for
fm1 =2 Hz = const and f,,,2 €[0.01, 150] Hz. The error limit
for f;,1 = 2 Hz is shown in Fig. 12. For the estimation of the
relative amplitude of the voltage changes 6 Uepy/U,,, = 2k caused
by operation of disturbing load, there are errors that are higher
than for the estimation of frequency of voltage changes, because
the Gibbs effect occurs.

In the second stage of experimental studies, the dependence
of the error limit e of proposed algorithm on the frequency
of the modulation signal was studied with a different duty
cycle 4. For this purpose, the first-stage studies were repeated
for f,,1 €{0.01,0.05,0.1,0.5, 1, 5, 10, 49, 99, 149}Hz. Fig. 13
shows the characteristics e, = (i1, fin2 €[0.01,150]Hz) and
ef = f(fm1, fm2 €[0.01,150] Hz).

The experimental results show that for the version without
coding, the best estimation of the desired parameters is achieved
when both component signals have a duty cycle of 50%. In this

—1]-100%, | j;mQC —1]- 100%) , (10)
m2
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Fig. 13. The characteristics ey, = f(fm1, fm2 = var) (top) and ey =

f(fm1, fma = var) (bottom) determined for estimated umoqi (t) and umoqz ()
using the proposed algorithm without and with coding, where: version with
coding are marked with a diamond symbol for 5 = 10%,30%,50%,70%,90%;
version without coding are marked with: a star symbol for d2 = 10%,90%; a
square symbol for d2 = 30%,70%; a triangle symbol for do = 50%.

case, the fundamental harmonic in the spectrum of the compo-
nent signal is dominant. In the situation when the fundamental
harmonic of the component signal is significantly lower than the
higher harmonics (62 = 10%, 90%), the decomposition accuracy
decreases. Hence, for the version without coding, errors depend
mainly on the contribution of the fundamental harmonic in the
spectrum of the component signal. For the version with coding,
the error limit is constant, because in the process of recreating the
AM modulating signal, a steady arrangement of voltage changes
is assumed, which results in an increase in the contribution of
the fundamental harmonic in the spectrum of the individual
component signals.

In the third stage of experimental studies, the dependence of
the error limit e of proposed algorithm on the frequency of the
modulating signal was studied with different speed of voltage
changes SR = dueyy(t)/dt. For this purpose, experimental
research was carried out in the same manner as in the first
and second stages, for wmeq; (¢) with the shape: sinusoidal with
SR = {(t, fm1) = var, SR €(0, 4710] %U,,, /s (case 1 on
Fig. 14); trapezoidal with constant voltage change time equal
to 1/4 of the fundamental period of signal and with SR =
f(fm1) = var, SR €[0.2, 3000] %U,,,, /s (case 2 on Fig. 14);
trapezoidal with constant SR = 1500 %U,,, ,, /s = const (in this
case, the shape of voltage fluctuations changes from trapezoidal
to triangular with increasing rate of voltage fluctuations - case 3
on Fig. 14) and with constant SR — o0 %U,,, /s (case 4
on Fig. 14). Considering the principle of EEWT operation,
the umoa2(t) component signal was assumed as a sinusoidal
signal in each case studied, because sinusoidal components are
most accurately extracted. Therefore, the impact of shape and
speed of voltage changes on the error of the proposed algorithms
with coding and without coding was studied by changing the
shape and SR for umeq; (t). The experimental studies were per-
formed for f,,,1 €{0.01,0.05,0.1,0.5, 1, 5, 10, 49, 99, 149} Hz,
fm2 €10, 150]Hz, k1 = ko = 0.025 (modulation depth of 5%)

case 1:
‘ 1)
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Fig. 14. The examples of a voltage envelope with variation associated with as-
sumed component signal umoqi (£) for two different example frequency fr,1, =
1/Tpm1,; and fmlq = 1/TmliJrl for each case, where: case 1 is a sinusoidal
voltage changes with SR = {(¢t, f,,,1) = var; case 2 is a trapezoidal voltage
changes with a change time of 1/4T},1 (SR = f(fm1) = var); case 3 is
a trapezoidal voltage changes with S R = const; case 4 is a trapezoidal voltage
changes with SR — oc.

U gy (t) [-]

and the duty cycle §; = d2 = 50%. Therefore, in the study, the
rms value of the tested signal varied in the range [218.5, 241.5]V.
Trapezoidal voltage changes have been included in the study,
because they occur in the real power grid and are result of cyclical
switching on and off of loads equipped with a softstart controller.
Fig. 15 shows the characteristics e, = f(fy1, fme = var) and e;
=1{(fin1, fma = var). Because the point graphs partially overlap,
the marker of individual waveforms cannot be observed.

The experimental results show that for the version without
coding, the error of proposed algorithm increases as the speed
of voltage changes S R increases. The biggest errors are obtained
in the estimation of parameters associated with disturbing source
causing step voltage changes, which results from the complexity
of the spectrum of the signal associated with that load. If the
rate of voltage changes increases and SR is constant, the error
of proposed algorithm decreases, because the higher harmonics
of the component signal spectrum decreases. The experimental
results show that for the version with coding, the error of the
proposed algorithm is not depended on the shape and speed
of voltage changes, because in the coding process individual
components are treated as rectangular signals.
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£(fm1, fma = var) (bottom) determined for estimated wumoq; () and wmodz (%)
using the proposed algorithm without and with coding, where: version with
coding are marked with a diamond symbol for each case studied; version without
coding are marked with: a star symbol for case 1 (Fig. 14); a square symbol for
for case 2 (Fig. 14); a triangle symbol for case 3 (Fig. 14); a circle symbol for
case 4 (Fig. 14).

VIII. CONCLUSION

The paper presents the author’s algorithm for estimating
parameters associated with the individual sources of voltage
fluctuations, that is, the amplitude of the changes caused by the
disturbing load and the rate (frequency) of changes in its state.
The proposed algorithm will allow selection of location sources
of voltage fluctuations in the power grid, by assessing the prop-
agation of voltage fluctuations, caused by the specific sources
of disturbance. Estimated parameters are used for this purpose.
Therefore, accurate recreation of the considered parameters is
important.

The paper focuses on the description of the proposed algo-
rithm and assessment of its accuracy. Laboratory studies were
carried out in which the influence of two sources of voltage
fluctuations was modelled. In the paper, sources of voltage fluc-
tuations causing rapid voltage changes have been assumed. The
cyclic operation of voltage fluctuation sources were considered,
including the asymmetrical cycle, which caused a significant
flicker. The experimental results show that the proposed algo-
rithm allows estimation of the desired parameters for typical
sources of disturbance with error less than 5%. For the version
without coding, the minimal errors are obtained when time
between switching on and off of load is equal (duty cycle of
6 = 50%). The error of estimation increases when ¢ tends to
zero or 100%. This is the result of using EEWT decomposition,
which decreases accuracy with the reduction of the contribution
of fundamental harmonic in the spectrum of component signal.
The maximum errors occur when the frequency of the com-
ponent signals are approximately equal. If the frequency of the
component signals is equal, the individual component signals are
not detected. In addition, the influence of the speed of voltage
changes on the errors of estimation of the desired parameters
was verified in experimental studies. Experimental results show
that the most difficult is estimation of the parameters associated
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with disturbance sources causing rapid voltage changes. If the
speed of voltage changes decreases, or if the frequency of voltage
changes increases and the speed of voltage changes is constant,
then the error of the proposed algorithm decreases, because the
fundamental harmonic of the extracted component signal in-
creases. In the version with coding, limit of approximately 1500
times the memory (if voltage fluctuation indices are recorded
every second) in the measuring and recording device causes
almost two times higher errors than the typical errors in the
version without coding. However, the algorithm with coding is
resistant to the asymmetrical duty cycle of the disturbing load
and to diffrent shape and speed of voltage changes caused by
them, However, the algorithm with coding is resistant to the
asymmetrical duty cycle of the disturbing loads and to various
shape and speed of voltage changes that caused by them, because
in the process of recreating the AM modulating signal, a steady
arrangement of voltage changes is assumed, which results in an
increase in the contribution of the fundamental harmonic in the
spectrum of the individual component signals.

The error of the proposed algorithm is dependent on the error
of AM modulating signal estimation. This is important for the
coding algorithm that calculated voltage fluctuation indices from
the estimated voltage envelope. The proposed demodulation
method using the carrier function estimation has been used to re-
duce the estimation error. The proposed method of demodulation
enables correct recreation of the modulating signal for frequency
higher than that of the carrier signal, which is not possible with
currently used demodulation methods. The use of the proposed
demodulation method allows extending the research on sources
of voltage fluctuations to loads that change state with a frequency
of up to 150 Hz. The extension of the analysis results from the
research carried out in recent years, which shows that flicker
occurs for the frequency of the AM modulating signal up to 150
Hz. The source of this type of disturbance is, inter alia, power
electronics device.

Apart from the proposed algorithm, there are no solutions,
to estimate the parameters associated with individual disturbing
loads, considering rapid voltage changes with frequency of up
to 150 Hz.
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~ AM Modulation Signal Estimation Allowing
Further Research on Sources of
Voltage Fluctuations

Piotr Kuwalek

Abstract—This article presents the preliminary research
results on a novel method of amplitude modulation de-
modulation that allows estimation of the modulating sig-
nal at a frequency higher than that of the carrier signal.
The need for a new method from the perspective of re-
search on sources of voltage fluctuations is first explained.
Then, a comparison is carried out between the estimation of
the modulating signal based on the currently used demodu-
lator in the IEC flickermeter signal chain, the finite-impulse
response Hilbert filter, and the proposed method with
the carrier signal estimation. The correctness of the recre-
ation of the frequency of the modulating signal, as well as,
the signal amplitude and shape were considered in the com-
parison. The influence of the deformation of the carrier
signal on the estimation error of individual demodulation
methods was investigated. The metrological interpretation
of the results obtained from the numerical simulation and
experimental research is discussed, and the conclusions
are presented.

Index Terms—Demodulation, power quality, voltage fluc-
tuation indices, voltage variation.

[. INTRODUCTION

NE OF the basic types of disturbances occurring in
O the power grid are voltage fluctuations, which can be
defined as fast changes in the rms value of a voltage [1]. How-
ever, the rms value has the properties of a low-pass filter; hence,
the application of the above commonly used definition of volt-
age fluctuations limits the research on sources of voltage fluctua-
tions. Therefore, for research purposes, the definition of voltage
fluctuations as the variability of the envelope (see Section II-A)
of the instantaneous voltage waveform is assumed [2]. Volt-
age fluctuations can disturb the correct operation of loads con-
nected to the power grid [3] and, in particular, cause flicker.
Thus, the identification of sources of fluctuations in the power
grid [4] is important. To improve the location of sources of
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voltage fluctuations, the parameters of disturbing loads should
first be identified, including rate of change in the operating state
of voltage variation sources. One method allows the estima-
tion of the parameters of the sources of voltage fluctuations is
the decomposition of the estimated modulating signal obtained
in the amplitude modulation (AM) demodulation [5], [6] (see
Section II-A). This means that the estimation error of the mod-
ulating signal can cause decomposition errors.

The rationale for research on the modulating signal, which is
a component of the voltage envelope, is based on the applied
definition of voltage fluctuations and the principle of the IEC
flickermeter operation, which in the signal chain contains
a square-law demodulator [7]. Simply put, it is assumed that,
voltage fluctuations can be identified through the AM modula-
tion without a suppressed carrier wave.

Among the currently used methods of AM demodulation,
the best estimation of the modulating signal is achieved by de-
modulation with the Hilbert transform [8]. This method allows
the determination of some parameters that describe voltage fluc-
tuations, as shown in [9]-[12]. However, AM demodulation with
the IEC flickermeter demodulator or the finite-impulse response
(FIR) Hilbert filter, or with other new methods, i.e., [13], [14],
provides correct estimation of the modulating signal only when
the modulating signal has a lower frequency than the carrier sig-
nal. This limits the research on sources of voltage fluctuations
to those, that change the operating state with a frequency of less
than 50 Hz. However, some disturbing loads operate at a fre-
quency greater than 50 Hz, e.g., power electronic devices. In
addition, as presented in [15] and [16], flicker occurs for the fre-
quency of the AM modulating signal to 150 Hz. Therefore, this
article proposes a novel AM demodulation method, that allows
the estimation of a modulating signal with a frequency of up
to 150 Hz.

In practice, the registration of the voltage envelope (see
Section II-A) or the AM modulating signal is associated with
the storage of a significant number of samples. It is possible
to recreate the envelope based on fluctuation indices [17], i.e.,
the amplitude 6U and rate of fluctuations f [18], thus limit-
ing the amount of stored data. In the solutions presented in
other works, a satisfactory accuracy of envelope recreation was
obtained only for a modulating signal with a frequency f,,
not greater than 20 Hz. This limitation results from the fact
that the fluctuation indices are currently obtained from changes
the rms value at time U (¢), which has the properties of a low-

0278-0046 © 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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pass filter. However, if these indices were recorded directly from
the voltage modulating signal or voltage envelope, it would be
possible to recreate the envelope for an f,,, of up to 150 Hz. In
this case, the inaccuracy of the recreation of the voltage variation
would depend on the error of the determined fluctuation indices
0U and f for the estimated modulation signal. Therefore, it is
important that the AM demodulation method applied allows for
the accurate recreation of the frequency, amplitude, and shape
of the modulating signal, as discussed in the following section.

In general, the use of the AM demodulation method that,
allows accurate estimation of the modulating signal for an f,,
of up to 150 Hz at carrier frequency f. = 50 Hz, enables the
following.

1) The expansion of research to all sources of fluctuations
that cause flicker (thus far, voltage fluctuations have been
considered for disturbing loads that change the operating
state with a frequency of up to 35 Hz; however, as indi-
cated in [15] and [16], this range should be extended to
150 Hz).

2) The correct decomposition of the modulating sig-
nal, which allows the identification of the parame-
ters of many independently working sources of voltage
fluctuations [19].

3) Increased precision in the location of disturbing loads
in the power grid by using multipoint methods based
on an assessment of the propagation of voltage changes
and the frequency of changes in the operating state of
disturbing loads [20], [21].

4) The recreation of the voltage variation [18] (by deter-
mining the fluctuation indices based on the estimated
envelope, or the modulating signal).

II. AM DEMODULATION METHODS
A. AM Demodulation

“The purpose of modulation is to transform (the modulation
process) a message m(t) (impact of disturbing loads) into an-
other signal s(¢) that can be transmitted. The transformation
must be reversible so that m(¢) can be recovered (the demodu-
lation process) exactly from s(¢) at the receiver. An AM signal
has the mathematical form

s(t) = [1+ kam - m(t)] - ¢(t) (M

where kay is a positive constant called the amplitude sensitivity
of the modulator, m(t) is the normalized signal, and ¢(t) is
the carrier wave” [22].

The signal (2) is an s(t) envelope [22]

Senv(t) = Ac |1 + kAM . m(t)| (2)

where A, is the amplitude of the carrier wave.

Later in this article, the modulation signal umeq () is assumed
to be equal to kam - m(t). In addition, the envelope of s(t) is
taken as the signal (2) proportional to the amplitude of the carrier
signal with a dc offset; thus, the estimation of the envelope
allows the estimation of the modulating signal and vice versa.

In the identification of the parameters of sources of voltage
fluctuations, when there is no distortion of the voltage waveform
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Fig. 1. Adopted deterministic modulating signal waveform.
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Fig. 2. Signal waveform at the output of the IEC flickermeter

demodulator.
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Fig. 3. Modulating signal waveform recreated from the voltage fluctu-
ation indices.

in the power grid, the carrier signal is described by
c(t) = V2U, cos (27 f.t) 3)

where, for example, for a low-voltage network, U, and f. are
230 V and 50 Hz, respectively.

As mentioned in Section I, the demodulation error may cause
a decomposition error, e.g., in enhanced empirical wavelet
transform decomposition methods, as discussed in a separate
publication [23].

Demodulation errors also cause errors in the recreation of
the voltage variation based on the fluctuation indices (6U, f).
This situation is presented in Figs. 1-3. A rectangular modulat-
ing signal is assigned a duty cycle of 90%, with a modulation
depth of 10%, a frequency f,, of 22 Hz (see Fig. 1), and the car-
rier signal described by (3), where U, =230 V and f. = 50 Hz.
If the demodulation process allowed for the accurate determi-
nation of the modulating signal, then for the modulating signal
applied, two equal changes 6V for the signal period would be
obtained, i.e., 6V = 0.1 A.V and f = 2640 cpm. For the IEC
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Lowpass If the signal
Filter ) ) )
s(t) y(t) s (t) =cC (fc)[l + kam - c(fm )]
— o Hw) —> V() — .
= 5[1 + kAM . C(fm)]2
Fig. 4. Block diagram of square-law demodulation [22]. 1 9
t3 (2fe) 1+ Eam - c(fin)]
=~ kaw-e(fu) + pha® - (f)
flickermeter demodulator (see Fig. 2), a similar frequency would 2 AM * EJm gAML € m
be obtained, but the changes §V" would have different values. If 1
ing si + 5L+ kvt e fu)]’ ©)
the frequency of the modulating signal were greater than 50 Hz, 9 ¢ AM m

the frequency would be additionally distorted. If a voltage vari-
ation recreation algorithm were used, a waveform significantly
different from the real-modulation signal would be obtained
(see Fig. 3).

In addition, the effect of the distortion of the carrier signal on
the correctness of the estimation of the modulating signal should
be considered. Currently, a typical deformation of the voltage
waveform in the power grid is caused by power electronic con-
verters, the operation of which causes harmonics of the order
6n + 1 in the voltage spectrum, where n is any natural number.

B. Square-Law Demodulation

Square-law demodulation is an AM demodulation method
that is based on the determination of the signal envelope [22].
Fig. 4 shows a block diagram of the square-law demodulation.

The signal after the squaring block is given by

§2(t) = 2U.2cos® (2 fut) - [1 + kam - m(2)]?
= U[1 + kam - m(t))?
+ U2 cos (2n2f.t) - [L+ kay - m()]* . (4)

Assuming that the component of the spectrum of the highest
frequency modulation signal is smaller than the frequency of
the carrier signal, by using the ideal low-pass filter with a cutoff
frequency f., the second component of (4) can be eliminated.
Finally, the signal after the block performing the square root
operation is given by

y(t) = Ue [L+ kam - m(t)] (5)

thus, it is proportional to the modulating signal with a dc offset.

The correctness of the demodulation in this method depends
primarily on the frequency of the modulating signal and the char-
acteristics of the filters used.

In the IEC flickermeter demodulator, there is no block per-
forming the square root operation. Such block is not necessary
because, when voltage fluctuations occur, the ksy; has a rela-
tively small value. The case with the carrier signal described
by (3) is presented below, with the assumption that m(t) is
a cosine waveform. To simplify the notation of the equations,
cos (2mft) = c¢(f) and v/2U, = 1 were accepted, which in
practice are realized in the input voltage adaptor of the IEC
flickermeter.

is given to a low-pass filter and a dc offset is removed from it,
then a signal (7) is obtained

kAM2 2
cos” (27 fin t)

yr(t) = kam - cos(2m f,, t) +
~ kam - cos(2m fint) @

where the approximate equality is true for an adequately
small kani. The signal y; is the modulation signal estimated
by the IEC flickermeter demodulator.

The suitability of this demodulation method in the IEC flick-
ermeter is due to the assumed simplicity and asynchronous op-
eration of the demodulator.

The demodulator from the signal chain of the IEC flickermeter
is used in this article. The filters used in this demodulator are
defined and given in the standard [7].

C. Demodulation With the Hilbert FIR Filter

Similarly to the previous method, demodulation with
the Hilbert FIR filter is based on the signal envelope and the an-
alytical signal s, (t) of signal s(t) described by

sa(t) = s(t) +j3(t) (®)

where the imaginary part of (8) is the Hilbert transform of
the signal s(¢), as described by

1 1 [ s(1)
5(t) =s(t) * — = — —=dr. 9
S() S()*wt W/,oothT ©)
According to [22], the absolute value of the analytical signal

is identical to the envelope of the signal s(t), thus

sen(t) = [s(t) + J8(8)] = \/ (s()" + (5(t))”

= A |1+ kam - m(2)]. (10)

There is a limitation related to the sampling frequency, which
should be at least twice the cutoff frequency of the tested signal
to avoid aliasing.

The convolution given by (9) is achieved by using a filter with
an impulse response /() given by

1

ht) = = (11)

The filter is implemented as a digital filter with a FIR.
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Fig. 5.  Amplitude and phase response of the used FIR Hilbert filter. =1+ kam - m(t) —1=kam- m(t) (14)

To obtain properties similar to those of the ideal Hilbert filter
and to ensure stability, a Hilbert FIR filter of order 200 (type III)
is used for the studies, the characteristics of which are shown
in Fig. 5. The filter causes a linear phase shift, and the delay
of the input signal by 100 samples (0.5 of the order of the FIR
filter) is used to obtain a constant phase shift equal to —7/2
(the ideal Hilbert filter causes a phase shift equal to —7 /2 for
positive frequency values).

During the sampling process, the spectrum of the signal mul-
tiplies; hence, the envelope reconstruction with the Hilbert FIR
filter also uses the low-pass filter in the processing path. In
addition, errors may result from the failure to meet the assump-
tion of the Bedrosian theorem [24]. Thus, the use of this type
of demodulation prevents the correct estimation of modulating
signals with a frequency greater than 50 Hz.

D. Demodulation With the Secans Function

Demodulation by using the secans function is proposed in
this article. Assuming that the AM in the time domain is given
by (1) and the carrier signal is given by (3), an approximate
equality occurs

ssecnfel) _ g ¢+ cos(2mfat) #0

V2U,
t:cos(2mf.t) =0

12
w(t) 12)

kAM . m(t) ~ {

where w(t) is a Lagrange polynomial of at least the first degree,
based on points in the neighborhood of both the right and the left
side of a singular point.

For a discrete example that meets the initial assumptions and
in which the values of the samples were taken in time, such that
cos (2 f.t) # 0, the following occurs:

VU, [1 + kayt - m(t)] = s(t) sec(2r f.t)

= V2U, cos(2n f.t) [1 + kam - m(t)] sec(2r f.t)
1

= V2U. cos(2mfut) [1 + hasa (0] s

= Senv (t)
(13)

allowing the calculation of a modulating signal s(t).

If the samples were taken in time, such that cos (27 f.t) = 0,
then, when the values are estimated at these points by using poly-
nomial interpolation, the modulating signal can be reproduced.
The interpolation error for the singular points of the secans
function is negligible. Hence, the inaccuracy of the demodu-
lation is directly dependent on the deformation of the supply
voltage.

E. Demodulation With Carrier Signal Estimation

Another method proposed in this article is demodulation
with carrier function estimation, which allows the estimation of
the modulating signal. This method uses the idea of demodula-
tion with multiplication by the secans function, which is similar
to, dividing the corresponding instantaneous values of the modu-
lating signal by the instantaneous values of the estimated carrier
signal. The division by zero is omitted, with the value estimated
by using Lagrange interpolation. From (1), it follows that af-
ter performing the AM modulation, the instantaneous values of
the voltages distanced from each other by the total multiple of
the fundamental period will oscillate around the appropriate in-
stantaneous carrier waveform increased by the average value of
the modulation signal.

Accordingly, the average modulated signal is used as the car-
rier signal estimator, based on the algorithm shown in Fig. 6.

The process can also be carried out in a moving block of
30 s. The division into 30 s blocks allows the consideration of
the fluctuations of voltages with a low frequency. The interpo-
lation aims to eliminate cases, in which a different number of
samples is taken or, in which samples are taken at intervals that
are not equal to a total multiple of the fundamental period. Inter-
polation with cubic Hermite spline polynomials %;(t) has been
proposed, in which the values in the spline interval [¢;, t; 1] are
given by (15) [25]:

20— 12 12
+ hiul(ti+l)§

;i (t) = u(t;) + hiu' (&)

utiv)—u(ti)  u'(t) +u'(tiv1)

hi
+ h; 2

] (317 —21%)
(15)
where

t—1;

hi =tiy1 —ti, 1= P
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Fig.6. Carrier signal estimation algorithm using the average modulated
signal.

The selection of this method is due to the good interpolation
properties of the monotonic intervals of signals. In the case of
approximation, the method provides absolute convergence in
space with the weight function.

Given the instantaneous values of the estimated carrier sig-
nal, a process similar to demodulation with the secans function
can be done. Thus, the instantaneous values of the modulated
voltage are divided by the corresponding instantaneous values
of the estimated carrier waveform. In cases in which the val-
ues of the estimated carrier run are less than 0.005U.,., the values
of the modulating signal are determined from Lagrange inter-
polation with known points in the neighborhood. This process
eliminates the error related to the bit resolution of the recorder
used.

The proposed demodulation process assumes that the pe-
riod of the voltage waveform is approximately equal to
T = 20 ms. Significant deviations of the grid frequency values
from the nominal value (e.g., over 1 Hz) cause errors. How-
ever, such deviations are unlikely in the circuits supplied from
the power grid, as shown in Fig. 7.

The main advantage of this type of demodulation is that it
is independent of the distortion of the carrier waveform (by
carrier function averaging). It also allows the correct estimation
of the frequency of the modulating signal when such frequency
is greater than that of the carrier signal (by division by the carrier
function).

[ll. VERIFICATION OF AM DEMODULATION METHODS

To simplify the notation of equations, k = k) was assumed.
The following coefficients were used to assess the accuracy of

<35 -30 -20 -10 O 10 20 30 40
Bins AffmHz]

>45

Fig. 7. PSE system data for 2017—distribution of hourly frequency
deviations from the fundamental value equal to 50 Hz [26].

individual demodulation methods: k. /k, for the recreation of
the amplitude of the modulation signal; f,./ f, for the recreation
of the frequency of the modulation signal; and the global error e
(mean squared error) described by (16) [27]
b

- / wg () [imod (£) — o, (1)]2dlt (16)
where wg(t) is a weight function, umoq, (t) is the estimated mod-
ulation signal, and k. and fy,. are the amplitude and frequency
of the recreated modulation signal, respectively. In this article,
the weight function was assumed to be an identity function
equal to one. For an accurate recreation of the modulation sig-
nal, the k./k and fuc/fr coefficients should be equal to one,
and the error € should be zero.

To determine the frequency of the signal, the autocorrela-
tion function was used with a scale that allows determining
the fundamental frequency of any function g(¢)[28]. For a dis-
crete function g(n), the autocorrelation with the balance can be
calculated according to

N -1

r(n) =Y 2wz — n)w(j —n)]

j=0

a7

where w(n) is the window function. In this article, the win-
dow function was assumed to be a moving average function.
The estimation of the fundamental frequency f was obtained by
determining the difference between the positions of the maxima.
The selection of the proposed method for estimating the fun-
damental frequency is due to the generation of a quasi-periodic
signal as a result of the demodulation process. In addition, some
types of demodulation showed numerous undulations around
the zero value, which prevented the use of the basic algorithm
of frequency detection, i.e., the zero crossing analysis basic
extractor.

For the numerical simulations, the modulating signal wmeq(t)
was assumed to be given by

—kt: T, <t<(+0,1)T,
U mod (t) =

18
Et: I+0,1)T, <t<(I+1)T, (1%)

where k is the amplitude of the modulating signal, [ is any natural
number, and 7},, = 1/ f,,, is the signal period. The signal (18) can
be identified with most voltage fluctuation sources that cause
approximately step changes in the rms value of a voltage. In
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Fig. 8. Example of a modulated voltage waveform w(t) in the power

grid and its envelope.

0,06
0,03

- 0
'§—0,03
S -0,06
-0,09

-0,12
0,045

0,065

0,085 0,105
t[s]

0,125 0,145

Fig. 9. Estimation of a given modulation signal without a dc offset, by
selected demodulation methods, where FD—flickermeter demodulation,
HD— FIR filter, SD—multiply by secans, ESD—carrier signal estimator.

addition, most production processes change the operating state
asymmetrically; hence, a case in which the duty cycle is different
from 50% was considered. Fig. 8 shows an exemplary modulated
signal waveform and its envelope (k = 0.05, T;, = 0.05 s).
A case of sinusoidal wave modulation was omitted because
sinusoidal voltage variations are rare in practice.

Demodulation was carried out by using the IEC flickerme-
ter demodulator, the method based on the Hilbert transform,
the method with the secans function, and the method with the es-
timation carrier signal, for the applied modulation signal (18)
with a frequency f,,, in the range of 0.01-150 Hz and an ampli-
tude £ equal to 0.05. Moreover, by using the measurement data
from the power grid [29], the influence of the carrier signal dis-
tortion on the demodulation accuracy was analyzed. The 10-min
time interval from the moment of occurrence of approximately
the steady state in the system (e.g., after about 3 min for the IEC
flickermeter demodulator) was tested. The length of the tested
interval corresponds to the measurement time of the Py indi-
cator. For each case, the error rates presented at the beginning
of the Section III were determined. Fig. 9 shows an exem-
plary result of the demodulation with the individual methods for
fm = 22 Hz, in which the total harmonic distortion (THD) of
the carrier signal was 0.5%. This example was selected because
the frequency of the modulation signal was similar to the fil-
ter frequency used in the IEC flickermeter demodulator, and
the influence of deformations of the carrier signal on the cor-
rect operation of some demodulation methods was observable.
Figs. 10-21 show the results of the numerical simulations. Be-
cause the graphs partially overlap, the line of individual wave-
forms cannot be observed.
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Fig. 10.  Characteristics k. /k = {(f,, ) for IEC flickermeter demodulator
considering the distortion of the carrier signal.
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Fig. 11.  Characteristics fi, ./ fm = f(fm ) for IEC flickermeter demod-
ulator considering the distortion of the carrier signal.
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Fig. 12.  Characteristics ¢ = f(f,,) for IEC flickermeter demodulator
considering the distortion of the carrier signal.
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Fig. 14. Characteristics f,./fm = f(fn) for demodulator using
the FIR Hilbert filter considering the distortion of the carrier signal.
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cans function considering the distortion of the carrier signal.
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Fig. 18. Characteristics ¢ = {(f,,) for demodulator using the secans
function considering the distortion of the carrier signal.

In addition, experimental studies were carried out by
using an amplifier in CHROMA 61502 power source,
an Agilent 33220A generator, a DSO1052B oscilloscope
(Keysight Technologies), a PVS160 separating transformer, and
a measuring card PicoScope 5444D with a TEK P5100 100:1
damping probe. Fig. 22 shows a simplified block diagram
of the measuring station. In an experimental study that used
Agilent 33220A generator, a sinusoidal (carrier) signal with
fo = 50 Hz was modulated with a square wave (modulating

signal estimator considering the distortion of the carrier signal.
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Fig.20.  Characteristics fy, ./ fm = f(fm ) for demodulator using carrier

signal estimator considering the distortion of the carrier signal.
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Fig. 21.  Characteristics ¢ = f(f,, ) for demodulator using carrier signal

estimator considering the distortion of the carrier signal.

signal) with a duty cycle of 50%, a modulation depth of 10%
(the amplitude of the modulation signal was 0.05), and fre-
quency f;, in the range of 0.01-150 Hz. By using an amplifier
in CHROMA 61502 power source, the modulated signal was
amplified to the desired voltage level in a low-voltage network
(the gain was selected such that the rms value of the voltage
without modulation was equal to the nominal voltage in the low-
voltage network). The amplified signal was recorded by using
a measuring card and was demodulated by applying individual
methods. The errors presented at the beginning of the Section III
were determined for the obtained estimated modulation signals.
Figs. 23-25 show the characteristics of the individual errors as
a function of the frequency of the modulating signal.

The cost of the proposed demodulation method was evalu-
ated by comparing its complexity with that of other demodula-
tion techniques. The Big O metric was used, which estimates
the complexity of the pessimistic variant. The results indi-
cate that the complexity of the FIR Hilbert filter, the IEC
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Fig. 25. Characteristics ¢ = f(f,,) for selected demodulation meth-

ods for signals obtained from measurements, where FD—flickermeter
demodulation, HD—Hilbert FIR filter, SD—multiply by secans,
ESD—carrier signal estimator.

The assumed sampling frequency results from the analysis of
the modulating signal with a frequency of up to 150 Hz, consid-
ering the forieth harmonic, the sampling theorem, and the as-
sumptions of the selected demodulation methods. Fig. 26 shows
the results of the repeated simulations of the duration of the de-
modulation methods according to the number of voltage sam-
ples, carried out by using an Intel 17-4510U 2 GHz processor.

IV. CONCLUSION

Research on voltage fluctuations by using an accurately re-
constructed voltage envelope or voltage modulating signal en-
ables the identification of the parameters of sources of voltage
fluctuations. Therefore, this article proposed an algorithm for
estimating modulating signals of a frequency higher than that
of the carrier signal, allowing research on sources of voltage
fluctuations that change the operating state at frequency of up
to 150 Hz. Numerical simulations and experimental studies were
carried out to verify the accuracy of the proposed algorithm.
The proposed solution was compared with other currently used
solutions, i.e., the IEC flickermeter demodulator and the de-
modulator with the FIR Hilbert filter. The analysis focused on
rectangular voltage fluctuations, also considering cases in which
the duty cycle was not 50%. This type of modulating signals was
considered because most disturbing loads cause rapid voltage
changes.

The results indicate that none of the currently used demod-
ulation methods provide an accurate recreation of the volt-
age modulating signal in the power grid, in the f,, range of
20-150 Hz. In the proposed solutions, excessive values of volt-
age changes 0V were generated in the case of rectangular volt-
age fluctuations. In addition, the rate of change in the operating
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state of the source was distorted. The influence of the distortion
of the carrier signal on the quality of demodulation was also
noticeable, especially in the case of demodulation with the FIR
Hilbert filter. The proposed method with carrier signal estima-
tion solved the problems presented in this article. Significant
errors resulting from the use of this method were observed only
when f,, was equal to the total multiple of the fundamental
voltage frequency in the power grid. In such cases, however,
a voltage distortion by harmonic occurred that did not cause
flicker.

The computational complexity of the proposed solution was
larger than that of the existing solutions, according to the Big
O metric. However, given the target application, in which the
demodulator input data were no larger than 10 MS, the proposed
method had similar complexity to the other demodulation meth-
ods considered. Moreover, the algorithm can be optimized to
decrease the computational complexity. It is worth noting, how-
ever, that in the identification of sources of voltage fluctuations,
the correctness of the estimation of the frequency and amplitude
of the modulating signal at the moment of occurrence of the dis-
turbance is very important. Therefore, the present research fo-
cused mainly on the accuracy of recreating the abovementioned
parameters.
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Abstract—Voltage fluctuation indices are parameters describ-
ing the power quality in the power grid. These indices consist
of two quantities, the amplitude U and the rate f of voltage
changes. These indices are determined from changes in the rms
values of voltage at time U (¢). Voltage fluctuation indices allow
statistical evaluation of voltage variation, also considering flicker
assession. In addition, voltage fluctuation indices allow recreation
of voltage changes caused by disturbing loads that changes its
operating state with a frequency of up to 20 Hz. The recreation
of voltage changes allows recalculation of voltage fluctuation
indices to other parameters describing voltage variations, and
allows determination of parameters associated with sources of
voltage fluctuations. The paper has been proposed a new method
for determining voltage fluctuation indices that allows for the
recreation of voltage changes, considering disturbing loads that
change their operating state with a frequency greater than 20 Hz.
The need to change the method of determining voltage fluctuation
indices is justified by the increasing number of power electronics
devices, which are the source of this type of disturbances. The
quality of the proposed solution was verified by simulation
and experimental studies with the use of the short-time flicker
indicator Ps;.

Index Terms—power quality, source of disturbance, voltage
envelope, voltage fluctuation indices, voltage variation

I. INTRODUCTION

Voltage fluctuations are one of the most common distur-
bances in the power grid, which results in a deterioration in the
power quality. The IEC standard defines voltage fluctuations
as fast changes of the rms value of voltage or the maximum
value of voltage [1]. Voltage fluctuations can cause incorrect
operation of loads in the power grid [2]. If these loads are light
sources, then voltage fluctuations can cause the flicker [3].

In practice, the following indicators are used to assess
voltage variation in the power grid [4]:

o maximum and minimum rms value of voltage U (¢);

« voltage fluctuation indices, i.e., the amplitude JU and the

rate f of voltage changes;

o short-term flicker indicator Ps; and long-term flicker

indicator Pj;

o indicator AVjy (Asian countries).

Only voltage fluctuation indices, from the presented indi-
cators of voltage variation, allow: assession the flicker [5]-
[7]; identification of voltage fluctuation sources in the power
grid [4], [8]-[13]; and recreation of voltage changes (voltage

envelope), caused by disturbing loads, that change their operat-
ing state with a frequency of up to 20 Hz [14]-[18]. However,
the research from recent years shows that the flicker occurs for
the AM modulating signal (without suppressed carrier wave)
of the voltage in the power grid with a frequency up to 150 Hz
(for 50 Hz power frequency) [19], [20]. Sources of this type
of disturbance are, e.g. power electronics devices, which a
number in the power grid is still increasing. Therefore, a
new method for determining voltage fluctuation indices (see
Section II) allowing recreation of voltage changes, considering
disturbing loads that change their operating state with a fre-
quency of up to 150 Hz, has been proposed in this paper. Three
proprietary algorithms were used to recreate voltage changes,
which are described in Section III. The short-time flicker
indicator Ps; was used to assess the quality of voltage variation
recreaction. The short-time flicker indicator P; was measured
by the IEC flickermeter for the original signal and recreated
signal using the proposed algorithms (see Section IV).

II. VOLTAGE FLUCTUATION INDICES

Voltage fluctuation indices are the amplitude dU and
the rate f of voltage changes. The amplitude of voltage
changes 60U is the maximum voltage change JV in the
period of discrimination 7),. Currently, voltage changes JV
expressed absolutely (in V) or relatively to the nominal
rms value of voltage Uy in the power grid (in %), inform
about the difference between the maximum U,,,, and the
minimum U,,;, rms value of voltage during the change of
voltage at a faster speed SR = dU (t)/dt than the boundary
value (e.g., 1% Uy /s). In turn, the rate of voltage changes f is
the quotient of the occurrences number of voltage changes 6V
during the period of discrimination T,.

Nowadays, in power quality analyzers, voltage changes §V/
are determined from rms values of voltage at time U(t),
which are calculated for the fundamental period of voltage T,
every half of the fundamental period of voltage T./2 [21]. In
this case, U(t) is a stepwise waveform with the step equal
AT =T./2.
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To determine voltage changes dV/, it is necessary to calcu-
late the speed of changes SR descirbed by dependence (for
the adopted U (t)):

Yizlizi 100%

U
SR AT ; 1

where U;, U;_; are subsequent rms values of voltage calcu-
lated for the fundamental period of voltage every half of the
fundamental period.

An example of currently determined voltage changes 6V
based on the stepwise waveform of rms values of voltage U (t)
is shown in Fig. 1, assuming a constant fundamental frequency
of voltage in the power grid, i.e., AT = T, /2 = const.

A
the boundary speed
. U1=Umax1 *R U
= U “Uszuma,xz"' v Uy,
S ‘ U7 8 H
U, Us . AT=T /2
sV=6U| | oV,
“U4=Umin1,2
.
t [s] T,
Fig. 1. The example of determination of voltage changes 6V based on a

stepwise waveform of the rms values of voltage U (¢)

In practice, voltage fluctuation indices are represented by
a set of values, which inform about the rate of changes with
magnitudes included in selected 60U sub-ranges. The increase
in §U sub-ranges allows a more accurate analysis of voltage
fluctuations, however it results in an increase in the memory in
which data for the period of discrimination 77, will be stored.
Therefore, in practice, the example U sub-ranges are used:
[1.0.0.9], (0.9,0.8], (0.8,0.7], (0.7,0.5], (0,5,0.3], (0,3,0.1],
(0.1,0.0) [23], which will be further referred as f1.0_¢.9,
fo.o—0.8, fo.s—0.7. fo.r—0.5. fo.5-0.3, fo.3—0.15 fo.1-0.0-

The determination of voltage fluctuation indicies from rms
values of voltage at time U (t), limits the research of voltage
fluctuations to disturbing loads that change their state with a
frequency of up to 20 Hz, because the rms values at time have
the properties of the low-pass filter (by averaging). Therefore,
to increase the diagnostic capabilities of voltage fluctuation
indices, it has been proposed to determine these indices from
the voltage envelope determined using a demodulator with a
carrier signal estimator [22].

In the stiff power grid is assumed, that voltage fluctuations
can be identified with the amplitude modulation (AM) without
the suppressed carrier wave given by the dependence:

u(t) = [1 + % moa (t)] uc(t), (2

where Umoq(t) is a modulation signal associated with the
influence of disturbing loads; u.(¢) is the carrier wave. Hence,

it is assumed that the voltage envelope ey, (t) is described
by dependence:

Uenv(t) = Um |]- + U mod (t)| ’ (3)

where U, is the amplitude of the voltage carrier wave.

For the proposed determination of voltage fluctuation in-
dices from the voltage envelope ueyn,(t) determined using a
demodulator with a carrier signal estimator [22], the limit
value of the speed of the voltage envelope changes SR,
equal 1%U,, /s is assumed, where SR, is described by
dependence:

Uenv (ti)_ue”v (tiil) . 100%

SR, = Jmy : 4
ti —ti—a1 @

where t¢; are the subsequent moments in which the voltage
envelope values are recorded, so At = ¢, — t;_1 is the
sampling resolution of the voltage envelope teny(t); Umpy
is the nominal value of amplitude of the voltage carrier
wave w.(t). It is assumed that U,,, y = v/2U, which is correct
in the case, when the voltage in the power grid is harmonic. For
the case where the voltage envelope ey, () is a continuous
signal, then SR, is a derivative of the voltage envelope at time
(SR = dueny(t)/dt).

The values of the voltage envelope changes 6V, are de-
termined as the difference between the initial and final value
Of Ueny(t) identified as voltage fluctuations, i.e., when the
speed of changes of the voltage envelope SR, is above the
adopted boundary value. The maximum value of changes of
the voltage envelope dV, in the period of discrimination Ty,
is assumed as the amplitude of changes of the voltage enve-
lope 6U,. The rate of changes of the voltage envelope f. is
determined analogously to the rate of voltage changes f. An
example of determining changes of the voltage envelope 6V,
for a continuous ey, (t) is shown in Fig. 2.

the boundary speed

U, (t) [V]

t[s] T,

Fig. 2. The example of determination of changes of the voltage envelope §Ve
for a continuous Uen (t)



In the case, when the rate of operating state changes of
voltage fluctuations sources is less than 20Hz, a variation
of the voltage envelope is identical to a variation of the
rms value of voltage, considering the crest factor of voltage
in the power grid. In general, a lack of variation of the
voltage envelope can be identified as a lack of variation of
the rms value of voltage. For the rate of operating state
changes of voltage fluctuations sources above 20 Hz, only the
determination of voltage fluctuation indices from the voltage
envelope allows accurate recreation of voltage variation from
voltage fluctuation indices (§U,, fe).

III. ALGORITHMS OF VOLTAGE VARIATION RECREATION

The algorithms marked as Al, A2, A3 were used to recreate
voltage changes. Input data for individual algorithms (for
period of descrimination T, equal 10 minutes) are: minimum
value of the voltage envelope Ueny min 10 Ty,; the maximum
value of the voltage envelope Uepny mar 10 T3,; the average
value of the voltage envelope Ueny avg for Ty,; the amplitude
of the voltage envelope changes dU.,; the rate of changes of
the voltage envelope for individual sub-ranges 6U.: fe _0.9
feo.0-0.8: feo.s—0.7> feo.7—0.50 feo.5-0.3> feo.3-0.15 Jeo.1-0.0-
The adopted values of the voltage envelope changes dV. in
individual periods of discrimination 7, are shown in Tab. L.

TABLE 1
LIST OF ADOPTED CHANGES OF THE VOLTAGE ENVELOPE ¢V,
FOR 0U. SUB-RANGES

The values of changes
60U, sub-ranges | of the voltage envelope Comments
relative to 60U
[1.0,0.9] 1.0
(0.9,0.8] 0.85
(0.8,0.7] 0.75
0.69,
(0.7,0.5] 0.60, In individual sub-ranges,
0.50 the number of changes
0.49, was divided into 3
(0.5,0.3] 0.40, and the amplitudes were taken as
0.30 extreme and central values
0.29, in relation to the sub-compartment.
(0.3,0.1] 0.20,
0.10 When the number of changes
0.09, is indivisible by 3, then
(0.1,0.0) 0.05, the rest falls on central changes.
0.01

All algorithms introduce subsequent changes of the volt-
age envelope 0V, in such a way that they oscillate
around the average value of the voltage envelope Ucny avg
and that the subsequent changes does not exceed the
range: Ueny min and Ueny maz- In turn, differences in the
operation of individual algorithms are given below.

A1) A table was created, in which all the adopted changes
of the voltage envelope dV, were included (see Tab. I). Step
changes in the values of the voltage envelope (amplitude
modulation with a rectangular signal) and even distribution of
changes in time were assumed. Then the change 0V, from the
table, the index of which is randomly selected in accordance
with the uniform distribution, is entered with such a sign
that the mean value of recreated variation of voltage envelope
is as close as possible to the measured value ey qug. The

exception is if the introduction of the change JV, would leave
the range: Ueny min and Ueny maz. 10 this case the change 6V,
is introduced in such a way as not to leave the accepted range.

A2) The introduction of changes of the voltage envelope 6V,
is analogous to Al. However, trapezoidal changes of the
voltage envelope values were assumed, and the changes were
introduced with a different time steps (see Fig. 3) using
the first order Lagrange polynomial interpolation. The time
step dt; is determined assuming a constant speed of the
changes SR, equal 300 d%U.,, /5. In turn, the time step dto
is determined as the quotient of the difference between the
period of discrimination 7, and the sum of dt; time steps for
all changes 6V, by the number of changes dV.

A
E 5 Vei+1] =S Re
3§ g Ve,-
SR, |
dt,, dt, dt, dt
-
t[s]

Fig. 3. An example of a part of the voltage envelope obtained using the
algorithm A2

A3) The introduction of changes of the voltage envelope dV,
is analogous to Al. Trapezoid changes of value of the voltage
envelope and a variable time step dt; were assumed in the
same way as in A2, with the difference, that dt; is determined
based on the variable speed of the changes SR.. Different
values of the speed of the changes SR, are randomly selected
from a gamma distribution with a shape parameter equal to
300/0.7 and a scale parameter equal to 0.7. The distribution
was selected considering: a support; an explicit equation of: a
mean, a mode and a variance; and a shape of the distribution.

IV. EXPERIMENTAL VERIFICATION

To research the quality of algorithms for recreating
voltage variation from voltage fluctuation indices obtained
from U(t) (conventional solution) and from wey,,(t) (pro-
posed solution), a sinusoidal signal w.(t)=Up, y sin(27 f.t)
was used (U,, y=230v/2V,f.=50 Hz) modulated AM (with-
out suppressed carrier wave) with a rectangular signal
(modulating signal) with a frequency from 0.01 Hz to
150 Hz. For the used signals were recorded: the volt-
age fluctuation indices obtained from U(t) (dU,f) and
from weny(t) (0Ue,fe); minimum, maximum and average
values of the rms value of voltage (Unin,Umaz>Uavg) and the
VOltage envelope (uenv minsUenv maz>Uenv avg) in periOd of
discrimination T’,; and indicator P;; using IEC flickermeter.



Five cases were considered, which will be further referred
as C1, C2, C3, C4, C5. Cases C1 and C2 were modulated
with constant modulation depth (AU,,/U,,) equal to 0.281%
and 8% respectively. In cases C3, C4 and C5 the modulation
depth was variable and selected in such a way as to keep a
constant P, value equal to 0.9, 1.0, 1.1, respectively. Cases for
which Pg;~1 were considered in studies, because P,;=1 value
is the boundary value [24], so the accurate recreation of the
voltage changes when Pg;~1 is important from the point of
view of power quality evaluation.

For recreated voltage changes based on voltage fluctuation
indices obtained from U(t) and uen,(t) using the algorithms
described in Section III (operation of algorithms for voltage
indices obtained from U(t) is analogous to operation of
algorithms for voltage indices obtained from ., (%)), voltage
signal was estimated according to the dependence (2) and
given to the IEC flickermeter input, obtaining the short-time
flicker indicator P;; (marked as Pi;.). The measurement was
performed in 10-minute intervals, after the disappearance of
transients of the IEC flickeremeter [25].

For C1-C5 cases, numerical simulation studies were per-
formed. In addition, independent experimental studies were
performed in the measurement system shown in Fig. 4. The
results of experimental research were marked with dots on the
characteristics obtained from simulation studies.

PC

IEC Power Qualit
Flickermeter [ Analyzer

Picoscope 5444D

Signal

e Arbitrary | Oscilloscope
Amplifier Generator chA
PVS 160
Calibrator 230V 230V Probe TEK P5100
CHROMA 61502 ~ ~ Ratio 100:1

Fig. 4. Block diagram of the measurement system

The characteristics of Pg./Ps;=f(f,,) for cases C1-C5 are
shown in Figs. 5-9.
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Fig. 5. Pstc/Pst=f(f) characteristic for (AU, /Unm )=0.281%=const
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Fig. 9. Pstc/Pst=t(fm) characteristic for Psz=1.1=const

From the obtained characteristics (see Figs. 5-9) result in
that the proposed method of determining voltage fluctuation
indices from the voltage envelope .y, (t) allows the research
of voltage fluctuation sources that change their state at a
frequency of up to 150 Hz. Thus, the proposed approach allows
the research of all sources of disturbances that cause the flicker.
Significant errors of selected algorithms recreating voltage



changes, for the proposed method of determining voltage fluc-
tuation indices, occur for the frequency of the AM modulation
signal equal to 100Hz and 150 Hz. However, in this case
occurs voltage distortion by higher harmonics that does not
induce voltage variation. For voltage AM modulated by signal
with a frequency up to 20 Hz, the quality of recreation of volt-
age changes by selected algorithms, using voltage flluctuation
indices determined from the voltage envelope ey, (t) and the
rms value of voltage at time U(¢), is comparable.

Analyzing the operation of algorithms Al-A3, it can be
noticed that for algorithms A2-A3, with the modulation depth
increases, the quality of recreation of voltage changes de-
creases. This is acceptable because the modulation depth for
typical voltage variations in the power grid is small. There is
also a tendency to increase the error of recreation of voltage
changes with the indicator Ps; tending to the value equal to 1.
In the case of voltage fluctuations with a rectangular shape,
the accuracy of recreation of voltage changes by algorithm Al
does not depend on the modulation depth and is constant for
all P, values, which is the result of the voltage fluctuations
model adopted. However, the modeled voltage fluctuations
do not expose all of the phenomena possibly present in
the power grids. In the case of voltage fluctuations with a
trapezoidal shape or when the disturbing load has a highly
random character, better accuracy is obtained for algorithms
A2-A3, which is presented in a separate publication, where
the correctness of proposed algorithms for recreating voltage
variation from voltage fluctuations indices obtained from rms
values of voltage at time U (¢) for different cases with voltage
variations recorded in the power grid.

V. CONCLUSION

The paper has been presented examples of recreation of
voltage changes from voltage fluctuation indices obtained from
changes of the voltage envelope ey, (t) in the power grid. The
obtained values of the indicator Py for laboratory studies
show that it is possible to convert voltage fluctuation indices
to the short-term flicker indicator Py, considering all sources
of disturbance causing the flicker, i.e., disturbing loads that
change their operating state with a frequency of up to 150 Hz.
The obtained Ps;. values are not identical to the indicator Pj;.
However, considering the fact that the storage of information
of voltage variation in voltage fluctuation indices is lossy, the
obtained result is fully satisfactory.

The presented algorithms allow recreation of voltage vari-
ation with an error less than 10%. The best estimation of
the voltage envelope was obtained using the algorithm Al,
because in experimental studies the voltage fluctuations were
modeled as a harmonic signal of voltage AM modulated
(without a suppressed carrier wave) by a rectangular signal.
However, the adopted voltage fluctuations do not contain all
phenomenon causing voltage variations that occur in the power
grid. There are voltage fluctuations with a trapezoidal shape, or
highly random voltage changes, caused by the chaotic loads,
e.g., arc furnaces. In such cases, it is assumed that a better
estimation will be obtained using algorithms A2-A3. The

biggest errors occur for frequency that are the total multiple of
the power frequency (i.e., 50 Hz or 60 Hz). However, in this
case voltage distortion by higher harmonics occurs that does
not induce voltage variation.

The presented preliminary research results are a good
starting point for further studies, considering research on the
optimal algorithm for recreation of voltage changes using volt-
age fluctuation indices determined from the voltage envelope.
The proposed method of determination voltage fluctuation
indices, not only allows recreation of voltage changes and
convert voltage fluctuation indices to the short-term flicker
indicator P, but also allows to identify the supply point of
voltage fluctuation sources that change their operating state
with a frequency of up to 150 Hz, which is currently a difficult
diagnostic task.

In further research, it is planned to implement the presented
method of determining fluctuation indices from the voltage
envelope to a wireless measuring and recording device [26],
which: would be obtained voltage fluctuation indices (0U., fe)
and short-time flicker indicator Ps;; would be enabled verifi-
cation of the correctness of operation of the proposed solution
for real cases with voltage variation recorded in the power
grid.
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Abstract

The article presents the preliminary research results on recreating the envelope using the basic parameters measured in the
power grid. Six novel algorithms were presented. The quality of proposed algorithms was verified based on the short-term
flicker indicator P, and instantaneous flicker P;, . Probability theory was used in some of the presented algorithms, consid-
ering the random operation of real sources of voltage fluctuations. At the beginning of the article an introduction containing
the essence of the discussed issues is presented. Next, description of the basic measured parameters in the power grid are
presented, being the input data of the tested algorithms. The subsequent part presents the operation of individual algorithms,
the correctness of which was verified by laboratory studies and numerical simulations. In addition, the operation of the
proposed algorithms for real measurements made for the wastewater pumping station supply circuit is also presented. The
metrological interpretation of the results obtained from the numerical simulation and experimental research is discussed,
and the conclusions are presented.

Keywords Flicker - Power quality - Voltage envelope - Voltage fluctuation indices - Voltage variation

1 Introduction For practical measurement of voltage fluctuations in the
power grid, the following indicators are used [7]:

One of the basic types of disturbances that occur in the
power grid are voltage fluctuations. This is common problem o
resulting in incorrect operation of loads supplied from the o
same circuit as the source of the disturbance. If these loads

are lighting sources, then voltage fluctuations can cause the o
obnoxious flicker affecting the psychophysical state of an o
observer. Although voltage fluctuations are common and

dangerous, they are not clearly consistently defined in the

Maximum and minimum rms value of voltage U(¢),
Voltage fluctuation indices: the amplitude U and rate f
of voltage fluctuations,

Short-term P, and long-term P,, indicators of flicker,
Indicator AV (eastern countries, e.g., Japan).

However, the existing indicators do not allow: unequivo-

literature. An examples of different definitions of voltage
fluctuations are given in [1-6]. For the purposes of the arti-
cle, voltage fluctuations were assumed as fast changes of
the rms values of voltage with the boundary speed equal to
1% Uyls [71, where Uy is the nominal voltage value in the
power grid.

< Piotr Kuwalek
piotr.l.kuwalek @doctorate.put.poznan.pl

Institute of Electrical Engineering and Electronics, Poznan
University of Technology, Poznan, Poland

Institute of Computing Science, Poznan University
of Technology, Poznan, Poland

cal identification of the source of disturbance; and the
assessment of its character, considering the psychophysical
state of the observer of the obnoxious flicker and the opera-
tion of loads supplied from the same circuit as the source
of the disturbance. The presented problem can be solved by
recording the voltage signal and using: wavelet transform [8,
9], Wigner-Ville transform [10], Hilbert transform [11, 12],
genetic algorithms [13], or the Kalman Filter [14]. However,
at present these methods cannot be used in practical imple-
mentations due to the need to store a significant amount of
data to implement these algorithms during continuous moni-
toring of the power grid. In addition, these methods require
modification of measuring and recording devices currently
used in practice.
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The article presents a proposal to solve this problem
by recreating the voltage envelope using basic indicators,
which in practice are recorded at power grid measuring
points. Assuming that voltage fluctuations can be uniquely
identified with amplitude modulation without an attenuated
carrier, which is correct for a stiff power grid, recreating
the voltage envelope is synonymous with recreating volt-
age variation. The proposed method does not contribute the
recreation of the carrier signal, in which information on volt-
age distortion (higher harmonics) is stored. However, higher
harmonics do not cause voltage variation. Hence, to research
on the phenomenon of voltage fluctuations, the proposed
method is sufficient.

Six novel algorithms have been proposed to recreation
the voltage envelope, considering the random operation of
the source of disturbance, which differs them from current
literature solutions [15—19]. The proposed approach to rec-
reating voltage variation allows:

¢ No modification of currently used measuring and record-
ing devices in practice;

¢ Implementation of the currently proposed signal analysis
algorithms [8—13] for the recreated voltage envelope;

¢ Automatic identification of voltage fluctuation sources in
the power grid using the kernel density estimation [20];

e Research on the impact of recreated voltage variation on
the state of power loads supplied from the same grid as
a disturbing load;

e Verification of connection requirements for new power
loads;

e Conversion of voltage fluctuation indices to short-term
flicker indicator P, or AV, indicator [16-18];

e Post-factum assessment of the obnoxious flicker by dif-
ferent light sources, e.g., incandescent light sources or
light-emitting diodes [7];

e Obtaining information about the operation of a disturbing
load, e.g., about the frequency of changes in the state of
the disturbance source [16].

2 Basic Parameters Describing Voltage
Fluctuations

Basic parameters describing voltage fluctuations are deter-
mined for the period of discrimination at the power grid
measurement points.

As a standard, the average aggregated rms value of the
voltage U yg, as well as the maximum Uy, x and the mini-
mum Uy rms value are determined for the period of dis-
crimination. On the basis of these values, it is possible to
pre-classify disturbances and in some cases it is also pos-
sible to recreate the voltage envelope [7].

@ Springer

The next parameters, which are measured in power grid
are voltage fluctuation indices, i.e., the amplitude U and
the rate f of voltage fluctuations. The amplitude of voltage
fluctuation dU is the maximum or second maximum volt-
age change OV in the period of discrimination. The rate of
fluctuation fis the number of voltage change 8V in the period
of discrimination. To increase the diagnostic possibilities
of these indices, the rate of fluctuation fin selected SU sub-
ranges is examined. The increase in subranges allows a more
accurate analysis of the phenomenon, however, it also leads
to an increase in the memory in which data for the period
will be stored. Therefore, in practice, the following dU sub-
ranges are used: [1.0, 0.9], (0.9, 0.8], (0.8, 0.7], (0.7, 0.5],
(0.5, 0.3], (0.3, 0.1], (0.1, 0), which will be later referred to
as: f1.0-09 Jo9-08 Joso07 Jo705 Jos-03 Jos-o1 foi00 [21].
On the basis of these indices, it is also possible to assess the
flicker based on the rate-magnitude characteristics dU=1(f).
An exemplary rate-magnitude characteristic U =f(f) for an
incandescent light source is presented in Fig. 1 [15] with
a critical curve applied. All points (f, dU) above the curve
cause the obnoxious flicker. Unfortunately, in the case of
these indices, the presented selection of sub-ranges causes
loss of information about the features of disturbing loads in
the event that in the next recorded time interval a voltage
fluctuation source causing significant voltage changes 6V
appears in relation to the preceding interval.

In most countries of the world, the indicators of short-
term P, and long-term P,, flicker, to which relevant norma-
tive documents refer, are used to assess voltage fluctuations.
Flickermeters are used to measure these indicators, which
according to [22] are supposed to reflect the processes taking
place on the path: the source of light—the eye—the brain of
the flicker observer. Thus, these indicators allows assessing
only the psychophysical effects of the flicker observer, omit-
ting the features of the disturbing loads and the their impact
on other loads in the power grid. Furthermore, the admissi-
ble thresholds P, and P;, were based on a statistical research
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Fig. 1 An exemplary rate-magnitude characteristic SU={(f) with a
fluctuation boundary [15]
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for a 60 W incandescent light source [23] and inform about
the occurrence of negative effects in half of the survey peo-
ple’s, so exceeding the threshold does not necessarily mean
that the flicker observer would feel discomfort.

3 Algorithms for Voltage Fluctuation
Recreation

All the algorithms presented in the article were based on
voltage fluctuation indices (8U, f), and measures of volt-
age rms changes: Uyyn. Upaxs Uavg- Although the voltage
fluctuation indices (6U, f) give information on the number
of occurrences of changes in the rms value and its maximum
change in the period of discrimination, they do not provide
information about the moment of occurrence of changes,
so the voltage fluctuation indices alone do not allow accu-
rate recreation the voltage envelope. Moreover, according
to the definition [7], fluctuations do not include slow volt-
age changes, i.e., the determined voltage fluctuation indices
(8U, f) include voltage changes with speed above 1% U,/s.

The proposed algorithms have been marked as Al, A2,
A3, A4, A5, A6. Input data for individual algorithms,
for the studied period of 5 min, are: Uyyn, Uniaxs Usves
U =08Vviax> [1.0-0.9: Jo.9-0.8 Jo.s-0.7 Jo.7-0.5 Jo.5-0.3 Jos-0.1>
Jo.1-0.0- The adopted amplitudes of changes in individual
intervals are presented in Table 1.

All algorithms introduce successive voltage changes in
such a way that they oscillate around the average U,y value
and that the sequence of subsequent changes does not exceed
the range of Uy and Uyax changes. In turn, differences
in the operation of individual algorithms are given below.

(A1) A table has been created in which all changes were
accepted in accordance with the assumptions pre-
sented in Table 1. Step changes of the rms value
(amplitude modulation with a rectangular signal) and
even distribution of changes in time were accepted.
Then, the change, the index of which in the table is
randomly selected in accordance with the uniform
distribution, is entered with such a sign that the mean
value at the time of change introduction is as close as
possible to the measured value U,yg. The only excep-
tion is when the change would cause going beyond the
scope of [Uyyn» Unmaxl, then the change is made so as
not to leave the accepted range of changes.

Two tables were created. In one table there are
changes from the interval (0.1,0.0)d8U, considered as
“background” (minor fluctuations). In turn, the second
table contains the remaining voltage fluctuation. Step
changes of the rms value (amplitude modulation with
a rectangular signal) and even distribution of changes
in time were accepted. Due to the fact that the num-
ber of changes (0.1,0.0)dU is often much larger than
changes from the remaining range, it was assumed that
subsequent changes will be introduced in the cycle:
one change from the table [1.0, 0.1]8U, k changes
from the Table (0.1, 0.0)8U, where k is the rounding
down the number of changes (0.1, 0.0)0U divided by
the number of changes [1.0, 0.1]0U. When & is zero
or is undefined, changes are introduced alternately
from both tables. In addition, changes are introduced
in three phases: in the first phase changes are intro-
duced as positive, in order to reach the nearest Up;px
value, in the second one the changes are introduced

(A2)

Table 1 List of adopted voltage change values for individual dU sub-ranges

dU sub-ranges The values of changes relative to Comments
8Vnmax
[1.0,0.9] 1.0 -
(0.9, 0.8] 0.85 -
(0.8,0.7] 0.75 -
(0.7, 0.5] 0.69 In individual sub-ranges, the number of changes was divided into
0.60 three and the amplitudes were taken as extreme and central values
050 %n r.el‘at'ion to the sub-compartment. When the number of changes is
indivisible by 3, then the rest falls on central changes
(0.5,0.3] 0.49
0.40
0.30
(0.3,0.1] 0.29
0.20
0.10
(0.1, 0.0 0.09
0.05
0.01
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as negative to reach the nearest Uy value, and in the
last phase changes are introduced in the same way as
in Al. In contrast to A1, the changes are not randomly
selected, but are selected (by searching the table) in
such a way that the assumptions of each phase are
met (comparing successively introduced changes in
voltage with the absolute value of the Uy, x difference
and the final value of the reconstructed envelope and
with the analogous absolute value in relation to Uyyy)-

(A3) Voltage changes are introduced analogously to Al.
However, trapezoidal changes in the rms value of volt-
age have been assumed, and the introduced changes
take place with different time steps (see Fig. 2) using
the first-degree Lagrange polynomial interpolation.
The time step dr,;, is determined assuming a constant
speed of voltage changes SR=300% U,/s, where U,
is the nominal voltage value in the power grid. In
turn, the time step dt, is determined as the difference
between the period of discrimination (5 min) and
the sum of time steps dr,; for all registered changes,
divided by the number of changes.

(A4) The introduction of voltage changes takes place as in
A2. Trapezoid voltage changes and a variable time
step were assumed in the same way as in A3.

(AS5) The introduction of voltage changes takes place as in
Al. Trapezoid voltage changes and a variable time
step were assumed in the same way as in A3, with the
difference that dr,; is determined based on the vari-
able speed of voltage changes SR. Different values of
the rate of change in voltage are randomly selected
from the gamma distribution with a shape parameter
equal to 300/0.7 and a scale parameter equal to 0.7.
The distribution was chosen because of the support,
explicit equation of the mean, mode and variance, and
the shape of the distribution.

(A6) The introduction of voltage changes takes place as in
A2. Trapezoid voltage changes and a variable time
step were assumed in the same way as in AS.

Fig.2 An example of a fragment of the envelope obtained using the
algorithm A3

@ Springer

In addition, the quality of voltage variation recreation by
the proposed algorithms was compared with actually the
best literature solution [15—-19], which has been marked as
AR [15]. Description of the algorithm AR operation is given
below.

AR The algorithm use the fluctuations alternately when it
comes to amplitude: first all of the fluctuations of f;, ; ¢
rate are used, then the fluctuations of f; ,_, o rate, and
subsequently fo 5 o1 f0.9-0.5f0.5-0.3 Jo.s-07 a0d fp7 ¢ 5 In
that order. The values of voltage changes were adopted
as the upper limits of individual sub-ranges. It has been
assumed that the rms value should oscillate around the
rated value of voltage. For this purpose, the subsequent
changes of voltage are introduced in a way which directs
the resulting rms value of modulated signal to the rated
value—if it is currently greater than the rated rms value,
the next change will be introduced with minus sign; if
its smaller than the rated value, the next change will
be introduced with plus sign. This algorithm introduces
subsequent changes evenly in the whole registration
period—despite the amplitude the subsequent changes
of voltage are added with the same time span. The span
is the result of division of total number of seconds in
registration period by the total number of fluctuations
detected within the registration period [15].

4 The Exemplary Results of Voltage
Variation Recreation

The same criteria as in [15] were selected to assess the qual-
ity of algorithm operation. As test signals were selected
deterministic sinusoidal signals (carrier signal) with rectan-
gular amplitude modulation (without an attenuated carrier),
which are described by equation:

u(t) = u (1) - [1+ u poq 0], (D

where u (¢) is the carrier signal described by equation:

u.(t) = V2U sin (2x£.1), )

and u,, 4(¢) is the modulating signal described by equation:
1AU 1 .

U pog () = Evmsgn[sm (2zrfmt)]. 3)

Based on Eqgs. (1)-(3), the modulation depth (AU/U) is
determined by equation:

AU

o= (max [u g (0] — minfu 04 0)]) - 100%. (4)
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In the real power grid, the voltage may be distorted, so
the carrier signal can be non-sinusoidal. However, in this
case, higher harmonics are occurred that do not cause volt-
age variation. Also, the modulating signal can be non-rec-
tangular signal. However, the rectangular modulating signal
causes the most “obnoxious” flicker [24], so it was chosen
for research (as in [15]).

For the generated signals, the basic indicators presented
in Sect. 2 were measured. The P, indicator and the instanta-
neous flicker P, were selected as the reference value, which
allow assessing the correctness of the operation of individual
algorithms. In the research were adopted the same test series
as in [15], allowing comparison the presented algorithms
with existing literature solutions. Thus; the first measurement
series was created using amplitude modulation with con-
stant modulation depth, i.e., (AU/U) it was equal to: 0.827%
(Fig. 3), 1.405% (Fig. 4), 2.756% (Fig. 5), 8% (Fig. 6). In
the second series, the modulation depth was changed, so that
for each modulation frequency f,, the constant P, indicator
was obtained, which was equal to: 0.8 (Fig. 7); 1.2 (Fig. 8);
3 (Fig. 9); 5 (Fig. 10). In the third measurement series, the
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Fig.5 P, /P =f (f,) (top) and 6P, = f(f,) (bottom) characteristic
for (AU/U)=2.756% = const
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for (AU/U)=8%= const
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Fig.7 P, /P,_=1(f,) (top) and 6P, = f(f,) (bottom) characteristic
for P, =0.8= const

modulation depth was changed while maintaining a constant
value of f,, equal to 0.2 Hz (Fig. 11), 10 Hz (Fig. 12), 20 Hz
(Fig. 13). The analysed frequency of modulating signal f,,
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Fig.10 P, /P, =f(f,) (top) and OP; = f(f,) (bottom) characteristic
for Pg= 5 = const

include range of the obnoxious flicker. For each case, the P,
and P;,,. were determined by supplying the AM modulated
voltage with using recreated voltage envelope by the con-

sidered algorithms to the IEC flickermeter. Using P,,., the

ste?
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tic for f,, =10 Hz = const
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Fig.13 P, /P =f (P) (top) and 6P, = f(P) (bottom) characteris-
tic for f,, =20 Hz = const

characteristics for normalized value of the indicator P, /P,
were determined, which should always be equal to 1 in the
case of the ideal operation of the algorithm. Using P;., the
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Fig. 14 The block diagram of the measuring system Fig.15 P /P, =f(f,) (top) and 6P, = f(f,) (bottom) characteristic,

characteristics of the average instantaneous flicker recovery
error 0P;, were determined according to the dependence:

N
1 |Pinst(n) - Pinstc(n)l
oP._ . = — E - 100%,
inst N ~ Pinst(l’l) (4 (5)

where N is the number of samples in the measurement inter-
val. The error 6P, should always be equal to 0 in the case
of the ideal operation of the algorithm. Because the graphs
partially overlap, the line of individual waveforms cannot
be observed.

Additionally, the correctness of the simulation was veri-
fied by laboratory studies, which were carried out for several
selected points. These studies were carried out using: Pico-
scope 5444D generator/oscilloscope, CHROMA 61502 gen-
erator/amplifier, PQ BOX 100 power quality analyser. The
block diagram of the measuring system is shown in Fig. 14.
The results of experimental studies also were normalized to
the P, /P and 6P, , and were marked with “dots” on the
individual characteristics.

In the considered cases, the characteristics have been
limited to a modulation signal frequency f,, equal to 20 Hz,
because the accurate of the algorithms for higher f,, rapidly
decreases, as shown in Fig. 15. This phenomenon results
from the voltage indices calculating based on the rms value
of voltage, determined every half-period, so some informa-
tion for high-frequency modulation is lost [25]. However,
the most disturbing loads change their operating state with
a frequency less than 20 Hz, except chaotic loads (e.g., arc
furnaces) and power electronic devices.

Based on the characteristics shown in Figs. 3,4, 5, 6, 7, 8,
9,10, 11, 12 and 13, when the frequency of the modulating
signal f,, is less than 20 Hz, then the algorithms Al and A2
allow the best recreation of the voltage envelope, because
for the pre-set signal and recreated signal was obtained a
comparable short-term flicker indicator P,. In the worst
research conditions, the error of recreation for these meth-
ods is no more than 5%, and in the range of typical voltage

which shows a rapid increase error value for f,, greater than 20 Hz

changes is no more than 0.01% (based on the characteristics
of P, /P,=1(f,)). The algorithms Al and A2 allow more
accurate recreation of the voltage envelope, compared to
other literature solutions [15-19], including the algorithm
AR.

Significantly worse results were obtained with other
algorithms, i.e., A3, A4, A5, A6. In the case of these solu-
tions, an increase in the modulation depth is resulted in a
decrease in the accuracy of the obtained result. With a con-
stant modulation depth, along with the increase of the fre-
quency f,,, the accuracy of the obtained result increases up
to a certain limit frequency, the exceeding of which causes a
rapid decrease in the quality of the recreation of the voltage
envelope. In addition, the obtained P, values for these algo-
rithms were always smaller than the measured P, values.
The error tendency of voltage variation recreation results
from the adopted assumptions, because the increase in the
depth of modulation or frequency f,, results in the change of
the shape of recreated voltage envelope from the trapezoidal
to the triangular. In turn, it results from [24] that the volt-
age modulated by a triangular signal causes the significant
lower “obnoxious” flicker than modulation of the rectangular
or trapezoidal signal. Therefore, to enable correct opera-
tion of these algorithms, it is important to measure the real
speed of voltage changes. Furthermore, for the algorithms
A4 and A6, it is also important to determination the stand-
ard deviation of the measured speed of voltage changes SR.
The idea of these algorithms is based on real cases in which
the change of the rms value of voltage is not always step
change, e.g., when large motors are equipped with a softstart
system. Considering the results of the simulation, it can be
concluded that the quality of solutions obtained using the
algorithms A3, A4, A5, A6 generates smaller errors than the
existing literature solutions (error less than 5%), but only for
small values of modulation depth in the narrow range of the
modulation signal frequency f,,.
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Fig. 16 Exemplary P /P, =1(t) characteristic obtained for the tested
supply circuit of sewage pumping stations

Because the research aims to solve a practical problem,
the quality of the presented algorithms was also verified
based on real measurements from the sewage pumping
station power circuit, where voltage fluctuations and data
required to implement presented algorithms were monitored
over a week. For the algorithms used, the error is usually
no greater than 5%. The smallest error was achieved using
the probabilistic algorithm A5, which considering: the ran-
dom operation of voltage fluctuations sources, and different
speeds of voltage changes SR. The recreation of the voltage
envelope based on voltage fluctuation indices allow estima-
tion: the time interval in which the disturbing load operated;
the level of disturbances it generates; and the frequency of
its operation [26, 27]. The exemplary results obtained for the
5-h interval are shown in Fig. 16.

5 Conclusion

In the article, the innovative algorithms allowing recreation
of voltage variation (the voltage envelope) using param-
eters measured in the power grid have been presented. The
correctness of the operation of individual algorithms has
been verified based on the indicator of short-term flicker P,
obtained from measurements.

The simulation studies show that the algorithms A1 and
A2 have the best properties. Both of them achieved much
better accuracy than other algorithms available in the litera-
ture, because the error was not greater than 5% (based on
the characteristics of P, /P ={(f,)). The remaining algo-
rithms achieved satisfactory accuracy only at a low modu-
lation depth in the narrow range of the modulation signal
frequency. The inaccuracy of these algorithms is the result
of the lack of information about the real average speed of
voltage changes and its standard deviation, which is resulted
in distortion of changes shape in the rms value of voltage at
time. Obtaining information on the speed of voltage changes

@ Springer

SR in the real power grid would make the algorithms A3,
A4, A5, A6 more useful.

In the case of real circuit analysis, the recreation error
for all algorithms was not greater than 5% usually, and the
smallest error values were obtained for the probabilistic
algorithm AS. The inaccuracy for considered algorithms is
resulted from the accepted limit value of the speed of volt-
age changes SR, for which voltage changes are classified as
voltage fluctuations, because the voltage fluctuation indices
used to recreation the voltage envelope do not include slow
voltage changes, which can cause obnoxious flicker. How-
ever, an example of the application of individual algorithms
on the real object, which is the supply circuit of sewage
pumping stations, confirms the usability and accuracy of the
proposed algorithms.

It is worth noting, that in laboratory studies (A1, A2)
the best accuracy was obtained using a different algorithm
than in the practical situation (AS5). In practice, the speed
of voltage changes SR is not constant. In addition, voltage
changes are caused by random operation of the source of
disturbances, which does not always have to result in rapid
changes in the rms value of voltage in the power grid. Proba-
bilistic operation of the algorithm A5 considers these situa-
tions. Hence, algorithm A5 has obtained better accuracy in
areal case. The recreating of these conditions in laboratory
studies is a difficult task. Therefore in practice, modelled
voltage fluctuations in laboratory studies were deterministic
signals with constant speed of voltage changes SR. There-
fore, the smallest errors in laboratory studies were obtained
for the algorithms A1 and A2 with a constant speed of volt-
age change SR.

For recreated voltage envelopes using the proposed algo-
rithms, higher errors were occurred with the estimation of
instantaneous flicker P, than with the estimation of P,
because the coding of voltage variation to voltage fluctuation
indices is lossy coding. During coding, information about
the shape and time of occurrence of voltage changes in the
discrimination period is lost.

Although the accuracy of algorithms recreating voltage
changes in relation to other algorithms available in the litera-
ture has been improved, it is still limited to voltage fluctua-
tions whose source does not change its operating state with
a frequency greater than 20 Hz. Improvement of individual
algorithms that would allow the research on all sources of
voltage fluctuations is further studies of the authors, e.g.,
creation of a new method for estimating a modulating sig-
nal with a higher frequency than the carrier [28]; or cre-
ating a wireless measuring and recording device enabling
measurement of the average value and standard deviation
of the speed of voltage changes [29]. It is expected that the
obtained results would allow for automatic identification and
analysis of voltage fluctuation sources in the power grid with
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radial topology, to remove the disturbance that they emit
[30].
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Streszczenie: W artykule przedstawiono wyniki wstepnych badan
dotyczacych nowatorskiej metody pozyskiwania informacji
o wybranych parametrach zrédet wahan napiecia z wykorzystaniem
ulepszonej empirycznej transformaty falkowe;j. Dla
przeprowadzonych badan zatozono, ze oddziatywanie zrédet wahan
napi¢gcia mozna identyfikowaé¢ jako modulacje amplitudowa
sygnatu napigcia. Uwzgledniajac to zatoZenie, dang wejsciowa dla
ulepszonej empirycznej transformaty falkowej byla obwiednia
sygnatu napigciowego, wyznaczona z zastosowaniem transformaty
Hilberta. Poprawnos$¢ dziatania metody zweryfikowano w oparciu
o wykonane symulacje numeryczne dla sygnatu deterministycznego
z wykorzystaniem programu MATLAB.

Stowa kluczowe: EEWT, EWT, transformata Hilberta, wahania
napigcia.

1. WPROWADZENIE

Jednym z podstawowych rodzajéw  zakldcen
wystepujacych w sieci elektroenergetycznej sa wahania
napigcia, ktére mozna zdefiniowa¢ jako szybkie zmiany
wartosci skutecznej napigcia. Wahania napigcia moga
zaburza¢ poprawng prac¢ odbiornikéw przylaczonych do
sieci oraz powodowaé ucigzliwe migotanie oS$wietlenia.
Skutki wahan napigcia zaleza zaréwno od parametréw zrodet
wahan, jak i od parametréw obwodu zasilania. W niniejszej
pracy podjeto probe pozyskania informacji o amplitudzie
i ksztatcie wahan pochodzacych od niezaleznie pracujacych
zrédel wahan oraz o czgsto$ci zmian stanu tych zrddet.
Warto zauwazy¢, ze spos$réd wymienionych parametréw
jedynie czestos¢ jest parametrem zaleznym tylko od zrédta.

W  praktyce badanie wahan napigcia najczesciej
sprowadza si¢ do pomiaru wskaznikéw Py, i P;, przy pomocy
flickermetru. Jednakze uzyskane w ten sposéb parametry
migotania o§wietlenia krétkotrwatego Py, i dlugotrwatego Py,
nie zawierajg informacji o pozadanych parametrach Zrédet
wahan w sieci. Innymi rejestrowanymi wielko$ciami sa
wskazniki wahan, tj. amplituda wahan JU oraz czgsto$é
wahan f. Stosujac te wskazniki, mozliwe jest z pewna
doktadnoscia, oszacowanie wybranych parametréw zrédta.
Jednakze w przypadku wystgpienia kilku niezaleznych
zrédet wahan o podobnej mocy, wyodrebnienie
wspomnianych parametréw staje si¢ ucigzliwe, a czasami
nawet niemozliwe. Stad tez podj¢to probe pozyskania
informacji o zrédlach wahan napigcia wykorzystujac
bardziej zlozony aparat matematyczny. W literaturze znane
sg rozwigzania z wykorzystaniem empirycznego rozktadu na
mody EMD (ang. Empirical Mode Decomposition) [1] badz
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empirycznej transformaty falkowej EWT (ang. Empirical
Wavelet Transform) [2]. W wyniku zastosowania rozktadu
na mody, poza sygnalami pochodzacymi od Zrédet wahan,
powstaja sygnaty wynikajace z EMD, ktére to nie majg
fizycznej interpretacji. Problem ten rozwigzuje zastosowanie
empirycznej transformaty falkowej, ktérg mozna w pewnym
zakresie identyfikowaé jako rozktad na mody fizycznie
interpretowalne. Wynika to z tego, ze EWT bazuje
na widmie sygnatu, dobierajac odpowiedni zestaw filtréw.
Sposéb doboru filtréw dla tego rozwiazania, ktére podano
w pozycji [3], powoduje redundancj¢ danych. Dlatego tez,
zmodyfikowano sposéb podziatlu widma sygnalu w wyniku
czego powstala ulepszona empiryczna transformata falkowa
EEWT (ang. Enhanced Empirical Wavelet Transform) [4],
ktéra to w niniejszej pracy wykorzystano do identyfikacji
zatozonych parametréw Zrédet wahan.

2. ALGORYTM EEWT

Dzialanie ulepszonej empirycznej transformaty
falkowej EEWT przedstawia schemat blokowy na rys. 1.

start

‘ wprowads sygnal wejdeiowy xydf) ‘

wykorzystanie szybkie] transformaty Fouriera
do wyznaczenia widma sygnaha xydf)

wyznaczenie obwiednd widma sygnah metodsg
maksimdw i funkeji sklejanych

wiyznaczenie czestotliwodel dla lokalnych
maksimdw i wybhdr ekstremdw niyrtecznych

wyznaczenie granic podziaby widma sygnaha

stwotzende falki empiryezne
irozkiad syanahs na istotne sldadowe

Rys. 1. Schemat dziatania algorytmu EEWT




Jezeli w schemacie przedstawionym na rys. 1, zastosuje
si¢ metod¢ segmentacji oparta na przestrzeni skali zamiast
metody detekcji ekstreméw widma (bloki z kreskowana
krawedzia), to EEWT sprowadza si¢ do EWT.

Do badan wykorzystano implementacj¢ algorytmu
EEWT w programie MATLAB jako toolbox, ktéry zostat
udostgpniony przez Gillesa [5]. Implementacja uwzglednia
EWT [3] oraz rozszerzenie do EEWT [4].

3. IDENTYFIKACJA PARAMETROW
ZRODELWAHAN NAPIECIA

Jak przedstawiono we wprowadzeniu, najczesciej
pomiar wahan sprowadza si¢ do rejestracji wskaznikéw Py
i Py z wykorzystaniem flickermetru. Zgodnie z normg [6],
flickermetr to uklad o schemacie blokowym przedstawionym
na rysunku 2.

+ u(?)

Flickermeter

Rys. 2. Uproszczony schemat blokowy flickermetru [7]

Sygnat p(f) rysunek 2 podany na filtr pasmowo-
przepustowy F,, mozna jednoznacznie identyfikowaé
z obwiednig sygnatu u(r). A wigc do celéw analizy wahah
napigcia wystarczajaca jest informacja o obwiedni napigcia
w sieci elektroenergetycznej. Dlatego dana wejsciowa dla
metody EEWT bedzie sygnat p(f) obwiedni napigcia u(t).
Jedna z metod pozyskania obwiedni jest zastosowanie
transformaty Hilberta (HT) danej zaleznoscia (1):

ﬁ(z)zlj@dr. (1)
T t—T

Znajac powyzsza transformat¢ mozna wyznaczy¢
modul sygnatu analitycznego (2):

iy () =|u0) + ja0)] = ()’ +(@0), @

réwnowazny obwiedni sygnalu napigciowego u,,,(f).

Analizowany deterministyczny sygnal napigciowy,
przy uwzglednieniu zalozenia modulacji amplitudy, mozna
zapisa¢ zaleznoscig (3):

u(t)={N2U, sin Ay, B [+, 0]} . 3

gdzie: uyq(?) jest przebiegiem modulujgcym, ktéry mozna
identyfikowa¢ z oddzialywaniem Zrédetl wahan, f, = 50 Hz,
U, = 230 V. Dla tak opisanego problemu, rozwazono trzy
przypadki, ktére w dalszej czesci oznaczono jako P1, P2, P3.
P1) Sygnat modulujacy opisany jest zaleznoscia (4):

umodPl (t) = (umodl (t) + um0d2 (t)) ’ (4)

gdzie upeqi(f) dane jest rownaniem (5), a uyeqa(f) dane jest
réwnaniem (6):

U4 () =0,01sin(277LY,,, (1), (5)
U, .4, () =0,03sin(277L¥, , [1), (6)

gdzie: f,,; =5 Hz, f,,, = 10 Hz.

Powyzszy przypadek mozna identyfikowa¢ z dwoma
niezaleznie pracujagcymi zrédlami wahan. Sinusoidalne
wahania napigcia wystepuja sporadycznie. Jednakze
ze wzgledéw dydaktycznych zostaly one uwzglednione
na potrzeby artykutu, w celu zobrazowania istoty dzialania
metody EEWT.

P2) Sygnat modulujacy opisany jest zaleznoscia (7):

Upoap2 (1) = (”modm (1) + Uppoas (t))’ (N
gdzie uy,0q3(f) dane jest rOwnaniem (8):
Upogs (1) = 0,02 Bgn (sin(277L¥, ; @), 8)

gdzie: f,,3 = 15 Hz.

Przebieg modulujacy opisany réwnaniem (8) mozna
identyfikowa¢ z typowym zrédtem wahania, ktérego
oddziatywanie powoduje skokowa zmian¢ wartosci
skutecznej napigcia.

P3) Sygnat modulujacy opisany jest zalezno$cia (9):

Upoa p3 (1) = (“modpz (1) + U, (t)) ) )

gdzie u,,.(f) jest zasymulowanym sygnatem zaktdcajacym
w postaci szumu biatego, ktérego amplituda jest mniejsza
niz 0,01 V. Szum bialy zostal uwzgledniony z uwagi na
ekspansj¢ inteligentnych sieci (Smart Grid) i inteligentnego
systemu pomiarowego (Smart Metering), ktéra przyczynita
si¢ do wzrostu udzialu tego szumu w mierzonym napigciu
[8.9].

Amplitudy 1 czgstotliwodci sygnatéw modulujacych
w poszczegdlnych przypadkach wybrano arbitralnie.

Dla kazdego przypadku wykonano obliczenia zgodnie
z zaleznoScia (3). Nastgpnie pozyskano obwiednie sygnaléw
napigciowych zgodnie z zalezno$cig (2), w ktérej sygnat
analityczny wyznaczono z wykorzystaniem dyskretnej
transformaty Hilberta [10] dostepnej jako funkcja Hilbert
w MATLAB. Wykorzystana metoda bazuje na szybkiej
transformacie Fouriera FFT i jej odwrotnosci IFFT. Ponadto
metoda ta zaklada, ze jej sygnal wejSciowy jest blokiem
o skonczonej liczbie danych, co w przeprowadzonych
symulacjach zostalo spetnione. W kolejnym kroku sygnat
obwiedni zostal unormowany i usuni¢ta zostata sktadowa
stata, dzigki czemu uzyskano pozadane sygnaly bedace
danymi wejsciowymi metody EEWT.

Na rysunku 3 przedstawiono zamodelowany sygnatl
napigcia i pozyskana obwiedni¢ dla przypadku P3, z kolei
na rys. 4 przedstawiono sygnat wejsciowy EEWT dla tego
przypadku oraz odpowiadajacy mu sygnal modulujacy
umodP3(t)'

Jezeli uwzglednimy znieksztalcenie obwiedni jakie
uzyskujemy z zastosowania zaleznosci (2), to juz dla
przypadku P1 metoda EMD generuje 5 sygnaléw
sktadowych, z czego tylko jeden z nich jest zgodny
z sygnalem pochodzacym od zrédia u;,q(f). Z kolei suma
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kilku pozostatych sktadowych wspéttworzy sygnat upoq(2).
Brak kontroli nad ilo$cig sygnaléw skladowych oraz brak
interpretowalno$ci poszczegdlnych sktadowych powoduje,
ze metoda EMD staje si¢ malo uzyteczna. Wynik dziatania
EMD dla przypadku P1 przedstawiono rysunku 5.
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Rys. 3. Przebieg czasowy zamodelowanego napigcia u(?) i jego
obwiedni dla przypadku P3
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Rys. 4. Przebieg czasowy sygnatu modulujacego u,,qp3(f) i sygnatu
wejsciowego EEWT wyznaczonego z zastosowaniem HT, gdzie
d(t) jest glebokosciag modulacji
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Rys. 5. Wynik dziatania algorytmu EMD dla przypadku P1, gdzie
d(t) jest glebokoscia modulacji

Uwzgledniajac powyzsze zachowanie algorytmu EMD
uzasadnione jest poszukiwanie innego narzedzia, ktére
umozliwilby kontrol¢ nad poszczegdlnymi sygnatami
sktadowymi. Mozliwym rozwigzaniem tego problemu jest
zastosowanie EEWT. Wynik dziatania dekompozycji na
sygnaty sktadowe EEWT przedstawiono odpowiednio dla

przypadku P1 na rysunku 6, P2 na rysunku 7,
P3 na rysunku 8.
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przypadku P1, gdzie: a) przebieg czasowy sygnatu wynikowego
EEWT Mod1ggwr(?) oraz sygnatu u,,q1(¢); b) przebieg czasowy
sygnatu wynikowego EEWT Mod2ggwr(?) oraz sygnatu u,,,4,(?);
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Rys. 7. Wynik dekompozycji EEWT sygnatu u,,,qp,(¢) dla
przypadku P2, gdzie: a) przebieg czasowy sygnatu wynikowego
EEWT Mod1ggwr(?) oraz sygnatu u,,q1(¢); b) przebieg czasowy
sygnatu wynikowego EEWT Mod2ggwr(?) oraz sygnatu u,,,4,(7);
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Rys. 8. Wynik dekompozycji EEWT sygnatu u,,,qp3(¢) dla
przypadku P3, gdzie: a) przebieg czasowy sygnatu wynikowego
EEWT Mod1 ggwr(f) oraz sygnatu u,,q1(¢); b) przebieg czasowy
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Dla kazdego rozwazanego przypadku algorytm EEWT
umozliwil  zdekomponowanie  sygnalu  wejSciowego
na sygnaly pochodzace bezposrednio od hipotetycznych,
niezaleznie pracujacych, zrédet powodujacych wahania
napigcia (sygnaly otrzymane w wyniku dekompozycji
pokrywaja si¢ ze skladowymi sygnatu modulujacego
rys. 6-9). Dzigki temu, istnieje mozliwo$¢ pozyskanie
informacji o glgebokos$ci modulacji napigcia oraz czesto$ci
pracy poszczegdlnych zZrédet wahan. Uzycie EEWT
zapewnia lepsze odwzorowanie sygnatéw sktadowych niz
EMD, gdyz nie jest wrazliwa na znieksztalcenia wynikajace
z zastosowania HT. Wrazliwo§¢ EMD na znieksztalcenia
wynika z analizy sygnalu w dziedzinie czasu. EEWT bazuje
na widmie sygnalu, ktérego znieksztalcenie przez HT jest
widoczne dla skladowych o wickszej czestotliwosci.
Przedmiotem badan sa sktadowe niskoczestotliwo$ciowe,
stad tez wplyw znieksztalcenia obwiedni HT na dziatanie
EEWT jest pomijalnie maty. Ponadto EEWT umozliwia
w pewnym zakresie odtworzenie ksztattu wahan napigcia
zwigzanego z cyklem pracy zrédta wahan. Dodatkowo
metoda ta, wumozliwia dekompozycj¢ sygnalu na
poszczegdlne sktadowych nawet w przypadku wystapienia
zakt6cen co wida¢ na rysunku 8.

4. PODSUMOWANIE

W niniejszej pracy przedstawiono wyniki wstepnych
badan dotyczacych pozyskiwania informacji o parametrach
kilku niezaleznie pracujacych zrédet wahan napigcia,
tj. czesto$¢ pracy (cecha zrédla wahan), badz glebokosé
modulacji i1 ksztatt wahan napig¢cia (cecha zrédta wahah oraz
obwodu zasilajacego). Do  realizacji tego  celu
zaproponowano uzycie nowej metody dekompozycji EEWT
oraz poréwnano jej dzialanie z obecnie wykorzystywang
w literaturze metoda dekompozycji EMD.

Przedstawiono wynik dzialania metody dekompozycji
sygnaltu EMD, ktéra dla celow pozyskania wybranych
parametréw poszczegdlnych zrédet wahan napigcia jest mato
uzyteczna. Wynika to z faktu, Ze nie mozna narzuci¢ w tej
metodzie stopnia dekompozycji, co przeklada si¢ na
powstanie sygnatéw sktadowych, ktérych nie mozna
skojarzy¢ z oddziatywaniem Zrédet wahan napigcia. Dlatego
tez, bez znajomos$ci wymuszenia nie da si¢ wybra¢ sygnatéw
uzytecznych ze zbioru sygnatéw, pozyskanych z procesu
dekompozycji EMD. W dalszej cze¢$ci badan przedstawiono
metod¢ EEWT opartg na widmie obwiedni napigcia w sieci
elektroenergetyczne;j. Metoda ta dla kazdego
z rozpatrywanych przypadkéw, umozliwita rozktad sygnatu
modulujacego na poszczegélne sktadowe. Ponadto pokazano
na podstawie P2, ze w pewnym zakresie EEWT umozliwia
pozyskanie informacji o ksztalcie sktadowego sygnalu
modulujagcego w przeciwienstwie do metody EMD. Na

podstawie przypadku P3 pokazano, Zze metoda EEWT jest
w pewnym zakresie odporna na zaklécenia w postaci szumu
bialego. Zasymulowane zakl6cenia mozna réwniez
interpretowa¢ jako sume¢ oddziatywan wywotanych przez
zrédlta wahan napigcia o malej mocy, czyli przez tzw.
~drobnych odbiorcéw energii elektrycznej”. Jednakze,
pozyskanie sygnatu wejsciowego dla EEWT wymaga
zastosowania transformacji Hilberta do rejestracji obwiedni
napigcia co stwarza konieczno$¢ modyfikacji obecnych na
rynku analizatoréw jakoSci energii elektrycznej. Dlatego
w dalszych ~ pracach  badawczych  zaplanowano
zaimplementowanie algorytmu EEWT w przeno$nym
urzadzeniu pomiarowo-rejestrujagcym z wykorzystaniem
praktycznej implementacji HT jako filtr FIR Hilberta [11].
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APPLICATION OF AN ENHANCED EMPIRICAL WAVELET TRANSFORM TO
DETERMINE SELECTED PARAMETERS OF SOURCES OF VOLTAGE FLUCTUATIONS

The article presents the results of preliminary research on an innovative method of analysis of voltage fluctuation
sources with the use of an enhanced empirical wavelet transform. For the tests, it was assumed that the influence of voltage
fluctuation sources can be identified as the amplitude modulation of the voltage signal. Given this assumption, the input data
for the enhanced empirical wavelet transform was a voltage signal envelope derived from the use of the Hilbert transform.
The correctness of the method was verified on the basis of performed simulation tests for a deterministic signal using the

MATLAB program.

Keywords: EEWT, EWT, Hilbert transform, voltage fluctuation.
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Smolenice, Slovakia, 2019, pp. 70-73, wyd. IEEE.

DOI: 10.23919/MEASUREMENTA47340.2019.8779957

Autorzy artykutu:

1. mgrinz. Piotr Kuwatek (udziat procentowy: 90 %)
2. drinz. Przemystaw Otomanski (udziat procentowy: 10 %)

Szczegdétowy wkiad w powstanie publikacji:

Udziat w publikacji (prosze wstawié¢ ‘x’) Li' autor:
Sformutowanie obszaru badawczego X X
Opracowanie metodologii badan X X
Opracowanie oprogramowania X
Walidacja uzyskanych wynikéw X
Formalna analiza wynikéw X
Zbieranie danych X
Pisanie pierwotnej wersji manuskryptu X
Wprowadzenie poprawek edycyjnych X
Pozyskanie funduszy na badania lub na publikacje X

Podpisy wspétautoréw:
i ATHE |
1 o luphbl Vol

2. & L




Poznan, dnia 30 listopada 2021 r.

OSWIADCZENIE
dotyczace wkiadu wspétautoréw w powstanie publikacji

Tytut artykutu: Application of Fourier series to determine the measurements error of harmonics with
selected power quality analyzers

Miejsce publikacji: Proceedings of the 11th International Conference on Measurement 2017,
Smolenice, Slovakia, 2017, pp. 15-18, wyd. IEEE.

DOI: 10.23919/MEASUREMENT.2017.7983525

Autorzy artykutu:

1. drinz. Przemystaw Otomanski (udziat procentowy: 70 %)
2. mgrinz. Piotr Kuwatek (udziat procentowy: 30 %)

Szczegotowy wktad w powstanie publikacji:

Udziat w publikacji (prosze wstawic¢ ‘x’) L[;. autorg
Sformutowanie obszaru badawczego X
Opracowanie metodologii badan X
Opracowanie oprogramowania X
Walidacja uzyskanych wynikéw X X
Formalna analiza wynikow X
Zbieranie danych X
Pisanie pierwotnej wersji manuskryptu X
Wprowadzenie poprawek edycyjnych X
Pozyskanie funduszy na badania lub na publikacje X

Podpisy wspétautoréw:




Poznan, dnia 30 listopada 2021 r.

OSWIADCZENIE
dotyczace wkiadu wspoétautoréw w powstanie publikacji

Tytut artykutu: Wptyw wartosci skutecznej sygnatu na doktadnos$¢ pomiaru zawartosci
harmonicznych

Miejsce publikacji: Poznan University of Technology Academic Journals. Electrical Engineering,
vol. 90, pp. 213-221, 2017.

DOI: 10.21008/j.1897-0737.2017.90.0019

Autorzy artykutu:

1. megrinz. Piotr Kuwatek (udziat procentowy: 90 %)
2. drinz. Przemystaw Otomanski (udziat procentowy: 10 %)

Szczegotowy wkiad w powstanie publikacji:

Udziat w publikacji (prosze wstawi¢ ‘x’) LF;- autor:
Sformutowanie obszaru badawczego X X
Opracowanie metodologii badan ) X X
Opracowanie oprogramowania X
Walidacja uzyskanych wynikéw X
Formalna analiza wynikéw X
Zbieranie danych X
Pisanie pierwotnej wersji manuskryptu X
Wprowadzenie poprawek edycyjnych X
Pozyskanie funduszy na badania lub na publikacje X
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OSWIADCZENIE
dotyczace wkiadu wspétautoréw w powstanie publikacji

Tytut artykutu: Zastosowanie licznikow AMI do oceny jakosci energii elektrycznej

Miejsce publikacji: V Konferencja Naukowo-Techniczna: Pomiary i diagnostyka w sieciach
elektroenergetycznych, 28-29.10.2020, Kotobrzeg, Polska, Wyd. PTPIREE.
[Zrédto: http://pomiary.ptpiree.pl/konferencje/pomiary/2020/materialy/53_referat.pdf]

Autorzy artykutu:

1. drinz. Krzysztof Chmielowiec (udziat procentowy: 25 %)
2. mgrinz. Piotr Kuwatek (udziat procentowy: 50 %)
3. drhab. inz. Grzegorz Wiczynski (udziat procentowy: 25 %)

Szczegdtowy wktad w powstanie publikacji:

Udziat w publikacji (prosze wstawié ‘x’) 7 Lp: au;ora

Sformutowanie obszaru badawczego X X
Opracowanie metodologii badan X X

Opracowanie oprogramowania X

Walidacja uzyskanych wynikow X X
Formalna analiza wynikow X X X

Zbieranie danych X

Pisanie pierwotnej wersji manuskryptu X
Whprowadzenie poprawek edycyjnych X X
Pozyskanie funduszy na badania lub na publikacje X X

Podpisy wspétautoréw:
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