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Streszczenie

Analiza zjawisk fizycznych w ukladach stykowych i torach pradowych podczas
przeplywu pradu znamionowego oraz zwarciowego

Ninigjsza rozprawa dotyczy modelowania zjawisk fizycznych w aparatach elektrycznych
podczas przeplywu pradu znamionowego oraz zwarciowego. W pracy skupiono si¢ na
zjawiskach fizycznych wystepujacych w uktadach stykowych oraz torach wicelkopragdowych
takich jak: zjawiska termiczne — nagrzewanie elementow aktywnych oraz pasywnych
aparatow elektrycznych; zjawiska elektryczne — odziatywania elektrodynamiczne, gestos$é
pradu, rozktady pola elektrycznego, tadunku elektrycznego i potencjatu elektrycznego oraz na
zjawiskach mechanicznych. Zjawiska fizyczne przeanalizowano na podstawie szczegoétowo
sporzadzonych modeli symulacyjnych 3D. Do badan symulacyjnych wykorzystano Metode
Elementoéw Skonczonych (MES). Wyniki z badan symulacyjnych poddano ewaluacji poprzez
ich poréwnanie z wynikami badan eksperymentalnych uzyskanych na podstawie prac
wlasnych oraz tych dostepnych w literaturze. Autor w ninigjszej pracy proponuje nowatorski
sposOb prototypowania, ktory ma na celu: lepsze zrozumienie zjawisk fizycznych (w
niektorych przypadkach tylko w zaproponowany sposob jest to mozliwe); rozwijanie nie tylko
ulepszonych konstrukeji urzadzen elektrycznych, ale budowe nowych; przyspieszy¢ proces
projektowania, znaczaco ograniczy¢ koszty produkcyjne i czas wdrozenia aparatu
elektrycznego oraz wykaza¢ skutki jego ekspozycji na wymienione zjawiska fizyczne.
Waznym aspektem pracy jest przedstawienie w sposdb nowatorski symulacji oddzialywan
elektrodynamicznych w aparatach elektrycznych niskiego 1 wysokiego napigecia. W pracy
zaproponowano rowniez szereg modyfikacji konstrukcji w celu analizy dziatania badanych
aparatow elektrycznych i wyjasniono ich sens fizyczny. Na podstawie przeprowadzonych
badan autor wraz z zespolem zglosit rozwigzania patentowe nowatorskich urzadzen takich
jak: mikropompa magnetomotoryczna, wyzwalacz elektromagnetyczny, reluktancyjny
mechanizm udarowy ze stabilizacja drgan, mufa elektrotechniczna, urzadzenie do pomiaru
rezystywno$ci gruntu oraz urzadzenie pozwalajagce na zmniejszenie czasu wytaczania tuku

elektrycznego.

Stowa kluczowe: uktady stykowe; prototypowanie; metoda elementéw skonczonych;
symulacje zjawisk fizycznych; przeptyw pradu; aparaty elektryczne



Abstract

Analysis of physical phenomena in contact systems and current pathsduring
the flow of rated and short-circuit current

This thesis concerns the modelling of physical phenomena in electrical apparatuses during
the flow of rated and short-circuit current. The work focused on physical phenomena
occurring in contact systems and high-current circuits, such as: thermal phenomena — heating
of active and passive elements of electrical devices; electrica phenomena — electrodynamic
interactions, current density, distribution of electric field, electric charge and electric potential
as well as mechanical phenomena. The physical phenomena were analyzed on the basis of
detailed 3D simulation models. The Finite Element Method (FEM) was used for simulation
procurement. The results from the simulation tests were evaluated by comparing them with
the results of experimental tests obtained on the basis of authors own work and those available
in the literature. In this work, the author proposes an innovative prototyping method that aims
to: better understand physical phenomena (in some cases it is only possible in the proposed
way); developing not only improved designs of electrical devices, but building new ones;
speed up the design process, significantly reduce production costs and implementation time of
the electrical device, and demonstrate the effects of its exposure to the mentioned physical
phenomena. An important aspect of the work is the innovative presentation of the simulation
of electrodynamic interactions in low- and high-voltage electrica devices. The work also
proposes a number of modifications to analyze the operation of the tested electrical devices
and explains their physical meaning. Based on the research executed, the author and his team
submitted patent solutions for innovative devices such as: a magnetomotive micropump, an
electromagnetic trigger, a reluctance impact mechanism with vibration stabilization, an
electrotechnical coupler, a device for measuring soil resistivity, and a device alowing to
reduce the switching off time of an electric arc.

Keywords:. contact systems; prototypes; finite element method; simulations of physical
phenomena; current flow; electric apparatus
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1. Wstep

1.1. Zjawiska fizyczne wystepujace w torach pradowych, zestykach aparatow
elektrycznych i urzadzeniach rozdzielczych podczas przeplywu pradu
Znamionowego or az zwar ciowego

Styki aparatow elektrycznych naleza do najbardziej obcigzonych elementow obwodow
pradowych [1, 2]. Dlatego powinny by¢ projektowane, konstruowane i eksploatowane w taki
sposob, aby dopuszczalne ograniczenia ich parametréw technicznych, wynikajace z
odpowiednich przepisow 1 norm byly nieprzekroczone [3]. Parametry procesu laczenia
aparatury elektrycznej S$cisle zaleza od parametrow 1 wlasciwosci kinematycznych,
dynamicznych i strukturalnych mechanizmu napedowego odpowiedzialnego za ruch stykow
elektrycznych.

Uktady stykowe oraz tory pragdowe umozliwiaja przewodzenie pradow roboczych oraz
zwarciowych, zas uktady zestykowe tacznikow elektrycznych stuza do dokonywania taczen w
obwodach elektrycznych. Szynoprzewody, to przewody elektryczne w postaci sztywnych lub
gietkich szyn pradowych na ogél zamknietych we wspdlnej obudowie (moga by¢ tez gote), o
odpowiednio zaprojektowanej dtugosci, ksztalcie 1 przekroju, Iaczonych w ciagi zestawianych
modutow, montowanych wzdhuz wytyczonych tras — od rozdzielnicy do odbiornikow.

Zestykiem nazywamy czg¢$¢ toru pragdowego, w ktorej przeptyw pradu jest umozliwiony
dzigki stycznos$ci dwodch przewodnikow, zwanych stykami. Zadaniem uktadu zestykowego
jest mechaniczne wymuszenie stanu zwarcia stykow ruchomych 1 nieruchomych w
zamierzony sposob 1 utrzymywanie ich docisku w tym stanie [4]. Mechanizm uktadu
zestykowego powinien w sposob niezawodny zalgcza¢ i wylacza¢ prady niezaleznie od
parametrow znamionowych aparatu. Temperatura catej konstrukcji musi by¢ utrzymywana na
poziomie umozliwiajagcym stabilne warunki pracy, ktore réwniez okreslaja odpowiednie
normy. Mechanizm uktadu stykowego powinien by¢ odporny na szczepienie si¢ stykow przy
faczeniu, pracy w warunkach znamionowych 1 przecigzeniowych, a takze przy pracy podczas
przeptywu pradow zwarciowych [5]. Jest to bezposrednio zwigzane ze zjawiskami fizycznymi
takimi jak temperatura pracy stykow oraz zjawiskiem odskoku ze wzgledu na powstajace sity
elektrodynamiczne. Wazne jest rbwniez, aby zminimalizowaé zuzycie ukladu zestykowego w
momencie zatgczania — podczas tego procesu na styki oddziatuje szereg sit, ktore powoduja
uszkodzenia mikro powierzchni elementéw mechanicznych napedu oraz elementow
aktywnych [6, 7]. Oddzialywanie wspomnianych sit jest efektem réznicy potencjatow
elektrycznych pomigdzy stykami.



Zestyki 1 tory pradowe ze wzgledu na konieczno$¢ przewodzenia duzych wartosci pragdow
ciggtych 1 znacznie wigkszych chwilowych zwarciowych sa zwykle budowane jako
zgrupowany uktad wielu pojedynczych, réwnolegtych toréw pradowych. Celem
projektowania takich uktadoéw jest zapewnienie jak najwickszej obcigzalnosci pradowe;.
Przeptyw pradu przez kazdy z torow jest zawsze w jakim$ stopniu nierOwnomierny, co moze
nastrecza¢ pewnych trudnosci podczas analizy uktadow tego typu. Niesymetryczne
obcigzenie jest bezposrednio spowodowane przez zjawisko naskorkowosci i efektu zblizenia.

Przy badaniach uktadow stykowych aparatéw elektrycznych oraz torow pradowych w

szczegoOlnos$ci nalezy zwrdci¢ uwage na zjawiska fizyczne zwigzane z:

1. rozptywem pradu elektrycznego w badanym uktadzie,

2. nagrzewaniem si¢ elementow aktywnych oraz pasywnych,
a. dopuszczalnymi granicami przyrostu temperatury,
b. bilansem cieplnym,
C. rozkladem temperatury podczas pracy aparatu,

d. drogami oddawania ciepla oraz sposobami oddawania ciepta takimi jak

konwekcja, promieniowanie oraz przewodnictwo,
3. silami elektrodynamicznymi oddzialywujacymi na uktad,
4. odziatywaniami elektromagnetycznymi w aparatach elektrycznych,
5. parametrami mechanicznymi projektowanego uktadu stykowego,

a ksztaltem styku oraz jego wplywem na parametry mechaniczne oraz

elektryczne,

b. eliminacjg awarii oraz wystepowania nieporzadnych zjawisk fizycznych lub

ich ograniczenia podczas pracy aparatu,

najkorzystniejszym utozeniem i ksztattem torow pradowych.

1.2. Przeglad stanu techniki na podstawie kluczowych publikacji dla pracy autora

Analizg 1 badaniami toréw pragdowych zajmowato si¢ dotychczas wielu autorow. Istotnymi

pozycjami jest opracowanie [8] R. Holma, z roku 2000 (reedycja) oraz referaty prezentowane
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na cyklicznych naukowych konferencjach migedzynarodowych. W pracach przedstawiona
zostata analiza zjawisk zachodzacych w zestykach. Zagadnienia rezystancji zestykowe;j,
oddziatywania elektrodynamiczne w zestykach, nagrzewanie zestykow oraz odskoki stykow i
wiele innych zostaly w tych pracach doktadnie omowione.

Istotnymi pozycjami sa publikacje E. Walczuka poswigcone odskokom stykow,
zjawiskami szczepienia stykow oraz zjawiskom ich erozji. Tematyka monografii [9] zostata
poswigcona obcigzalnosci pradowe;.

Analizie zjawisk fizycznych w uktadach stykowych, a zwlaszcza badaniu wilasciwosci
dynamicznych ukladow zestykowych poswiecona zostata monografia B. Miedzinskiego [10]
oraz inne publikacje [11, 12, 13], gdzie oméwiono zagadnienia zwigzane z wlasciwosciami
zestykow, wyborem materiatow stykowych, a takze wytyczne dotyczace zasad modelowania
torow wielkopradowych.

Zagadnienia dotyczace zjawisk fizycznych zachodzacych w lacznikach elektrycznych oraz
zasad obliczen urzadzen elektroenergetycznych, przede wszystkim, w odniesieniu do obliczen
cieplnych toréw pradowych, dynamiki ruchu stykéow, analizy mechanizméw napgdowych i
wytrzymalo$ci uktadoéw izolacyjnych, a takze analizy statystycznej wynikdw badan zostaty
przedstawione przez S. Kulasa w licznych ksigzkach i publikacjach naukowych [14, 15, 16,
17].

W zakresie nagrzewania si¢ torow wielkopradowych ptaskich istotna jest publikacja M.
Pawtota [18]. Autor omowit potaczenia Srubowe szyn ptaskich stosowane w ukladach szyn
zbiorczych stacji elektroenergetycznych. W pracy przedstawiono analiz¢ wptywu sity docisku
potaczenia Srubowego, na warto$¢ temperatur osigganych w zestyku przy przeptywie pradow
zakloceniowych, na przykladzie plaskich szyn miedzianych. W publikacjach [19, 20] J.
Maksymiuk opisat obliczenia aparatow elektroenergetycznych, przede wszystkim, w
odniesieniu do obliczen cieplnych toréw pradowych, dynamiki ruchu stykow, analizy
mechanizmow napedowych, a takze zagadnienia dotyczace zjawisk fizycznych zachodzacych
w facznikach elektrycznych. Opis zjawisk fizycznych w aparatach elektrycznych 1
rozdzielnicach $rednich i wysokich napig¢ przedstawil J. Maksymiuk wraz z J. Nowickim w
publikacji [21].

Inng istotng referencjg literaturowa jest pozycja pod redakcja P. Slade [22] zawiera
teoretyczne 1 praktyczne informacje na temat zjawisk fizycznych zachodzacych w zestykach.
W pozycji zostaly omdéwione zagadnienia dotyczace obliczania rezystancji zestykowej, erozji,
sczepiania  stykow, odskokow stykow, a takze przedstawiony zostal problem wyboru

materiatdw wykorzystywanych do budowania uktadow stykowych. W ksigzce znajduje si¢
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rowniez szczegdtowy opis wiodgcych uktadow stykowych w zalezno$ci od techniki taczenia —
niskiego, §redniego lub wysokiego napigcia.

Monografia Piotra Borkowskiego [23] w wyczerpujacy sposob przedstawia przeglad
nowoczesnych metod badan zestykoOw z naciskiem na wystgpujace w zestykach zjawiska
fizyczne dla pradow w zakresie od 2 A do 20 kA oraz réznego rodzaju badania modelowe.
Przedstawiono przyktadowe wyniki badan laboratoryjnych réznych zestykoéw oraz zjawisk
fizycznych zachodzacych w zestykach. W monografii autor skupil si¢ gléwnie na zestykach
roztacznych aparatow elektrycznych.

Problematyka procesow taczeniowych zwigzanych z zalaczaniem i wytaczaniem pradu w
obwodach elektrycznych jest wnikliwie omawiana w pozycjach napisanych przez Z. Cioka
[24, 25, 26]. Zwr6cono tam szczegdlng uwage na opis teoretyczny zjawiska tuku
taczeniowego 1 teori¢ zestykow, a takze na charakterystyki zaplonowe Iacznikow
elektrycznych.

W publikacji [27] autorzy zajeli si¢ zwigkszonymi obcigzeniami aktualnie istniejacych
systemow przesylowych. Przedsicbiorstwa energetyczne i operatorzy systeméw poszukuja
mozliwo$ci zwigkszenia przepustowosci istniejgcych linii napowietrznych bez zwigkszenia
ryzyka dla sprzetu lub awarii systemu. Autor poruszyl rowniez tematyke diagnostyki
istniejgcych zestykow 1 polaczen.

W publikacjach [28, 29] autorzy pokazali, jak istotne cechy mechaniczne i elektryczne
maja wpltyw na o0golng niezawodnos$¢ 1 wydajnos¢ uktadu stykowego. Publikacje podzielono
na trzy czesci, z ktorych pierwsza koncentruje si¢ na mechanice, materialach, przeptywie
ciepta oraz podstawowych zagadnien niezawodnosci stykéw elektrycznych. Kolejny rozdziat
stanowig zagadnienia, takie jak uklady energetyczne i elektroniczne. W ostatnim rozdziale
przedstawiono mozliwosci diagnostyki zestykow.

Liczne inne publikacje przedmiotowe, obejmujace referaty konferencyjne, wydawnictwa
periodyczne oraz ksigzki, zostaty przytoczone w poszczegdlnych rozdziatach niniejszej pracy.

W literaturze dotyczacej procesu przewodzenia pradu przez tory wielkopradowe i1 zestyki
brakuje wnikliwego, jednolitego opracowania poswieconego zjawiskom fizycznym
zachodzacym w szynoprzewodach i zestykach, podczas przeptywu duzego zakresu pradow
znamionowych 1 zwarciowych, uwzgledniajagcego wyniki analizy tych zjawisk metodami
numerycznymi, analitycznymi, a takze rezultatow wynikéw czesciowych badan
eksperymentalnych. Istnieje rowniez stosunkowo malo publikacji w dziedzinie ukladow
stykowych pokazujacych ewaluacje uktadéw rzeczywistych za pomoca metod numerycznych

oraz na odwrét — modeli numerycznych za pomoca dedykowanych eksperymentow.
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1.3.Numeryczna analiza zjawisk fizycznych — wykorzystanie MES

Numeryczne metody obliczeniowe, takie jak MES (Metoda Elementow Skonczonych),
pozwolily na wykonywanie wielu iteracji obliczen roéwnolegle. Pozwala to na przyspieszenie
calego procesu projektowania wybranych urzadzen elektrycznych oraz ich komponentow.
Techniki cyfrowe sa réwniez wykorzystywane przy projektowaniu konstrukcji aparatury
elektrycznej. Za pomoca oprogramowania CAD (Projektowanie Wspomagane Komputerowo)
mozliwe jest projektowanie urzadzen od pojedynczego elementu po cate ztozone zespoty.
Symulacje dla tych konstrukcji sg rowniez mozliwe w dalszym etapie, w ramach projektu
przy uzyciu specjalistycznego oprogramowania. Mozna je wykorzysta¢ w celu symulacji
ruchu elementéw wzgledem siebie, wykluczenia kolizji poszczegdlnych elementow, a na
koniec obserwacji opracowanego uktadu w warunkach symulujacych naturalne $rodowisko
pracy. Wykorzystanie sprzezonych symulacji MES jest bardzo efektywne przy
przeprowadzaniu wielokrotnych analiz dotyczacych aspektéw elektrycznych, mechanicznych,
termicznych 1 tych dotyczacych trwato$ci materialdow. Ogromng zaleta MES jest mozliwos¢
sprawdzenia skomplikowanych scenariuszy z zastosowaniem roznych warunkéw brzegowych
[30, 31].

Warto odnies¢ si¢ do przetlomowego 1 waznego dokumentu ,,Grid 2030”. Stany
Zjednoczone, za posrednictwem Departamentu Energii (DOE), wyobrazaja sobie przyszia
sie¢ energetyczng jako w pelni zautomatyzowang sie¢ przesylu energii. Z mozliwo$cig
monitorowania 1 sterowania kazdym wezlem sieci, zapewniajac dwukierunkowy przeptyw
informacji 1 energii pomigdzy wszystkimi weztami w procesie przesylu 1 dystrybucji od
elektrowni do uzytkownika koficowego [32]. Obecnie prowadzona jest analiza dzialania
wylacznika powietrznego (MCB) oraz kompaktowego (MCCB) [33]. Wiele badan
koncentruje si¢ na optymalizacji komodr gaszeniowych [34]. Rzadziej badania dotyczg jedno i
dwupunktowych uktadéw stykowych, zmniejszajacych rezystancj¢ przejscia [35, 36]. Aby
moc w petni przygotowaé¢ modutowe urzadzenia elektryczne do digitalizacji rozumianej jako
powiazanie funkcji z inteligencjag w dziataniu, konieczne jest zbudowanie modeli MES oraz
urzadzen elektronicznych o odpowiedniej, specyficznej funkcjonalnosci [37, 38].

Jak wspomniano, prowadzone s3 prace badawcze w zakresie modutowych urzadzen
elektrycznych, niektdre z nich zaawansowane. Autorzy przedstawiaja dynamiczne modele

zjawisk fizycznych [39] w tym modele CFD, termiczne, mechaniczne [40 — 42].
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1.4.Cel badan oraz tezy badawcze

Gléwnym celem niniejszej pracy byto zbudowanie modeli oraz wykonanie symulacji w
celu badania zjawisk fizycznych zwigzanych z przeptywem pradu znamionowego i
zwarciowego. Wykonane modele oraz symulacje mialy wiernie odtwarzaé warunki
rzeczywiste eksperymentéw. Glownymi obiektami badan byty uktady stykowe, tory pradowe

aparatow elektrycznych i urzadzen rozdzielczych.

W oparciu o krytyczny przeglad literatury, zrealizowane badania i analizy wykonane

przez autora tej rozprawy formuluje si¢ nastepujace tezy:

Istnieje mozliwo$¢ badania zjawisk fizycznych zwigzanych z przeplywem pradu
Znamionowego i zwarciowego przez aparaty elektryczne i urzadzenia rozdzielcze z
wykorzystaniem szczegolowych, wiarygodnych modeli 3D oraz symulagji
wykorzystujacych metode elementow skonczonych. Istnieje mozliwos¢ badania zjawisk
fizycznych zwiazanych z technika laczenia realizowana przez aparaty elektryczne i

urzadzenia rozdzielcze na drodze symulacyjnej z duza zbieznoscia wynikow.
Na glowna teze rozprawy skladajq sie nastepujace, bardziej szczegotowe tezy:

A. Istnieje mozliwos¢ badania sil elektrodynamicznych w ukladach stykowych i
torach pradowych aparatéow elektrycznych i urzadzen rozdzielczych z wykorzystaniem
szczegélowych modeli 3D i zaawansowanych symulacji MES (A5, A9, A10, All, P1).
Dotyczy to rowniez przypadkow, w ktorych obliczenia analityczne sa uproszczone, a

pomiary eksperymentalne niemozliwe.

B. Istnieje mozliwos¢ badania zjawisk termicznych w torach pradowych aparatéow
elektrycznych i urzadzen rozdzielczych z duza zbieznoscia wynikow juz na wstepnymi
etapie projektowania tychze urzadzen z wykorzystaniem modeli 3D i metody elementéw

skonczonych (A6, A7, AS8).

C. Istnieje mozliwos¢ budowania wiarygodnych modeli 3D do analizy zjawisk
fizycznych elektromagnetycznych w urzadzeniach elektrofizycznych (A2, A4, P2, P3, P4,
P6).

D. Istnieje mozliwos¢ budowania wiarygodnych modeli 3D do analizy zjawisk
elektromechanicznych i mechanicznych zwiazanych z praca ukladow stykowych

aparatow elektrycznych na réznych poziomach napieé (Al, A3).
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E. Istnieje mozliwo$¢ prototypowania wiarygodnych konstrukeji urzadzen
elektromechanicznych, elektrycznych oraz elektronicznych na podstawie otrzymanych
wynikow eksperymentalnych oraz z symulacji wykonanych za pomoca oprogramowania

wykorzystujacego metode elementow skonczonych (P1— P6).
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1.5. Publikacje oraz patenty skladajace si¢ na niniejsza rozprawe

Rozprawa zawiera 11 publikacji oraz 5 patentow, ktorych wspottworea jest autor niniejszej
rozprawy doktorskiej. Publikacje oraz patenty zostalty wymienione ponizej wraz z

zaznaczeniem co bylo wkladem doktoranta w dang prace badawcza:

A1l. Lukasz Kolimas, Sebastian Lapczynski., "Currents of contact welding in a static layout:
A laboratory exercise", International Journal of Electrical Engineering Education, I, ISSN
0020-7209, 2022, s. 319, (40 pkt. wg. wykazu MNiSW, | F= 0,938).

Wktad doktoranta w powstanie tej pracy polegat na:
e opracowaniu stanowiska do prob eksperymentalnych oraz zajg¢ dydaktycznych,

e agregacji wynikOw oraz ich statystycznemu opracowaniu,

weryfikacji metody dydaktycznel przedstawione w publikagii,

e opracowaniu koncepcji artykutu

wspOtpracy przy pisaniu artykutu.

Procentowy udziat doktoranta: 40%

A2. Lukasz Kolimas, Sebastian Lapczynski, Michat Szulborski, Michat Swietlik, "Low
\oltage Modular Circuit Breakers. FEM Employment for Modelling of Arc Chambers”,
Bulletin of the Polish Academy of Sciences-Technical Sciences, 68, ISSN 0239-7528, s. 61-
70, 2020, (100 pkt. wg. wykazu MNiSW, 1 F=1,38).

Wktad doktoranta w powstanie tej pracy polegal na:
e budowaniu modelu 3D komory gaszeniowej wylgcznika nadpragdowego,
e wykonaniu symulacji rozktadu potencjatu, termicznych oraz pomocy w wykonaniu
symulacji CFD (Computational Fluid Dynamics),
e pordéwnaniu zjawisk fizycznych w dwoch wariantach komor gaszeniowych,
e wspolpracy w przygotowaniu stanowiska badawczego i realizacji pomiarow,

e wspolpracy przy pisaniu artykutu.

Procentowy udziat doktoranta: 20%
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A3. Sebastian Lapczynski, Michat Szulborski, Karol Golota, Lukasz Kolimas, Lukasz

Kozarek, "Mechanical and Electrical Smulations of Tulip Contact System”, Energies, |, ISSN
1996-1073, s. 1-28, 2020, (140 pkt. wg. wykazu MNiSW, | F=3,2).

Wktad doktoranta w powstanie tej pracy polegat na:

budowie modelu 3D uktadu stykowego tulipanowego,
analizie zjawisk fizycznych w uktadzie stykowym,
sporzadzenie symulacji dynamiki ruchu stykow,

ocenie wykorzystania wynikow w aspekcie aplikacyjnym,
sporzadzeniu koncepcji artykutu,

wspolpracy przy pisaniu artykutu.

Procentowy udzial doktoranta: 10%

A4. tukasz Kolimas, Krzysztof Bienkowski, Sebastian Lapczynski, Michat Szulborski,

Lukasz Kozarek, Karol Birek, "Control System and Measurements of Coil Actuators

Parameters for Magnetomotive Micropump Concept”, Bulletin of the Polish Academy of
Sciences-Technical Sciences, 68, ISSN 0239-7528, s. 893-901, 2020, (100 pkt. wg. wykazu
MNiSW, | F=1,38).

Wktad doktoranta w powstanie tej pracy polegal na:

opracowaniu koncepcji artykutu,

opracowaniu metody badawcze,

Zbudowaniu modelu 3D sitownika elektrodynamicznego,

poréwnaniu dwoch mechanizmow (rel uktancyjnego oraz el ektrodynamicznego)
dziatania sitownika dla mikropompy,

opracowaniu budowy dwoch wariantow sitownikow,

przygotowaniu stanowiska do badan oraz pomocy w pomiarach,

ocenie parametrow sitownikow o réznych mechanizmach dziatania w odniesieniu do
wykorzystaniaw docelowym wynalazku (mikropompa),

przygotowaniu symulacji
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e korekcie pracy przed wprowadzeniem do druku.

Procentowy udziat doktoranta: 40%

AS. Michat Szulborski, Sebastian Lapczynski, Lukasz Kolimas, Lukasz Kozarek, Desire
Rasolomampionona, "Calculations of Electrodynamic Forces in Three-phase Asymmetric
Busbar System with the use of FEM", Energies, I, ISSN 1996-1073, s. 1-25, 2020, (140 pkt.
wg. wykazu MNiSW, |F=3,2).

Wktad doktoranta w powstanie tej pracy polegat na:
e opracowaniu modelu 3D rozdzielnicy oraz tor6w pradowych,
e wykonaniu cze$ci symulacji dotyczacych sit elektrodynamicznych,
e analizie wynikow symulacji,

e wspolpracy przy pisaniu artykutu.

Procentowy udziat doktoranta: 10%

A6. Michat Szulborski, Sebastian Lapczynski, Lukasz Kolimas, Lukasz Kozarek, Desire
Rasolomampionona, Tomasz Zelazinski, Adam Smolarczyk, "Transient Thermal Analysis of
NHO00 gG 100A Fuse Link Employing Finite Element Method", Energies, 14(5), ISSN 1996-
1073, s. 1-17, 2021, (140 pkt. wg. wykazu MNiSW, | F=3,2)

Wktad doktoranta w powstanie tej pracy polegat na:
e wspotpracy przy budowie stanowiska badawczego,
e wykonaniu cze$ci modelu 3D wktladki topikowe;,
e wspoOlpracy przy wykonaniu symulacji termicznych,
e wspolpracy przy pisaniu artykutu,
e wykonaniu materiatéw graficznych,

e poréwnaniu wynikow eksperymentalnych oraz symulacyjnych.

Procentowy udziat doktoranta: 15%
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A7. Michat Szulborski, Sebastian Lapczynski, Lukasz Kolimas, Daniel Zalewski, "Transient
Thermal Analysis of the Circuit Breaker Current Path with the use of FEA Smulation”,
Energies, I, ISSN 1996-1073, s. 1-24, 2021, (140 pkt. wg. wykazu MNiSW, 1F=3,2).

Wktad doktoranta w powstanie tej pracy polegal na:
e opracowaniu modelu 3D toru pradowego wylacznika nadpragdowego,
e wykonaniu symulacji termicznych,
e wspolpracy przy zbudowaniu stanowiska pomiarowego,
e analizie wynikow symulacji nagrzewania toru pradowego wytacznika w odniesieniu
do badan eksperymentalnych,
e wspotpracy przy pisaniu artykutu.

Procentowy udzial doktoranta: 15%

A8. Michat Szulborski, Sebastian Lapczynski, Lukasz Kolimas, "Thermal analysis of heat
distribution in busbars during rated current flow in low-voltage industrial switchgear",
Energies, 14, ISSN 1996-1073, s. 1-23, 9, 2021, (140 pkt. wg. wykazu MNiSW, 1F=3,2).

Wktad doktoranta w powstanie tej pracy polegal na:
e zbudowanie modelu 3D rozdzielnicy oraz torow pradowych,
e wspolpracy przy budowaniu modelu symulacyjnego,
e wspoOlpracy przy wykonaniu symulacji rozktadu temperatury,
e wspoOlpracy przy analizie wynikow symulacji w odniesieniu do eksperymentu,

e wspoOlpracy przy pisaniu artykuhu.

Procentowy udzial doktoranta: 20%

A9. Michat Szulborski, Sebastian Lapczynski, Lukasz Kolimas, "Increasing magnetic
blowout force by using ferromagnetic side plates inside MCB", Energies, |, ISSN 1996-1073,
s. 1-17, 2022, (140 pkt. wg. wykazu MNiSW, IF=3,2).

Wktad doktoranta w powstanie tej pracy polegal na:
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opracowaniu koncepcji artykutu,

opracowaniu metody badawcze,

Zbudowaniu modeli symulacyjnych,

wykonaniu symulagji tuku elektrycznego na ptytkach dejonizacyjnych komory
gaszeniowe),

anadiziei ewaluacji symulacji tuku elektrycznego na ptytkach dejonizacyjnych komory
gaszeniowe),

ocenie rozptywu tadunku elektrycznego,

formutowaniu wnioskéw badawczych,

opracowaniu tresci artykutu,

korekcie pracy przed wprowadzeniem do druku.

Procentowy udzial doktoranta: 40%

A10. Michat Szulborski, Sebastian Lapczynski, tfukasz Kolimas, Mykhailo Tyryk,

"Electrodynamic Forces in a High Voltage Circuit Breakers with Tulip Contact System —
FEM simulations’, |[EEE Access, |, ISSN 2169-3536, s. 1-22, 2022, (100 pkt. wg. wykazu
MNiSW, IF=3,9).

Wktad doktoranta w powstanie tej pracy polegal na:

opracowaniu koncepcji artykutu,

zbudowaniu modeli 3D,

Zbudowaniu modeli symulacyjnych,

wykonaniu symulacji sit elektrodynamicznych w uktadzie stykowym tulipanowym,
analizie 1 ewaluacji symulacji sit elektrodynamicznych w uktadzie stykowym
tulipanowym,

formutowaniu wnioskéw badawczych,

opracowaniu tresci artykutu,

korekcie pracy przed wprowadzeniem do druku.

Procentowy udziat doktoranta: 40%.
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Al1l. Michat Szulborski, Sebastian Lapczynski, fukasz Kolimas, Lukasz Kozarek, Hubert
Cichecki, Przemystaw Sul, Maciej Owsinski, Przemystaw Berowski, Dariusz Baczynski,
Marcin Wesotowski, "Examination of Electrodynamic Forces in High Voltage Disconnector
Related to the Short-Circuit Current Using the Digital Twin Technology”, IEEE Access, s.
(99):1-1, 2024, (100 pkt. wg. wykazu MNiSW, | F= 3,56).

Wktad doktoranta w powstanie tej pracy polegal na:
e Opracowaniu koncepcji artykutu,
e Zbudowaniu modefu 3D,
e zbudowaniu modeli symulacyjnych,
e wykonaniu symulacji sit elektrodynamicznych w roztgczniku wysokiego napigcia,
e analizie 1 ewaluacji symulac;ji sit elektrodynamicznych za pomocg technologii Digital
Twin,
e formulowaniu wnioskow badawczych,
e opracowaniu tresci artykutu,

e korekcie pracy przed wprowadzeniem do druku.

Procentowy udziat doktoranta: 10%.

P1. Lukasz Kolimas, Sebastian FLapczynski, Michat Szulborski, Lukasz Kozarek,
»Urzqdzenie i sposob zmniejszania czasu wylgczenia tuku elektrycznego w wylgcznikach

wysokiego napiecia”, P.234768 UP RP, data udzielenia prawa 18.07.2023.

Moj wktad w powstanie tej pracy polegal na:
e Opracowaniu koncepcji wynalazku na podstawie badan z publikacji A3,
e przygotowaniu rysunkéw technicznych,

e przygotowaniu zgloszenia patentowego.

Procentowy udziat doktoranta: 25%.
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P2. Lukasz Kolimas, Krzysztof Bienkowski, Sebastian Lapczynski, Michat Szulborski,

Lukasz Kozarek, Karol Birek, “Pompa oraz sposob sterowania pompy”, PAT.243768 UP RP,
data udzielenia prawa: 17.08.2021.

Moj wktad w powstanie tej pracy polegal na:
e Opracowaniu koncepcji wynalazku na podstawie badan z publikacji A4,
e przygotowaniu rysunkow technicznych,

e przygotowaniu zgloszenia patentowego.

Procentowy udziat doktoranta: 17%.

P3. Lukasz Kolimas, Krzysztof Bienkowski, Sebastian Lapczynski, Michal Szulborski
Lukasz Kozarek, Karol Birek, ,,\Wyzwalacz elektromagnetyczny”, PAT.239158 UP RP, data
udzielenia prawa 10.08.2021.

Moj wktad w powstanie tej pracy polegat na:
e Opracowaniu koncepcji wynalazku na podstawie badan z publikacji A4,
e przygotowaniu rysunkéw technicznych,

e przygotowaniu zgloszenia patentowego.
Procentowy udziat doktoranta: 17%.

P4. Lukasz Kolimas, Krzysztof Bienkowski, Sebastian Lapczynski, Michat Szulborski,
Lukasz Kozarek, Karol Birek, ”Reluktancyjny mechanizm udarowy ze stabilizacjq drgan”,
PAT.241143 UP RP, data nadania prawa 06.05.2022.
Moj wktad w powstanie tej pracy polegal na:
e Opracowaniu koncepcji wynalazku na podstawie badan z publikacji A4,
e przygotowaniu rysunkoéw technicznych,

e przygotowaniu zgloszenia patentowego.

Procentowy udziat doktoranta: 17%.

P5. Lukasz Kolimas, Krzysztof Bienkowski, Sebastian Lapczynski, Michat Szulborski,
Lukasz Kozarek, Karol Birek, ,,Mufa e ektrotechniczna”, PAT.241142 UP RP, data udzielenia
prawa 12.05.2022.

Moj wktad w powstanie tej pracy polegal na:
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e Opracowaniu koncepcji wynalazku na podstawie badan z publikacji A7,
e przygotowaniu rysunkow technicznych,

e przygotowaniu zgtoszenia patentowego.

Procentowy udziat doktoranta: 17%.

P6. Lukasz Kolimas, Sebastian Lapczynski, Michat Szulborski, fLukasz Kozarek,
“Urzqdzenie do pomiaru rezystywnosci gruntu”,, PAT.244861 UP RP, data udzielenia prawa
12.12.2023.
Moj wktad w powstanie tej pracy polegat na:
e opracowaniu koncepcji wynalazku na podstawie badan z publikacji A8,
e przygotowaniu rysunkéw technicznych,

e przygotowaniu zgltoszenia patentowego.

Procentowy udziat doktoranta: 25%.

Sumaryczny Impact Factor narok 2023 cyklu 10 publikacji sktadajacych si¢ na osiggnigcie
naukowe wynosi: 25,802.

Sumaryczna liczba punktow MNiSW cyklu 11 publikacji naukowych oraz 6 patentow
sktadajacych si¢ na osiggnig¢cie naukowe wynosi: &) publikacje naukowe — 1240; b) patenty —
450.

Wskazniki biometryczne doktoranta wyniosty — indeks Hirscha: 5; sumaryczna liczba
cytowan: 72 (baza Web of Science Core Collection) oraz 87 (baza Scopus). Dane pochodzg z

biblioteki gtdwnej Politechniki Warszawskiej 1 zostaty potwierdzone.

Oswiadczenia wszystkich wspotautoréw o udziale procentowym w publikacjach A1 — A1l
oraz patentach P1 — P6 oraz zgoda na wlaczenie tych prac do cyklu publikacji powigzanych
tematycznie, stanowigcych osiggniecie naukowe przedstawione do oceny w postgpowaniu

Zamieszczono w osobnym zalaczniku (zatgcznik 1).
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2. Wklad autora rozprawy

2.1. Publikacje dotyczace analizy oddzialywan elektr odynamicznych

Modelowanie oddziatywania sit elektrodynamicznych zostato przedstawione w pracach
[A4, A5, A9, A10, All]. Badania dotycza uktadu stykowego tulipanowego wysokiego
napigcia oraz tordw pradowych w rozdzielnicy niskiego napigcia. Zostaly réwniez
rozpatrzone mechanizmy pozwalajgce na wykorzystanie oddziatywan elektrodynamicznych w
celu uzyskania ruchu posuwisto — zwrotnego i implementacji tego rozwigzania w patentach
[P2 — P4].

Powstawanie sit elektrodynamicznych w zestykach aparatow elektrycznych zwigzane jest z
przeptywem pradoéw o duzej warto$ci — prady zaktoceniowe. W zalezno$ci od konstrukcji
uktadu stykowego zjawisko wystepowania sit elektrodynamicznych jest niepozadane, gdyz
moze prowadzi¢ do sczepiania si¢ stykow podczas odskokow elektrodynamicznych lub do ich
rozerwania i zniszczenia. Zjawisko odrzutu elektrodynamicznego wykorzystywane jest
réwniez do zwigkszenia predkosci rozchodzenia si¢ stykow w wytacznikach ograniczajacych
poprzez odpowiednie pe¢tlowe uksztaltowanie toréw pradowych zestyku. Wyniki analiz
numerycznych oddziatywan elektrodynamicznych jest niezwykle trudno ewaluowaé
eksperymentalnie. Stad koniecznos$¢ przeprowadzania obliczen analitycznych, ktore zaktadaja

bardzo duze uproszczenia.

W pracy [A4] zaproponowano budowe oraz pomiary sitownikow elektrodynamicznego
oraz reluktancyjnego. Powyzej wymienione elementy wykonawcze mialy zostaé
wykorzystane jako napedy nowatorskiej koncepcji mikropompy magnetomotoryczne;.
Artykut porusza rozne aspekty wyznaczania wartosci parametrow, ukladu sterowania,
odzialywania sit elektrodynamicznych i optymalizacji podstawowych elementéw zespotow
cewek, ktore zostaty poruszone w literaturze [43 — 47]. Przeprowadzona praca opisuje system
pomiarowy i analize¢ uzyskanych warto$ci. Poréwnano wykonane sitowniki i wskazano zalety
i wady budowy koncepcyjnego urzadzenia. Na podstawie pomiardw, aspektéw
konstrukcyjnych, kontroli ukladu oraz kluczowych parametrow, takich jak predkos¢ tloka,
energia zmagazynowana w kondensatorach i sprawnos$ci, wybrano najlepsze rozwigzanie do
wdrozenia w przysztych pracach nad konstrukcjg mikropompy magnetomotoryczne;.

W literaturze opisuje si¢ konstrukcje sitownikdw o duzych masach wlasnych 1

ograniczonej czgstotliwosci pracy, ktore moglyby zosta¢ pordwnane do zaproponowanego
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przez autora rozwigzania [48]. Jezeli chodzi o obliczenia i metodologi¢, dobrze przedstawiong
metodyke opisano w publikacji [49]. W artykule przedstawiono studium konstrukcyjne
lekkiego sitownika bezwtadno$ciowego ze zintegrowanym czujnikiem predkosci do realizacji
sterowania ze sprz¢zeniem zwrotnym predkosci, czyli aktywnego ttumienia. W literaturze nie
przedstawiono jednak modelu, ktory jednoznacznie laczylby obliczenia analityczne 1
numeryczne dla sitownikow o liniowym przeptywie ptynu. Nie udalo si¢ zawrze¢ w
cytowang] pracy przejrzystego sposobu projektowania i testowania takich elementéw
wykonawczych poprzez budowe powtarzalnego stanowiska badawczego. Nadal istniejg
konstrukcje o duzych masach wlasnych i ograniczonej czgstotliwosci pracy na przyktad w
publikacji [50]. Potpraktyczne rozwigzanie zaproponowat zesp6t chinskich badaczy [51].
Autorzy w wielu publikacjach przedstawiaja metody prowadzenia obliczen dla podobnych
maszyn elektrycznych w poréwnaniu do pompy magnetomotorycznej zaprezentowanej przez
autoraw niniejszej pracy [52 — 56]. Zadna z wymienionych prac dostepnych w literaturze nie
opisuje takiego rozwigzania jakie proponuje autor — nalezy wskazaé¢ skale jak i sposob
wykonania w tym zaproponowanie mechanizmu pracy elementéw wykonawczych pompy bez
tarcia

Zaprezentowany przez autora model pokazuje takze, jak sterowac przeptywem, aby byt on
linlowy, co czesto ma kluczowe znaczenie w zastosowaniach w przemysle medycznym i
chemicznym. Autor samodzielnie opracowat koncepcje publikacji [A4] oraz samodzielnie
zbudowat artykul. Doktorant samodzielnie = zbudowat model 3D  silownika
elektrodynamicznego, ktory byt przedmiotem patentow [P2 — P4] w wariantach
zmodyfikowanych. Autor byt odpowiedzialny za prace analityczne polegajace na poréwnaniu
mechanizmow oraz wynikdw symulacyjnych jak 1 empirycznych dla sitownika
reluktancyjnego oraz elektrodynamicznego w celu doboru odpowiedniego rozwigzania do
zastosowaniu w pompie magnetomotorycznej. Autor roéwniez uczestniczyt w budowie
obiektow empirycznych oraz przygotowania stanowiska do badan eksperymentalnych w tym

réwniez wykonywaniu pomiarow.

W pracy [A5] przeprowadzono obliczenia analityczne trojfazowego ukladu szyn
zbiorczych. Obliczono kluczowe parametry, takie jak maksymalna warto$¢ sily
elektrodynamicznej, warto§¢ wytrzymatosci mechanicznej, czestotliwos¢ drgan wiasnych
szyn zbiorczych. Obliczenia wykonano rowniez za pomocg modelu rownolegtego uktadu szyn
zbiorczych w programie ANSY' S, co potwierdzito uzyskane wyniki z obliczen analitycznych.

Zaproponowany model umozliwiat: obserwacj¢ dziatania sit, energii dziatajacych na izolatory
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wsporcze, realizacje doboru i modelowania toréw pragdowych ze wzgledu na zagrozenia
zwigzane z przeptywem pradu zwarciowego, obserwacje skutkow dziatania sit
elektrodynamicznych od pradu zwarciowego niesymetrycznego. Wykazano, ze model oparty
na elementach skonczonych jest bardzo pomocny w doborze szynoprzewodoéw o nietypowych
ksztalttach. W prowadzonych rozwazaniach przedstawiono model 3-D z uwzglednieniem
wszystkich ~ zagrozen elektromechanicznych  (napre¢zenia  izolatorow — wsporczych,
czestotliwos$¢ drgan whasnych uktadu i sit elektrodynamicznych).

Wielu uczonych badato stabilnos$¢ termiczng EIPB (Enclosed Isolated Phase Busbar) przy
pradzie zwarciowym [57 — 58]. Autorzy w wykazanych publikacjach zaproponowali metodg
obliczania temperatury przewodu magistrali z wykorzystaniem analizy sieci cieplng.
Przeanalizowali oni rezystancje styku czesci szyn zbiorczych i obliczali wzrost temperatury
generowany przez rezystancje.

W publikacjach [59 — 62] autorzy wykonali badania eksperymentalne do sprawdzenia
niezawodnosci stykOw szyn zbiorczych i przewidywali stan zestyku na podstawie modeli
teoretycznych. Rozwazali oddziatywanie sit elektrodynamicznych, wzrostu temperatury i
innych czynnikow, takich jak wytrzymalo$¢ mechaniczna oraz wpltyw stanu zwarcia na
przewod magistrali. Jednak wigkszo$¢ z tych metod dotyczy bardzo matych rozmiarow szyn
prostych, ktore nie sa dluzsze niz 5 m. Praca [AS] dotyczyla bardziej kompleksowych
wariantow szyn o dluzszych odcinkach oraz analizy oddziatywania sil elektrodynamicznych
naizolatory wsporcze.

Prac¢ [A5] mozna uznaé za nowatorskg wymieniajac jej nastgpujace atuty: odniesienie si¢
do projektowania rozdzielnic pod katem obliczania sit elektrodynamicznych, nie tylko
obcigzalnosci pradowej szyn zbiorczych (jest to rzadko spotykane podejscie w literaturze);
publikacja przedstawia catosciowa analize sit elektrodynamicznych w rozdzielnicach;
rozpatrywany jest przypadek asymetrii, ktory analitycznie jest trudno opisa¢ i wyznaczy¢ —
wykorzystanie MES pozwala na rozpatrzenie takiego scenariusza; ograniczenie
przewymiarowan 1 czg¢stych niedoszacowan w obliczeniach ze wzgledu na koniecznosé
przyjecia uproszczen oraz niekorzystnych zatozen wplywajacych na doktadno$¢
otrzymywanych wynikow.

W wykonang pracy [A5] autor byt odpowiedzialny za opracowanie modelu 3D badane;j
rozdzielnicy oraz jej toréw pradowych. Doktorant wykonal cze$¢ symulacji dotyczacych
badan sit elektrodynamicznych — symulacje deformacji torow pradowych. Autor uczestniczyt

w analizie wynikéw oraz budowie publikacji.
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W pracy [A9] przedstawiono metode nhumerycznego modelowania komoér gaszeniowych
niskiego napigcia stosowanych w aparatach modutowych. Skupiono si¢ na przedstawieniu
zjawiska zwigkszania wydmuchu poprzez zastosowanie plytek ferromagnetycznych
dzielacych tuk elektryczny wewnatrz aparatu elektrycznego. Zastosowanie materiatu
ferromagnetycznego do produkcji komor gaszeniowych powoduje znieksztalcenie pola
magnetycznego generowanego przez tuk elektryczny. Prowadzi to do wytworzenia sity
magnetycznej, ktora przyciaga tuk w strone¢ obszaru ptytek deonizacyjnych komory
gaszeniowej. Autorzy zaprezentowali nowoczesne narze¢dzia do analizy zjawisk fizycznych
wewnatrz komory gaszeniowej. Zaprezentowany material pozwala zbada¢ wptyw zmian
geometrii 1 materialdéw elementdéw toru pradowego na proces wytaczania pradu. Zastosowane
podejscie moze by¢ wykorzystane do analizy zjawisk fizycznych w urzadzeniach nie tylko dla
pradu przemiennego, ale takze dla pradu statego.

W referencyjng pracy [63] zaproponowano zastosowanie magnesow trwatych wewnatrz
komory tukowej w celu poprawy wydajnosci gaszenia tuku. Magnesy trwale wytwarzaja pole
magnetyczne, w ktorym tuk elektryczny zachowuje si¢ inaczej w poroéwnaniu z ptytkami
dejonizacyjnymi. Autorzy w badaniach przedstawiaja poréwnanie danych testowych
wylacznikéw z konfiguracja plytki dejonizacyjnej 1 magnesow trwalych z uwzglednieniem
réznych polaryzacji 1 rozmieszczenia. Celem tej pracy bylo zrozumienie zachowania tuku
elektrycznego wewnatrz wyltacznikdw, gdy magnesy state sg uzywane do gaszenia tuku
elektrycznego w komorze tukowe;j. Jest to istotne zagadnienie dla badan przeprowadzonych
przez doktoranta. Praca [64] dotyczyta problemu tuku plazmowego. Artykut koncentruje sig
na wptywie réznych par polimerow, takich jak PA66, POM, PTFE, PMMA, na zachowanie
si¢ tuku 1 wptyw odpowietrzania na rozklad cisnienia. Ulegajace ablacji pary polimeru, ktore
sg generowane przez silne promieniowanie tuku, zmieniaja wlasciwosci termodynamiczne i
transportowe plazmy tukowej. Jest to szczegdlnie wazne przy rozwazaniach dotyczacych
aparatow modutowych.

Przeprowadzone symulacje obliczeniowe w pracy [A9] potwierdzily, ze wykonywanie
analiz numerycznych na dokladnych modelach konstrukcyjnych 3D moze stanowi¢ istotne
ulatwienie podczas budowy i prototypowania komor gaszeniowych. Dzigki tego typu
analizom projektanci aparatury elektrycznej sa w stanie stworzy¢ urzadzenia bardziej
dopracowane juz na etapie projektowania. Dokonujac odpowiednich zmian konstrukcyjnych.
Przeprowadzone badania zwarciowe potwierdzity zatozenia teoretyczne zawarte w literaturze.
Dodatkowo wyniki symulacji sg spojne z wynikami uzyskanymi z przeprowadzonych badan

eksperymentalnych. Przeprowadzone symulacje obliczeniowe potwierdzity, ze wykonywanie
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analiz numerycznych na doktadnych modelach konstrukcyjnych 3D moze stanowi¢ istotne
ulatwienie podczas budowy i prototypowania komoér gaszeniowych. Dzigki tego typu
analizom projektanci aparatury elektrycznej sa w stanie stworzy¢ urzadzenia bardziej
dopracowane juz na etapie projektowania. Dokonujac odpowiednich zmian konstrukcyjnych,
takich jak dopracowanie ksztalttu wycig¢ w ptytach komory gasniczej, mozliwe jest
zwigkszenie wydajnosci elektrod tukowych. Istotng zaletg pracy jest mozliwo$¢ zmiany
parametréw symulacji w tym geometrii elementéw oraz analiza zjawisk fizycznych
(szczegoblnie oddzialywan elektrodynamicznych) na biezaco.

Autor samodzielnie opracowat koncepcje publikacji [A9] oraz zbudowat artykut. Autor byt
w sposob znaczacy odpowiedzialny za opracowanie metody badawcze) wykorzystang w te)
pracy. Autor zbudowat w stopniu znaczacym modele symulacyjne komory gaszeniowej oraz
ptytek dejonizacyjnych — symulacje tuku elektrycznego. Rowniez w stopniu znaczacym
wykonat symulacje dla wyzej wymienionych obiektéw. Autor brat udziat w ocenie
analitycznej dotyczacej rozptywu tadunku elektrycznego oraz sformulowal wnioski

badawcze. Autor wspotpracowal przy korekcie publikacji przed wprowadzeniem do druku.

Praca [A10] dotyczyta wplywu sit elektrodynamicznych dziatajacych na styczki uktadu
tulipanowego, czgsto stosowanych w wylagcznikach wysokiego napiecia [65, 66]. Gtownym
problemem faktyczngl ewaluacji poprzez pomiary dynamiczne (sity elektrodynamiczne) jest
specyfika pracy wytacznika. Uktad stykowy znajduje si¢ bezposrednio w komorze wytacznika
wypehionej gazem CO2 lub SFs [67 — 69]. Dlatego badania w normalnych warunkach pracy
sg bardzo trudne, wrgcz niemozliwe. Autorzy zaproponowali zastosowanie metody MES
(metody elementéw skonczonych) w celu uzyskania wartosci sit elektrodynamicznych
dziatajacych na uklad stykow poprzez wykonanie szczegdlowej symulacji sprzezonej 3D.
Analiza wynikdw data istotne wnioski dotyczace dziatania takich ukladow stykéw w
warunkach zwarciowych.

Autor przeprowadzit gruntowne badania literatury, ktore potwierdzajg brak informacji na
temat badania sit elektrodynamicznych w uktadach stykowych wysokiego napigcia. W
dziatach B+R producentow uktadow stykowych i wylacznikow mozna znalez¢ badania
statyczne. Prace dotycza wytacznie uktadu stykowego zbudowanego z jednego ponacinanego
elementu. W takim wypadku poza komorg wylacznika mozliwe stajg si¢ badania poprzez
odcigganie jednej ze styczek i statyczne wyznaczanie sity elektrodynamicznej. Nie jest to sita
zwigzana z przeplywem pradu, a tym bardzig pradu zwarciowego. Jest to sita mechaniczna

uzyskana poprzez sprezystos¢ materiatu, niekiedy rowniez sprezyny dociskajace.
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Badania autora publikacji [A10] dotycza oddziatywan sit elektrodynamicznych na
poszczegoblne styczki uktadu stykowego tulipanowego w wylacznikach wysokiego napigcia.
Autor w swojej pracy wykazuje, ze styczki nie s3a roOwnomiernie obcigzone
elektrodynamicznie podczas przeptywu pradu zwarciowego, a tym samym bada wiele
punktow oddziatywan rozmieszczonych na poszczegdlnych styczkach. Nie jest to
ograniczony uklad statyczny jednej styczki (tak jak zwykle bylo to realizowane w literaturze).
Nowatorskim aspektem tej pracy jest analiza oddzialywan elektrodynamicznych na badany
uktad w sposob kompleksowy i dynamiczny bioragc pod uwage caly mechanizm stykowy
aparatu.

Autor samodzielnie opracowat koncepcje publikacji oraz zbudowat artykul. Autor byt w
sposob znaczacy odpowiedzialny za opracowanie metody badawczej wykorzystang w te
pracy. Autor zbudowal w stopniu znaczacym modele symulacyjne zestyku tulipanowego.
Réwniez w stopniu znaczacym wykonat symulacje sit elektrodynamicznych dla wyzej
wymienionego obiektu. Autor brat udzial w ocenie analitycznej dotyczacej wartosci sit
elektrodynamicznych jakie uzyskano podczas przeprowadzania symulacji i odniesieniaich do
warto§ci rzeczywistych oraz analitycznych, ktore s3a dostgpne w literaturze. Autor
sformutowal samodzielnie wnioski badawcze. Autor wspotpracowat przy korekcie publikacji

przed wprowadzeniem do druku.

Praca [A11] dotyczyta nowatorskig technologii modelowania obiektow zwanej Digital
Twin (DT) w aspekcie analizy symulacyjng zjawisk fizycznych. Zaprezentowano,
zweryfikowano 1 omodwiono model Digital Twin przedstawiajacy analize sit
elektrodynamicznych w trojfazowym roztgczniku wysokiego napigcia. Doswiadczenia
zwigzane z pracg laboratoryjng i pomiarami sit elektrodynamicznych wyraznie pokazaly, ze
czgsto pomimo stosowania nowoczesnych maszyn obliczeniowych proces badawczy jest
trudny, bardzo kosztowny, a wartosci sit elektrodynamicznych sg prawie niemozliwe do
zmierzeniaw warunkach rzeczywistych. Stad pomyst wykorzystania bardzo zaawansowanych
modeli aparatow elektrycznych zminimalizowanych do modelu zredukowanego. Tego typu
operacja mozliwa byla z wykorzystaniem technologii Digital Twin. Ze wzglgdu na duza
liczbe urzadzen elektrycznych (dtawikéw, transformatorow, odlacznikow) w  sieciach
wysokiego napigcia przeprowadzenie symulacji catosciowe] dla skomplikowanego,
wieloelementowego uktadu jest czesto czasochtonne lub wrecz niemozliwe. Zaproponowane
podejscie badawcze pozwolito uzyskaé¢ wyniki z bardzo ztozonych modeli w znacznie

korzystniejszym czasie i o porownywalnej jakosci w odniesieniu do klasycznych metod
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symulacyjnych MES (Model klasyczny MES — 12 godzin, model zredukowany DT — 2
minuty). Model zredukowany moze by¢ stosowany nie tylko przez badaczy, ale takze w
dziatach rozwoju przedsigbiorstw. Wyniki modelowania MES za pomoca technologii Digital
Twin poréwnano i zweryfikowano z warto$ciami eksperymentalnymi uzyskanymi z badan
zwarciowych przeprowadzonych w Instytucie Energetyki.

W publikacjach [105 — 108] autorzy w ciekawy sposob przedstawili technologi¢ Digital
Twin. Autorzy pokazuja, ze wraz z nadejsciem ery cyfrowej technologia Digital Twin stala
si¢ nowa potencjalng technologia numeryczng modelowania i badania obiektow. Cieszy si¢
rosnagcym zainteresowaniem zarowno w S$rodowisku akademickim, jak 1 przemystowym.
Technologia DT toruje drogg optacalnym probom odtworzenia warunkow rzeczywistych i
optymalnemu zarzadzaniu wydajnoscia poprzez tworzenie cyfrowej reprezentacji wirtualnej
sieci fizycznegl na potrzeby symulacji i prognoz.

Kolgini autorzy z zakresu elektroenergetyki przedstawiali kompleksowy model
inteligentnych elektrowni [109 — 110]. W publikacjach przedstawiono wiclopoziomowa
metode budowy DT stacji elektroenergetycznegi. W tg metodzie technologia DT zapewnia
ramy struktury do zarzadzania podstacja, a system wieloczynnikowy realizuje inteligentne
funkcje podstacji. W pierwszej kolejnosci szczegétowo opisano architekturg technologii DT
stacji elektroenergetyczne. Nastepnie zaproponowano szkielet systemu wieloczynnikowego
dla szczegétowo przedstawionych funkcji modelu. Nalezy zwroci¢é uwage na ogromny
poziom skomplikowania i1 szczegdétowosci tego typu modeli, ktory bytby trudny do
symulowania wykorzystujac klasyczng MES.

Autor samodzielnie opracowat koncepcje¢ publikacji oraz zbudowat artykut. Autor byt w
sposob znaczacy odpowiedzialny za opracowanie metody badawczej wykorzystane] w tej
pracy. Autor wspotpracowat przy budowie modelu symulacyjnego roztacznika wysokiego
napigcia. Rowniez wspotpracowal przy wykonywaniu symulagji sit elektrodynamicznych dla
wyzej wymienionego obiektu. Autor brat udziat w ocenie analitycznej dotyczacej wartosci sit
elektrodynamicznych jakie uzyskano podczas przeprowadzania symulacji i odniesieniaich do
warto§ci rzeczywistych oraz analitycznych, ktore s3a dostgpne w literaturze. Autor
sformulowat wnioski badawcze. Autor wspotpracowat przy korekcie publikacji przed

wprowadzeniem do druku.
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2.2.Publikacje dotyczace analizy zjawisk termicznych

Modelowanie zjawisk termicznych zostato przedstawione w pracach [A6, A7, A8]. Na

podstawie badan wykonanych w publikacjach [A7, A8] opracowano patenty [P5, P6].

W pracy [A6] zaproponowano szczegdtowy, trojwymiarowy, przejsciowy model wktadki
bezpiecznikowej] NH000 gG 100A wykonany metoda elementéw skonczonych. Gtownym
przedmiotem przeprowadzonych analiz byly wlasciwosci termiczne bezpiecznikdw podczas
pracy w warunkach znamionowych (100 A) i niestandardowych (110 A i 120 A). Prace
dotycza zaré6wno elementow zewnetrznych wkladki bezpiecznikowej (korpus ceramiczny),
jak 1 elementow wewnetrznych (obwdd pradowy). Opisano zaréwno rozklad gestosci pradu
elektrycznego, jak 1 jego wplyw na temperature elementoéw konstrukcyjnych bezpiecznikow w
czasie ich pracy. Rozklad temperatury, straty mocy i rozpraszanie energii mierzono za
pomoca modelu numerycznego. W celu weryfikacji i walidacji modelu przeprowadzono
badania eksperymentalne, podczas ktorych mierzono temperatur¢ w réznych czesciach
urzadzenia przy wykorzystaniu pradu znamionowego.

Waznym nurtem badan jest zbudowanie uniwersalnego modelu numerycznego
bezpiecznika jako elementu zabezpieczajacego urzadzenia elektryczne. O wadze tych badan
$wiadcza liczne publikacje [70 — 76].

Zaproponowany model mozna okresli¢ jako nowatorski pod wzglgdem powtarzalno$ci
wynikow analizy termicznej wkladek bezpiecznikowych dla zakresu pradow (80 A, 90 A, 100
A, 110 A, 120 A). Mozna zatem stwierdzi¢, ze proponowany model jest cennym atutem, ktory
moze obnizy¢ koszty oraz uprosci¢ 1 przyspieszy¢ prace nad badaniami nowych typow
wkladek topikowych. Waznym aspektem byl fakt, ze ewaluacj¢ eksperymentalng modelu
uzyskano z dwoch niezaleznych Zrddel, co czyni te prace znaczaca.

Autor byl odpowiedzialny za prace dotyczace budowy stanowiska eksperymentalnego
oraz wykonanie niektérych elementow modelu 3D wkiadki topikowej do ztozenia na
podstawie danych inzynierskich — element topikowy. Autor wspotpracowat przy wykonaniu
symulacji termicznych MES wktadki topikowej i byl odpowiedzialny za analiz¢ materialowa
oraz dobor odpowiednich dla symulacji parametréw. Autor opracowal materiaty graficzne

oraz wspotpracowal przy powstawaniu publikacji.

W pracy [A7] zaproponowano oryginalne, nowe sposoby model owania zjawisk fizycznych

aparatow modutowych niskiego napiecia. Opracowano doktadny model 3D oraz wykonano
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analizy pol sprzezonych. Model wykorzystano podczas konstruowania 1 prototypowania
nowych konstrukcji modutowych aparatow elektrycznych. Na etapie model owania uzyskano
szczegdtowy 1 wiernie odzwierciedlajacy rzeczywistos¢ model konstrukcyjny. Anaiza
Zjawisk fizycznych pozwolita na szczegdtowe zrozumienie i poznanie proceséw zwigzanych
z przeptywem pradu przez tory pragdowe aparatow elektrycznych.

Istotnym elementem konstrukcji wytacznika jest tor pradowy. Podczas wylaczania pradu
zwarciowego tor pradowy narazony jest na oddzialywanie termiczne i mechaniczne, ktére
moga doprowadzi¢ do trwalego uszkodzenia elementéw toru pragdowego lub nawet catego
wylacznika nadpradowego [77, 78]. Podczas procesu gaszenia tuku elektrycznego w
wylaczniku zachodzg zlozone zjawiska fizyczne, takie jak wydzielanie si¢ ciepla w kanale
tuku elektrycznego oraz powstawanie sit elektrodynamicznych powodujacych naprezenia
oddziatujace na styki wytacznika [79]. Sciezki pradowe rdznig si¢ ksztaltem i wielkoscia
stykow elektrycznych. Im wigkszy prad znamionowy wyltacznika, tym wigksze
(masywniejsze) sa styki elektryczne w torze pradowym [80]. W literaturze nie porusza si¢
czesto zagadnien zwigzanych ze zorganizowanym i sformalizowanym podej$ciem do budowy
modeli termicznych aparatow elektrycznych w tym wylacznikow nadpradowych.
Zaproponowane opracowanie [A7] moze by¢ wykorzystywane do prac badawczo-
rozwojowych, w procesie projektowania lub ulepszania konstrukcji urzadzen elektrycznych i
jest uzupetnieniem literatury pod wzgledem sposobu prowadzenia takich prac.

Aspektem nowatorskim w wykonanej pracy byto szczegotowe 1 kompleksowe podejscie do
analizy termicznej oraz analizy parametrow elektrycznych biorac pod uwage doktadne
odwzorowanie toru pradowego modulowego wylacznika nadpradowego. Uzyskano
powtarzalne wyniki, ktore zostaty ewaluowane eksperymentalnie.

Autor byt odpowiedzialny za opracowanie doktadnego modelu 3D toru pradowego
wylacznika nadpradowego oraz wykonaniu symulacji termicznych dla tego aparatu. Ponadto
autor wspolpracowat przy zbudowaniu stanowiska pomiarowego. Autor bral udzial w
wspolpracy przy analizie wynikow symulacji w odniesieniu do badan eksperymentalnych

oraz wspolpracowat przy sporzadzaniu publikacji.

W pracy [A8] przedstawiono analize¢ sprzezong: Maxwell 3D, Transient Thermal oraz
Fluent CFD, w momencie pojawienia si¢ pragdu znamionowego na szynach gltownych
rozdzielnicy niskiego napigcia. W analizie przedstawiono przeptyw pradu znamionowego W
szynach rozdzielnicy, co umozliwito okreslenie ich wartosci temperaturowych. Wyniki

symulacji zostaly potwierdzone badaniami eksperymentalnymi. Przedstawiono sposob
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odprowadzania ciepta w szynach zbiorczych i obudowie rozdzielnicy poprzez konwekcje
powietrzng. Uwzgledniono rozktad temperatur izolatorow. Wyniki uzyskane w trakcie
symulacji pozwolily na szczegétowa analiz¢ konstrukcji rozdzielnicy i wyciagnigcie
wihasciwych wnioskow w aspekcie praktycznym 1 teoretycznym. Pomoglo to we
wprowadzeniu zmian konstrukcyjnych w przygotowanym prototypie rozdzielnicy na etapie
projektowaniai budowy.

Podczas eksperymentow laboratoryjnych badane byty okreslone punkty w rozdzielnicy, w
ktorych spodziewany byt wzrost temperatury [81]. Nie oddaje to jednak w pelni catego
zakresu temperatur obserwowanych w torach pradowych wystepujacych wewnatrz
rozdzielnicy [82]. W pracy oméwiono pomiary temperatury w miejscu lgczenia szyn
zbiorczych na podstawie rezystancji zestyku i materiatu galwanicznego w odniesieniu do
warto$ci rezystancji zestyku. Badania mialy na celu zapobieganie awariom podczas laczenia
szyn zbiorczych, co z powodzeniem wykazano. Wyniki pomiaréw i symulacji pokazuja, ze
prawidtowe polaczenie szyn zbiorczych jest bardzo wazne z punktu widzenia budowy i
eksploatacji urzadzen rozdzielczych [83]. Ponadto wykonywanie tego typu testow jest
operacja skomplikowang, kosztowng 1 czasochtonng. Wymaga kilku testow przed
opracowaniem gotowego produktu. W celu obnizenia kosztow tego typu badan [84] istnigje
mozliwos¢ wykonania szczegdétowego modelu 3D rozdzielnicy oraz wykonania symulacji
komputerowej w $rodowisku MES — co jest pomyslem nowatorskim i znaczaco
ograniczajacym koszty analizy oraz zuzycia materiatow. Wykorzystano réwniez analizy
sprzezone bazujace na modutach ANSYS Maxwell 3D, Fluent CFD, Transient Thermal,
pozwalajace na symulacje doktadnego rozktadu temperatury na szynach zbiorczych oraz
wewnatrz rozdzielnicy [85].

Autor byl odpowiedzialny za opracowanie modelu 3D rozdzielnicy oraz jej tordéw
pradowych. Ponadto autor wspotpracowat przy zbudowaniu stanowiska pomiarowego. Autor
brat udziat w wspdlpracy przy wykonaniu symulacji numerycznych dla sporzadzonego
modelu 3D w tym gtownie przy symulacjach termicznych dla obiektu. Autor wspotpracowat
przy porownywaniu wynikéw uzyskanych z symulacji do tych uzyskanych z eksperymentu

oraz zajmowat si¢ budowaniem publikacji.
2.3. Publikacje dotyczace analizy zjawisk lukowych

Modelowanie zjawisk tukowych zostato przedstawione w publikacjach [A1, A2]. Ponad to
w wymienionych pracach zostaty zbadane zjawiska elektryczne takie jak rozktad potencjatu,
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straty mocy na torach pradowych oraz uktadach stykowych aparatow, drogi oraz szybkosci
jakie przemierzaty tadunki podczas gaszenia tuku elektrycznego w komorze gaszeniowej,
rozklad pola elektromagnetycznego oraz magnetycznego. Analizy zostaly wykonane z
wykorzystaniem narzedzi MES 1 stanowity graficzng reprezentacje wynikow symulacji
numerycznych. Na podstawie badan zjawisk elektrycznych pochodzacych z publikacji [A2]
sporzadzono patent [P1].

W pracy [Al] zaproponowano nowag metode dydaktyczng bazujaca na analizie zjawisk
fizycznych w uktadzie stykowym wysokiego napigcia.

Pomyst zbudowania statycznego uktadu stykowego powstal aby studenci mogli ¢wiczy¢
swoje umiejetnosci 1 dzigki temu lepiej rozumie¢ zachodzace zjawiska fizyczne dotyczace
pradow szczepienia i zjawisk tukowych. Nowatorski system zadan zostal sformutowany z
mys$la o skupieniu si¢ na podstawowych umiejetno$ciach i zakresie wiedzy, ktory jest
najwazniejszy dla mtodego inzyniera elektryka [85 — 94].

Doktorant w tej pracy opracowal stanowisko do prob eksperymentalnych oraz badan
dydaktycznych zaréwno sporzadzajac odpowiedni schemat jak i1 pracujac fizycznie przy
powstawaniu tego stanowiska. Autor byt réwniez odpowiedzialny za agregacje wynikoéw
pracy oraz ich obrobke statystyczng co stanowito weryfikacje zaproponowanej metody
dydaktycznej. Autor rowniez przyczynil si¢ do powstania koncepcji artykutu i uczestniczyt

bezposrednio w jego sporzadzeniu.

W pracy [A2] zaproponowano nowe sposoby modelowania zjawisk tukowych w aparatach
niskiego napigcia. W publikacji rozpatrywany byl model komory gaszeniowej wytacznika
nadpragdowego niskiego napigcia. Zaproponowany model umozliwial: obserwacj¢ gradientu
napigcia w komorach gaszeniowych aparatow elektrycznych, analiz¢ pola przeptywowego w
komorach  gaszeniowych aparatow elektrycznych, realizacje tworczych  badan
eksperymentalnych w obszarze aparatéw modutowych niskiego napigcia, badan w obszarze
wytrzymatos$ci elektrycznej i mechanicznej kluczowych elementow aparatow elektrycznych
niskiego napigcia oraz mozliwo$¢ prognozowania miejsca wystapienia tuku elektrycznego na
elektrodach bieznikowych.

W celu weryfikacji zalozen konstrukcyjnych i koniecznosci wybranych rozwigzan —
przeprowadza si¢ wiele testow 1 symulacji, ktore pozwalaja na wykrycie defektow 1
optymalizacje efektywnosci komory tukowej juz na etapie projektu. Srodki te s3 niezbedne do

ograniczenia zuzycia materialow konstrukcyjnych i pomagaja poprawi¢ wiasciwosci komory
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tukowej. Wykorzystanie symulacji MES (Metody Elementéw Skonczonych) jest bardzo
skuteczne w przeprowadzaniu wielu analiz dotyczacych aspektéw elektrycznych,
mechanicznych i tych dotyczacych trwalosci materiatdw. Ogromng zaleta tej metody jest
mozliwos¢ sprawdzenia skomplikowanych scenariuszy, w ktorych stosuje si¢ rézne warunki
brzegowe. Dobrym przyktadem jest symulacja rozkladu ci$nienia gazu na powierzchni
komory tukowej FSI przeprowadzona w publikacji [2]. We wspomnianym przypadku
symulacje wykorzystano do zachowania dodatkowych informacji poddanych pomiarom
odksztatcen obudowy komory tukowej [1 — 6].

Przedstawiony model oraz procedura w pracy [A2] zostaly zweryfikowane badaniami
empirycznymi, ktore potwierdzajg zasadnos$¢ takiego postepowania. Wazng cecha wynikajaca
z tej pracy jest mozliwos¢ rekonstrukcji modeli komoér tukowych i w przypadku zmian
konstrukcyjnych, uniknigcie kosztownych 1 czasochlonnych badan laboratoryjnych lub
przynajmniej ograniczenie naktadow. Podejscie to jest zgodne z panujagcym obecnie trendem
redukcji czasu 1 kosztow w projektowaniu 1 wytwarzaniu aparatow elektrycznych.
Optymalizacje mozna zastosowac¢ do istniejagcych rozwigzan z wykorzystaniem proponowane;j
procedury. Taki proces moze nie tylko zwigkszy¢ bezpieczenstwo uzytkownikow, ale takze
ograniczy¢ zuzycie materialow, pozytywnie wplywajac na $rodowisko. Poza tym
modelowanie MES w tym modelowanie za pomocg CFD (Computational Fluid Dynamics)
moze by¢ wykorzystane do projektowania aparatury dla r6znych warunkow, zakresOw napiec
i zastosowan [95 — 98]. Powyzsze stwarza ogromne mozliwo$ci bezpiecznego, szybkiego i
wysoce ekonomicznego kreowania nowych trendow 1 rozwigzan w inzynierii aparatury
elektrycznej. Wada modelowania MES jest nadal konieczno$¢ przeprowadzenia badan
eksperymentalnych w celu ewaluacji modelu, tak jak jest to okreslone we wszystkich
obowigzujacych normach.

Autor w tej pracy byt odpowiedzialny za zbudowanie modelu 3D komory gaszeniowe;j,
ktory w dalszych etapach postuzyt do wykonania symulacji MES za pomocg programéw
takich jak ANSYS oraz COMSOL. Autor byl réwniez odpowiedzialny za samodzielne
wykonanie symulacji termicznych dla komér gaszeniowych badanych wylacznikéw
nadpragdowych oraz uczestniczyt w wykonaniu symulacji CFD dla tych aparatow. Doktorant
zajmowal si¢ réwniez pracg analityczng polegajaca na poréwnaniu wynikow oraz ich
interpretacja porownawczg. Celem byto odniesienie rezultatow pochodzacych z symulacji
MES do rezultatéw empirycznych. Autor bral rowniez udzial w przygotowywaniu stanowiska

do badan eksperymentalnych oraz wspoipracy przy sporzadzeniu publikacji.

33



2.4. Publikacje dotyczace analizy zjawisk mechanicznych

Modelowanie zjawisk mechanicznych zostato przedstawione w pracy [A3]. W publikacji
przedstawiono dynamike ruchu zestyku tulipanowego, modyfikacj¢ konstrukcji styczek

zestyku.

W pracy [A3] zaproponowano model uktadu stykowego tulipanowego. Zaproponowany
model bazuje na pomierzonych wielkosciach fizycznych i umozliwia: obserwacj¢ dziatania sit
dziatajacych na styczki uktadu stykowego, energii wszystkich styczek zestyku nieruchomego,
obserwacja wplywu mimosrodu zamocowania styku ruchomego na mozliwo$¢ zalaczania,
wyznaczania wartosci parametrow elektrycznych podczas operacji taczeniowych.

Potaczenie dwoch rodzajow analiz — analizy ruchu zestyku i analizy rozktadu pola
elektrycznego, daje obraz najblizszy rzeczywistemu dzialaniu uktadu styku wiencowego.
Pozwala to zaprojektowac caty zestyk w optymalny sposob. Analiza dotyczyta zaréwno czasu
projektowania, jak i kosztow oraz kwestii materiatowych zwigzanych z budowa prototypu.
Wykonano szereg symulacji dotyczacych tych elementéw, aby udowodni¢, ze odpowiednie
symulacje moga wspomdc proces projektowania stykow elektrycznych, wykrywania
uszkodzen i analizy konstrukcji podczas pracy uktadu [99, 100].

Liczni autorzy w dostepne;j literaturze koncentrowali si¢ gtdéwnie na symulowaniu uktadu
stykowego wiencowego tak jakby model byt zbudowany z jednolitego materiatu [1, 31, 101].
W rzeczywistosci przy niewielkiej liczbie nacig¢ styk nieruchomy jest masywny i1 ogélna
analiza mechaniczna calego styku moze nie mie¢ sensu, ze wzgledu na naktad pracy i
mozliwo$¢ otrzymania wystarczajagcych wynikow podczas przeprowadzenia symulacji dla
jedng styczki [82]. Dlatego w niektorych przypadkach analize zjawisk fizycznych mozna
sprowadzi¢ tylko do pojedynczej styczki [102]. Niemnig jednak zbudowanie modelu
pozwalajacego na symulowanie zachowania wielu styczek podczas badan pozwala na
uchwycenie ich wzajemnych interakcji, co moze by¢ kluczowe w celu doglebnego
zrozumienia zjawisk mechanicznych i elektrycznych podczas eksploatacji uktadu [103]. W
niniejszej pracy zaobserwowano znaczenie wzajemnych przemieszczen styczek wzgledem
siebie 1 ich wzajemne oddziatywania. Powoduja one zmian¢ catkowitej energii momentu
obrotowego i naprezen mechanicznych, ktore nalezy wzigé pod uwage podczas analizy.
Warto zauwazy¢, ze wysokopradowe uktady stykow tulipanowych sg réwniez powszechnie
stosowane w technice prozniowej. W technice prozniowej uktady stykoéw wielolstyczkowych

sa zawsze zamykane w warunkach beznapieciowych. Jednakze obcigzenia mechaniczne i
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zwigzane z nimi zagrozenia, w tym uszkodzenia, awarie, a nawet scenariusze, w ktorych
dochodzi do =zniszczenia aparatury s3 bardzo podobne do systemow z osrodkiem
gaszeniowym jakim jest SF6 [104].

Praca [A3] jest nowatorska, gdyz skupia si¢ na analizie dziatania styku nieruchomego.
Niemniej jednak podczas omawiania wynikow symulacji wzigto pod uwage i
przeprowadzono analize¢ stykéw ruchomych (wszystkich). Nast¢pujace zdania podkreslaja
znaczenie wykonang pracy: mozliwos¢ obserwacji zachowania, dziatania, sil i energii
wszystkich styczek styku nieruchomego (statego); Obserwacja wplywu mimo$rodu
mocowania styku ruchomego na mozliwo$¢ zataczenia; analiza mechaniczna styku jak dla
rzeczywistego uktadu fizycznego; Wyznaczanie wartosci parametrow elektrycznych podczas
operacji tgczeniowych; potencjalny rozwoj konstrukcji stykéw w innych Srodowiskach
gaszeniowych (przyszte prace nad sporzagdzonym modelem).

Autor byt odpowiedzialny za zbudowanie modelu 3D ukladu stykowego, ktére w
kolejnych etapach postuzyt do przeprowadzenia symulacji MES dynamiki ruchu tego zestyku.
Autor wspoétpracowat przy wykonaniu symulacji dynamiki ruchu zestyku oraz analizie
parametrycznej, ktora pozwolit na obserwacj¢ wielkos$ci elektrycznych. Autor pracowat nad
ewaluacja sporzadzonego modelu i odniesieniu wynikow z symulacji do dostepnych danych
inzynierskich uzyskanych w Laboratorium Zwarciowym Politechniki Warszawskiej. Autor

uczestniczyt w sporzadzeniu koncepcji publikacji jak 1 bezposrednim budowaniu artykutu.
2.5. Patenty

Autor niniejszej pracy jest wspotautorem patentow [P1 — P6] sporzadzonych na podstawie

publikacji wymienionych w podrozdziatach rozdziatlu 2. Wktad autora rozprawy niniejszej

pracy.

Przedmiotem patentu [Pl] jest urzadzenie zmniejszajagce czas wylgczenia tuku
elektrycznego w wylacznikach wysokiego napigcia. Urzadzenie zabezpieczajace zawiera
zbiornik z czynnikiem gaszacym, przy czym do zbiornika poprzez przepustnice wylotowa
oraz przepustnice wlotowa dolaczony jest uktad odptywowy sterujaco-zabezpieczajacy.
Przepustnica wlotowa dotgczona jest do ukladu odptywowego sterujaco-zabezpieczajacego
poprzez uktad sprezarki. Uklad odptywowo sterujaco-zabezpieczajacy dotaczony jest do
migjsca styku elektrody ruchomej z elektrodg nieruchoma wytacznika wysokiego napiecia.

Przedmiotem zgloszenia jest rowniez sposéb zmniejszania czasu wylaczenia ‘tuku
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elektrycznego w wylacznikach wysokiego napi¢cia. Praca powigzana z publikacja [A3].
Autor byl odpowiedzialny za opracowanie koncepcji wynalazku, przygotowywanie rysunkdéw

technicznych oraz przygotowywanie tresci zgloszenia patentowego.

Przedmiotem patentu [P2] byla pompa zawierajaca sekcje (A, B) obejmujaca korpus z
uzwojeniem pierwotnym, wyposazony w pierwszy wlot i pierwszy wylot, mieszczacy
ruchomy ruchem posuwistym, dwukierunkowym szczelny ttok, cechuje si¢ tym, ze tlok jest
wyposazony w uzwojenie wtorne, za§ pierwszy wlot 1 pierwszy wylot sg rozmieszczone z
pierwszegl strony korpusu i zamykane odpowiednio pierwszym zaworem wlotowym i
pierwszym zaworem wylotowym, a po drugiej, przeciwnej wzgledem tloka stronie korpus jest
zaopatrzony w drugi wlot zamykany drugim zaworem wlotowym i drugi wylot zamykany
drugim zaworem wylotowym. Zgodnie ze zgloszeniem pracg pompy steruje si¢ podajac
zmienne napigcie na uzwojenie pierwotne kazdej sekcji. Praca powigzana z publikacjg [A4].
Autor byt odpowiedzialny za opracowanie koncepcji wynalazku, przygotowywanie rysunkow
technicznych oraz przygotowywanie tresci zgloszenia patentowego. Wynalazek powstat Scisle

na podstawie pomystu autora (budowa sitownika).

Przedmiotem patentu [P3] byl wyzwalacz elektromagnetyczny ktorego budowa zostata
przedstawiona na Rysunku 1.

Rys. 1. Schemat wynalazku zaczerpnigty z PAT.239158 UP RP, data udzielenia prawa 10.08.2021.
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Wyzwalacz byt zaopatrzony w korpus (108) wewnatrz ktoérego przy jego pierwszym koncu
znajduje si¢ pierwsza cewka (107A), 1 ktory ma z przeciwnych stron pierwszg ruchomg zwore
elektromagnetyczng (101A) i druga ruchoma zwore elektromagnetyczng (101B) zgodnie z
wynalazkiem cechuje si¢ tym, ze korpus (108) jest diamagnetyczny lub paramagnetyczny, i
ma drugi koniec przy ktorym wewnatrz korpusu (108) znajduje si¢ druga cewka (107B),
wspotosiowa z pierwsza cewka (107A). Pierwsza (107A) i druga (107B) cewka czesciowo
otaczaja wspotosiowa z cewkami pusta przestrzen korpusu (108) wewnatrz ktorej
przemieszcza si¢ ruchomy rdzen (102). Pierwsza (101A) i druga (101B) zwora sa
namagnesowane, a przy puste] przestrzeni korpusu (102) w sasiedztwie zwoOr s3
rozmieszczone czujniki optyczne (104). Praca powigzana z publikacja [A4]. Autor byt
odpowiedzialny za opracowanie koncepcji wynalazku, przygotowywanie rysunkow
technicznych oraz przygotowywanie tresci zgltoszenia patentowego. Wynalazek powstat $cisle

na podstawie pomystu autora (budowa sitownika).

Przedmiotem patentu [P4] byt reluktancyjny mechanizm udarowy ze stabilizacjg drgan,
znajdujacy zastosowanie w elektronarz¢dziach, zawierajacy blok roboczy i potaczony z nim
blok stabilizatora drgan. Blok roboczy zawiera roboczy uktad zasilania zawierajacy sekcje
pierwsza 1 dotgczong do niej szeregowo sekcje druga, przy czym migdzy sekcjg pierwsza a
sekcja druga umiejscowiony jest ferromagnetyczny trzpien roboczy umieszczony przesuwnie
wzdluz osi obudowy. Blok stabilizatora drgan zawiera podluzng obudowe, o osi podtuznej
réwnoleglej do osi podtuznej obudowy bloku roboczego, przy czym w obudowie bloku
stabilizatora drgan znajdujg si¢: uktad zasilania stabilizatora drgaf, spr¢zyna odbojowa oraz
ferromagnetyczny trzpien stabilizatora drgan umiejscowiony miedzy sekcja stabilizatora
drgan a sprezyna odbojowa, zamocowany przesuwnie wzdtuz osi obudowy. Praca powigzana
z publikacja [A4]. Autor byl odpowiedzialny za opracowanie koncepcji wynalazku,
przygotowywanie rysunkow technicznych oraz przygotowywanie tresci zgloszenia

patentowego. Wynalazek powstat $ci§le na podstawie pomystu autora (budowa sitownika).

Przedmiotem patentu [P5] byla mufa elektrotechniczna do faczenia dwdch odcinkow kabli
lub przewodéw, zawierajaca walek sprzegajacy, pierwsza glowice i druga glowice. Watek
sprzegajacy zawiera umiejscowione po przeciwnych stronach osiowe otwory: pierwszy otwor
z gwintem lewoskretnym 1 drugi otwor z gwintem prawoskretnym. Pierwsza glowica zawiera
z jednej strony gwintowany trzpien laczacy z gwintem lewoskre¢tnym, a z przeciwnej strony

wspotosiowy z trzpieniem otwdr gwintowany z gwintem stozkowym lewoskr¢tnym. Druga
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glowica zawiera z jednej strony gwintowany trzpien taczacy z gwintem prawoskretnym, a z
przeciwnej strony wspotosiowy z trzpieniem otwér gwintowany z gwintem stozkowym
prawoskretnym. Pierwsza glowica jest wkregcalna trzpieniem taczacym w pierwszy otwor
walka sprzegajacego, a druga glowica jest wkrecalna trzpieniem tgczacym w drugi otwor
walka sprzegajacego. Autor byt odpowiedzialny za opracowanie koncepcji wynalazku,
przygotowywanie rysunkow technicznych oraz przygotowywanie tresci zgloszenia

patentowego.

Przedmiotem patentu [P6] bylo urzadzenie do pomiaru rezystywno$ci gruntu zawierajace
przewodzace elektrody, amperomierz i woltomierz charakteryzuje si¢ tym, ze zawiera korpus
z komorg wewngetrzng, w ktorej na przeciwlegtych Sciankach bocznych umieszczono plytki
przewodzace, a dno korpusu zawiera wsuwang ptytke, przy czym do ptytki przewodzacej
dotaczone jest wzorcowe zrodio energii elektrycznej potaczone szeregowo ze stabilizatorem
napigcia poprzez rezystancj¢ wejsciowa i wlacznik, nastepnie stabilizator napigcia potaczony
jest z amperomierzem i wiacznikiem pomiaru pradu kolejno podiaczony ponownie do
wzorcowego zrddla energii elektrycznej poprzez rezystencja zastepcza badanej probki, przy
czym pomiegdzy stabilizatorem, a amperomierzem umieszczony jest woltomierz wraz z
wlacznikiem. Autor byl odpowiedzialny za opracowanie koncepcji wynaazku,
przygotowywanie rysunkow technicznych oraz przygotowywanie tresci zgloszenia

patentowego.
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3. Podsumowaniei wnioski koncowe
3.1. Podsumowanie

Rozprawa sktada si¢ z jedenastu publikacji [A1 — A11] i szeéciu udzielonych patentow [P1
— P6], w ktorych zaproponowano:

W pracach [A5, A9, A10, All, P1] zaproponowano oryginalne, nowe podejscie do
modelowania zjawisk fizycznych w torach wielkopradowych. Zaproponowane modele
umozliwialy: obserwacj¢ dziatania sit, energii dziatajacych na izolatory wsporcze, realizacje
doboru i modelowania torow pradowych ze wzgledu na zagrozenia zwigzane z przeplywem
pradu zwarciowego, obserwacje skutkow dziatania sil elektrodynamicznych od pradu
zwarciowego  niesymetrycznego i Symetrycznego, realizacje  tworczych  badan
eksperymentalnych w obszarze: pradow sczepienia, rezystancji przejscia, sit docisku, torow
pradowych wraz z zestykami ptaskimi. W pracy [A10] zaproponowano oryginane, nowe
sposoby modelowania zjawisk fizycznych w zestykach aparatow elektrycznych wysokiego
napigcia. Opracowany wilasciwy | skuteczny sposob projektowania stykow elektrycznych
zostal osiggniety poprzez potaczenie badan teoretycznych i praktycznych. Zaproponowano
roOwniez oryginalne, nowe sposoby modelowania zjawisk fizycznych zaproponowano
oryginalne, nowe sposoby modelowania zjawisk fizycznych w torach wielkopradowych.
Zaproponowany model umozliwia: obserwacj¢ dziatania sit, energii dzialajacych na izolatory
wsporcze, realizacj¢ doboru 1 modelowania torow pradowych ze wzgledu na zagrozenia
zwigzane z przeptywem pradu zwarciowego, obserwacje skutkéw dziatania sit
elektrodynamicznych od pradu zwarciowego niesymetrycznego, realizacj¢ tworczych badan
eksperymentalnych w obszarze: pradéw sczepienia, rezystancji przejscia, sit docisku, torow
pradowych wraz z zestykami plaskimi. W pracach [A4, AS5] zaproponowano oryginalne,
nowe sposoby modelowania zjawisk fizycznych w zestykach aparatéw elektrycznych
wysokiego napigcia. Opracowany wilasciwy | skuteczny sposob projektowania stykow
elektrycznych zostat osiggniety poprzez potaczenie badan teoretycznych i praktycznych.

W pracach [A6, A7, A8] zaproponowano oryginalne, nowe sposoby modelowania zjawisk
fizycznych w torze 1 stykach bezpiecznika topikowego niskiego napigcia. Zaproponowane
modele bazuja na pomierzonych wielkos$ciach fizycznych i1 umozliwiaja: obserwacje pol
temperaturowych, realizacj¢ tworczych badan eksperymentalnych: w obszarze bezpiecznikdéw
topikowych, pradow przecigzeniowych 1 skutkow ich przeplywu. Zaproponowano

szczegblowy tréjwymiarowy model wkiadki topikowej. W przeprowadzonych analizach
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skupiono si¢ glownie na wilasciwosciach termicznych podczas pracy bezpiecznikow w
warunkach nominalnych (100 A) i niestandardowych (110 A i 120 A). Opisano zar6wno
rozklad pradu elektrycznego, jak i jego wpltyw na temperatur¢ elementéw konstrukcyjnych
bezpiecznikow w czasie ich pracy. Wyznaczono rozktad temperatury, straty mocy i
rozpraszanie energii. W celu weryfikacji i walidacji modelu przeprowadzono badania
eksperymentalne, podczas ktérych mierzono temperatur¢ na réznych czg$ciach urzadzenia
przy uzyciu pradu znamionowego. Na koniec oba zestawy wynikow zestawiono i poréwnano
z wynikami uzyskanymi w badaniach symulacyjnych. Podkreslono mozliwg istotng korelacj¢
migdzy wynikami badan empirycznych a pracami symulacyjnymi. Zaproponowano réwniez
oryginalne, nowe sposoby modelowania zjawisk fizycznych w urzadzeniach rozdzielczych.
Przedstawiono zaawansowang analiz¢ sprz¢zong: indukcji, temperatury i przeplywu w
momencie wystgpienia pradu znamionowego wystepujacego na szynach gléwnych
rozdzielnicy niskiego napigcia. Model symulacyjny byt doktadnym odwzorowaniem
rzeczywistego prototypu rozdzielnicy. Badania symulacyjne potwierdzono badaniami
eksperymentalnymi. Przedstawiono odprowadzanie ciepta w szynach zbiorczych i obudowie
rozdzielnicy - poprzez konwekcje powietrza. Uwzgledniono rozktad temperatury dla
izolator6w mostu szynowego wykonanych z materialu ognioodpornego: poliestru
bezhalogenowego. Wyniki pozwolily na szczegoétowa analize konstrukcji rozdzielnicy 1
wyciggnigcie wnioskow w aspekcie teoretycznym i praktycznym. Dodatkowo wykonano 1
zaprezentowano badani dla pradu zwarciowego.

W pracach [A2, A4, P2, P3, P4, P6] zaproponowano oryginalne, nowe sposoby
modelowania zjawisk fizycznych w aparatach elektrycznych niskiego napigcia.
Zaproponowane modele bazuja na pomierzonych wielkosciach fizycznych 1 umozliwiaja:
obserwacj¢ pola elektromagnetycznego, indukcji magnetycznej, obserwacj¢ gradientu
napiecia w komorach gaszeniowych aparatéw elektrycznych, analize pola przeptywowego w
komorach  gaszeniowych aparatow elektrycznych, realizacje tworczych  badan
eksperymentalnych w obszarze aparatéw modutowych niskiego napigcia, badan w obszarze
wytrzymatos$ci elektrycznej i mechanicznej kluczowych elementow aparatow elektrycznych
niskiego napigcia.

W pracach [Al, A3] zaproponowano oryginalne, nowe sposoby modelowania zjawisk
fizycznych aparatow modutowych niskiego napigcia. Opracowano dokladny model 3D oraz
wykonano zaawansowane analizy pdl sprzezonych. Model wykorzystano podczas
konstruowania i prototypowania nowych konstrukcji modutowych aparatow elektrycznych.

Juz na etapie modelowania uzyskano akceptowalny model konstrukcyjny. Analiza zjawisk
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fizycznych pozwala na szczegblowe zrozumienie i poznanie procesOw zwigzanych z

przeplywem pradu przez tory pradowe aparatow elektrycznych.

3.2.Wnioski koncowe

Autor dokonat przegladu literatury w zakresie zjawisk fizycznych wystepujacych w
uktadach stykowych 1 torach pragdowych aparatow elektrycznych niskiego oraz wysokiego
napiecia. Autor w swoich pracach wnikliwie omowit zjawiska fizyczne wystepujace podczas
przeptywu pradéw znamionowych oraz zwarciowych przez wspomniane w pracach [Al —
A11l] oraz [P1 — P6] aparaty, a doktadnie ich uktady stykowe oraz tory pradowe. Duzy nacisk
zostat potozony na omowienie oddziatywania sit elektrodynamicznych w aparatach niskiego i
wysokiego napigcia oraz procesOw termicznych, a w szczegdlno$ci nagrzewania torow
pradowych podczas przeptywu pradu o réznych wartosciach, zjawisk elektrycznych w tym
zjawisk lukowych oraz zjawisk mechanicznych. Ponadto przedstawiono prace pokazujace
proby konstruowania modeli MES przez innych autorow dla roznych aparatow elektrycznych.
Prace te dotyczyly zarowno zjawisk elektrycznych, termicznych oraz mechanicznych. Po
przeanalizowaniu omowionych w literaturze dotychczasowych obszarow zastosowan
rozwigzan modelowych autor zdecydowal si¢ na zbudowanie modeli MES wybranych
aparatow elektrycznych, a nastgpnie symulacji zjawisk fizycznych w tych aparatach w celu
otrzymania wynikow jak najblizszych rzeczywistym warunkom eksperymentalnym.
Opracowane zostaly modele numeryczne, w ktorych okreslono warunki brzegowe, warunki
symulacyjne oraz geometri¢ poszczegolnych symulowanych elementdw tworzacych aparat
elektryczny.

Autor za istotny swo0j wklad w dyscyplin¢ uznaje:

e wykonanie badan eksperymentalnych rzeczywistych obiektow, w tym badan
zwar ciowych;

e opracowanie szczegolowych reprezentacji graficznych w Srodowisku 3D wybranych
elementow aparatow elektrycznych;

e opracowanie numerycznych modeli  symulacyjnych  zjawisk  fizycznych

(oddzialywania termiczne, oddzialywania elektrodynamiczne, oddzialywania

mechaniczne, oddzialywania lukowe) generujacych rozwiazania zbiezne z wynikami

uzyskanymi z badan eksperymentalnych dla r6znych warunkow;
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e analize otrzymanych wynikow z numerycznych modeli symulacyjnych oraz ich
dyskusje w porownaniu do wartosci rezultatow otrzymanych eksperymentalnie oraz
odniesienie do wynikow dostepnych w literaturze;

e opracowanie wynalazkow na podstawie modeli symulacyjnych, oraz wynikow
eksperymentalnych uzyskanych podczas wykonywania przedstawionych prac
naukowych w formie patentow.

Autor tym samym odpowiedzial na wszystkie postawione tezy badawcze sformutowane w

rozdziale 1.4. Cel badan oraz tezy badawcze.
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Abstract

The purpose of the proposed course is to enhance students’ knowledge, engineering
skills and understanding in the field of electrical contacts power engineering — the
currents of contact welding. The main goal for students is to acquire brief skills con-
cerning measurements of certain parameters using static layout: currents that cause
contact welding, clamping force of contacts joints and breaking force. Moreover, stu-
dents are encouraged to obtain soft skills like confidence in the mentioned field and
creativity. Student work during the exercise is evaluated on the basis of report from
laboratory work and test. Essential aspect is safety training while working with HV and
MV switchgears — that is another obligatory feature which participants will obtain from
this course. Course results were evaluated as significant on the basis of concluded
statistical analysis and comparison to previous formula employed during the classes.

Keywords
Contact welding, short circuit current, electrical measurements, laboratory setup, elec-
trical contacts

Introduction

The phenomena of contacts welding in the short circuit conditions is essential for
the proper understanding of operations on medium and high voltage power sys-
tems. In order to broaden students’ knowledge involving medium and high voltage
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engineering skills, the course was reformed and based on laboratory practice. Till
2015, the course was in the form of lecturing which was based on running calcu-
lations with use of supporting software like Matlab or Excel. Learning curve was
high and that was caused by the lack of phenomena presentation. The grades
distribution was not satisfactory and students were complaining about the formula
of the classes. Therefore, idea of building static layout has arisen on which students
can train their skills and then better understand ongoing phenomena. New form of
exercise was drilled in with the start of 2017. The workout idea was also guessed
around working in teams for acquiring soft skills and confidence. Moreover, the
novel tasking system was formulated with the objective to target essential skills and
scope of knowledge that is most important for a young electrical engineer.' '’

Technical aspects of the education formula

In the case of sufficiently large currents, permanent changes in the physical con-
dition of the contacts surfaces are expected. Electrical processes concerning weld-
ing of contacts by short-circuit currents are complex and demand to be explained
thoroughly. The main goal for the tutors is to explain theory and show its practical
implementation to help students cope with electrical engineering problems related,
e.g., to the occurrence of currents of contact welding and other parameters along-
side them. With high values of current running through contacts (e.g. in short
circuit conditions), such key parameters as softening and melting temperatures
of contact surfaces are increased successively. The exemplary 3D model of contacts
layout made in SolidWorks is shown in Figure 1.

Exceeding the melting point of the material of which contacts are made leads to
the brief enlargement of its surface. Furthermore, what happens next is the reduc-
tion of the narrowing resistance, temperature fluctuations in the relation with
changes of current values and finally the contacts welding. The definition of the
current of contact welding is described as a current value which causes contacts to
weld. Force value approximately higher than 2 Newtons is required to break joint
contacts. Different types of convertible contacts can be used during the laboratory
work e.g. flat, linear and point contacts. Those are shown on schematic in Figure 2.

Figure 1. Exemplary 3D model of flat contacts layout.
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Figure 2. Different types of electrical convertible contacts: (a) flat; (b) linear; (c) point. Given
dimensions are in millimeters.

Assumptions and equations

The melting of the contact surface, with sufficiently large current amplitude,
appears only during the first half of the current period. The reason for this is
the increase in the contact region due to the flow of the first half-wave of the
current, which leads to a reduction in the contact resistance at the moment of
the second wave and subsequent half-wave currents. Therefore, the maximum
temperature in the contact occurs during the first half-current, and the number
of the next half-waves does not affect the value of the welding current limit.'®"

Following the fact mentioned above in order to conduct experiments, restraints
were formulated:

e the dimensions of the transverse cross-section of the contact were assumed to be
much larger than the contact surface area of the contact with the radius r,;

e clectrodynamic forces in the contacts are not taken into account; a constant
value of the radius of the contact surface, r,, was assumed;

e it is assumed that the coefficient of thermal conductivity and specific heat of the
material (c) do not depend on the temperature and are similar at all contact
points to the heating of the contact surface.

e for calculations concerning currents of contact welding (i) model involving
short sine shaped pulses (<1072 s) is used

192¢0In(1 + 20, Fy.
is:\/ Con( —|—3OC )Fd()c (1)

mtoH?p,, Vi
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Figure 3. Trends in the values of currents of contact welding starting from half period of current
wave. Markers | A, 2A and 3A represent points at which values of clamping force and short-circuit
current rendered welding of contacts possibility.

where ¢y i1s the thermal conductivity at the reference temperature in
[Ws m~'°C™"]; o is the temperature resistivity coefficient in [°C™']; ¥, is the melting
temperature in [°C]; H is the material hardness in [Nm2]; p is the specific resis-
tance in reference temperature in [Qm]; Fy,. is contact clamping force in [N]; ¢ is
time of current flow in [s].

Trends in the values of short-circuit currents of the contact welding starting
from half period of the current wave for chosen model are shown in Figure 3.

The skin effect, resulting from the steepness of the short circuit current rise, is
not taken into account in a significant way. That is noticeable especially in the
analysis of exponential currents with significant steepness. Such waveforms occur
while switching short circuit currents with generator switches and also while
switching pulse currents with high values. Determining the value of currents of
contact welding from the above equation (1) is not simple and it caused problems
for students. Thus, important aspect for studying currents of contact welding is by
experiment not only by sole calculations.?* 2

Laboratory setup

Tests concerning measurements of current of contact welding are conducted using
designed station. Figure 4 presents the schematic diagram of such station for
measuring currents of contact welding.
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Figure 4. Schematic diagram of station constructed for measuring currents of contact welding.

The main components of the testing station are:

e stiffener for fixing contacts, sets of convertible contacts;

e copper, flexible wire for station powering;

e special ring with strained tension meters — for measuring the clamping force
(F4.) and breaking force;

e knob and guideway system for setting the clamping force value (F,..).

Clamping and breaking force of the contacts were measured by a tension meter
bridge and a digital voltmeter. Current registration (shunt: 10 kA, 79.2 nQ, 1 s) and
voltage drop across the contact are carried out on a 12-channel HIOKI recorder,
type 8626. The voltage drop on the contact is measured by a voltage divider with
overvoltage protection diode installed. The measurements of the contact resis-
tance, before and after the test, are conducted with a special resistance bridge,
called the micro ohmmeter type MO 2A. The photographs of described layout are
presented in Figure 5.

Sets of convertible contacts made of different materials were tested.
The main three types were contacts made of copper (Cu) and copper-
tungsten (Cu-W) sintered powder composites and skeletal composites (aluminum;
brass).

The laboratory stand is located in the building of Warsaw University of
Technology, Electrical Department in Warsaw, Poland. This exercise is one of
eight exercises performed during the course of Electrical Apparatuses for engineer-
ing course students on their third year. The laboratory is mandatory for all that
want to finish the basic course of electrical apparatuses.
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(&)

Figure 5. The photographs showing the designed station for measuring currents of contact
welding: (a) overlook of the entire layout; (b) contacts in the open position before the mea-
surement run.

Laboratory classes

Students’ are obliged to read and accustom with instruction which is available in
the script prepared for the laboratory operations. In the script, students’ will find
data about experimental scenarios and input parameters values needed for exercise
procurement. Script can be borrowed from University of Technology Library
which is situated in the main building.

Exercise execution

Exercise is conducted by group of three students supervised by two tutors (oblig-
atory condition). Firstly, students need to be informed about hazards during exe-
cution of the exercise. The occupational safety training opens the task. All
elements of the short-circuit system are fenced and protected against electric
shock in a direct manner. The students during the laboratory have to get familiar
with the setup by drawing the equivalent circuit and the nameplates of all used
devices. Especially with the equipment designated for measuring electrical and
dynamical parameters:

e Measurements of the contact clamping force and welding force (force needed to
separate tacked contacts) are conducted using a tension meter bridge and a
digital voltmeter.
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e The data concerning current and voltage drop values on the contacts are stored
by the digital recorder, equipped with a probe wired with protection diodes.

e Measurements of the contact resistance before and after the test are measured
by a special resistance measuring bridge.

The students under the supervision of the teacher begin their work by checking
the short-circuit system supplied from the 15 kV switchgear. The switch and dis-
connector of 15 kV switchgear should be placed in the open position. The students
under the supervision of the tutor review the state of connections of high-current
busbars, shunt and divider.

In the first phase of the task, two students, under the supervision of the third
colleague are required to attach samples (contacts) of their choice in the holders of
the test bench. The students use different types of contacts. The first types of
contacts are tungsten-copper composite flat, point and linear contacts. The
second types are aluminum and brass flat, point and linear contacts (shown in
Figure 2). The contacts should be steadily attached. For every trail, students
should use a new pair of contacts. The students set the clamping force of the
contacts using a graduated tension meter bridge. Next group should measure
the contact resistance and connect the wires to measure the voltage drop across
the contact during current flow. Then, by choosing the number of choke coils,
students adjust the value of the expected current in the short circuit system.

The second phase of the exercise is to establish the current flow in the short
circuit system. In this part of the exercise, all participants (teachers and students)
must be located in the control room of the short-circuit laboratory, insulated with
reinforced glazing from the test stand. The tutors perform with caution switching
operations on the short circuit (closing the disconnector, closing the circuit breaker
and switching on the current from short circuit system). Waveforms and current
parameters data are stored in the recorder memory during the tests.

In the third phase of the exercise, students after checking the system safety
(turning off the power, establishing a visible break — open disconnector — super-
vision of the tutors is critically required) make a reading of current and voltage
measurements. The contacts should be inspected, if necessary, some of the contacts
should be photographed (those with a significant contact point surface degrada-
tion). On the basis of the measurements and above-mentioned equations, students
must determine the contact resistance, the force needed to separate the contacts
(welding force) and the clamping force after the test.

Exemplary laboratory results validation protocol

Results which students derived are validated on the basis of prepared tables show-
ing proper ranges for results. Table 1 shows juxtaposed results for copper, alumi-
num and brass flat contacts — incoming and out coming data (input-result
relation). Validation tables are clear indicator of proper values set by the students
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for obtaining correct results. Tables are also essential for troubleshooting when
experiment is not going accordingly to the intentions.

Values showed in tables are describing the ranges which indicate chance for
proper outcome from the experiment. For valid values bracket, welding of contacts
will probably occur. For critical values, welding will not probably occur. There is
always a slight possibility that welding will not occur for the valid values or will
occur for the critical values. That is due to the complex mechanism of the current
of contact welding phenomena (multiple parameters and conditions involved — not
only that in Table 1). Inter alia the current range sufficient for evaporation of
metal, by which contacts are made, is very hard for precise pinpoint. Flat contact
was presented because it is the most successful at receiving the welding (recom-
mended for students). The scenario involving copper and its composites is the most
difficult for obtaining the weld. Even setting the proper values is leaving a gap in
the probability of success. Case concerning aluminum and brass is much more
accurate in result prediction (it is also recommended for students to start from
these experimental scenarios).

Student evaluation

The students’ progress is evaluated on the basis of project report (10% of the total
points), concluding test (90% of the total points).

Project report

Project report is prepared by the students after concluding the laboratory part of
the exercise. Measurement results need to be devised and concluded. Report con-
tents are the findings, juxtapositions, valid calculations being evidence of derived
results, diagrams, and the most importantly aimed conclusions. The form of the
report, the calculation results and overall understanding of the merit are being
evaluated by checking tutor.

Concluding test

Concluding test is the ultimate effort that student must complete for passing the
course. The test is composed of open and test questions concerning the topic of the
exercise. Test questions are of multiple choices. In order to pass the concluding test
student needs to score 50% of the total points available from it. The total points
count is 14. The exemplary test questions are presented below:

1. Which physical parameters affect the boundary welding current? What are the
dependencies between them? (4 points)

2. What physical phenomena should be analyzed in the aspect of limiting the welding
current? (4 points)

3. In which contact the transition resistance will have the greatest value? (2 points)
a) Point; b) Flat, c¢) Linear; d) Multipoint;
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4. In which contact layout the probability of welding is not likely possible? (2 points)
a) Point; b) Flat; c) Tulip; d) Linear

5. In which constructions of switchgears the phenomenon of welding may occur?
(2 points)
a) LV, b) MV, ¢c) HV, d) CCTV Rack Cabinets

Results and statistical analysis

Results

For the results presentation, the grades distribution from three semesters before
employing new formula and three semesters that already employed new formula
was compared. Old formula — winter semester of 2014 and both semesters of 2015;
total number of students participated during this period was 120. New formula —
both semesters of 2017 and spring semester of 2018; total number of students
participated during this period was 140. Grade distributions from mentioned
semesters are juxtaposed in Figure 6. In order to show that presented data are a
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Figure 6. Juxtaposition of grades distribution old formula/new formula: (a) old formula —
aggregated data from winter semester of 2014 and both semesters of 2015; (b) aggregated data
from both semesters of 2017 and spring semester of 2018.
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significant proof for educational effect achieved, proper statistical analysis was
carried out. The gap between educational semesters was due to the time needed
for station establishment and start-up of the new formula.

Statistical analysis

In order to obtain an answer to the question whether the new teaching formula
gave a significant improvement in results, a statistical analysis was carried out
using the STATISTICA program. It was used to analyze the basic descriptive
statistics and verify the appropriate statistical hypotheses. Accepted level of sig-
nificance was equal to: «=0.05. For the old method, the average of grades was
equal to 2.867 with the standard deviation equal to 0.791. For the new method, the
average grade was equal to 3.374 with the standard deviation equal to 0.784. The
average difference was 0.507 to the benefit of the new teaching formula. At that
point statistical significance is viable for checking.

Verification whether the samples come from a normal distribution is obligatory.
This will settle which statistical model should be used — the parametric ¢-student
test or its non-parametric equivalent: the Mann—Whitney test. The graphical pre-
sentation of the Shapiro-Wilk test used for verifying the normality of the distri-
butions is shown in Figure 7. For both the old and the new formula p < 0.05, the
hypothesis concerning normality of distribution is rejected. Distributions are
not normal.

Mann—Whitney test is viable for employment at this point. Two hypotheses are
formulated: Null hypothesis (HO): The averages in groups are equal. The average
for the old teaching formula is the same as for the new one. No significant differ-
ences between the old and the new formula.

Alternative hypothesis (H1): The averages in groups are different. The average
for the old teaching formula is different from the new one. There is a significant
difference between the old and the new formula.

The significance is p < 0.05; therefore, the null hypothesis is rejected for an
alternative one. The average is different.

This means that the differences between teaching methods are statistically sig-
nificant. There is a significant difference between the old and the new method. The
average difference was equal to 0.507 to the benefit of the new teaching formula.
This is a significant difference, and therefore it can be stated that the new teaching
formula gives better results. Verification table and the box diagram showing the
significant difference is depicted in Figure 8.

Evaluation and conclusions

Course evaluation

The course formula is majorly influencing students engineering skills and offers
them the chance for preparation in terms of work as designer/power engineer of
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Figure 7. Graphical presentation of Shapiro—Wilk’s test: (a) old formula; (b) new formula.

electrical contacts. Not only knowledge but most importantly the interfacing with
high power devices, shifting the elements, understanding the values measured,
choosing scenarios and making the work more effective is what this course
offers. That is also the key to gain the confidence as the engineer — to experiment.
Students are accustomed with difficult tasks that involve and require creativity,
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Figure 8. Graphical presentation of new education formula significance: (a) numerical result
from Mann—Whitney’s test; (b) box diagram showing difference for the benefit of the new
educational formula.

team work and awareness. Very important aspect is safety training and proper
etiquette while working in conditions in which high voltage occurs. Students are
also taught how to process obtained data in the form of reports. Proper data
processing is crucial in every engineering and scientific work for yield of valuable
conclusions. The Laboratory of Short Circuits is also the place where students’ can
learn how to solve real engineering problems in safe environment under supervi-
sion of the best specialist in the country and learn basics about the electrical
equipment. The theory is mixed with practice which gives students possibility to
understand much more and get them closer to their career goals.

Conclusions

The proposed formula was successfully employed with the start of the year 2017.
Many concerns were solved in order to construct measuring station and implement
new formula that majorly raised the quality of transferring the knowledge in men-
tioned branch of electro-technology. Before the change, the course was in form of
lecturing which were very hard to comprehend without seeing the full picture
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concerning the studied phenomena. Therefore, new formula was proposed that
employed not only lecturing’s but also engineering work. It was well accepted by
the students that were simply expressing boredom concerning the old ways of
education (old formula). The overall threshold of requirements was raised but
also the learning curve seemed to be reduced. Test questions that were described
in one of the previous chapters tend to be quite difficult but with proper education
techniques students are coping with them well. That is what the results showed.
The sheer idea was to make students more active during classes and force them to
witness effects of work they are doing. Another aspect is tightening the contact
with tutor. Participants were forced to ask questions, be aware of what the tutor is
showing them because they knew that in a few moments they would need to do
the same.

The science concerning electrical contacts is complex — full of long equations,
solving tedious computing’s and hard experimental work. Nevertheless, it is crit-
ically needed and it is in our interest (as tutors) to provide the course that will help
in understanding this knowledge which is not easily accessible.
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L ow voltage modular circuit breakers:
FEM employment for modelling of arc chambers
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Abstract. FEM (finite element method) is an essential and powerful numerical method that can explicitly optimize the design process of
electrical devices. In this paper, the employment of FEM tools such as SolidWorks, COMSOL and ANSY S is proposed in order to aid electri-
cal apparatuses engineering and modeling — those are arc chambers of modular circuit breakers. Procured models of arc chambers have been
undergoing simulations concerning heating, electric potential distribution, electric charge velocity and traverse paths. The data acquired has been
juxta-positioned against experimental data procured in the Short-Circuit Laboratory, Warsaw University of Technology. The reflection of the
theoretical approach was clearly noted in the experimental results. Mutual areas of the modeled element expressed the same physical properties
and robustness errors when tested under specific conditions — faithfully reflecting those which were experimented with. Moreover, the physical
phenomena essential for electrical engineering could be determined already at the model stage. This procedure proved highly valuable during

designing/engineering work in terms of material economy.

Key words: miniature circuit breaker (MCB), finite element method (FEM), computationa fluid dynamics (CFD), arc chambers.

1. Introduction

Rapidly growing demand for electrical installations composed
of high quality electrical components dictates new trends in de-
signing low voltage circuit breakers. The main aim of design-
ing and engineering electrical devices is to create solutions that
can vastly improve their electrical and mechanical parameters
as well as size and endurance for short-circuit conditions. Mod-
ern electrical apparatuses are built in accordance with current
standards (e.g. European Standards; IEC 60947). These require-
ments concern low-voltage circuit breakers (LVCB; MCB). De-
spite the small sizes of the above-mentioned devices, these are
adapted to effectively switch off the overload and short-circuit
currents and protect the other elements of the electrical sys-
tems such as cables and wires. During the process of extin-
guishing the electric arc in the circuit breaker, complex physical
phenomena occur such as heat released in the arc channel and
the formation of electrodynamic forces causing stress affecting
the contacts of the circuit breaker. This also affects the struc-
tural elements that the device is made of (copper, steel, ferro-
magnetic elements, bimetals, aluminum, polymers etc.). Those
occurrences can cause damage to the breaker after exceeding
the critical values of electrical durability or temperature. The
key element of the circuit breakers’ construction is the electric
arc chamber. During switching off of the short-circuit current,
the arc chamber is exposed to thermal and dynamic influences
which can lead to permanent damage of this element or even

*e-mail: mm.szulborski @gmail.com

Manuscript submitted 2019-07-13, revised 2019-11-20, initially accepted
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the whole circuit breaker. Arc chambers vary in shape, size
and the number of ferromagnetic plates from which they are
constructed. The greater the number of ferromagnetic plates in
the chamber, the greater its ability to extinguish the arc. The
value of the minimum voltage upholding the electric arc is re-
duced between the plates, which in combination with the spa-
tial charge created near the cathode (plates) of each ferromag-
netic plate is directly causing its faster extinction. The number
of plates in the arc chamber for alternating current is described
by the following equation:

n> v : (1)

\/3. ( 62U nz.u,)
1.52. 12 4

U is the voltage peak value between open contacts, U, is the ini-
tial durability near the cathode, i, is the voltage between a pair
of consecutive plates, § is the factor of irregularity between the
plates — approx. 0.5, 7 is the factor of amplitude (for power
breakers — approx.: 1.7; for the motor breaker — approx.: 1.5).

In order to verify the construction guidelines and the neces-
sity of the solutions chosen, many tests and simulations are car-
ried out that allow for detection of defects and optimization of
the arc chamber effectivity at the project stage. Those measures
are essential for reducing material take-off and they help im-
prove the arc chamber properties. The usage of FEM (finite ele-
ment method) simulations is very effective for running multiple
analysis concerning electrical, mechanical and material durabil-
ity aspects. The huge advantage of this method lies in the abil-
ity to check complicated scenarios employing various bound-

ary conditions. A good example is a simulation concerning gas
pressure distribution on the FSI arc chamber surface by Lijun
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Wang and his team, which is shown in Fig. 1 below. In the cited
case, the simulation was used for maintaining additional infor-
mation subjected to measurements of the arc chamber housing
deformations [1-6].

Pressure f Fa

A%
42000
J1E00
. ADEDGD
190030

Fig. 1. Pressure distribution on the FSI arc chamber surface [2]

FEM is an essential and powerful numerical method that can
explicitly optimize the designing process of electrical devices
and proper employment of the finite element method itself. It
is the key to arriving at the recipe for easy, fast and precise
optimization of arc chamber parameters. This paper focuses
on the juxtaposition of experimental data and simulations data
in order to show FEM advantages and disadvantages concern-
ing arc chambers modelling parameters — such as the num-
ber of plates and critical conditions (temperature, velocity of
electrical charge, electrical charge flux in the chamber, electri-
cal potential distribution and overall short-circuit conditions in
regard to the materials used). For charge transversal analysis
this work employs the usage of various FEM tools like: Solid-
Works, Comsol, ANSYS and even computational fluid dynam-
ics (CFD) [7-11].

2. FEM design guidelines

Prompt technological progress allowed for the use of modern
software to support the process of designing and engineering
electrical apparatuses. Currently constructed electrical appli-
ances are designed and tested with the use of software such
as CAD and CAE (Computer Aided Design, Computer Aided
Engineering). Mathematical analysis is employed to predict the
distribution of electrical fields, temperatures, stresses and other
physical quantities. In order to perform such analyzes and sim-
ulations, each element is described by specific physical prop-
erties, such as: Young’s modulus, Poisson’s coefficient, ther-
mal expansion ratio, thermal and electrical conductivity. These
are the necessary physical properties needed to perform correct
calculations during simulations that reflect the actual phenom-
ena occurring in a constructed device. The results of these cal-
culations allow for estimating whether the elements of a de-
signed device, made of specified materials, meet the global
standards [12-17].

2.1. AutoCAD (model procurement). AutoCAD software
allows for creation of precise 2D technical drawings and 3D
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three-dimensional models. This functionality is essentially used
for drawing elements of the arc chamber. The elements of the
structure are matched, which helps generate a simplistic model
that is easy to export to other programs, e.g. those that are FEM
based. Parts created in the AutoCAD graphical environment are
shown in Fig. 2.

Fig. 2. Elements of the arc chamber created in AutoCAD: 1) tread
electrodes; 2) rear sheath; 3) arc chamber plate; 4) arc chamber casing

2.2. COMSOL Multiphysics and SolidWorks (FEM anal-
ysis and model procurement). The COMSOL Multiphysics
software is a tool with the ability to run and analyze the concur-
rent simulations of many physical phenomena. The software’s
key functionality is based on solving partial differential equa-
tions using the finite element method (FEM) and molecular dy-
namics. It is commonly used for electrical analysis concerning
potential and electrical field distribution in medium and high
voltage devices and systems [18-21].

Fig. 3. Visual comparison of a real scale arc chamber (a) and its model
drawn in SolidWorks (b)

2.3. ANSYS (advanced FEM analysis). ANSYS is an ad-
vanced FEM analytical tool built of various modules that merge
into a major multiphysics engine. The use of several conjugate
fields makes it possible to visualize the current flow and its
effects — not only thermal but also electrodynamic ones. This
feature is referred to as “coupling” and it is used regularly for
complex analysis of various connected and resulting phenom-
ena [22-24].

The numerical fluid mechanics of the computational fluid dy-
namics module (CFD; ANSYS module) is a method of simu-
lating the behavior of systems, processes and devices related to
the flow of gases and fluids, heat and mass exchange, chemi-
cal reactions and other similar physical phenomena. The CFD
module allows for obtaining the necessary information about

Bull. Pol. Ac.: Tech. 68(1) 2020
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fluid flow (velocity field distribution, pressure field), heat move-
ment (temperature field) and other accompanying phenomena
(including chemical reactions). Electrical analysis can employ
CFED in order to simulate potential distribution, electrical charge
velocity and its traverse routes inside the chosen element of the
analyzed device (arc chamber) [25, 26].

3. FEM simulation results

Mandatory assumptions for all procured simulations were:

e Apparatus modeled: miniature circuit breaker B16/1,

e Number of plates in MCB arc chamber: a) 13 plates;
b) 9 plates,
Voltage parameters: rated voltage: U, = 230 V; voltage,
Frequency: f = 50 Hz; alternating current,
Breaking capacity: I, = 6 kA; RMS value,
Simulations were executed in an air surrounding,
Dimensions of 13 plates in the arc chamber: 14 x 19.7 X
26 mm,
e Dimensions of 9 plates in the arc chamber: 14 x 19.7 x

18 mm,

e Dimensions of single plate: 14 X 19.7 x 0.8 mm.

3.1. Heat distribution in the arc chamber. The simulations
performed concerned two variants of the arc chamber, which
are shown in Fig. 4 below. Main goal of the simulations was to
determine if the distribution of heat in the tested arc chamber
models is balanced over the entire element. That would provide
data about the path of the electric arc inside the arc chamber
during short circuit and its extinguishment. Case a) represents
a model of the arc chamber that consists of 13 plates. The even
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Fig. 4. Simulations of heat distribution (K) for two variants of MCB
B16/1 arc chambers: a) arc chamber with 13 plates; b) arc chamber
with 9 plates. Simulations were carried out in SolidWorks
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temperature distribution implied that the electric arc was pro-
portionally divided through the metal plates in the arc chamber.
Energy dissipation along the metal plates is consistent with the
assumptions. Moreover, on the basis of the regular temperature
distribution, the proper dynamics of the electric arc propagation
on the contact is assumed. The arc was stretched by the moving
contacts of tread electrodes (actuator mechanism). It was forced
into the arc chamber by tread electrodes and divided thereafter.
De-ionization of the intermetallic gap is assumed. In addition,
a much lower temperature of rear sheaths provides data about
the proper extinguishment of the electric arc. Case b) represents
a model of the arc chamber that consists of 9 plates. The tem-
perature distribution is evidently not as balanced as in the case
of the 13-plate model of the arc chamber [27, 29-36].

Observation concerns mostly the edge of the plates and the
tread electrode, where heat values are highest. Other regions of
the arc chamber have lower temperatures, which indicate non-
exhaustive functioning of the MCB-modeled element. There-
fore, the following scenario was possible: the electric arc was
not divided completely alongside the length of the modeled ele-
ment. This may lead to re-ignition of the electric arc at the tread
electrode and between the plates. Moreover it would result in
welding contact with the arc chamber case, causing vast dam-
age of the apparatus from overheating. The temperature distri-
bution on the rear sheaths indicates that the electric arc was
not pushed inside the arc chamber. It could be extinguished on
the rear sheath and re-ignited, which applies to the above part,
which in turn assumes that the arc was not divided and that the
process caused vast damage to the apparatus.

3.2. Electric field and electric potential distribution in the
arc chamber. The simulations performed concerned two vari-
ants of arc chambers, which are shown in Fig. 5 below. The
goal of the simulations was to examine if the electric field dis-
tribution is homogenous for both variants and if the electric
potential value does not exceed the critical value of 18 V per
space located between the single pair of plates installed in the
arc chamber, in accordance with experimental data [28].

Both cases present that the distribution of the electric field is
not homogenous. The difference in the maximum critical value
of the electric field is at least one order of magnitude with ad-
vantage on the part of the arc chamber with 13 plates. Moreover,
in the 13 plates variant critical values occur on the tread elec-
trodes far from the arc chamber casing, which results from the
solution used in electrical connection engineering. It is also un-
likely to expect welding of the electrodes. The simulation of the
arc chamber with 9 plates shows a higher possibility of welding
the electrodes. The critical values are localized much closer to
the arc chamber case. It may be assumed that the problem is
connected with the lack of control of the electric arc path on the
tread electrodes, which is caused by smaller dimensions of the
arc chamber. Therefore the distance between the first plate and
the electrodes is different for both cases.

Electric potential distribution was valid for both cases and
was not different for the 9 and 13 plate variants, as it should be
for voltage value of 230 V. Figure 6 presents the electric poten-
tial distribution for the variant with 9 plates.
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Fig. 5. Simulations of electric field distribution (V/cm) for two variants of MCB B16/1 arc chambers: a) arc chamber with 13 plates;
b) arc chamber with 9 plates. Simulations were carried out in Comsol
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Fig. 6. Simulations of electric potential distribution (V) for two variants of MCB B16/1 arc chambers: a) arc chamber with 13 plates;
b) arc chamber with 9 plates. Simulations were carried out in Comsol

Figure 7 shows a comparison of electric values potential
between the pairs of plates for the arc chamber variant with
13 plates and 9 plates. The designation line shows the range

for which potential was drafted on graphs. It is evident that the
potential values for 9 plates are vastly exceeded (values around
26-29 V). Values for the arc chamber with 13 plates are valid
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Fig. 7. Graphs presenting values of electric potential (V) dependent on cut length (mm) between the pairs of plates in the arc chambers: a) electric
potential designation line (9 plates); b) electric potential designation line (13 plates); ¢) graph for the arc chamber with 13 plates; d) graph for
the arc chamber with 9 plates
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(values around 16—18 V). Therefore the applied reduction in the
number of plates lacks any physical sense as it may, and proba-
bly will, cause errors.

3.3. Velocity and traverse paths of electric charge. The AN-
SYS analysis was based on the reverse engineered elements
drafted in the SolidWorks software. The area representing air
present in the gap between the electrodes was generated as
a grid of points in which calculations were carried out. For
calculation purposes, the source and destination target were de-
fined as surfaces of electrodes facing each other. The initial flow
velocity was set as 1.07 - 107 m/s, which is the magnitude of ve-
locity for the elementary charge accelerated at the voltage rate
of 230 V. The outcome was the distribution of routes and par-
tial velocities of charges inside the arc chamber in the form of
a visualization superimposed on the model. Figure 8 presents
particle velocity field distribution and Fig. 9 presents particle
flow lines (traverse paths) of the electric charge.

Figure 8 and Fig. 9 indicate highest velocity at areas where
the arc is mostly expected. Partial charges colliding with the
plates move at a lower velocity before they strike the surface of
the other electrode. The combination of traverse paths with the
velocity of the electric charge is determinant for the probability
of the arc presence in the specific area of the arc chamber.
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Fig. 8. Particle velocity field distribution for electric charge inside the

arc chamber (m/s) for two variants of MCB B16/1 arc chambers: a) arc

chamber with 13 plates; b) arc chamber with 9 plates. Simulations
were carried out in ANSYS CFD module
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Fig. 9. Traverse paths of electric charge inside the arc chamber for two

variants of MCB B16/1 arc chambers: a) arc chamber with 13 plates;

b) arc chamber with 9 plates. Simulations were carried out in ANSYS
CFD module

The CFD calculation module is originally used to simulate
the flow of fluids, therefore obtaining results from it provides
interpretation of the electromagnetic phenomena.

Bull. Pol. Ac.: Tech. 68(1) 2020

The traverse paths of the electric charge in the cross-section
of the arc chamber are continuous for the circuit breaker with 13
plates (Fig. 9a). As a result, despite the slightly lower velocity
of the particles (in comparison with the chamber with 9 plates),
their distribution is regular.

The higher gas pressure in the arc chamber with 9 plates re-
sults in higher particle velocity. Bearing in mind the trigger-
ing system (electromagnetic coil), this variation of the cham-
ber achieves greater dynamics in relation to the larger, 13-plate
arc chamber. The key to effective use of the inter-cathode ef-
fect takes the form of even distribution of particles and regular
velocity. The studied case shows that it is not fulfilled. This
is clearly visible at the arc chamber outset. Numerous discol-
orations are visible, representing the heterogeneity of electric
charge velocity.

4. Laboratory test results

Laboratory tests concerning the two types of the arc chambers
were conducted at the Short-Circuit Laboratory forming part
of the Electrical Faculty, Warsaw University of Technology.
The tests were carried out in accordance with the IEC 60898-1
standard — Electrical accessories — Circuit-breakers for overcur-
rent protection for household and similar installations — Part 1:
Circuit-breakers for a.c. operation. The above-mentioned stan-
dard applies to the air circuit breakers for rated voltage not
exceeding 440 V, rated current not exceeding 125 A and rated
short-circuit breaking capacity not exceeding 25 kKA.

In accordance with the standard, two types of overcurrent cir-
cuit breakers were tested. The first contained 13 plates in the arc
chamber and the second contained 9 plates in the arc chamber,
as it was depicted in previous chapter, which concerned FEM
simulations. The short-circuit system used during the tests was
also shown in Fig. 10.
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Fig. 10. Short-circuit system used for laboratory tests. Short-Circuit
Laboratory, Electrical Faculty, Warsaw University of Technology

4.1. Short-circuit tests. The overcurrent circuit breakers have
been tested in accordance with IEC 60898-1. The tests were car-
ried out using single phase from the laboratory short-circuit sys-
tem. The effective value of the reference current was 6 kA (ref-
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Fig. 11. Exemplary result characteristics of current and voltage during switching off of short-circuit current (screens from the oscilloscope):
a) MCB with an arc chamber with 9 plates (negative result); b) MCB with an arc chamber with 13 plates (positive result). The measuring shunt
is of our own construction. The shunt is manganese concentric and of resistance equal to 157 uQ]

erence current characteristic is shown in Fig. 11a); rated volt-
age equal to 230 V and power factor (cos @) equal to 0.65-0.70.
Circuit breakers with arc chamber containing 13 plates disabled
the short-circuit current in accordance with the standard in all
iterations. 5 iterations were conducted (one iteration for one
MCB, total of 25 short-circuit tests). All iterations rendered
positive results. Therefore the MCB type with an arc chamber
containing 13 plates passed the short-circuit test. Circuit break-
ers with the arc chamber containing 9 plates did not disable the

66

short-circuit current in accordance with the standard in all iter-
ations. None of the tested devices withstood a full iteration (5
short-circuit tests per MCB). The devices were damaged on the
second or third short-circuit test (outcome did not comply with
the standard). Therefore the MCB type with the arc chamber
containing 9 plates did not pass the short-circuit test. Exem-
plary results concerning the iterations chosen have been tabu-
larized (Table 1). Exemplary result characteristics saved during
the tests are presented in Fig. 11.
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Table 1. Exemplary short-circuit tests results for single it-
erations (pairs of devices from each type). Results for circuit
breakers containing 13 and 9 plates in the arc chamber.

Table 1
Short-circuit test results
MCB arc chamber MCB arc chamber
with 13 plates with 9 plates
No. Off time Value of the Off time Value of the
duration short-circuit duration short-circuit
[ms] current [kA] [ms] current [kA]
1 1.5 1.950 2.0 2.090
2 1.5 3.490 4.5 1.990
3 2.1 2.460 11 2.710%
4 1.5 2.640 - -
5 1.5 1.900 - -

* damaged circuit breaker contacts

4.2. Overcurrent protection test. In order to conduct the
tests, the TW-1a type transformer was used with a rated volt-
age of 220 V, frequency equal to 50 Hz and rated power equal
to 1 kVA. According to the standard in force (IEC 60898-1),
the circuit breakers were tested with the set value of the current
equal to 2.8 in for 60 seconds. Five devices from each type were
tested. A total of 10 tests was performed. The circuit breakers
that contained the arc chamber with 9 plates did not pass the
test in any iteration. The circuit breakers that contained the arc
chamber with 13 plates passed the test in all iterations.

4.3. Dielectric strength tests. In order to perform the dielec-
tric strength tests, the AP-5 device was used, with the rated test
voltage of 5 kV. Circuit breakers were tested using the voltage
value of 900 V within 5 seconds. Tests did not indicate the insu-
lation breakdown of the tested MCB containing the arc chamber
with 13 plates. In addition, there was no breakthrough of the air
gap between the main contacts of the circuit breakers. Therefore
the device passed the test. Tests also indicated the insulation
breakdown of the tested MCB containing the arc chamber with
9 plates. Breakthrough of the air gap between the main contacts
was indicated. Therefore the device did not pass the test.

5. Switching-off cycle procedure and results
validation

Switching-off cycle procedure and results were carried out in
accordance with standard IEC 60898-1, subsections 9.7.6.3;
9.12.7.1; 9.12.7.3; 9.12.11.2; 9.12.11.3; 9.12.11.4; 9.12.12.1
and 9.12.12.2.

5.1. Test of rated short-circuit breaking capacity (I.,). The
tested circuit is scaled accordingly. The test is performed on
three samples in the appropriate circuit. If the supply and re-
ceiving terminals of the circuit breaker are not properly marked

Bull. Pol. Ac.: Tech. 68(1) 2020

under the test conditions, two samples are connected in one di-
rection and the third in the opposite direction. The switching
cycle is being executed: O—t—CO (switch-off; time; switch- on).
If ‘O’ is switched off and the auxiliary switch ‘A’ synchronizes
with the voltage waveforms in such a manner that the circuit
closes before switching off the first sample at the moment cor-
responding to the 15° phase angle. It is made in accordance with
standard 67 — EN 60898-1: 2003 + A1: 2004 + A11: 2005. In
the case of switching off the second sample, the moment of
switching on the circuit is shifted by a phase angle of 30°, and
in the case of switching off the third sample — by a further 30°
of a phase angle. Sync tolerance should be +5°. For multi-pole
circuit breakers, synchronization should be performed in rela-
tion to the same reference pole.

In the case of switching off single-pole switches with rated
voltage 230/400 V, the test is performed in the circuit on an ad-
ditional set of four samples. Three of these samples are included
in the test circuit, one in each phase; closing synchronization of
the short circuit with auxiliary switch ‘A’ is not performed. It
is forbidden to connect the neutral point of the power supply
system to the common point on the load side of the breakers.

5.2. Circuit breaker check after short-circuit testing. Re-

duced short-circuit currents, at 1500 A and with opera-

tional short-circuit capacity. After each test the switches

should not exhibit any damages affecting their further operation

and should pass with a positive result, and without maintenance,

the tests listed below:

a) Checking the leakage current between open contacts;

b) Checking the dielectric strength, performed from 2 h to
24 h after short-circuit tests, but with the testing voltage re-
duced by 500 V without prior influence of humidity.

During these tests, it should be checked whether after per-
forming the test under the conditions concerning the specified
item the indicators are in the state of opening, and after the test
under these conditions their closing status should be verified.
¢) In addition, the circuit breakers should not trip when all of

the poles are in the cold state under influence of a current
equal to 0.85 of the conventional failure current.

At the end of this check, the current should be gradually in-
creased so that it reaches 1.1 times the value of the conventional
tripping current within 5s. The switch should trip within con-
ventional time.

5.3. Circuit breaker check after short-circuit testing. Short-
circuit tests at rated short-circuit capacity. After the tests,
the polyethylene film should not have holes visible with nor-
mal or corrected vision without additional enlargement, and
the switches should not show any damages affecting their fur-
ther operation. Likewise, they should, without maintenance and
prior influence of humidity, have positive results of the follow-
ing tests:
a) Checking the leakage current between open contacts;
b) Checking the dielectric strength, performed from 2 h to
24 h after short-circuit tests, but with 900 V voltage value
and without prior humidity influence.
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During these tests, it should be checked whether after perform-

ing the test under the conditions concerning the specified item

the indicators are in the state of opening, and after the test under

these conditions their closing status should also be verified.

¢) In addition, these switches should trip under a load of a cur-
rent equal to 2.8 in on all poles during the time correspond-
ing to the test. The lower operating time limitis 0.1 s instead
of 1 s but not exceeding 60 s.

MCB detailed dimensions were shown in Fig. 12a.

6. Juxtaposition of theoretical and empirical
results

The most important and interesting data concerning empirical
work were derived from the short-circuit tests. Negative results
manifested themselves in evaporation of contacts, evaporation
of the rear sheaths and evaporation of the arc chamber elements.
Moreover, those were caused by errors in MCB construction
such as: poorly designed arc chamber, incorrect shape of tread
electrodes, contact defects and defects of electromagnetic re-
lease. The faults listed above are the direct cause for the occur-
rence of a large amount of very hot gases and soot. They are
the reasons for the huge increase in temperature inside the de-
vice. The moment the deionizing properties are constrained, re-
ignition of the electric arc occurs, caused directly by returning
voltage. Finally, physical damage to the electromagnetic release
or to the thermo-bimetallic release occurs. That can be observed
in Fig. 12b.

Hence an unsuccessful attempt to switch off the short-circuit
current was observed repeatedly for the MCB with the arc
chamber containing 9 plates (no overcurrent function).

An important question emerges: how were the theoretical re-
sults derived from the FEM simulations reflected in the empir-
ical results? In this case, the contact system was not the object
of calculations. Nevertheless, calculations of the distribution of
electric potential could prove helpful in the selection and place-
ment of the right solution concerning the engineering of the
arc chamber. Simulations showed places which exhibited het-
erogeneity of the electric field, and thus electric arc exposure
(Fig. 5). In Fig. 7, the value of the potential is exceeded for the
MCB with the arc chamber that contains 9 plates. Potential in
the gap between the consecutive plates always exceeds 20 volts.
Judging from the analytical calculations (Eq. (1)) and the engi-
neering empirical data — 18 Volts and 0.5 Ampere are the lim-
iting values for the possibility/restriction of electric arc occur-
rence. The FEM model reacts correctly to the nominal voltage.
The simulations indicated the areas of the device where the arc
was not properly extinguished and that is fully reflected in the
empirical results (Fig. 12b). The electrical calculations derived
in this manner may prove extremely helpful in the optimiza-
tion process of the construction of modular apparatuses for all
ranges of voltage (e.g. vacuum arc chambers solutions).

It would seem that the voltage calculations are most valu-
able for low voltage modular devices optimization. However,
they are not. Heating simulations clearly indicated that the arc
chamber is experiencing faults.
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Fig. 12. Empirical results and dimensions of an MCB: a) detailed di-

mensions of an MCB; b) photo of an MCB with the arc chamber that

contained 9 plates. The electric arc has welded the arc chamber to

the tread electrodes. The gases generated as a result of electric arc re-

ignition were accumulated in the upper part of the apparatus and then
destroyed the thermo-bimetallic plate

The most characteristic is the temperature rise on rear sheaths
(Fig. 4b). Moreover, the peak temperature on the plates dividing
the arc chamber is indicating electric arc ignition in front of it
— this is abnormal. The arc chamber with 13 plates has regular
heat distribution. Simulations of this type provide the oppor-
tunity to optimize not only the arc chamber but also the other
elements of low voltage electrical apparatuses. The possibilities
are immense.

An interesting approach was the usage of computational fluid
dynamics in terms of electrical apparatuses analysis. Based on
the simulations, the functioning and physical phenomena oc-
curring inside the electrical device can be analyzed thoroughly.
The CFD module provided not only knowledge about velocity
and the distribution of electrically charged particles, but was
also useful for the determination of the arc channel placement
and therefore the electric arc occurrence.

It is very important to note that the multiple FEM tools used
indicated the possibility of electric arc occurrence in the spe-
cific areas of the studied circuit breakers. Those areas were
common. They also matched those indicated during experimen-
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tal studies. Therefore it can be stated that the modeled simula-
tions are emulating and reflecting faithfully the reality and the
actual empirical tests that were conducted.

7. Summary

This paper revolves around the construction of an FEM model
that could fully and faithfully recreate conditions from real-
ity. The mentioned approach is inestimable when it comes to
modelling electrical apparatuses. The approach of using several
FEM tools for designing the arc chambers was chosen rightly.
However, the optimum possibilities of these tools have been ex-
ploited for which they are dedicated in order to receive a valu-
able and full image of the modelled object. Indeed, this was
achieved. The presented model as well as the procedure was
verified by empirical studies that confirm the validity of such
proceedings. An important feature coming from this work is the
possibility of reconstructing the arc chamber models and, in the
case of structural changes, avoiding costly and time-consuming
laboratory tests or at least reducing the expenses. This approach
follows the currently prevailing trend of time and cost reduc-
tion in the design and manufacture of electrical equipment. Op-
timization can be applied to existing solutions using the pro-
posed procedure. Such a process might not only increase the
users’ safety/service, but also reduce the use of materials, pos-
itively affecting the environment. Besides, FEM modeling can
be used for designing apparatuses for different conditions, volt-
age ranges and applications. The above-stated creates vast pos-
sibilities for safe, fast and highly economical creation of new
trends and solutions in electrical apparatuses engineering. Ob-
viously, the disadvantage of FEM modeling is still an urge to
perform experimental tests, as per all the standards in force.
Moreover, it should be stressed that in the case of the arc cham-
bers, the modeling is simple and the layout is not complicated.
More complex solutions may generate additional errors that can
easily lead to major mistakes in designing. This is expected in
particular in a boundary conditions setting. Still the proposed
modelling procedure is worth employing.
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Abstract: The purpose of this work is to discuss the tulip contact behavior during mechanical
and electrical simulations in a Finite Element Method (FEM) environment using ANSYS and
COMSOL software. During the simulations, the full contact movement was analyzed. During
the contact movement, the individual behavior of the contact components was taken into consideration.
the motion simulation was carried out at different velocities and forces acting on the contact.
the obtained results were compared to each other and discussed. Relatively, the angles of the contact
surfaces to each other were also changed, which meant that we could conduct a more in-depth
analysis. the other approach of simulation research was a field analysis of physical phenomena
occurring in the tulip contact. This analysis was performed in COMSOL Multiphysics. Parametric
analysis allowed an observation of the electric field in the tulip contact at different contact distances
with respect to each other. This work is important in terms of the cost effectiveness for design
procedures concerning tulip contacts and fault avoidance, which both result from mechanical and
electrical conditions throughout contact exploitation and optimization of the working conditions for
the tulip contact.

Keywords:  tulip contact; electrical contacts; FEM; simulation; mechanical analysis;
electrical parameters

1. Introduction

Digital calculation methods such as the Finite Element Method (FEM) allow many calculations
to be performed in parallel. This can significantly accelerate the whole design process of the chosen
components. Digital techniques are also used in designing structures of electrical apparatuses. Using
CAD software, it is possible to design devices from a single element to whole complex assemblies [1,2].
Simulations of such structures are also possible in a further stage, as part of a project using specialized
software [3,4]. These can be employed in order to simulate the movement of elements relative to each
other, exclude collisions, and end by observing the drafted system in conditions simulating a natural
work environment [5,6].

The contacts of electrical apparatuses belong to the most loaded elements of current circuits [7,8].
Therefore, they should be designed, constructed, and operated in such a way that the permissible
limitations of their technical parameters, resulting from relevant regulations and standards, are
not exceeded [9]. the parameters of the electrical apparatus connecting process strictly depend on
the parameters and kinematic, dynamic, and structural properties of the mechanism that is responsible
for the movement of the electrical contact. the tasks of this mechanism include reliable movement of
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the set of movable contacts in an intended manner and maintaining contact pressure in their contact
state [10]. the mechanical part of the switching contacts is required to reliably maintain the contact
state, regardless of the rated parameters of the apparatus. the temperature of the entire structure must
be maintained at a level that allows stable working conditions, which are also specified in the relevant
standards. the mechanism should be resistant to the phenomenon of contact clogging when connecting,
operating, and exposed to fault currents, as well as when conducting analysis under short circuit
conditions [11]. This is directly related to the working temperature of the contacts and the phenomenon
of contact bounce. It is also important to minimize contact expenditure while switching on currents.
a number of forces act on the contacts during the bonding process [12,13]. These can be divided
according to the source of origin. If there were no difference in electrical potential between the contacts,
the current would not flow while the contacts touched, and therefore, the associated forces would
not appear.

The combination of two types of analyzes—motion analysis and analysis of the electric field
distribution—gives the image closest to the real environment of the system in which tulip contact
is usually employed. This allows the entire contact to be designed in the most optimal way.
the optimization applies to both the design time and the costs and quantity of the prototype construction.
Therefore, our team executed a number of simulations in order to prove that proper simulations can
aid the design process of electrical contacts, fault detection, and optimization [14].

This work is novel as it focuses on an analysis of the operation of the fixed contact. Nevertheless,
movable contact analysis was also taken into consideration and executed whilst discussing
the simulation results. the following points highlight the impact of this work:

e the ability to observe the behavior, operation, forces, and energy of all lamellas of the stationary
(fixed) contact;

e  Observation of the influence of the eccentricity of the movable contact mounting on the possibility
of switching on;

e  Mechanical analysis of the contact as for a real physical system;

e  Determination of electrical parameter values during the switching operation;

e Contact development in other extinguishing environments (future work on the procured model).

2. State of the Art

The rapidly growing demand for electrical devices (the main elements are the contact system
and the extinguishing chamber) consisting of high-quality electrical components has led to a new
approach to designing switches. the main goal of designing and constructing electrical devices is
to create solutions that can significantly improve their electrical and mechanical parameters, size,
and short-circuit resistance [15]. Modern electrical apparatus is built in accordance with applicable
standards (e.g., European standards). These requirements also apply to high-voltage circuit breakers
(SF¢ insulated). Despite the increasingly smaller sizes of the devices mentioned, they are adapted to
the effective breaking of short-circuit currents and protection of other elements of the power system.
Complex mechanical phenomena occur in the circuit-breaker during the closing and opening process.
This affects the structural components of the switch (copper, tungsten, steel, and aluminum) [16].

Competing authors have mostly concentrated on only simulating the contact system from a single,
uniform material [17-19]. In fact, with a small number of cuts, the stationary contact is massive and no
overall mechanical analysis may be required [20]. Therefore, the analysis of phenomena can be reduced
to only a single lamella [21]. Nevertheless, the example of a multi-lamella contact system, consisting of
a large number of elements, requires a different approach. the importance of mutual displacements
of lamellas that mutually interact was observed. This results in a change in the total energy, torque,
and mechanical stresses that must be taken into account. It is worth noting that high-current tulip
contact systems are also commonly used in the vacuum technique. It is true that in the vacuum
technique, multi-lamella contact systems are always closed without voltage (the vacuum circuit breaker
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is inserted into the distribution box on the grid). Nevertheless, the mechanical stress and the associated
risks, including damage, failure, and destruction, are very similar to the systems in the extinguishing
environment with SFg gas.

The FEM model presented in this paper is applicable to contact systems in various environments
and geometric configurations. the results enable the proper construction of complex contact systems
for high-voltage conditions (heavy duty). the presented solution enables the validation of advanced
analytical calculations, and the implementation of different, often complicated, geometries in relation
to the simplified models of contacts. the model enables the determination of values for scientific and
research calculations.

3. Contacts in Electrical Apparatuses and Current Circuits

3.1. Non-Connecting and Connecting Contacts

Current circuits and contact systems allow the conductive operating of currents, and contact
systems of electrical connectors are used to make connections in electrical circuits. a contact is
a part of the current circuit in which the current flow is made possible by the conjunction of two
conductors. Due to their function in the current circuit, a distinction can be made between connecting
and non-connecting contacts [22]. Connecting contacts consist of movable and fixed elements, while
non-connecting contacts are only made of fixed elements. an example of connecting and non-connecting
contacts is shown in Figure 1 below.

(b)

Figure 1. The view of exemplary contacts from families: (a) Non-connecting contacts (own study) and
(b) connecting contacts [23].

Non-connecting contacts are fixed, and their elements cannot move with respect to each other.
Figure 1a shows typical non-connecting contacts used in low-voltage switchgears. the movable contacts
are used in contact switches and enable switching on and off of the current in a given circuit (such
a contact is shown in Figure 1b). These can be divided into normally open (closed in the forced position
of the movable contact) and normally closed (open in this position) contacts. Due to the shape of
the contact surfaces, the contacts are divided into point, line, and surface contacts. a point contact is
a contact in which contact takes place on a surface with a very small radius (through which current
flows). the surface contact is characterized by a relatively large apparent (nominal) contact surface,
while the actual contact surface of such a contact is a small percent of the apparent surface.

The contacts of electrical apparatuses belong to the most loaded elements of current circuits.
Therefore, they should be designed, constructed, and operated in such a way that the permissible
limits of their technical parameters resulting from relevant provisions and standards are not exceeded.
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3.2. Tulip Contacts

Tulip contacts are an example from the group of connecting contacts. These contacts are also
classified as coronary contacts and are often used in medium-voltage switchgears [23].
4. Construction of a Tulip Contact Used in Finite Element Method Analysis

The tulip contact which was used was patented under the number US 2012/0129374 A1/B2.
the view of the tulip contact on which the three-dimensional modeling was based is shown in
Figures 2 and 3 below.

(a) (b)

Figure 2. Structural view of the tulip contact: (a) 1—movable part of the contact, 2—inner crown
lamellas, 3—outer crown lamellas, and 4—lamella seating, and (b) detailed view of tulip contact
lamellas [24].

Figure 3. Longitudinal section of a closed tulip contact [24].

3D modeling was carried out in SolidWorks software. This software provides the ability to perfectly
map the elements that were selected for simulation. Figure 4 was derived based on the materials
proposed by the manufacturers of electrical apparatus and engineering experience. Three-dimensional
models were mapped, which were used for further simulations in the ANSYS FEM software.

The movable contact element during the simulation of contact motion in the ANSYS software
was assigned the physical and mechanical properties of a copper alloy. the same properties were
also assigned to all lamellas. However, both fastening crowns (large crowns and small crowns) were
defined as steel. Each electrical contact must be designed to meet electrical conditions in the open
position and electro-mechanical conditions while closing and opening. All of the material data used in
the simulation are described in Table 1.
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(a) (b)

Figure 4. 3D model of the tulip contact: (a) View of a designed tulip contact model and (b) view of
the lamellas in the tulip contact model.

Table 1. Table of the material data used in the procured model.

Engineering Data Copper Steel Unit
Density 8300 7850 (kg/m?)
Young’s Modulus 1.10 x 101 2.00 x 101! (Pa)
Poisson’s Ratio 0.34 0.3
Bulk Modulus 1.15 x 101 1.67 x 101 (Pa)
Shear Modulus 4.10 x 1010 7.69 x 101 (Pa)

5. Physical Properties of Tulip Contact Systems

5.1. Insulation Strength of Contact Systems

The insulation strength mainly depends on the distribution of the electric field and the medium
between the contacts. the layout of the contact and the materials used directly affect the electric field
distribution. the electric medium should be air, gases, gas mixtures, and various types of oils.

Air is the most common gas dielectric used in practical high-voltage insulation systems. Its
dielectric strength depends on many parameters. the most important are the construction of
the insulation system and the electric field distribution, depending on the spark gap, type and
course of voltage over time, air density, temperature, and humidity.

Sulfur hexafluoride has a number of properties that make it great as dielectric fluid. It is a very
good insulating medium. It has a 2.5 times higher puncture strength than air, and at a pressure
above three bar, its puncture strength is higher than that of mineral oil. Due to the high electron
affinity of fluorine, the use of SF4 increases the initial voltage of partial discharges. It is a very good
extinguishing medium. For SFg, the high electron affinity of fluorine combined with the abundance of
fluorine on each discharge path ensures a strong interaction with high-energy electrons. This makes
SF¢ almost 100 times more efficient at extinguishing than air. SF¢ is an inert and non-flammable gas.
Only temperatures of 500 °C or electrical discharge can initiate dissociation and possible reactions.
Fortunately, in the absence of other compounds, the dissociation products of SFs naturally combine
with each other to regenerate SF¢. SFg is characterized by its unique ability to self-regenerate among
dielectric fluids. Sulfur hexafluoride is an excellent heat carrier. the thermal conductivity coefficient of
SFg is higher than that of air. Moreover, it grows with an increasing pressure. However, for sufficiently
high pressures or flows, the SFg heat transfer coefficient is better than that of mineral oil. SFg is
a non-toxic gas. This increases its attractiveness from the point of view of health and safety.
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In practice, there is usually a channel mechanism for the development of discharge, because
the electrode spacing usually ranges from 1 to 2 cm, which, at the atmospheric pressure and temperatures
encountered in practice, is the border separating the two discharge mechanisms: Townsend and
channel mechanisms.

Practical systems should usually be treated as blade systems, because the ratio of the distance to
the dimensions of the electrodes is generally large and even avoiding sharp edges does not eliminate
the unevenness of the electric field distribution. the dependence of the blade system strength on
the electrode distance is shown in Figure 5 below.
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Figure 5. View of a blade-type insulation system: (a) Blade with insulation distance a and (b) dependence
of voltage U,, Us, and U, on the distance between the electrodes for the blade system, where U,—initial
voltage, Us—shearing voltage, and Up,—jump voltage.

During the flow of electric current, electromagnetic forces occur in the contact system. These forces
largely depend on the ratio between the radius of the external contact-R and the radius of the narrowing
1, as well as on the position of the tangent point in relation to the entire system. As the number of
contact points increases, the electrodynamic forces acting on the contacts decreases. the increasing
distance between the contact points also lowers the force value. the solution used in the tulip contact
is therefore a perfect example of dividing the contact points and providing a gap between them to
counteract the electrodynamic force. When no current flows through the contact system, forces are still
present in the process of closing and opening the movable contact. Along with the driving force closing
and opening the movable contact, resistance forces occur. They result from movement of the movable
contact surface against the stationary contact surface. the value of the resistance force depends on
the contact material, the shape of the contacting elements, and the number of lamellas. an electrical
apparatus installed in the power grid should cause the least losses, i.e., its contact resistance should be
as low as possible. This requires the closed contact force to be maintained at a sufficiently high value.
On the other hand, it is expected that the value of the resistance force when closing the contacts is low
and as close as possible to that while opening the contact layout.

5.2. Continuous, Variable and Short-Circuit Current Carrying Capacity

In the process of designing and testing current apparatus, the only aim is to determine the current
carrying capacity. the current carrying capacity in the process of electrical apparatus construction
is a set value and also a design assumption. However, during the testing of existing switching
devices, the heat dissipation capability at rated and short-circuit currents must be checked. the load
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capacity of the cables largely depends on the intensity of heat dissipation from the heated body. Due
to the conditions of heat dissipation from apparatus currents and switchgears, the following main
calculation cases can be distinguished:

e  Unprotected current circuits placed in air or an SFs environment, where heat is mainly released
into the environment through radiation and lifting;

e Homogeneous current paths, surrounded by a layer of solid insulation, where all forms of heat
transfer are significant;

e  Heterogeneous current circuits, in which, in a steady state, an important role in heat transfer is
carried out by axial heat flow.

In electric apparatuses and current circuits, the elements in which the resistance changes show
the greatest heat gain. Such a change is usually observed at the contact points or narrowing of
the current circuit. Figure 6 shows the heating of the current circuit from the point of electrical contact.

a4

'
0 %o

=
=

(a) (b)

Figure 6. Heating of the current circuit with a single point contact: (a) Contact model and (b) temperature

distribution along the current path, where t—maximum temperature present at the contact point.

The heating constant of a given current circuit or contact system should also be determined.
Several calculation methods can be employed for determining the characteristics. Below are some
of the basic mathematical relationships used to determine the characteristics and the temperature
waveforms as a function of time. the current circuit heating characteristic is shown in Figure 7.
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Figure 7. Typical characteristic of current circuit heating.

Current circuits can be subjected to continuous, occasional, and intermittent current loads.
In all cases, the heating of the current circuits begins with the value of the ambient temperature.
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the temporary and intermittent loads last for too short a period of time to determine the temperature
rise. the interrupted load is a variable load with repeated periods and interruptions in a current
flow. During load breaks, the conductor does not cool down to the ambient temperature because
the no-current periods are too short compared to the value of time constant T.

6. Motion Simulations of the Tulip Contact System

Simulation studies were focused on by examining the dynamics of movement and physical
phenomena in the tulip contact system. the analysis of the contact operation in the form of simulations
was carried out in the ANSYS software. During the simulation, forces and times prevailing in existing
tulip contacts were used. This resulted in obtaining values that are as close as possible to engineering
experimental data. Several simulations were carried out relative to reference values. Both the forces
arising from the release from constraints and the closing velocity of the contact were changed.

6.1. Environment for Simulation Research

ANSYS software was the tool used to perform motion analysis. the program used the Explicit
Dynamics module, which is used to study the movement of fast-changing and short-lived events.
the module analyzes phenomena and forces with non-linear characteristics. the internal structure
of materials is analyzed during the interactions between elements and surface effects of motion
dynamics. the tool used to perform the electrical analysis was COMSOL Multiphysics version. One
of the calculation modules employed was the AC/DC module, which is used to simulate the electric,
magnetic, and electromagnetic fields for static and low-frequency applications.

6.2. Discretization of the Procured Model

Extracting elements in area V, in which the solution is searched for, is a very important stage
in creating the FEM calculation model. the method of discretization depends on the geometry of
the area, physical properties, and certain general premises regarding the results of the solution, as well
as the expected efficiency of calculations.

The method of discretizing the area determines the number of unknowns and the size and shape
of the elements, and this affects the accuracy of the task solution. In order to obtain the required
accuracy of the solution sought, the elements used should be small enough that the approximated
functions inside them can be rough by means of polynomials. However, reducing the elements leads to
an increase in the number of values of the nodal value function sought, and this simultaneously results
in a longer calculation time. Most often, an uneven division into elements is used. While predicting
where the function changes rapidly allows the element mesh to be compacted, where the function
changes slowly, the element mesh should be diluted.

The accuracy of the solution primarily depends on the accuracy of the approximation of physical
quantities inside the element using interpolation functions, hereinafter referred to as shape functions.
With the correct mapping of the physical quantities of the element, reducing the areas of the elements
(increasing their number) causes the nodal values of the sought function, which are an approximate
solution of the task. the mesh process of the procured model is shown in Figure 8.

6.3. Analysis of the Tulip Contact Motion Dynamics—Variant I

The figures below show the mechanical stresses resulting from the motion analysis performed. By
means of color spots, the force values are graphically represented, which can be read from the scale on
the left side of each drawing. Graphical presentation of the results significantly speeds up the analysis
of the results and facilitates the work. Figure 9 shows the entire tested tulip contact from two calculation
views. Each of them unambiguously showed the highest loads in this type of tested structure. Thee
mechanical loads appear in small movable elements, i.e., small and large lamellas and crown fixing
of these lamellas. It should be remembered that in commercially produced contacts, each lamella is
pressed towards the contact axis by springs surrounding the entire tulip or through direct spring pads
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that press against a single frame. In the analyzed contact, such elements were replaced by pressing
forces applied in appropriate places, allowing the system to be released from such constraints.

(a) (b)

Figure 8. Meshing procedure of tulip contact system elements: (a) Tulip contact and (b) lamella with
different rates of mesh during the discretization process.

(a) (b)

Figure 9. View of the tulip contact analyzed in ANSYS: (a) View of the direct values of contact

deformation and (b) the safety factor.

In a further part of the analysis, individual elements of the tested system were discussed. In
Figure 10, the discretization grid (mesh) and results of deformation analysis can be seen for lamellas.
the mesh was compacted with fragments, requiring more detailed analysis. the views of the lamellas
show that the places where they are attached in the crowns are exposed to high overload. In these
places, deformation of the material occurs very often. the ANSYS program showed red loose dots in
the output. In this way, it represents the crumbled lamella or crown material. Chips of this type occur
as a result of two elements hitting each other with significant force. During further work on a given
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lamella, the connection between the lamella and the crown should be rebuilt by reducing friction and
optimizing the distribution of forces and movement of the element.

(@) (b)

Figure 10. View of the lamellas used in the tulip contact: (a) Small (external) lamella in the deformation
value view and (b) large (internal) lamella in the deformation view.

Crowns were the next element observed to be more susceptible to deformation. Figure 11 shows
that the crowns carry high mechanical loads through them. It should be remembered that the crowns
rest on the lamellas, which, in turn, are hit by the moving part of the contact. In a later phase of
movement, the lamellas deviate from the contact axis and, being fixed in the lower part, exert torque
on the crown. This causes the force of the crown to become deformed. In the small crown, the principle
of movement and the type of forces are the same, but the direction of the slat deflection is the opposite,
due to its setting. When considering the construction of the crown, it should be remembered that
it must support the lamellas longitudinally in relation to the contact axis and prevent them from
deflecting sideways.

6.4. Results of Motion Dynamics—Variant 1

All of the above-mentioned results were read from colored scales next to the elements of the tulip
contact system. These were also presented graphically as the course of the functions of force, moment,
and energy. Color maps of forces marked on the contact elements facilitate quick analyses of the tested
value. an hourglass effect can be seen in Figure 12. In order to analyze all of the movement, it is
significant to refer to the graphs below Figures 13 and 14. In the first graph—Figure 15—the course
of kinetic energy, internal energy, and the hourglass effect (Hourglass Energy) is shown. It can be
noticed that from the first moment of time, the input has the highest kinetic energy. This proves that
the moving part of the contact was activated at the beginning of the simulation. With the flow of
time in the motion analysis, it can be clearly seen that the kinetic energy value is decreasing. This is
the moving part of the contact that moves downwards. As a result, the distance between the elements
decreases. In accordance with the formula for kinetic energy, its value decreases. In the same diagram,
the course of the internal energy of the system can be viewed. This energy increases as the simulation
runs, reaching the maximum values just after the movable contact hits all of the lamellas. the red line
in the same figure shows the hourglass effect. This is a false deformation of the finite element mesh
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resulting from the stimulation of the freedom degrees of zero energy. It usually manifests itself in
a cluster of zigzag lines or shapes in which the individual elements have strongly deformed edges.

(a) (b)

Figure 11. Crown analysis: (a) View of the lamella fastening crowns and (b) view of the movable part
of the contact.

Ll - _ AN : F s

] i) o i
Figure 12. View showing the hourglass effect.

Therefore, the red line in Figure 15a runs below the value of the internal energy of the contact
until the collision of the movable part and the small lamellas. This proves that this effect is of negligible
value. However, after hitting the small lamellas, this value increases and reaches its maximum
as soon as the motion of the moving part is finished and the small lamellas stop keying. During
the impact, the small lamellas detach from the axis of the system, and thanks to the pressing forces,
they hit the external part of the contact and begin to press on its surface. De-keying and keying cause
compressive stresses in the rear parts of the lamellas, which, for a given discretization grid, result in
the effect of glass-gluing. To prevent this effect in subsequent iterations, the discretization mesh should
be increased locally. This will directly contribute to increasing the density of calculations and reduce
the phenomenon of false deformation of the material. the next step was to increase the pressure of
the lamella. This can reduce the angle of the throw and the keying itself.
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Figure 13. Diagrams of the tulip contact motion analysis: (a) Energy summary—normal operation and

(b) energy summary—contact destruction.
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Figure 14. Graphs produced from the analysis of the motion of the tulip contact, energy consumption,

and energy conservation.

The graph in Figure 15b shows the values of two parameters: the total energy and work. It can be
seen that energy and work follow the same course. This means that the calculations are consistent with
real conditions. With the passage of motion time analysis, a decrease in the value of both energies
can be noticed, which is caused by the movement of the contact. After moving the movable part of
the contact to a lower position, there is still a moment of vibration on the small blades. the energy and
work drop to low values. Note that the error value increased at the end of the move. Nevertheless, it

was still significantly below the assumed error limit.
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Figure 15. Graphs produced from the analysis of the motion of a tulip contact, presenting a summary

of moments: (a) Normal operation and (b) contact destruction.

The main torque and energy impulse runs along the axis of the tulip contact. It can be noticed
that the greatest moment exists at the time of the maximum velocity and force of the moving part of
the contact. Then, this value decreases as the elements collide with each other. the moment value
then returns to its original value. This is due to the fact that the movement of the cylindrical part of
the contact is negative in relation to the main reference system. the lamellas, on the other hand, deviate
in positive directions. At the time of reading the lamellas, an increase in the moment was noticed,
which also, after a while, began to stretch across the frictional forces and stresses inside the elements.

6.5. Analysis of the Tulip Contact Motion Dynamics—Variant 11

The second variant revolved around an analysis of the nearly exact contact system, but the radius
of the lamellas with the moving part of the contact was modified. Figure 16 shows the difference in
the radius of the lamellas and therefore, the change in contact parts’ geometry.

Figures 16 and 17 show the modified lamellas. Figure 17 additionally shows the results of
the analysis. Two fundamental differences were noted. In the upper part of the lamella, the force
distribution, namely the yellow line representing the value 10, has a completely different course
the movable parts of the contact strike the lamellas at different angles in both cases. In the first case,
when the lamella radius is greater, the point of impact is closer to the edge of the internal contact

axis. This translates into a lower deflection force of the lamella from the moving contact compared
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to the second case. the reduction of the generating radius in the second case increased the friction
during the impact, which implied the creation of higher force values in the entire lamella. the yellow
lines of force values reflect how the direct impact is distributed to the stresses inside the material. It
was observed that a larger radius also translated into greater forces in the upper part of the lamella.
the stress distribution in the middle is identical in both cases. However, the lower part of the lamellas,
which was fixed in the crown, shows considerable damage in the reduced radius version. the greater
recoil force of the lamellas resulted in greater stresses of the lamellas in relation to the crown, and thus
deformation of the material.

e _*

&

(@) (b)

Figure 16. Lamella views: (a) First variant and (b) second variant.

() (b)

Figure 17. View of small lamellas: (a) Old lamellar radius R6—Variant I and (b) new lamellar radius
R4—Variant II.
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Figure 18 shows large lamellas with the same modification as described above. In these lamellas,
it is harder to notice significant deformations than for smaller lamellas. This is due to the fact that
the total length of the lamella is greater compared to the small lamellar, which was translated into
greater plasticity of the entire element.

L
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(a) (b)

Figure 18. View of large lamellas: (a) Old lamellar radius R5—Variant I and (b) new lamellar radius
R3—Variant II.

The results show a comparison of the values of the first analysis and the analysis performed
after the modification of the lamella. Figure 18 shows the velocity of deflection of the lamella in each
plane, and the values are expressed in cm/s. It was noticed that the velocity values of the lamellas after
modifying their contact part with the moving contact were lower. Comparative charts of the velocity
in a given plane before and after the modification clearly show the impact of changing the structure of
the contact surface and impact on the behavior of the lamella. It turns out that after the modification,
the lamellas move slower, with smaller oscillations, and with slower velocities in each of the planes.

The energy and torque values presented in Figure 19 show the values of the above-mentioned
parameters in relation to the system with rebuilt lamellas. the above diagram should be read in
combination with Figures 13a and 15a. Then, it can be seen that the energy values in the second
analysis were much higher. It was also noted that a much lower hourglass effect was achieved.
Additionally, the energy values reached higher values, whilst their shape and form remained unchanged.
Figures 19 and 20 are presented below.
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Figure 19. View of the small lamellas” oscillations before and after modification in each plane:
(a) Variant I and (b) Variant II.

6.6. Defects Study in Motion Dynamics Analysis

During the preparation of the dynamic motion analysis, a number of simulations were performed.
In the initial phase of developing the tested model, the execution of a three-dimensional representation
in the SolidWorks environment was conducted and the model was prepared in the ANSYS software.
In the course of releasing parameters from constraints, replacing forces, assigning contacts, and
determining the friction area, their coefficients” influence of various weak and weakened points on
the correct operation of the system was observed. These types of observations, despite the fact that they
resulted from complete randomness, uncovered significant assets. Thanks to such analyzes, which
type of failure of a single element may affect the operation and generate faults and aging correlated
with certain parameters of the apparatus was observed.

Figure 21 shows the damaged crown of the small lamellas. This damage occurred as a result of
several factors. One of them was the wrong kind of contact between the moving part of the lamellas
and the large crown. This resulted in too much torque exerting pressure on the crown and thus in its
deformation while deflecting the lamellas from the axis of the camera. In real conditions, this type of
case may occur when the contact is not maintained. This can result in jamming of the moving parts on
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the contact parts. Another reason was the insufficient forces pressing the lamellas against the contact
axis. These forces were due to the release of the constraints against the springs surrounding the contact.
As a result, when the movable part hit the lamellas, the crowns were significantly deformed. In extreme
situations, the lamellas tear the crown apart and fall outside their area and the contact is completely
destroyed. Such a situation is shown in Figures 22 and 23.
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Figure 20. Tulip contact motion analysis charts: (a) Sum of energy—Variant II, and (b) torque
value—Variant II.
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Figure 22. Deformation of the crowns: (a) Outer crown and (b) inner crown.
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Figure 23. Destruction of the entire contact system.

7. Electrical Simulations of the Tulip Contact System

7.1. Electric Field Distribution in a Tulip Contact System

The first considered case concerns the contact in the open position (NO). the ground potential V
was equal to 0 V and was assigned to all lamellas and both crowns. the movable part of the contact was
assigned a potential of V equal to 110 kV. the color maps below show the distribution of the potential
and the electric field. Thanks to these values, the points that will first form the opening of the plasma
channel and the burning of the electric arc were observed. This information is extremely important
when designing a contact system.

Figure 24a above shows the electric potential distribution around a contact. It is worth noting that
a given distribution is symmetrical along the “z” axis. Such data provide information about evenly
distributed potential, which translates into switching parameters. Each of the contact elements at
the same level, with the same distance from the movable part of the contact, are at the same voltage
level. During the operation of the tulip contact, this will cause an even distribution of the electric
field, which will have a direct impact on the formation of sheaf and partial discharge phenomena.
Uniformity of the field distribution ensures greater switching properties and a longer exploitation time
for the contact system.

Considering the field phenomena further, it should be mentioned how the results will be presented.
Figure 24b above shows the plane inside the computational cuboid. the plane creates an intersection
through the model and represents the distribution of the studied value over the plane. the location of
a given surface is freely defined.

Figures 25 and 26 present the distribution of the electric field with the exact space between
the large lamellas and the moving part of the contact. In line with the assumptions, it was noticed
that the greatest electric field gradient occurred between elements with different potential and close
to each other considering sharp edges of the elements. It was observed that the field distribution
between the right and left side of the contact was symmetrical. This proves the central axial location
of the elements in relation to each other. Maintaining the alignment brings not only mechanical
benefits, but also visibility during the movement of the contact and electric potential in both open and
closed positions. a uniform field distribution in the open position of the electrical apparatus results
in the appearance of partial discharges. Thanks to this, it is known which sites of the contact will be
constantly exposed to this type of discharge and consequently, to the appearance of a temperature
source and slow burning of the surface in a given place. However, from the moment of starting
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the contact closing procedure, the field gradient begins to increase rapidly until the formation of
a plasma channel, ignition of the electric arc, and the collision of lamellas. the uniformity of the electric
field also produces an even distribution of electrodynamic forces, in accordance with the Biot-Savart
and Ampere standard laws.
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Figure 24. Electric potential distribution: (a) Potential distribution around the tulip contact (V/V) and
(b) plane showing the calculated values.

Figure 25. Electric field intensity distribution of large lamellas (V/m).

The movement of the moving part of the contact towards the lamellas causes a greater intensity of
the electric field. If any of the lamellas have a different distance or angle than the others in relation
to the working part of the contact, this would cause electrodynamic forces to appear in the contact
lamellas at different times. This would translate into a resultant force different from zero acting
transversely to the direction of movement of the working part. the appearance of this type of force
can cause the moving part to deflect by several degrees. Small lamellas may hit at the wrong angle,
and the appearance of electrodynamic forces may thus differ in time for distinct lamellas. Repeated
connections with this type of fault will lead to destruction of the contact.

The electric field in switching systems can be managed in a number of ways. One of them is
the use of field diffusing materials. Another way is to use contact elements with an appropriate
geometry, so that the field gradient is highest in the right places.
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Figure 26. Electric field intensity distribution of large lamellas (V/m).

7.2. Parametric Analysis of the Electric Field

The further part of the electrical analysis was carried out in several steps determining the position
of the movable part of the contact in relation to the lamellas. In this approach, the natural work of
the tulip contact was studied. During each position, the field distribution between two large lamellas
and between several small lamellas was tested. the analysis was conducted as follows. a line was drawn
between the lamellas, indicating between which elements the measurements were made. the positions
of both lines are shown in Figure 27 below. the obtained results are presented graphically on the charts
in Figures 28-30. the results of individual analyzes were compared and discussed.

]|

"

(a) (b)

Figure 27. View of the measurement lines: (a) Small lamellas and (b) large lamellas.

Figure 27 shows the distribution of the field along the measurement lines. According to the legend,
the blue line represents the distribution of the electric field. It was noticed that the distribution character
was repeatable and symmetrical in relation to the adjacent lamellas. This proves the uniformity of
the field distribution on the individual contact elements at the same distance from the movable part of
the contact. the moving part is a hollow cylinder with chamfered edges. the purpose of chamfering is
not only to reduce the friction and obtain an appropriate angle between the connecting surfaces, but
also to reduce the sharp edges and limit the electric field gradient. This leads to an even distribution
and an increase in the dielectric strength of the system. There were also differences in potential between
the edges of the same lamella. However, this does not indicate an actual difference in potential at
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the edge of the element, but highlights how to measure a given parameter. the measurement line
is a chord between several elements. Therefore, the normal distance on both sides of the lamella to
the chord is different, as observed in potential differences.
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Figure 28. Results of the electric field distribution along the measurement lines.
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Figure 29. Results of the electric field distribution along the measurement lines for small lamellas.
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Figure 30. Results of the electric field distribution along the measurement lines for large lamellas.
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In Figures 29 and 30, the field distribution can be observed with the moving part displaced by 5 mm
towards the lamellas. Figure 30 represents the distribution of the electric field, along the measurement
line placed next to the large lamellas. a decrease in the intensity value can be observed. This is due to
the proximity of the moving element and the reduction of the field distribution gradient. There was
also a reduction in the difference between the value on the left side of the chart and on the right side.
the lower difference is also due to the more uniform field. the same applies to the measuring line next
to the small lamellas which were presented in Figure 29 above.

8. Validation of the Procured Simulations

The validation was carried out on a tulip contact made in the short-circuit laboratory of the Warsaw
University of Technology. It was not a construction like in the presented simulations. Nevertheless, it
exactly reflects the nature of physical phenomena witnessed in simulations.

In practical solutions, the inner surface of the contact point differs significantly from a completely
flat one. Depending on the solution, the active part may only be located in the closest vicinity of
the pressure spring. In other words, there may be distinct grooves to prevent welding of the contacts.
To determine the initial spacing between the contacts, it is suggested that a limiting ring is used
(Figure 31). the upward movement of the contact should also be blocked in the first moment after
hitting the movable contact—a bumper is used for this purpose.
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Figure 31. Tulip contact: 1—impactor; 2—movable contact with an arcing tip; 3—limiting ring;
4—compression spring guide; 5—compression spring; 6—pins; 7—flexible connection; 8—body of
fixed contact.

The operation of a high-voltage tulip contact in a dynamic system was analyzed on the test stand,
taking into account the welding currents. the tests were carried out with the use of a short-circuit
system. the laboratory stand is presented in Figure 32 below.

On the oscillograms shown in Figure 33, the following negative phenomena occurring in
the contacts during closing were observed. First of all, a bounce phenomenon was observed on
the graph showing the puss—the point of contact of the contacts—Figure 33a. It is visible in the form
of oscillations. It is a disadvantageous phenomenon because it causes the formation of an electric arc,
which in turn deteriorates the electrical properties by gradual burning of the contacts. In order to
prevent this phenomenon, the contact pressure force should be changed.
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Figure 32. Laboratory setup for simulation validation: (a) Laboratory stand and (b) short-circuit system
in the Short Circuit Laboratory, Electrical Faculty, Warsaw University of Technology.

Another disadvantageous phenomenon is the friction force between the contact elements. It
is perfectly visible, also in the form of oscillations in the course of acceleration and speed. the last
observed phenomenon is the welding of contacts. Welding the contacts together leads to the necessity
to increase the value of the force needed to open the contacts. In this case, there is also the possibility
of an electric arc appearing between the contacts. On the basis of the tests performed and the recorded
velocity waveforms, it was possible to determine the speed of the contacts” convergence. Full validation
was executed in the Warsaw University of Technology Laboratory.

Figure 34 shows the characteristics of the movable contact velocity for two cases: Without bounce
and with movable contact bounce. Characteristics derived from the simulation were compared to
those which had been captured during laboratory tests.
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Figure 33. Exemplary laboratory results of the tested tulip contact system: v—speed, a—acceleration,
s—path, and puss—characteristic that indicated contact between system elements. (a) With bounce and
(b) without bounce.
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Figure 34. Juxtaposition of characteristics derived from the simulation in comparison to those captured
during laboratory tests. Ansys characteristics (a) without movable contact bounce and (b) with movable
contact bounce. Laboratory test characteristics (¢) without movable contact bounce and (d) with
movable contact bounce.

9. Summary

Each described case of analysis should be considered individually, remembering that a contact
is a system of many elements cooperating with each other. By improving one factor, the optimal
values of the other may deteriorate. When defining the project, which is the design of the switching
system, it is essential to define the conditions, purpose, and natural working environment of a given
electrical apparatus. In the considered cases, the change in the geometry of the contact surface and
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the contact angle of the elements with each other affected the work of the entire contact system. This
started from the forces required to close the system, through the vibration speeds of the lamellas after
closing the contacts, to damage and contact destruction by fault usage. the damage described showed
examples of faults that can occur in tulip contacts.

The field distribution simulation studies show the symmetry of the charge distribution with
respect to the axis of the tulip contact. Due to the observation of such regularity, several approximations
were made in a further analysis. the described cases should be treated as homogeneous movement of
the apparatus. Performing such an observation allows the influence of the electric field on individual
elements to be observed.

10. Conclusions

The procured simulations have shown that the tulip contact is a complex structure and its design
for given electrical parameters is the sum of compromises between the individual component values of
the entire operating system. the combination of two types of analyzes—motion analysis and analysis
of the electric field distribution—gives the image most similar to the real operating environment of
the system. This allows the entire contact to be designed in the most optimal way. Optimization
concerns both the design work time and the cost and quantity of prototyping. the advantage of
simulation analysis is not only the speed of the obtained result, but also the possibility of a very quick
modification, either in the model or the set parameters. the obtained results confirm the operation and
maintenance documents (DTR) regarding the proper servicing and diagnosis of switching devices.
the issue of analyzing the operation of a tulip contact has certainly not been exhausted.

The tulip contact is a very well-designed contact system for switching high-intensity currents and
high voltages. Due to the large connection area resulting from many individual elements, the system
allows the application of high closing forces, which translates into velocity of the operation. a very
good electric field distribution promotes the dielectric properties of the system and improves its
electrical parameters. Undoubtedly, numerical analyzes help to select materials and parameters for
the system operation very quickly. the tulip contact is a construction that is still used in the professional
power industry. It is modified according to current needs. These elements work in an environment
of chambers filled with both air and technical gases, such as SF¢. the gases allow the operating
voltage of the system and the rated and fault currents to be increased thanks to the higher heat
dissipation coefficient.

Unfortunately, the current computing environments do not allow analyzes to be carried out
as one analysis—analysis of the movement of connections with the applied potentials and material
permeabilities. This would reproduce the working environment of the contacts. the official response
from ANSYS says that it is currently not possible to combine Explicit Dynamics’ high-speed analysis
module with ANSYS MAXWELL's field analysis. the procured model of the tulip contact system is
complex and as the validation results showed, it can be used for a cost effective method of testing and
designing such systems.

Figure 34 clearly showed the significant convergence of results derived from simulations and
those captured during laboratory tests. Therefore, the design modifications and further work projects
can already be implemented using the proposed simulation. It has been demonstrated that the derived
simulation is useful for the rapid changing of modules used in the analysis of the dynamics of tulip
contact elements’ movement.
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Abstract. This paper presents an approach to the construction and measurements of electrodynamic and reluctance actuators. Executive ele-
ments were used as drives in anovel concept of a magnetomotive micropump. The paper discusses various aspects concerning the designation
of parameters, control system, the explanation of physical phenomena, and the optimization of the basic elements for coil units. The conducted
work describes the measurement system and the analysis of the derived values. The actuators were compared and the pros/cons of building
the conceptual device were highlighted. The best solution to be used in the upcoming work concerning the construction of a magnetomotive
micropump was chosen based on measurements, engineering aspects, layout control, and key parameters such as the piston velocity, energy
stored in capacitors, and efficiencies.

Key words: control system, micropump, electrodynamic induction, magnetic acceleration.

1. Introduction e.g. medical and chemical. The concept of the micropump is
shown in Fig. 1.
Electromagnetic field can generate force by acting on a given

magnetic body and accelerating it to a high velocity. There are 4
two ways to achieve that. The first is based on a coil with a }:—;IXIE/:
ferromagnetic core. While the coil is energized, a strong mag- L —_—
netic field is formed [1]. Then the core magnetizes itself, which -~ el ¥
in turn causes the core to move toward the center of the coil. :45 % W79

The second way involves a conductor placed in the magnetic L _
field. From the moment the current flows through the conduc- e B i i
tor, a force is generated, causing displacement [2]. The force —

generated is described as the Lorentz force [3-7]: LIQUID LIQUID
INLET OUTLET

F=I-1xB, (1)

F=1I-1-B-sina 2)

where: F is force; [ is current intensity; B is magnetic flux den-
sity; [ is the length of the part of the conductor in the magnetic
field; o is the angle between the conductor’s direction and mag-
netic induction B.

The phenomena described above can be successfully imple-
mented to create a drive in a linear flow micropump for indus-
trial applications. A huge advantage of such a solution is the ~ Fig 1. The concept f’f the “0"?1 m_"‘g“etom(’tive micropump: 1) inlet
elimination of friction elements, which enables the pump oper- lines; 2) coil units; 3) collector
ations in a hazardous (explosive) environment, and an expected
lower failure rate and usage concerning special applications, This micropump consists of two sections. Each section is
equipped with a coil unit. The coil units are synchronized by
the control system, which is discussed in this paper. The accu-

*e-mail: mm.szulborski @gmail.com rate control of those units is essential for guaranteeing the linear
Manuscript submitted 2019-12-11, revised 2020-05-03, initially accepted flow on the pump outlet which IS. d1rectly acqu1red by the pis-
for publication 2020-06-06, published in August 2020 ton synched movement. The applied one-way valves ensure the
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medium flow in one direction. The schematic diagram of the
solution is shown in Fig. 2.
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Fig. 2. The schematic diagram of the magnetomotive micropump

This paper focuses on proposing the most efficient and ac-
curate control system for coil units being a key element of
the application — magnetomotive micropump. Two variants of
coil actuators were taken into consideration: a reluctance ac-
tuator and an electrodynamic actuator. The measurements of
the electrical and mechanical parameters (piston velocity, en-
ergy) were made. For those two variants of the coil, actua-
tors were considered. Moreover, the control and measurement
systems were constructed and tested on a laboratory scale for
two variants of actuators along with software (program code)
obtained for achieving the desired functionality of the control
system. The selection of the necessary components was jus-
tified and explained by the theoretical and practical calcula-
tions.

2. Review of technical solutions

Pumps are used as machines necessary for the proper function-
ing of industrial plants with different business profiles. Their
diversity is impressive, so they are applicable in a variety of
pumping installations for almost any medium. While pumping,
the device receives mechanical energy from the drive motor,
and then transfers it to the medium flowing through the device
using a rotor, piston, shaft, etc. As a result, the energy of the
medium is lifted and increases. It should be added that pumps
are passive hydraulic devices since those devices draw energy
from the outside. Electric motors, internal combustion engines,
and steam turbines are most often used drives in such devices.
Importantly, the pump drive can be controlled directly or in-
directly via gears. However, the solutions used often have a

894

significant size (even for low power devices) and no compact
construction. Most of them have numerous friction elements
(easily perishable). There are difficulties in expansion with an
existing application and a problem with ensuring a linear flow
of the medium. The authors were guided by the idea of building
a pump that provides:
e increased durability (no friction elements),
e guarantee of a linear flow of the medium (not only liquids
but also gases),
e full scalability in the range of active power from four to
hundreds of watts,
o the opportunity to work in a specialized environment (gas,
chemical),
e casy expansion — connecting pumps,
e unique way of working (the precise way of switching sec-
tions).

An analysis of the physical phenomena associated with the
work of these systems was conducted in the work on the con-
struction of the actuators for the magnetomotive micropump.
This was considered in research and tests and a lot of attention
was paid to the proper control of the reluctance and electro-
dynamic actuator piston (determining the optimal moment of
switching on the next coil). Research and tests concerning the
employment of the actuator were conducted to give an answer
on the type and the scope of the device implementation. Stud-
ies of physical phenomena and literature concerning an elec-
tromagnetic actuator have already made it possible to optimize
the parameters of the capacitance of capacitors, the number of
capacitors, and the number of coils. The guidelines were as fol-
lows: possibly high kinetic energy, constant piston length, pos-
sibly low mass of the piston itself, and thus a cylinder, compact
design.

Currently, presented solutions are often one-coil section
structures and most likely classical electromagnet designs.
Therefore, the analysis of the time and place of enclosing in-
dividual sections is unnecessary. There are constructions with
high tare masses and limited operating frequency [8]. Obvi-
ously, the presented results are ordered and used by the au-
thors to determine the direction of work. As far as calculations
and methodology are concerned, a comprehensive description
can be found in [9]. This paper presents the design study of
a lightweight inertial actuator with an integrated velocity sen-
sor, for the implementation of velocity feedback control, i.e.
active damping, in lightly damped panels. However, in the lit-
erature, the model presented does not clearly combine analyt-
ical and numerical calculations for actuators with linear fluid
flow. A transparent way of designing and testing such execu-
tive elements by building a repeatable test stand was not found.
There are still constructions with high tare masses and lim-
ited operating frequency, e.g. in [10]. A half-practical solution
was presented by a team of Chinese researchers [11]. The au-
thors used several excellent studies on electromagnetic struc-
tures, where they presented methods for calculating electri-
cal machines [12-16]. Undoubtedly, the presented model also
shows how to control the flow so that it is linear, which is
often key in applications in the medical and chemical indus-
tries.
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3. Reluctance actuator

A reluctance actuator consists of a coil and a ferromagnetic pis-
ton. When the current passes through the coil, the force acts on
the piston on its periphery. It pulls the piston inside the solenoid
and tends to hold it in the middle of the coil. However, if the
current is cut off at the proper moment of piston moving toward
the center of the coil, the piston acquires kinetic energy. The ve-
locity of the ferromagnetic body would be high enough to exit
the coil through the other end. It does not matter on which side
of the coil the body is placed. The element always attains the
opposite polarity and as a result is magnetized by the energized
solenoid and pulled inside the coil. In this paper certain param-
eters of the reluctance actuator elements were determined via
proper calculations and analysis [17].

3.1. Coil geometry (length and diameter). A properly de-
signed coil geometry can increase the efficiency of the actuator,
reduce kinetic energy losses, and thus increase the velocity of
the piston. To determine the maximum efficiency of the coil,
the Fabry method was used with variables describing the de-
signed solenoid geometry. Two parameters have been defined:
o= 0p/a; (o is the inside coil radius; oy is the outside coil
radius), and B = b/ (b is the half of the coil length). The di-
mensionless geometric coefficient, also known as Febry’s fac-
tor, is a function of these two parameters. It is not dependent on
the size of the coil but only on its shape:

V21 B o+ /a2 + B2
G(“’m:s'vaz_l'l“( iR ) &

The value of the Febry’s factor G(o,f) ranges from 0
to ~0.179. The maximum value is reached for o = 3.1 and
B = 1.875, which means that the solenoid with the shape de-
fined by such parameters generates the highest magnetic field
intensity for the given power load. The dependency describ-
ing the value of the magnetic field strength in the center of
the coil, considering the Febry’s factor G(a, ) is shown be-
low [1]:

P2
o -p

Ho=

-G(a,B) 4

where: Hy is the intensity of the magnetic field in the center of
the coil; P is power taken by the coil; A4 is the space factor (for a
wire with a circular cross-section A = 7/4); p is the resistivity
of the winding wire.

For a constant internal diameter and an assumed power of
50 W, the coil shape was optimized for different values of the
outside diameter and the length of the coil. The plane that rep-
resents maximum efficiency is shown in Fig. 3. Optimal re-
sults for the designed coil: length (L) — 1.5 cm, radius (o) —
2.48 cm. Values were derived for the highest magnetic field in-
tensity value: G(ot, B) = 0.179.
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Fig. 3. The intensity of the magnetic field in the center of the coil as
a function of the length and the diameter of the designed coil

3.2. Thickness of the coil winding The next parameter af-
fecting the efficiency of the reluctance actuator is the thickness
of the winding wire. The change in the wire diameter is related
to the change in the number of coils and the resistance of the
entire coil unit. The first step was to determine the resistance.
The space factor A, which has already been used, is the ratio
of the cross-sectional area of the wire S, to the surface area S,
that takes up one roll and is equal to /4. Assuming that the
space factor is a constant in the entire coil, the volume of the
winding wire V; is expressed in relation to the total volume V.
[18, 19]:

Ve=n-(a3—a}) L, 3)
Vi=A-V,, (6)
Vi=mn-A-(a3—a}) L. %)

With the total volume of the wire, its length L; was deter-
mined by dividing the wire volume by the cross-sectional area
of the coil [1]:

_Va
Ld_Sd7 (8)
4-1-(a3—a?)-L

¢2

Using the wire length L, its cross-sectional area S, the re-
sistivity p of the material and angle ¢ for the contour curve s,
the coil resistance R, was determined:

Re=p- gt (10)
16-p-A-(a3—a?)-L
(= 10op R (i) an
7[.(})4

The current density in the winding J is given by the equation:

I

J=<.
Sa

(12)
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To obtain the current density J.. for the coil, the dependence
is multiplied by the space factor A:
.

J. =1 —. 13
c s, 13)
The value of the current /. flowing in the coil depends on the
resistance of the coil R., the external resistance R, and voltage
U (the sum of resistances of all circuit elements except for the

coil).
U
1. = . 14
=R (14)

The combination of this dependency with the formula describ-
ing the resistance facilitated determining the current density in
the coil:

U
4-L-p- (a%fa%) L’
¢2
The above dependencies were implemented and the J. values
were derived for several different wire diameters. The result is

shown in Fig. 4. Derived calculations uncovered that the highest
current density occurs in a wire with a diameter of 1.1 mm.

Jo=A- (15)

1
Z.n’.(])z.RZ_i_

Dupendency of wire dismeier and curmend density

L]

o
L ]

Fig. 4. Dependency between the current density and the diameter of
the winding wire

3.3. Piston material. In the case of a reluctance actuator, the
construction material of the piston is of high importance. The
best efficiency is achieved when the core is demagnetized as
fast as possible after exiting the coil. Carbon steel, which was
assigned as a piston material, has the best properties in this
respect. The non-linear magnetization characteristics of steel
were also considered during the material selection.

4. Electrodynamic actuator
The electrodynamic actuator is also equipped with a coil and

a piston. However, the piston is a non-ferromagnetic conduc-
tor — it can be a copper tube, a cylinder, or even a second coil.
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The piston is pushed out by the force generated as a result of
the eddy currents induced in it. Currents interact with the radial
component of the magnetic field, thereby causing the piston to
move. However, the piston does not work with the force that
causes it to accelerate only. The circuit that accelerates the pis-
ton consists of a capacitor with a capacity of C charged to a
certain voltage level. The driving element is the inductance L
which produces a magnetic field inducing the current in the pis-
ton. The resistance of the current in the circuit with the capac-
itor is affected by its resistance and the resistance of the wire
from which the coil is built. The important parameter is M), —
mutual inductance between the coil and the piston. The param-
eter determines the electrical energy conversion into the kinetic
energy of the piston. The most important parameters for elec-
trodynamic actuators were described below [20].

4.1. Voltage. The influence of voltage has been tested in the
range from 0 V to 800 V, taking the 100 V step between suc-
cessive values. With increasing voltage, the equivalent capacity
was always equal to 250 pF. In contrast, the effect of the vol-
ume was tested in the range of 0 V to 500 uF, taking the 100 uF
step between the successive values. While increasing the capac-
ity, the voltage was equal to 700 V. The diagram is presented in
Fig. 5.
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Fig. 5. Dependency between the force and the velocity over time and
the capacitor voltage value for a 14-mm quadrilateral coil

The speed increased exponentially with the voltage. Electri-
cal energy was converted into the kinetic energy of the piston.

4.2. Mutual inductance. The piston in the electrodynamic

actuator is a copper tube. The tube has a lower mass compared
to the full cylinder and, due to very short times of inducting the

Bull. Pol. Ac.: Tech. 68(4) 2020



www.czasopisma.pan.pl P N www.journals.pan.pl
=

POLSKA AKADEMIA NAUK

Control system and measurements of coil actuators parameters for magnetomotive micropump concept

currents, the whole phenomena is observed on the surface of
the piston. Therefore, reducing the weight by using a tube does
not affect the energy losses, and increases the acceleration. The
external circuit was characterized by a 700 V capacitor with a
capacity equal to 250 uF. The coil had an internal diameter of
8.2 mm, a length of 30 mm, and a thickness of 3 mm. The ob-
tained graphs are presented in Fig. 6.

Fanci phet a5 & fenttizes of 1 dapendisg on @ 31 gag

Fig. 6. Dependency between the force and the velocity over time de-
pending on the air gap for the coil

A smaller gap causes greater magnetic coupling between the
coil and the piston, which results in a better energy conversion
in the system. Looking at the graphs, it is clear that reducing
the gap definitely increases the force acting on the piston. The
greater the force, the higher the speed of the piston, and, as a
result, the greater its kinetic energy is.

4.3. Coil geometry and dimensions. To determine the op-
timal parameters of the coils, dependencies like those for the
reluctance actuator were used, except for the formulation of
Febry’s factor (layer coil) [1]:

(16)

where: dr is the cylinder thickness in cm; z is the length in cm;
ay is the inside coil radius in cm; a» is the outside coil radius in
cm; p is resistance in ohm-cm; r is the half-cylinder height in
cm; s is the cylinder diagonal in cm.

Based on the previous simulations, a vast number of fixed pa-
rameters was assumed. The coil unit is set to be supplied with
two capacitors of capacity 250 uF connected in a series and
charged to 700 V. The piston is determined as a 1 mm thick
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copper tube, 20 mm long, with the weight of 2.00 g and an ex-
ternal diameter of 8 mm. The coil will be wound up from a wire
with a cross-section of 2 mm x 1 mm.

5. Actuators setup

During the work concerning the construction of the coil actua-
tors for the magnetomotive micropump, an analysis of the phys-
ical phenomena associated with the optimization of these sys-
tems was conducted. Research has clearly indicated that in the
reluctance actuator, due to the disappearance of the current in
the preceding coil, the piston can decelerate. This occurrence
had direct impact on the overall piston velocity. With the elec-
trodynamic actuator, electromagnetic and physical mechanics
tended to push the piston without deceleration. Moreover, it was
assumed that the electrodynamic actuator piston will eventu-
ally have a higher kinetic energy. It was decided to construct
a reluctance actuator consisting of three coil sections, while
the electrodynamic actuator consisted of only two coil sections.
Another feature that should be emphasized is the weight of the
piston. The reluctance actuator piston was a ferromagnetic core.
The weight of the piston was slightly higher than in the elec-
trodynamic actuator (2.00 g) and was equal to 3.33 g. In our
research and trials, a lot of attention was paid to the proper con-
trol of the reluctance actuator piston (determination of the opti-
mal moment of switching on the next coil section). This did not
change the fact that larger capacitance of the capacitor than for
the electrodynamic actuator was used. Naturally, this resulted
in an increase in the input energy of the system. Research data
and attempts to use such an actuator setup were to give an an-
swer concerning the type and scope of use in the final design of
the magnetomotive micropump.

The study of the physical phenomena and literature regarding
an electrodynamic actuator already facilitated lowering such
parameters as the capacity of the capacitors, their quantity, and
the number of coil sections.

5.1. Reluctance actuator. The heart of the control system was
an 8-bit microprocessor from the AVR family — Atmega32A,
clocked at 16 MHz, the microcontroller with enough digital
inputs and outputs required for this project and the SPI in-
terface allowing programming without urge to physically re-
move the component from the fixed system. The whole system
was powered by 230 V AC mains voltage, the blue electro-
luminescent diode signaled the power switching status. The
first stage implemented by the controller was the charging pro-
cess of the capacitors. 230 V AC/110 V AC transformer and
small rectifying bridges DFOS were used. Connecting and dis-
connecting the charging circuits of subsequent sections were
conducted by PE014005 relays. The microcontroller controlled
their coils through the BC547 NPN transistors, which were pro-
tected against overvoltage by the UF4007 extinguishing diodes.
Capacitors were charged by 100 Q resistors of power rating
equal to 220 W. This solution reduced the charging current,
which extended the life of the capacitors and made it eas-
ier to control the circuit. In parallel with capacitors: 2780 puF,
1805 pF and 860 uF, low impedance capacitors (Low ESR)
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330 uF/500 V, 290 m€/100 Hz were used. Elements designed
for high-frequency operation were not damaged by fast charg-
ing and discharging thanks to the presented solution. Such a
solution would make standard impedance capacitors less vul-
nerable to damage resulting from the high discharge current
pulse after the coil circuits were turned on. IGBT transistors
were chosen as executive control elements for each coil sec-
tion since they are more resistant to surge currents. Moreover,
the voltage drops across the connector did not grow with the
current in those transistors. After controlling the input, the volt-
age U = 15 V will be given to the gate of the IGBT transistor
connected in a low-side configuration. The coil sections, con-
nected on one side to the high capacitor bank capacitance, were
shorted to the zero potential on the second end. The current
pulse generated an electromagnetic field that set the piston in
motion. Synchronization of the coils was set in such a way that
the capacitors were discharged at the right time — so that the
piston did not slow down after crossing the center of the coil
(or slowed marginally). The described actuator and its control
system were shown in Fig. 7.

Fig. 7. Reluctance actuator and its control system

Three subsequent coil sections were controlled in the de-
scribed way. Phototransistors for velocity measurement were
placed on the third section at a distance of 50 mm from each
other. A dedicated circuit board was created for this system
to assure the best control of the described elements. A circuit
board was designed considering the appropriate housing, from
which four connectors, the LCD display and the LED diode
would be outputted and a button initiating the successive stages
of the program would be executed. Connectors would connect
in sequence: IEC 320 C14 — 230 V AC power supply, DB15 —
IR luminescent diodes, phototransistors and IGBT gate control
signals, Molex 4P — charged of three capacitor banks, IDC 10P
— ISP/KANDA standard programmer.

5.2. Electrodynamic actuator. The FR5739 microcontroller
from Texas Instruments, a member of the MSP430 family, was
selected for the role of the main control system component.
Microcontrollers from this family were compatible with the
von Neumann architecture, whose most important feature is
energy efficiency. In addition, the microcontroller is equipped
with FRAM memory (Ferroelectric Random Access Memory),
which was characterized by high data writing speed. The clock
frequency of 24 MHz was sufficient for the system. Due to the
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different supply voltages of components included in the control
and measurement system, it was necessary to use voltage stabi-
lizers to obtain a voltage of 3.3 V and 5 V. Stabilizers LM78xx
were chosen. To realize the measurement of the piston velocity
in the solenoid, photodiode BPW34 was chosen. These pho-
todiodes react to light waves in a wide spectral range. Pho-
todiodes were placed on the second section at a distance of
50 mm from each other. Essential elements in the system were
also capacitors that filter signals and provide a reserve of en-
ergy at a sudden demand. Each section consisted of two capac-
itors with a value of 125 uF (single capacitor) and a voltage
equal to 400 V. The controller also used resistors, ARK-2 con-
nectors, a mini USB connector, a gold pin connector and sig-
naling diodes as well as switches that enabled interaction. To
charge the capacitors, miniature JQX-115F ZS3 power relays
were used. The moment the high state appeared on the appropri-
ate pin of the microcontroller, the coil was connected by 12 V
pin with the LTV816 optocoupler. The coil attracted a contact
that allowed the capacitor to be charged. When the desired volt-
age was reached on the capacitor, the signal on the microcon-
troller output changed to low and the coil was disconnected.
Power supply was IEC 320 C14 — 230 V AC, as in the case of
a reluctance actuator.

Moreover, as for a reluctance actuator, the custom circuit
board was designed to control the described elements. The
model of the electromagnetic actuator with control and mea-
surement system are shown in Fig. 8. A schematic diagram of
the control system is presented in Fig. 9.

(a)

(b)

Fig. 8. Electrodynamic actuator and its control system: a) fragment of
the electrodynamic actuator chassis; b) laboratory setup
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DEFINITION Table l
START OF MENU
VARIABLES Reluctance actuator — results of measurements
Actuator type Reluctance actuator
Descrintion Velocity measurements results
scrip after 111 coil section
Series number 1 2 3 4 5
i Time [ms] 1.323| 1.339| 1.336| 1.335| 1.335
READY FOR
OPERATION Velocity [m/s] 37.326|37.530 | 37.425 | 37.439 | 37.453
SYSTEM START
Velocity average 37.435
value [m/s] T
CONFIGURATION
INTERRUPTS Average kinetic
CONFIGURATION energy accumulated in 77.312
FTIMERS capacitors [J]
CONFIGURATION N N
ANALO(?VFD\G\TAL Average klnetlc 2 344
TRANSDUCER energy of the piston [J] ’
" Efficiency [%] 3.030
DN o | SRS Table 2
check CHARGING Electrodynamic actuator — results of measurements
2700V VOLTAGE
Actuator type Reluctance actuator
NO
Descrintion Velocity measurements results
SWITCHING CORRECT senp after II coil section
OF THE CHARGE )
ReLavs APACITORS VOLTAGE Series number 1 2 3 4 5
S OFF VOLTAGE SWITCHING
TRANSDUCER e ONRELAYS Time [ms] 1.600| 1.450| 1.500| 1.450| 1.465
CHECK INITIAL STOP CYCLE
Ao eranr CRAGTOR. Velocity [m/s] 31.250 | 34.480 | 33.330 | 34.480 | 34.12
Velocity average 33.532
¢ L value [m/s] T
v
T R e ) Average kinetic
TRIGGERING GHARGING OF energy accumulated in 40.000
TRIGGERING OF THE CAPACITORS . T
I SECTION THYRISTOR - 1| SECTION capacitors [J]
7Y A
T T ‘ VELGOTY Average kinetic
e o 1124
energy of the piston [J]
Efficiency [%] 2.810

Fig. 9. Reluctance actuator and its control system

6. Measurements results

A series of measurements was arranged to determine the pis-
ton velocity after III coil section for the reluctance actuator
and II coil section for the electrodynamic actuator. The five-
measurement series for each actuator type was conducted. The
results were presented in Table 1 and Table 2.

Oscillograph records taken from the detectors measuring the
range for the reluctance actuator after III coil section and for
the electrodynamic actuator after II coil section were presented  Fig. 10. ROscillograph record determining the piston velocity after the
in Figs. 10 and 11. third section of the reluctance actuator. Detector: phototransistors
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Fig. 11. ROscillograph record determining the piston velocity after the
second section of the electrodynamic actuator. Detector: photodiodes

7. Discussion about measurements

The efficiencies of both actuators are acceptable during the pro-
totype stage, as presented in Tables 1 and 2. Undoubtedly, at-
tention should be paid to the mechanics of these devices. The
coil units should be fast and precise — it was decided to use el-
ements executive with pulse power supply. In electromagnetic
micromachinery constructions developed worldwide, employ-
ing the aforementioned type of power supply, the expected effi-
ciency is around 5%. Larger electromagnetic devices with pulse
power supply reach 11% [21, 22]. The electrodynamic actua-
tor reached an efficiency of 2.8%, while the reluctance actuator
reached an efficiency of 3.0%. The constructed electrodynamic
actuator consisted of two coil sections. The efficiencies were
in the same range despite the fact the electrodynamic actuator
piston is much lighter, and the entire construction is favorable
in terms of quality, durability, versatility, and the best perfor-
mance. The abovementioned depend strictly on the materials
that were used to design and shape the element chassis and pis-
ton. The shape of the mentioned element is ideal for implemen-
tation. Moreover, smaller capacity and voltage are involved,
which is also favorable. On the other hand, the reluctance ac-
tuator consisting of three coil sections is much heavier as the
control system is also more complex, considering the control
of residual stream caused by the current shift. That may lead to
issues during the implementation.

Measuring systems employing different types of detectors
were proposed to conduct measurements. The peak characteris-
tic witnessed on the oscillograph record presented in Fig. 10 is
the effect of piston partially covering the detector while moving
towards it. The peak characteristic is standard for a phototran-
sistor. The photodiodes that were used as detectors in the case of
the electrodynamic actuator exhibit a wider peak than those ob-
served in the series involving a phototransistor (Fig. 11). Mea-
surement ranges were marked on the oscillograph records to
present the variation of time values obtained during the mea-
surements. The differences in the measured velocity values in
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the series can be associated with the factors that were not in-
cluded in the simulations and laboratory work at the prototype
stage, including friction and drag, initial piston position error,
and also the difference and magnetization curve of the actual
material. This means that the greatest losses occur while con-
verting the electrical force into a magnetomotive force that sets
the piston in motion.

Table 3
Electrodynamic actuator — results of measurements
Reluctance Electrodynamic
Actuator type
actuator actuator
Velocity Velocity
Description measurement measurement
summary summary
Method Laboratory FEM Laboratory FEM
Velocity [m/s] 37.530 42.120 34.480 39.47
Velocity
difference [m/s] 459 4.99
Average kinetic
energy of the pis- 0.369 0.389
ton difference [J]
Efficiency
difference [%] 0.84 0.92

Simulations employing the Finite Element Method were con-
ducted to create reference results for both coil units. The sum-
mary of the laboratory results and simulation results is pre-
sented in Table 3. The FEM simulations represent ideal con-
ditions. Therefore, the results are slightly better. However, the
derived values still fall within the range of those obtained from
the laboratory work.

8. Conclusions

The team of authors examined two types of actuators in terms
of usage, by means of constructing the electromagnetic microp-
ump. The subjects of the research presented in this paper were
coil units in both reluctance and electrodynamic versions. Two
actuators involving different control systems were designed,
constructed, and compared. The results of the comparison are
as follows:

e The electrodynamic actuator is more compact.

e The electrodynamic actuator exhibits better efficiency in
comparison to the reluctance actuator.

e The control system for the electrodynamic actuator is easier
to implement.

e The estimated length of service for the electrodynamic ac-
tuator is estimated as longer in comparison to the reluctance
actuator (the control system, the complexity of the solu-
tion).

e The reluctance actuator requires a bigger and heavier chas-
sis construction.

e The piston is heavier in the prototype of the reluctance ac-
tuator.
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e A compensating residual stream caused by the current shift
causes difficulties related to the reluctance actuator control
system.

Finally, it was settled that the electrodynamic actuator will
be implemented into the novel concept of a magnetomotive mi-
cropump. Some construction aspects may change during the
intended and upcoming assignments concerning the described
scientific and engineering work, for example, the dimensions of
the basic elements that will be used for the actuator assembly.

The efficiency of the solution was shown by measuring the
kinetic energy of the piston and the efficiency of the system.
Naturally, the selection is made only by comparing the cylin-
ders tested.

The added value of the work is the clearly presented model
of conduct while selecting the actuators for the presented pump
design. Optimization of place and time of switching on the indi-
vidual coil sections of the actuator was tested and presented. In-
strumentation was comprehensively presented so that the tests
can be repeated as a transparent procedure. The best executive
element for the structure was determined.
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Abstract: Proper busbar selection based on analytical calculations is of great importance in terms of
power grid functioning and its safe usage. Experimental tests concerning busbars are very expensive
and difficult to be executed. Therefore, the great advantage for setting the valid parameters for
busbar systems components are analytical calculations supported by FEM (finite element method)
modelling and analysis. Determining electrodynamic forces in busbar systems tends to be crucial
with regard to subsidiary, dependent parameters. In this paper analytical calculations of asymmetric
three-phase busbar system were carried out. Key parameters, like maximal electrodynamic forces
value, mechanical strength value, busbar natural frequency, etc., were calculated. Calculations were
conducted with an ANSYS model of a parallel asymmetric busbar system, which confirmed the
obtained results. Moreover, showing that a model based on finite elements tends to be very helpful in
the selection of unusually-shaped busbars in various electrotechnical applications, like switchgear.

Keywords: EIPB; asymmetric busbar system; electrodynamic forces; FEM; simulation; analytical
calculations; design methods; analysis

1. Introduction

The development of realistic design procedures involving busbar systems, responding to the
mechanical loads associated with fault current impact, was a recurrent problem throughout the history of
the power industry. A large number of studies have been done in order to assess how the busbars will
withstand a stress corresponding to the instantaneous peak force due to short circuit currents. The approach
adopted by NEMA (National Electrical Manufacturers Association) neglects the dynamic aspects of the
problem and assumed that the stresses acting on busbars are directly proportional to the prevailing
forces according to the Standards for Power Switching Equipment (SG6). Classical methods involving
calculations of electrodynamic interactions in current circuits were created with intent to manually calculate
those values with help of auxiliary graphical methods [1]. These methods are mainly used in the case
of one-dimensional, straight-line busbars. Furthermore they are very effective in accordance to busbar
testing. The accuracy of these methods is particularly high for current circuits feeding high voltage devices,
due to the transverse dimensions being significantly smaller than the distance between the wires.

During calculations, individual configurations of busbars can be distinguished:

e Layout of flat parallel busbars;
e Layout of flat perpendicular busbars;
e Layout of spatial perpendicular busbars.
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The use of power distribution busbars in low voltage power system switchgears is highly
advantageous. It is an exact way to conduct energy distribution with a problem-free possibility of its
expansion in the case of adding additional apparatuses in place of reserves intended for additional
devices. On the other hand, the installation of the main busbar at the rear of the switchgear allows for
optimal heat dissipation resulting from the heating of the loaded busbars, as well as withstanding
the greatest stresses in the event of a short circuit. To guide the busbars inside the switchgear, special
insulators are used which are screwed to the supporting brackets of structures intended for this type of
solution. In most cases, the rails are attached horizontally. Vertical busbar systems occurs when the
rated current is below 4000 A and there are no movable and withdrawable elements. The distances
between insulators are determined based on the requirements of the standards and short circuit
currents that may occur in the switchgear. Busbars in switchboards with higher currents are a better
choice than cables. This is due to the fact that the rails dissipate heat better and can conduct higher
values of the load current. An important advantage is also the certainty of screw connections between
the rails, as opposed to terminals crimped on the wires. Under the influence of electrodynamic forces,
the conductor may break out of the cable terminal and touch other conductive parts, leading to a short
circuit. The most commonly used busbar thicknesses for energy distribution in switchboards are 5 and
10 mm, while the widths are 20-100 mm. Most often, those are made of pure copper, which is reducing
the skin effect and allows the conduction of higher currents by about 20%.

Unfortunately, analytical formulas used in classical methods can be very complex even in the
case of investigating simple busbar layouts. A particular computational problem is the mathematical
complexity of integrals. In order to make correct calculations, modern computer software and
numerical methods (described below) are recommended. For example, the ANSYS environment is
based on the finite element model (FEM) method [2]. FEM is characterized by a variational formulation,
a discretization strategy, one or more solution algorithms and post-processing procedures. FEM is used,
e.g., to calculate the electrodynamic force and its effect on the EIPB (enclosed isolated phase busbar) [3].

The second group of solutions used for calculations are called peripheral methods. These methods
allow determining the electrodynamic interactions with regard to cross-section and current variability
in both parallel and perpendicular layout of current circuits [4]. This method relies on replacing one
busbar of heterogeneous current density by a series of separate smaller current circuits of constant
current density [5]. The application of the Biot-Savart law gives the possibility of determining the
magnetic induction at any point of space caused by the flow of current through the element of the
conductor [6]. Furthermore, calculations of the magnetic induction value allow determining the
electrodynamic forces acting in the conductor system [7], which is shown in Figure 1 below.

| oF,

l.:s ,
i) 0 i)

(a) (b)

Figure 1. Determination of electrodynamic force value acting on the busbar. (a) the method of
determining the direction and sense of magnetic induction; (b) Biot-Savart law.
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The magnetic induction in the system shown in Figure 1 can be determined using the formula:

By — ﬁ [452-7] )
where i, is the current flowing through the current circuit; d?z is a vector, the length of which
corresponds to the length of the conductor element, with the direction of the conductor and the return
consistent with the direction of the flowing current; r is the distance of the conductor element from the
magnetic field point; 7 is a vector which origin is the source of the magnetic field and the end is the
chosen point in space.

The third group of solutions are numerical methods, such as FEM, finite difference method,
finite volume method, boundary element method, etc. In a simplified manner, these methods rely on
the division of the contemplated continuous area into a finite number of subareas and searching for an
outcome in those sectors [8]. The solution is obtained by interpolating the derived results in any point of
space [9]. The main difference between these methods is the way of searching for a solution by analysis
and definition of boundary conditions. FEM is an approximate method for solving partial differential
equations. In FEM, the studied area is divided into many subareas. Finite elements with a simple
shape are derived, for example for a two-dimensional space—a triangular or quadrangular element.
This procedure allows calculating the values in a section of a given system/model. The functions sought
are being solutions of partial differential equations [10]. Those functions are approximated locally in
each finite element using special continuous test functions determined uniquely by their values at
certain points called nodes (nodes lie inside or on the element’s edge). An important coefficient for
overall electrodynamic forces calculations (also natural frequency) is the Dwight factor [11]. The Dwight
factor is used in case of parallel busbar arrangement with rectangular cross-section [12].

This work is consisted of analytical model (derived by classic calculations of electrodynamic forces)
and numerical model (made using FEM) were compared in order to determine the best solutions for
designing three-phase busbar system considering electrodynamic forces impact on the tested layout.

This manuscript includes the brief summary of work done by other scientist that was essential
for concluded research in Section 2. The properties of busbar systems are mentioned in Section 3.
Analytical calculations were procured for the chosen busbar layout and are presented in Section 4.
Those calculations were confronted with the main part of the manuscript—the FEM simulations of an
asymmetric three phase busbar system, which are presented in Section 5. The last section concludes
the work gathering all of the knowledge coming from this research.

2. State of Art

Due to the increasing threats posed to human health, life and devices like switchgears, short
circuit currents have been investigated with an emphasis on electrodynamic forces.

How important it is to build simulation models of busbars and distribution bars can be proved,
inter alia, in publications [13]. Based on the thermal results, the authors calculate the dynamic stability
of the EIPB (enclosed isolated phase busbar) to analyze the electrodynamic force under short circuit
conditions [14]. A 2-D model was used for this purpose. In our discussion, a 3-D model is presented
taking into account all electromechanical hazards (stresses of supporting insulators, natural frequency
of the system and electrodynamic forces) [15]. Many scientists have studied the thermal stability of
EIPB under short circuit current conditions [16]. Various scientists propose a method of calculating the
busbar conductor temperature using the heat network analysis [17]. Analyses of the contact resistance
of the busbar parts and calculations concerning the temperature rise generated by the resistance could
be witnessed [18]. Other authors used experimental methods to check the reliability of busbar contacts
and predicted the contact state on the basis of theoretical models [19,20]. Therefore, considering the
effects of electrodynamic forces, temperature rise, and other factors, such as mechanical strength and
the effect of a short circuit conditions on the busbar is analyzed [21-23].
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However, most of these methods are based on the very small size of the rails which are no longer
than 5 m, the test object is small and has a simple structure. In this work, the validation of the analytical
model using the 3-D model of busbars with contacts and load bars is presented. Due to the complex
structure of the power system network, actual EIPBs are often large with complex structures and it is
difficult to directly calculate the dynamic stability. The finally presented FEM model is applicable to
insulated rails in various environments. On this basis, the design and implementation of low-voltage
switchgear was successfully carried out. The presented results enable a correct selection of the rails not
only from the point of view of the current carrying capacity, but also considering the electrodynamic
capacity. A solution enabling the validation of analytical calculations, the implementation of different,
often complicated current circuits in relation to the calculations of simple rectangular or circular current
circuits were presented. The model enables the determination of values for scientific and engineering
calculations. It has been shown that the selection of power supply and receiving current circuits can be
performed not only from the current load side. Not only was the skin effect taken into account, but
also the current displacement and the natural frequency of the system.

In low voltage switchgears, small insulation gaps between the busbars of individual phases
are sufficient, and the level of short circuit currents is similar to that in high voltage switchgears.
The problem of electrodynamic stresses on rails is therefore more pronounced in the former, although
the mitigating circumstance is the smaller distances between the rail fixing points. The rules for
dimensioning rigid rails with regard to electrodynamic loads in short circuits are specified in the
standard (IEC 865-1 Short circuit currents—Calculation of effects). The calculations are quite complex
and based on such simplifications that their practical usefulness is too low. When developing the
concept of a new series of switchgears, these calculations form the basis for initial design solutions,
which are then verified in the short circuit laboratory. The author’s team works on a daily basis in
the short circuit laboratory of the Warsaw University of Technology, Institute of Electrical Power
Engineering, and conduct work in the field of design and testing of switchgear devices. Multicore
cables and other insulated conductors, suitably selected for their thermal short circuit capability,
generally also withstand the electrodynamic forces associated with the flow of short circuit current.
Due to the small thickness of the insulation, and therefore smaller distances between the axles of
the conductors, the electrodynamic forces in cables and other low-voltage cables—with the same
value of short circuit current—are greater than in high-voltage cables. Validation may be needed in
the case of extremely high short circuit currents (over 60 kA) that are switched off in a short time
(less than 20 ms), but without any limiting effect, i.e., with passing the expected value of the surge
short circuit current [24]. Electrodynamic exposures must also be taken into account when choosing
the construction principle and assembly technique of the heads and cable joints.

In the absence of a simulation model, a number of laborious and time-consuming works related
to the determination of the maximum withstand forces are performed. This applies to both the current
circuits and the insulators (Figure 2).

It is worth noting that with such an approach, additional tests are carried out by designing current
circuits and switchgear devices. The analytical model is the correct application of the dependencies
from the electromagnetic fields supported by the dependencies from the IEC 60609 standard for short
circuit currents. The novelty of the procured work is presented in the following:

e  Global approach to the model of electrodynamic forces in switchgears (model not only is presenting
parallel current circuits, but a real system of rails with contacts);

e Consideration of an unfavorable case (the currents contains asymmetries), analytically countable
only with a high approximation (not meeting the design requirements for such currents in
practice). Therefore the numerical model is a novelty that is able to omit tedious calculations with
better results;

e  Reference to the design of switchgears from the angle of calculating electrodynamic forces, not
only the current carrying capacity of the busbars, which is very rare.
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e Limitation of oversizing (in the case of the cross-section of the current circuits) and frequent
underestimating in calculations (in the case of supporting insulations), or vice versa, in the case of
low-, medium-, and high-voltage secondary circuits of the switchgear.

1)

b a

Ll 1.2 L3

Figure 2. Busbar system in the switchgear after arc fault tests with the distribution of electrodynamic
forces acting on individual rails of the flat busbar system at the time of: (a) metallic fault; (b) arc fault
(c) damage of the busbar system after arc fault tests in the switchgear [25].

3. Properties of Busbar Systems

3.1. Mechanical Vibrations in Busbar Systems

Busbars exposed to electrodynamic forces are also exposed to mechanical vibrations also occurring
during this phenomenon. The amplitude of these vibrations depends on many factors, which include,
among others: the way the busbars are placed, the type of material they are made of and the number
of insulation supports installed. The worst case that could happen is when the natural frequency of
the busbars coincides with the frequency of changes in forces affecting their system. For this reason,
the natural frequency of the busbar should be offset from the frequency of mechanical excitations
resulting from electrodynamic forces. The most dangerous case may occur during the appearance of
resonance characterized by the system’s own vibrations equal to [26]:

fo=2-f @

where f, is the system natural vibration; f is the frequency of current change; 2f is the frequency of
changes in periodic (non-disappearing) components.

In order to determine the permissible natural frequency of the busbar system the following
dependency (3) shall be used. Furthermore it is obligatory to choose a frequency value that is outside
the following interval:

fo=0Q1.7-24)-f 3)

The properly determined busbar natural frequency should be outside the specified incorrect
ranges. In case the calculated frequency does not correspond to the above assumptions, the system
parameters should be adjusted in such a way as to detune the natural frequency of the tested rail
from the resonance frequency. Table 1 presents the relevant formulas for determining the correct
operating frequency for busbars firmly fixed at both ends. After substituting parameters related to
the cross-section of the busbar, the natural frequency of the current circuit is obtained. Different
calculations are made for multi-frequency systems where the mounting of rails and brackets is flexible.
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Table 1. Formulas for determining the frequency of natural vibrations concerning the wire shape
and material.

BusbarCross-Section

] — @® O

Copper 3.625-10° 3.625-10° 3.134.10° 313444 105

2

Material

Aluminum 5.171%-105 5.171%-105 4.481%-105 4,489%7%.105

It is possible to determine the natural frequencies of a given rail by taking into account the
coefficients responsible for the particularities concerning the shape of the current circuits analyzed.
In this case the following formula is used [27]:

fo = foorci-caoc3 4)

where f,, is a natural frequency of a simplified system; c; is a coefficient that allows to take into account
the influence of spacers used to connect individual rails in a multi-strip system; c,, c3 is a factor that
allows stiffness, weight, and cable routing to be taken into account.

3.2. Short Circuit Currents

While studying electrodynamic forces, the possibility of short circuit occurrence must be considered.
An accidental connection between individual phase conductors or between a phase conductor and earth
is called an electrical short circuit. A short circuit may occur directly through an electric arc or through
a component with low resistance. This phenomenon is generally harmful and/or undesirable. There are
several types of short circuits, including symmetrical (for example three-phase or three-phase with
earth) and asymmetrical (single-phase, two-phase, and two-phase with earth) short circuits. We can
also classify certain short circuits according to their frequency of occurrence in given power systems.
However, when calculating the electrodynamic forces, regardless of the frequency of occurrence,
we must take as the basic scenario the short circuit, which has the most harmful effect on the system.
The occurrence of a short circuit is usually associated with a current that is much higher than the
current under normal operating conditions. The increasing value of electric current contributes to the
heating of the devices and to the increase of interactions derived from electrodynamic forces. Therefore,
it is necessary to use devices with increased protection values against short circuits, resistant to the
risks of mechanical damage in the event of a much higher current flow than in normal periods.

The course of the short circuit current is variable both during the direct current flow and in the
case of AC circuits, so it is particularly important to take into account the impact of changes in the value
of short circuit currents in the transient state during calculations. The short circuit current contains
two very distinct components: a periodic component i, and a non-periodic component #,s. The RMS
value of the periodic component is constant throughout the duration of the short circuit, assuming that
the RMS value of the electromotive force of the circuit and the value of the short circuit impedance do
not change significantly. The non-periodic component, on the other hand, has a certain initial value
that disappears exponentially with the circuit time constant of T = L/R. Figure 3 is an example of a short
circuit current waveform showing the shape of the characteristic, taking into account the periodic and
non-periodic components (assuming constant amplitude of the periodic component).
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Figure 3. Example of short circuit current waveform: (a) without non-periodic component, (b) with the
highest rate of non-periodic component, i,,—non-periodic component, i,;—periodic component.

3.3. Short Circuit Current Calculations

In order to determine the circuit parameters that allow safe operating conditions to be maintained
during a short circuit, calculations of electrodynamic forces should be made assuming the most
unfavorable short circuit scenario associated with the currents with the highest possible intensity.
In general, such conditions occur during a symmetrical three-phase short circuit and in this case the
basic diagrams are shown in Figure 2. The initial symmetrical short circuit current I, that represents
rms value of the AC symmetrical component of a prospective short circuit current can be calculated
from the formula [27]:

L 5)

V3-(Zi + AZ)
where U, is rated voltage; ¢ is voltage factor that represents ratio between the equivalent voltage
source and the nominal system voltage U, divided by V3; Z; is an abbreviated expression for the
positive-sequence short circuit impedance for the calculation of three-phase short circuit while AZ = 0.

Based on the determined value, the so-called initial current can be calculated. Maximum initial
symmetrical short circuit depends strictly on highest voltage for equipment (line to line RMS value)
and can be describes as [27]:

Um = Cmax-Un (6)

where ¢4 is a voltage factor that represents maximum short circuit current for a three-phase
short circuit.
Assuming the value c;5r = 1.1, the value of the initial symmetrical short circuit current can be

expressed as [27]:
r— 1.1-U,

Bz,

Due to the occurrence of a non-periodic component, the peak short circuit current can reach much
higher values than the peak value of the periodic component. In the event that the short circuit occurs
when voltage passes through zero (for phase angle voltage equal to 0), the peak value of the short
circuit current reaches the highest possible value and is called the surge current. The surge current is
the maximum achievable short circuit current used in electrodynamic calculations. The spoken value

@)
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can be determined from the following formula, taking into account the calculated initial short circuit
current value [27]:
ip = k- V2T, (8)

where iy is maximum possible instantaneous value of the prospective short circuit current; x is a surge
factor for the R/X ratio obtained from Figure 3 or calculated by the following expression [27]:

% = 1.02 + 0.98-¢>R/X )

The use of the surge factor « in the formula makes it possible to include in the calculations the
attenuation of the non-periodic short circuit current component over time until the appearance of
the overvoltage current. The value of this coefficient can be selected on the basis of the following
characteristics shown in Figure 4 below.

Ku

2.0

1.8

1.6

1.4

1.2

1.0
) 0.2 0.4 0.6 0.8 1.0

Figure 4. Surge factor characteristics.

3.4. Impact of Short Circuit Current Variability on Electrodynamic Force Values

The analysis concerning the operation of electrodynamic forces in the current circuits of electrical
apparatuses is usually carried out taking into account the flow of short circuit currents through the
busbars. The force values are then the largest. Short circuit currents are characterized by variability as
a function of time, so it is important to check how the change in the value of these currents affects
the time courses of electrodynamic forces. Among the forces acting on a given system, individual
components can be distinguished:

e  Periodic, disappearing and non-disappearing;
e  Periodic decay of a frequency equal to the frequency of the voltage source; and
e  Periodic non-disappearing frequencies with twice the frequency of the voltage source.

For single-phase and two-phase short circuits, variation curves of electrodynamic forces are
related with the value of the squares of currents: symmetrical or asymmetrical (Figure 5). In the case of
symmetrical current, the following equation applies:

L, w5

S S RS
F(t) = = kp > " om kp > cos 2wt (10)
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Figure 5. Current waveforms and their squares in the case of a single-phase short circuit current in the
circuit: (a) symmetrical, (b) asymmetrical.

However, for an asymmetrical short circuit current:

F = ﬁ-kp-@- sin(cut ¥ ;-n)[sin ot + %sin(a)t - %n)] (11)
where a is the current phase at the moment of short circuit a = ¢ — ¢; ¢ is the voltage phase at the
moment of short circuit.

When determining the electrodynamic interactions at the level of three-phase faults, two cases
can be distinguished, taking into account or not the non-periodic components. If the influence of
non-periodic components is not taken into consideration and also assuming that the individual
phase currents are out of phase by 120 g, the short circuit currents can be described by the following

formulas [27]:

cig = Iy sin(wt + %n) (12)

ip = Iy sin wt (13)
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ic = Iy sin(wt — %n) (14)

In order to correctly determine the value of the mutual interaction of electrodynamic forces, it is
necessary to find their largest values, which in this case will take place when the multiplication of the two
currents will produce a maximum value. Therefore, in a flat single three-pole system, where the external
current circuits are arranged symmetrically with respect to the middle busbar, the electrodynamic
forces acting on individual conductors can be described by the following equations [27]:

i
FA:ﬁ'kp'lA'(lB+§c) (15)
Fp =~ kp-ig- (ig +ic) (16)
4.7
i
Fo= 7 kpeic- (-2 - ip) (17)

After having made a substitution of the above formulas, we obtain an equation which makes it
possible to determine the value of the electrodynamic forces acting on the external current circuits
through which the current i4 flows:

F1 = ﬁ -kp - I2, - sin(wt + % 'n)[sina)t + % sin(wt — % : n)] (18)

In order to obtain the maximum value of the above-mentioned force it is necessary to determine
the extrema of the function f (wt):
. 2 . 1. 2
f(wt) = sin(wt + 3 n)[smwt t3 sin(wt — 3 n)] (19)

After having made the appropriate substitution the following equations are obtained:

T —ﬁ-kp-l,znﬂ.SOB 20)

H 2
Fimin = — kgI,-0.058 21
1min 1 F'im ( )

The maximum values of electrodynamic forces for the external current circuit through which the
current i, flows are exactly the same as for the conductive busbar i, and could be determined from the
following formulas:

Famax = ~Fiax = 3=kr-:0.808 @)

F3min = —Fimin = —ﬁ'kp‘Iﬁ0.0SS (23)

The value of electrodynamic forces acting on the center busbar of the system is slightly different.
After substituting the current formulas, the following equation is obtained:

K . . 2 . 2
Fy = in kg 12, - sma)t[— sin(wt + 3 -T1) + sin(wt — 3 - T) (24)

After determining the maximum values, the above-mentioned formula can be described as:

o = ﬁ kp-I2,-0.866 (25)

The force of the same value acts in the opposite direction (towards the C phase rail). Based on the
analysis of the above relationships determined for each busbar of the three-wire system it can be stated
that the largest load of electrodynamic forces concerns the phase B busbar (middle rail). In this case, it is
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worth considering changing the parameters of the outer rails and adjusting their mechanical strength to
a slightly lower load. However, calculations of mechanical strength are often made assuming loads that
act on the middle current circuit. Therefore, the busbars with identical parameters are used. This is due
to the small difference between the electrodynamic forces of the outer and middle tracks, which are just
over 7%. Similarly, calculations are made when the occurrence of non-periodic short circuit currents is
taken into account. Then slightly higher values of electrodynamic forces will be obtained, however,
the relationships between individual phase conductors remain unchanged (the middle current path
will be most loaded).

4. Analytical Calculations for Three-Phase Busbar SYSTEM

4.1. Calculations of A Single-Wire Three Phase Busbar System—DParameters of the Tested System

This subsection will present examples of calculations allowing determining: the maximum value
of the electrodynamic force, the value of arising mechanical stress, the breaking force of the supporting
insulators and the system’s natural frequency.

The busbar arrangement under test is a three-phase, one-wire system, in which the external
current circuits are symmetrical with respect to the middle path. The system is composed of rectangular
copper bus bars. All the busbars have been stacked. It is also assumed that the electric currents in
each phase have the same direction and equal values. The calculations presented in this subsection
have been carried out on the basis of the theoretical information previously discussed and allow the
determination of the individual parameters associated with the occurrence of electrodynamic forces,
the proper adjustment of which allows maintaining safe and stable operation of the entire system.
The calculations concerning the maximum value of the electrodynamic force were carried out taking
into account the mathematical relations mentioned above, according to which the central current path
of the system is the most loaded. In order to determine the parameters enabling safe operation of
devices, tests should be carried out under the most unfavorable operating conditions of the system,
which, in this case, means calculations under short circuit conditions (three-phase short circuit).

The tested busbar system is characterized by the following parameters:

e i, = 60 kA—surge current value at three phase short circuit;

e  5:b =10 x h—current busbar cross section (rectangular cross section);
e [ =50 cm—distance between support insulators of a given phase;

e =12 cm—distance between the centers of the wires;

e  material used: copper; and

®  O4pp = 1400 daN/cm?—allowable material stress.

The arrangement of busbars, their support insulators and their dimensions are shown in Figure 6.

Overhead View of Modelled Busbar System

S50 em

N v AT
. Supporting insulators . Current Circurt

Figure 6. Graphical representation of modelled busbar system.
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4.2. Determination of the Maximum Electrodynamic Force Value

Taking into account the relationships previously determined concerning the impact of the
variability of the short circuit current on the values of the electrodynamic forces, it can be assumed
that the most important forces act on the average current circuit. Correct calculations of the values
concerning electrodynamic forces acting under three-phase short circuit conditions can be obtained
using the following formula:

F 2max — (26)

L ) ﬁ . (i111)2

kK
4.0 EDTT

where kr is the shape factor of the current circuit system; kp is the Dwight coefficient based on the
characteristics from (i,
Based on the available circuit parameters, the kr factor value can be determined using the

following formula:

—surge current at three-phase short circuit.

! 50
kp=25=2-> =834 27)

where [ is the distance between the axles of individual phase conductors; d is the distance between the
axles of individual phase conductors.
The Dwight coefficient value (kp) can be derived from the charts [27]:

d-b 12cm—1lcm

h4+b  4cm+ lcm =22>2 (28)
b 1
s 0.2 (29)

The Dwight coefficient value is equal: kp = 1. After substitution to Equation (26), the values of the
surge current and the values of the determined coefficients make it possible to obtain the maximum
electrodynamic force acting on the middle current circuit and it is equal to:

471107 H V3

—.8.34-—.36-108-A2 = 2600.16 N = 260.016 daN (30)
41 m 2

F 2max —

4.3. Calculations of Natural Frequency for the Tested System

Due to the occurrence of interactions of electrodynamic forces in the examined system, mechanical
vibrations also appear in the described system. In order to determine the natural frequency of the
tested busbar layout, it is mandatory to use the equations described in Table 1.

b
n= 3.67-1—2-105 (31)
After substituting the appropriate values, the following value is obtained:

1= 3.67-—=-10° = 146.8 Hz (32)
502
To avoid resonance phenomena, the natural frequency of the busbars—f must be outside the
range (1.7-2.4). For an operating frequency of f = 50 Hz, the following equation can be used:

n=146.8 Hz > 2.4f = 120 Hz (33)

The natural frequency of the system determined previously meets the condition expressed above.
Based on the above-mentioned formulas regarding the determination of the natural vibrations of the
busbars, it can be stated that the factor that can be adjusted to avoid the occurrence of the resonance
phenomenon is the distance ‘I at which the phase insulators are placed.
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4.4. Selection of Support Insulators

Based on the above calculations, it can be concluded that each support insulator of the tested
busbar system is subject to a static force equal to R = Fy,,5, = 260.016 daN. In order to correctly select
support insulators with an appropriate breaking force capacity, the force applied in the axis of the
busbar R should be reduced to the force applied at the height of the upper edge of the insulator fitting
R’. To this end, the response factor vF should be determined according to the characteristics presented

in Figure 7.
R’ = 9r-R = 1.2:260.016 daN = 312.019 daN (34)
V, ‘
2O |
Thm-phou
20 |
Two phase
5~
3 - a2l
1o 3 FAETR R
! &5 1 es1.25
1 dxerlio
| Sxvli
Q| -—
0602 005 o1 02 o8 1 2 s o L
f

Figure 7. Characteristics used to determine the value of the reaction coefficient of the supports.

For some selected support insulators, it is mandatory to respect the safe operating conditions,
formulated by the following inequality:

R < FNZR/ < Fngz (35)

It is therefore necessary to select support insulators with a rated breaking strength capacity
expressed as follows —Fy; > 312.019 daN .

4.5. Mechanical Strength

The busbars operating in the system under test have a certain, characteristic resistance to
mechanical stress for a particular type of material. Table 2 shows the maximum stress data for
different types of copper and aluminum busbars in accordance with the guidelines contained in the
PN-72/E-05025 standard.

In order to check whether the effect of electrodynamic forces will not be associated with excessive
mechanical stress of the conductors, it is necessary to check whether the bending stress values described
by the following equations do not exceed the allowable stress values specified in the standards:

My
Gg:Ug'kg'WSO'dop (36)
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where 0, is the bending stress value acting on the cable; v, is the dynamic bending stress factor; k is a
factor related to the increase in material strength at loads equal to ks = 0.5 for cables with a rectangular
cross-section; My is the bending moment; W is the bending strength of the rail cross-section; o4, is the
allowable value of mechanical stress for a given material.

In order to check the strength of the busbars, it is necessary to know the maximum bending moment
of the rail, which can be determined from the following relationships for articulated rail fastening:

Mg = =Frax -1 (37)

However, in the case of rigid mounting of busbars:

1
Mg = 35 Fmax | (38)

In the tested system it was assumed that the busbars are rigidly fastened at both ends:

1
—-260.015 daN-50 cm = 1083.39 daN-cm (39)

Mg =1

Table 2. Permissible mechanical stress values for busbars with specific shapes made of copper
and aluminum.

Current Busbar Material Type of Current Busbar Permissible Stress oy

(daN/cm?)
Copper All types 1400
Rectangular, round or tubular
700
Aluminum current busbar
C-section current busbar 500

To determine the dynamic coefficient of bending stress ns, it is necessary to know the ratio of the
natural frequency of the conductor to the frequency of the flowing current n/f.
n 1468
—=——=2936 40
F= % (40)
Based on the above calculations, v, = 1 was selected from the chart below in Figure 8.
The bending strength index of a rectangular section can be calculated as based on the relationships
given in Table 3.

Table 3. Graphs for determining the dynamic bending stress coefficient.

Cross-Section System of Current Bars Strength Index

W =" ~0.167 bh?
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In the tested system it was assumed that there is one conductor per phase and that all busbars are
set to edge. Thus, it can be written that:

h- b2 _lcm- 16cm?

W =
6 6

=2.67 cm® (41)

After substituting the determined parameters for Equation (32), the value of mechanical stress
acting on the tested system is obtained:

1083.396 daN
oy =05- 083.396 daN/em _ ) ¢85 daN/cm? < Oop = 1400 daN/cm? (42)
2.67 cm3
1
o
V'.,S
1.0 — ——
Three-phase
o - - '____.--" ,
Sy | LT L Two-phase
" o]}
— 2 ——— i X o
_ — T
0 -
0.02  0.05 01 02 0.5 1 2 5 1w f
f

Figure 8. Graphs for determining the dynamic bending stress coefficient.
4.6. Summary of Analytical Calculations

The interactions arising from electrodynamic forces is related to the electric current flowing
through the busbars in the magnetic field. These interactions can occur not only between current
circuits but also near the ferromagnetic masses (for example between the concerned circuit and the
ferromagnetic material). Among the methods for determining the electrodynamic forces acting on a
given system, classical methods are used, one can enumerate, among others, the methods used in the
case of one-dimensional busbars as well as the methods allowing to take into account the section of
busbars and the variability of the electrodynamic forces passing through them in the calculations.

Basic equations were used for this purpose, the sources of electrodynamic forces and the means
to select the appropriate system parameters allowing safe operation of the devices under conditions
compatible with the assumptions presented above are considered. The most unfavorable operating
conditions possible have always been assumed during the tests of correct operation of a given system.
As in the same way as for the cases enumerated before, in the case of electrodynamic forces acting on
busbars, such conditions will occur during the flow of short circuit currents. When designing current
circuits that are to operate correctly even during high short circuit current flow, individual parameters
should be taken into account:

1.  Determination of the maximum value of electrodynamic force.

The value of the calculated electrodynamic force is used to determine the remaining parameters
that affect the proper operation of the entire system. The determination of the maximum possible
value of the electrodynamic force makes it possible to select the parameters of the system so that its
operational safety is maintained under all conditions, including the most unfavorable conditions.
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2. Determination of the natural system frequency.

The magnitude of mechanical vibrations resulting from electrodynamic forces is affected, among
other things, by factors such as how the busbars are arranged, the type of material used in their
construction, as well as the number of supporting insulators and the distance at which they are attached.
In the case where the frequency of the vibrations caused by the force is equal to the frequency of the
natural vibrations of the system, an unwanted resonance phenomenon may appear.

3. Determination of mechanical stress.

Under the influence of electrodynamic forces, the current circuits are subjected to mechanical
stresses, the maximum size of which is determined for each material.

4.  Selection of the material used to construct busbars.

The exact choice of the right material has a very large impact on the proper operation of the entire
system due to a number of parameters related to thermal load and mechanical strength. However,
for electrodynamic forces, the most important factor is the value of allowable stress g4,,. According
to the data presented in Table 1, the allowable stress is 045, = 1400 daN/cm? for copper and ooy =
700 daN/cm? for aluminum. In the case where the stresses resulting from electrodynamic forces exceed
the permissible value for a given material, a mechanical deformation of the busbars may occur.

5. Selection of support insulators of appropriate strength.

Support insulators are often made of stiff, brittle materials, which means those are not very
not very flexible or malleable. If the bracket is overloaded, it may break. Under the influence of
electrodynamic forces, conductors in which current flows in the same direction attract each other, on the
contrary, if currents flow in opposite directions, conductors repel each other. In particular cases during
a short circuit electrodynamic forces reach such high values that their impact on a given electrical
system can even lead to mechanical damage and deformation of the busbars. The dependencies
(Equations (20), (22), and (25)) show that during electrodynamic forces presence, the average current
circuit is subjected to the greatest stress. This is due to the fact that in a system in which the busbars
are arranged symmetrically with respect to the middle current circuit, the interaction of the external
busbars is slightly smaller due to the greater distance. In practice, however, identical parameters are
often used for the center busbar and external rails. Sample calculations allowed determining how
individual parameters of the busbar system affect the value of arising electrodynamic forces and how
their proper adjustment affects the safety of current circuits.

Based on the formulas and dependencies presented, it can be stated that the maximum value of
electrodynamic forces depends on:

e  Surge current values. The surge current i, is the maximum short circuit current that can be reached.
This current occurs when the voltage crosses zero, i.e., for a phase angle of voltage equal to 0 or 7.
In the case of calculations the surge current (reaching very large values) rose to the square is taken
into account, this is the main parameter that has the greatest impact on the value of electrodynamic
forces (the higher the electric current, the greater the interaction between conductors).

e Distances between two supporting insulators of one phase. The distance at which two support
insulators of one phase are laid, which was determined in the calculations as ‘I’ may affect both
the value of electrodynamic forces and the natural frequency of the system. If the calculated
natural frequency of the system is within the range defined as dangerous, a modification of
the parameter ‘I’ can be performed to offset the value of natural frequency from an undesirable
resonant frequency. The distance between the brackets is also used when determining the bending
moment of the rail, which is necessary to calculate the mechanical stress acting on the system.
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e  Distance between the axles of individual phase conductors. The distance between the axles of the
conductors marked as ’d” is used in the formula expressing the shape factor of the current circuit
system—*kr. The greater the distance ‘d’, the smaller the kr value is, which directly reduces the
value of interacting electrodynamic forces.

e  Busbar cross-section shape. In the case of circular conductors, calculations are carried out in the
same way as for conductors with a negligible cross-section. Using conductors with a rectangular
cross-section, it is necessary to take into account the influence of the cross-sectional shape on the
values of arising electrodynamic forces. This influence is expressed in simplified formulas for
engineering calculations by using a special coefficient called the Dwight coefficient.

Based on the information discussed, it can be concluded that the operational safety of the system
exposed to electromagnetic forces depends on many different factors, the values of which are often
related to each other. The most important of these factors, however, is the maximum short circuit
current that may flow in the circuit. Therefore, in order to maintain stable operation of the system,
methods should be used to limit the frequency of short circuits and their duration.

5. Simulations Results for Three-Phase Busbar System

The subject of the simulations was the analysis of the high-current circuit model in the FEM
environment. The study aimed to determine electrodynamic interactions in the high-current circuits.
The current circuits have been modeled as part of the busbar models of the medium voltage switchgear.
The software (2019 R2, Ansys® Academic Research, Pittsburgh, PA, USA) was used to perform the
analysis. The program uses FEM and gives a very wide spectrum of possibilities for simulating
phenomena in the field of mechanics, electrothermics, and electromagnetism.

5.1. Simulation Results

The results showing the maximum values were compared. The most interesting values obtained
are the values of the mechanical stresses and electrodynamic forces within the insulators” mountings
and the middle part of the busbars between the insulators. Not only were the allowable resistance of
the conductor and the selection of insulators checked, but also the convergence with the analytical
calculations. Sample results are shown below. The differences obtained as deviations of the maximum
values of the electrodynamic forces are equal to 5.5%. In the event of an error at this level, the maximum
calculated value of allowable stress in the insulator and conductor is still not exceeded. The simulations
were made for the system shown in Figure 9.

u
A
Al )
=
e
-
- -

= - ;‘::2...- ‘ ‘
£5 "

Figure 9. EIPB system drawn in ANSYS with the same geometry as for analytical calculations.

LS

In the simulation tests, the currents as shown in Figure 10, were implemented. In the system of
parallel rails, the maximum deviation was expressed in mm, reduced mechanical stresses and their
time characteristics expressed in MPa (von Mises). The characteristics of the electrodynamic forces are
expressed in N. Those results are presented in Figures 11 and 12 below.



Energies 2020, 13, 5477

18 of 26

-

|
- : ’ ! 1/ ) Ut )" |'|. l'l’
1 (\ |l“ | '||| 0 .'||| i |
" { ', ..I' l ,',' IIgli ',', I|I llll ,',' |/
] ! ) (I ||
| f 00 W WA W Ra
aard \J / N o i
]
|
.sq
-
i
|
---u - -l - . [EN
e

Figure 10. Short-circuit current characteristics that were implemented for simulation analyses.

{a)

(b)

Figure 11.

Simulation results for studied EIPB system (graphical):
(b) deformation in MPa (von Mises).

(a) Deformation in mm;
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Figure 12. Simulation results for studied EIPB system (characteristics): (a) Electrodynamic forces
characteristic; (b) mechanical stress characteristics.

Only parallel current circuits (round or rectangular) were considered in this publication.
Alternatively, an electrical apparatus was selected for consideration. However, it is a disconnector, i.e.,
a system of parallel rails (cross-sectional area). Exemplary results are presented in Figures 13 and 14.
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Figure 13. Top view of the earthing switch—red lines represent current lines; s1-s5 represent segments
for force calculation on conductors at right angles; L11-L32 represent designations of each earthing
knife [26].
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Figure 14. Electrodynamic forces on earthing knifes L11 and L12 [26].

In terms of the nature of the electrodynamic forces for time up to 0.24 s, a very large
convergence of results can be noticed. This confirms the correctness of the implemented methodology.
Correctly specified:

e  Material features;
e Boundary conditions; and
e Type and kind of simulation.

It is also worth noting that the results concerning the value of the electrodynamic forces are
consistent between the analytical and numerical calculations. Table 4 shows a comparison of the results
for selected short circuit currents.

Table 4. Comparison of the results for selected short circuit currents.

Short Circuit Current I Electrodynamlc.Forces Electrodynamic 'Forces Percentage Difference
(KA) (N)—Anal'ytlcal (N)—Num.erlcal (%)
Calculations Calculations
20 890 806 9.4
40 1936 1785 7.8
60 2600 2384 8.3

The results in Table 4 show that the differences between the analytical and numerical calculations
that are not exceeding 10%. It is worth noting the differences between quite unusual short-circuits from
the point of view of analytical calculations are presented here. It is a situation in which the currently
used dependencies (not only in standards, but also in the world of science) treat the asymmetric short
circuit current as symmetrical. Hence, current circuits may often be oversized (despite the lack of
indications from the current and hence thermal exposure), and at the same time underestimating
the quantity and quality of insulating supports. The opposite situations are also possible, when
the current carrying capacity indicates the correct selection of the cross-sections, but those will not
ensure the correct electrodynamic forces value. Hence, building dynamic FEM models in the manner
shown above guarantees the correctness of calculations in the construction of not only low voltage
switchgears, but also medium voltage and high-voltage secondary circuits. The confirmation of the
presented considerations is the implementation into mass production of low voltage switchgear using
the above-mentioned model.

5.2. Model Employment in Electrotechnical Analyzes

The model prepared in such a way was successfully used to calculate the power supply and
busbars for low voltage switchgear. A series of numerical calculations related to the designation
and mechanical checking of current circuits cross-sections, as well as the quantity and quality of
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insulators were performed. Figure 15 shows the deformations in mm for the four selected times in
short circuit conditions.

(b)

Figure 15. Cont.
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Figure 15. Results of deformations made for the low voltage switchgear at four different short circuit
times: (a) T=0.21s;(b) T=0.285;(c) T=0.35s;(d) T=0.5s.

Figure 16 shows the waveforms of electrodynamic forces for the points in Figure 15d.
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Figure 16. Results of tested quantities for low voltage switchgear: electrodynamic forces (points for L1,
L2, L3 from the bottom).

Figure 17 shows the waveforms of electrodynamic forces in parallel, flat low-voltage current

circuits. These are representations of the results of analytical calculations for the short circuit current,
the course of which is shown in Figure 18 [24]. It has been noticed that the rate of the electrodynamic
forces value on the exposed rail is twice as high.

Figure 17. An example of the course of electrodynamic forces at a three-phase short circuit in a flat
busbar system (the current in phase 1 runs as shown in Figure 15): 1—force acting on the middle rail
L2, 2—force acting on the busbars L3 and L1 [24].

The simulation results presented in Figures 12a and 16 show a high convergence with the results

of analytical calculations as to the value and nature of changes. Of course, in the case of current circuits
in the switchgear, waveforms are caused by the occurrences (especially Figure 16):

Contacts (flat connections);
Current circuit system (these are not only parallel current circuits);
Influence of switchgear operation (natural housing vibrations).

It is worth noting and emphasizing that the results of the calculations were used in the construction

of the switchgear. Type tests according to specific subject standards were successful. The presented
model and approach to the calculation of electrodynamic forces in high-current circuits can, therefore,
be used to build similar switchgears.
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w

Figure 18. An example of the prospective short circuit current waveform at a remote short circuit in a
low-voltage circuit, iyc—periodic component, ipc—non-periodic component, iy—peak current [24].

6. Conclusions

The results are consistent not only with the theory and examples of normative calculations
for asymmetric short circuit currents (IEC 60609 standard), but also with the analytical calculations
presented in this work. The discrepancies are the result of simplifications in the case of analytical
calculations for asymmetric short circuit currents. Additionally, the analysis of the maximum values of
the electrodynamic forces and reduced stresses for certain other short circuit currents for the same rail
system were also performed.

The presented results clearly show that it is worth stabilizing the current circuits by choosing
proper supporting insulators. Despite the large electrodynamic forces occurring in power supply lines
and the mechanical stresses stabilization on the receiving lines is achieved. Not only are the maximum
values much lower than those allowed for copper tracks, but also their waveforms are very similar.
The work was performed by simulating a three-phase busbar system in a similar way. Hence the force
is distributed over the entire discharge system. The risk of transmission of vibrations to the power
supply devices was also reduced, which is especially important in the case of a rigid connection.

The work is essential in order to provide the highlights for constructing the new types of medium-
and low-voltage switchgears and their simulations, which is considered as future works. This work is
also part of electrical contact systems research which are the main subject of this team’s scientific interest.
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Abstract: In this paper, a detailed three-dimensional, transient, finite element method of fuse link
NHO000 gG 100 A is proposed. The thermal properties during the operation of the fuses under
nominal (100 A) and custom conditions (110 and 120 A) are the main focus of the analyses that were
conducted. The work concerns both the outside elements of the fuse link (ceramic body) and the
elements inside (current circuit). Both the distribution of the electric current and its impact on the
temperature of the construction parts of the fuses during their operating mode have been described.
Temperature distribution, power losses and energy dissipation were measured using a numerical
model. In order to verify and validate the model, two independent teams of scientists executed
experimental research, during which the temperature was measured on different parts of the device
involving the rated current. Finally, the two sets of results were put together and compared with
those obtained from the simulation tests. A possible significant correlation between the results of the
empirical tests and the simulation work was highlighted.

Keywords: fuse links; low voltage fuses; transient thermal analysis; design methods; FEM; modeling
and simulation; ANSYS coupled analysis

1. Introduction

Currently, there are many fuse design solutions available on the market for various
applications, for example, in the construction industry and other branches. Fuses are very
efficient short-circuit protection devices. These are distinguished by a high short-circuit
capacity (equal to 120 kA). Fuse links are often installed with circuit breakers, e.g., in
series connection upstream of the circuit breaker. In this configuration, the inserted fuse
significantly reduces the short-circuit current appearing on the circuit-breaker contacts and
reduces the duration of a short-circuit. Fuse links are among the fastest-acting short-circuit
protection means of relatively not-large dimensions. These devices are able to remove
currents quickly and efficiently without risk of disturbance. Fuses are irreplaceable as
a preventive measure of last resort in the event of failure or the spread of failure. Their
advantages are also visible in many other applications that make replacement completely
impossible in some situations. A model of a fuse link is shown in Figure 1 below.

Designing of NH fuse links often revolves around adaptation to comply with the
guidelines contained in the standards (PN-EN 60269-1, PN-HD 60269-2) that allow to design
and market a product that meets all requirements necessary and does not compromise
safety protocols. NH-type fuses consist of a ceramic body to which the silver blades of the
fuse are screwed on both sides. For fuse knives located inside the body, a perforated fuse
is soldered, usually made of a strip of copper or its alloy. In the past, straight wire was
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used as flux. Currently, the shape of the topic element depends on the fuse link purpose.
In order to improve cooling, thin tapes, usually copper or silver, are used to reduce the
cross-section of the fuse as these metals have very good material properties and allow the
dimensions of the fuses to be minimized. They are also quite resistant to the aging process.

Figure 1. Model of a fuse link mounted in a fuse base during simulation research.

The width of the fuse and the number of constrictions made in it depend on the rated
current of the fuse and type of its characteristic. During cumulative flow overload currents,
the heat generated in the central tapering of the fuse dissolves from the center on both
sides to the fuse knives; in this case, a fuse burnout occurs in the middle. It is different in
the case of a short-circuit current, during the flow of which all the elements of the subject
are burnt at the same time.

At this point, a technique called the Metcalf effect (M-Effect) should be mentioned. It
consists in creating a eutectic alloy of an element’s material with another metal (usually
mounted as a solder ball on a fusible element). The temperature of the eutectic is below
the temperature of the melting point of the fusible link. In the event of an overload, the
fuse heats up and the solder diffuses with the fuse element. Due to this phenomenon, the
fusible link exhibits greater resistance and, thus, shortens the time required to burn out the
fuse in the feature around where the solder has been applied.

The main goal of this research was to construct and launch a fully operational and
accurate transient thermal model of fuse link NH000 gG 100A on the basis of empirically
derived results.

As indicated, thermal analysis aspects are mandatory to fully understand and improve
the construction of fuses. This paper brings some novelties to the thermal analysis of fuse
links by deriving a functional 3D finite element model (FEM):

e Introduction of a detailed, realistic model with exact physical properties;
e  The digital model used a in transient state can also be used for analyzing a steady state;



Energies 2021, 14, 1421

30f18

e The studied models can be used to calculate power losses and energy dissipation

during operation under various conditions;

The model was validated by two independent sources;

Shortening of the design and implementation time of new electrical devices by solving
the validated FEM—in this case, fuses;

e  Versatility of the employed model for modeling fuse links involving other current—
voltage parameters in terms of other electrical apparatuses. Tests of heating with rated
current are necessary for every electrical apparatus and switchgear;

e A transparent and elastic method to describe thermal physical phenomena, which
result in a reduction concerning the number of prototypes, thus increasing economic
efficiency and reducing the impact on the natural environment;

e  The publications available so far are vital, and the authors of the manuscript have
analyzed those. However, the available literature does not deal with issues related to
an organized and formalized approach concerning the construction of thermal models
of fuse links. The study may be used in scientific and research institutes, in the process
of designing or enhancing the structure of electrical devices.

2. State of the Art

The problem of building a universal model of a fuse as a protective element of electri-
cal devices is an important task. The importance of this research is evidenced by numerous
publications. Nevertheless, many researchers choose only starting energy as a basic param-
eter. The publication [1] presents the calculation of the fuse melting point on the basis of
the starting energy. The test layout was designed as a case study.

Fuse links are widely used to provide surge protection in many types of wiring
systems and electrical equipment. In view of the short operating time of the fuse during
certain disturbances under overcurrent conditions, the publication [2] presents a system
for testing the low-voltage fuse operation time.

The authors of [3] treat the fuse link as one of the most important safeguards in a
power system. Of course, knowing the thermal behavior of a fuse is an important aspect
for an optimized design of the protection system of a particular element as part of a given
power system as well as for the correct selection of a fuse rating to protect this element.
The designed fuse must operate properly at rated and instantaneous overcurrent (e.g., at
motor starting) and interrupt the short-circuit current. In the article, a two-dimensional
thermal model was developed in order to study the temperature distribution on the fuse
using the ANSYS program. This paper presents a summary of the results of this work.

First of all, we should mention a model of peripheral electrical apparatus [4]. The
article presents the procedure of creating an energy-based fuse link model. A fuse model
which takes into account both the pre-arc and arc characteristics of any time current
characteristic curve has been developed in this paper. The fuse model developed was based
on the energy from the fuses. The curve fitting technique allows to accurately determine the
fuse’s melting time. A MATLAB/Simulink simulation model in which the fuse parameters
can be entered from the user interface was designed and run in order to test and verify the
model conception.

To build an optimal fuse model, the authors used some of the results from the pub-
lication [5]. The article describes a new model that can calculate the melting time and
fuse current only on the basis of the catalogue value of the Joule’s integral given by the
manufacturer. The calculated value on the fuse is compared to the catalog value, so that
the circuit is open when the two values are equal. Two features allow us to easily and
accurately obtain the value of the Joule’s integral in the fuse for different circuits. One of
them is a method of detecting the current in the fuse at any time, so that the fuse current
can be accurately calculated. Regarding the second feature, the diffusion coefficient is taken
into account so that the melting time can be accurately calculated, even when the fuse
current is relatively small. It is not necessary to perform many fuse blowing experiments.
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The fuse melting time and current can be calculated accurately and easily when the fuse is
part of a large circuit of the power system [6,7].

The publications so far are vital, and the authors of this manuscript have used them.
However, the available literature does not deal with issues related to an organized and
formalized approach concerning the construction of fuse links thermal models.

The study may be used in scientific and research institutes in the process of designing
or enhancing the structure of electrical devices. The presented results of simulation and
empirical studies concern the analysis of non-linear physical phenomena. Such a model
was also developed. The proposed method does not eliminate other thermal simulation
models. The presented method (modeling method) may be a support for other methods.
Hence, when looking at publications, the method can be based on, for example, the
proposed innovative stepwise response matrix identification procedure, which is based on
the combination of external non-linear least squares iteration for relocating time constants.
The publication presents the structure of the algorithm, the connection of its main functions,
describes those in detail and comments on the mathematical features of the proposed
formulation concerning the identification problem. The model presented by the team
has the possibility of cooperation among others with this method. To a great advantage,
this can improve the accurate method of determining the temperature from only a partial
result (approximation).

3. Theoretical Model
3.1. Fuse Link Thermal Energy

Thermal energy in a fuse link is generated by the rated current or the short-circuit
current flowing through the main current circuit, being part of the fuse link structure and
wires connected to the base of the fuse. The thermal energy from the current busbars is
dissipated to the environment by convection, conduction and radiation [8].

The value of the electrical power generated on a given busbar length is the sequence
of current and resistance, described below by means of the equation:

P=1>xR 1)

where P is the power dissipated per unit length (W), I is the current in the conductor (A)
and R is the resistance per unit length of the conductor ().

All calculations related to the current flow in the fuse links are possible using the
following Maxwell equations [9]:

vty =+ { =0+ 0+ 0+ {5 @
vrier--{3] ®)

V x {B} =0 @)

V x {D}=p ®)

where Vx is the curl operator, V- is the divergence operator, {H} is the magnetic field
intensity vector, {J} is the total current density vector, {J;} is the applied source current
density vector, {/.} is the induced eddy current density vector, {J,} is the velocity current
density vector, {D} is the electric flux density vector, ¢ is the time, {E} is the electric field
intensity vector, {B} is the magnetic flux density vector and p is the electric charge density.

For the calculation concerning the coupled heat transfer process between the carrier
fluid (air) and the solid domains the, Navier-Stokes equation is used alongside the energy
equations, described below [10].
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The continuity equation is given by:
ou dv  Jw
™ + @ + i 0 (6)
The momentum equation:
— — —2 —
pv X Vo = —Vp+ uV 0 +F @)

The expression of the energy equation is as follows:

c @—Faﬂ—kaﬂ *ika—T—i-uT —&-i ka—T—HJT —&-i ka—T—O—wT 8)

Per\ “ox oy 9z ) ox\ ax ay \" ay 9z \| a9z
where x, y and z are the Cartesian coordinates; 1, v and w are the velocities in x, y and
z, directions, respectively; ¥ is the velocity vector, p is the pressure, p is the density, y is

=
the dynamic viscosity, F is the body force vector, T is the temperature, k is the thermal
conductivity of air and 7 is the viscous shear stress.

3.2. Heat Transfer during Fuse Link Operation

During heat transfer from fuse links, the following types of heat transfer to the
environment can be distinguished [11]:

e  Through radiation;
e By convection;
e By conduction.

All types of heat dissipation that may occur during physical phenomena must be
taken into account in the fuse calculations. The heat transferred by the conductive material
or the insulating material is implemented by conduction. On the other hand, in the case
of a heated device in the air environment, e.g., unenclosed switchgear, heat is transferred
to the environment by both radiation and convection [12]. While calculating the thermal
phenomena of electrical apparatus for the rated load, the share of heat transfer by radiation
and natural convection is similar (for a temperature difference of several dozen Kelvins).
The conditions of heat transfer to the environment in thermal calculations are often deter-
mined using the so-called heat transfer coefficient k, which defines the total amount of heat
transferred to the environment from a given surface per unit time from the cooled body to
the environment [13]. The total coefficient for the fuse link placed in the air is, therefore,
the sum of the coefficients of heat transfer to the environment by convection and radiation,
which is shown in the following relation [14]:

k =k + kg ©)

where k; is a heat transfer coefficient by radiation; ky is a heat transfer coefficient by convection.
During the radiation of a given fuse and, therefore, of a current circuit, electromagnetic
waves of different lengths are emitted. However, not all of them are capable of transfer-
ring thermal energy. Depending on the wavelength, these radiate more or less thermal
energy [15]. The wavelengths that most effectively transfer heat energy to the environment
are the waves in the range of 0.4-10 pum, lying in the so-called reddened area. The energy
that is radiated from a given body is partially reflected, partially absorbed and passed
through another body. This phenomenon is described by the following equation [16]:

Qo | Qu , Qp
-t =+ ==
Q Q Q
where Q, is a wave reflection coefficient; Qy, is a wave absorption coefficient and Qy is a
wave transmission coefficient.

1 (10)
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Using the Stefan-Boltzmann law, it is possible to determine the radiation power Py, in
relation to the surface of the radiating body [17]:

Py = €0,0* (11)

where ¢ is a black radiation coefficient of the given body; o, is a Stefan-Boltzmann coefficient
and @ is the radiating body temperature expressed in Kelvins.

Examples of the ¢ coefficient values for various materials from which fuse link current
circuits can be made are presented in Table 1.

Table 1. ¢ coefficient values for various materials.

Material Surface Status 9 (°Q) e Coefficient Value
Aluminum Polished 20 0.05
Aluminum Rough 20 0.07

Copper Oxidized 20-60 0.5-0.6

Copper Polished 60 0.04

Silver Polished 20 0.02

In electrical apparatuses, one can also observe the phenomenon of convection, which
takes place between the elements of the electric apparatus and the gas (air or SFg) or liquid
(oil) in the immediate vicinity of, for example, a current circuit [18]. The convective motion
of a gas or liquid largely depends on the type of motion forced, the shape and dimensions
of the surface of the heated body or the physical properties of the media, which makes the
convection process a complex process dependent on many factors. There are two types of
convection phenomena that release heat to the environment: natural and forced [19,20].

In the case of natural convection (free movement), the movement of gas or liquid is
caused by the difference in the density of the heated and cool particles, which generates
the forces of lifting. The lighter heated particles are lifted upwards [21-23]. The process
of forced convection takes place when the movement of the liquid or gas is caused by
external forces generated, for example, by fans or wind. In both cases, the movement of
particles around the heated solid can be of a laminar or turbulent particle flow. Laminar
flow of gas or liquid particles occurs at low particle velocities, and turbulent flow follows
laminar movement after exceeding the so-called critical speed. The movement of particles
during the convection phenomenon has a very significant impact on the heat transfer from
the cooled current circuit of the apparatus [24-26]. During laminar flow, the amount of
heat released depends on the thermal conductivity of the gas or liquid. In the case of
turbulent motion, the heat transfer process depends mainly on the thermal resistance of the
boundary layers with laminar flow. The thinner the layers, the greater the conditions for
heat exchange from the cooled body. Heat transfer by convection to the environment also
depends on the physical properties of gases and liquids. These are mainly heat capacity,
thermal conductivity, specific mass or dynamic viscosity [27-30].

4. Laboratory Setup

Nowadays, the initial prototypes of electrical devices are designed using 3D computer
software and coupled programs for performing mechanical, thermal and electrodynamic
analyses. At a time when such tools did not exist, designers constructed electrical devices
based on mathematical calculations, experience and on the basis of available standards
in force.

Currently, fuse links are also designed by manufacturers in accordance with the
standard PN-EN 60269-1, PN-HD 60269-2. The scope of the standard includes standardized
methods of testing fuse links, which are used in accredited laboratories to conduct type
tests and tests of conformity of the manufactured devices with the given requirements
of the standard. The performed tests allow to check the operation and construction of
the apparatus, which was previously designed in 3D software, the simulation analysis of
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which could include some simplifications. Additionally, type testing is necessary to obtain
a certificate for the product that the manufacturer wants to introduce to the market. In this
work, a fuse link with a rated current of 100 A was subjected to tests in order to check the
temperature fluctuations in the current circuit elements. A schematic of the layout used for
laboratory measurements is shown in Figure 2 below.

Aregere meter

it
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Figure 2. Diagram of the measuring system constructed for fuse link measurements.

Thermocouples were installed in different places of the device, as it is seen in Figure 3.
This made it possible to perform the measurements in accordance with the above standard.
Type K thermocouples were fixed using a special thermally conductive glue on the elements
of the current circuit: upper and lower terminals (T1; T6); upper and lower electrical
contacts (T2; T5—fuse link knives); on the fuse link body (T3; T4); T7 for measuring
ambient temperature and T8 for measuring the power supply cable’s temperature. The
places where the thermocouples were installed depended on the previously performed
computational analyses for the 3D model of this fuse link type in order to compare the
obtained results.

After fixing the thermocouples, it was realized that their placement did not affect the
operation of the device and did not cause any problems with its operation. No modifications
were made to the fuse, which allowed the temperature fluctuations and rise to be measured
correctly. In order to carry out the tests, it was necessary to prepare a test bench to record
the temperature rise of the elements of the current circuit of the fuse link for specific
currents: 100, 110 and 120 A. For this purpose, a single-phase autotransformer was used,
to which a single-phase high-current transformer was connected. The autotransformer in
this case was used to regulate the current at the output of the high-current transformer.
In order to measure the current, a clamp meter (ammeter) was installed on the cable
supplying the tested object—an overcurrent switch. In order to collect data from the
installed thermocouples in the fuse link, two 4-channel temperature recorders with an
accuracy of 0.1 °C were used, the sampling time of which was set to 1 s (temperature
was measured on 6 thermocouples every second). Data from the recorder, via the USB
communication interface, were sent online to the recorder software on a PC, where the
heating charts of the tested elements were generated. That was depicted in Figure 2.

The length of the power supply cables powering the fuse link is precisely defined in
the standard and those are respectively equal to 1 m from the bottom of the fuse link and 1
m from the top of the fuse link. These recommendations were followed during the tests,
and the actual layout is shown in Figure 3.

The ambient temperature was measured using two other thermocouples immersed in
the oil reservoir—the temperature oscillated around 22 °C.
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(b)

Figure 3. Fuse link with glued thermocouples (type K): (a) photo of the laboratory stand layout; (b) placement of ther-
mocouples on the 3D fuse link model—T1, upper terminal; T2, upper electrical contact; T3, T4, fuse link body; T5, lower
electrical contact; T6, lower terminal.
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5. Experimental Work
5.1. Assumptions

As previously indicated, empirical work was conducted by two independent teams of
researchers—Team A and Team B. In order to perform the thermal analysis, two stands,
described in Section 4, were constructed. The fuse link NHO000 gG 100 A has been verified
with a rated current equal to 100 A. It is worth noting that according to the results presented
in the tables below (Tables 2 and 3), temperature results for the thermocouples refer to
the temperature fixed values. The measurements were recorded after the lab stand had
been operating for two hours (7200 s). The measurements were taken each time for 10 fuse
links—five fuse links per team.

Table 2. Results obtained by Team A for fuse link type NH000 gG 100 A.

Order Fuse Link Resistance Power T1 T2 T3 T4 T5 T6
Number Type (mQ) Losses(W) (°C) (°C) (°C) (O (O (O
1 NI_;(%) ggG 0.51 6.70 38 50 57 56 46 36

2 NI_L?(? (‘l‘gG 0.57 6.80 40 51 60 58 48 35

3 NI} 8)00 ?\gG 0.56 6.80 39 52 59 57 44 38

4 N?(%) (lgG 0.52 6.70 41 52 61 59 43 40

5 N}L%) (/)%gG 0.55 6.80 38 51 53 53 45 37

Table 3. Results obtained by Team B for fuse link type NH000 gG 100 A.

Order Fuse Link Resistance Power Losses T1 T2 T3 T4 T5 T6

Number Type (mQ) W) O (O O (O (O O
1 gl\éfié)é)OA 0.54 6.85 40 53 62 62 45 38
2 gI\GIPi(;)OO(I)% 0.53 6.85 41 54 61 60 46 39
3 gNGI_iOO(?(IL 0.51 6.85 38 56 63 61 47 36
4 glél_iggi 0.56 6.75 40 51 58 56 43 40
5 gNGI_i (;)(? (A)A 0.54 6.75 40 52 60 57 46 39

5.2. Empirical Results

The results obtained by Team A and Team B are juxtaposed in Tables 2 and 3 below.
The results were derived from two independent laboratory stands.

The results are also depicted on the chart shown in Figure 4 below.

The results obtained for a nominal current of 100 A by the two teams were consistent.
Therefore, it was possible to draw the conclusion that the results of the empirical work
were confirmed by the simulations and vice versa.

Additionally, in order to check different conditions, the thermal analysis was procured for
currents equal to 110 and 120 A. The empirical results are presented in Figures 5 and 6 below.

Figure 7 below depicts the screens captured from a thermal imaging camera during
the experimental work performed.
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Figure 4. Chart showing results for thermocouples T1; T2; T3; T4; T5 and Té6. The results were obtained for a time of 7200 s

for a type of fuse NH000 gG 100 A and for a current of 100 A.
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Figure 5. Chart showing results for thermocouples T1; T2; T3; T4; T5 and T6. The results were obtained for a time of 7200 s

for a type of fuse NH000 gG 100 A and for a current of 110 A.
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Figure 6. Chart showing results for thermocouples T1; T2; T3; T4; T5 and T6. The results were obtained for a time of 7200 s
for a type of fuse NH000 gG 100 A and for a current of 120 A.
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Figure 7. Screens captured from a thermal imaging camera during analysis: (a) after 5 min; (b) after maintaining the
set temperature.
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6. Simulations
6.1. Fuse Link Simulations for Rated Current of 100 A

The first coupled analysis was performed with the ANSYS Workbench using the
coupled Maxwell 3D and Transient Thermal environments. This analysis made it possible
to obtain precise results linked to the nominal current flowing through the fuse. The highest
current density and ohmic losses in the fuse link, shown in Figure 8 below, were achieved
on a fusible element inside the ceramic body. The effect of the current flow through the
circuit breaker circuit was the generation of power losses in the form of released heat,
presented in Figure 9 below. A thermal analysis was performed after the calculations
related to the current flow. Further importation of data allowed calculating the temperature
distribution obtained on the fuse link circuit. The highest temperature value, equal to 63 °C,
was reached on the ceramic body.

Figure 8. Distribution of the current density on the current circuit elements of the fuse model for a rated current of 100 A.

5

LR L

L e
LT
LiAme w
et
sz’
IRL T
Lwoaw’
R
s
T
Lt
it
LU TR R
anawt
PENTORP R
anne ot

Figure 9. Ohmic losses on the current circuit elements of the fuse model for a rated current of 100 A.
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Figure 10 below shows the graphical thermal analysis results for the tested fuse link.

Figure 10. Graphical results of thermal analysis of the fuse link: (a) thermal analysis of the fuse link; (b) cross-section of the
fuse link showing the fusible element.
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For additional tests, a longer fuse link operating time has been defined. This test
should prove that the temperature stabilized for a little longer. Despite this length, the
measured time is still compatible with the standard.

For the purpose of validating the simulation results obtained with experimental tests,
heating time histories were generated using the “Temperature Probe” option. Obtained
waveforms were consolidated into one chart using the “Chart plot” function. Temperature
charts are presented in Figure 11 below.
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Figure 11. Chart showing results of ANSYS simulations for thermocouples T1; T2; T3; T4; T5 and T6. The results were
obtained for a time of 7200 s for a type of fuse NH000 gG 100 A.

6.2. Fuse Link Simulations for Rated Current of 110 and 120 A
The results for simulations involving currents of 100, 110 and 120 A are juxtaposed in
Table 4 below.

Table 4. Results for amperages of 100, 110 and 120 A for fuse link type NHO000 gG 100 A. Results
were obtained after 7200 s.

Order Fuse Link Simulation T1 T2 T3 T4 T5 T6
Number Type Amperage (A) o O O (O o (o
NH 000 gG
1 100 A 100 38 49 51 54 44 37
NH 000 gG
2 100 A 110 42 52 65 61 51 41
NH 000 gG
3 100 A 120 47 58 72 68 55 46

7. Results Summary

It has been shown, thanks to a numerical analysis confirmed by empirical work
executed in parallel, that it is possible to develop a fuse link model taking into account the
physical phenomena of temperature. Some of the most important tests of the constructed
product type are thermal tests. The importance of such tests is indicated, inter alia, by
standards, scientific publications and a number of operating experiences of electrical
apparatus and switchgear devices.

The presented research showed a high convergence of the results obtained through
simulation and empirical research. Therefore, the presented method for modeling electrical
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devices having a resistive power-breaking nature has been found to be correct. It should be
noted that a similar approach can be used successfully in the design of fuse links operated
in high-voltage networks. Thermal phenomena, regardless of the voltage level, have the
same characteristics and could be analyzed in the same way as presented in this article.
Application of the presented approach may also contribute to the work on DC fuses. This
type of electrical device is currently experiencing a renaissance in connection with the
development of smart networks based largely on renewable energy sources. Furthermore,
in this type of network, the method of studying thermal phenomena may be similar to that
presented in this article.

The authors did not reduce the thermal analysis only to the presentation of the
results concerning the contact (insert knives). Six places on the apparatus were chosen
for thermal analysis. The results were consistent across all comparative tables. The
graphs (Figures 4 and 11) which show the waveforms from simulations and empirical
tests indicate not only similar values of the set temperature but also the nature of
the changes.

The aim of the simulation and research in the field of currents higher than the rated
one was the fact that, in the case of fuse links, the current flow may be even up to several
percent greater than the nominal current. Therefore, the simulation process for 110- and
120-A currents was repeated. The actual tests (Figures 5 and 6) were drafted to validate the
results. In this case, the authors also obtained coherent results.

Undoubtedly, the added value of the presented approach to prototyping an electrical
apparatus, which is a fuse link, is the ability to observe power losses and current density
distribution over time. On this basis, already at the stage of preliminary assessments,
it is possible to influence the shape of the fuse link and the outline dimensions of the
apparatus body. The presented approach shortens the time between the conceptual work
and product implementation. This allows for a quick response to the needs of consumers.
In addition, it reduces material costs and environmental burden due to the construction of
numerous prototypes.

The presented modeling method may be useful not only in scientific research but
also in engineering. Looking at Figures 4 and 10, one can notice such a large convergence
of characteristics that in the conditions of quick engineering check, a graphical method
could be used. Figure 12 shows the idea of obtaining the temperature determined on the
basis of only part of the test (the test shortened to the beginning of the formation of the
temperature characteristics).

AL
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Figure 12. Graphical method of determining the value of the set temperature rise on the basis of a
partial sample.
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In order to quickly and precisely determine the set temperature, it is enough to use
the presented modeling method. Shorten the simulation time to the necessary minimum
(so as to be able to determine the temperature from the graphical method) and effectively
use the presented approach.

8. Conclusions

Fuse links thermal analysis is an important aspect for scientific and engineering
purposes. In order to better understand the phenomena occurring during fuse link thermal
analysis, a detailed FEM was procured. The FEM was validated by empirical results. The
validation showed that the derived results are valuable in terms of enhancing the design
methods. The model itself can be described as functional and accurate in terms of the
transient thermal analysis of fuse links. Therefore, it can be stated that the proposed model
is a valuable asset that can reduce costs and simplify and accelerate works concerning
research on new types of fuse links. An important aspect was the fact that validation was
obtained from two independent sources, which makes this work significant. A crucial fact
is that the introduced model is transient, but it can also be used for steady-state analysis.
Electrical systems exploited in the world are focusing on power loss analysis. The fuse
link FEM procured by our team was also made in order to calculate power losses for
different conditions. This objective was not the primary one, but still it is essential in view
of reducing electrical systems’ exploitation costs.
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Abstract: The finite element analysis (FEA) is an essential and powerful numerical method that can
explicitly optimize the design process of electrical devices. In this paper, the employment of the finite
element method (FEM) as ANSYS is proposed in order to aid electrical apparatus engineering and
modeling of low voltage modular circuit breakers. The procured detailed model of a miniature circuit
breaker (MCB) was undergoing transient thermal simulations of the current path. Acquired data were
juxtapositioned with experimental data procured in the laboratory. The reflection of the simulation
approach was clearly noted in the experimental results. Mutual areas of the modeled element
expressed similar physical properties and robustness errors while tested in the specific conditions—
faithfully reflecting those that were experimented with. Moreover, the physical phenomena essential
for electrical engineering could be determined on the model stage. These types of 3D models can be
used to analyze the thermal behavior of the current path during the current flowing condition.

Keywords: low voltage circuit breaker; current path; transient thermal analysis; design methods;
FEM; modeling and simulation; ANSYS coupled analysis

1. Introduction

Miniature circuit breakers (MCB) are constructed in accordance with current standards
(e.g., European standards; IEC 60947). These requirements concern low voltage circuit
breakers (LVCB; MCB). Despite the small sizes of the mentioned devices, they are adapted
to effectively switch off the overload and short-circuit currents and protect the other
elements of the electrical systems, such as cables and wires [1-3]. During the process of
extinguishing the electric arc in the circuit breaker, complex physical phenomena occur,
such as heat released in the arc channel and the formation of electrodynamic forces, causing
stress, affecting the contacts of the circuit breaker [4]. These phenomena also affect the
structural elements the device is made of (copper; steel; ferromagnetic; bimetals; aluminum;
polymers, etc.). These occurrences can cause damage to the breaker after exceeding the
critical values of electrical durability or temperature [5].

The crucial element of the circuit breaker construction is the current path of the circuit
breaker. During the switching off of the short circuit current, the current path is exposed to
the thermal and mechanical influences, which can lead to the permanent damage of the
element or even the whole circuit breaker [6,7]. The current paths vary in shape and size
of electrical contacts. The greater the rated current of a circuit breaker, the stronger (more
massive) the electrical contacts are in the current path [8].

When the breaker contacts are closed, the operating current flows through the circuit
breaker [9,10]. This results in Joule losses in current circuit elements that have very low
resistances, such as contacts (transition resistance), short circuit breaker coils, and flexible
connections of bimetal. Therefore, the breaker must effectively dissipate the heat generated
in it by these elements [11,12].
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In order to verify the construction guidelines and necessity of chosen solutions, many
tests and simulations have been carried out that allow detection of defects and optimization
of the current path at the project stage [13]. These measures are essential to determine
the appropriate cross-section of the main current path inside the circuit breaker (Figure 1)
and to check how the heat is dissipated from the current circuit by means of conduction,
convection, and radiation [14].

Breaker housing
Upper terminal

Arc chamber

Magnetic trip unit
(coll assembly)

Operating
handle

Fixed contact

Screw for adjustment
of switch

Moving contact characteristics

Lower terminal Thormal trip unit
(Bi-Metal)

Figure 1. Basic construction elements of a miniature circuit breaker (MCB).

The usage of finite element method (FEM) coupled simulations is very effective for
running a multiple analysis concerning electrical, thermal, and material durability aspects.
The huge advantage of this method is the ability to check complicated scenarios employing
various boundary conditions [15,16].

It is worth referring to the groundbreaking and important document “Grid 2030”. The
United States, through the Department of Energy (DOE), envisions the future power grid
as a fully automated power transmission network with the ability to monitor and control
each network node, ensuring a two-way flow of information and energy between all nodes
in the transmission and distribution process from the power plant to the end user [17-20].
Optimization of the operation of the air circuit breaker (MCB) and the compact circuit
breaker (MCCB) is currently being conducted [21]. Much of the research is focused on
the optimization of extinguishing chambers [22-25]. Less frequently, the tests concern
single and two-point contact systems, reducing the transition resistance [25-28]. In order
to be able to fully prepare modular electrical devices for digitization understood as linking
functions with intelligence in action, it is necessary to build, among others, FEM models
and appropriate described electronics [28-30].

As mentioned, research works in the field of modular electrical devices are carried
out, some of them quite advanced. The authors present dynamic voltage models [31,32]
and CFD models [33-39].

The paper presents an advanced dynamic thermal model supporting research on:

e  Current carrying capacity;
e  Selection of the release system (short-circuit and overcurrent module);
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e  Shaping the contact system;
e  Materials used.

The originality of the work is related to the capabilities of the model and its function-
ality (some of which is written above):

Proper modeling of the current path, including the routing of the arc channel;

Shaping the contact system, the entire transition resistance;

Selection of materials;

Introduction of a detailed, realistic model with exact physical properties;

The studied models can be used to calculate power losses and energy dissipation

during operation under various conditions;

e  Shortening the design and implementation time of new electrical devices by solving
the validated FEM model, in this case MCB;

e A transparent and elastic method to describe thermal physical phenomena, which
results in a reduction concerning the number of prototypes, increasing economic
efficiency and reducing the impact on the natural environment;

e The publications available so far are vital, and the authors of the manuscript have

used them for analysis. However, the available literature does not deal with issues

related to an organized and formalized approach concerning construction of thermal
models of fuse-links. The study may be used in scientific and research institutes in the
process of designing or enhancing the structure of electrical devices.

2. Assumptions for Theoretical Thermal Model

The thermal energy in the current path of MCB is generated by the rated current or
short circuit current flowing through the current circuit, which is the main part of the circuit
breaker construction with wires connected to its terminals. The thermal energy from the
current path is dissipated into the environment by convection, conduction, and radiation.

The value of the electric power generated on a given breaker current path length is
the aftermath of current and resistance, described below by means of the equation:

P=1*R 1)

where P is power dissipated per unit length (W), I is current in the conductor (A), and R is
resistance per unit length of the conductor (Q2).

All calculations related to the current flow in the current path are possible using the
following Maxwell equations:

e e A R O ¥
Vx{E}:_{?TJf} v

V-{B}=0 ”

V- {D}=p ®)

where V x is curl operator, V is divergence operator, { H} is magnetic field intensity vector,
{J} is total current density vector, {Js} is applied source current density vector, {J.} is
induced eddy current density vector, { ], } is velocity current density vector, { D} is electric
flux density vector, ¢ is time, {E} is electric field intensity vector, { B} is magnetic flux
density vector, and p is electric charge density.

For the calculation concerning the coupled heat transfer process between the carrier
fluid (air) and the solid domains, the Navier-Stokes equation is used alongside the energy
equations; these are described below:
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Continuity equation:
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Momentum equation:
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Energy equation:
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where x, y, z are the Cartesian coordinates; u, v, w are the velocities in x, y, z dlrectlons

7 is the velocity vector; p is the pressure; p is the density; p is the dynamic viscosity; F is
the body force vector; T is the temperature; k is the thermal conductivity of air; 7 is the
viscous shear stress; and ¢, is the specific heat.

During heat transfer from current paths, the following types of heat transfer to the
environment can be distinguished:

e  Through radiation (radiation);
e By convection (natural or forced);
e By conduction (conductivity).

In the case of performing calculations for the current paths of electrical apparatus, all
types of heat dissipation may occur.

The heat transferred by the conductive material or the insulating material is carried
out by conduction. On the other hand, in the case of a heated current path placed in the air,
e.g., an unenclosed switchgear (in an open version), heat is transferred to the environment
by both radiation and convection.

When calculating the thermal (thermal) current paths of electrical apparatus for the
rated load, the share of heat transfer by radiation, and natural convection is similar (for a
temperature difference of several dozen Kelvin).

The conditions of heat transfer to the environment in thermal calculations are often
determined using the heat transfer coefficient k, which defines the total amount of heat
given off to the environment from a given surface per unit time from the cooled body to
the surroundings.

The coefficient for the current path placed in the air is, therefore, the sum of the
coefficients of heat transfer to the environment by convection and radiation, which is
illustrated by the following dependence:

k =k +k 9

where k; is the coefficient of heat transfer by radiation and ky is the coefficient of heat
transfer by convection.

Qo Quv
Q Q Q
where Q, is a wave reflection coefficient, Q;, is a wave absorption coefficient, and Qy is a
wave transmission coefficient.
Using the Stefan-Boltzman law, it is possible to determine the radiation power Py, in
relation to the surface of the radiating body:

=1 (10)

Py = e0,@* (11)

where ¢ is a black radiation coefficient of the given body, 0, is a Stefan-Boltzman coefficient,
and @ is radiating body temperature expressed in Kelvins.
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During radiation from a given current path, electromagnetic waves of different lengths
are sent. However, not all of them are capable of transferring thermal energy. Depending on
the wavelength, they radiate thermal energy to a greater or lesser extent. The wavelengths
that most effectively transfer heat energy to the environment are the waves in the range
0.4-10 pm, lying in the so-called reddened area.

The energy that is radiated from a given body is partially reflected, partially absorbed,
and passed through another body; this phenomenon is described by the following formula:

dQ = —AS grad ¢ dt (12)
P, =—ASgrad ¢ (13)
P=—Agrad? (14)

where dQ is the amount of heat energy transferred by conduction through the surface S
over time dt, grad ¢ is the temperature gradient normal to the surface S, A is the material’s
thermal conductivity coefficient, P, is the total heat power that has been transmitted
through the section S by conduction, and P is the heat power transferred by a unit area
by conduction.

The value of the A coefficient for all bodies depends on their temperature. In addition,
in the case of solids, it depends on the structure of the material, specific weight, pressure,
and humidity. In the case of electrically insulating materials, the thermal conductivity is
several orders of magnitude lower in relation to, for example, the copper current path.

Energy exchange between adjacent surfaces or between a surface and its surroundings
can have a large impact on the overall heat distribution. Hence, although the radiation
effects generally affect the heat transfer solution only through the boundary conditions, the
coupling is particularly strong due to the non-linear temperature dependence of radiation.
For this reason, the starting points are the equations below.

Extending the Stefan—-Boltzmann law for the n-surface system, the energy balance for
each surface can be described by the Siegal and Howell equation, which relates energy
losses to surface temperatures:

"L (i 1—¢g) 1 i 4
I e P B MO ey (15
1 1

i—1\ & i—1

where n—number of surfaces, (5ji—Kroneckers delta, e;—emisivity, Fﬁ—radiation factor,

Aj—surface area, Q;—energy losses, c—Boltzman factor, and T;—absolute temperature.
From the first law of thermodynamics, which speaks about conservation of energy, it is

possible to find the physical basis in the form of the equation for conduction and convection:

pe( G + L) + (1Y) = (16)

where p—density, c,—specific heat, T—temperature, t—time, {L}—vector operator, {v}—
velocity vector, {g}—heat flux vector, and § —the rate of heat generation.

The heating of the contacts of the circuit breaker is generally considered by means of
tests and calculations for two cases:

e  Current paths heating up under continuous load with rated currents;
e  Current paths heating up with the flow of short-circuit currents.

In the first case, the tested current paths reach the state of thermal equilibrium when
the amount of heat released in the current path corresponds to the amount of heat given off
to the environment. The duration of the temperature settling is five times the constant T.

In the case of heating of the current paths by the flow of instantaneous short-circuit
currents, the amount of heat given off to the environment at the moment of their duration
is negligibly small. The temperature achieved depends mainly on the amount of heat
released during the passing short-circuit current.
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In both considered cases, a very important parameter is the permissible temperature
values of individual elements of the circuit breaker circuit. It is worth paying attention
to the fact that the value of the permissible temperature during short-term heating in
short-circuit current conditions may be higher than in the case of long-term heating with
rated current. This is due to the fact that the effects of short-term thermal action, despite
the higher value of the current, are smaller (not exceeding the permissible value).

Permissible temperatures for current paths are determined by taking into account the
following factors:

e  Contact resistance;
e  Mechanical strength of track elements;
e  Thermal resistance of the insulation surrounding the current path.

The increase in temperature of the conductive material reduces its mechanical strength.
In the case of copper, under continuous rated load conditions, the temperature rises in the
range of 20-100 °C, the tearing strength decreases by approx. 10%, for 150 °C by approx.
15%, and for 200 °C by 25%. However, in the case of heating the current path with a
short-circuit current from the ambient temperature of 20 °C to 300 °C, it reduces the tear
strength by 15%.

Taking into account the factors described above and on the basis of tests, the permissi-
ble limit temperature increases for the external parts of overcurrent switches were defined
in the IEC 60898-1: 2015 standard.

3. Design Assumptions for Circuit Breaker 3D Model

Currently, designing electrical apparatus is based on the use of tools (programs) for
computer-aided design and prototyping of computer-aided design (CAD) and computer-
aided engineering (CAE) types. These programs perform complex computational opera-
tions allowing the distribution of electromagnetic induction density, temperatures, stresses,
and other physical quantities in the prototype device (3D model) to be determined.

In order to perform the above-mentioned computer simulations, a 3D model of the
overcurrent switch was made.

All the individual structural elements of the switch were modeled in the “SpaceClaim
Geometry” software. The elements of the current circuit were made with the maximum
possible precision, maintaining their dimensions, shape, and position in relation to each
other inside the circuit breaker. The main components of the circuit breaker are:

Short-circuit release coil combined with the switch’s fixed contact;

Moving contact;

Thermobimetal combined with the “arc runner”—the element along which the electric
arc is led to the extinguishing chamber;

Arc chamber;

Upper and lower terminal of the switch.

The modeled elements of the current path are shown in Figure 2 below. These are
selected elements of the considered overcurrent circuit breaker.
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Figure 2. Main elements of the circuit breaker’s current path modeled in 3D: 1—short-circuit tripping coil with fixed contact,
2—movable contact, 3—thermobimetal with “arc runner”, 4—arc chamber, 5—wire terminal.

After all the elements of the switch were made, it was possible to make a 3D assembly
of the entire switch, as shown in Figure 3 below.

(a) (b)

Figure 3. Assembly of 3D model of the tested circuit breaker: (a) circuit breaker components of current path; (b) completed
model of the circuit breaker.

The 3D model of the circuit breaker prepared in this way was ready to be loaded into
solvers in ANSYS Workbench, which allowed for the performance of coupled analysis,
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which, after complex computational iterations, allowed us to check how different physical
phenomena influence each other.

4. FEA Simulations
4.1. Simulations Assumptions and Settings

Coupled analysis was performed by coupling two solvers: Maxwell 3D and transient
thermal. The computational simulations were performed for three cases: 0.8 x In, 1 x In,
and for 2 x In. The results of coupled analysis for all three cases have been collected in
Sections 5.1-5.3, where they have been thoroughly presented and described.

In the transient thermal module, as in the Maxwell module, material properties were
assigned from the material library, a mesh was generated (densified, for example, on
contacts), and then “loads” were imported from Maxwell in the form of Ohm losses, which
allowed for the temperature distribution in transient thermal. Material data are presented
in Table 1 below.

Table 1. Table of the material data used in procured model.

Engineering Data Copper Aluminum ABS Steel Unit
Density 8300 2712 1024 7850 (kg/m3)
Young’s Modulus 1.10 x 101 1.1 x 108 1.25 x 10°  2.00 x 101 (Pa)
Poisson’s Ratio 0.34 0.33 0.40 0.30
Bulk Modulus 1.15 x 101 2.15 x 10° 227 x 10°  1.67 x 101 (Pa)
Shear Modulus 4.10 x 1010 2.55 x 107 875 x 108 7.69 x 1010 (Pa)

Table 2 presents computational iterations for executed simulations:

Table 2. Table for details of computational iterations in ANSYS Maxwell 3D.

Pass Tetrahedra Energy Error (%) Delta Energy (%)
1 697,411 20.015 N/A
2 910,039 1.6707 7.5067
3 1,187,597 1.0679 1.7898
4 1,549,876 0.72435 0.97035

The simulation calculation error can be related to the error described as “energy error”,
which in ANSYS Maxwell is reduced during the automatic compaction of the mesh during
subsequent computational iterations by the function—"adaptive mesh refinement”—in
areas where fields are of interest or the field gradients are high. The obtained convergence of
calculations below 1% is a satisfactory result for this type of simulation; it often happens that
the simulation cannot achieve convergence despite many computational iterations and a
powerful generated computational mesh consisting of several million Tetrahedra elements.

Table 3 presents exemplary settings (transient thermal module) for executed simulations:

Table 3. Exemplary simulations setting for transient thermal module.

Number of Current Step Step End Time (s) Auto Time Initial Time Min. Time Max. Time
Steps Number P Stepping Step (s) Step (s) Step (s)
Program
1 1 6000 Controlled 60 0.001 600

Moreover, it is worth mentioning the mesh size with the number of nodes amounting
to 1,193,962 and number of elements amounting to 738,634. Ambient temperature in
Maxwell 3D and transient thermal was set as 22 °C.

Forcing in Maxwell 3D Module was set as solid with current value of 32 A and phase
equal to 0 degrees.
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4.2. Current Flow Simulation for 0.8 x the Rated Current—25.7 A

The first coupled analysis performed with the ANSYS Workbench using paired
Maxwell 3D and transient thermal environments allowed for obtaining precise results
related to 0.8 x In current flow through the overcurrent circuit breaker.

The current density in the circuit breaker current path was highest in the part consist-
ing of a movable contact and a fixed contact, as shown in Figure 4a below. The effect of the
current flow through the circuit breaker current path was the generation of losses in the
form of released heat, which is presented below (Figure 4b).
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Figure 4. Analysis of current flow 0.8 In through the circuit breaker current path: (a) distribution of current density in the
current path; (b) distribution of energy losses in the current path.

Calculations related to the current flow were performed, and on their basis, a thermal
analysis was executed. Temperature distribution on the circuit breaker’s current path was
obtained in form of graphical representation. The highest temperature value was reached
on the solenoid release coil; it was equal to 47.37 °C. The higher temperature value on the
coil in relation to the contact of the current path was caused by the high current density
witnessed in the coil. Moreover, the presence of an aluminum housing inside the coil and a
metal trigger pin, in which eddy currents were generated, caused additional losses in the
form of generated heat. The temperature difference between the coil and the contact was
less than 2 °C. The temperature distribution on the current path of the overcurrent circuit
breaker is shown in detail in Figure 5 below.



Energies 2021, 14, 2359 10 of 24

Figure 5. Temperature distribution on the elements of the circuit breaker for a current of 25.7 A.

For validation of the obtained simulation results with experimental tests, the time
courses of heating the contact, coil, and upper and lower terminals were generated using
the “temperature probe” option. All the obtained waveforms were consolidated into one
chart using the “chart plot” function. Temperature charts are presented in Figure 6.
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Figure 6. Temperature charts for contact, coil, and terminals of the upper and lower miniature circuit
breaker for 0.8 x In.
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4.3. Current flow Simulation for 1 x Rated Current—32 A

For the second coupled analysis, precise results were obtained related to the flow of In
(32 A) through the overcurrent circuit breaker. The current density in the circuit breaker
current path was highest in the contact, as shown in the following Figure 7a.
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Figure 7. Analysis of the In current flow through the circuit breaker current path: (a) distribution of
current density in the current path; (b) distribution of energy losses in the current path.

In this computational case, the value of generated losses related to the flow of rated
current is similar in value both for the contact and for the coil. On the other hand, the total
losses in the coil are greater, as shown in Figure 7b above.

As in the previous case, after performing the calculation operations related to the
current flow, a thermal analysis was performed for the circuit breaker during the flow of
the rated current where the highest temperature value was also reached on the short-circuit
release coil. The exact temperature distribution is shown in Figure 8.

Figure 8. Temperature distribution on the elements of the circuit breaker for the rated current of 32 A.
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Additionally, for the purposes of the experimental validation, graphs concerning
heating of current path elements were generated for the rated current, as shown in
Figure 9 below.
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Figure 9. Temperature charts for the contact, coil, and terminals of the upper and lower miniature
circuit breaker for In.

4.4. Current Flow Simulation for 2 x Rated Current—64 A

The third coupled analysis was performed for a double rated current of 2 x In (64 A).
The current density in the circuit breaker circuit was much higher than in the previous
cases; it achieved the highest value in the contact, as shown in Figure 10a below.
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Figure 10. Analysis of the 64 A current flow through the circuit breaker current path: (a) distribution
of current density in the current path; (b) distribution of energy losses in the current path.

As in the previous calculation case, the value of the generated losses related to the
flow of rated current, in terms of value, was slightly higher for the contact than for the coil.
On the other hand, the total losses in the coil were greater; this dependency is shown in
Figure 10b above.
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From the obtained calculation operations related to the current flow and the per-
formed thermal analysis for the circuit breaker during the flow of double rated current, the
highest temperature value was reached on the short-circuit release coil, which was equal to
196.41 °C. The temperature difference between the coil and the contact was 8.61 °C. The
exact temperature distribution is shown in Figure 11.
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Figure 11. Temperature distribution on the elements of the circuit breaker for double the rated current
of 64 A.

As in the previous cases, additionally, for the experimental validation, plots of heat-
ing of the current path elements for double rated current were generated, as shown in
Figure 12 below.

Thermal analysis of the current path of the overcurrent circuit breaker were performed
on a carefully prepared 3D model in ANSYS software, coupling two solvers: Maxwell 3D
and transient thermal.

Each simulation performed in the first stage required calculations related to the flow
of a given current through the current path (Maxwell 3D), which made it possible to
determine the density of the current flowing through the current path and Ohm’s losses.
Then, it was possible to import the data into another solver (transient thermal), which made
it possible to determine (after performing a certain number of computational iterations)
the temperature distribution on the circuit breaker current path.

The analysis performed in this way for the currents: 0.8 x In, In, and for 2 x In and
the results of the temperature distribution obtained in this way were the basis for the
experimental validation of the heating concerning the current path in real conditions at the
above-mentioned currents, which is presented in the next subsection of this work.
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Figure 12. Temperature charts for contact, coil, and terminals: upper and lower circuit breaker for current 2 x In.

5. Experimental Work

Currently, preliminary prototypes of electrical devices are designed using 3D computer
software and coupled analysis programs for performing mechanical, thermal, electrody-
namic analyses, etc. Ata time when such tools did not exist, designers constructed electrical
devices on the basis of mathematical calculations, experience, and employing the standards
in force.

Currently, the miniature circuit breakers are also designed by the manufacturers in
accordance with the standards. One such standards is the European standard IEC 60898-1:
2015. The scope of the standard includes standardized methods of testing overcurrent
circuit breakers that are used in accredited laboratories to conduct type tests and tests
of conformity of the manufactured devices with the given requirements of the standard.
The performed tests allow manufacturers to check the operation and construction of the
apparatus, which was previously designed in 3D software, the simulation analyses of
which could include some simplifications. Additionally, type testing is necessary to obtain
a certificate for the product that the manufacturer wants to introduce to the market.

In this work, an overcurrent circuit breaker with a rated current of 32 A was subjected
to tests in order to check the temperature rise on the current circuit elements. This made
it possible to carry out measurements in accordance with the above standard, which
states that, during the measurements, no cover of the switch housing may be removed or
unscrewed as in Figure 13.
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Figure 13. Overcurrent circuit breaker with openings in the casing allowing for trouble-free removal
of thermocouples from the switch.

Type K thermocouples were glued with a special thermally conductive glue to the
elements of the current path: coil, fixed contact, and upper and lower terminal. The spots
of installation of the thermocouples depended on the previously performed computational
analysis for the 3D model of this circuit breaker in order to juxtapose the obtained re-
sults. The glued thermocouples on the circuit breaker current path elements are shown
in Figure 14.

Figure 14. Miniature circuit breaker with glued thermocouples (type K) on the main switch contact,
the electromagnet coil, and on the upper and lower terminals.



Energies 2021, 14, 2359

16 of 24

After the thermocouples were glued, the switch was put back to its original state
before disassembly, and the glued thermocouples did not affect the switch mechanism,
which did not cause any problems during its operation. Apart from the technological
openings for inserting the thermocouples, no other openings and changes were made in
the switch, which allowed for the correct measurements of the temperature rise.

Characteristics of thermocouples are standardized, and the values of the thermoelectric
force for individual materials and permissible deviations are included in the international
standard IEC 60584 and ITS 90. The afore-mentioned standard IEC 60584 defines the
formulas for calculating permissible measurement errors. Therefore, for the “K” type
thermocouple (NiCr-Ni—this was used in the validation process), the errors are presented
in the Table 4 below:

Table 4. Table of “K” thermocouples errors.

Thermocouple Class Temperature Range Permissible Error
1 —40°C... +375°C +£15°C
+375°C...+1000 °C +0.0040 x |t]
5 —40°C...+333°C +£25°C
+333°C...+1200°C +0.0075 x ||

The measurement sensitivity for such a thermocouple is 41 pV/°C, hence, the SEM
dependence in the temperature range used, —200 to 1200 °C, was almost linear. It is shown
in Figure 15 below.
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Figure 15. SEM characteristic for different type of electrodes and among others for “K” type thermo-
couple.

In order to perform the tests, it was necessary to prepare a test stand for recording the
temperature rise of the circuit breaker current path elements for specific currents: 0.8 x In,
In, and for 2 x In. For this purpose, a single-phase autotransformer was used, to which
a single-phase high-current transformer was connected. The autotransformer was used
to regulate the current at the output of the high-current transformer. In order to measure
the current, a clamp meter (ammeter) was installed on the cable supplying the tested
object—an overcurrent switch. In order to collect data from installed thermocouples in
the switch, a four-channel temperature recorder with an accuracy of 0.1 °C was used, the
sampling time of which was set to 1 s (temperature was measured every second on four
thermocouples). Data from the recorder, via the USB communication interface, were sent
online to the recorder software on a PC, where the heating charts of the tested elements for
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the overcurrent circuit breaker were generated. The diagram of the measuring system is
presented below (Figure 16).
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Figure 16. Diagram of the measuring system for the tested current circuit of the overcurrent circuit breaker.

The length of the power supply cables to the circuit breaker is precisely defined in the
standard and those are, respectively, equal to 1 m from the bottom of the circuit breaker
and 1 m from the top of the circuit breaker. These recommendations were followed during
the tests; the actual layout is shown in Figure 17 below.

Figure 17. The measuring system of the tested overcurrent circuit breaker.

The ambient temperature was measured by means of two other thermocouples im-
mersed in the oil reservoir—the temperature oscillated around 23 °C.

During the experimental tests, in order to illustrate the temperature distribution on the
circuit breaker path and to, additionally, verify the obtained simulation and experimental
results, at the end of the heating tests, photos were taken with a thermal imaging camera
for each tested current.

5.1. Measurements of the Temperature rise Concerning the Circuit Breaker Current Path for
0.8 x In

During the test of the temperature rise of the contact and the remaining elements of
the circuit breaker, the current of 0.8 x In (25.7 A) was set using an autotransformer.

The temperature recorded on the switch contact after its determination amounted to
slightly over 44.9 °C. The highest temperature value was recorded for the electromagnetic
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release coil, which was heated to 46.8 °C after the temperature stabilized. Similar tempera-
tures were recorded on the switch terminals: the lower terminal temperature was equal to
34.7 °C and the upper terminal to 35.0 °C. All recorded measurements are presented below
in Figure 18 in the form of a graph.
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Figure 18. Graphs of heating the contact and other elements of the circuit breaker for the current 0.8 x In.

The obtained results of experimental tests were additionally compared with the
measurement made with the use of a thermal imaging camera. Taking a photo with a
thermal imaging camera allowed us to register the temperature distribution on the circuit
breaker’s current path elements for the tested value of the current flowing through the
current circuit. Figure 19 shows and confirms that the highest temperature was released
on the coil of the electromagnetic trigger. Measurements made with the use of a thermal
imaging camera were consistent with the results obtained from tests with thermocouples.

MIN:23,0°C
MAX:46.3 °C

Figure 19. Temperature distribution on the elements of the circuit breaker current path for 0.8 x In.
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5.2. Measurements of the Temperature Rise Concerning the Circuit Breaker Current Path for In

The tests of the temperature rise concerning the contact and the remaining elements
of the circuit breaker for the current of In (32 A) were performed in the same way as in
the previous point, giving the appropriate voltage value from the autotransformer to the
high-current transformer in order to obtain the rated current of the circuit breaker.

The highest temperature value was recorded for the electromagnetic trigger coil, as
in the previous measurement; following the test, it was determined to be equal to 64.1 °C.
The temperature recorded on the switch contact, after it was established, amounted to
slightly over 62.5 °C. The temperatures were recorded on the terminals: the lower terminal
measured at —41.9 °C and the upper terminal —41.6 °C. All recorded measurements are
presented in Figure 20 in the form of a graph.
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Figure 20. Temperature measurement curves for individual elements of the circuit breaker for rated
current In =32 A.

The obtained results of experimental tests, as in the previous case, were additionally
compared with the measurement made with the use of a thermal imaging camera. Mea-
surements made with the use of a thermal imaging camera were also consistent with the
results obtained from tests with thermocouples (Figure 21).

MIN:22.5 *C
MAX646°C

Figure 21. Photo from the thermal imaging camera of the current path at the set temperature for the
rated current of the circuit breaker In = 32 A.
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5.3. Measurements of the Temperature Rise Concerning the Circuit Breaker Current Path for
2x1In

The temperature rise tests performed for the current of 2 x In (64 A) were performed
similarly to the previous tests. In this case, the temperatures of the contacts and elements
of the circuit breaker exceeded the allowable values of the temperature rise specified in
the standard.

The highest temperature value was achieved on the electromagnetic release coil as
in the previous measurements; following the test, it was determined to be 202.3 °C. The
temperature recorded on the switch contact, after it was established, amounted to slightly
over 192 °C. The temperatures were recorded on the switch terminals: the lower terminal
measured at 93.9 °C and the upper terminal 96.8 °C. All recorded measurements are shown
in Figure 22 in the form of a graph:
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Figure 22. Temperature measurement curves for the individual elements of the circuit breaker for
the current 2 x In = 64 A.

The results of experimental tests for the double rated current have also been addition-
ally correlated with the measurement made with a thermal imaging camera. Taking a photo
with a thermal imaging camera allowed us to check the exact temperature distribution
on the circuit breaker current circuit elements for the tested value of the current flowing
through the current circuit. Figure 23 shows and confirms that the highest temperature
value evolved on the electromagnetic trigger coil. The measurements made with the ther-
mal imaging camera were similar to the measurements made with the thermocouples. The
temperature difference in the measurements taken, for example, on the trigger coil was
almost 3 °C.

Figure 23. Photo from the thermal imaging camera of the current path at the set temperature for
double the rated current of the 64 A circuit breaker.
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6. Results Summary

The performed experimental tests in the form of measurements concerning the heating
of the circuit breaker current path elements allowed us to determine the actual temperature
values of the individual circuit breaker parts depending on the current flowing. The
recorded results were collected in the form of plotted heating curves for the currents:
0.8 x In, In, and for 2 x In.

The overload release of low voltage modular circuit breakers is located in the main
circuit of the electrical apparatus. Regardless of the type of time—current characteristic,
the current of this release is between 1.13 and 1.45 of the rated current (In). Moreover, in
accordance with the standard for testing and certification of circuit breakers IEC 60989,
the overload element can conduct 2.8 x In for up to 60 s. Hence, it was decided to use
this current range to validate the simulation model. An additional argument was the
willingness to check the model due to the non-linear dependence of resistivity as a function
of temperature. Having such a selected and wide research schedule, it was possible to
obtain correct validation.

The temperature values in the case of the current 0.8 x In and In did not exceed the
permissible values of temperature increases and the permissible long-term temperature. In
the case of a current of 2 x In, the above-mentioned values were exceeded.

For a current of 0.8 x In (25.7 A), the maximum temperature was reached on the
short-circuit release coil —46.8 °C and on the contact —44.9 °C. 34.7 °C was noted on the
lower terminal of the switch and 35.0 °C on the upper terminal of the switch.

In the recorded results for the rated current In = 32 A, despite the increase in current
by only 6.3 A compared to the previous measurement, a significant increase in temperature
was noted on the elements of the current circuit. The highest value, as before, was recorded
on the electromagnetic trigger coil and amounted to 64.1 °C. The temperature at the switch
contact, after it was established, was slightly over 62.5 °C. The following predetermined
temperature values were reached at the switch terminals: lower terminal —41.9 °C and
upper terminal —41.6 °C.

In the case of the last measurement for the double rated current of the circuit breaker,
equal to 64 A, the temperature on the coil increased more than three times compared to the
measurement for the rated current and amounted to 202.3 °C. A similar temperature value
was recorded for the switch contact —192.5 °C. On the terminals, the value of the recorded
set temperature more than doubled and amounted to, respectively, —93.9 °C on the lower
terminal, and —96.8 °C on the upper terminal.

The switch during and after measurements was still fully functional. The achieved
high temperature value of 202.3 °C did not affect the structure (housing) and other elements
of the circuit breaker in any way—no part of it was melted or deformed.

The experimental tests, carried out using thermocouples in the form of K-type thermo-
couples coupled online with a temperature recorder and a PC, were additionally validated
using photos taken with a thermal imaging camera. Measurements made with the use of a
thermal imaging camera were made for the set temperature value just before the end of
each measurement. The obtained results, in the form of photos from the thermal imaging
camera, are consistent with the measurements made with thermocouples.

7. Conclusions

This article presents the construction of the current path of a modular circuit breaker
that protects low voltage network circuits against short-circuits and overloads.

The main purpose of the work was the thermal analysis of the current path of the
overcurrent circuit breaker, which was performed with the use of computer simulations
and validated by the performed experimental tests.

In order to perform simulation coupled analyses, an accurate 3D model of individual
parts of the current path, as well as the entire circuit breaker with power cables, was
developed. The ANSYS software was used to carry out simulation calculations, which
enabled direct connection of various types of solvers, creating couplings that were en-
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abling data import from one solver to another and vice versa, e.g., from Maxwell 3D to
transient thermal.

The simulation tests were performed for three currents: 0.8 x In, In, and for 2 x In.
During the simulation, the values of the current density and Ohm losses in the current
path were determined, which in turn, allowed us to determine which elements heat up the
most and how the heat spreads in the modeled current path of the circuit breaker. From
the data obtained during the coupled analyses, the heating courses of selected elements of
the circuit breaker were generated, which, in the subsequent stages of work, allowed for
the comparison of the obtained courses with the experimental tests performed.

To perform the experimental tests, a specially prepared switch was used with installed
(glued in) K-type thermocouples inside that did not affect the mechanical and electrical
operation of the switch. They allowed for precise temperature measurements of selected
elements: short-circuit release coil, contact, and terminals. From the data collected by
means of a temperature recorder, exact heating courses of the above-mentioned elements
were generated. In order to verify the obtained results, photos were additionally taken
with a thermal imaging camera for each of the three tested currents after reaching the
set temperatures.

The obtained results of simulation tests and experimental tests were similar. The
temperature distributions in the circuit breaker current path in the calculation simulations
made in the transient thermal solver were consistent with the performed thermal imaging
measurements. In addition, the generated waveforms of heating the circuit breaker part in
the simulation calculations were very similar to those obtained during experimental tests
with thermocouples.

The conducted analyses allowed us to conclude that the development of accurate
3D models and the performance of advanced coupled analyses can be successfully used
during the construction and prototyping of new devices by designers of electrical apparatus.
Thanks to this type of analysis, it is possible to make more elaborate designs of switches
and electrical devices. In addition, it allows for significant reduction of the costs associated
with the production of prototypes and the performance of tests and research in laboratories,
which are often time-consuming.

The knowledge acquired during the implementation of the above issue allowed the
authors to understand in detail and learn about the processes related to the flow of current
through the current paths of electrical devices.
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Abstract: The manuscript presents advanced coupled analysis: Maxwell 3D, Transient Thermal
and Fluent CFD, at the time of a rated current occurring on the main busbars in the low-voltage
switchgear. The simulations were procured in order to aid the design process of such enclosures. The
analysis presented the rated current flow in the switchgear busbars, which allowed determining their
temperature values. The main assumption of the simulation was measurements of temperature rise
during rated current conditions. Simulating such conditions is a valuable asset in order to design
better solutions for energy distribution gear. The simulation model was a precise representation of
the actual prototype of the switchgear. Simulations results were validated by experimental research.
The heat dissipation in busbars and switchgear housing through air convection was presented.
The temperature distribution for the insulators in the rail bridge made of fireproof material was
considered: halogen-free polyester. The results obtained during the simulation allowed for a detailed
analysis of switchgear design and proper conclusions in practical and theoretical aspects. That helped
in introducing structural changes in the prepared prototype of the switchgear at the design and
construction stages. Deep analysis of the simulation results allowed for the development concerning
the final prototype of the switchgear, which could be subjected to the full type tests. Additionally,
short-circuit current simulations were procured and presented.

Keywords: heat distribution; thermal analysis; electromagnetic analysis; conduction; convection;
radiation; CFD simulation; ANSYS coupled analysis; low-voltage switchgear; FEM simulations

1. Introduction

Industrial low-voltage switchgears are electrical devices that allow power distribu-
tion. It is necessary to properly protect, control, and monitor the discharge lines from
the switchgear to the energy receivers [1]. Low-voltage switchgears are manufactured
based on the requirements specified in the IEC 61439 standard (low-voltage switchgear
and controlgear assemblies). Therefore, they must meet all requirements for electrical,
mechanical, and thermal parameters [2].

In order to meet the thermal requirements for the switchgear, the ratio of heat gen-
erated by the active elements in the switchgear must be smaller than the heat dissipation
capacity of the entire layout (passive system). Heat transfer to the environment, in this
case, is performed by convection, conduction, and radiation [3].

Skin effect, contact resistance, proximity effect occurring in the current circuits, and the
resistivity of the material from which the current circuits are made (e.g., busbars) contribute
significantly to the generation of increased heat [4-6]. After taking them into account, it is
possible to determine active power losses according to Joule’s law expressed in watts [7].
Thermal calculations of the current circuits are carried out by heating the busbars with
operating currents of a continuous nature and heating from the short-circuit currents [8].

For both situations, the criterion of the permissible thermal condition of the circuit
should not exceed the permissible temperature values. Those are standardized and depend
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on the properties of the circuit material and the environment in the immediate vicinity of
the current circuit [9]. Properties were determined considering factors such as reduction of
mechanical strength, loss of plasticity, and accelerated aging processes. Under short-circuit
conditions, the permissible circuit temperature is higher due to the short-circuit current
flow time.

The long-term power load of the busbars with the rated current in the switchgear is
defined as the maximum power load of the busbars with the current, which effect does not
exceed the temperature for the current circuit [10]. An important parameter describing this
phenomenon is the time constant (T) of the current circuit heating. The calculation of the
time value of the current circuit heating time (T) allows determining, with high accuracy,
the time of heating to the set temperature [11]. After determining one time constant, the
temperature increase reaches the value of 0.632 of the temperature in the steady-state of
the current circuit. After calculating the five time constants (T), the calculated temperature
rise reaches 0.98 of the permissible temperature in the steady-state of the current circuit.
Heat transfer of the heated busbars in the switchgear can take place in three ways: by
conductivity, convection, and radiation. In the calculation scenarios of electrical equipment
current circuits, all or only some of these types of heating may occur [12-14].

The phenomenon of convection relates to the exchange of thermal energy between a
solid and a gas or liquid in the immediate vicinity of the solid. It is related to the movement
of gas or liquid and depends mainly on the physical properties of the media, the shape and
dimensions of the solid surface, temperature difference, and the method of excitation [15].
An analytical determination of the amount of thermal energy transferred by convection
is a difficult issue due to the large number of variables and the complexity of initial and
boundary conditions.

Radiation is the process of transferring energy from the radiating body to other bodies
in the vicinity. The radiating body is characterized by the emission of electromagnetic
waves consisting of various wavelengths [16]. The wavelength range with the highest
thermal energy transfer is from 0.4 to 10 pm. These can be observed in the infrared region,
which is invisible to the human eye. The contribution of radiation to heat transfer and
to the environment is primarily dependent on the temperature difference and emissivity
between the radiating body and the environment [17]. With a small difference in the order
of magnitude, a few or several degrees, radiation plays a small role. Heat is transferred
practically by convection. With a temperature difference of several dozen degrees, the
proportion of radiation increases significantly and amounts to about 50%. This is the
temperature range that occurs in the design of current circuits, so the effect of radiating
heat should be considered. Radiation is treated as the release of heat along straight lines
perpendicular to the surface of the emitting body [18]. The degree of blackness (¢) of
the body radiating heat also affects the radiation efficiency. Covering current circuits
(especially with copper and aluminum) with various types of layers and varnishes helps
increase the radiated heat flux. This is a widely recognized and affordable activity. This
increases the current carrying capacity while maintaining the original heating temperature.
In most cases, heat losses through radiation and convection determine the load capacity
of the busbar system [19]. The share of heat losses by lifting and radiation depends on
the geometrical dimensions of the rail system. In general, the proportion of convection
decreases for smaller conductors, while it increases for larger structures [20].

During laboratory tests, specific points in the switchgear are examined where an
increase in temperature is expected [21]. However, this does not fully reflect the entire
temperature range witnessed in the current circuits present inside the switchgear [22].
In addition, performing these types of tests is a complicated operation, expensive and
time-consuming. It requires several tests before developing the finished product. In order
to reduce the costs of this type of research [23-27], it is possible to prepare a detailed 3D
model of the switchgear and perform a computer simulation in the ANSYS Workbench
environment. In addition, using coupled analyses: Maxwell 3D, Fluent CFD, Transient
Thermal, allowing for an accurate temperature distribution on the busbars and inside
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the switchgear [28-31]. This type of calculation allows the structure to be optimized in
terms of high temperature resistance, as well as heat dissipation from the switchgear to the
environment [32-37]. The novelty of the approach is clearly the cost reduction concerning
expensive experimental research and also the ability to reduce materials quantities that
ought to be used for switchgear assembly.

The purpose of this work is to analyze the temperature distribution in busbars during
rated current flow. A simulation model of physical-thermal phenomena occurring during
the flow of current through current circuits in low-voltage switchgear was developed in
work and experimentally validated. Additionally, the short-circuit currents simulations
and analysis were added but not validated because of the humongous costs that those
approaches would take.

The subject of theoretical analysis and simulation were the busbars of low-voltage
switchgears and the associated contacts. The presented theoretical test results can be
used by designers and manufacturers of switchgears, busbars, and low-voltage electrical
apparatus. The paper examines in particular issues regarding;:

e  Load distribution in current paths;
o  Temperature distribution in busbars.

These issues are analyzed in the case of selected systems, requirements, and adopted
assessment criteria regarding values:

e  Permanent load transfer;
e  Failure elimination;
e  The arrangement of current circuits and the devices supplied by them.

These criteria are the basis for assessing the proposed design solutions for current
circuit systems and their selection in low-voltage switchgears. Taking into account these
criteria, appropriate mathematical models have been created that are the basis for all
analyzes and simulations of current circuits, their connections in low-voltage switchgears,
as well as the implementation of these solutions for production.

In the current conditions of free competition, producers who want to stay on the
market are forced to constantly reduce the duration of the launch of a new product, lower
its price, increase its utility values, quickly respond to changing customer requirements
and adapt to a constantly changing environment. The most effective way to cope with such
pressure is to use various types of computer-aided engineering techniques related to it.

An indispensable theoretical base enabling the correct approach to the problem is the
book concerning electrical contacts by P. Slade [26], which contains theoretical and practical
information about physical phenomena occurring in current circuit contacts. In particular,
issues related to the calculation of contact resistance and contact welding were discussed,
and the problem of selecting contact materials was presented. Other publications used by
Milenko Braunovic are publications [9,10]. The authors showed how important mechanical
and electrical characteristics affect the overall reliability and performance of a current
circuit contact system.

To date, many scientists have been involved in the analysis and research of busbars.
Particular mention should be made of the works of A. Plesca, studies [1,8], in which thermal
analyzes in busbars were presented and discussed. In both articles, the author presents
simulations of current flow in current paths consistent with the results of experimental
research.

The publication J. Lotiya [6] is valuable in the area of heating up high-current flat
busbars. The author discusses screw connections of flat busbars commonly used in electrical
systems of power stations. The paper presents the analysis of the influence of the clamping
force of the screw connection on the value of temperatures achieved in contact with the
flow of interference currents on the example of flat copper bars. The issue of heating the
current circuits in switchgears is complemented by publications by M. Bedkowski and
co-authors [3,18], in which the authors presented a simulation thermal analysis of current
circuits for rated currents of prototype switchgears using a CFD solver.
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Valuable publications are the works of D. Chapman and T. Norris [4] and R. Berrett [5],
which accurately describe how calculations related to flow and heat dissipation from
current circuits by convection and radiation should be performed, the authors thoroughly
discuss in their works what should mathematical models look like for this type of thermal
calculations.

Other works on the generation and dissipation of heat from current circuits during
the current flow allowed for a precise reference to the problem in the presented publica-
tion [2,6,7,14-16].

2. The Mathematical Model

Thermal energy in the switchgear is generated by the rated current, or short-circuit
current flowing through the main current busbars and wires leaving the switchgear. The
thermal energy from the current busbars is dissipated to the environment by convection,
conduction, and radiation. The relationships describing these phenomena are presented
below in Figure 1.

Figure 1. A scheme of heat dissipation in the switchgear by means of conduction, convection, and
radiation.

The value of the electric power generated on a given busbar length is the aftermath of
current and resistance, described below by means of the equation [38]:

P = I’xR 1)

where P is the power dissipated per unit length (W), I is current in the conductor (A), and
R is the resistance per unit length of the conductor ((2).
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All calculations related to the current flow in the busbars and the distributions of
the electromagnetic field in the switchgear are possible using the following Maxwell
equations [39]:

Va it = 03+ {5 b= G+ U+ O+ {5} @
vi(e)=-{ 5} ®

V x {B} =0 )

Vx{D}=p ®)

where V x is the curl operator, V is the divergence operator, {H} is the magnetic field
intensity vector, {J/ is the total current density vector, {]s} is the applied source current
density vector, {Je} is the induced eddy current density vector, {]v} is the velocity current
density vector, {D} is the electric flux density vector, ¢ is the time, {E} is the electric field
intensity vector, {B} is the magnetic flux density vector, p the electric charge density.

For the calculation concerning the coupled heat transfer process between the carrier
fluid (air) and the solid domains, the Navier-Stokes equation is used alongside the energy
equations, and those were described below [40]:

The continuity equation is given by:

Ju Jdv  Jdw
™ + @ + % 0 (6)
and the momentum equation:
- — —2 —
p0-Vo =-Vp+uV o +F @)

The expression of the energy equation is as follows [40]:

c aﬂJraﬂJraTw _ 9 k a—TJruT +i k a—TJrvT Jr3 k a—T+w‘r ®)
Per “ox ay | 9z ) oax\'' ox ay " oy 0z \"" 0z

where x,y,z are the Cartesian coordinates, u, v, w are the velocities in x, y, z, directions, v is

—
the velocity vector, p is the pressure, p is the density, y is the dynamic viscosity, F is the
body force vector, T is the temperature, k; is the thermal conductivity of air, and 7 is the
viscous shear stress.

2.1. Heat Dissipation by Convection in Busbar

The amount of heat dissipated by convection depends on the shape, size of the rail,
and the temperature increase around the rail [4]. Heat dissipation from the busbar by
convection is different for horizontal and vertical surfaces, as shown in Figure 2 and the
equation below [38,39]:

Geono= WeAc= Wy Acy+WpAg, ©)]

where W, is heat dissipated per square meter due to convection (W/ m?2), A, is the surface
area of the conductor (m?), W, is heat dissipated per vertical square meter due to convection
(W/m?2), Wy, is heat dissipated per horizontal square meter due to convection (W/m?), Ac,
is the vertical surface area of the conductor (m?), A, is the horizontal surface area of the
conductor (m?).

Convective heat exchange is influenced by: thermal conductivity coefficient, heat
capacity, specific mass, kinematic viscosity, shape and dimensions of the cooled solid, and
the nature of the cooling gas flow. In this paper, due to the lack of forced flow of the
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refrigerant, the issues concerning the forced convection are omitted. The thermal power
transmitted to the environment by air convection is determined then by the formula [38,39]:

Pe= kiSi(T — To) (10)

where, Py is power transmitted by convection (W), ky is the heat transfer coefficient by
convection (W/m?K), Sy is heat dissipation surface (m?), T is the temperature of the cooled
element (K), and Tj is the ambient temperature (K).

Figure 2. A scheme of heat dissipation in the switchgear.

Analytical determination of the amount of thermal energy transferred by convection
is a difficult issue due to the large number of variables and the complexity of initial and
boundary conditions. The coefficient values can be determined experimentally, with the
proviso that the results obtained are valid only for the conditions occurring during the
measurement. In the field of thermokinetics of electrical apparatuses, similarity theory
is used to quantify the value of heat transfer that is causing hotter air to lift. Criterion
numbers are described by the formulas below [38,39]:

Nu= ];T"lw 11)

Gr= g"jﬁle, (12)
2

Pr= % (13)

Ra— %zw (14)

where A is the thermal conductivity of the heat-carrying gas (W/mK), I, is the characteristic
dimension of the body giving off heat (for cylindrical shapes, this will be the diameter, for
flat bars arranged vertically—height) (m), g is gravity constant (9.8 m/s?), B is the coefficient
of thermal expansion (1/K), v, is the refrigerant lifting speed (m?2/s), ai—temperature
conductivity of the fliud [W/m-K], V;eey—cooling medium lifting spedd [m/s].
For the case of cooling current paths through free airflow, the following dependency
is used [38,39]:
Nu= f(Gr -Pr) = c¢1(Gr -Pr)" (15)



Energies 2021, 14, 2427

7 of 23

The values of the coefficients ¢; and n; depend on the result of the numbers Gr and
Pr, to which the respective shapes of current circuits can be assigned. Introducing the
additional equation presented below allows the determination of the value of the coefficient
ky [38,39]:
_ 8P
A= ?Pr (16)

r
Aey [AL(T - To)|™

L

k=

(17)

Table 1 presents examples of coefficient values for frequently analyzed calculation
cases of this type.

Table 1. The list of ¢; and 11 values for a given Gr and Pr range.

The Shape of the Cooled Element Gr - Pr c n
Switchboard vertical plate 1.7 x 1082 x 10%0 0.15 0.33
Horizontal plate (heat dissipation up top) 2.3 x 108-1.1 x 1010 0.17 0.33
Cylindrical busbar 5 x 1022 x 107 0.54 0.25
Rectangular busbar 9.4 x 10*4.6 x 10° 0.60 0.25

For busbars with simple shapes, the practical calculations of the heat transfer coeffi-
cient in the air, the simplified formulas below are often used [38,39]:
o For vertical planes, the following relation applies:

AT 025
k= 7.66 (T) (18)
w
e For horizontal planes:
AT 0.25
k= 5.92 (T) (19)
w
e For circular busbars:
AT 0.25
k= 7.66 (T) (20)
w

2.2. Heat Dissipation by Radiation in Busbar

The distribution of heat by radiation from the busbar to the environment is shown in
Figure 3 and described in the following equation [38,39]:

Grad= WRAR=5.70 x 1078 x e (T14 T4 x Ag 1)

_ €1&2
(e1+€2) — (e1€2)

where Wy, is heat dissipated per square meter due to radiation (W/m?), Ay is the surface
area of the conductor (m?), e is relative emissivity, T; is the average temperature of busbar
(K), T3 is the average temperature of the inner surface (K), ¢; is the absolute emissivity of
busbar, ¢, is the absolute emissivity of the enclosure’s inner surface.

For internal opposite surfaces of rectangular busbars, it is assumed that there is no
radiation. The temperatures of these surfaces are approximately equal.

(22)

2.3. Heat Absorption by Enclosure from Busbars

When the short-circuit current flows through the busbars, a very large amount of
heat is generated. It is transferred from busbars to the enclosure by means of radiation
and convection. The rate at which the heat generated by the busbars is absorbed by the
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enclosure is proportional to the rate at which this heat is generated in the busbars by the
flow of short-circuit current. This relation is described by the equation:

P = qeonvt+qrad (23)

where P is power dissipation per unit length of busbar (W), geono is heat dissipation due to
convection (W), q,,4 is heat dissipation due to radiation (W).

Figure 3. A scheme of heat dissipation from vertical busbars in the switchgear.

2.3.1. Heat Absorption by Enclosure from Busbars by Convection

The rate at which the heat dissipated by the busbars is absorbed to the enclosure
via convection depends on the size, shape, and surface difference of the enclosure and
busbars [5]. Heat absorbed by the enclosure via convection from busbars is different for
vertical and horizontal surfaces of the copper busbars, as described in the equation [38,39]:

Geonv= kkverticalAv+kkhorizontalAt (24)

where Kjyericqr 1S average vertical convection heat transfer coefficient (W/ m2), Kihorizontal 1
average top convection heat transfer coefficient (W/ m?), A, is the vertical surface area of
enclosure (m?), and A; is the top surface area of enclosure (m?).
The heat absorbed via convection by the vertical plane can be calculated by means of
equations [38,39]:
gB(T1 — T3)G}
v

Pr 0.28 H -1/4
Nutyerticar= 0.22 (mRaverticul) (a) (26)

Rayerticar= (25)

Ky = Nuve;;zculkt 27)
where Nu is average Nusselt number, Ra is Rayleigh number, § is volumetric thermal
expansion coefficient (K1), g is gravity constant (9.8 m/s?), Ty is the average temperature
of busbar (K), T3 is the average temperature of the inner surface (K), H is the height of
the enclosure (), G is the gap between the enclosure wall and busbar (), v is kinematic
viscosity (m?/s), o is thermal diffusivity (m?/s), k; is thermal conductivity (W/mK), and Pr
is the Prandtl number.
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The same applies to the heat absorbed by the horizontal plane by convection when
heated from below, which can be calculated using the following equations [38,39]:

gB(Th — T5)G3

Ruhorizontul = _— (28)

Nuporizontal= 0'0069Ra%3izontal .py0-074 29)
Nitjori -k

k= % 30)

2.3.2. Heat Absorption by Enclosure from Busbars by Radiation

The heat absorbed by the enclosure is equal to the dispersion of heat radiation from
the busbars. This is described by the equation in point 2.2.

2.4. Heat Transfer via Conduction through the Enclosure Wall

Heat transfer through the sheets of the casing is carried out by means of conduction.
This can be described in the following equations [38,39]:

P = Acond (31)
AT

Jeond= ktATx (32)

A=T3—T, (33)

where P is power dissipation per unit length of busbar (W), q..,4 is heat conducted through
enclosure rear sheet (W), k; is enclosure thermal conductivity (W/mK), A is the surface area
of enclosure (m?), Tj is the average temperature of the outer enclosure surface (K), Ty is the
average temperature of the outer enclosure surface (K), and Ax is enclosure sheet thickness (11).

3. Three-Dimensional (3D) Model

In order to perform computational simulations, it was necessary to prepare an accurate
3D model of the chosen switchgear. For this purpose, Solid Edge software was used,
where all components of the switchgear were modeled. The created 3D model focused on
the exact mapping of the arrangement and dimensions of all structural elements of the
switchgear. The external dimensions of the switchgear were 800 mm (width), 1950 mm
(height), and 300 mm (depth). The L1, L2, and L3 vertical busbars, i.e., the main supply
bridge in the switchgear, connected the other horizontal busbars with the main switch.
Fuse disconnectors were installed on the horizontal rail bridges. All copper busbars in the
switchgear were 30 x 10 mm in cross-section. On the horizontal rail bridges, metallic phase
connections (jumpers) have been designed to withstand rated current flow in the switchgear
busbars using short copper bars, also with a cross-section of 30 x 10 mm. In the prepared
model, the requirement was to accurately reflect the busbar system, including insulators,
brackets, and holders, because the results of simulations of current distribution, heat, and
power losses are only then the closest to the results obtained in experimental conditions.

The prepared 3D model was modeled of many parts and assembled consisting of
various shapes and different material parameters. Creating a very accurate 3D model of the
switchgear was associated with a longer duration of calculations and more computational
iterations. The main reason for the large number of calculations was the large number of
surfaces, edges, and computational nodes in the generated mesh. The finished switchgear
model was saved in the “. sat” format. This format is the most suitable for importing files
in ANSYS.

In the simulations, the same detailed 3D model was used in the calculations with the
Maxwell 3D and the Transient Thermal. The CFD solver used a 3D model cross-section
that accurately reflected the location of the busbars and masking panels in the switchgear.
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Creating a “mesh” was an extremely important process during the discretization of
the 3D model.

In Maxwell 3D analysis, the solver used the adaptive grid generator option, which
automatically compacted the mesh during calculations until the assumed convergence
parameter, “Energy error” of 1%, was reached. The final amount of mesh elements for this
solver was 379639. The Transient Thermal solver was made with a mesh of an appropriate
density, which resulted in 513,304 mesh elements and 1,084,554 computational nodes.

In the CFD solver, due to the effects associated with boundary layers, e.g., between
busbars and the surrounding air, the mesh was additionally condensed in these places.
That made it possible to meet the requirements for the type of phenomenon simulated.
Mesh size for CFD solver was 335,420 nodes and 331,140 elements, respectively.

The structural model of the switchgear is the most detailed 3D model. It contains all
the details such as bolts, nuts, gaskets etc. Figure 4 shows different views of the structural
model of the switchgear (prototype). The figure shows the open switchgear and the
internal insert itself in the form of brackets, holders, and copper busbars, to which the main
switchgear apparatuses were attached or connected with.

(@ (b)

Figure 4. Views of the finished construction 3D model of the switchgear: (a) open; (b) the internal

part of the switchgear.

4. Coupled Electromagnetic, Transient Thermal and Fluid Flow Analysis (ANSYS
Maxwell, Transient Thermal and Fluent CFD)

4.1. Simulation in Ansys Maxwell 3D—Rated Current Flow in Switchgear

In order to conduct the analysis, it was necessary to implement the prepared 3D
model of the switchgear. ANSYS Maxwell 3D software managed to load a previously
prepared 3D model in “. sat” format. After importing the model, the solver type was
chosen: “Eddy Current” and material properties for busbars, insulators, switchgear metal
elements, housing as well as switchgear surroundings were given; in this case, it was air.
All material properties were shown in Table 2.
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Table 2. Materials properties for electromagnetic and thermal analyses.
Material Density Specific Heat Thermal Electric Magnetic
(kg/m?3) (J/kg*K) Conductivity (W/m*K) Conductivity (S/m) Permeability (H/m)
Air 1.205 1005 0.0257 3.00 x 10715 1.256 x 107°
Copper 8960 385 401 5.81 x 107 1.256 x 1076
Structural Steel 7850 434 60.5 621 x 10° 1.256 x 107°
Galvanized Steel 7833 481 52.0 5.88 x 10° 1.256 x 107°
Polyethylene 950 2300 0.28 6.3 x 1014 1.256 x 107°
The values of rated currents were added to the main busbars supplying the switchgear.
Busbars were entering the interior of the switchgear before the main switch. This is precisely
reflected in the following Table 3 and Figure 5, where current excitation values for each
phase of the L1, L2, and L3 switchgear current circuits were given and marked.
Table 3. Current excitations in 3-phase busbar in “Eddy Current” solution type.
Phase of Busbar Value (A) Phase (deg)
L1 630 0
L2 630 120
L3 630 240
T
1
]
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Figure 5. Convergence plot—energy error in relation to the number of “Tetrahedra”.

After determining all boundary conditions for the simulation, it was possible to start
the solver, which performed calculations for a three-phase rated current of 630 A in each of
the busbar phases inside the switchgear.

Our calculations showed that the number of “Tetrahedra” components was equal to
379,639 elements with the assumed “Energy Error” below 1%. Mesh density can be applied
in the solver using an energy error estimation. The energy error is calculated by comparing
the difference between the final averaged node value flux value for each node throughout
the model. This error is then multiplied by the conductivity matrix for each node and
integrated on each element to determine the energy error for that element. The energy
error for the entire model is the sum of the energy errors for each element. Large energy
error values mean that the flux field is very discontinuous, and small energy error values
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mean a more continuous flux field. While there are no absolute values for the energy error
limits, a maximum percentage error of 1% is the recommended value [25]. To perform
this analysis, the solver needed six computational iterations. Figure 5 illustrates the above
amount of increased mesh elements with each subsequent calculation iteration.

Table 4 below shows the results of each iteration step for the number of Tetrahedra.
Total Energy, Energy Error and Delta Energy elements. These are parameters which values
determine whether the simulation results coincide. In the analyzed case, it can be seen that
in the last six computational iterations, an “Energy Error” of 0.68203% was obtained, which
is a satisfactory result.

Table 4. Number of iterations of calculation with the Energy Error accepted for calculation.

Total Energy Energy Error Delta Energy
Pass Tetrahedra 0 %) (%)

1 100,267 429.44 104.34 N/A

2 130,859 390.37 18.278 9.0977
3 170,789 378.11 4.8174 3.1413
4 222,883 373.48 1.9065 1.2243
5 290,877 370.84 1.0733 0.70696
6 379,639 369.51 0.68203 0.35688

After using the post-processing function in ANSYS Maxwell 3D, the calculation results
were generated in the form of drawings showing the current flow in the rails counting in
Ohm losses or the distribution of electromagnetic induction in the body and metal parts
of the housing. Ohm losses arising during the flow of currents through the busbars are
expressed in (W/m?). In the metal housing and metal elements of the switchgear, under
the influence of induced eddy currents, Ohm losses in the form of heat generated also
arose. Figure 6 shows the exact distribution of Ohm’s losses on a logarithmic scale in both
busbars and metal components of the switchgear.

Another simulation result in the Maxwell 3D solver was the distribution of current
density in current circuits expressed as (A/m?) and the distribution of the electromagnetic
induction field expressed in Tesla. The highest value of current density was achieved
in the sections of the busbars through which the rated currents flowed. In the case of
electromagnetic induction field distribution, the highest values were generated in the
bottom and rear sheet of the switchgear housing near the vertical rail bridge through which
the rated currents for three phases flowed.

After analyzing the distribution of the electromagnetic induction field in each metal
element, one can find the relationship between Ohm losses generated by eddy currents in
the metal elements of the switchgear (bypassing copper bars). This relationship is extremely
important because, in some cases, the local temperature may increase in the metal elements
of the switchgear. It is caused by the induced eddy currents, which were not the desired
phenomenon. The value of current density and electromagnetic induction field distribution
was shown in Figure 7.
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Figure 7. Current density distribution in busbars (on the left), electromagnetic induction field
distribution in the switchgear (on the right).
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4.2. Simulation in Transient Thermal—Heat Generation under the Influence of Rated Current
Flow in the Switchgear Busbars

After performing the computational operations related to the rated currents in Maxwell
3D, it was possible to start a coupled analysis consisting of the imported calculation results
from the previous solver to the next calculation module, “Transient Thermal”. To achieve
this, the “Transient Thermal” solver was selected in the Workbench workspace and added
to the “Maxwell 3D” solver, after which the two solvers were properly combined.

The next stage of the coupled analysis initiation was selecting the appropriate material
data from the “Engineering Data” tab, which was used after opening the “Transient
Thermal” solver to assign them to individual structural parts of the switchgear. Then the
“mesh” was generated with the appropriate accuracy for this type of calculation.

After making a high-quality computational grid, the parameters for convection (film
coefficient and ambient temperature) and radiation (emissivity and ambient temperature)
for copper busbars were added to the solver. The ambient temperature of the switchgear
was assumed as 22 °C. It was possible to import the heat generation sources from the
Maxwell 3D solver. To achieve this, the “Imported Load” option was used, the data were
imported, and calculations were made.

At this stage, it was already possible to make calculations related to heat distribution
in current circuits. The calculations were made for 7200 s, which obtained the theoretical
characteristics of the temperature values for the busbars placed in the housing, Figure 8. In
addition, it was assumed that the insulators and switchgear construction withstood the
resulting electrodynamic forces and mechanical stresses associated with them. It is known
that in short-circuit conditions, it is not possible to achieve because, under the influence of
electrodynamic forces and stresses, the switchgear structure could be disturbed, insulators
could be destroyed, and rails could bend and melt after exceeding the Curie temperature.

b TR
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Figure 8. The characteristics of the theoretical establishment of the temperature value in the current busbars.

The characteristics obtained allowed for an assessment of when the maximum operat-
ing temperature of the current insulators used would be exceeded. In the analyzed case, the
flame-retardant material used for insulators was a fireproof halogen-free polyester, which
has a maximum operating temperature of 960 °C. The busbar temperature distribution for
7200 s was shown in Figure 9.

The above temperature distribution on the insulator ensures that the use of flame-
retardant material for support insulators for busbars allows to significantly extending
the insulator’s resistance to high temperature. At the same time, it increases the strength
and reliability of the entire switchgear in the event of a short circuit, when a very high
temperature can occur in the busbars during short-circuit conditions that are not the main
objective of this work.
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Figure 9. The temperature distribution in busbars and insulators during 7200 s simulation.

4.3. Simulation in ANSYS Fluent CFD—Heat Distribution from Busbars Inside the Enclosure
under the Influence of Rated Current Flow in Switchgear Busbars

In order to investigate the impact of heat inside the low-voltage switchgear more
widely at the operation at rated current conditions, another Fluent CFD (Computational
Fluid Dynamic) solver was used. The CFD calculation module is originally used to sim-
ulate the flow of fluids, therefore obtaining results from it is an interpretation of the
electromagnetic phenomena. The current carrying capacity of the busbars depends on the
temperature discharge. Multiphysical simulations are now used to predict flow field and
energy distribution. Using the 2D module, we can quickly orientate heat convection even
from point sources (connections, mounting holes that reduce the conduction surface). This
solver allows simulating the distribution of hot air through current rails using conduction,
convection, and radiation inside the switchgear. This method is labor-intensive in prepara-
tion for calculations and requires large memory resources (high-end computer), such as a
large random-access memory (RAM) and hard disk capacity, as well as a fast processor.
This method allows you to perform the simulations for complex 3D models, thanks to
which it is possible to analyze in detail the heat flow inside the developed and complicated
construction of the low-voltage switchgear.

In order to use this method, it was necessary to properly prepare the geometric model
of the switchgear model. An important task before making the calculations was the proper
preparation of geometry and mesh, which in the CFD solver must be carefully refined.
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In the analyzed case, it was decided to use the Fluent CFD 2D solver, which required
proper preparation of the 2D model of the modeled switchgear. For the purposes of
simulation, a cross-section was made from the 3D structural model of the switchgear so as
to obtain a preliminary 2D model of the switchgear. This process is thoroughly illustrated
in Figure 10.

Figure 10. The switchgear cross-section necessary for calculations in Ansys Fluent 2D.

After importing the model into the solver, a mesh was prepared with properly con-
centrated places in the boundary layers, between the busbars, shields, and air. At this
stage, all necessary parameters and conditions necessary to perform the simulation were
set. Material properties have been defined for switchgear and air components. The same
ambient temperature was used as for the simulation in Transient Thermal —> 22 °C. Param-
eters have been defined in “Boundary Conditions” and “Cell Zone Conditions”. Then, the
simulation time steps were defined at the level of 1 s and the simulation length, which was
assumed to be 7200 s. After all the simulation settings, it was possible to start calculations
in the Fluent CFD solver.

The simulation results are presented in Figure 11, where the convective distribution of
heated air from current bars inside low-voltage switchgear is illustrated. The simulation
results were presented for: 15, 30, 45, 60, 600, 1800, 3600, and 7200 s of simulation time. The
Fluent CFD solver needed 7200 computational iterations to perform a full simulation.
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Figure 11. The convective distribution of heated air inside the switchgear.

Further concluding the calculations in the Fluent CFD solver, it was possible to observe
how the air heated intensively by the busbars behaves. In addition, the phenomenon of
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natural convection fueled the process of mixing cool and hot air inside the switchgear. As
observed in the simulation results, the air temperature in the upper part of the interior of
the switchgear that was up to 15 s of simulation duration would not threaten the wires
and electrical apparatuses, while in the further part of the simulation, the temperature
increased significantly. At these temperatures, the insulation of the wires and the housing
of the switchgear melt. For 7200 s, the temperature inside the switchgear exceeded 50 °C,
the temperature of this volume would not cause the inside of the switchgear to ignite.

4.4. Additional Theoretical Short-Circuit Simulations

Additionally, simulations in short-circuit conditions were procured in order to show
thermal impact on the transmission elements of the switchgear (busbars, insulators). As it
can be witnessed in Figures 12 and 13, the temperature during short circuits conditions,
which involved the short-circuit current equal to 25 kA, exceeded 960 °C. Taking into
account the temperature and electrodynamic forces influence the conditions may cause a
fire in the switchgear, insulators fault, and even busbar destruction.

Figure 12. The convective distribution of heated air inside the switchgear in short-circuit conditions.

For short-circuit simulation, validation was not executed because of the very high
costs of experimentation measures. Those simulations are theoretical and should be treated
as additional content for this work. Those may be validated in future works.
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Figure 13. The temperature distribution in busbars and insulators during 240 s simulation in short-circuit conditions.

5. Laboratory Setup
5.1. Elements of the Test Stand

The laboratory layout was consisting of:

e The power supply device, i.e., a regulated mains current source and a three-phase
transformer of these phase currents with values up to 1 kA and output voltages
adjustable with jumpers (Figure 14);

o  Flexible cables of type LGY 2 x 1 x 150 mm? connecting the above-mentioned trans-
former with switchgear busbars screw joints;

o  Tested switchgear equipped with fuse switch disconnectors; thermocouples were
glued to the switchgear temperature measuring points;

e  Screen recorder with a 16-channel waveform measuring device, which, among other
things, conducts the acquisition of measurements.

(a) (b)

Figure 14. Power supply system used for tests: (a) three-phase regulated mains current source; (b) three-phase adjustable
power transformer.
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The preparation of the measuring system in the laboratory was not complicated and
relatively short, while the measurements took about 2 h. The acquired practical knowledge
makes it possible to state unequivocally that in order to obtain objective results, the stand
should be expanded with additional measuring devices, for example, the possibility of
measuring voltage drops on fuse-links and entire devices along with temperature increase.
However, those were not obligatory for the means of results validation.

5.2. Experimental Results

Thermocouples were mounted in the contact space of the disconnectors being inside
the switchgear—one for each apparatus. The results are graphically represented by curves.
One of the thermocouples was placed in the upper part of the switchgear, above the tested

disconnectors. The results of air temperature measurement in the switchgear are shown in
Figure 15 below:
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Figure 15. Experimental results: (a) measurement results; (b) measurement results for phase currents of approximately 630 A.
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Results values derived from simulations were significantly similar to those derived
from experimental work. Therefore, those are validating positively 3D model functionality
during rated current simulations.

6. Conclusions

The preparation of a detailed 3D model of low-voltage switchgear and the use of the
coupled analyzes Maxwell 3D < Transient Thermal < Fluent CFD, is helpful and necessary
when performing the thermal design of the low-voltage switchgears. It is essential in order
to save time and resources during the design process. That mostly concerns the shape
of busbars inside the switchgear and their placement, as it is essential for proper heat
distribution.

The results of the Fluent CFD solver calculations are consistent with the calculations in
the Transient Thermal solver and have been carried out correctly. The busbar temperature
in both analyzes is confirmed and valid. The simulation in Fluent CFD provided additional
information regarding heat distribution inside the switchgear associated with air convective
movement models concerning conditions inside the switchgear.

The simulation results obtained proved that such simulations are an ideal tool for
correctly designing the construction of low-voltage switchgear. This type of simulation
verification of the prototype of the switchgear structure allows reducing potential con-
struction errors and avoiding expensive experimental tests, which in the case of testing the
heat flow inside the switchgear during a short circuit, are very complicated and require
advanced equipment. Moreover, the simulation results were validated for rated conditions
of employing currents equal to 630 A. Validation for a value of 25 kA was not possible due
to the aspect of conducting very expensive research work. Nevertheless, the approximation
is enough in order to evaluate FEM model functionality and accuracy.

The advantage of this analysis is that the creation of a 3D model of the switchgear and
simulation are much faster than experimental research. Moreover, those are significantly
reducing costs, which allows for rapid product development. The performed analyzes
prove that this solution can be used in the case of complex projects involving the generation
and distribution of heat inside switchgears.

These types of simulation solutions allow refining the design of low-voltage switchgears
and obtaining more reliable construction solutions.
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Abstract: The paper presents a modern method of computer modeling, concerning the low-voltage
extinguishing chambers employed in modular apparatuses. The focus was put on presenting the
phenomenon of increasing the blow-out, through the use of ferromagnetic plates, dividing the
electric arc inside the electrical apparatus. The use of ferromagnetic material for the production
of extinguishing chambers results in the distortion of the magnetic field generated by the electric
arc. This creates a magnetic force that draws the arc towards the plate area of the extinguishing
chamber. The authors presented a modern tool for the analysis of physical phenomena inside the
extinguishing chamber. The presented material makes it possible to examine the influence of changes
in the geometry and materials of the mentioned components on the process of switching off the
current. The applied approach can be used to analyze physical phenomena in devices, not only
for alternating current, but also for direct current. Moreover, the model is scaled to the various
parameters of these devices.

Keywords: magnetic blow-out force; MCB; ferromagnetic side plates; ANSYS; FEM

1. Introduction

Technological progress in the field of designing electrical apparatus manifested itself
in the use of computer-aided design and prototyping tools. Circuit breakers are designed
and tested employing computer methods, e.g., CAD and CAE (computer-aided design,
computer-aided engineering) software. This tool exploits mathematical analysis to predict
field distribution, temperatures, stresses, and other physical quantities. Thanks to such
calculations, it is known whether the designed apparatus and materials it will be built
of will withstand the working conditions. Examples of such software are SolidWorks by
Dassault Systems, COMSOL Multiphysics by COMSOL Inc. (Stockholm, Sweden), and
ANSYS from ANSYS, Inc. (Canonsburg, PA, USA) [1]. Every MCB (miniature circuit
breaker) is equipped with an extinguishing chamber capable of breaking short-circuit
currents of 6 kA [2,3]. This component is one of the most important, as it is directly
responsible for interrupting the electric arc. The arc chamber is often made of 13 metal
plates. The tested internal elements of the circuit breaker were mapped in three dimensions,
maintaining their proportions, sizes, and mutual position. Arc chambers vary in the shape,
size, and number of ferromagnetic plates from which they are constructed. The greater the
number of ferromagnetic plates in the chamber, the greater its ability to extinguish the arc.

The elements considered for the analysis purposes were:

e Metal plates dividing the electric arc;
e  Plastic or metal mold with embedded metal plates.

The main objective of the procured work, for the means of this paper, was the analysis
of the calculations that described the electric arc motion on, and through, the arc chamber
ferromagnetic plates during short-circuit conditions. Calculations were executed by the
use of FEM (finite element method software).
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2. State of the Art

Paper [4,5] discusses various methodologies for assessing and improving the perfor-
mance of a miniature circuit breaker (MCB) at higher voltage and short-circuit currents.
Experimental studies were conducted to investigate the effect of different types of coat-
ing on deionization plates, in order to obtain higher breaking capacity at higher voltage.
At higher voltage, the operation of the circuit breaker becomes a challenge, based on
the efficiency of the arc extinguishing system performance. The authors investigated the
effect of various coatings on the deionization plate, in order to increase performance at
higher voltage and current. The result of their work is a general improvement of the
arc extinguishing system, thanks to the nickel and copper coating on the deionization
plates. The performance improvement was assessed on the basis of parameters such as arc
time and pass energy, which determine the behavior of the circuit breaker under various
short-circuit conditions. The above research is valuable. Manufacturers of low-voltage
modular equipment are sensitive to such suggestions. Previously, a slightly expanded
team of authors discussed [6-8] the different methodologies used to increase the MCB
breaking capacity. The authors conducted experimental studies to investigate the effect
of various types of plating on deionization plates. The influence of various parameters,
such as plating and deionization materials, were determined. The general phenomenon of
introducing an electric arc into the extinguishing chamber is aided by nickel plating and
the use of permeable steel baffles (attached to the surrounding walls). The performance
improvement was assessed on the basis of parameters such as run time and energy passed,
which indicate the response of the current-limiting circuit breaker to a fault.

In the work [9-11], it was proposed to use permanent magnets inside the arc chamber,
in order to improve the arc extinguishing efficiency. Permanent magnets create a mag-
netic field in which the electric arc behaves differently to the deionization plates. The
authors of the study presented a comparison of the test data of the circuit breakers with
the configuration of the deionization plate and permanent magnets, taking into account
different polarities and arrangement. The purpose of this work was to understand the arc
behavior inside circuit breakers when permanent magnets are used to extinguish the arc
in an arc chamber. This work will present a comprehensive behavioral study for subse-
quent designs and technologies. Interesting works were executed by the authors in the
publication [12-15]. Their work focused on the plasma arc problem. The article focuses
on the effects of various polymer vapors, such as PA66, POM, PTFE, PMMA, etc., on arc
behavior, as well as the effect of venting on pressure distribution. The ablated polymer
vapors generated by the strong radiation of the arc change the thermodynamic and trans-
port properties of the arc plasma. The CFD simulation showed arc plasma cooling and
improved gas flow. Three different generations of vents (baffles, perforated plates, and
mesh wires) were tested to obtain their pressure drop characteristics. A three-dimensional
CFD analysis of these vents was performed, evaluating the porous jump coefficients and
parameters of the vents. Investigating the venting system helped to better design vents
with optimal pressure drop and gas deionization characteristics [16-20].

The methodology of modifying the behavior of the electric arc in the extinguishing
process has been the subject of investigation for several researchers. The use of deionization
plates to extinguish an electric arc is very well researched in the literature. Nevertheless,
the aim of the material presented in this manuscript was to draw attention to modern
tools dedicated to simulating physical phenomena in low-voltage modular apparatus. The
simulation work was positively validated. The proposed construction of the electric arc
model, in the area of the contact systems and extinguishing chambers, can be used in
apparatuses with deionization plates and permanent magnets. The presented approach can
be an interesting material for manufacturers of low-voltage electrical apparatus [20-25].

3. Theoretical Part

The presence of ferromagnetic elements or plates of a specific shape has a significant
impact on the distribution of the magnetic flux density and value of the force affecting the
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electric arc appearing in their vicinity [25-30]. The use of V-shaped ferromagnetic plates
(Figure 1) increases the arc attraction force by the factor [(360° /a) — 1], compared to the use
of flat plates.

B_@V’_1£

= 1
4ty +1la ()

where B is electromagnetic induction, 4 is arc distance from ferromagnetic plate, y is air
permeability, and y; is the tile permeability.

72052,

p=1

a

Figure 1. Principle of arc attraction by ferromagnetic plates: (a) straight front side; (b) V-shaped front
side [3].

The phenomenon concerning the formation of electrodynamic forces acting on the
electric arc was used in the process of constructing extinguishing chambers. The specific
shapes of openings during the development of extinguishing chambers depend mainly on
the type of extinguished current AC or DC (Figure 2). The use of alternately arranged tiles,
with an additional side cutout, allows for additional extension of the arc flowing into the
chamber before it is divided into several arcs between the tiles, by the formation of new
anode and cathode stains [30-34].

(@ (b) ©

Figure 2. Deion plates for low-voltage circuit-breakers: (a) standard U- or V-shaped recess (AC
applications); (b) with central slot; (c) with staggered slots (DC applications).

The use of ferromagnetic plates, placed inside the arc chamber, allows the arc to
be divided into smaller arcs. This allows to increase the arc voltage and facilitate its
extinguishing, while ferromagnetic plates enhance the process of extinguishing the arc by
its additional cooling.

The plates made of a ferromagnetic material, in the structure of the extinguishing
chamber, distort the magnetic field generated by the arc, causing the appearance of an
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electrodynamic force, which attracts the arc towards the plate area. Figure 3 shows the
principle described above.

Assumed lines of induction

Plate

Figure 3. Principle of electrodynamic forces acting on the electric arc in arc chambers [2].

The magnetic flux density and electrodynamic force vary, depending on the position
of the arc, in relation to the plates. Figure 4 shows an example of the distribution of the
magnetic field for different positions of the arc, in relation to the extinguishing chamber
metal plates.

Figure 4. Magnetic field distribution for different positions of the arc in the Deion plate [2].

Most air circuit breakers use the intrinsic magnetic field created by the chamber’s
ferromagnetic plates to move the arc past the contacts towards the extinguishing chamber.
This field can be increased by additional ferromagnetic flux concentrators, such as side
plates isolated from the arc chute, as shown in Figure 5 below. The generated lines of
magnetic flux tend to flow in areas of minimal magnetic resistance, and the arc is subjected
to an electrodynamic force that moves it upwards into the extinguishing chamber.

Figure 5. Increase of magnetic blow-out force by ferromagnetic side plates: 1—arc; 2—ferromagnetic
side plates; 3—ferromagnetic plates [2].
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The contact force (F¢) necessary to counteract the blow-off force is proportional to the
square of the peak current (I):
Fe > K I? 2

where Kj is coefficient that contains the geometry and also material properties.
Equation (2) below presents the dependency for blow-out force (Fy):

F, = K-W2/3 3)

where W, = f Ve-1dt, V. is the voltage measured across the contacts.

Hence, great forces are needed to overcome the static and attraction forces from the
point contact. In order to limit the complexity of contact layout it is viable to employ the
electrodynamic forces. This is necessary, in order to limit the short-circuit current in a
brief amount of time. Here, an approved method is to use the magnetic repulsion of two
anti-parallel and closely spaced current paths (Figure 6). This force can be considerably
increased by concentrating the self-field of the current path to the moving contact part
where the force is needed [2].
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Figure 6. Dynamic intensification of: (a) contact force; (b) blow-out force. 1—fixed contact; 2—moving
contact; 3—pivot point of moving contact; 4—switching lever [2].

The arc-switching magnetic extinguishing chamber is used, in principle, for switching
off all magnitudes of currents and powers. The effect of cooling, dividing, and stretching
of the arc on the internal resistance of the arc column is used here. In the magnetic
blow-out mechanism, the electric arc between the switch contacts is being pushed by
the forces of electromagnetic induction into the extinguishing chamber [2]. The greatest
electrical resistance of the arc occurs in the area near the electrode; therefore, such a division
significantly increases the electrical resistance of the arc column. The arc chamber interrupts
an electric arc, producing an arc voltage instead of a supply voltage. This voltage can be
defined as the smallest voltage that is necessary to maintain the arc. The arc voltage can
be increased by cooling the arc plasma. After reducing the temperature of the arc plasma
and movement of the particles, an additional voltage gradient is needed to maintain the
arc. It is possible to increase the arc voltage while increasing the arc path. As soon as the
arc path length is increased, the resistance will also increase the arc voltage that is used
across the current path. In a single-point contact system, AgCu material is often used,
mainly for the fixed contact, as well as copper (it can be silver-plated, which reduces the
flash-on resistance value and, thus, reduces the transition resistance, which should not
exceed 1 mQ)) [2]. Figure 7 shows a system where an electric arc burns between a fixed and
moving contact. The movable part of the contact system is, thus, relieved of the stresses of
the arc, and the electric arc can be better adapted to the shape of the stack of deionization
plates. It is worth noting that this is additional time that can be source of delays. There
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are also solutions where the fixed guide is not connected to the movable contact, but this
connection must be made and held with an additional arc.

ot R ] | 1R e

111

Figure 7. Schematic circuit breaker arrangements: (a) without commutation to a stationary arc runner;
(b) with commutation to arc runner connected with the moving contact. I—arc between contacts;
II—arc in intermediate position; IIl—arc split up between de-ion plates [2].

4. Simulation Part

In order to verify the above-mentioned theoretical assumptions and determine the
return of the acting electrodynamic force, a very detailed 3D model of the ABB overcurrent
circuit breaker—S201 C32 was made. Using the software “SpaceClaim Geometry”, all the
individual structural elements of the MCB were modeled.

The drawn elements of the overcurrent switch were made with the maximum possible
precision, while maintaining their dimensions, shape, and position, in relation to each other.
The main parts of the circuit breaker drafted structure are:

1.  Short-circuit release coil combined with the fixed contact of the circuit-breaker;

2. Moving contact;

3. Thermobimetal combined with the “arc runner”—the element along which the electric
arc is led to the extinguishing chamber;

4. Arc chamber;

5. Upper and lower terminal of the switch.

The modeled elements of the current path are shown in Figure 8 below, which shows
the main elements of the overcurrent circuit breaker.
After modeling all the structure elements of the circuit breaker, it was possible to make

a 3D assembly for the entire device (Figure 9 below).
The 3D model of the circuit breaker was loaded into the ANSYS Workbench envi-

ronment. Numerical analysis for the prepared model was performed using the Maxwell
3D calculation module. After generating the calculation region for numerical simulation,
individual parts of the model were assigned material properties from the material library.
Then, a current excitation was applied, simulating the flow of a short-circuit current of 6 kA
through the analyzed current circuit.
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Figure 8. The main elements of the tested circuit breakers current path drawn in 3D.

Figure 9. Precise 3D model of the circuit breaker prepared for numerical analysis conducted by the
ANSYS software.
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The preliminary mesh for the analysis was defined, where the initial value of the
number of elements was set to 1,000,000 elements. When generating the mesh, the solver ad-
ditionally densified the mesh. The final value of the mesh elements was 1,315,154 elements.

The set simulation time was assumed at the level of 200 ms. Additionally, the time
steps of the performed calculations were defined for each 1 ms of the specified simulation
time. After that, the computational simulation was launched.

It was possible to generate the distribution of the electromagnetic induction line den-
sity in the side ferromagnetic plates and plates of the extinguishing chamber at the moment
of opening the contacts and appearance of an electric arc, as shown in Figure 10 below.

Figure 10. The distribution of electromagnetic induction density in the side ferromagnetic plates and
in the plates of the extinguishing chamber at the moment of opening the contacts and the appearance
of an electric arc.

The performed calculations also made it possible to analyze the value of the electrody-
namic force acting on the electric arc resulting from the refraction of the electromagnetic
arc field line in the side plates. The resulting magnetic flux is closed by the side plates
and plates of the extinguishing chamber, causing the electric arc to be forced into the
extinguishing chamber. The vector of electrodynamic force interaction on the arc, at the
moment of opening the circuit breaker contacts, is shown in Figure 11 below.
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Figure 11. Distribution of the arc electromagnetic induction lines and the return of the electrodynamic
force acting on the arc pushing it between the side ferromagnetic plates.

The influence of the electrodynamic force pushes the electric arc formed between
the side ferromagnetic plates of the switch, moving it upwards into the extinguishing
chamber. The resulting electromagnetic flux from the electric arc is closed in the plates of
the extinguishing chamber. Depending on the position of the electric arc, in relation to
the plates, the value of the electrodynamic force pushing the arc between the special cuts
in the plates of the extinguishing chamber increases. This is due to the thickening of the
electromagnetic induction lines in the triangular slots of the plates. In order to analyze this
phenomenon in detail, additional induction value distributions were generated, with the
resultant electrodynamic force vectors marked for several positions of the electric arc, in
relation to the gap of the extinguishing chamber plate (Figure 12 below).

The simulation calculations of the analyzed electric arc motion were fully consistent
with the theoretical assumptions presented by P. Slade for various arc positions in the plate
of the extinguishing chamber, presented and described at the beginning of this chapter.
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Figure 12. The distributions of the electromagnetic induction values for different positions of
the electric arc in the cutouts of the extinguishing chamber plate determined by the use of the
ANSYS software.

5. Results Validation

The computational simulation, performed in this way, was the basis for conducting
the experimental validation of determining the electric arc displacement path inside the
extinguishing chamber and between its plates, including the impact of electrodynamic
forces on the arc.

In order to perform the experimental tests, the High-Current Laboratory of the Warsaw
University of Technology was used. A diagram of the short-circuit system in the High-
Current Laboratory is shown below in Figure 13 below.
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Figure 13. Short-circuit system used for laboratory tests. The Short-Circuit Laboratory, Electrical
Faculty, Warsaw University of Technology.
In order to obtain visible paths of the electric arc motion on the plates of the extin-

guishing chamber, eight short-circuit tests were performed on eight samples of overcurrent
circuit breakers with the C characteristic and 32 A rated current (Figure 14 below).
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Figure 14. The interior of the tested circuit breaker with ferromagnetic side plates and an extinguish-
ing chamber with ferromagnetic plates used as test objects.

The tests were performed on one of the short-circuit system lines, as presented in
the diagram above. The waveforms obtained from the experimental tests for short-circuit
currents of 6 kA for individual tests are presented below (Figure 15).
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Figure 15. A recorded sample of short-circuit current and recovery voltage waveforms during short-
circuit tests performed in the High-Current Laboratory at the Warsaw University of Technology.

Different cases from (a—h).

The short-circuit tests performed made it possible to obtain and visualize the paths
of the electric arc moving along the ferromagnetic plates inside the tested extinguishing
chambers. The circuit breakers, after short-circuit tests, had their rivets removed and were
dismantled. The extinguishing chambers of the switches were pulled out, unpackaged,
and photographed. The photos taken of the plates from the extinguishing chamber were
collected and presented below in Figure 16.

(a) (b) (c)

Figure 16. Cont.
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Figure 16. The plates of the extinguishing chamber of the tested circuit breaker with the visible effect
of the electric arc inside the extinguishing chamber. Different cases from (a-1).

The figures above show the path of the electric arc pushed through the side ferromag-
netic plates into the extinguishing chamber. The presented plates of extinguishing chamber
show that, through the use of special triangular notches, the electric arc is received from the
side plates through the generated electrodynamic forces and directed centrally to the center
of the notches in the plates of the extinguishing chamber. The electric arc, after falling into
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the center of each of the plates, is divided into smaller arcs—their number depends on
the number of plates used in the structure of the extinguishing chamber. As the electric
arc splits, electrodynamic forces push the arc towards the upper left of each plate. This is
precisely represented by the traces on the chamber plates, resulting from the movement of
the electric arc on each of them.

The correlation between the oscillograms and plate photographs are depicted in
Table 1 below.

Table 1. Correlation chart between oscillograms and the plates photographs.

Correlation Chart MCB B16
Figure 15 Figure 16

a h

b i

C k

d j

e 1

f g

g f

h a

The waveforms of current and voltage are presented in Figure 13. The results of
switching off times and values of switched off currents are presented in Table 2 below.

Table 2. Juxtaposition of switching off results.

L MCB B16
P Switch-off Time [ms] The Value of the Breaking Current [A]
a 3 3670
b 3 2790
c 2.8 2820
d 3.1 2670
e 3.1 2770
f 3.1 2840
g 2.8 2760
h 3 2810

The investigated effect was demonstrated on the basis of a single-phase overcurrent
circuit breaker B16. The tests were executed in accordance with the subject standard PN-IEC
60898. A switching test was conducted in the scope of the tests. The test site was the Short-
Circuit Laboratory of the Institute of Electrical Power Engineering, Warsaw University of
Technology. The Figure 17 below shows a reference short-circuit current waveform with an
RMS value of 6400 A.
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Figure 17. The waveform of the current for which the test was executed. RMS current value—6400 A.

6. Summary and Conclusions

The short-circuit tests performed confirmed the theoretical assumptions included in the
literature. Additionally, the simulation results are consistent with the results obtained from
the performed experimental tests. The performed computational simulations confirmed
that performing numerical analyzes on accurate 3D construction models can be a significant
facilitation during the construction and prototyping of extinguishing chambers. Thanks
to this type of analysis, designers of electrical apparatus are able to create devices that are
more refined at the design stage. By making appropriate design changes, such as refining
the shape of the cutouts in the plates of the extinguishing chamber, it is possible to increase
the electrodynamic force acting on the arc falling into the chamber and by appropriately
stretching it inside the chamber—e.g., DC current extinguishing chambers in modular
circuit breakers. During this work, the execution of the following objectives was achieved:

Analysis of physical phenomena related to the flow of short-circuit current;

Building a 3D model of a low-voltage modular apparatus, which can be used for
further work in the field of switching power off. Especially now, where NEMA has
issued a directive in which modular apparatuses by 2030 will have to, inter alia,
communicate with control devices.

Building a model that is useful not only for researchers, but also designers;

The usefulness of the 3D model made in the ANSYS Maxwell environment for the
analysis of physical phenomena, during the flow of rated current, but also during the
flow of short-circuit current, was confirmed;

e  The theoretical assumptions and simulation considerations, based on 2D models,
regarding the use of the electrodynamic phenomenon with the use of ferromagnetic
plates, were confirmed;

e It has been shown that the derived model can be useful in the design of low-voltage
modular apparatuses.

The use of coupled analyzes in the process of developing the structure of extinguishing
chambers and electrical devices allows to significantly reduce the costs associated with
prototypes construction or performing expensive research and tests in research laboratories.
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ABSTRACT Paper concerns the effects of electrodynamic forces that act on the contacts of the tulip contact
system that is often implemented in high voltage circuit breakers. The high voltage circuit breaker often
consists of two such systems. One of the systems is treated as an arcing one - made of tungsten coated
elements. Capable of implementing the phenomenon of thermal-expansion. The second is made of one or
two crown laces. The first system consists of a single piece of large mass, cut in such a way as to obtain
the effect of increasing the contact surface. The second is a system, often of several dozen contacts, so as
to increase the contact area and reduce the transition resistance. The main problem of actual validation
through dynamic measurements (electrodynamic forces) is the specificity of the circuit breaker operation.
The contact system is located directly in the switch chamber filled with CO; or SF¢ gas. Hence, tests under
normal working conditions are very difficult - even impossible. Therefore, the authors proposed employment
of FEM (Finite Element Method) in order to obtain values of electrodynamic forces acting on the contact
system by executing the detailed 3D coupled simulation. The analysis of the results brought interesting
conclusions that concerned operation of such contact layouts in short circuit conditions.

INDEX TERMS Electrodynamic forces, FEM, tulip contact, high voltage, circuit breakers.

I. INTRODUCTION special devices under model conditions. Model systems for

The formation of electrodynamic forces in the contacts of
electrical devices is related to the flow of high currents,
mostly short-circuit currents. Depending on the design of
the contact system, the occurrence of electrodynamic forces
is undesirable, as it can lead to welding of the contacts
during electrodynamic bounces or even to their rupture and
destruction. On the other hand, the electrodynamic recoil
force is used to increase the speed of contact propagation
in circuit breakers by employing appropriate loop shaping of
the contact current paths. Due to the complexity concerning
the occurrence of electrodynamic forces in contacts, in order
to verify the structure in terms of resistance to electrody-
namic contact bounces, tests are performed with the use of
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testing contact welding should reflect the real conditions
in the circuit breakers to the greatest extent and should
allow for adjustment of mechanical contact parameters, e.g.
spring pressure. The phenomenon of electrodynamic bounce
is revealed in two cases:

when contact is closed during the flow of short-circuit

current;

- at the moment of switching.

The phenomenon of electrodynamic contact bounce can
lead to the formation of metallic bridges at the point of
contact. It is caused by condensation of current streams which
was shown in Figure 1 above. As a result of the high current
flow at the point of contact, the contact material may evapo-
rate. This creates additional forces and pressures greater than
the generated electrodynamic forces, which can lead to the
opening of the contacts and their damage by an electric arc.

99299
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FIGURE 1. Generation of electrodynamic forces at the contact point

caused by the c ion of current st

According to the complexity of the electrodynamic con-
tact bouncing mechanism it is very hard to experimentally
measure forces and phenomena occurring. Therefore authors
propose to employ FEM in order to execute advanced coupled
analysis and highlight values of electrodynamic forces and
their influence that acts on high voltage circuit breaker tulip
contact systems in two different versions. Moreover, this pub-
lication presents an approach for simulating electrodynamic
forces in a tulip contact system that concerns the whole inner
and outer crown not only one contactor (single lamella).

II. ANALYSIS OF ELECTRODYNAMIC FORCES
PHENOMENA IN ELECTRICAL APPARATUSES

The phenomenon of electrodynamic contact bounce occur-
ring in the contacts of high current electrical devices is related
to the narrowing of the current lines at the point of the
actual contact of conductors during the current flow. The
microstructure of the contact surfaces is not perfectly even,
there are specific current conduction zones in it, precisely
illustrated below in the Figure 2.

FIGURE 2. Conduction zones in the microstructure of contact surfaces;
1) electrically conductive zones, 2) semi-conductive zones - tunnel
electric conduction, 3) non-conductive zones with coating layers [5].

99300

When performing analytical calculations concerning the
determination of electrodynamic contact bouncing forces that
result in contacts abrupt repulsion, the main difficulty is
determining the actual points of conductors contact. It is often
the case that there are many zones of contact, which results
in the formation of several parallel densities of the current
lines as in the Figure 1 above. As a result, the electrodynamic
contact bounce force is reduced. In the case of a single point
of actual contact between the conductors surfaces, the force
value can be determined from the dependency:

D
F.=10"".{. ln% )

where: i is instantaneous current value; D is outer diameter of
the contact and a is radius of the actual contact surface.

In the case of contacts with a cross-section other than
cylindrical, e.g. rectangular, of the equivalent diameter (D)
the circular cross-section is determined. An example may be
rectangular contact strips for which in practice the equivalent
diameter D is determined. In the case of frontal loop contacts,
apart from the F,; force, there is also a loop electrodynamic
force F) resulting from the loop shape of the contact, which
additionally increases the effect of electrodynamic bounce.
In some constructions it is used to accelerate the opening
velocity of moving contacts during short-circuit currents.
An example of this type of solution with a contact system for
a low voltage circuit breaker is shown in the Figure 3 below.

Uiy

1

4

FIGURE 3. An example diagram of a LV switch contact, where the
electrodynamic bounce force was used to accelerate the opening of the
moving contact during the flow of short-circuit current.
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The electrodynamic bouncing force between the contacts
can be determined from the formula:

(@)

where: /, b are dimensions of the equivalent rectangular cur-
rent loop of the contact, kp is Dwight coefficient which value
is depending on the cross-section of the contact arms.

It is assumed that the electrodynamic bouncing of the
contacts starts when the electrodynamic force is greater than
the values of the pressure springs which is expressed by
relation (3):

!
Fep:2-10*7-i2.zkg

Fe:Fez+FepZFs' (3)

where: F is contact spring pressure force.

In practice, it turns out that the propagation of the contacts
and the appearance of an electric arc start already with the
resultant electrodynamic force F, lower than the pressure
force of the springs pressing the contacts - F. This is due to
the force generated by the rapid heating of the contact point
and the explosive liquid decomposition of the formed metallic
bridge. The extra force had impulse characteristics.

Ill. ELECTRODYNAMIC FORCES IN FEM SIMULATIONS

In order to determine the value of the electrodynamic force
for the contact system, a 3D model was made for numerical
analysis. The model was made for one actual point of sur-
face contact. Initial stage of model geometry was shown in
Figure 4 below.

After preparing the model and loading it into the Ansys
Maxwell 3D environment, it was possible to assign boundary
conditions, assign material properties and impose a current
of 6 kA on the analyzed contact, in this case without a non-
periodic component. Waveform of the short-circuit current in
a single-point contact used during this analysis was shown in
Figure 5 below.

The computational simulation of the short-circuit current
flow through the contacts allowed to determine the current
density at the actual point of contact and it was shown below
in Figure 6.

As can be seen from the waveform in Figure 7 below, the
interaction of the components in the Y direction is responsible
for the repulsion of one contact from the other. In order to
illustrate this phenomenon even better, the Y components of
the two contacts are summarized on the waveform below.
The presented forces in this case can lead to electrodynamic
bounces in the case when the spring pressing the moving con-
tact has a lower value than the sum of the forces presented as
in equation (3) above and in the waveform in Figure 8 below.

In order to determine the vectors of the generated elec-
trodynamic forces in the analyzed single-point contact, the
results of calculations from Maxwell 3D were imported to
the Ansys Transient Structural calculation module. On the
basis of the performed analyses, it was possible to generate
the values of the electrodynamic force vectors, which reached
the highest value in the contraction of the contact, with the
highest short-circuit current density.

Two components of electrodynamic forces can be dis-
tinguished from the analysis of electrodynamic forces in a
contact system layout presented above:

500

400

InputCurrent(Winding1) (4]
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100

000
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T T T
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FIGURE 5. Short-circuit current waveform in a single-point contact layout—6 kA.
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FIGURE 6. Distribution of the short-circuit current line flowing through a
contact consisting of a movable and fixed contact with one point of
actual contact.

e adial component,
e axial component.

Radial component of the generated electrodynamic forces
causing compression of the contact material at the point
of contact. Axial component of the resulting electrody-
namic forces tending to break the contacts. The phenomenon
from the analysis performed is illustrated in detail in the
Figure 9 below.

The occurrence of electrodynamic forces in the con-
tacts of electrical devices is a generally unfavorable phe-
nomenon, which significantly reduces the contact pressure
force, or at high values of the short-circuit current it leads

e
1 F F ok I | L]
| O N L R y

to their abrupt opening. In order to prevent this phenomenon,
electrodynamic force compensation systems are used. This
is done by increasing the contact pressure force by applying
the special cuts in the current paths or appropriate shaping of
the current path inside an electrical apparatus, e.g. a circuit
breaker. While current is flowing, forces are pressing the
movable contacts or any contact elements to the fixed con-
tact, compensating the electrodynamic bounce force. In tulip
contacts, due to the uniform distribution of the contacts in
relation to each other, with unidirectional current flow, the
contacts are pressed against the pin, which in this case is a
favorable phenomenon.

IV. INFLUENCE OF ELECTRODYNAMIC BOUNCES ON THE
CONTACT WELDING

Due to the flow of short-circuit currents, electrodynamic
forces influence in the contacts may result in bouncing and
erosive changes on the contact surfaces. During the opening
of the contacts, bridges of the molten metal may form, which
may lead to permanent grafting of the connector contacts
while the contacts are closing.

During the closing of the electrical device contacts, the
movable contact collides with the fixed contact. The mov-
able contact of the apparatus is influenced by the forces
from the pressure spring of the connector, electrodynamic
forces and forces from the generated intra-arcuate pres-
sure (directed against the forces coming from the connec-
tor drive). After the contacts collide, the kinetic energy is
converted into potential energy in the form of elastic stress
in the movable contact of the switch, and then the poten-
tial energy is again converted into kinetic energy of the

B
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FIGURE 7. Determined X, Y and Z components of electrodynamic forces in a contact with one actual point of contact.
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FIGURE 8. Determined Y comp ts of the g d electrod ic forces in the analyzed contact system with one actual point of contact.

FIGURE 9. C ts of electrod ic forces in an analyzed contact system.

P Y

contact movement of the opposite sense. The reciprocal shorter time of loss between the moving contact and the fixed

motion is magnified by the value of the generated electro- contact.
dynamic forces. Over the years, various methods have been developed to
The state without electrodynamic bounces usually occurs measure the duration of electrodynamic bounces. The sim-

only after several bounces with decreasing amplitude and a plest direct measurement of a single and total bounce time
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is the recording of the voltage on a bouncing moving contact,
from which the obtained data allow to draw a curve describing
changes in the gap between the contacts while electrody-
namic bounce occurs.

Another direct method is to use the laser beam as an
optical probe to measure the length of the gap between the
contacts placed between the light source (laser), the photo-
sensor. In this case, the light source must be set so that the
generated contact movement during electrodynamic bounces
causes a change in the amount of light reaching the sensor.
This method, however, requires optical access to the contacts
and is not applicable in the case of an electric arc between the
contacts.

Due to the above-mentioned difficulties, it is recommended
to use indirect optical methods to measure electrodynamic
bounces, including the method of recording light by a CCD
(charge-coupled device) camera, which allows for the record-
ing and then reading of an electrical signal proportional to
the amount of incident light that lights on it. An example of a
system for measuring electrodynamic springs of the method
using a CCD camera is shown in the Figure 10 below.

It should be noted that it is not enough to register only
the movement of the movable contact, because also the fixed
contact is usually subject to elastic vibrations caused by the
hitting of the movable contact against it.

Mechanical models for studying the phenomena of electro-
dynamic bounce as shown in Figure 11. Below.

Those can be used to study impact phenomena or to deter-
mine the coefficient of impact for a certain material.

im

L5 eveas

PhEd

FIGURE 10. Recording of light reflected from contacts by CCD camera
(1 - fixed contact; 2 - moving contact; 1a, 2a - contrast strips connected
with contacts; 3 - lens; 4 - CCD sensor; 5 - CCD driver; 6 - transient
recorder; 7 - computer; 8 - graphic screen; 9 - light source [5]).

In the designed contact, the clamping force value of the
movable contact should be selected in such a way that in the
case of the peak current of the connector, the spring pressure
forces are greater than the expected electrodynamic force.
In order to analyze the kinematic system that checks the time
and amplitude of electrodynamic bounces, various contact
models with specific degrees of contacts freedom are used,

99304

FIGURE 11. Shaw’s contact bouncing control mechanism [5].

a model with two degrees of freedom will be reflected and
will vibrate, causing bounces of smaller amplitude in turn,
until those stop.

Due to the problematic effects of electrodynamic interac-
tions in the form of bounces and electrodynamic repulsion
force, various methods of limiting electrodynamic phenom-
ena in contacts have been developed. These are among others
listed below.

1. Setting the working surfaces of contacts at an angle an

adynamic shaping shown in Figure 12:

Fe:Féz'i‘Fek 4
Fl, = 2~Fez~cos% (5)

-— —
Fek
FIGURE 12. Setting the contact surfaces at an angle and electrodynamic
comp tion by of ady ic shaping of the contact.
2. Contact sharing shown in Figure 13:
Fe=n-Fe (6)
i 2
Fez=k~(1,3~;) @)
1,69 .
F,=—— k% )
n
Fo=0,84-5k-i*forn=2 9)

3. Electrodynamic compensation by dividing one con-
tact into more parallel contacts (tulip contact) shown
in Figure 14:

Fex
Fe=Fe— == (10)
Fop = 0,25k -i*-1 a1

4. Compensation by shaping the current path in the form
of a loop (single-loop, two-loop, multi-loop contacts)
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FIGURE 13. Sharing of a contact into several parallel contacts.
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FIGURE 14. Electrody i tion by splitting one contact into

more parallel contacts (tullp conlact system).

shown in Figure 15:

Fe=Fo — Fe (12)
Fop = kii® -1 (13)
Fer
i
Falk 7
i -
i T
—
i L
|
ol r -—
FIGURE 15. Comp by sh g the current path in the form of a

loop (single-loop, two-| Ioop, multi-| loop contacts).

5. Setting the working contact surfaces at an angle — for
that scenario equations (4), (5) and (14) are employed.
That was shown in Figure 16:

Fl, <?2F,, (14)

In circuit-breakers with high current-carrying capacity of
contacts, the system shown in Figure 16 is often used,
in which the working surfaces of the contacts are set at an
angle « in relation to the direction of interaction of the contact
forces. In this case, the resultant force F,, is smaller than
the sum of the electrodynamic forces F,,, which is more
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FIGURE 16. Setting the working contact surfaces at an angle.

favorable than in a typical contact. The circuit shown in
Figure 12 has additional, more advantageous features due to
the adynamic shape of the contact allowing for additional
electrodynamic compensation of the forces that push the
contacts away from each other. For contactors and circuit
breakers, the example shown in Figure 13 is used, which is
employed to separate the flowing current by using several
parallel contacts. In this case, the arising electrodynamic
forces in the contact have smaller values because the cur-
rent value in a given contact is lower. Example shown in
Figure 16 is found in medium voltage circuit breakers which
are equipped with tulip contacts. Evenly spaced contacts are
pressed against the pin by compression springs. In this case,
during the flow of rated or short-circuit currents, the contact
pressure force through the pressure springs is increased by the
additional action of electrodynamic forces F,; compensating
the electrodynamic forces F,; acting at the contact point of
the contact system.

The above-mentioned theoretical methods of the compen-
sation of electrodynamic forces in the contacts of electric
devices were used by the authors in order to perform simu-
lation calculations to verify the presented methods.

For this purpose, a 3D model presenting the geometry of
the system 5 (Figure 16) was made, where the working sur-
faces of the contacts were positioned at an angle « in relation
to the direction of interaction of contact forces, in accordance
with the theoretical assumptions. After importing the model
to the software, the boundary conditions were assigned and a
simulation for a short-circuit current of 40 kA was performed.

After the computational simulation was performed, the
current density distribution in the analyzed contact system
was derived. The highest values of the short-circuit cur-
rent density were found at the contact points, as shown
in Figure 17 below.

The determined values of the electrodynamic forces in the
executed simulation reached the average of 10 — 40 N Jm3.
The maximum value achieved was witnessed in the right con-
tact of the current path shown and it amounted to 50 N /m?3.
This was shown in Figure 18 below.

The performed calculations confirmed the presented return
of the electrodynamic forces F,; acting in the contact,
which at the same time confirms the thesis that the angular
arrangement of the contacts allows for the reduction of the
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FIGURE 17. Current density distribution in the system compensating the
effect of electrodynamic forces—arrangement of the contacts at an angle.

electrodynamic forces value that ought to open the analyzed
contact. Force F,, value was smaller than force F; value. Itis
worth noting that the highest stresses in the computational
simulation performed occurred in the center of the contact
strips, where the radial component of the generated electro-
dynamic forces was revealed, causing the contact material
to compress at the point of actual contact of. The stress
distribution in the analyzed contact system is presented in

Figure 19 below.

V. ELECTRODYNAMIC FORCES IN CLASSIC TULIP
CONTACT LAYOUT

Analyzing furtherly the theoretical assumptions concerning
the compensation of electrodynamic interactions in contacts,
a 3D model of a tulip contact with specially elongated

contacts of the contact crown was prepared. In this case,
the generated force pressing the tulip lamellas against the
arcing contact and the forces pushing the contacts at the
point of contact with the pin were analyzed. In order to
determine the interaction of electrodynamic forces in the tulip
contact, a short-circuit current of 40 kA was passed through
the contact along with the non-periodic component of the
current raising it to 50 kA in the initial phase of its duration.
The obtained waveform is shown below in Figure 20. The
voltage level value for those simulations was set at 72,5 kV.
For this voltage, the device can be filled with CO; or SFg gas.
Of course, the extinguishing medium determines the current
carrying capacity. And so for CO, gas this load capacity is,
for example, 2750 A, and for the same cross-sections when
filled with SF6 gas it is equal to 4000 A. Undoubtedly, it is
related to the ability to receive energy from the electric arc
and deionizing the contact gap. The key decision related to
the selection of the contact system for research and analysis
was the trend:

e restrictions on the use of SFg gas,

e developing the process and mechanism of thermal

exposure to the next generations,
e research on the use of CO» gas and its mixtures and also
other gases.

Current flowing through the tulip contact was analyzed, the
highest current density was demonstrated at the contact points
between the lamellas and the contact pin inserted into the
crown formed by the system. Additionally, the distribution of
the short-circuit current density flowing through the contact
is presented in the Figure 21 above.

FIGURE 18. Distrib

of electrod

99306

Y ic forces in a contact - arrangement of contacts at an angle.
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FIGURE 19. Distribution of electrodynamic forces in a contact - arrangement of contacts at an angle.
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FIGURE 20. Generated simulation of the short-circuit current passed through the analyzed tulip contact.

After exporting the obtained computational data to
the mechanical solver, it was possible to generate the
distribution of the resulting electrodynamic forces in the
analyzed tulip contact. In this case, the theoretical assump-
tions were confirmed, where forces F,; were generated at
the contact points, repelling the contacts of the contact

VOLUME 10, 2022

crown from the contact pin. In the remaining parts of the
contactor, electrodynamic forces For were created, press-
ing all the contacts inwards, thus eliminating the impact
of the forces repulsing the lamellas. The generated electro-
dynamic force vectors are shown below in the Figure 22
above.
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FIGURE 21. Short-circuit current density flowing through the tulip contact.

FIGURE 22. Distribution of the interacting electrodynamic forces at the actual contact points and the entire tulip contact body.
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q;

FIGURE 23. Contact mechanical deformations in a tulip contact related to the interaction of electrodynamic forces.

In order to verify which electrodynamic forces are greater,
an additional mechanical analysis was performed to check
where the greatest mechanical deformations occur. In the
computational simulation, it turned out that the electrody-
namic forces at the point of contact have a much lower value
than the forces pressing the contactors. This is illustrated in
detail in Figure 23 above, where the deformations related to
the occurrence of the discussed forces in the tulip contact are
presented.

VI. ELECTRODYNAMIC FORCES IN HIGH VOLTAGE
APPARATUSSES~—LIVE TANK CIRCUIT BREAKER

High voltage electrical apparatuses such as circuit breakers
and disconnectors are connected in series to the protected
circuit. When disturbances in the form of short-circuits occur,
the flowing short-circuit currents can be greater multiple
times than the rated currents of these devices. In effect, gen-
eration of mechanical stresses is a result of electrodynamic
interactions.

Manufacturers of alike devices can successfully use mod-
ern numerical methods in order to design and manufacture
apparatuses resistant to the impact of electrodynamic forces.
Simulation analyses allow to determine the value of electro-
dynamic forces originating from peak short-circuit currents
and mechanical stresses resulting in the developed layouts of
high voltage electrical apparatuses. The electrodynamic force
of the designed device is defined by the peak value of the
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current switched off, for example, by a high-voltage switch
without depriving it of its ability to be used further (it is not
causing its damage).

One of the most important high voltage apparatuses are
circuit breakers. Those allow for switching off fault currents,
e.g. short-circuit currents in a protected circuit after receiving
a signal from the protection automatics in order to start the
circuit breaker drive. An example of the design of a circuit-
breaker with three poles mounted on a common supporting
beam with a common operating mechanism is shown below
in Figure 24.

Development of the structure and production of a high-
voltage circuit breaker requires from the manufacturer not
only constructional knowledge and ‘know-how”, but also
a large technical base and machinery park. Global manu-
facturers such as ABB, SIEMENS or ALSTOM produce
overhead circuit breakers for voltages up to 300 kV and
for currents up to 50 kA in a single-break version, i.e.
with one set of connection chambers for a particular pole
of the HV switch. In the case of higher voltages, sys-
tems with a double set of switching chambers (420 kV)
and with a four set of switching chambers (800 kV) are
used.

There are two typical designs of SF¢ gas overhead switches
in the circuit breaker design. The first type are the live-
tank circuit breakers, the connection chamber of which is
built into a porcelain or composite insulator at high potential
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FIGURE 24. LTB-D high voltage Live-Tank circuit breaker by ABB.

during operation. The second type of switches are dead-tank
constructions, the tank of which, together with the connection
chamber, works at the ground potential.

In this type of SFg¢ circuit-breakers, the switching cham-
bers are equipped with a puffer type, in which the gas is
compressed by a piston or a cylinder directly coupled with
the contact system. In the third generation of switches in the
switching chambers, the thermal expansion effect is addi-
tionally used. The energy generated by the burning of the
electric arc helps to extinguish it. During the opening or
closing operation of the switch, the gas is compressed by
a piston moving in a cylinder. The forced SFg gas into the
extinguishing chamber flows around and cools the burning
electric arc.

Currently used high-voltage circuit breakers are equipped
with two-stream structures of extinguishing chambers, where
SFe gas from the compression chamber is forced into a
double system of nozzles with arcing contacts made of
the main and auxiliary nozzles. Development work on
the use of electric arc energy to increase the arc extin-
guishing efficiency during the zero crossing of the cur-
rent, enabled the development of compression chambers
consisting of two smaller chambers: thermal-expansion com-
pression and mechanical compression. An example of the
compression chambers built into the circuit breaker switching
chamber is presented below in Figure 25.
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FIGURE 25. Longitudinal section of the HV circuit breaker connection
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FIGURE 26. Schematic drawing of cables connecting the mechanisms of
HV switch for 3 poles.

FIGURE 27. The pictorial drawing of a common drive for HV storage
circuit breaker.

The arcing contacts built into the switching chamber are
most exposed to the effects of an electric arc during switching
operations. The arcing contact system and the main con-
tact system in the switching chamber operate in a specific
switching sequence. When switching off e.g. fault currents,
first the main contact of the switch opens without arcing,
and then the arcing contact opens, taking over the erosive
processes related to the action of the electric arc for which
it is adapted (made of an alloy of tungsten or molybde-
num with copper). When closing the circuit-breaker, the arc
sequence of the arcing contact and the main contact are
reversed.
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FIGURE 28. Modeled 3D assembly of the HV switch according to the
executed measurements.

VII. LIVE TANK CIRCUIT BREAKER 3D MODEL AND
ELECTRODYNAMIC FORCES SIMULATIONS

To create a 3D simulation model of a live tank high volt-
age circuit breaker, the dimensions were taken from a real
object. From the outside, the switch pole was made of a
supporting insulator to which the extinguishing chamber of a
single-break switch is screwed. The circuit-breaker has con-
nections for screwing high-voltage cables and screw fittings
for mounting the pole on the support beam of the three-
pole system. Inside the circuit breaker, at the height of the
supporting insulator, there is a string coupled with a piston

moving inside the cylinder in the connection chamber. The
traction layer is mechanically stressed with the mechanism
of the entire circuit breaker. The power from the drive is
transferred by means of strings to individual poles, where the
contacts of the switch are closed or opened. An illustrative
drawing of the mechanical system of the traction layers is
presented in Figure 26 below. The traction layers are driven
from the switch storage drive located under the middle pole
of the switch (phase B). The energy from the closing and
opening springs is transferred to the circuit-breaker poles by
means of the strings. The main components of the storage
drive of the high-voltage circuit breaker are described in
Figure 27 below.

In the switching chamber, on the moving piston, there is a
movable part of the arcing contact in the form of six lamellas
and a movable part of the main contact of the analyzed circuit
breaker (sleeve). The fixed elements of the arcing contact and
the main switch, due to the fact that the circuit breaker was
of the single-motion type, are the main crown with the main
contact contacts and the arcing contact in the form of a bar
overlapping the crown.

The circuit breaker components have been accurately mea-
sured and dimensioned. This allowed for the preparation of
3D models of individual elements of the high-voltage circuit
breaker connection chamber, including: main contacts, arcing
contact, nozzle, cylinder and other elements. The prepared
3D assembly of modeled elements of the high-voltage switch
structure is shown in Figure 28 above and in

The 3D modeled simplified structure of the high-voltage
circuit breaker chamber made it possible to perform simula-
tion analyses of electrodynamic forces for the short-circuit

FIGURE 29. Modeled 3D assembly of the HV switch according to the executed measurements—cross section.
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FIGURE 31. Density distribution of the short-circuit current flowing through the contacts of the switching chamber of the high-voltage circuit breaker.

conditions declared by the manufacturer in the form of 40 kA For this purpose, the prepared 3D model of the circuit
of rated short-circuit breaking current. breaker connection chamber was imported into the Ansys
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Workbench software, where in the Space Claim Geometry
module, the geometry was thoroughly checked and
simplified in terms of the quality of modeled parts - redundant
surfaces and duplicated unnecessary edges. The geometry
was prepared in this way, devoid of any non-linearities and
inaccuracies causing problems during calculations. It was
shown in Figure 30 above.

In order to prepare a computational simulation, the 3D
model was exported to the Ansys Maxwell 3D computa-
tional module. The simulation analysis to determine the elec-
trodynamic forces in the contacts of the circuit breaker at
the moment of the short-circuit current occurrence was per-
formed for the closed main and arcing contacts of the circuit
breaker. The imported 3D model of the circuit breaker into
the Ansys Maxwell 3D environment was properly prepared
for simulation. For the calculations, environmental conditions
in the form of SFg gas were adopted and material properties
were assigned to individual parts of the analyzed assembly
of the HV switch. Examples of material properties for tung-
sten adopted for the arcing contact pin are shown in the
Table 1 below.

After setting the material properties, the model was given
current forces in the form of specific short-circuit currents.
The initial direction of current flow for calculations was
assumed from the fixed contacts to the moving contacts of the
circuit breaker. Simulation analyses to determine the value
of electrodynamic interactions in the circuit breaker contacts
were performed for two cases of short-circuit current:

e 40 kA without non-periodic component,
e 40 kA with a non-periodic component increasing the
short-circuit current up to 60 kA.

Boundary conditions for the prepared simulation were
properly determined, it was necessary to determine the simu-
lation time, the duration of which was assumed to be 200 ms.
The time step for the computational iterations performed was
assumed every 0.5 ms, which gave a total of 400 iteration
steps that the solver had to perform.

In the case of the “mesh” calculation, elements of the
“tetrahedra” type were used. On the contact points of the
crown of the main contact and the arcing contact, the com-
putational grid was additionally densified in order to obtain
greater accuracy of calculations. In the first computational
iteration, the number of mesh elements was 534379, the
“Adaptive Mesh Refinement” function was employed, the
mesh was compacted by a solver in places where it was
additionally required.

Numerical calculations were started, the total time of
which was 10.5 hours. From the obtained results, it was
possible to check which elements of the switching chamber
are most exposed to electrodynamic influences generated by
the flow of short-circuit currents. At this stage of the calcu-
lations, it was also possible to analyze the generated approx-
imate Ohm losses in each of the analyzed active parts of the
circuit breaker. Additionally, the software made it possible
to view the density distribution of the short-circuit current
flowing through the closed contacts of the high-voltage
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TABLE 1. Examples of material properties for tungsten used for
calculati in the simulati lysis for the switching chamber
of the high-voltage circuit breaker.

Name Type Value Units
Relative Permittivity Simple 1
Relative Permeability Simple 1
Bulk Conductivity Simple 182-10°  siemens/m
Dielectric Loss Tangent Simple 0
Magnetic Loss Tangent Simple 0
Electric Coercivity Vector
Magnitude Vector 0
Mag
Magnetic Coercivity Vector
Magnitude Vector 0 A per meter
Mag

Thermal Conductivity Simple 174 W/m-C
Magnetic Saturation Simple 0 tesla
Lande G Factor Simple 2
Delta H Simple 0 A per meter
Measured Frequency Simple 9.4e+0  Hz

9
Core Loss Model None w/m?
Mass Density Simple 19300 kg/m?
Composition Solid
Specific Heat Simple 132 j/kg'C
Young’s Modulus Simple 375-10° N/m?
Positions Ratio Simple 0.3
Thermal Expansion Simple 4.6e+06 1/C
Coefficient
Magnetostriction Custom
Inverse Magnetostriction Custom
Thermal Material Type Solid
Solar Behavior Simple 0

switch, an example of the density distribution in the contact
system is shown below in Figure 31. In the case of the
simulation analysis performed, particular attention was paid
to the forces occurring in the contacts of the main and arcing
contacts.

For the first numerical simulation, for an undistorted short-
circuit current of 40 kA, the values of electrodynamic forces
in the main contact were similar to the order of magnitude
for all 24 main contactors (lamellas) (force values in kN).
However, the calculated values of electrodynamic forces for
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FIGURE 32. 1 of 24 lamellas (contactors) of the main contact in high voltage circuit breaker before simulati
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FIGURE 33. Values of electrodynamic forces acting on one of the main contact lamella for 40 kA without non periodic comp t
the contact points were different and ranged from 0.01 to for 1 of the 24 main lamellas is presented in Figure 32 above
1.2 kN. An example of the generated electrodynamic forces and Figure 33 below.
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FIGURE 34. 1 of 6 lamellas (contactors) of the arcing contact in high

Elecirodynasi: Forces « acting on one of the arcing costact lamella
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FIGURE 35. Values of electrodynamic forces acting on one of the arcing contact lamella for 40 kA without non: period p t

In Figures 34 above and Figure 35 below the simulation
for 1 of 6 lamellas of the arcing contact were depicted for the
40 kA current without non-periodic component.

The results of the second computational simulation for the
current with a non-periodic component shown that contacts
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were under influence of significant electrodynamic loads.
It was dependent on the presence of a non-periodic com-
ponent boosting the short-circuit current in the initial phase
of its duration. The momentary boost of the short-circuit
current value resulted in higher electrodynamic loads in the
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FIGURE 36. Values of electrodynamic forces acting on one of the main contact lamella for 40 kA with a non-periodic component increasing the

short-circuit current up to 60 kA.
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FIGURE 37. Values of electrodynamic forces acting on one of the arcing contact lamella for 40 kA with a non-periodic component increasing the

short-circuit current up to 60 kA.

circuit breaker contacts. In the case of the main contact,
the maximum value of the electrodynamic forces reached
twice the value of about 2.5 kN, and then at the time of the
decay of the non-periodic component, these values decreased
to the level of the results from the previous calculations.
Sample waveforms for a selected contactor are shown in
Figure 36 below.

99316

The electrodynamic effects for 40 kA current with a non-
periodic component in the arcing contact are much greater.
In relation to the simulation results for the arcing contact
loaded with a current without a non-periodic component the
calculated values are twice as high, reaching over 40 N.
The values for the selected arcing contactor are shown in
Figure 37 below.
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FIGURE 38. Values of electrodynamic forces acting on all lamellas of the arcing contact of the Live Tank high-voltage circuit breaker for short-circuit

current without non

t—arcing contact.
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FIGURE 39. Values of electrodynamic forces acting on all lamellas of the main contact of the Live Tank high-voltage circuit breaker for short-circuit

current without non-periodic component—main contact.

The obtained values illustrate the formation of momentary
significant increases in electrodynamic interactions in the
initial phase of the current flow in relation to the previous
calculations for the short-circuit current without the non-
periodic component.

VOLUME 10, 2022

The use of the 3D model of the circuit breaker switching
chamber made it possible to perform very time-consuming
calculations aimed at determining the electrodynamic inter-
actions on all contacts. This unique approach made it possible
to verify that all contacts in the contact system are evenly
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loaded. Calculations were executed for 1.265.243 generated
computing nodes. As a result, it was possible to gener-
ate the resultant waveforms of electrodynamic interactions
affecting the main and arcing contacts. It was presented in
Figures 38-41 below.
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VIIl. SIMULATION RESULTS SUMMARY

The generated waveforms allowed for the analysis and con-
clusions that the main and arcing contacts are not uniformly
electrodynamically loaded during a 40 kA short-circuit with a
course not deformed by a non-periodic component. The same
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computational approach was performed for the short-circuit
current much more unfavorably from the point of view of
electrodynamic exposures, which contains a non-periodic
component. This type of short-circuit current is much more
harmful from the point of view of mechanical stresses -
deformation or even contact damage. The calculations made
in the form of generated waveforms for the main and arcing
contact contacts for a more unfavorable short-circuit current
were collected on the waveforms depicted in Figures 38-41.

In the case of the conducted analysis concerning the deter-
mination of the electrodynamic forces affecting the contacts
of the main and arcing contact, the simulation approach pre-
sented by the authors may now be one of the simpler and very
useful methods for determining the approximate values of the
electrodynamic forces. Depending on the accuracy of the 3D
model adopted for calculations, the obtained results are much
more reliable than simplified analytical methods. In the case
of such a complex structure as a high-voltage circuit breaker,
and more precisely in the case of the performed analysis of its
switching chamber, it is not possible to determine the exact
values of the interacting electrodynamic forces in an analyti-
cal manner with the use of formulas and simplifications. Even
if such computational steps were taken, the obtained results
were subject to error and uncertainty.

IX. CONCLUSION
In the performed simulation, authors used an accurate 3D
model prepared on the basis of measurements of individ-
ual parts of the dismantled pole of the high-voltage circuit
breaker. The 3D model obtained in this way allowed for the
performance of reliable simulation analyses, which helped to
visualize how the contacts of the HV circuit breaker can actu-
ally behave in the event of the flow of short-circuit currents
and to what electrodynamic exposures those are subjected to.

Interestingly, on the basis of the obtained results, the
authors illustrated that the individual contacts of both the
main contact and the arcing contact are not evenly elec-
trodynamically loaded. From the generated electrodynamic
force waveforms for each contact point, doubts were raised
as to the possibility of using simplifications and performing
calculations only for 1 contact point, which can be found in
the literature. The obtained results show that the values of the
electrodynamic forces can differ even from 2 kN, which in
turn may initiate the deformation of the contact or even the
damage of the whole contact system. Performing this type
of numerical analysis on even more accurate 3D models in
the form of structural models in R&D departments allows
for obtaining precise data on electrodynamic exposures. Each
improvement or change in design can be quickly simulated,
which in the process of creating a prototype, e.g. of cur-
rent circuits and contacts of a high-voltage circuit breaker,
is extremely important in terms of cost reduction and limiting
the number of prototypes for experimental tests in research
laboratories.

Authors conducted thorough research of the literature
which confirms the lack of information on the study of
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electrodynamic forces in high voltage contact systems. In the
R&D manufacturers departments of contact systems and
static breakers, static tests can be found [x]. The works
concern only the contact system made of one element, cut
in an appropriate manner. Then, outside the circuit breaker
chamber, it is possible to conduct tests by pulling out one of
the contacts and determining the force statically. It is not a
force related to the flow of current. It is a mechanical force
obtained through the elasticity of the material, sometimes also
by pressure springs.

The authors referred to the global trend in the research of
contact systems of high-voltage devices and focused on the
correct selection of:

e materials,
e boundary conditions,
e physics issues.
Authors tried to recreate some of the research in laboratory
conditions, in a short-circuit laboratory.
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ABSTRACT Paper concerns the novel modelling technology called digital twin in aspect of physical
phenomenon simulation analysis. Digital twin model concerning electrodynamic forces in three-phase high
voltage disconnector was presented, validated and discussed. Experiences related to laboratory work and
measurement of electrodynamic forces clearly showed that often, despite the use of modern computing
machines, the research process is hard, very expensive and values of electrodynamic forces are almost
impossible to measure in real scale conditions. Hence the idea to use very advanced field models minimized
to a reduced order model (ROM), using the digital twin technology seemed valid and rendered possibilities
for advancements concerning this type of research. Due to the large weight of devices (chokes, transformers,
disconnectors) on high-voltage networks it is often time-consuming or even impossible to perform the
entire simulation. Proposed modelling approach helps to obtain results from very complex models also
for long-term thermal tests. The reduced order model can be used not only by researchers, but also in the
development departments of enterprises. Digital twin model results were compared and validated with values
derived from short-circuit tests made in Institute of Power Engineering, Research Institute.

INDEX TERMS Electrodynamic forces, FEM, simulation, current paths, experiment.

I. INTRODUCTION

The modern power system is a set of high end distribution
electrical devices (switchgears, apparatuses, energy storage
facilities). Not only type tests, but above all construction
and implementation tests are laborious and time-consuming.
The series of PN-EN IEC 61439 standards is an impor-
tant tool for implementing the essential requirements for

The associate editor coordinating the review of this manuscript and

approving it for publication was Su Yan

designing electrical equipment, low-voltage switchgears and
control gear assemblies (concerns low-voltage directives and
electromagnetic compatibility). An important aspect of the
work is, among others, the effects of the limit temperature
increase in switchgears, control gears, electrical apparatuses,
and this is a significant change, which is also the greatest chal-
lenge for manufacturers of electrical equipment. Mentioned
standard describes the requirements and testing procedures
for assemblies of different devices installed in an enclosure
under various operating conditions compared to the product

© 2024 The Authors. This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License.
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FIGURE 1. Optimized 3D model of medium voltage three-phase
disconnector structure in SpaceClaim Geometry software constructed for
this work by authors team.

standard. The actual temperature inside the switchgear is a
factor that significantly limits the rated parameters of the
equipment, especially in relation to current values. For exam-
ple, a device with a rated current of 100 A, when installed
in a switchgear, may have a current limit of 82 A. The
development of the power industry puts more and more
demands on electrical devices and components cooperating
with them. They are sought for their optimal constructions
both in terms of electrical and mechanical, guaranteeing at
the same time high durability and reliability of their oper-
ation. In order to fully investigate the physical phenomena
occurring in switchgear and electrical apparatus, more than
one analytical or field model should be proposed. During
the flow of currents of several to several tens of kiloam-
peres through the device, it is subjected to many processes,
not only electrical but also mechanical. With the develop-
ment of technology, a rapid increase in the rated power of
electrical power equipment is observed. The development
trend is to further increase the value of conducted currents.
At the same time, the switchgear is subject to ever greater
demands on the reliability and reliability of its operation. Dig-
ital calculation methods allow to perform many calculations
in parallel. This solution significantly speeds up the entire
process of designing selected elements. Digital techniques
are successfully used in the design of the construction of
electrical apparatus and switchgear (including contacts and
current paths). Using CAD software, devices can be designed
from a single component to entire complex assemblies. Those
can be used to simulate the movement of elements relative to
each other, exclude collisions, and end with the observation
of the designed system in conditions simulating the natural
working environment. In Figure 1 below, the detailed 3D
model prepared for FEM (Finite Element Method) analysis
was shown.

The requirements for switchgear devices differ from the
typical requirements for devices with a small current load

75702

not only in that those possess much more complex structure,
but also in the fact that there are new requirements resulting
from the fact that the dimensions of the designed power
devices and systems, their extent and diversity are constantly
growing. In these systems, for high currents (of the order of
kiloamperes), the following become important:

e analysis of electric current distribution in parallel current
paths and contacts;

e analysis of temperature distribution in high-current cir-
cuits and contacts, in various configurations;

e analysis of electrodynamic interactions in high-current
circuits and contacts;

e analysis of electromagnetic interactions in electrical
apparatuses;

e increasing the permanent, transferred load in switching
devices, electrical apparatus;

e failure elimination;

e correction of the arrangement of high-current tracks and
devices powered by them;

e selection of optimal outline dimensions;

e analysis of the impact of the shape of contacts on the
transition resistance and contact temperature;

e analysis of the impact of the clamping force on the
transition resistance and the value of the welding current;

e synthetic process of modeling and designing contact
systems, high-current circuits.

The most effective way to meet the requirements
imposed on electrical devices is the use of various types
of computer-aided research and development techniques,
as well as the development of appropriate procedures and
algorithms for research and implementation activities. The
rapidly growing demand for electrical devices consisting of
high-quality components imposes a new approach to the anal-
ysis of physical phenomena occurring during the flow of rated
and short-circuit current. The main purpose of the analyzes of
physical phenomena and design tests of electrical devices is to
build solutions that can significantly improve their electrical
(including short-circuit strength) and mechanical parameters.
For this reason, the design of electrical apparatus, current
circuits, contact systems is preceded by the development of
accurate, reliable simulation models. Analyzes of physical
phenomena performed on the basis of the aforementioned
models are used to develop new concepts and constructions
of basic elements of the power system. Based on the literature
review, analysis of the directions of development of the power
industry, the authors’ research experience, implementation
and construction studies are crucial for the correct intro-
duction of the final product to the market. Such tests are
important not only from the point of view of manufacturers
of electrical devices, but also customers. It is the rapidly
changing customer needs that often force design changes.
The requirements of power operators, who even require safety
certificates confirming construction tests, are not without
significance. Often also the results of the tests themselves,
and not just the certificate. Hence the increased interest in
algorithms supporting the research process and identification
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of results. Especially in time-consuming, complex laboratory
trials [1].

The aim of the project was to develop reduced order
model of three-phase disconnector using the digital twin
technology capable of simulating electrodynamic tests during
one- and three-second short-circuit current flow and also
thermal interactions during flow of rated current. Novelty
of this project can be assumed as electrodynamic tests are
very expensive and hard to conclude by means of standard
laboratory tests, therefore the tool for precisely simulating
those interactions would be asset concerning examination
of physical phenomenon in electrical apparatuses. Moreover
tests necessary to determine the current level of operational
safety of devices often require costly shutdowns or, due to
the mechanisms present in them — operational degradation,
the test itself requires appropriate preparation and significant
expenditures or interference in the construction of the device,
e.g. when taking samples from the construction material for
their laboratory examination [1]. Digital twin technology
makes possible to run very complex simulation — that is
hardly possible while taking into account classical FEM mod-
elling software. The implementation of the research problem
is possible, among others, by developing a reduced order
model based on the finite element method with the use of
artificial intelligence. Modules of artificial intelligence, neu-
ral networks, machine learning and additive manufacturing
implemented in numerical programs give the opportunity
to build the DT [1]. The use of adaptive algorithms makes
it possible to obtain a numerical model that reduces the
calculation time by several dozen times. At the same time,
the results are highly consistent with the classical numerical
models. Moreover the model was validated on the basis of
short circuit tests done in Institute of Power Engineering,
Research Institute.

The added value of the obtained results is the opportunity to
observe the distribution of electrodynamic interactions in the
electrical apparatus. Current path blades and disconnector ter-
minals are the elements of the disconnector structure that are
most exposed to damage. Making each design change in the
process of building a prototype of current paths, contacts, and
arc-extinguishing chambers can significantly reduce the costs
associated with the number of prototypes and experimental
tests performed in research laboratories. This is related to the
possibility of a deeper understanding of physical phenomena,
and this is proved by the presented results.

II. STATE OF THE ART

The digital twin technology is being used more and more
widely. In the article [2], [3], [4], the authors analyze the
electromagnetic characteristics, mechanical characteristics,
thermodynamic characteristics and mutual coupling of a
DC machine. The authors construct a mathematical model
of “‘electrical-mechanical-thermal” integration, taking into
account the digital twin. The presented model [2], [3], [4] was
built on the basis of experimental data in order to increase the
accuracy of the model. The results show that the digital twin
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model is a very reasonable approach that can well represent
the different conditions of a real DC machine. The authors’
statement is that it is not always possible to conduct an experi-
ment under all conditions. The digital twin technology meets
precisely such situations. Though not only. It is possible to
shorten the computation time, reduce costs and time. The
authors showed the possibilities of applying the digital twin
in electromechanical constructions.

Successive authors in the field of electrical power engineer-
ing presented the idea of fully intelligent power stations [5],
[6], [7], [8]. According to the authors, currently the station is
not fully intelligent. The article presents a multi-level method
of building a digital twin of the station. In this method, the
digital twin technology provides the structure framework to
manage the substation, and the multi-agent system realizes
the intelligent function of the substation. First, the architec-
ture of the station’s digital twin technology is described in
detail. Then, the framework of the multi-agent system for
the station’s digital twin was proposed and the function was
presented in detail.

A very interesting publication is [5], [6], [7], and [8]. The
authors show that digital twin technology is an excellent way
to integrate electromechanical devices with various informa-
tion technologies. The first part of the article presents the
theoretical development process and the practice of using
digital twin technologies. Then the authors focus on the use
of the digital twin in the power industry. Including the funda-
mentally digital twin in the construction of the power grid, the
construction of the digital twin of the power plant structure,
the digital twin of the power equipment and other aspects.
Finally, the characteristics of the digital twin in the power
industry are summarized and some application perspectives
are presented.

In publication [9], [10], [11], [12], the authors presented
the technology of the digital twin itself in an interesting way.
The authors show that with the advent of the digital age, the
digital twin is a new potential Technology. It enjoys growing
interest in both academic and industry circles. digital twin
technology paves the way for cost-effective trials and optimal
performance management by creating a digital representation
of a virtual physical network for simulation and prediction.
In this article, the authors propose a new network paradigm,
called Digital Twin Network (DTN) architecture. Predictions
are made for the future network, which consists of a physical
network, a digital twin layer and a network application layer.
The Sketch acquisition algorithm has been introduced to meet
the demand for data collection in real-time on a large scale
in the Data Lake. A method was developed to build digital
twin networks based on a knowledge graph that can represent
entity attributes and different topologies depending on the
physical network. Finally, a proposed DTN was introduced
to realize self-healing in the future network.

Another publication in which the authors deal with the
potential and possibilities of using the digital twin technol-
ogy is [13], [14], [15], and [16]. The authors point out that
with the development of information technology, building
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safety management requires an urgent and intelligent digital
modernization. Construction-oriented digital twin technol-
ogy can improve the efficiency and safety of construction
site management. Designing a construction-oriented digital
twin system is a complex process, requiring the design of
modules that implement the digital twin to ensure the viabil-
ity of the system. In addition, it is necessary to design the
system’s functions and interactions according to the user’s
needs to ensure the humanization of the system. This arti-
cle starts from these two aspects, constructs a theoretically
construction-oriented digital twin module, pre-designs a sys-
tem prototype and experimentally tests its usability. The
innovations of this document include the following points:
a) combine digital twin technologies with infrastructure con-
struction safety management; b) gain insight into the issues
and needs of security officers to study the design principles
and specifications of digital twin technologies in new scenar-
ios; ¢) familiarize user with the UX (User Experience) project
of the interactive interface of the digital twin system. The
research results of this article are of reference value for the
practice of digital twin interaction design.

The scenario of operation of the digital twin technol-
ogy [10], [17], [18], [19] was presented in the process of
analyzing the construction and operation of the smart metro
system. The examined aspects concerned those that are diffi-
cult to verify in real life. The digital twin achieves digitization
of metro facilities, interface with related control systems,
operation like simulating a real metro system, and a val-
idation platform based on the digital twin can be used to
check most of the smart metro scenarios. The article [10],
[17], [18], [19] focuses on the smart metro and its scenario
validation platform with digital twin technology, covering
concept, architecture, modeling and data processing.

Ill. DIGITAL TWIN TECHNOLOGY

A digital twin refers to a digital replica of physical objects,
processes and systems. The digital twin model is a com-
bination of a physical object and its digital representation
in virtual space, implemented thanks to the possibility of
real-time data processing and constant updating of the state
of model elements and processes. The greatest benefits of
having a digital twin arise when there is limited access to
the real object, its elements or parameters, e.g. for diagnostic
tests. This is the case both in the case of objects in space
and in the case of objects whose study significantly affects
their functioning. Two main directions/technologies of DT
construction can be distinguished: models based on data
stream analytics and physical models based on properties
and physical parameters of a real object. General diagram
showing the principle for digital twin operation was shown
in Figure 2 below.

Models based on the analysis of data streams, machine
learning algorithms and solutions resulting from the use of
artificial intelligence are aimed at searching for patterns of
correctness and irregularities in data streams from a real
object, learning patterns of “behavior” of a real object
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FIGURE 2. Diagram showing general principle of digital twin technology
operation.

assessed as correct and incorrect in the learning process
and improving algorithms for assessing states other than the
model ones thanks to the possibilities of artificial intelligence.

Physical models based on the properties and physical
parameters of a real object, such as geometric, material
and technological data — both based on mathematical rela-
tionships/formulas and digital models such as: FEM (Finite
Element Method), FDM (Finite-Difference Method) or CFD
(Computational Fluid Dynamics), etc., working under the
control of people and/or algorithms performing iterative cal-
culations modeling the states of a physical object. Depending
on the expected application and expected effects, they use one
or both methods, working as different components of the dig-
ital twin of the object. An optimum design is sought, which
would provide both the speed of Al (artificial intelligence)
solutions and the precision and predictability of physical
models. A digital twin can consist of multiple nested twins
that provide narrower or broader views of equipment and
resources based on a process or use case. DT modeling is an
iterative process. The model should be characterized by high
standardization, modularization, lightness and solidity. These
virtual models, in order to be digital twins and best reflect
real objects, must depend on real-world data and reproduce,
as far as possible in real time, the parameters, boundary
conditions and dynamics of a given object. A digital twin
will only perform its tasks well if it is created with a full
understanding of the real object and the data flowing from it.
Otherwise, the virtual model could not effectively cooperate
with the real object, and the inference would be burdened with
unacceptable errors.

The model is created and works mainly thanks to data.
One of the biggest challenges on the way to creating a digital
twin is sensor data, which is usually locked in historical
data systems and stored in a usually flat format — without
context, i.e. without information about process changes or
disturbances. This leads to the fact that analytics based on this
data is almost impossible. The data must contain the state of
the relationship with the associated asset. Digital twin data is
both real-world object data and digital model data.

IV. MATHEMATICAL MODEL
The values of electrodynamic forces depend on the param-
eters and configuration of the systems and the product
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FIGURE 3. The dependance of force f with single phase alternating
current.

of the currents (i1, i) flowing through the conductors.
It can be showed by relation (1) below (relations 1-17 from
IEC 60865 concerning electrodynamic interactions during
short-circuit current flow):

f=C-i1-ip ey

where: C - constant value depending on the parameters and
configuration of the system; iy, i> - currents flowing.

Concerning the single-phase alternating current systems,
the following relation is usually met:

f= %C-I,ﬁ-(l—cosZwt) ()

where: I,,,- maximum current value.

The above relation shows that the value of the electrody-
namic force occurring in any system of conductors through
which alternating current flows is not constant. This force
changes from zero to the maximum value of the force (Fm)
with twice the frequency of the current. It was shown in
Figure 3 below.

Fp=C-I? (3)

While calculating the electrodynamic forces occurring at

short-circuit currents, the influence of the non-periodic cur-
rent component should be taken into account:

R
i=1I, e L' —coswt 4)

The highest instantaneous current value is described by
following equation:

i=1, k, ©)
by =1+ 0002 6)

where: R, L — resistance and inductance of the short-circuit
circuit, k, — impact factor.

The highest value of the force determining the destructive
electrodynamic effects of a short-circuit current can be pre-
sented as dependency below:

Fp=C-i,? @)
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FIGURE 4. General principle for calculating electrodynamic forces
occurring in three-phase systems.

Three-phase system is a system of three conductors in
which currents of the same or similar RMS value, shifted
in phase, flow. The maximum values of the forces acting on
the conductors of individual phases, depending on the con-
figuration of the system, may be different, and the forces are
shifted in phase. In the simplest three-phase system consisting
of three parallel conductors in one plane, the forces acting on
individual conductors are:

Fi=F=Fa+Fn3 (®)

Fr=Fy + F3 ©))
where: Fj; — force acting on the conductor due to the current
flowing in the conductor j.

It can be shown that the greatest value of the force F when
the conductors are laid flat occurs in the middle conductor:

i1 = Iy - sinwt (10)
. . 2
iz = I, - sin(wt — gn) (11)
, . 4
ig =1, - sin(wt — gn) (12)

Therefore the force f2 and with further transformations the
force F2m can be defined by the relations:

21 2
fa= " 12 - sin(wt — gn) - [sinwt
4
— sin(wt — 3 x)]-10~7 (13)
l 1
Fzm:x/g-;-I,%L-sin(2wt—§ft)~10_7 (14

Practical calculations, while determining the maximum
values of forces occurring during a short-circuit can be
expressed by the below dependence:

1
F=+v3.-.i2.1077 (15)
a
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FIGURE 5. An example of the construction of a three-phase disconnector.

The value of the force calculated from the relation (15)
is determined with an excess because the peak values of the
surge current do not occur simultaneously in all three phases.
The forces acting on the extreme conductors can be described
by the dependency presented below:

F1im = F3,~ 0, 93- Fa,, (16)
Fim = F3m~0,93 - Fa, 17

Since the differences in the mechanical load of individual
phases are relatively small, in practical calculations the stress
in the current path most exposed to electrodynamic impacts
is determined and the same components are selected for all
three phases of designed apparatus or distribution system

V. GEOMETRICAL MODEL OF THEMEDIUM VOLTAGE
DISCONNECTOR

Disconnectors with a rated voltage of 24 and 36 kV and a
rated current of 400 — 2000 A are used to disconnect electrical
circuits in the current less state in medium voltage overhead
installations. The developed construction of disconnectors is
capable of closing and opening medium voltage electrical
circuits — overhead in the current less state. In the open
position, the disconnectors create a safe and visible isolating
distance that cuts off the voltage on the downstream side.
Integrated designs of disconnectors with earthing switches
are adapted to earthing previously disconnected electrical
network. An example disconnector was shown in Figure 5
below.

The structure of the disconnector presented above is
mounted on a metal frame to which porcelain support
insulators are screwed. Fixed and movable contacts of the dis-
connector as well as movable contacts with pressure springs
are screwed to the insulators. The insulation between the
poles of the disconnector is air, in the case of solutions with
a smaller inter-pole pitch, additional barriers are installed to
increase the surface and air distances between the poles of
the disconnector. Disconnectors are opened and closed by
means of manual or electric (motor) drives, which allows the
disconnectors to be installed and operated both in vertical
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FIGURE 6. Dimensional drawing of three-phase disconnector structure
used for simulations [30].

FIGURE 7. Developed 3D structural model of a threephase disconnector
according to the dimensions from technical documentation and the
dimensions from the physical object.

and horizontal position [20]. The design of the disconnec-
tors allows for screwing additional earthing switches to the
frame on both sides of the separable and non-separable fixed
contacts, thus creating disconnectors with upper and lower
earthing switches. The authors were basing measurements on
the manufacturer’s documentation and measurements of real
dimensions on a physical device, developed a 3D model of
the disconnector in question for the purposes of the simu-
lation. This was the basis for analyzing the electrodynamic
interactions in the moving contacts and current paths of
the disconnector and for verifying the values of electrody-
namic forces affecting the porcelain support insulators of the
disconnector [21], [22], [23].

A properly prepared 3D structural model of the discon-
nector, taking into account the dimensions and construction
details, is shown in the Figure 7 below.

A 3D model of a three-phase disconnector prepared in this
way, all structural parts of which were reconstructed on the
basis of available materials, could be imported into the work-
ing environment [24], [25]. In the simulation calculations, the
modeled disconnector was subjected to exposures related to
the impact of two short-circuit current values included in the
manufacturer’s specification:

e rated short-circuit current 1-sec of the disconnector equal
to 20 kA;

e rated peak current of the disconnector equal to 50 kA.
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FIGURE 8. Functions for analyzing physical phenomena of Maxwell
and math ical formulas behind them.

TABLE 1. Properties used for simulations.

Simulation Properties

Stop time 250 ms

Time step 0.25 ms

Type of simulation Transient
Nonlinear Residual 0.005

Scalar potential Second Order
Nonlinear iterations 1-100

Time decomposition General Transient

Solver DRS3 Matrix 59355
Solver Progress 0-25s
Solve TD3 Tetrahedra 919 749
Stady State Stop Crit. 0.005
Voltage Source Freq. 50 Hz
RAM limit Not Set
HPC Enabled
Design Validation Full Validations
Com Engine Memory 842 M
Mesh TAU3 Tetrahedra 1508 183
Mesh Post Tetrahedra (TAU) 477958
Mesh Post Tetrahedra 468 641
Mesh Volume, Seed Tetrahedra 919 749

In order to enforce these current values, it was necessary
to use the recording of the short-circuit current waveform
in the form of a.csv file, obtained during the tests of the
disconnector in the High-Current Laboratory at the Institute
of Power Engineering in Mory. The loaded data reconstructed
the actual waveforms of short-circuit currents during the
numerical simulation. Before starting the calculations, it was
necessary to check and modify the disconnector modeled
in 3D. For this purpose, the 3D model was loaded into the
SpaceClaim Geometry module, where all edges and planes in
the developed geometry of the disconnector were modified.
This approach allows avoiding errors during the calculations
related to the generation of the “mesh” computational grid.

V1. SIMULATION MODEL AND RESULTS

A. SIMULATIONS ENVIRONMENT

In order to perform simulation work on behalf of this
manuscript the coupled Finite Element Method analysis was
executed. Coupled FEM analysis is technique that allows to
study the interactions of various physical phenomena, includ-
ing structural, mechanical and electromagnetic. It is done by
corelating various nodes of numerical program in order to
fulfil specific conditions and recreate physical phenomena
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FIGURE 9. Marked terminal on the middle current path of a three-phase
disconnector.

in digital environment that can be witnessed by concluding
experiment. Coupled FEM analysis is based on transforma-
tion of conjugate partial differential equations in a set of
unrelated ordinary differential equations using the modal
decomposition technique. Module used for simulating the
physical phenomena was ANSYS Maxwell 3D. In Figure 8
below the most important equations that were inserted into
module solver during calculations were presented.

Depending on which Maxwell 3D solver is used, the calcu-
lations performed allow the determination of electrodynamic
forces. Calculations are performed for implemented short-
circuit current, where the results obtained for electrodynamic
forces have a close relationship with the shape of the flow-
ing short-circuit currents in the each current path. Boundary
conditions used as at least one of the following sources of
magnetic field:

o stranded or solid windings with voltage or current supply;

e a permanent magnet.

Outer boundary conditions were defined as:

o the default boundary conditions;

e an odd symmetry boundary;

e an even symmetry boundary.
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FIGURE 10. Imported waveform of the 1-sec short-circuit current of the disconnector equal to 20 kA for the analyzed

disconnector.

g

FIGURE 11. Imported waveform of the rated peak short-circuit current of the disconnector equal to 50 kA for the analyzed

disconnector.

B. SIMULATIONS PROPERTIES
Conditions in which the simulation was executed were shown
in Table 1 below. Data in Table 1 is valid for full scale model
and reduced order model (DT).

After importing the disconnector model to the mentioned
module, the appropriate calculation solver of the ““Transient”
type was selected. Then, boundary conditions and material
properties were assigned to the constructed structural parts
of the disconnector, such as air, steel, porcelain, and copper.
Then, the appropriate terminals were added to the current
circuits of the disconnector, in which the waveforms of
short-circuit currents obtained in the laboratory were added
(Figure 9).

Then, using the “Add Winding” option, the values of
short-circuit currents previously generated from the.csv file,
obtained in the high-current laboratory for the given pole of
the disconnector, were assigned.
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FIGURE 12. G 'mesh” calc
three-phase disconnector.

grid on a 3D model of a

The waveforms of the rated 1-sec short-circuit current of
the disconnector equal to 20 kA to Maxwell 3D are shown
in the waveform (Figure 10).
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FIGURE 13. Values of electrodynamic forces at the disconnector terminals for short-circuit current 1 second equal to 20 kA.
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FIGURE 14. Values of electrodynamic forces on the blades of the current paths of the L2 phase of the disconnector for a 1-sec short-circuit

current equal to 20 kA.

The mesh was compacted on the support insulators in order
to more accurately calculate the value of the electrodynamic
forces acting on the individual support insulators. The calcu-
lation grid for the model was 4,281,994 tetrahedra elements.
In order to illustrate the grid distribution on the developed
disconnector model, the calculation grid presented in the
Figure 12 below was generated. Using the “Add solution
setup” function, the time for the first computational simula-
tion for the flow of the rated short-circuit current of 20 kA was
defined as 1000 ms. In order to obtain accurate waveforms for
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the calculated values of electrodynamic forces, the iterative
step was defined every 0.25 ms. As a result such settings
made it possible to perform 4000 calculation iterations for the
prepared computational simulation. At this stage of analysis
settings, it was possible to start calculations.

C. ELECTRODYNAMIC FORCES SIMULATIONS

Using the “Add solution setup” function, the time for the
first computational simulation concerning the flow of the
rated short-circuit current of 20 kA was defined as 1000 ms.
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FIGURE 15. Values of electrodynamic forces on the blades of the current paths of the L1 phase of the disconnector for a 1-sec short-circuit current
equal to 20 kA.
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FIGURE 16. Values of electrodynamic forces on the blades of the current paths of the L3 phase of the 1-sec short-circuit current disconnector equal
to 20 kA.

TABLE 2. Maximum values of deformations for selected points of the current path of the tested disconnector determined in the coupled analysis.

Measuring Measuring Point Measuring Point Measuring Point Measuring Point Measuring Point Measuring Point
Point Number 1 2 3 4 5 6
Numerlf:al 1 mm 2 mm 0.8 mm 1.2 mm 2.5 mm 1 mm
analysis
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FIGURE 17. Values of electrodynamic forces on disconnector insulators for rated 1-sec short-circuit current equal to 20 kA.

175
1.50 o

1.25

=
S
|

0.75

Electrodynamic forces [kNewton]

0.50

0.25

0.00

= Blade Force_mag
Setup1 - Transient

=== Blade1.Force_mag
Setup : Transient

=== Blade2 Force_mag
Setup1 - Transient

=== Blade3.Force_mag
Setup1 - Transient

=== Bladed Force_mag
Setup : Transient

= Blade5 Force_mag
Setup1 - Transient

l

250

Time [ms]

FIGURE 18. Values of electrodynamic forces on the blades of the disconnector’s current paths for peak short-circuit currents.

In order to obtain accurate waveforms for the calculated
values of electrodynamic forces, the iterative step was defined
every 0.25 ms. As a result, such settings made it possible to
perform 4000 calculation iterations for the prepared compu-
tational simulation. At this stage of analysis settings, it was
possible to start calculations. The duration of the calculations
in the Maxwell 3D module for the 1-sec short-circuit current
of the disconnector equal to 20 kA lasted 9 days 5 hours.
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The duration of the calculations in the Maxwell 3D module
for the peak short-circuit current of the disconnector equal to
50 kA lasted 4 days 8 hours. These calculations took less time
due to the fact that the calculations were made for 200 ms.
In the case of the analysis, it was crucial to determine the
electrodynamic forces for the peak currents obtained during
short-circuit tests. Waveforms of currents from laboratory
tests were used. After performing the calculations using the
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FIGURE 20. Values of electrodynamic forces at the terminals of the disconnector’s current paths for peak short-circuit current.

“Results -> Rectangular plot -> Force” option, the values
of electrodynamic forces affecting the individual elements of
the disconnector’s current path and the supporting structure
were generated. In the case of the disconnector, the forces
acting on the disconnector terminals, blades and support insu-
lators were analyzed. In the first analysis of the waveforms
of electrodynamic forces obtained for a 1-sec short-circuit
current equal to 20 kA in the disconnector, it was noticed
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that the electrodynamic forces determined at the disconnector
terminals were different for each pole. The highest values of
electrodynamic forces at the terminals were obtained in the
middle current path. The obtained force values were 430 N
for terminal A and 370 N for terminal C, respectively. The
waveform diagram of the obtained values for all disconnector
terminals for the imported short-circuit current is shown in
Figure 13. It should be noted that with the disappearance
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FIGURE 21. Selected points of the disconnector’s current path for which maximum
elastic deformations were determined during the flow of peak short-circuit

currents.

a)

b)

FIGURE 22. Selected points of the disconnector’s current path for
ing during th | experiment and simulation. Subpoints a) and
b) - results of thermal simulation with rated current.

of the non-periodic components of individual short-circuit
currents, the values of electrodynamic forces decrease and
for the RMS value of 20 kA short-circuit current those reach
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FIGURE 23. Additional angle - results of thermal simulation with rated
current.

about 120 — 140 N in each terminal (after the complete
disappearance of the non-periodic component).

The next elements of the disconnector structure that were
tested in order to determine the values of the interacting
electrodynamic forces were the blades of the disconnector’s
current paths in its individual poles. The highest values of
electrodynamic forces were obtained on the blades of the
second pole of the disconnector — phase L2. The peak values
obtained were 365 N on the left knife and 315 N on the right
knife from the supply side of the disconnector, respectively.
The graph is shown below in the figure below (Figure 14).

The values calculated for the L1 phase are shown in
Figure 15 below, where the maximum value of electro-
dynamic forces of 181 N was obtained on the left pick,
and 149 N on the second pick. This phase had the lowest
electrodynamic interactions in relation to the L2 and L3
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FIGURE 24. Experimental results for T1 and T2 - thermal analysis with
rated current.

phases. At the last phase of the L3 disconnector, the impact
values obtained were intermediate in relation to the values
obtained for L1 and L2, where the peak values were 264 N
and 211 N, respectively.

The waveforms for the electrodynamic forces in this pole
of the disconnector are shown below in Figure 16.

It should be noted that the waveforms of the cal-
culated electrodynamic forces for individual disconnector
blades are deformed. It is caused by electromagnetic cou-
plings acting between the blades in a given pole as well
as by couplings coming from the adjacent poles of the
disconnector.

The next elements of the disconnector structure for which
the electrodynamic forces were determined were the support
insulators. The highest values of electrodynamic interactions
were obtained on the support insulators for the middle pole of
the disconnector, the obtained values were equal to 101 and
90 Newtons, respectively. In the pole of the L1 phase, the
obtained values were on average 3 times lower, and for the
pole of the L3 phase of the disconnector, 4 times lower.
The waveforms obtained for individual support insulators
are presented in detail below in Figure 17. The obtained
values of electrodynamic forces for individual elements of
the medium voltage disconnector structure for a 1-second
short-circuit current equal to 20 kA. Those allow for a precise
assessment of the electrodynamic effects to which the current
circuits and the supporting structure of the disconnector are
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FIGURE 25. Simulation results for T1 and T2 - thermal analysis with rated
current.

subjected at the moment of flow of short-circuit currents.
The disconnector is not capable of breaking short-circuit
currents. Nevertheless, its construction must withstand elec-
trodynamic, mechanical and thermal exposure in this type of
emergency.

The calculations for the 1-sec short-circuit current equal to
20 kA show that the most exposed element of the disconnec-
tor structure to electrodynamic impacts were its terminals in
the middle current path. In addition, for illustrative purposes,
the values of forces have been converted into loads to which
terminals A and C were subjected — it was 43.84 kg for
terminal A and 37.72 kg for terminal C, respectively.

The results obtained are consistent with the short-circuit
tests executed for these short-circuit current ratings. Both in
the case of tests and numerical analyses, the disconnector
was not damaged, and in the case of simulations it did not
exceed the critical values that would cause its damage. Then,
simulations were done for a peak short-circuit current of
50 kA. In this case, the highest values of electrodynamic
interactions were achieved on the blades of the L3 phase of
the disconnector pole. This is due to the occurrence of the
highest value of the peak short-circuit current in this pole.
The obtained values of electrodynamic forces were equal to
1.74kN and 1.61 kN, respectively. These are very high values,
but during short-circuit tests in the High-Current Laboratory
at the Institute of Power Engineering in Mory, those did not
cause damage to the disconnector. The remaining values in
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the other poles were: 742 N; 701 N in L2 and 568 N; 481 N
in the L1 phase. This was shown in detail in the Figure 18
below.

The electrodynamic interactions on the support insula-
tors of the disconnector were determined for the given peak
short-circuit currents. The highest achieved values of elec-
trodynamic forces were obtained for the insulators in the
middle pole of the disconnector, which amounted to 553 N
and 495 N. In the remaining supporting insulators in the poles
of the L1 and L3 phases, the values obtained were more than
half lower, as shown in the Figure 19 below.

The values of electrodynamic forces obtained at the discon-
nector terminals for peak short-circuit currents were slightly
lower than the forces obtained at the current circuit blades.
The maximum values were obtained at the terminals of the
L3 phase (third pole) and were respectively: terminal D —
1.36 kN and terminal F — 1.59 kN. In the remaining peaks,
the values in the initial phase were also more than half as
low. With the disappearance of non-periodic components of
short-circuit currents, the values of electrodynamic forces
decreased to about 500 Newtons. This is precisely illustrated
in the Figure 20.

D. ELECTRODYNAMIC DEFORMATIONS

The executed short-circuit tests were dummy tests, checking
whether the structure would withstand electrodynamic expo-
sure. During the work, deformations from short-circuit tests
were analyzed in relation to the simulation results for peak
short-circuit currents for various points in the disconnector.
The maximum strain values were determined for the peak
short-circuit currents at selected points of the disconnector
current path, which are presented below in Figure 21. The
maximum elastic deformations during the experimental tests
were subtle, they could not be measured due to the fact
that they were not plastic deformations (measurements after
the laboratory tests). The current circuits of the disconnec-
tor were not deformed during the short-circuit tests. Hence,
there were no visible effects of electrodynamic interactions.
The maximum deformations were determined in the numer-
ical analysis for the indicated points of the current path in
Figure 21. The collected results are summarized below in
Table 2.

In the analyzed points, the highest values of elastic
deformations occurred on the middle current path of the
disconnector on the connecting terminal of the outgoing line -
measurement point no. 5. These results are consistent with
the determined maximum values of electrodynamic forces
for these elements of the current path. The results of the
maximum values of electrodynamic forces in the current
paths of the disconnector coincide with their maximum elas-
tic deformations.

E. THERMAL SIMULATIONS

Thermal simulations were done using the Transient Thermal
module. It was achieved simulating rated current with voltage
level of 20 kV. Contact system was closed during analysis it
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means the voltage level has marginal influence on analysis
results. Different situation would be taken into account if
contact system would be open.

Procured simulations were validated by experimental ther-
mal analysis. Results were showcased in Figure 24 and
Figure 25 above.

VII. CONCLUSION

Presented numerical calculations concerning the determina-
tion of the electrodynamic forces affecting the current paths
and the supporting structure of the medium voltage discon-
nector showed that the simulation approach proposed by the
authors may be a helpful method of determining the exact
values of the electrodynamic forces. Performing numerical
calculations on very precise structural models is time con-
suming. However, the currently intensively developed digital
twin technology can significantly reduce the computation
time from several days to several hours. In case of this work
the full scale simulation took approximately 12 hours while
simulating the reduced order model around 2 minutes. The
difference was significant and results were very compara-
ble. The use of precise computational models allows for
obtaining very accurate results practically at every point of
the construction of the medium voltage disconnector. It is
possible to determine waveforms and obtain accurate values
of electrodynamic forces. Under physical conditions during
short-circuit tests, it is not possible to read and measure the
exact values of the measured electrodynamic forces. This
will always be burdened with measurement errors and the
influence of ambient conditions on the installed strain gauges.
The added value of the obtained results is the opportunity to
observe the distribution of electrodynamic interactions in the
disconnector. Current path blades and disconnector terminals
are the elements of the disconnector structure that are most
exposed to damage. Making each design change in the pro-
cess of building a prototype of current paths, contacts, and
arc-extinguishing chambers can significantly reduce the costs
associated with the number of prototypes and experimental
tests performed in research laboratories. This is related to the
possibility of a deeper understanding of physical phenomena,
and this is proved by the presented results.
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