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Streszczenie: W artykule przedstawiono sylwetke Alfonsa Hoffmanna, wybitnego
inzyniera, pioniera i wspoltworce systemu elektroenergetycznego w Polsce, dzia-
facza spotecznego i panstwowego. W czasie studiow w Krolewskiej Politechnice
w Gdansku i pdzniej czynnie wspierat polskos¢, propagujac jezyk, muzyke i folk-
lor. Dyplom inzyniera elektryka otrzymat w roku 1911, po czym zdobywat prak-
tyke w przemysle niemieckim. W 1918 roku jako cztonek Podkomisariatu Na-
czelnej Rady Ludowej organizowal polska administracje Pomorza. Od 1920 roku
budowat elektrownie w Grédku i Zurze, utworzyt potaczony system elektroener-
getyczny Pomorza, elektryfikowat Gdynig, promowat korzystanie z energii elek-
trycznej poprzez produkceje sprzetu grzejnego i szkolenie uzytkownikdéw. Po wy-
zwoleniu Alfons Hoffmann przystapit do odbudowy ze zniszczen wojennych
i uruchamiania elektrowni wodnych na Raduni oraz w Dychowie na Bobrze.
W roku 1949 ze wzgledow politycznych zostat odsunigty od prac o strategicznym
znaczeniu dla elektroenergetyki Polski. Od konca 1949 roku wyktadat na Poli-
technice Gdanskiej i pracowal w Biurze Studiow Gospodarki Wodnej Polskiej
Akademii Nauk. Profesor Alfons Hoffmann pracowatl do ostatnich dni swojego
zycia. Spoczywa na cmentarzu Srebrzysko w Gdansku Wrzeszczu.

Stowa kluczowe: Alfons Hoffmann, pionierzy elektroenergetyki, historia
elektrotechniki

1. WPROWADZENIE

W czerwcu 2015 roku odbyto sie w Gdansku I Sympozjum Historii Elektryki [6, 7].
Wybdr terminu konferencji oraz Politechniki Gdanskiej jako miejsca obrad byt zwigza-
ny z wybitnym Polakiem Alfonsem Hoffmannem, ktéry decyzja Zarzadu Glownego
Stowarzyszenia Elektrykow Polskich oraz decyzja Walnego Zgromadzenia Delegatow
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Polskiego Towarzystwa Elektrotechniki Teoretycznej i Stosowanej, w 130-lecie urodzin
zostal patronem roku 2015. Obchody Roku Hoffmanna zostaly zainaugurowane
19 marca 2015 r. w Uniwersytecie Technologiczno-Przyrodniczym w Bydgoszczy.

W Polsce od wielu lat prowadzone sg dziatania majace na celu upamigtnienie wy-
bitnych, niezyjacych polskich elektrykow. Obejmuja one zaréwno naukowcow, jak
i pionierow elektroenergetyki oraz przemystu elektrotechnicznego. Formy upamietnia-
nia zastuzonych elektrykéw sg rozne. Sa oni patronami kolejnych lat, oglaszanymi
przez SEP i PTETIS, patronami szkot oraz oddziatéw SEP. Ich imionami nazywane sa
ulice i place. Opracowywane sg monografie historyczne i artykuty wspomnieniowe.
Popularng forma upamigtnienia sg tablice pamiatkowe. Kilka tablic pamiatkowych
poswigcono tworcy systemu elektroenergetycznego Pomorza prof. Alfonsowi
Hoffmannowi. Jedna z pierwszych znajduje si¢ w Grudziagdzu na budynku, w ktérym
Profesor si¢ urodzit.

W 2015 roku mineto 110 lat, kiedy Alfons Hoffmann przekroczyt progi Krélew-
skiej Politechniki i jako jeden z pierwszych Polakéw rozpoczat w roku 1905 studia na
Wydziale Budowy Maszyn i Elektrotechniki politechniki w Gdansku (6wczesnej Koni-
gliche Preussische Technishe Hohschule), ktore ukonczyt w 1911 roku. Po wojnie,
w latach 1949-1957 Alfons Hofmann ponownie znalazt si¢ w murach Politechniki
Gdanskiej, gdzie pracowat na Wydziale Elektrycznym w Katedrze swojego wychowan-
ka prof. Kazimierza Kopeckiego.

Sympozjum Historia Elektryki otworzyt oraz zgromadzonych w zabytkowym au-
dytorium E1 Wydziatu Elektrotechniki i Automatyki Politechniki Gdanskiej uczestni-
kéw 1 zaproszonych gosci powitatl przewodniczacy Komitetu Organizacyjnego prof.
Dariusz Swisulski. W czasie uroczystosci inauguracyjnej zostaly wreczone zastuzonym
osobom medale i wyr6znienia Stowarzyszenia Elektrykéw Polskich. Medal im.
prof. Alfonsa Hoffmanna odebrali: prof. Leon Swedrowski oraz prof. Ryszard Roskosz
(fot. 1).

STOWARZYSZENIE

ELEKTRYKOW
PoLskicH

Fot. 1. Medale im. Prof. A. Hoffmanna odbieraja: prof. Leon Swedrowski (z lewej) oraz prof.
Ryszard Roskosz (z prawej), wregcza Prezes SEP Piotr Szymczak (fot. Eligiusz Pawlowski)
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Po uroczystej inauguracji rozpoczela si¢ I sesja ,,Alfons Hoffmann patronem ro-
ku”, ktoérg prowadzit przewodniczacy Komitetu Naukowego Sympozjum prof. Jerzy
Hickiewicz. Referaty o dzialalno$ci i zastugach Alfonsa Hoffmanna, pioniera i tworcy
systemu elektroenergetycznego na Pomorzu oraz wybitnego dzialacza spotecznego
i narodowego wygtosili: prof. Dariusz Swisulski i prof. Jacek Marecki. Niestety ze
wzgledu na chorobe, na Sympozjum nie mogt przyby¢ mgr inz. Tadeusz Domzalski,
wybitny znawca i propagator dziatalnoéci oraz dorobku Alfonsa Hoffmanna. Uczestnicy
Sympozjum przygotowali, podpisali i przestali do Niego list z zyczeniami szybkiego
powrotu do zdrowia.

Waznym wydarzeniem Sympozjum bylo uroczyste odstonigcie tablicy poswigco-
nej prof. Alfonsowi Hoffmannowi, umieszczonej w wejsciu glownym do budynku Wy-
dziatu Elektrotechniki i Automatyki Politechniki Gdanskiej. Inicjatorem powstania
tablicy byt Tadeusz Domzalski — dlugoletni prezes Oddziatu Bydgoskiego SEP. Autor-
ka projektu tablicy jest Dobrochna Surajewska — gdanska artysta rzezbiarz. Wykonanie
projektu i odlewu byto wspoétfinansowane przez Oddziat Gdanski, Oddzial Bydgoski
im. Alfonsa Hoffmanna i Oddzial Torunski im. Mariana Hoffmanna Stowarzyszenia
Elektrykéw Polskich. W czasie uroczystosci odstoniecia tablicy pamigtkowej prof.
Alfonsa Hoffmanna, dziekan Wydzialu Elektrotechniki i Automatyki Politechniki
Gdanskiej, prof. Leon Swedowski, przedstawit sylwetke Profesora i Jego zwiazki
z Politechnikg Gdanska. Znamiennym wyrazem oddajacym histori¢ wspotpracy profe-
sorow Kopeckiego i Hoffmanna jest to, ze tablica pamiatkowa prof. Alfonsa Hoffmanna
(fot. 2) umieszczona zostala naprzeciwko tablicy pamiatkowej prof. Kazimierza Kopec-
kiego w budynku gtownym Wydziatu Elektrotechniki i Automatyki PG. Tablica pa-
migtkowa zostata odslonieta przez: prorektora Politechniki Gdanskiej prof. Kazimierza
Jakubiuka, dziekana Wydziatu Elektrotechniki i Automatyki PG prof. Leona Swedrow-
skiego, Prezesa SEP dr. inz. Piotra Szymczaka, wspolpracownika prof. Alfonsa
Hoffmanna prof. Jacka Mareckiego oraz syna Mariana, a wnuka Alfonsa Hoffmanna
mgr. inz. Tomasza Hoffmanna (fot. 3).

Profesor Alfons Hoffmann jest dobrze znany w srodowisku elektrykow, ale szcze-
g6lnie mtodym adeptom ,,sztuki elektrycznej” warto przedstawic blizej Jego sylwetke
jako elektryka, spotecznika i Polaka.

Fot. 2. Tablica pamiagtkowa prof. Alfonsa Hoffmanna [7]
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Fot. 3. Uroczyste odstonigcie tablicy pamiatkowej prof. Alfonsa Hoffmana w wejsciu do budynku
Wydziatu Elektrotechniki i Automatyki Politechniki Gdanskiej (od dotu: P. Szymczak,
J. Marecki, K. Jakubiuk, L. Swedrowski, T. Hoffmann, R. Roskosz i D. Swisulski) [7]

2. ALFONS HOFFMANN DO ROKU 1918

Alfons Hoffmann urodzit si¢ 12 listopada 1885 r. w Grudziadzu w rodzinie o gte-
bokich tradycjach patriotycznych [1, 3, 5, 8]. Réd Hoffmannow wywodzi si¢ z Czerska
(pogranicze Borow Tucholskich i Kaszub). Jego najblizszymi kuzynami byli m.in.:
ks. Stanistaw Hoffmann (proboszcz i dzialacz pomorskiego Liskowa), nauczyciel Jan
Hoffmann (organizator szkolnictwa polskiego w pow. Chojnickim w latach 1918-1920)
a takze ks. dr Bolestaw Domanski (proboszcz z Zakrzewa, prezes Zwigzku Polakow
w Niemczech, urodzony na Kaszubach, w Przytarni koto Wiela). Alfons Hoffmann
uczeszezal w rodzinnym mieécie, w latach 1895-1905, do pruskiego Krolewskiego
Gimnazjum typu humanistycznego. Od roku 1900 byt stypendysta Towarzystwa Pomo-
cy Naukowej dla Mlodziezy Prus Zachodnich w Chelmnie. Po zdaniu matury (1905 r.)
zapisal si¢ na Wydzial Maszynowy i Elektrotechniki Politechniki Gdanskiej (Konigli-
che Technische Hochschule zu Danzig (fot. 4).

W okresie studiow Alfons Hoffmann rozpoczat aktywna dziatalno$¢ spoteczng na
Politechnice Gdanskiej i na Pomorzu, m.in. wspierat polsko$¢, propagujac jezyk polski,
muzyke i folklor. Zaktadal ogniska $piewacze w Kartuzach, Wejherowie i Gdansku.
Ksztalcit dyrygentow w terenie. Przy chorze Lutnia zatozyt w roku 1908 Polski Komitet
Kostiumowy zaopatrujacy teatry ludowe w polskie stroje regionalne i historyczne (sier-
miegi, kontusze i stroje goralskie — fot. 5). Z wypozyczalni strojow teatralnych korzy-
staty nastgpujace zespoly: ,,.Lutnia” w Chmielnie, Luzinie, Sianowie, Sierakowicach,
Skarszewach i Sopocie, ,,Halka” w Gowidlinie, ,,Cecylia” w Kartuzach i Kielnie, ,,Sym-
fonia” w Linii 1 ,,Stowiczek” w Przodkowie [1].
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Fot. 4. Konigliche Technische Hochschule zu Danzig (Gdansk, 1905 r.) [9]

Fot. 5. Student Alfons Hoffmann w kostiumie Fot. 6. Alfons Hoffmann w okresie pobytu
historycznym (1910 r.) [9] w Niemczech, Westfalia (1914 r.) [9]

W 1910 roku Hoffmann zorganizowat Gdariski Zwigzek Kaszubskich Kot Spiewa-
czych. Organizowat przedstawienia teatralne, koncerty i wystepy z polskimi tancami
narodowymi. Natomiast w 1907 roku zostal na Politechnice Gdanskiej przewodnicza-
cym polskiego kotka studenckiego oraz czlonkiem Polskiego Towarzystwa Gimna-
stycznego Sokol. Jako student drugiego roku zostat dyrygentem choru Lutnia w Gdan-
sku. W swoich ,,Wspomnieniach z pierwszych lat skoordynowanego ruchu §piewaczego



10 Ryszard Roskosz, Stawomir Cieslik

na Pomorzu” tak opisuje to wydarzenie [1]: Studia techniczne rozpoczglem w roku 1905
i w krotkim czasie stalem sig ,, przypadkowo” dyrygentem ,, Lutni” gdanskiej, co zade-
cydowalo o moim niemalym udziale w zZyciu Spiewaczym Pomorza i w systematycznym
organizowaniu kot pomorskich w zwigzkach. A bylo to tak: Podczas misji w kosSciele sw.
Jozefa w Gdansku w roku 1906 zaintonowal kaznodzieja piesn ,,Swiety Boze”. Ponie-
waz organista Niemiec (nazywal sie Lewandowski) nie znal tej piesni pozwolil mi, bym
akompaniowatl na organach, co mi si¢ udato z takim powodzeniem, ze polscy spiewacy
bedgcy na chorze ,,napadli” mnie biednego studenta wprost na chorze i prosili, bym
przejgt dyrygenture ,, Lutni”. Chor ten od dluzszego czasu byl bez dyrygenta, gdyz
ostatni dyrygent, Niemiec, zawodowy kapelmistrz (i pijak), nie znajgcy ani stowa pol-
skiego, stal si¢ jako dyrygent niemozliwym. W owym czasie istnialy co prawda inne
towarzystwa polskie w Gdansku, np. ,,Jednos¢”, ale dopiero ruchliwa ,, Lutnia”, biorqg-
ca udzial ze spiewem, grq amatorskq i baletem niemal we wszystkich polskich uroczy-
stosciach i zabawach, data nowy rytm i nowe zycie Polonii Gdanskiej, z duzym popar-
ciem inteligencji polskiej, tak materialnym jak ideowym. Na zewnqtrz promieniowata
., Lutnia” nie tylko na przedmiescia gdanskie, ale nawet na cale polnocne Kaszuby,
urzqdzajgc wycieczki. A gdy ze Spiewem polskim maszerowaliSmy przez okoliczne miej-
scowosci. Wrzeszcz, Oliwe, Sopot, Gdynie... dochodzily glosy z publicznosci niemieckiej
—,, Ten chor prowadzi student polski”.

Za polska dziatalno$¢ patriotyczno-spoteczng Alfons Hoffman stracit w 1910 roku
stypendium cesarskie, przyznane mu za wyrdzniajace wyniki na studiach, wowczas
przyszto mu z pomoca Chelminskie Towarzystwo Pomocy Naukowe;.

Dyplom inzyniera elektryka otrzymat w 1911 roku za obroniong prace dyplomowa na
temat elektryfikacji Sopotu, po czym rozpoczat prace zawodowa w duzych zaktadach prze-
myshu elektrotechnicznego w glebi Niemiec. Najpierw w Akwizgranie, potem na Pomorzu
w elektrowni wodnej Koronowo a nastgpnie w Berlinie. Bedac w Niemczech wszegdzie
szukat rodakow 1 mozliwosci uczestniczenia w dzialalnosci organizacji polonijnych.

Pracujac w Akwizgranie dojezdzat do polskich towarzystw $piewaczych w West-
falii (fot. 6), a pdzniej w Berlinie uczestniczyl w pracach polskiego chéru ,,Harmonia”
oraz wyktadal matematyke, fizyke i elektrotechnike w Polskim Towarzystwie Przemy-
stowcoéw 1 Stowarzyszeniu Metalowcoéw. Ponadto organizowat doksztalcajace kursy
zawodowe dla polskich elektrotechnikow oraz bedac cztonkiem Zarzadu ,,Sokota” na
okreg berlinski, prowadzit ¢wiczenia i wyktady dla tutejszej Polonii. Aby unikna¢ pobo-
ru do wojska niemieckiego, w latach 1914-1916 pracowat jako kierownik matej elek-
trowni w Koronowie. W tym czasie opiekowat si¢ rowniez chorem koscielnym, a wsrod
flisakow nad Brda organizowal wycieczki, spotkania i koncerty. Bedac w Berlinie
w 1917 r., brat udziat w organizacji Obchodéw 100-lecia $mierci Tadeusza Ko$ciuszki.
Na zlocie Gniazd Sokolich na stadionie w Berlinie w 1918 r., zaprezentowatl pokaz
polskich tancow narodowych 100-osobowego zespolu, korzystajacego z kostiumow
gdanskich. Wspominajac wydarzenia z okresu swojej dziatalnosci prof. Hoffmann napi-
sat: ,,Co mnie najbardziej wzruszalo i upewniato przed pierwszq wojng swiatowg, ze Pol-
ska powstanie, to byl ten czar i entuzjazm, ktory budzita polska piesn w kazdym sercu
Polaka i dawatla — swiadomie czy podswiadomie — wiare w przysztq wolnos¢ Polski”.

W czasie pobytu w Berlinie Alfons Hoffmann (fot. 8) byt aktywnym cztonkiem
Towarzystwa Spiewaczego ,,Harmonia”. Tam poznat swojg przyszia zong poznanianke
Mari¢ Radecka (fot. 7), z ktora wzigt $lub 11 wrzesnia 1921 roku w kos$ciele Matki
Boskiej Bolesnej w Poznaniu. Po $lubie Hoffmannowie zamieszkali w Toruniu przy
ul. Adama Mickiewicza, mieli réwniez dom w Osiu (fot. 9). Maria urodzita w Toruniu
dwoje dzieci: syna Mariana (1922-2010) oraz cérke Janing (1925-1944).
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Marian Hoffmann w 1950 roku obronit prace dyplomowa na Wydziale Elektrycz-
nym Politechniki Gdanskiej, a od roku 2016 Odziat Torunski Stowarzyszenia Elektry-

koéw Polskich nosi Jego imi¢. Natomiast corka profesora Hoffmanna — Janina — zgingta
w Powstaniu Warszawskim.

Fot. 7. Maria Radecka (Berlin, 1917 1.) [9]  Fot. 8. Alfons Hoffmann (Berlin, 1917 r.) [9]

Fot. 9. Alfons Hoffmann z rodzing przed swoim domem w Osiu (1930 r.) [9]
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Alfons Hoffmann w konicu 1918 roku wrécit do Gdanska, gdzie organizowat pol-
ska administracj¢ na Pomorzu. Jako czlonek Podkomisariatu Naczelnej Rady Ludowej
dziatal na rzecz przylaczenia Pomorza i Gdanska do Polski. Wchodzit takze z ramienia
Polski w sktad komisji ustalajacej granice miedzy Polska a Wolnym Miastem Gdansk.

3. WSPOLTWORCA POLSKIEGO SYSTEMU ELEKTRO-
ENERGETYCZNEGO W OKRESIE MIEDZYWOJENNYM

Od 1920 roku z ramienia Pomorskiego Urzgdu
Wojewddzkiego w Toruniu, inzynier Alfons Hoff-
mann zajmowal si¢ elektryfikacja Pomorza [3, 5].
Projektowat 1 budowat elektrownie oraz sieci, utwo-
rzyt potaczony system elektroenergetyczny Pomo-
rza i Poznanskiego, elektryfikowal Gdynie, wpro-
wadzal pionierskie rozwigzania techniczne, promo-
wat korzystanie z energii elektrycznej poprzez szko-
lenia, ale rowniez przez produkcje sprzetu grzejne-
go. Latem 1920 roku Alfons Hoffmann z ramienia
wiadz polskich prowadzit budowe elektrowni ,,Gro-
dek” nad Czarng Wodg. Dzieki wielkiemu wysitko-
wi, pierwsza turbing uruchomiono juz 24 grudnia
1923 roku w obecnosci prezydenta prof. Stanistawa
Wojciechowskiego. Natomiast trzeci turbozespot,
w obecnosci prezydenta prof. Ignacego Moscickie-
g0, uruchomiono 6 sierpnia 1927 roku. Pierwszymi
odbiorcami energii elektrycznej z elektrowni Gro-
dek byli mieszkancy Swiecia i okolicznych miej-
scowosci.

Jeszcze podczas budowy elektrowni w Grod-
ku, w roku 1922 Alfons Hoffmann (fot. 10) opra-
cowal plan elektryfikacji calego Pomorza, tzw.
~Maty Plan Grodka”, oparty na wykorzystaniu 23
i elektrowni oraz sieci przesylowej o napieciu 60 kV,
= o) - laczacej] glowne zrodia zasilania. W planie tym
. : : ) przewidywano budowg dziewigciu nowych elek-
Fot. 10.  Alfons Hoffmann podczas  trowni wodnych, m.in. Zur, Tlef i Tczew.

budowy elektrowni wod- W zwigzku z konieczno$cia elektryfikacji por-

nej w Grodku (19221) 9]ty gdynskiego, Alfons Hoffmann w roku 1927 przy-

stgpil do budowy nowej elektrowni w Zurze [2, 5].

Jednocze$nie wybudowano 140 km lini¢ elektryczna o napieciu 60 kV z ,,Grodka”
i ,Zuru” do Gdyni. Projekty poszczegdlnych obiektow elektrowni powstaly pod kie-
rownictwem inz. Hoffmanna iprof. Pomianowskiego. Budowa skladata si¢ zkilku
zasadniczych elementow: zapory ziemno-glinianej spietrzajacej o ponad 15 m wody
rzeki Wdy, kanalu roboczego o dlugosci 850 m, tzw. zlewu wodnego oraz lezacej
o 15,2 m nizej hali maszyn, czyli gldownego obiektu produkujacego energi¢ elektryczna.
W celu transportu materiatdow budowlanych i urzadzen wybudowano 5 km lini¢ kolejki
waskotorowej z Zuru do stacji kolejowej w Osiu. Prace przy budowie — co byto wow-
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czas nowoscig — prowadzono na trzy zmiany, w tym w nocy przy $wietle reflektorow.
Przy budowie, w szczytowym okresie prac, zatrudnionych bylo okoto 1500 oséb,
w wigkszosci mieszkajacych w okolicy. Mieszkancy okolicznych miejscowosci oraz
pracownicy budowanych elektrowni darzyli inz. Hoffmanna ogromnych szacunkiem
1 uznaniem, o czym $wiadczy fragment zatytulowany ,,Inzynier Hoffmann a $wiatto
w lesniczowcee” z opowiadania ,,Oskar — lesniczy z Wyder. Opowies¢ o ojcu”, napisana
przez syna lesniczego Oskara Vogta [4]:

. Epokowym zdarzeniem w historii lesniczowki Wydry, ktore wywarlo znaczgcy
wplyw na warunki Zycia, a nawet na pozniejsze losy jej mieszkancow, bylo spotkanie
lesniczego Oskara Vogta z budowniczym elektrowni w Zurze inz. Alfonsem Hoffman-
nem, jesieniq 1927 roku. ...

... Na ponad czterokilometrowym odcinku prawego brzegu Wdy, budowa zbiornika
wodnego i zamykajqcej go zapory prowadzona byla na terenach lasu Lesnictwa Wydry.
Z ramienia Lasow Panstwowych lesniczy Oskar Vogt bral udzial w wytyczaniu linii
brzegowej przyszlego zbiornika, a nastepnie kierowal usuwaniem krzewow i drzew
z obszaru zalewu. ... W toku realizacji tych zadan lesnych Oskar nieraz spotykal sie
z inz. Alfonsem Hoffmannem, ktory kierowat projektem, a potem realizacjq calego za-
dania inwestycyjnego. Obaj panowie przypadli sobie do gustu, zaprzyjaznili sie, cho¢
stosowny dystans zostal na zawsze zachowany. Ojciec nie zwracal si¢ nigdy inaczej, niz
per "panie inzynierze". Zaczeli razem spedzac czas rowniez pozastuzbowy. Ojciec
wspominal mi, jak to oprowadzal inzyniera Hoffmanna po roznych ciekawszych obsza-
rach Lesnictwa Wydry, jak zimg 1927 roku polowali razem na kaczki nad zatopionymi
potem brzegami Wdy. W spotkaniach tych rozmowa schodzila czesto ze spraw stuzbo-
wych na rozne inne tematy zycia codziennego. W toku ktorejs z tych rozmow inz.
Hoffmann napomkngl, ze w obecnym miejscu swego zakwaterowania stuzbowego nie
ma wygodnych warunkow do pracy i wypoczynku. Oskar si¢ nie zastanawial, w swoich
decyzjach czesto bywal bezposredni, zywiolowy, impulsywny. Zaprosil inzyniera do
zamieszkania w lesniczowce. Miejsca jest dos¢, opatu na zime nie zabraknie, a wyzy-
wienie i obstuga tez sie znajdzie. O zaplacie oczywiscie nie ma mowy. Nie bedzie to
wynajem. Lesniczy przeciez moze przyjmowac gosci.

Inzynier Hoffmann propozycje Oskara przyjgl bez wigkszego wahania. Zima
1927/1928 roku byla ostra. A budynek lesniczowki murowany, cieply, pokoj wygodny
i blisko do miejsca realizowanej budowy. Zamieszkal w duzym pokoju ogrzewanym
piecem kaflowym na pierwszym pigtrze lesniczowki, z dwoma oknami, wychodzqcymi na
rzeke i budowang za nig elektrownie. InZynier mieszkatl i pracowal w lesniczowce od
poznej jesieni 1927 roku do wiosny 1929 roku, dopoki nie otrzymal zakwaterowania
w budowanym wlasnie pensjonacie elektrowni. Zaprzyjazniony jednak juz z mieszkan-
cami lesniczowki, czesto do niej zaglgdal. Chyba w rewanzu za goscine przy swiecach
i lampach naftowych w dlugie jesienne i zimowe wieczory, inz. Hoffmann postanowit
lesniczowke Wydry zelektryfikowac! Wystgpit sam z kosztorysem ofertowym do Nadle-
Snictwa Szartata, ale otrzymat stamtqd odpowied? odmowng. Nadlesnictwo nie miato
Srodkow na taki luksus. Zresztq samo tonglo w nocnych ciemnosciach. Inne lesniczowki
na calym Pomorzu tez nie mialy elektrycznego swiatla i Wydry, cho¢ sq tak blisko bu-
dowanej elektrowni — tez go mie¢ nie muszq! Oburzyl si¢ Hoffmann na takq ciemnote
argumentow i postanowil, ze w takim razie sfinansuje zelektryfikowanie lesniczowki
Wydry ze srodkow realizowanej inwestycji. Jak postanowil, tak zrobil. Sam wykonat
projekt techniczny linii doprowadzajgcej energie od elektrowni oraz instalacji licznika
i sieci elektrycznej w obiektach lesniczowki. Swiatlo otrzymaly wszystkie pomieszczenia



14 Ryszard Roskosz, Stawomir Cieslik

parteru, pietra i piwnicy budynku mieszkalnego, wszystkie pomieszczenia budynku dla
inwentarza oraz punkty swietlne nad gankiem na podworku przed domem mieszkalnym
i przed budynkiem inwentarza w podworzu gospodarczym. W kazdym pomieszczeniu
zainstalowany byl wlqcznik, punkt swietlny i jedno gniazdko wtykowe dla dodatkowego
odbiornika prqdu. Juz latem 1929 roku stanely stupy linii elektrycznej w polu, jesienig
zainstalowano przewody linii doprowadzajgcej i sieci odbioru prqdu, a z chwilg uru-
chomienia pierwszej turbiny Elektrowni Zur 22 grudnia 1929 roku, Swiatla elektryczne
rozswietlily tez zabudowania lesniczéwki Wydry! To dopiero byly Swieta! Byla to wéw-
czas pierwsza i jedyna na Pomorzu, a by¢ moze nawet w calej Polsce, lesniczowka
osSwietlona swiatlem elektrycznym. Nie dziw zatem, ze osiggnigcia tego zazdroscili
Oskarowi wszyscy jego koledzy — lesnicy. I zapewne nie tylko oni”.

Po zakonczeniu budowy elektrowni w Zurze, w uruchomieniu turbin w dniu 15 lute-
g0 1930 roku, uczestniczyl prezydent Rzeczypospolitej Polskiej prof. Ignacy Moscicki
(fot. 11). Otwarcie tej elektrowni bylo gléwnym elementem uroczystosci zwigzanych
z 10-leciem powrotu Pomorza do Polski. Zur stat si¢ wtedy najwicksza elektrownig w kraju,
stanowigcg wraz z Grodkiem, rdzen systemu energetycznego Pomorza. Ow rdzen wspoma-
gany byl przez elektrownie parowe w Grudzigdzu, Toruniu, pozniej takze w Gdyni.
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Fot. 11. Uruchomienie elektrowni wodnej w Zurze z udziatem Prezydenta Moscickiego
(15.02.19301.) [9]

W wyniku budowy elektrowni powstat sztuczny zbiornik o powierzchni 440 ha
i dlugosci okoto 12 km, zwany Zalewem Zurskim. Przyczynilo sie to do rozwoju tury-
stycznego gminy Osiek, a w szczegdlnosci Tlenia. Jeszcze w latach 30. XX w. zaczgly
tam powstawaé hotele 1 osrodki wypoczynkowe. Dzigki temu Tlen stat si¢ prawdziwg
turystyczng perta Borow Tucholskich. Jego uroki krajobrazowo-turystyczne populary-
zowal w okresie migdzywojennym Alfons Hoffmann poprzez organizowanie obozow
dla harcerzy oraz zjazdéw i wycieczek dla cztonkdéw Stowarzyszenia Elektrykow Pol-
skich (fot. 13) oraz Zwiazku Elektrowni Polskich (fot. 12), a takze poprzez tworzenie
kot kajakowych, ktore urzadzaty sptywy Brda, Drweca, Wista, Wda oraz po jeziorach
Szwajcarii Kaszubskiej. W najciekawszych zakatkach Zalewu Zurskiego zbudowano
specjalne przystanie, wokol niego za§ wytyczono tras¢ spacerowa zwang ,,Promenada
Hoffmanna”.
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Fot. 12. Zjazd Kierownikéw Elektrowni Wodnych wojewoddztwa Pomorskiego (w pierwszym
rzgdzie od prawej (z kapeluszem w r¢ku) Alfons Hoffmann, czwarty (chtopiec) Marian

Hoffmann, Zur-Osie, 1931 r.) [9]

Fot. 13. Wycieczka czlonéw Stowarzyszenia Elektrykow Polskich po zalewie Zurowskim
(Zur, 1935 1.) [9]

Mieszkajac przez wiele lat w Toruniu (fot. 14), Alfons Hoffmann dzigki swoim
dzieciom — synowi Marianowi i corce Janinie (fot. 15) — zostat na samym poczatku lat
30. wlaczony w dziatania Zwigzku Harcerstwa Polskiego [8]. Mimo wielu zaje¢ zwig-
zanych z praca zawodowa i spoteczng w wielu organizacjach znajdowal czas na dziatal-
no$¢ na rzecz dzieci i mlodziezy.

W 1932 roku byt zatozycielem i prezesem Kota Przyjaciol Harcerstwa w Toruniu,
funkcjonujacego przy Szkole Cwiczen i Panstwowym Seminarium Nauczycielskim.
Dziatal na rzecz uzyskania przez druzyny i zuchow koniecznego sprzetu obozowego,
pomagal w organizacji zlotu Pomorskiej Choragwi Harcerstwa w 1932 roku w Garczy-
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nie k. Koscierzyny oraz Migdzynarodowego Zlotu Skautéw Wodnych nad jeziorem
Garczyn. Dbat o powszechno$¢ stroju harcerskiego, wzbogaconego chustami z haftem
kaszubskim. Organizowal wycieczki i obozy torunskich harcerzy w poblize Grodka
i Osia w Borach Tucholskich (fot. 16), nad morzem i w gorach. Hoffmann byt zwolen-
nikiem wychowywania mtodziezy w duchu katolickim i narodowym, protestowal prze-
ciwko upolitycznianiu harcerstwa.

Fot. 14. Rodzina Hoffmannow (Torun, lata 30. ub.w.) [9]

Fot. 15. Marian i Janina Hoffmann (lata 30. ub.w.) [9]
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Fot. 16. Alfons Hoffmann wsrod harcerzy (Bory Tucholskie, lata 30. ub.w.) [9]

Alfons Hoffmann jako obywatel Torunia (fot. 17) uczestniczyt w bogatym zyciu
kulturalnym miasta. Byl cztonkiem Towarzystwa Naukowego w Toruniu; 19 lute-
20 1929 roku brat udzialt w uroczystosci odstoni¢cia tablicy pamigtkowej na domu ro-
dzinnym Mikolaja Kopernika, ufundowanej z inicjatywy Stowarzyszenia Technikow
w Toruniu, ktérego byl aktywnym cztonkiem. Patronowat rowniez $piewactwu pomor-
skiemu, w latach 1937-1938, jako prezes Pomorskiego Zwiazku Spiewaczego, zaini-
cjowatl zbieranie dokumentow i materiatéw do opracowania historii ruchu $piewaczego
na Pomorzu.

Fot. 17. Maria i Alfons Hoffmannowie z cérka Janing (Torun, lata 30. ub.w.) [9]



18 Ryszard Roskosz, Stawomir Cieslik

Alfons Hoffmann byt wielkim propagatorem grzejnictwa elektrycznego i stosowa-
nia energii elektrycznej w gospodarstwach domowych [3, 5]. W latach 1932-1933 zbu-
dowat w Grodku Fabryke Grzejnikéw Elektrycznych o doskonatej jakoscei, ktora produ-
kowata kuchenki domowe, bojlery, grzejniki i zelazka elektryczne oraz duze kuchnie
elektryczne. Fabryka w Grodku zatrudniata ponad 400 pracownikow. Organizowane
byty salony pokazow grzejnictwa elektrycznego z kursami przygotowywania potraw, na
ktérych instruktorkg byta jego Zona Maria.

W okresie migdzywojennym Alfons Hoffmann prowadzit aktywna dziatalnosc¢
w Stowarzyszeniu Elektrykow Polskich [5]. W roku 1921 zatozyt Torunskie Koto SEP
i w latach 1921-1931 byt jego pierwszym prezesem. Obok dziatalnos$ci w tym oddziale,
Alfons Hoffmann byt rowniez zaangazowany w prace Zarzadu Gtéwnego SEP. W roku
1937 zostat wybrany na prezesa SEP na kadencje 1937-1938. Z Jego inicjatywy X Wal-
ny Zjazd SEP w dniach 26-30 lipca 1938 r. odbyt si¢ w Gdyni, cz¢§ciowo na Battyku na
MS Pitsudski (fot. 18 i1 19). Zjazd otworzyt prezydent RP Ignacy Moscicki. Rowniez po
wojnie bral udziat w pracach SEP, zar6wno w Oddziale Gdanskim, jak rowniez na fo-
rum krajowym. W 1959 roku uczestniczyt w Jubileuszowym Zjezdzie 40-lecia SEP,
aw 1961 roku na X1V Zjezdzie SEP w Szczecinie otrzymal najwyzsza godnos¢ w Sto-
warzyszeniu — tytut cztonka honorowego SEP.

Fot. 18. Rodzina Hoffmannéw przy nabrzezu z cumujacym m/s Pitsudski w porcie w Gdyni
(1938 1.) [9]

Kolejnym nurtem dziatalnosci spotecznej Alfonsa Hoffmanna byta praca
w Zwigzku Elektrowni Polskich, trwajaca nieprzerwanie od roku 1921 do 1939.
W latach 1925/1926 i 1927/1929 byt wiceprezesem, a w 1929/1930 prezesem tego
Zwigzku. Ponadto dziatat w komisjach Zwiazku: Ustawodawczej oraz Miar Elektrycz-
nych.
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Fot. 19. Maria i Alfons Hoffmannowie z kpt. Mamertem Stankiewiczem na Zjezdzie SEP
(Battyk, MS Pitsudski, 1938 r.) [9]

W koficu 1938 roku Alfons Hoffmann zostat dyrektorem Slqskich Zaktadow Elek-
troenergetycznych ,,Slgzel . Podobnie jak na Pomorzu, tak i na Slasku inzynier Alfons
Hoffmann wktadatl wiele wysitku w sprawy polskiej elektroenergetyki, ktéry miat na
celu szybkie uniezaleznienie jej od energetyki niemieckiej. Rozpoczat intensywng roz-
budowe Zaktadow i przedstawil wizje budowy nowoczesnego koncernu zarzadzanego
przez personel polski o najwyzszych kwalifikacjach.

4. OKRES PRACY W LATACH 1939-63

Po wybuchu wojny we wrzesniu 1939 roku Alfons Hoffmann $cigany przez oku-
panta znalazt si¢ w Lublinie, a potem we Lwowie [3, 5]. We Lwowie, ktory w tym
czasie byl pod okupacja sowiecka, pracowat jako konstruktor w Spoétdzielni Pracy Elek-
trogrzejnoctwa oraz w Ukrkomenergo. Po zajeciu Lwowa przez Niemcow w roku 1941
przedostat si¢ do Warszawy, gdzie ukrywat si¢ pod przybranym nazwiskiem Alfred
Hamerski w Miedzylesiu kolo Warszawy, u swojego przyjaciela dyrektora Fabryki
Aparatéow Elektrycznych Kazimierza Szpotanskiego. Do roku 1944 pracowat tam jako
kierownik kuzni i blacharni. W czasie okupacji aktywnie dziatal w ruchu oporu, wraz
z kolegami ze Stowarzyszenia Elektrykdéw Polskich, dla Delegatury Rzadu na Kraj,
opracowat plan elektryfikacji Polski do roku 1956, pod kryptonimem ,,Projekt Z i spra-
wy organizacyjne”. Projekt ten zostat wykorzystany po wojnie przez Centralny Zarzad
Energetyki w Warszawie. Alfons Hoffmann w czasie swojego pobytu w okupowanej
Warszawie brat roéwniez udzial w pracach normalizacyjnych XI Komisji Linii Napo-
wietrznych SEP, ktéra dziatajac pod przewodnictwem H. Tarnawskiego opracowata
projekt normy ,,Linie elektryczne napowietrzne pradu silnego”.

Pod koniec wojny do Warszawy przybyta z Krakowa jego zona wraz z corka Jani-
ng, ktora jako 19-letnia sanitariuszka powstania zgineta Smiercig meczenska w szpitalu
powstanczym przy ul. Dlugiej, spalonym wraz z rannymi przez Niemcow. Po upadku
powstania, jako Alfred Hamerski, zostat wywieziony na przymusowe roboty do Szczyt-
nej k. Ktodzka.
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Po wyzwoleniu Alfons Hoffmann powrécit na Pomorze i przystapit do odbudowy
ze zniszczen wojennych i uruchamiania elektrowni wodnych. W latach 1945-1949 kie-
rowat odbudowa elektrowni Bielkowo i Lapino na rzece Raduni oraz w Dychowie na
Bobrze. Ksztalcit wowczas, z budowy turbin wodnych i hydrologii, kierownikow
i maszynistéw sitowni wodnych calej Polski na kilkutygodniowych kursach w Zurze
i Straszynie.

Przy odbudowie kraju pracowat do konca lat czterdziestych, poniewaz ze wzgle-
déw politycznych owczesne wiadze odsungly go od prac o strategicznym znaczeniu dla
rozwoju elektroenergetycznego Polski. Tylko w niewielkim stopniu wykorzystano jego
fachowe umiejetnosci 1 zdolnosci organizacyjne. Od konca 1949 roku pracowat w Za-
ktadzie Elektroenergetyki Politechniki Gdanskiej u prof. Kazimierza Kopeckiego, ktory
chetnie zatrudnit swojego dawnego dyrektora z Grodka. W tym czasie Alfons
Hoffmann swoja aktywno$¢ oraz zdolnosci poswigcil nauce i dydaktyce prowadzonej
w murach uczelni, w ktorej studiowat i prowadzit wsréd mieszkancéw Pomorza dzia-
falnos$¢ w czasie pruskiego zaboru. W latach 1949-1955 wyktadat studentom to, co znat
najlepiej z teorii i1 praktyki: elektrownie, projektowanie sieci elektrycznych oraz grzej-
nictwo elektryczne. Organizowal wycieczki techniczne do elektrowni wodnych na rzece
Wdzie w Grodku i Zurze oraz do elektrowni na rzece Raduni.

Alfons Hoffmann byt réwniez ekspertem technicznym Zjednoczenia Energetycz-
nego Okregu Bydgosko-Torunskiego ds. budowy elektrowni wodnej w Koronowie.
Z inicjatywa zbudowania stopnia wodnego Koronowo wystapit juz w koncu lat dwu-
dziestych. Jako dyrektor ,,Grodka” zlecit opracowanie projektu prof. Karolowi Pomia-
nowskiemu z Politechniki Warszawskiej.

Po osiggnieciu wieku 70 lat, w 1955 roku
zakonczyl zajecia dydaktyczne, natomiast pro-
wadzil dalej dziatalno$¢ naukowo-badawcza
[3, 5]. W 1953 roku rozpoczat prace jako gene-
ralny projektant w Biurze Studiéw Gospodarki
Wodnej, a potem jako kierownik Zaktadu Kon-
strukcji Wodnych i Srédladowych w Instytucie
Budownictwa Wodnego PAN w Gdansku. Tam
tez w 1957 roku otrzymat tytut profesora nad-
zwyczajnego (fot. 20 i 21). Zostal czlonkiem
Komitetu Gospodarki Wodnej oraz Komitetu
Elektryfikacji Polski PAN. Opracowal Kataster
24 rzek Pomorza, badania modelowe dla zapory
i elektrowni wodnej w Solinie na Sanie oraz
uktadéw chtodzenia elektrowni cieplnych.

Po przejiciu na emeryture w koncu 1958
roku pracowatl nadal zawodowo i spotecznie,
opracowal m.in. koncepcje ogrzewania akumu-
lacyjnego dla odbudowujacego si¢ zamku-
muzeum w Malborku. Dla przedsi¢biorstwa
Fot. 20. Profesor Alfons Hoffmann  Hydroprojekt w Warszawie opracowat kataster

(Gdansk, 1958 1.) [9] teoretycznych zasobow sit wodnych w Polsce,

a wraz z synem Marianem (specjalista w dzie-

dzinie energetyki wodnej) — kataster technicznych zasobow wszystkich wiekszych kra-
jowych rzek. Wystapit z koncepcja budowy elektrowni szczytowo-pompowej na Jezio-
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rze Zarnowieckim — Elektrownia Wodna Zarnowiec zrealizowana zostala w latach
1973-1983 i jest najwicksza w Polsce elektrownia szczytowo-pompowa.

Fot. 21. Profesor Alfons Hoffmann z Zona Maria na wycieczce (lata 60. ub.w.) [9]

Hoffmann byt autorem wielu prac naukowych i patentéw. Odznaczony zostat Zto-
ta Odznaka z Wieficem Laurowym Zjednoczenia Polskich Zespotéw Spiewaczych
i Instrumentalnych, Ztota Odznaka NOT i SEP, Ztota Odznaka Miasta Gdanska, Ztotym
Krzyzem Zastugi oraz Krzyzem Oficerskim Orderu Odrodzenia Polski.

Profesor Alfons Hoffmann (fot. 22) po cigzkiej chorobie zmart 30 grudnia 1963
roku, zostal pochowany na cmentarzu Srebrzysko w Gdansku-Wrzeszczu, w kwaterze
zastuzonych profesoréw Politechniki Gdanskiej. Spoczywa w grobie rodzinnym, obok
swojej zony Marii, syna Mariana i symbolicznych prochéw corki Janiny (fot. 23).

Fot. 22. Profesor Alfons Hoffmann z Zzona Marig (Gdansk, sierpien 1963 r.) [9]
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Kondukt pogrzebowy prowadzit ordynariusz Chetminski ks. biskup Kazimierz
Kowalski. Mtodsi koledzy Profesora z Politechniki Gdanskiej Bolestaw Pyszora i To-
masz Biernacki tak napisali o Nim: ,,Pogrzeb jego byl wielkq manifestacjq i hotdem
ztoZonym temu zastuzonemu synowi Ziemi Pomorskiej, nie tylko przez Panstwo i swiat
naukowy, ale cate spoleczenstwo pomorskie. Odszed!, ale pozostawit pamie¢ doskona-
tego praktyka, zamilowanego naukowca i czlowieka prawego, poswiecajgcego cale
swoje zycie pracy dla ukochanej Ojczyzny. ... Odszedl od nas cztowiek odznaczajgcy sie
nie tylko wybitnymi kwalifikacjami naukowymi, znakomity organizator, popularyzator
wiedzy, wielki dziatacz spoleczny i gorgcy bojownik polskosci Pomorza, ale przede
wszystkim Czlowiek krysztatowego charakteru, nieskazitelnej prawosci i dobroci oraz
glebokiej kultury”.

Wdzigczne spoleczenstwo Pomorza nie zapomnialo o Profesorze. W wielu miej-
scach, w ktérych zyt i tworzyl, odstonicte zostaty tablice pamiatkowe [6, 7]: w Gru-
dzigdzu na domu, w ktérym si¢ urodzil i w Bazylice Mniejszej, w Bydgoszczy —
w Domu Technika NOT, w elektrowniach Grodek i Bielkowo, w Toruniu — na budyn-
ku, w ktorym powstato pierwsze Koto Elektrotechnikow Polskich oraz w Jego Alma
Mater — Politechnice Gdanskiej. Sa ulice jego imienia: w Bydgoszczy, Grudzigdzu,
Grodku, Straszynie, Toruniu, aleje w Zurze i Tleniu. Jest patronem szkoty w Grédku.

Prof. mgr inZ.
ALFONS
- HOFFMANN

Fot. 23. Grob rodzinny profesora Alfonsa Hoffmanna, Gdansk, 2016 r. (fot. Ryszard Roskosz)

Profesor Alfons Hoffmann zyje nadal w naszej pamigci jako jeden z najwybitniej-
szych Polakéw z Pomorza, wspottworca polskiej elektroenergetyki. Nie doczekat wolnej,
niepodlegtej Polski, ale zostawil nam testament zawarty w stowach Hymnu Pomorza:

Ziemio Pomorska kraju dogi
Nie wydart nam Cie wrég
Bo nas od wiekéw w walce srogiej
Wiodt zew, Ojczyzna Bog.
Polsko, Ojczyzno Matko Swieta
Dla Ciebie dzierzym tu straz
Jest w nas wytrwania moc zakleta
A wiara to puklerz nasz.
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Podzigkowanie
Autorzy dzigkuja mgr. inz. Tomaszowi Hoffmannowi, wnukowi Profesora, za udostgp-
nienie zdj¢¢ z albumu rodzinnego prof. Alfonsa Hoffmanna, ktore zostaty wykorzystane
w tym artykule.
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PROFESSOR ALFONS HOFFMANN,
AUTHORITY OF POLE AND ELECTRICIAN —
CO-FOUNDER OF POLISH POWER INUSTRY

REVIEW

Summary

The paper presents the profile of Alfons Hoffmann, an outstanding engineer,
pioneer and co-founder of the power system in Poland, the activist of society and
state. During his studies at the King’s Higher Education Technical School in
Gdansk and later he actively supported the Polish identity, promoting the Polish
language, music and folklore. Diploma in electrical engineering he received in
1911, after which he gained practice working in German industry. In 1918, as
a member of the Subcommissioner of Supreme People's Council he organized the
Polish administrations on the Pomerania. Since 1920 he was involved in the
building hydroelectric power plants in Grédek and in Zur, also he has created
a connected power system of Pomerania, worked on electrification of Gdynia,
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promoted the use of electricity through the production of heating equipment and
training users. After the II WW, the engineer Alfons Hoffmann started to rebuild
from the devastation of war hydroelectric power plants on the river Radunia and
Dychéw on the Bobr. In 1949, for political reasons, he have been slid from work
with strategic importance for Polish power industry. Since the end of 1949, he
started to taught at the Gdansk University of Technology and work in the Office
of Water Management Studies of Polish Academy of Sciences. Professor Alfons
Hoffmann has been working until the last days of his life. He Rests in the
Srebrzysko cemetery in Gdansk-Wrzeszcz.

Keywords: Alfons Hoffmann, pioneers of electric power, history of electrical
engineering
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EXAMPLES OF MODERN ENERGY CONVERSION
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Summary: The article presents examples of modern methods of electrical energy
processing and transmission. Nowadays, not only is renewable energy important
but also the everyday wireless transmission of it. The article describes the
photovoltaic cell as a renewable energy source, and applications of photovoltaic
modules depending on materials they are made of what influences their efficiency.
The example of the plane Solar Impulse illustrates photovoltaic modules
application. The second part of the article is devoted to the mechanism and
applications of wireless energy transmission without physical contact between the
source and load objects. An idea of transmission energy using magnetic coupling
resonance between two objects, when energy loss is minimised, was used in the
project WiTricity, developed at MIT.

Keywords: efficiency, photovoltaic panels, wireless energy transmission,
magnetic coupling resonance

1. INTRODUCTION

A term “electrical energy production” refers to obtaining energy from natural
resources and its conversion into electrical energy. In this context a word “production”
is not a precise expression because it is only conversion of energy, which is enclosed in
energy resources (fuels) or energy connected with the forces of nature, into electrical
energy. As primary sources of energy we could classify chemical substances, heat from
the inside of the Earth, solar radiation and gravity forces connected with planetary
motion. From the ecological point of view modern technology strives for obtaining
energy from renewable sources. An important aspect of using renewable sources,
classification of which is presented in Fig. 1, is efficiency of energy conversion process
which directly influences investment profitability of every branch of power industry [5].

Renewable energy sources

| Geothermal energy | I Biomass and biogas energyl

|Hydr0 energyl I Wind energy | I Solar energy I

Energy of tides, ocean currents and waves
gy

Fig. 1. Renewable energy sources classification
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Conversion of energy from different sources into electrical energy always occurs
with loss caused for example by heat dissipation in the environment, friction or loss
connected with field and electromagnetic wave dissipation. The issue of modern energy
conversion is not only obtaining energy from renewable sources, as presented in the
article efficient exploitation of solar energy in photovoltaic modules, but also energy
transfer for mid-range distance without any loss in a wireless way, using magnetic
coupling. In this case electrical energy converts into magnetic field energy.

2. PHOTOVOLTAIC CELLS

2.1. CONSTRUCTION OUTLINE AND OPERATION PRINCIPLE

Depending on the type of semiconductor material used in the cell the following
types of cells are distinguished: homogeneous semiconductors, which in case of lighting
radiation increase electric conduction of the material, and heterogeneous
semiconductors consisting of doping semiconductors forming p-n junction in which
potential barrier is created as a result of photovoltaic effect occurrence. Depending on
materials used in the junction construction various band gaps can be obtained.
Photovoltaic effect can be described as an increase of an electron’s energy level
following the interception of a photon and, consequently, creating potential hill at the
interface between two types of doping semiconductors (n-doping and p-doping) [1, 3, 5].

Photovoltaic cell consists of a number of layers as presented in Fig. 2. In the cell’s
structure, the following parts of the cell are shown: lower contact, then p-doping
semiconductor, which is responsible for absorbing radiation, and n-doping
semiconductor, which is transparent for solar radiation. The next layer is made of
transparent conductive oxide (TCO), which combines antagonistic attributes. On the one
hand, it is a good conductor but on the other, has high transparency for electromagnetic
waves in a range of solar radiation. The outer layer of the cell is glass or plastic (PET —
polyethylene terephthalate) which is at the same time the upper contact [7]. The
efficiency of energy conversion depends on the amount of energy reflected and
scattered in the upper cell layers. In order to consider the most efficient energy
conversion in solar cells we should describe an equivalent circuit of a real cell and the
following from it reasons of energy losses.

V A upper contact: glass / PET - polyethylene terephthalate
L\ N TCO - transparent conductive oxides

n doped semiconductor

p doped semiconductor

R RRIIIIIIIIZ 1ow
KXRRHIIXRHRIILRARIXK]  lower contact

Fig. 2. Cross section through a photovoltaic cell with heterogeneous semiconductor [source:
datasheet Konsorcjum ATS] [3]

Figure 3 shows a basic one-diode equivalent circuit [1]. The aim is for the biggest
shunting resistance representing ways of current leakage along the edge of the cell, and
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for the lowest possible series resistance representing resistances of contacts and
particular layers of the cell. The ideal case is Ry — 0 and Rj, — oo. In order to gain the
maximum efficiency of a solar cell the optimal possible load resistance needs to be
chosen. A narrow range of loads for maximum efficiency makes it necessary for solar
cells to be equipped with load optimisation system depending on changing working
conditions. Optimal load resistance is a quotient of voltage in maximum power point to
current in the same point at a given moment, depending on irradiance and temperature.
In order to achieve the biggest efficiency under constant load it is suggested to use
Maximum Power Point Tracking Algorithm, as the voltage curve depends not only on
temperature but also on irradiance. This regulator is equipped with a DC/DC converter
and an algorithm of maximum power point tracking. Consequently, irrespective of the
input voltage, the regulator ensures suitable power compatibility of the photovoltaic
module, at the same time making the PV panel work with the best possible adjusted
voltage and current transforming it into appropriate charging voltage by use of DC/DC
voltage input/output filling factor, which is equivalent to a transformer voltage ratio in
AC technology [5].

® v [ :

d sh

Fig. 3. One-diode equivalent circuit of photovoltaic cell [1]: I — solar current, I; — diode current,
I, — shunt resistance current, Ry, — shunt resistance, Rg— series resistance, U — load voltage

2.2. TEST STAND FOR PV PANELS

The test stand for measuring current-voltage characteristics and efficiency of solar
modules is located in Renewable Energies Laboratory in the Institute of Electrical
Engineering of J.J. Sniadecki University of Technology and Life Sciences in
Bydgoszcz. Measuring instruments used in the tests were: ammeter, voltmeter, luxmeter
and thermometer. The three tested modules included: an elastic monocrystalline silicon
module ATS100-10654-FLEX of nominal power 100 W (Fig. 4), a monocrystalline
silicon module with inflexible ground SFE.MF-6-225 of nominal power 255 W and
a polycrystalline silicon module SFE F 50/12 FR of nominal power 50 W.

Fig. 4. Tested flexible panel with nominal power 100 W [source: datasheet Konsorcjum ATS]
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It should be noted that the unique construction of the flexible monocrystalline
module enables its installation on irregular rugged surfaces without using any special
load-bearing construction for example aboard yachts or roofs of electrical vehicles.
These properties are ensured by using the structural layer made of TPT — polymer
plaster, a shock-absorbing layer made of EVA — poly(ethylene-vinyl acetate) and
covering layer made of PVDF — polyvinylidene fluoride — which is chemical-resistant
(Fig. 5).
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Fig. 5. Circuit used for testing efficiency of silicone photovoltaic panels

2.3. TEST METHODS

In order to determine current-voltage curve and module power curve, depending
on the load, the circuit was connected as in Figure 5. The experiment was performed
September 13, 2016, form 11:30 am to 12:00 am. There was full sun exposure and the
sky was cloudless. Modules were placed parallel to the ground. Moreover, the
temperature of modules surface was measured taking the mean value of the start and the
end of experiment. Modules’ surface heats up during measurements and efficiency
could decrease in function of temperature. Resistance in the panel’s circuit was
controlled from 0 to 10000 €.

2.4. TEST RESULTS AND CONCLUSIONS

In Figures 6, 7 and 8 results from the research are presented as current-vcltage
curves and power curves of modules. Moreover, maximum power points (MPP) were
read. Table 1 below presents results of the performed tests and calculations for silicon
modules of the mono and polycrystalline structure.

Table 1. Test results

Type of module Moni(')lcexg;::llme Monocrystalline | Polycrystalline

Maximum Power Point P, W 53.54 168.57 15.76
Fill Factor % 75.38 68.02 87.79
Light intensity £ 1x 74980 78970 78980
Surface area § m’ 0.524 1.460 0.292
Temperature of surface °C 48 43 47
Optimal resistance R, Q 4.16 5.66 2.33
Efficiency 7 % 13.62 14.62 6.83
Current density J,. A/m? 731 4.89 9.11
Maximum power on unit of surface | W/cm® 102.18 115.46 53.97
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Stiff monocrystalline photovoltaic module SFE.MF-6-255

Voltage U [V]

Fig. 8. Characteristics for polycrystalline photovoltaic module

==e== current-voltage curve === DOWET
200
\ 160
o \\\ 120
// \\\ 80
'/ 40
— 0
0 5 10 15 20 25 30 35 40
Voltage U [V]
Fig. 6. Characteristics for flexible monocrystalline photovoltaic module
Flexible monocrystalline photovoltaic module ATS100-10654-FLEX
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It should also be noted that a stiff module weighs 19 kg, while a flexible module
weighs only 1.35 kg. The calculated mass to 100 W power ratio has shown that the stiff
module is 5.6 times heavier than the elastic one. The observed efficiency of the elastic
module is only 1% lower than that of the inflexible module what points to very good
properties of energy conversion of the flexible construction as compared to the rigid
construction.

Measurements for all modules were made in similar exposure to sunlight
conditions and module surface temperature. Moreover, every possible effort was made
not to shade any part of the module. For polycrystalline module it was obtained power
15.76, but it could appear higher maximum power. The calculations were ran assuming
converting coefficient for radiant flux (Im) to radiant power (W) as 0,01 for solar
radiation [6]. The module Fill Factor is a quotient of maximum power to product of
short-circuit current and open-circuit voltage [4]:

Prax
FF = —ma (1)
Uoc : Isc

where:
FF —Fill Factor [-];
Prax — maximum power [W];
U,c — open-circuit voltage [V];
Isc  — short-circuit current [A].

For an ideal module the Fill Factor is equal 100%. The higher its value, the closer
to rectangle the current-voltage curve is, and the cell maintains constant current at wider
voltage range. The research has shown that the polycrystalline module has the highest
fill factor.

Series and shunt resistance have a considerable influence over the Fill Factor. The
bigger the series resistance and the smaller the shunt resistance, the more inclined cell
current-voltage curve is (Fig. 9). Moreover, in the performed experiment larger
resistance deviation occurrence of curves for rigid module than for flexible module was
observed as the stiff module has lower Fill Factor and more inclined current-vcltage
characteristics (comparing Fig. 6 and Fig. 7).

3,0 F3,0
2,54 F25
2,01 F2,0

Z <

= 159 18~
107 L1,0
0,51 . . Los

— R, =0,40; Ryy=10°Q — R,=040;Rp=10°Q
— Ry =8,00Q; Ryy=10°Q —— Ry=0,4Q; Ryp=100Q
0,0 0,0

g T T u T T T T T T T T T
00 01 02 03 04 05 060001 02 03 04 05 06
uv] uv]

Fig. 9. Parasitic resistance (series R; , shunt Rgp,) influence over cell fill factor [§8]
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Matching load resistance, in other words resistance corresponding to maximum
power point, is quotient of maximum power point voltage and current in the same point.
This load ensures maximum efficiency, but only in temporary insolation conditions.
Matching load resistance is presented as [4]:

<

Raop =7 )
m
where:
R4op — matching load resistance [€2];
Uy, - maximum power point voltage [V];
I, —maximum power point current [A].

In the course of experiments with panels of various nominal powers the matching
load resistances also take different values. It has been noticed that the highest nominal
power of module is, the larger matching load resistance.

Calculated efficiency is used for absolute comparison of the module. It is ratio
between a module’s maximum power and product of radiant intensity and surface area [4]:

Pmax
=22.1009 3
T=F-s o ©)

where:
n  —efficiency [%];
Phax — maximum power [W];
E  —radiant intensity [W/m”];
S —active surface area [m?].

It was observed that the rigid monocrystalline module, with slightly better
parameters than the flexible one, achieved higher efficiency. On the other hand, the
polycrystalline module, cheaper in production, ensures lower solar energy conversion to
electric energy efficiency. The monocrystalline module is characterized by almost 100%
of material purity and the polycrystalline module contains about 2% impurities which
worsens its efficiency.

Short-circuit current density is also an important parameter of solar cells because it
determines mechanic strength of material. It is ratio between short-circuit current and
active surface area of module [4]:

Jsc = ? “4)

where:
Jsc — short-circuit current density [A/m?];
I — short circuit current [A];
S —active surface area [m?].

It was also observed that high short circuit current density was received by the
flexible module, what means that it has high mechanical resistance to overheating, but the
polycrystalline module has the highest density on account of its small nominal power.

In the experiment it was also noticed that the monocrystalline module ATS100-
-10654-FLEX after having been heated by solar radiation to temperature 45°C became
more flexible and adjusting to surfaces than before measurements. Neither of the
modules achieved their nominal currents, voltages or powers on account of high
temperatures of the modules’ surface and their horizontal arrangement.
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2.5. PHOTOVOLTAIC CELLS — MATERIALS AND EFFICIENCY

One of major factors which determines photovoltaic conversion efficiency is the cell
material type as every material has its own energy gap. As follows from numerous tests
monocrystalline silicon panels achieve higher efficiency. In comparison of modules with
rigid ground, the monocrystalline module shows over two times higher efficiency than the
polycrystalline one but, as the modules display other parameters, these two types cf PV
modules cannot be directly considered. Influence of p-n junction material on efficiency
was studied by the authors [1, 3, 5, 8]. The observed maximum efficiency is closely
connected to energy gap width and its maximum is placed circa 1,4 eV (Fig. 10). Thus, the
aim of the current research is to find materials with the gap close to that value. Junctions
made of cadmium telluride and gallium arsenide are closest to these values. The proposed
PV materials classification divides them into three generations depending on production
techniques and year of production (Table 2). The first generation comprises modules with
crystalline silicon cells including mono and polycrystalline silicon cells. In order to
achieve maximum efficiency, on account of low absorption coefficient, a thick layer of
absorber (from 100 pm) should be applied. Polycrystalline cells, junctions of which
consist of many silicon crystals, display worse parameters but are cheaper [5].

1[%) GaAs CdTe

s Ge Si InP ya~  AlAs GaP

20 /’—\\
oo // ______ s

» F [eV]

0 T T T T T
05 1,0 15 2,0 2,5

Fig. 10. Relationship between maximum theoretical efficiency and width of band gap for
various materials [5]

The second generation includes thin-layer cells high production cost is
compensated for by low material consumption. This group is represented by cadmium
telluride (CdTe — p doped semiconductor) with cadmium sulphide (CdS) as donor
material. Pure cadmium is a very toxic material, and thus the problems with recycling.
Another second generation material is gallium arsenide (GaAs — p doped semiconductor
and InGaP — n doped semiconductor). On account of laying these materials on
crystalline ground for example germanium, despite their high efficiency the cost of
modules considerably increases. Moreover, it should be noted that chemical reagents,
used in their production process, are toxic. Another group of thin-layer cells comprises
CIS/CIGS, compounds of cooper, indium, selenium and gallium characterised by high
light absorption. Their advantage is the possibility of industrial printing manufacture.
Thin-layer cells also include amorphous silicon cells (cherry-red colour) characterized
by lack of method in the atoms lattice and having many structural defects the amount of
which increases in the course of long-lasting illumination [7]. Their production cost is
considerably lower, but due to structural defects, their efficiency is lower than that of
their crystalline equivalents. The third generation of solar cells consists of polymer
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(organic) and dye-sensitized cells. Their advantage is very low production cost, which is
why they are subject to much research, however, they have relatively low efficiency and
are sensitive to water vapour and oxygen. Dye-sensitized cells work in a way similar to
the photosynthesis process. On the strongly uneven photo anode’s surface the dye is
adsorbed; the photo cathode is covered by catalytic substances. The electrodes are
separated by liquid or solid electrolyte. In polymer cells energy conversion occurs using
organic molecules and electroactive polymers [1, 3, 7].

Table 2. Comparison of materials’ energy conversion efficiency in mass production

P-n junction material Efficiency Current applications
Polycrystalline silicon 11-17% Photovoltaic installations in power stations and
Monocrystalline silicon 15-22% apartment buildings
Amorphous silicon 5-9% Installations with lower energy requiremert
Gallium arsenide 25-30%

Satellite, space crafts, militaries

Cadmium telluride 10-11% .

Flexible grounds
CIS / CIGS 12-17%
Dye-sensitized cells 8-12 Facades of buildings
Polymer cells 4-7 under research

Higher efficiency is ensured by using multi-junction solar cells. Examples of these
are amorphous silicon junctions: as single-junction they achieve efficiency of about 5%
and as multi-junction display efficiency of about 8%. The difference follows from better
absorption through particular layers of materials, where every layer is sensitive to
different colour of solar radiation (range of electromagnetic wave length) [3].

The performed analysis has shown which materials ensure the highest energy
conversion efficiency, but technical possibilities of manufacturing should also be taken
into consideration. As follows from the data published in Photon International and
global production is dominated by polycrystalline silicon modules, with monocrystalline
silicon modules being the second most popular type (Fig. 11). Numerous tests have
shown that lower efficiency modules excel on the market. On the one hand, the fact that
renewable sources are used for energy production is positive, on the other, the highest
the efficiency, the more profitable investment in photovoltaic installation is.

Si policrystalline

CIS/CIGS

cadmium telluride CdTe

amporphous Si

high efficiency

170

Si mocrystalline others

Fig. 11. Technology share in global production of solar panels [source: Photon International]
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2.6. STRUCTURAL FACTORS INFLUENCING SOLAR CELLS EFFICIENCY

Solar cells’ production in industrial conditions in comparison to lab conditions
always shows a decline of cells’ efficiency on account of mass scale of manufacturing
and production time which directly influences the module price. Apart from p-n
junction materials, there exist many factors affecting obtaining the highest module’s
efficiency. One of them is anti-reflection coating. A cell’s quantum yield, a parameter
which describes total short-circuit current and photons’ flux density for certain wave
length, is higher with anti-reflection coating. This layer more efficiently allows solar
radiation to pass through to the absorber [1]. The thicker the layers over p-n junction,
the less energy reaches the junction [5]. On the other hand, the thicker the junction, the
higher cell’s absorption capabilities. This feature is used in the above mentioned multi-
junction cells [8]. As it was shown, on the basis of a cell’s current-voltage curve its
maximum power point can be determined. For every photovoltaic module this is
maximum efficiency point, but it is ensured only for narrow loads range. A very
important aspect with regard to the module as a whole is lighting of its entire surface
area as in case of shading of a narrow section, especially in series connection of cells,
the current-voltage curve is considerably deformed and the short-circuit current
decreases. As a result, the cell becomes reversely polarised, what can cause flashover at
voltage of about a few volts. In order to protect the module form efficiency decrease by-
pass diodes are applied. They are used mainly at higher voltage and in cells where the
thin-layer technology is not applied because in these cells the drop of efficiency in case
of shading is small. The module SFE.MF-6-255 consists of 60 series-connected cells
and 3 by-pass diodes are used. Due to construction costs this solution is intended for
industrial products. On the other hand, in case of high reliability requirements each cell
is shunted. While selecting a module one should also take note of the efficiency
decrease in case the module is made on nominal maximal voltage ranging from 24 V or
12 V DC. Moreover, the performed test have shown that monocrystalline flexible
module’s construction insignificantly lowers its efficiency but allows numerous new
applications. One of them will be presented in the further part of article below treating
about the project Solar Impulse. From the structural point of view a good method to
improve conversion of solar energy efficiency is the application of the Solar Tracker
system. It is a slave system with ability of biaxial module colocation in order to obtain
the highest energy. This system is particularly effective during morning and evening
hours, when altitude of the sun over the horizon is low and the angle of sunbeam
incidence is decreasing in case of stationary panels. Summary the MPPT algorithm
allows to gain 20% more energy than in stationary solutions [3].

2.7. ENVIROMENAL CONDITIONS INFLUENCING EFFICIENCY

Efficiency curve reaches saturation in function of irradiance, but a decrease is
noted in function of temperature [1, 5]. The bigger and more constant irradiance, the
higher efficiency of solar cell is. However, when the temperature is rising the cell is
overheated and Joule-Lentz heat is emitted in series resistance. Moreover, in high
temperatures oscillations of lattice are noticed impeding the charge flow and junction
disappearance comes into effect because thermally-generated charge carriers have got
enough energy to cross p-n junction in both directions.

The rate of efficiency drop in function of temperature is dependent on the cell material
type (Fig. 12). The curve decrease is most gentle for cells based on cadmium, while the most
popular silicon cells completely lose the capability to generate energy by 300°C.
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Fig. 12. Photovoltaic cells energy conversion efficiency in function of temperature [5]

3. SOLAR IMPULSE

3.1. INTRODUCTION

A plane called Solar Impulse is one of the most modern applications of
photovoltaics (Fig. 13). The main focus of this project is to show that if an airplane has
succeeded to fly day and night without fuel, using only solar energy at high altitudes
like 8500 m, the same clean energy can be used on the ground with the humankind
faced with increasing consumption and request for electrical energy and decreasing
deposits of fossil fuels.

THEBAIRPLANE OF PERPETUAL ENDURANCHE

< a e

Fig. 13. Solar Impulse 2 [10]

3.2. HISTORY OF THE SOLAR IMUPLSE PROJECT

An author of this project was Bertrand Piccard. An idea for a plane which cen fly
both day and night without fuel consumption, arose in 1999. After consultations with
constructors and pilots the project started in November 2002 in Switzerland, and
a prototype of Solar Impulse 1 (SI1) was presented 7 years later. Its wingspan was about
63 m and mass about 1500 kg. After successes achieved during daily flights in July
2010 a night flight was attempted. The success meant that the solar energy aggregated
in accumulators allowed the aircraft to fly without extra fuel consumption and not
emitting any pollution to the atmosphere. This event was a major step forward in the
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history of the project supported by the European Commission and Parliament. With this
auspice the first international Solar Impulse 1 flight between Brussel and Paris in 2011
was connected. A year later the plane performed its first intercontinental flight with
a destination in Morocco. The distance covered in the flight was about 6 thousand km
and the route ran over the Mediterranean Sea. In 2013 the project was also popularised
overseas. The success of the first version of the aeroplane induced constructors to
improve the machine; and thus the Solar Impulse 2 (SI2) was presented in 2014. After
successful tests, which included a flight during 5 days and 5 nights from Nagoya in
Japan to Kalaeloa in Hawaii, intensive preparations for the flight around the Earth
started. In 2016 pilots managed to fly 40 thousand km around the world [10].

3.3. CONSTRUCTION

The ratio of wingspan to the plane weight is amazing as it is the first time people
constructed a plane with as large a wingspan comparative to big passenger aircraft, with
the weight that can be compared to the mass of a van.

The weight of construction is the fundamental parameter considered while
calculating night energy consumption (Table 3). The lighter plane, the bigger energy
saving. It should be also considered that every additional element for example in cockpit
equipment results in an increase of battery mass. Thus, constructors endeavour to
optimise the plane weight and eliminate unnecessary load. The secret of so small a mass
lies in the materials used for construction: carbon fibre weighing 25 g/m” which is three
times lighter than paper, and alveolate foam in the form of a honeycomb. These
materials are used to build fuselage, cockpit and spars. Strength of the construction and
resistance to adverse outside conditions are among mechanical parameters for the
construction, essential for cockpit insulation and, consequently, creating suitable living
conditions for the pilot, and for motors or batteries clamping. Cockpit insulation is made
of polyurethane foam and alveolate foam, while windows of high performance
polycarbonate sheets derived from plastic.

Table 3. Solar Impulse Parameters [10]

Wingspan m 72
Weight kg 2300
Number of solar cells - 17 248
Number of propellers and batteries - 4
Maximum flight time achieved h 117 h 52 min
Maximum altitude m 9800
Average speed km/h 75
Maximum recorded ground speed km/h 216
Fuel consumption 1 0

The most important element is a layer of solar cells placed on the outer part of
wings and fuselage. They are protected by plastic layer made with a resin base. The
layer shields not only against adverse outside conditions such as ultraviolet radiation
(particularly important at high daily altitudes of 8500 m) but also against water, and
allows construction deformation without cells damage (Fig. 14).



Examples of modern energy conversion 37

Fig. 14. Photovoltaic panels installation on Solar Impulse wings [11]

The energy from solar cells, which convert solar energy into electrical energy, is
transferred directly to engines. Obtaining mechanical energy is possible using brushless
DC motors with sensorless position detection. The aircraft has 4 electric machines, each
of them with power 17.4 KM (12.8 kW) [10]. If the produced energy is higher than the
temporary demand of the airplane, it will be stored in 4 batteries, each of 86.5 Wh/kg
density (density sum for the plane is 260 Wh/kg). They are insulated by high density
foam, their total weight is about 633 kg and constitutes %4 of the total plane mass. The
photovoltaic system consists of 17248 solar cells made of monocrystalline silicon, 135 pm
thick. We can compare these panels to the ATS100-10654-FLEX panel used in the
research. They convert the total of 340 kWh per day and are placed on surface of about
269.5 m”. They achieve maximum efficiency of 22.7%, considerably higher than the
presented above flexible panel, although it is optimised to mass and flexibility of panels.
Each solar cell is tested 3 times before installation as constructors aim at aircraft’s
utmost reliability.

For energy saving purpose a flight cycle takes place during the day at the altitude
of 8500 m and at night at 1500 m. Solar energy production is possible for 10 hours per
day. From 6 am the aircraft gains altitude and motors turn at maximum power as the
plane must create lift, but at the same time batteries are charged. At 6 pm the machine
reaches its maximum altitude, the sun sets, motors throttle back as they do not receive
energy form solar cells and the plane lowers its altitude for about 4 hours with
negligible energy consumption. At 10 pm the pilot restarts motors supplied by energy
stored in the batteries. At this stage velocity ranges from 45 to 90 km/h, while at
maximum altitude it reaches the values ranging from 57 to 140 km/h [10].

4. WIRELESS ENERGY TRANSMISSION

4.1. INTRODUCTION

An idea of wireless energy transmission describes a practical and safe application
of mutual influence of two objects with the same resonant frequency creating magnetic
coupling. A basic requirement is that this influence should be strong and effective, at the
same time however it should not have negative effects on humans and the environment
Nicola Tesla was already interested in the issue of wireless energy transmission, but not
until 21% century has this problem been solved. The project WiTricity [2], initiated at
the Massachusetts Institute of Technology, carries out first successful mass production
of modules for wireless charging.



38 Malgorzata Dutka

4.2. PHYSICAL MODEL OF WIRELESS ENERGY TRANSMISSION

Magnetic coupling is considered the basis of the theory for wireless energy
transmission. In the phenomenon magnetic field of one object has an effect on the other
one thus inducing current in it. In this way energy is transmitted from source to device
without physical contact between these objects. A necessary condition is however the
occurrence of resonance phenomenon as this is the state in which energy can be
transmitted with the highest efficiency. Regular magnetic coupling allows energy
transfer with high efficiency (circa 60%) only for a few mm; to transmit at larger
distances the magnetic field strength should be increased. Resonant magnetic coupling
does not require this condition to be met. The phenomenon appears when the energy
exchange between objects occurs by means of their varying or oscillating magnetic
fields with natural approximately the same resonant frequencies. This described effect
forms the basis for coupled mode theory (CMT) [2]. An advantage of this model is that
magnetic field can wrap around the conductive obstacles between the power and
charging device (Fig. 15).

2
l 4
Fig. 15. Wireless energy transmission (blue curves — magnetic field, yellow curves — energy flow) [12]

The first successful experiment was performed in 2007 using two spiral coils with
a diameter of about 30 cm, quality factor about 950 and frequency 9.9 MHz, as a result
lighting of 60 — Watts bulb within the distance of 2 m was induced. Energy transfer
efficiency during the measurement was between 40 and 60% [9].

4.3. EFFICIENCY OF ENERGY TRANSMISSION

For wireless non-radiative mid-range energy transfer in contrast to simple
magnetic induction for near field (described in the range around source for the cenre of
M2m) resonant magnetic coupling is used described as magnetic wave mode where
energy can transfer from one medium to another by tunnel transmitted form [9]. Regular
magnetic coupling as magnetic induction usage has been utilised for a long time in order
to send signals by means of electromagnetic field. For that reason using the same
method to transfer energy could cause waves interference.

Coupled mode theory creates a mathematical model, which circumscribes the
phenomenon of wireless energy transmission. In respect of two magnetic coupled coils
following equations for field amplitudes have been written [2]:

{dl = _i(wl - il—‘l)al + iKaz
dz = _i((,l)z - irz)az + iKa1

(6))
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where:
ai, — individual resonant frequencies;
I}, —resonance widths due to the objects (losses connected with absorption,
radiation);
Kk — coupling coefficient;

For exact resonance w; = w, AT} =T,. Energy transmission loss is lower when
the coupling rate is much faster than the loss rate [2]. It implies that when x/,/T [, >
1, loss is the smallest and energy will be effectively transferred in the course
phenomenon referred to as strong coupling presented on the equivalent circuit of
magnetic resonance circuit (Fig. 16).
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Fig. 16. Equivalent circuit of magnetic coupling coils, used for wireless energy transmission:
L — resonant inductance , C — resonant capacity, R — resistance of resonant coil

Wireless energy transmission efficiency depends on many factors. One of them is
the quality factor of resonance circuit — the highest the quality factor, the more effective
the process. Moreover, maximum efficiency is achieved in the situation when both
primary and secondary circuits are in resonance, and thus reactance of both circuits
equals zero. To increase the distance between source and load we can increase resonance
frequency, but at current standards, connected with ISM, which are radio bands
internationally reserved for the use of radio frequency energy for industrial, scientific and
medical purposes other than telecommunications, the upper limit is 13.65 MHz.

4.4. WIRELESS CHARGING SYSTEM FOR MOBILE PHONES

Main elements of the system are resonant coils. The first coil is a source reached
by the input signal modulated by controlled electronics by means of an amplifier to
achieve the appropriate frequency. Then, the energy is transferred by magnetic field
using magnetic resonance coupling with the second coil placed in a charging device
module. In the receiving circuit alternating current is induced and rectified, then it turns
directly to the charged device. Data communication is an important element of the
system, where for example in module WIT 5000 [12] it is Bluetooth that engages digital
electronic controls. This module is used for mobile phones charging (Fig. 17).

Energy transmission occurs by clearly defined frequency 6.78 MHz. At this
frequency interaction with other metal elements is minimal and influence on human
does not exceed norms [11].



40 Malgorzata Dutka

1 ( )
Q_Mm Regulator ﬁ Rectifier (—ﬂ Device

Control Electronics |

I —

Device Resonator Comm Link
WiT-5000
Device Module
Bluetooth LE
WiT-5000
Source Module
Source Resonator Comm Link

1N ] ‘ Source
Amplifier i
LQC.[DRHL_‘)\ p < >| Control Electronics

Fig. 17. Block diagram of modules WIT 5000 @MIT [11]

5. CONCLUSION

Modern energy conversion is characterised not only by using renewable energy
sources in electrical energy production but also by its wireless transfer between source
and devices. Photovoltaic technology and WiTricity are brought into general use,
however, in both cases the main factor is efficiency of energy conversion because it
directly influences investment profitability. Research results show that monocrystalline
silicon panels achieve better efficiency than polycrystalline silicon panels, thus they
should be considered a better investment. On the other hand, investment profitability
also depends on constructions cost which could be higher for monocrystalline silicon.
Wireless energy transmission technology aspires to replace cable lines in the future, but
constructors are faced with the problem of limits to its power and range.
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PRZYKEADY NOWOCZESNEJ KONWERSJI ENERGII

Streszczenie

W artykule przedstawiono opis nowoczesnych metod przetwarzania
i przesyltu energii elektrycznej. Obecnie wazng rolg odgrywa nie tylko odejscie od
konwencjonalnych na rzecz odnawialnych zrédet pozyskiwania energii, ale rowniez
praktyczny ze wzgleddw uzytkowych bezprzewodowy sposob jej przesytania. Jako
zrodlo odnawialne zostalo zaprezentowane ogniwo fotowoltaiczne oraz
zastosowania modulu PV w zaleznosci od parametrow uzyskanych na podstawie
konkretnych materiatow, ktore determinujg sprawno$¢ konwersji energii.
Przyktadem zastosowania modutéw PV jest projekt Solar Impulse — samolotu ,,na
stonce”. Druga cze$¢ pracy poswigcono mechanizmowi wykorzystania bezprzewo-
dowego przesylania energii bez wymagania fizycznego kontaktu dwoch przed-
miotow. Pomyst przesylania energii za pomocg pola magnetycznego migdzy
przedmiotami o okreslonej czestotliwosci drgan wlasnych, pozwalajacych na
zminimalizowanie strat energii, zostal wykorzystany w projekcie WiTricity,
opracowanym przez naukowcow z MIT.

Stowa kluczowe: sprawnos¢, panele fotowoltaiczne, bezprzewodowe przesylanie
energii, rezonansowe sprzgzenie magnetyczne
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Summary: The return cable on the SwePol Link has been introduced as an alterna-
tive forced by environmentalists due to lack of social acceptance of other solutions.
This is why in the proposed solution water and earth have been replaced by two re-
turn cables, although from a technical point of view such a solution is less effective.
In eight summary cases the faults were caused by electrical failures in the cable in
the sea and were located between ten and twenty kilometers from the Polish shore
and triggered by disturbances in the northern part of the Polish power grid. In this
situation it has been suggested to analyze and introduce one or two solutions shown
below which may significantly limit the effects and lower the costs caused by return
cable faults: a) assembly of additional surge arresters, b) return to electrodes — lack
of return cables, ¢) “partial” electrodes working with one return cable, d) operation
of the link only with grounding on converter stations. To sum up it needs to be stated
that: a relatively cheap way of protecting return cables against electrical failures is
installing surge arresters in the cabinet located next to the cable container on the
Polish shore, from the suggested preventive measures it seems reasonable to intro-
duce the above mentioned solutions a) and d) simultaneously, as both of them are
simple solutions which require neither considerable financial expenditure nor au-
thorizations and may quickly show the expected results.

Keywords: return cable, undersea link, electrode

1. CONSTRUCTION OF THE MAIN CABLE AND THE METHOD
OF LAYING

The main cable type 1 x 2100 mm* FCTLV 450 kV DC MIND with copper core
conductor has an oil impregnated paper insulation and lead alloy sheath containing
cadmium [2, 7]. The outer diameter of the cable is 135 mm, of which the copper core
conductor is 53 mm. To increase flexibility of the cable, the core conductor is not solid,
but consists of a number of copper strands.

Each strand with individually selected shape is compressed with each other so that
the core cross section area is over 99 percent. The rest of cable is build from various
layers of insulation, hermetic coating and protective armoire. One meter of the cable
weighs 67 kg. The structure of main cable shown on Fig. 1.
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Structure of main cable used by DC link
1 — copper core conductor

2 — core conductor screen

3 — insulation

4 — insulation screen

5 — metal sheath

6 — protective shield

7 — steel wire reinforcement

8 — steel wire armor

9 — outer covering layer

Fig. 1. Structure of main cable [2]

The in the sea, cable consists of four section (connected by three cable joints mount-
ed on the ship) and it is placed on the bottom of the Baltic Sea (Fig. 2) at the depth not
exceeding 100 meters (dug in sea mud about 1 meter or lied on a rocky bottom).

Fig. 2. Lying the main cable and the return cables in the on the sea bottom [8]

Main cable and the return cables are lied with a distance from each other due to the
heat emission that occurs during power transmission. In the shallow waters the main
cable is lied with a distance of 5-10 meters from the return cables and in the deeper
waters with a distance of 20-40 meters. On the Polish land the main cable 12 km long
consists of 24 sections 500 meters each with a weight of approximately 38 tons ( single
cable section shown on Fig. 3).



Analysis of direct current cable ... 45

Fig. 3. 500 meters section of main cable ready for laying in the ground at the Polish side
[own source]

2. THE METHOD OF LAYING THE RETURN CABLES

The return cables are made with insulation from cross-linked polyethylene with-
standing 20 kV [2]. The 2 km land part in Sweden (effectively grounded) and the
256 km subsea part consists of two parallely joined cables type 630 mm® FXTV 20 kV
DC XLPE with copper core conductor (lied with a distance to each other from 0 to
20 cm). One meter of the cable weighs 10.5 kg. The 12 km Polish land part consists of
one cable type 1100 mm* FXLJ 20 kV DC XLPE with copper core conductor.

Last 500 meter sections of main and return cables are located under Polish shore in
two cable culverts with a diameter of 40 cm each and a cooling system inside. All the
SwePol Link HVDC connection cables were produced by ABB High Voltage Cables
plant in Swedish Karlskrona.

3. REASON FOR USING RETURN CABLES

Solution of return cables on the Sweden — Poland link appeared as an alternative
forced by ecologists. The decision on laying the return cables was made only at the
stage of laying the main cable. In the original projects the construction of an anode and
cathode was assumed, and the electrical circuit was supposed to be closed through the
earth. In the proposed solution water and earth were replaced by the return cable;
however, from a technical point of view, this solution is worse as the efficiency of the
whole connection is lower (it is sufficient to build electrodes of proper low resistance
values when closing the circuit through the ground, and the ground resistance practical-
ly equals zero). At the time of making the decision to lay the return cable there was no
cable with a cross section of at least 1100 mm?” and insulation strength of 20 kV on the
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market that would be suitable for laying at the bottom of the Baltic Sea. It was decided
to lie two cables at the marine section with a cross section of 630 mm? each, and to lie
one cable at the Polish land section with a cross section of 1100 mm?, all with an insula-
tion strength of 20 kV. The first failure of the return cable showed the relevance of the
decision to lay two return cables; in a failure scenario the damaged cable is disconnect-
ed and the other operates under the maximum connection load of 473 MW [1, 4, 5, 6].

4. CABLE DAMAGE

The defectiveness of the cables especially in the beginning of their work was one of
the main reasons for the relatively high operating failure of the Sweden-Poland link.
Breakdowns of the cable along the subsea section had happen repeatedly caused by vari-
ous reasons. In principle we can classify defect reasons into electrical and mechanical.

Throughout the history of the link a total of 12 cable failures were reported, in-
cluding 11 damages of the return cable and one of HVDC cable. The repair time de-
pends from the type of failure and the availability of resources necessary to complete
the work. It can take several days to several months. A list of all cable failures concern-
ing the Sweden — Poland link are shown in Table 1.

Table 1. Cable damage from 2000 till 08.2013 [12]

. Repair
No. Date Type of damage Location of damage time [h]
. electrical damage to cable internally in culvert 245 m from
Failure 1 |27.02.2001 XL5-S8 the Polish seashore 692.9
. electrical damage to cable internally in culvert 370 m from
Failure 2 |12.04.2001 XL5-S6 the Polish seashore 299.4
. electrical damage to cable internally in culvert 583 m from
Failure 3 |16.07.2001 XL5-S8 the Polish seashore 297.9
. electrical damage to cable internally in culvert 646 m from
Failure 4 |17.08.2001 XL5.S8 the Polish seashore 652.3
mechanical damage to cable 60160 m from the Polish
Failure 5 [11.11.2001 XL5-S6 by fishe r%n en seashore within the area of 628.1
Y Stupsk Sandbank
. mechanical damage to cable .
Failure 6 {05.12.2001 XL5-86 by ship's anchor 8410 m from the Polish seashore | 7.2
Failure 7 [16.07.2002 s il damage 10 cable 7900 i from the Polish seashore | 487.3
Failure 8 |10.08.2002 3 s1ical damage t0 cable gs50 1 from the Polish seashore | 168.6
Failure 9 106.09.2002 electrical damage to cable 10000 m from the Polish sea- 3565
XL5-S6 shore
. electrical damage to cable 64560 m from the Polish sea-
Failure 10 |09.10.2002 XL5-S1 (main cable) shore 1456.7
Failure 11 |17.01.2003 g{licst_rlscg I damage to cable 7460 m from the Polish seashore | 2887.2
Failure 12 [15.10.2012 ;rf;(_pslzgmed damage to cable 8007 m from the Polish seashore | 876.6




Analysis of direct current cable ... 47

The collected data concerning the Swedish — Polish link show that the total disturb-
ance time caused by cable damage from its launch day in year 2000 amounts to 8927.6
hours. Graphical illustration of the above, distributed between auto tripping and opera-
tor’s shutdown over the period 2000-2012 shown on Fig. 4. From the illustrated graph
you can see that the biggest disturbance occurred in 2001 and 2003 — mainly due to
several failures of the return cables as well as the failure of the main cable.
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Fig. 4. Time of disturbance caused by auto tripping, operator’s shutdown and total shutdown
time through years 2000-2012

4.1. MAIN CABLE

Failure of the main conductor near the first joint from the Polish side was caused
by electrical insulation damage. Precise expertise of the damage section showed that
during the cable laying process on the sea bottom, cable insulation has been damaged so
severely that it’s failure was only a matter of time. The damaged cable could be repaired
by only one of three (available at that time) cable lying ships. The repair of the damaged
cable was performed after it had been taken out from the sea, and a new, nearly
200 meter long cable, had been laid and connected so as to recover the cable previous
structure — external diameter of the new joint is to be equal to the diameter of the re-
paired cable. The repair works were carried out in sterile conditions — a hermetic tent.
Since the nearest cable lying ship ‘Sea Spider’ was in the Philippines at that time, the
beginning of the repair was a few weeks delayed as the ship needed time to arrive.

4.2. RETURN CABLES

Failures of the return cable have occurred due to both mechanical and electrical
factors.

Mechanical factors include those which are connected with anchors of ships (once)
and fishing nets (once). However, since the beginning of its operation, the SwePol Link
has most frequently been damaged by electrical factors caused by the disturbance in the
northern part (close to the station) of the Polish power grid 400 kV and 110 kV and
were transferred by a converter onto the direct current side (called DC).
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Repair of the return cable is shown in Fig. 5.

a)

Fig. 5. Repair of the damaged return cable: a) the moment of taking out the cable from the water
b) electrically damaged strands of a return cable [own source]

Damage of the Swedish — Polish Link return cable took place on the 15th of Octo-
ber 2012, and was the eleventh one throughout its operation history, the tenth one was
reported almost 10 years ago). Previous incidents took place in the years 2001-2003, and
it was the period of warranty. The causes of the last damage of the return cable have not
been established yet, though the insulation breakdown of was certainly of electrical cause.

According to the ABB laboratory manager, inspection of the cable performed on
15.10.2012, in the laboratory in Karlskrona proved that the damage was caused by
a metal saw or another similar tool — the cut was visible from outside and it reached as
deep as the core conductor layer. Microscopic analyses revealed traces of a saw.

It was concluded that the cut was most likely made by some person from outside
with the use of a hand metal saw (Fig. 6a and 6b).

Fig. 6a. The return cable damaged on the Swedish — Polish Link, image 1 [own source]
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Fig. 6b. Return cable damaged on 15.10.2012 on the Sweden — Poland Link, image 2 [own source]

The procedure used during return cable failure repair by the Swedish — Polish Link
is always similar. The first step is to establish which cable has been damaged. It can be
performed after detaching (in the beginning, two cables outgoing in the sea) from con-
nection bar in the cabinet near the container on the Polish side and measuring their insu-
lation using mega ohmmeter — cable with a damaged insulation will have definitely
lower resistance. If it is so, then it is possible to use portable locator e.g. (Murray
Bridge), to find the place of the potential damage which sometimes may require, the so
called burning by a special generator. So performed initial localization of the damaged
spot has to be confirmed from the Swedish side (after reconnecting the return cables in
the cabinet near the container on the Polish side and opening two disconnectors on the
Swedish side) using a second portable locator, being provided by Stemo station. After
receiving a confirmation that such test was performed in such a way — the damage local-
ization procedure is stopped and only the undamaged return cable is connected back to
operation though with limited power, up to 473 MW. After entering the above infor-
mation to the MACH 2 system the Swedish — Polish transmission system is ready to
operate and the system generates the ‘RFO’ information.

Once the cable damaged is located it is necessary to fetch a properly equipped re-
pair ship (having on-board 300 meters of new and undamaged raw cable to prepare the
so called ‘insertion’). Detailed location of the damaged place is performed by an acous-
tic method, after connecting an electrical impulse generator to the detached cable acous-
tic waves determine the damaged area. The exact place of damage is located by using
a microphone installed on a small wooden boat pulled by 300 meter long hemp rope,
along the damaged section of the cable (to avoid boat signal interference). After the
exact place is found it is marked with a buoy. A specialized ship arrives at the spot and
a diver goes down under water to get directly to the place of damage using his eyes and
hands. Further procedures depend on the type of the bottom. If the bottom is muddy the
mud needs to be removed, if it is rocky it is easy to cut the cable and take it out of the
water. After cutting out the damaged part of the cable, its first end is connected through
a joint with the new, at least 100-300 meter long cable section then the second end of
the cable is connected through the second joint to the end of the new section
[4,10].
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5. ANALYSIS OF RETURN CABLES FAILURES

Since return cables are most likely to undergo damage, in this article a detailed
analysis of only return cables has been made.

In eight cases the cause of failure was related to electrical damage close to the
Polish shore. They were induced by disturbances within the northern part of the Polish
power grid 400 kV & 110 kV.

The direct causes of the return cable failure were overvoltage in the grid, sudden
switch offs, resulting in the current reduction to zero in a very short time. It was the
direction of the electrical energy transmission which was prior and the cable was dam-
aged only when the energy was transmitted in the Poland direction (converter operates
then as an inverter). When the direction of the energy transmission was from Poland
(then a converter works as a rectifier), such a disruption was also affecting the link
(recorded by the DC station) but it never caused any damage to the cable [4, 10, 12].

The discussed case responds to a long line, opened on its end, which has been
shown in the form of a simplified scheme in Fig. 7. This phenomenon is related with the
law of energy conservation; before the damage the static voltage on the return cable is
low and its maximal value is 2.52 kV (for current 1330 A). Then the overvoltage wave
moves along the cable and it is reflected in the place where the wave resistance changes
(in the node connecting the return cables) which causes her expansion in the sea part
near the Polish coast. Such high voltage results in cable insulation damage.

In this case the Swedish side of the return cables was absolutely safe from the in-
fluence of the electrical disruptions, due the fact that the return cable conductor was
grounded here.

Polish side Swedish side
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Fig. 7. Electrical scheme of the Swedish — Polish HVDC interconnection system explaining the
surge mechanism concerning the return cable
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Problems related to return cable damage ended after 2003 when:

— on the Polish sea side, both return cables were replaced with new ones, over
a distance of 13 km, marked in the figure by green color, with the changed electric
field pattern (a screen over to the conductor was made of a five times thicker materi-
al, thanks to which a better distribution of the electrical field was obtained what in-
creased its resistance to the occurring switching overvoltage),

— surge arresters operating on the Polish side were modernized (thanks to which the
ignition voltage was reduced from 22 kV to 11 kV), marked in the figure as O,
and the capacity of the connected capacitor battery was increased, which in the fig-
ure is marked as C, reducing steepness of the overvoltage increase,

— the impact of disruptions harmful to the link was decreased in the external Polish
grid by smoothing steepness of the impulse increase which ignite the thyristors,

— in places in which the cable is laid on subsea rocks, concrete panels were added, e.g.
for protection against fishing nets,

— preventatively, institutions responsible for safety of the Baltic Sea Area were re-
minded of the Swedish — Polish cable layout (in order to protect for example from
ship anchors).

6. PROTECTION OF RETURN CABLES AGAINST DAMAGE

Having in mind the so far gained experience, the author of this article proposes to
analyze and maybe implement one or two of the below presented technical solutions
which can significantly reduce occurrence of return cables failures, their effects and
repair costs.

a) mounting additional surge arresters

In fact, the solutions preventing from the return cable damage can be applied al-
most solely in case of failures caused by electrical disruptions. Mechanical damage is
rare, on the average, every fifth failure is caused by mechanical factors , and it can oc-
cur at any kilometer of the cable, especially the sections where it is laid directly on
a rocky sea bottom.

The simplest solution to reduce the return cable failure caused by electrical disrup-
tions involves installation surge arresters near the Polish coast in a place where the
return cable enters from the DC station in Wierzbigcin and is connected with two cables
going to the sea connecting Stemo station (where the resistance wave is changed, that is,
in the electrical node which is situated in a cable cabinet near the container, on the
Polish side). Surge arresters should be matched according to the discharge capacity app.
30 kA, that is 3 x 10 kA, and operating voltage 11 kV (similar to Wierzbiecino station),
obligatorily equipped with activation counters. The grounding of surge arresters and all
the screens of return cables should be connected with a new designed grounding reach-
ing resistance lower than 5 Q. Fig. 8 shows the area particularly vulnerable to failure.
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Fig. 8. The return cable failure area in the Swedish — Polish link

b) coming back to electrodes — no return cables

One of the solutions that can be implemented for protection of return cables in-
volves using a cathode and anode for closing the electrical circuit through earth, sepa-
rately or additionally. Absence of return cables would automatically eliminate the prob-
lems connected with cables breakdowns, though it might provoke ecological protests.

At present, in the area of the Baltic Sea, there are nine links in use and only the
Swedish — Polish link has return cables, because using return cables in links is not
common worldwide.

The proposal of the article author is to consider returning back to replacement of
return cables with water and earth, through implementation of electrodes, according to
the primary project. At the beginning it was assumed that both grounding electrodes
will be placed in the sea in the distance of 12 km from the shore. Location of the
grounding electrode was established after discussions and agreements with the institu-
tions involved in sea lain administration. The proposed exact location of the grounding
electrode on the Polish side is shown in Fig. 9 [1].

The main problem concerning the impact of an grounding electrode on the sea en-
vironment is flow of electric current in the water near electrode. For this reason an elec-
trode, to be used for discharging electrical current into the water, is required to have an
appropriately large area [1].

Using a return cable for closing the electric circuit in the Swedish — Polish link
causes total losses of nearly 3%. If no return cable was used and the electric circuit was
closed only through earth, energy losses while full transmission would be reduced to
2% that means when we have 600 MW power transfer we lose 6 MW.
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Fig. 9. Route of the cable line near the Polish coast [1]

According to the primary project, an electrode receiving electrons was to be built
on the Swedish side. In the water, near the anode small amounts of chlorine would be
extracted [1]. The primary project assumed constructing a cathode, that is an electrode
which releases electrons returning to the anode. The technical solution for the sea elec-
trode (cathode), provided by the project, is shown in Fig. 10. The 500 meters diameter
of the cathode would make the current density on the electrode surface not higher than
0.5 mA/cm?, which would ensure its operation without negative impact on the environ-
ment. Three separate connections and six internal cross-arms guarantee safe operation
of the electrode even if it is partially damaged. The above mentioned electrode should
be laid on the sea bottom and protected from being lifted by load elements placed on its
circumference (every 20 meters) and on internal joints.

Electrode ring

Insulated connection cables

T
with 240 mm? diameter '\
N
<

Copper

cathode elements \-

\  Electrode cable

with 1100 mm? diameter

Connecting solution

Terminated clamps

Copper wires

with 300 mm? diameter

Fig. 10. Proposed technical solution of the grounding electrode (cathode) [1]
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Substantial differences in the design of both electrodes determine that it is not pos-
sible to change their functions, that a cathode cannot work as an anode.

¢) “partial” electrodes operating with one return cables

In case one of the return cables failed, a compromise solution providing full
transmission of power through the Swedish — Polish Link could be implemented by
installing ‘partial’ anodes. In order to provide full transmission of electrical power, that
is 600 MW, the current flowing through electrodes needs to be equal 1330 A. In case of
damage to one of the two return cables, the power is determined to be only 473 MW,
that gives us a current value of 1048 A. If electrodes (anode and cathode) were designed
only for the current value being a difference between the above mentioned currents, that
is 1330 A and 1048 A, then if failure occurs with electrodes for the current of nearly
290 A, it would be possible to continue full power transfer. The attached electric circuit
would have to be equipped with a resistor serial connected to  partial’ electrodes which
would limit the current to the above given current value (parameters of such resistor are:
R =around 12,5 Q, P = around 1 MW and I, = 290 A). In practice, it involves a need
to construct electrodes (anode and cathode) with an area of only 22% of the primarily
designed ‘full” electrode. Normally the link can run operating with return cables, and in
case of a failure, of one of them, after localization and detachment (not longer than
3 hours), it would be possible to immediately connect to the new built ‘partial’ elec-
trodes with series connected resistor and continue with full power transfer.

Link operating with one return cable (without the above presented solution) results
in daily loss for each of the link co-owners.

d) operation of the link only with grounding at converter stations

The Sweden-Poland link with a limited transmission can also operate with own
station groundings which according to construction law have a resistance of at least
approx. 0.5 Q.

This means that in the event of a failure of one return cable full power transmis-
sion would be possible over the other return cable and permanent station grounding (i.e.
grounding grids). The Swedish side of the link with a permanently earthed return cable
is virtually ready for that operation. The Polish side of the link requires connection of
the grounding grid with a special resistor limiting the current to a maximum of 290 A
and the disconnecting switch to be closed in the event of a failure of one of the return
cables. Resistor parameters: R = approx. 13 Q, P = approx. 1 MW and I,,,. = 290 A.

Possible operation of the Sweden-Poland link solely with own groundings and two
damaged return cables would be possible with a power of 127 MW only, as presented above.

7. ENVIRONMENTAL IMPACT OF THE TRANSMISSION SYSTEM

In the DC transmission system between Sweden and Poland the following aspects

of environmental impact should be considered [1]:
— in the vicinity of cable:

e Magnetic field.
— in the vicinity of converter station:

e Electric field,

e Noise,

e Radio and television electric interference.
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The cable line is the source of the magnetic field in the transmission system be-
tween Sweden and Poland. The magnetic field in terms of environmental impact is
comparable with the Earth's natural magnetic field.

With a rated current of 1330 A in the cable vicinity within the distance of 6 m the
magnetic field does not exceed 50 u7, while in direct contact with a copper conductor it is
slightly more than 250 xT. This means that when compared to the permissible level of
40 000 uT, recommended by the World Health Organization, it is negligibly small; this
phenomenon has no impact on living organisms. The distribution of the above-mentioned
field over the high-voltage DC cable passing a 1330 A current is shown in Fig. 11 [1].

1B [uT 1-=1330 A
250

Maximum level
. recommended by the World
Health Organization

= 40000 T

Fig. 11. Magnetic field surrounding the DC cable line [1]; A, B — magnetic field distribution
over one and two high-voltage lines at the ground level (cable buried 1 m deep)

Fig. 12 shows changes magnetic field induction corresponding to the distance from
the cable. Even at the distance of 0.5 m from the cable the magnetic field does not reach
values which would raise concerns.

In the surroundings of the DC station a constant magnetic field is generated. Its
source is the electric charge appearing on the live wires (conductors) and the spatial
charge located around these wires. The constant electric field generated by the DC sys-
tem will be practically present within a distance no more than several meters from the
station fencing, and the field strength will be comparable with the strength of the natural
electric field amounting on average to 0.13 kV/m. This phenomenon has no negative
impact on living organisms [1].

The noise generated in the converter station by converter transformers is audible
within a distance of not more than 200 m from the fence. The noise level at the fence
does not exceed 50 dB. Fig. 13 presents the noise level occurring in the natural human
environment. Considering that there is no residential housing in the direct vicinity of
Wierzbigcin station the impact of the station is negligibly small [1].

Electrical discharges on the DC transmission system conductors might be a source
of radio and television interference in the surroundings of the station. The range of in-
terference is small, virtually imperceptible within a distance of over a dozen the natural
environment [1].
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Fig. 12. Magnetic field surrounding cable with current I = 1330 A [1]
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8. SUMMARY

Generally speaking:

e the damage to the return cables of the Sweden — Poland link is mostly caused by
electrical failures in the cable in the sea located between ten and twenty kilometers
from the Polish shore

e past works involving partial replacements of return cable segments, expansion of
surge arresters and correction of thyristors electric field grading significantly in-
creased — at low cost — the protection of the return cables

e a relatively cheap way of protecting return cables against electrical failures is in-
stalling surge arresters in the cabinet located next to the cable container on the
Polish shore

e the proposal for resigning from return cables in the Sweden-Poland connection re-
quires recognition and a feasibility study

e in the case of lack of approval or protest of ecologists against resigning from the
return cables it seems reasonable to consider the proposal of building so called "par-
tial" electrodes

o the adverse impact of the connection, fitted with return cables or not, to the natural
environment cannot be confirmed

o the given figures of particular parameters at items a), b), ¢) and d) were estimated
values; possible application of particular methods requires their precise determina-
tion by the designer; however, the estimated values don't significantly differ from
precise figures of proposed remedial measures

o from the suggested preventive measures it seems reasonable to introduce the above
mentioned solutions a) and d) simultaneously, as both of them are simple solutions
which require neither considerable financial expenditure nor authorizations and may
quickly show the expected results.
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ANALIZA AWARYJINOSCI KABLI PRADU STALEGO
W LACZU SZWECJA — POLSKA ORAZ PROPOZYCJA
ICH OCHRONY PRZED USZKODZENIAMI

Streszczenie

W opracowaniu przeanalizowano problem kabli przesylowych stosowanych
w wysokonapi¢eciowym ukladzie przesylowym pradu statego Szwecja — Polska.
Omoéwiono stosowane w taczu kable, podano przyczyny stosowania kabli powrot-
nych oraz sposoby ograniczenia ich awarii. Kabel powrotny w laczu Szwecja —
Polska pojawit si¢ jako alternatywa wymuszona przez ekologéw. Z powyzszego
powodu w wykonanym rozwigzaniu zastgpiono wode¢ i ziemi¢ dwoma kablami
powrotnymi, chociaz z punktu widzenia technicznego wprowadzone rozwigzanie
daje nizszg sprawnos$¢. W dziesigciu z dwunastu dotychczasowych uszkodzen ka-
bli (w tym jedenascie w kablach powrotnych) przyczynami awarii byly przebicia
elektryczne izolacji kabla w morzu, w odlegtosci kilkunastu kilometréw od pol-
skiego brzegu, spowodowane przede wszystkim zaktoceniami w podtnocnej czgsci
polskiego systemu elektroenergetycznego. Majac na uwadze wystgpujace awarie
kabli powrotnych, autor proponuje przeanalizowanie i zrealizowanie jednego lub
dwoch z czterech opisanych w pracy rozwigzan, ktére moga istotnie ograniczy¢
skutki i koszty naprawy uszkodzen kabli.

Stowa kluczowe: kabel powrotny, tacze Szwecja — Polska, elektroda
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