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Izvorni nauéni rad
Sazetak
Nikola Tesla jedan je od najvecih pronalazaca na polju elektrotehnike. Nikola Tesla je izumio
transformator za stvaranje visokofrekventnih i visokonaponskih ,, Teslinih struja“. Napredak u
elektronici pomogao je ljudima da naprave Tesline transformatore koji imaju Siroku primjenu u
svakodnevnom Zzivotu. Tesla je eksperimentisao sa visokim frekvencijama i veoma visokim
naponima. Bavio se prijenosom signala, daljinskom komandom, fluorescentnim osvjetljenjem,
prijenosom energije na daljinu i jos mnogo toga. Postavio je temelje velikom broju oblasti koje su
se razvile mnogo kasnije. Posvetio je svoj radi bezicnom prijenosu elektricne energije iz kojeg je
nikao radio, i danasnje savremene komunikacije, robotike itd. Teslin transformator prvi put je
predstaviljen na univerzitetu Columbia u SAD-u 1892. godine. U ovom radu bice prikazane
razlicite konstrukcije Teslinog transformatora, takoder, bi¢e opisan nacin rada Teslinog
transformatora. Studenti i ucenici Sirom svijeta uce o Teslinim teorijama koje je postavio prije
gotovo 130 godina, a Teslin transformator je samo jedan od njih.

Kljucne rijeci: Teslin transformator, sekundarni namotaj, rezonancija, iskriste, strujni udar

TESLA TRANSFORMER

Abstract

Nikola Tesla is one of the greatest inventors in the field of electrical engineering. Nikola Tesla
invented a transformer for creating high-frequency and high-voltage "Tesla currents". Advances
in electronics have helped people make Tesla transformers that are widely used in everyday life.
Tesla experimented with high frequencies and very high voltages. He dealt with signal
transmission, remote control, fluorescent lighting, long-distance energy transmission and much
more. He laid the foundations for a large number of fields that developed much later. He dedicated
his work to the wireless transmission of electrical energy from which he worked, and today's
modern communication, robotics, etc. Tesla's transformer was first presented at Columbia
University in the USA in 1892. In this paper, the different constructions of the Tesla transformer
will be presented, and the mode of operation of the Tesla transformer will also be described.
Students and pupils all over the world learn about Tesla's theories that he put forward almost 130
years ago, and Tesla's transformer is just one of them.

Key words: Tesla Transformer, secondary winding, resonance, spark, electric shock
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1 UVOD

Transformator je uredaj koji se koristi u
svakodnevnom  prijenosu elektricne
energije na velike udaljenosti. 1891. godine
Nikola Tesla je poceo raditi na uredaju koji
na izlazu proizvodi visoki napon i
frekvenciju. Teslin transformator, jos uvijek
nije u prakticnoj upotrebi. Teslin
transformator sastoji se od elektricne
zavojnice koja je nacinjena od Zice s malo
zavoja,  visokonaponskog  elekticnog
kondenzatora i iskriSta. U laboratoriju za
visoki napon vrse se ispitivanja sposobnosti
izolacije razli¢ite opreme na podnoSenje
visokih napona. U tim laboratorijima se
nalaze uredaji koji proizvode visoke napone
razli¢itog talasnog oblika, kao i uredaji za
generisanje struje velikih amplituda. Jedan
od najpoznatijih uredaja za dobijanje
visokih napona visoke ucestanosti je Teslin
transformator.

Kao i svi transformatori tako i1 Teslin
transformator ima dva odvojena kola tj.
primar i sekundar. Na primaru je dodan
visokonaponski keramicki kondenzator i
koji uz induktor formira rezonantno ili LC
kolo. U kolu se jos takoder nalazi zazor tj.
iskriste. Kondenzator energiju skladisti u
svom elektriénom polju, dok kalem energiju
skladisti u magnetnom polju. Povezivanjem
elektricnog izvora na primar dobija se
sistem isporucivanja naelektrisanja.

Sekundarni dio se sastoji od namotaja Zice i
elektroda. Ovi namotaji nalaze se u istom
dijelu prostora koji zauzima namotaj
primarnog kola. Promjenljivo magnetno
polje stvara elektricno koje pomjera
naelektrisanja duz sekundarnog kalema.
Kako magnetno polje posjeduje veliku
energiju Sto predstavlja visokonaponsko
naelektrisanje, koje se akumulira u
elektrodama sekundarnog kalema i stvara
iskre tj. munje. Vecina kola mora da ima
zatvorenu petlju, medutim kod sekundara
Teslinog transformatora to ne mora. Teslin
transformator u orginalnom obliku moze da
proizvede napon izmedu 10-12 miliona
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volti. Ovakav napon je dovoljan da izazove
elektricn

o praznjenje u vazduhu dugo i do Cetrdeset
metara. Kako se pravac elektrona kroz
sekundarni namotaj stalno mijenja tj.
napred-nazad zbog oscilatornog kola,
Teslin kalem predstavlja visoko-frekventni
uredaj cije se naelektrisanje elektroda
mijenja od pozitivnog prema negativnom i
obrnuto i po nekoliko miliona puta u
sekundi. Brza promjena naelektrisanja i
promjenljivo magnetno polje Cine Teslin
transformator snaznim emiterom
elektromagnetnih talasa.

2 Transformator

Transformator se sastoji od dvije zavojnice
sa zajedniCkom jezgrom od feromagnetnog
materijala Sto je najceSce zeljezo. Jezgra
sluzi za prijenos magnetskog toka iz jedne
zavojnice u drugu. Jezgra je sastavljena od
niza plo¢ica medusobno elektri¢no
izoliranih kako bi se izbjegle vrtlozne struje
u jezgri. Jezgra transformatora prolazi kroz
obje zavojnice i zatvara puni krug. Idealnim
transformatorom nazivamo transformator u
kojem nema rasipanja magnetno toka, a
takoder nema ni gubitka u samoj jezgri. Na
primarni namotaj dovodi se izmjenicni
napon koji uzrokuje izmjeni¢nu struju kroz
tu zavojnicu, a samim time i promjenjiv
magnetski tok koji inducira
elektromagnetsku silu u sekundaru.

Faradayov zakon indukcije je osnovni
zakon elektromagnetizma koji pokazuje
kako se magnetsko polje ponasa s
elektricnim krugom te kako stvara
elektromagnetnu silu ili elektromagnetsku
indukciju. Za dopunu Faradayovog zakona
bio je potreban matematicki dokaz. Za taj
dokaz se pobrinula Maxwellova jednacina
koja opisuje elektromagnetnu silu u
pokretu. Da bi dopuna bila sasvim potpuna,
Lorentzova sila prikazuje magnetski tok
kroz elektri¢ni krug i daje smjer inducirane
elektromotorne  sile 1 struje iz
elektromagneticke indukcije.
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2.1 Konstrukcija Teslinog

transformatora

Primarni namotaj Teslinog Transformatora
sastoji se od zice s relativno malim brojem
namotaja, visokonaponskog elektricnog
kondenzatora i iskriSta. Frekvencija titraja
tirajnog strujnog kruga primara zavisi od
elektricnog kapaciteta kondenzatora i
induktiviteta zavojnice. Napon dobiven
pomocu Teslinog transformatora iznosi od
nekoliko stotina kV do nekoliko MV, gdje
je frekvencija u rasponu od 50 KHz do 400
kHz.

Kolo za dobivanje ovakvih napona se
sastoji iz tri medusobno povezane jedinice.
Sekundarna zavojnica ima veliki broj
namotaja od tanke zice. Zbog visokih
frekvencija, zavojnice ne sadrze zeljeznu
jezgru jer bi sa zeljeznom jezgrom gubitci
energije bili veliki. Elektri¢ni kondenzator
se elektricki nabija do nekoliko kilovata
napona pomocu izvora izmjenicne struje.

Kada je kondenzator elektricki nabijen,
strujni krug primara se zatvara preko
iskrista. Ova se kondenzator prazni i nastaje
visokofrekventno titranje odnosno to je
punjenje i praznjenje kondenzatora kroz
zavojnicu. Vrlo visoki napon u Teslinom
transformatoru stvara snazne iskre svjetlosti
ako se na vrh sekundarne zavojnice postavi
metalni prsten.

Osnovni elementi Teslinog transformatora:
- Mrezni transformator,

- Primarni kondenzator,

- Varnicar,

- Primarni kalem,

- Sekundarni kalem,

- Kapacitivni zavrSetak.
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Slika 1. Shema Teslinog transformatora,
izvor:http://www.bibliotecapleyades.net/image
nes_tesla/teslal7_03.gif. (03.01.2023.)

Posebno je potrebno paziti na izolaciju i
zastitu dijelova koji se nalaze pod visokim
naponom na mreznom transformatoru i na
elektronskoj cijevi. Visoki naponi visoke
frekvencije na zavojnici sekundara nije
opasan po zivot, jer Tesline struje ne mogu
izazvati elektrolitska razlaganja stanica u
organizmu, zbog brzog mijenjanja svog
smjera. One se samo rasprostiru po povrsini
tijela. Naucno je dokazano da tesline struje
imaju pozitivno fizioloSko djelovanje. Na
primjer, kada rukom dodirnemo takve struje
tj. napone imamo osjecaj ,,peckanja“ topline
S§to nije ugodno, medutim, ukoliko imamo
neki metalni predmet u ruci to ne osje¢amo.

2.2 Dimenzije Teslinog
transformatora

Ucinak Teslinog transformatora zavisi od
brojnih faktora kao $to su gubici u
komponentama, gubici u vezama, izbor
parametara komponenata i uslovi u kojima
sistem radi. Svi ovi faktori na svoj nacin
utjeCu na dimenzije Teslinog
transformatora:

- Induktivnost primarnog i sekundarnog
namotaja. Dobiveni napon je direktno
proporcionalan kvadratnom korijenu
koli¢nika induktivnosti sekundara i
primara.

- Aktivni gubici u primarnom namotaju

- Aktivni gubici u sekundarnom namotaju

- Parazitne kapacitivnosti izmedu
namotaja sekundara
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- Rastojanje izmedu terminala na vrhu
sekundara i primarnog namotaja

- Veli¢ina terminala. Sto je vedi
polupre¢nik  krivine terminala to
uslovljava veci napon praga.

Veéi Teslin transformator podrazumijeva
manji prijenosni odnos, ali moZe da
podnese vece potencijale terminala, a
samim tim je pogodan za dobivanje vecih
napona. Potrebna snaga za postizanje
zadovoljavajuceg ucinka Teslinog
transformatora nije linearno proporcionalno
veli¢ini sekundarnog namotaja, ta zavisnost
je kvadratna. Na primjer, ako Teslin
transformator Cija je visina sekundara dva
puta veca, zahtjeva Cetiri puta vecu snagu.

2.3 Iskriste

Iskriste ima zadatak da zatvara rezonantno
kolo Teslinog transformatora kako bi se
pojacale oscilacije. Postoje dvije vrste
iskriSta a to su obrtna i staticka.

2.3.1 Obrtno iskriSte

Obrtno iskriSte se sastoji od nekoliko
nepokretnih i pokretnih kontakata najcesce
od mesinga. Obrtna iskriSta mogu biti
jednostruka i viSestruka. Kod visestrukih
iskrista, luk se dijeli na vise krac¢ih lukova i
time se smanjuje njihovo zagrijavanje.
Zagrijavanje nepokretnih kontakata je i
dalje veliko i potrebno im je osigurati dobro
rashladivanje.

Pokretni kontakti se pokre¢u pomocu
elektromotora a izbor njihove brzine se vrsi
tako da se dobiju najbolje varnice. Trajanje
varnice treba da bude dvije do tri vremenske
konstantet primarnog rezonantnog kola.
Ako postoji duze trajanje to rezultira
nepotrebnim  optereCenjem = mreznog
transformatora. Najbolji trenutak zatvaranja
primarnog kola je kada je napon na
kondenzatoru najveci. Sinhronizovani rad
varniara sa mrezom dobiva se pogonom
pokretnih kontakata sinhronim motorom.
Broj pokretnih kontakata treba da bude
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jednak broju polova sinhronog motora. Na
primjer, za dvopolni motor treba da budu
dva pokretna kontakta. Ploca sa
nepokretnim kontaktom treba da ima
moguénost zaokretanja za ugao (_-*+) 90
elektricnih ~ stepeni. Razmak izmedu
pokretnih kontakata treba da bude dovoljan
da se luk ne razvlacCi previSe. Razmak
izmedu pokretnih i nepokretnih kontakata
treba da bude Sto manji, ali takav da se
obezbjedi  siguran prolaz  pokretnih
kontakata bez direktnog dodira.

2.3.2 Static¢ko iskriSte

Staticko iskriSte nema pokretnih dijelova.
Ovo iskriste je pogodno kada se
kondenzator puni iz strujnog izvora. To
moze biti tranzistorski DC/DC pretvarac.
Moze se takoder koristiti naponska kaskada
kojom se lako dobiva napon na
kondenzatoru do 20 kV. Primarni
kondenzator se puni iz strujnog izvora i
njegov napon raste odredenom brzinom.
Kada se dostigne napon proboja na iskristu
kondenzator se brzo po¢ne prazniti kroz
prigusene oscilacije prmara. Napona
primarnog kondenzatora brzo pada na nisku
vrijednost i luk na iskriStu se ugasi.
Inducirani impuls je jako snazan jer se sva
stvorena elektricna energija trenutacno
ispusta u strujni krug.

Kada dode do probijanja napona praznina
opet postaje izolator sve dok se kondenzator
ponovo ne napuni i dok ne dode do
sljedeceg proboja. Ovaj proces se ponavlja
viSe hiljada puta u jednoj sekundi.

g

\
Slika 1. Iskriste, izvor:

https://www.fer.unizg. hr/images/50000705/im
age002.jpg, (04.01.2023.)
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2.4 Sekundarni namotaj Teslinog
transformatora

najsloZeniji element Teslinog
transformatora, kako za konstrukciju tako i
za izradu. Sastoji se od izolacionog tijela na
kojem je namotaj namotan i velikog broja
namotaja zice. U veéini slucajeva postavlja
se vertikalno. Donji izvod namotaja je
uzemljen a gornji se zavrSava kapacitivnom
elektrodom i na njoj se dobija visoki napon
koji je wujedno izlazni napon Teslinog
transformatora. Od ovog namotaja se
oc¢ekuje da razvije S§to vecéi napon, pod
uslovom da je namotan na tijelu od
kvalitetnog izolacionog materijala. U praksi
se kao izolacioni materijal najviSe i najcesce
koristi PVC. Zbog velike duzine Zice od
koje je namotan, kod sekundarnog namotaja
dolazi do izrazaja i raspodijeljenost
parametara i ponaSa se kao Cetvrt talasna
antena. To znaci da duZina zice treba da
bude jednaka Cetvrtini talasne duZine
rezonantnih oscilacija. Ako se uzme u obzir
da brzina prostiranja elektricnog impulsa
kroz namotaj jednaka brzini svjetlosti tada
vrijedi izraz:

x, Ao
4 4f,

gdje su:
X, —duZina Zice
A —talasna duzina

¢ —brzina svjetlosti

Ovo moze biti jedan od parametara kome se
tezi pri konstrukciji sekundarnog namotaja.
Ono §to je potrebno odabrati jeste precnik
zZice, broj namotaja, duzina i precnik kalema
i dimenzije kapacitivnog  zavrSetka
sekundarnog kalema. Uslov je da se za
izracunatu duzinu zice dobije odgovarajuca
frekvencija.

karakteristike
induktivnost,

Najvaznije elektri¢ne
sekundarnog kalema su
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kapacitivnost 1 aktivna otpornost, koje
odreduju rezonantnu otpornost.
Kapacitivnost sekundarnog kalema sastoji
se iz tri dijela. Prvi dio je kapacitivnost
samog kalema, drugi dio je kapacitivnost
gornje elektrode i tre¢i je meduzavojna
kapacitivnost.

Sekundarni namotaj Teslinog
transformatora ima velike dimenzije i
njegova sopstvena Kkapacitivnost prema
okolini nije zanemarljiva.

L3

Slika 2. Sekundarni kalem, izvor: autor

2.5 Strujni udar Teslinog
transformatora

Napon teslinog trasformatora ima visoku
frekvenciju i njegova struja je bezopasna za
covjeka jer teCe po povrsini tijela. Kada
dode do preskoka kroz vazduh kapacitet
gornje elektrode se prazni i ve¢ u prvom
impulsu oscilacije se prigusuju. Amplituda
struja prvog udara je ograni¢ena naponom i
impedansom ljudskog tijela. Moze se
pretpostaviti da je impedansa ljudskog tijela
5 kQ tako da pri naponu od 1MV struja u
prvom trenutku dostize vrijednost od oko
200 A. Kapacitivnost gornje elektrode je od
nekoliko desetina pF, vremenska konstanta
kola je nekoliko stotina nanosekundi pa je
tog reda i trajanje prvog udara. Ukoliko se
ovaj udar ponavlja sa nekom frekvencijom,
onda se viSe ne moze re¢i da je ova struja
bezopasna za zivot Covjeka. Nakon
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praznjenja amplituda oscilacije se smanjuje
na relativno nisku vrijednost.

Veli¢ina ove struje zavisi od generatora i
moze da bude nekoliko ampera. Ovakva
struja se zatvara preko povrsine tijela i nije
opasna po ¢ovjeka. Mnogo bolji efekat se

dobiva u impulsnom radu Teslinog
transformatora. Teslin transformator se
napaja impulsno konstantnim

visokofrekventnim naponom, gdje kada
struja kalema raste i napon. Vrijeme trajanja
ovog impulsa reguliSe se dostignuti napon
kalema. Pogodno je da se napajanje kalema
vr$i kada je mrezni napon u maksimumu.

Varnice ovakvog kalema su snaZzne i
ponavljaju se nekoliko stotina puta u jednoj
sekundi. Ovi udari u tijelo Covjeka su
veoma jaki i nisu nimalo bezopasni kao $to
se misli. Ovi eksperimenti moguéi su samo
kod modela manjih snaga., gdje sama
varnica moze da izazove opekotine na kozi.
Ako se koristi varnicenje na ovaj nacin u
ruci je potrebno drzati neki Siljati metalni
predmet. Kod metalnih predmeta varnice se
pojavljuju na nizim naponima pa je i
elektri¢ni udar slabiji.

Ono $§to je vrlo vazno jeste da se u ruci ne
treba drzati metalni predmet koji zavrSava
kuglom. Kao jedno od rejeSenja radi
pojacanja varnice pocetak sekundarnog
namotaja se ne veze na zemlju ve¢ na jedan
prikljucak primarnog namotaja. Tako se
omogucava da napon mrezne frekvencije
primarnog kola prodre u sekundarno kolo
Teslinog transformatora.

Visokofrekventni napon Teslinog
transformatora daje inicijalnu varnicu a
prodor visokog napona iz primarnog kola
pojacava njenu struju i produzava trajanje
tako da se dobivaju veoma snazne varnice
tj. elektri¢ni luk. Treba naglasiti da su
ovakva rjeSenja krajnje opasna po Zivot
covjeka 1 zahtijevaju maksimalne mjere
opreza i zastite.
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Slika 3. Strujni udar Teslinog transformatora,
izvor: https://i0.wp.com/fb.ru/misc/i/gallery/15

322/438317.jpg. (07.01.2023.)

2.6 Teslin oscilator

Elektromehanicki oscilator izvorno je
dizajniran kao izvor frekvencijski stabilne,
izmjeniCne elektrine struje koja se koristi s
bezicnim  odaSiljackim 1  prijemnim
uredajem. U teoriji dinamickog sistema
oscilator se naziva izokronim ako je
frekvencija neovisna o njegovoj amplitudi.
Elektromehanicki uredaj radi istom
brzinom bez obzira na promjene njegove
pogonske sile i tako odrzava konstantnu
frekvenciju. Jedna od glavnih karakteristika
oscilatora je da moZe pomicati zavojnice s
malim unosom energije. To je bilo zbog
malog pomicanja klipa s opruznim efektom
koji je proizveo klip koji je udario u
zatvorenu komoru.

Zrak unutar komore se komprimira i djeluje
kao opruga, 1 tako tjera klip da se pomjera u
suprotnom smjeru. To se istovremeno
dogada, utor na klipu se poravnava sa
ulazom kako bi se omogucio rad visokog
tlaka koji pokrec¢e klip poput rakete prema
drugom kraju gdje ponovo udara u ,,zracnu
oprugu®. Dva elektromagneta su smjeStena
s obje strane osovine. Osovina ima dva para
zavojnica pri¢vr§éena na oba kraja koju su s
obje strane polja elektromagneta kada
osovina miruje.

Kada se osovina lagano udari, zavojnice se
tjeraju u elektromagnetsko polje. Kada
jedna zavojnica ude u elektromagnetsko
polje, ona pokrece zavojnicu na suprotnoj
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strani osovine proizvodeci oscilaciju u
zavojnicama. Kako je vibracija izokrona,
svaka promjena tlaka samo proizvodi
skrac¢ivanje ili produljenje hoda. Kako bi se
izjednacio pritisak unutar kontrolne ploce i
atmosfere napravljena su posebna mjerenja.
Zbog toga su unutarnje komore upravljacke
ploc¢e rasporedene tako da komuniciraju s
vanjskom atmosferom i tako bez obzira
koliko temperatura zatvorenog zraka moze
varirati, jo§ uvijek zadrzava istu srednju
gustocu kao 1 vanjska atmosfera, a time se
dobiva opruga stalne krutosti. Tesla je
istaknuo koji se uvjeti moraju postovati
kako period titranja elektriénog sistema ne
bi poremetio mehanicko titranje na nacin da
promjeni periodi¢nost, ve¢ samo da skrati
hod.

On kombinira kondenzator sa samo
indukcijom 1 daje elektricnom sistemu isti
period kao onaj u kojem sam stroj oscilira,
tako da se elektricna i mehanicka
rezonancija dobivaju i odrzavaju apsolutno
nepromijenjenima. Tesla je  snazno
energizirao magnete 1 izveo mnoge
zanimljive pokuse potvrdujuéi ¢injenicu da
jedan od strujnih impulsa preovladava.
Medu tim pokusima bio je na svoj oscilator
spojio prstenastni magnet s malim zracnim
rasporom izmedu polova. Taj magnet je
oscilirao osamdeset puta u sekundi.

Kada je bakarni disk umetnut unutar
zraCnog raspora prstenastog magneta,
doveden je u brzu rotaciju. Eksperiment je
pokazao da su linije toka struje kroz
metalnu masu poremecene prisutnoséu
magneta. Pric¢vrS¢ivanjem malih izoliranih
Celi¢nih Sipki na magnet i spajanjem krajeva
zavojnice dolazi do pokretanja te Sipke.
Kako je magnet vibrirao, u celicnim
Sipkama su se stvorili nepomicni ¢vorovi, a
na tim tackama su bili pri¢vrs¢eni termalni
izvori istosmjerne struje.
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Slika 4. Teslin oscilator, izvor:
https://media.sciencephoto.com/c0/36/83/55/c0368

353-800px-wm. jpg, (09.01.2023.)

2.7 Rezonantna frekvencija

Rezonantna frekvencija je temelj za rad
Teslinog  transformatora. =~ Rezonantna
frekvencija titrajnog sistema je frekvencija
pri kojoj amplituda titraja sistema doseze
maksimum ili minimum. Mehanicka
rezonancija nastaje kada na mehanicki
sistem djeluju vanjske periodi¢ne sile
kojima  su  frekvencije = podudarne
frekvencijama svojstvenim  sistemu.
Svojstvene frekvencije nekog mehani¢kog
sistema ovise 0 njegovoj masi, dimenzijama
i unutarnjim silama naprezanja. Za elasticnu
Sipku duzine /, mase m, podvrgnutu silu
naprezanja f, karakteristicne frekvencije

v,,1gdje je n cijeli broj vrijedi izraz:

1 [f1

v, =n-—
21V m

Mehanicka rezonancija moze izazvati
nezeljene posljedice u radu strojeva te
njihovo oStecenje, pa se pri projektiranju
nastoji izbje¢i. Iz mehanike je pojam
rezonancije proSiren i u druga podrucja
fizike, gdje oznacavaju niz analognih
pojava kao Sto su elektricna, nuklearna,
kvantnomehanicka itd. Akusti¢na
rezonancija nastaje kada se titranjem
pobudi zra¢nu stupac u odredenom prostoru
i u njemu stvore strujni valovi. Elektri¢éna
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rezonancija je pojava pri kojoj za odredenu
frekvenciju u elektricnom strujnom krugu
izmjenicne struje, koji se najcesce sastoji od
elektri¢ne zavojnice, elektricnog
kondenzatora i omskog otpornika, dolazi do
titranja s ekstremno velikom ili ekstremno
malom amplitudom elektri¢ne struje.

Elektricna rezonancija u elektrotehnici je
temelj radiodetekcije. Promjenom
kapaciteta kondenzatora ugada se vlastita
frekvencija prijemnika tako da se slaze sa
frekvencijom odasiljaca.
Kvantnomehanic¢ka rezonancija je pojava
koja nastaje kada energija pobudivanja
atomske jezgre, atoma, molekule ili skupine
molekula odgovara razlici energija dvaju
mogucih energetskih stanja sistema.

Amplituda, koja u tom slucaju odgovara
vrijednosti rezonantne frekvencije takoder
su rezonantne frekvencije kruga. Na
primjer, elektricna  rezonancija u
elektrotehnici je temelj radiodetekcije.
Primjenom kapaciteta kondenzatora ugada
se vlastita frekvencija prijemnika tako da se
slaze sa frekvencijom odasiljaca.

Imin
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Slika 5. Promjena jacine elektricne struje
promjenom frekvencije u paralelnom RLC
oscilatoru,
izvor: https://www.enciklopedija. hr/llustracije/r

ezonancija_2.jpg, (09.01.2023.)

2.8 Pobudivac napona

Pobudivac¢ napona je zracni transformator
koji pojacava mizak DC napon do vrlo

visokog AC napona. To  stvara
elektromagnetno polje oko zavojnice koje
moze osvijetliti fluorescentne sijalice.

Njegova prednsot je da sklop sam sebe
postavi u rezonantnu frekvenciju i oscilira u
odgovaraju¢em vremenu. Shema se sastoji
od dva medusobno spojena titrajna kruga
primarnog i sekundarnog namotaja. Strujni
krug Cine: baterija od 9V, otpornik od 47
kQ, tranzistor BC547A i dvije zavojnice.

h
. 750

i3

2 a7k0

@l’ﬂ'ﬁd?ﬁ.

O ==

Slika 6. Pobudivac napona, izvor:
https://conrad.ba/image/gallery--1387808921-
222347-2.jpg/320/320/w. (09.01.2023.)

Struja koja dolazi s baterije se grana na dva
dijela. Struja 1 1 ide preko primarne
zavojnice do kolektora tranzistora. BC547A
je NPN tranzistor. Prama principu rada
tranzistora, ako struja dolazi na bazu,
tranzistor propusSta struju od kolektora
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prema emiteru. Struja I 2 preko otpornika
dolazi na bazu tranzistora S$to ukljucuje
tranzisto. Struja 1 1 ide linijjom manjeg
otpora preko kolektora do emitera i zatvara
strujni krug prema bateriji. Struja [ 1
prelazi  preko  primarne  zavojnice.
Prolaskom struje kroz zice stvara se
magnetno polje. To magnetno polje je
povezano sa sekundarnom zavojnicom.

Elektromotorna sila se inducira u
sekundarnoj zavojnici koja se opure uzroku
svog nastanka. Jedna zica s sekundarne
zavojnice je povezana s bazom tranzistora,
i taj dio je negativnog potencijala. To znaci
da je baza negativnog potencijala i
tranzistor se isklju¢i. Ako je baza
tranzistora iskljucena, to znaci da struja ne
teCe kroz primarnu zavojnicu i zbog toga se
magnetno polje smanjuje. Magnetno polje
jeraslo od nule do maksimuma a zatim pada
od maksimuma prema nuli. Kako magnetno
polje pada od maksimuma prema nuli tako
se zavojnica suprostavlja tome i zato se
mijenja polaritet zavojnice. Tako je sada
negativni potencijal na vrhu, a negativni na
dnu zavojnice. Ova promjena se nekoliko
puta ponavlja u jednoj sekundi.

ZAKLJUCAK

Transformatore razlicitih tipova nalazimo u
skoro  svakom elektricnom  uredaju.
Transformator omogucava prijenos
elektricne  energije dalekovodima od
elektrana do korisnika. U eksperimentima i
novim izumima koriste se uredaji koji u sebi
sadrze transformator. Bez transformatora
danasnji zivot bi bio nezamisliv. Teslin
transformator se danas koristi u edukativne
svrhe.

Kola sliéna Teslinom transformatoru su
koristena u radio-predajnicima sa iskriStem
za bezi¢nu telegrafiju, sve do razvoja jacih
predajnika sa elektricnim cijevima. U
predajnicima sa iskriStem koriStena su i
druga elektricna kola, ali sva ta kola su
koristila rezonantni princip koji je prvi
Tesla uveo u radio-tehniku. Danas postoje
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elektronski oscilatori, ali Teslin orginalni
dizajn sa iskriStem je vrlo pouzdan i otporan
na vrlo visoke napone.
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1 INTRODUCTION

A transformer is a device used in the daily
transmission of electricity over long
distances. In 1891, Nikola Tesla started
working on a device that produces high
voltage and frequency at the output. Tesla's
transformer is still not in practical use.
Tesla's transformer consists of an electric
coil made of wire with few turns, a high-
voltage electric capacitor and a spark gap.
In the high voltage laboratory, tests are
carried out on the ability of insulation of
various equipment to withstand high
voltages. In those laboratories, there are
devices that produce high voltages of
different waveforms, as well as devices for
generating large-amplitude currents.

One of the most famous devices for
obtaining high voltages of high frequency is
the Tesla transformer. Like all transformers,
the Tesla transformer has two separate
circuits, i.e. primary and secondary. A high-
voltage ceramic capacitor is added to the
primary, which together with the inductor
forms a resonant or LC circuit. There is also
a gap in the circuit, ie. spark. A capacitor
stores energy in its electric field, while a
coil stores energy in a magnetic field. By
connecting the electrical source to the
primary, a charge delivery system is
obtained. The secondary part consists of a
coil of wire and electrodes. These windings
are located in the same part of the space
occupied by the winding of the primary
circuit. A changing magnetic field creates
an electric current that moves charges along
the secondary coil. As the magnetic field
has high energy, which represents a high-
voltage charge, which accumulates in the
electrodes of the secondary coil and creates
sparks, i.e. lightning. Most circuits must
have a closed loop, however, the secondary
of the Tesla transformer does not.

Tesla's transformer in its original form can
produce a voltage between 10-12 million
volts. This kind of voltage is enough to
cause an electric discharge in the air up to
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forty meters long. As the direction of
electrons through the secondary winding is
constantly changing, i.e. back and forth due
to the oscillator circuit, the Tesla coil is a
high-frequency device whose -electrode
charge changes from positive to negative
and vice versa several million times per
second. The fast charge change and the
variable magnetic field make the Tesla
transformer a powerful emitter of
electromagnetic waves.

2 Transformer

The transformer consists of two coils with a
common core made of ferromagnetic
material, which is usually iron. The core
serves to transfer the magnetic flux from
one coil to another. The core is composed of
a series of plates electrically isolated from
each other to avoid eddy currents in the
core. The transformer core passes through
both coils and closes the full circuit. An
ideal transformer is a transformer in which
there is no dissipation of the magnetic flux,
and there is also no loss in the core itself.

An alternating voltage is applied to the
primary winding which causes an
alternating current through that coil, and
thus a changing magnetic flux which
induces an electromagnetic force in the
secondary. Faraday's law of induction is a
basic law of electromagnetism that shows
how a magnetic field behaves with an
electric circuit and how it creates an
electromagnetic force or electromagnetic
induction. A mathematical proof was
needed to supplement Faraday's law.
Maxwell's equation, which describes the
electromagnetic force in motion, took care
of that proof. To make the complement
quite complete, the Lorentz force shows the
magnetic flux through the electric circuit
and gives the direction of the induced
electromotive force and the current from the
electromagnetic induction.
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2.1 Construction of the Tesla
transformer
The primary winding of a Tesla

Transformer consists of a wire with a
relatively small number of turns, a high-
voltage electrical capacitor and a spark gap.
The oscillation frequency of the primary
circuit depends on the electrical capacity of
the capacitor and the inductance of the coil.
The wvoltage obtained using the Tesla
transformer is from several hundred kV to
several MV, where the frequency is in the
range from 50 KHz to 400 KHz. The circuit
for obtaining such voltages consists of three
interconnected units. The secondary coil
has a large number of turns of thin wire.
Due to the high frequencies, the coils do not
contain an iron core because with an iron
core the energy losses would be high. The
electric capacitor is electrically charged to
several kilowatts of voltage by means of an
alternating current source. When the
capacitor is electrically charged, the
primary circuit is closed via the spark gap.
This capacitor is discharged and a high-
frequency oscillation occurs, that is, it is the
charging and discharging of the capacitor
through the coil. The very high voltage in a
Tesla transformer creates strong sparks of
light if a metal ring is placed on top of the
secondary coil.

Basic elements of the Tesla transformer:
- Mains transformer

- Primary capacitor

- Sparkler

- Primary coil

- Secondary coil

- Capacitive termination
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Figure 1. Diagram of the Tesla
transformer
source:
http://www.bibliotecapleyades.net/imagene
s_tesla/teslal7 03.gif (03.01.2023.)

It is especially necessary to pay attention to
the insulation and protection of parts that
are under high voltage on the mains
transformer and on the electronic tube. High
high-frequency voltages on the secondary
coil are not life-threatening, because Tesla
currents  cannot  cause electrolytic
decomposition of cells in the body, due to
the rapid change of direction. They just
spread over the surface of the body. It has
been scientifically proven that tesla current
has a positive physiological effect. For
example, when we touch such currents with
our hands, i.e. voltages, we have a feeling
of "tingling" heat, which is not pleasant,
however, if we have a metal object in our
hand, we do not feel it.

2.2 Dimensions of the Tesla
transformer

The performance of the Tesla transformer
depends on a number of factors such as
component losses, connection losses, the
choice of component parameters and the
conditions in which the system operates. All
these factors in their own way affect the
dimensions of the Tesla transformer:

- Primary and secondary winding
inductance. The resulting voltage is
directly proportional to the square root
of the inductance quotient of the
secondary and primary.
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- Active losses in the primary winding

- Active losses in the secondary winding

- Parasitic capacitances between
secondary windings

- The distance between the terminal on
the top of the secondary and the primary
winding

- Terminal size. The larger the radius of
the terminal bend, the higher the
threshold voltage.

A larger Tesla transformer implies a smaller
transmission ratio, but it can handle higher
terminal potentials, and is therefore suitable
for obtaining higher voltages. The power
required to achieve satisfactory
performance of the Tesla transformer is not
linearly proportional to the size of the
secondary winding, this dependence is
square. For example, if a Tesla transformer
whose secondary height is twice as high, it
requires four times the power.

2.3 Spark

The spark has the task of closing the
resonant circuit of the Tesla transformer in
order to amplify the oscillations. There are
two types of sparks, rotating and static.

2.3.1 Reverse spark

The rotating spark gap consists of several
stationary and moving contacts, usually
made of brass. Rotating sparks can be single
or multiple. With multiple sparks, the arc is
divided into several shorter arcs and thus
their heating is reduced. The heating of
stationary contacts is still high and they
need to be provided with good cooling. The
moving contacts are driven by an electric
motor, and their speed is selected so that the
best sparks are obtained. The duration of the
spark should be two to three times the time
constant of the primary resonant circuit. If
there is a longer duration, it results in an
unnecessary load on the mains transformer.

The best moment to close the primary
circuit is when the voltage on the capacitor

is the highest. Synchronized operation of
the spark gap with the network is obtained
by driving the moving contacts with a
synchronous motor. The number of moving
contacts should be equal to the number of
poles of the synchronous motor. For
example, for a two-pole motor there should
be two moving contacts. The plate with
fixed contact should be able to rotate
through an angle of (f) 90 electrical
degrees.

The distance between the moving contacts
should be sufficient so that the arc does not
stretch too much. The distance between
movable and immovable contacts should be
as small as possible, but such as to ensure
the safe passage of movable contacts
without direct contact.

2.3.2 Static spark

A static spark has no moving parts. this
spark is convenient when the capacitor is
charged from a current source. It can be a
transistor DC/DC converter. A voltage
cascade can also be used, which easily
obtains the voltage on the capacitor up to 20
kV. The primary capacitor is charged from
a current source and its voltage rises at a
certain rate. When the breakdown voltage at
the spark gap is reached, the capacitor
quickly starts to discharge through damped
oscillations of the spark gap. The primary
capacitor voltage quickly drops to a low
value and the spark arc is extinguished. The
induced pulse is very strong because all the
generated electrical energy is instantly
released into the circuit.

When the voltage breakdown occurs, the
gap becomes an insulator again until the
capacitor is charged again and the next
breakdown occurs. This process is repeated
thousands of times in one second.
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Figure 2. Spark, source:
https://'www.fer.unizg.hr/images/50000705

/image002.jpg (04.01.2023.)

2.4 The secondary winding of the
Tesla transformer

The secondary winding is the most sensitive
and complex element of the Tesla
transformer, both in terms of construction
and manufacturing. It consists of an
insulating body on which the coil is wound
and a large number of wire coils. In most
cases, it is placed vertically. The lower lead
of the winding is grounded, and the upper
one ends with a capacitive electrode, and a
high voltage is obtained on it, which is also
the output voltage of the Tesla transformer.
This winding is expected to develop as high
a voltage as possible, provided that it is
wound on a body made of quality insulating
material. In practice, the most and most
often used insulation material is PVC. Due
to the long length of the wire from which it
is wound, the distribution of parameters
comes to the fore with the secondary
winding and behaves like a quarter-wave
antenna. This means that the length of the
wire should be equal to a quarter of the
wavelength of the resonant oscillations. If it
is taken into account that the propagation
speed of the electric pulse through the coil
is equal to the speed of light, then the
expression applies:

X, - wire length

A — wavelength
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¢ — speed of light

This can be one of the parameters to aim for
in the construction of the secondary
winding. What needs to be selected is the
diameter of the wire, the number of turns,
the length and diameter of the coil and the
dimensions of the capacitive termination of
the secondary coil. The condition is that for
the calculated length of the wire, the
appropriate frequency is obtained. The most
important electrical characteristics of the
secondary coil are inductance, capacitance
and active resistance, which determine the
resonant resistance.

The capacitance of the secondary coil
consists of three parts. The first part is the
capacitance of the coil itself, the second part
is the capacitance of the upper electrode and
the third is the inter-turn capacitance. The
secondary winding of the Tesla transformer
has large dimensions and its own
capacitance to the environment is not
negligible.

Figure 3. Secondary coil
Source: The author

2.5 Electric shock of the Tesla
transformer

The voltage of the Tesla transformer has a
high frequency and its current is harmless to
humans because it flows on the surface of
the body. When there is a jump through the
air, the capacity of the upper electrode is
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discharged and already in the first pulse the
oscillations are dampened. The amplitude
of the first shock currents is limited by the
voltage and impedance of the human body.
It can be assumed that the impedance of the
human body is 5 kQ, so that at a voltage of
IMV, the current at the first moment
reaches a value of about 200 A. The
capacitance of the upper electrode is several
tens of pF, the time constant of the circuit is
several hundred nanoseconds, so the
duration of the first hits. If this shock is
repeated with a certain frequency, then it
can no longer be said that this current is
harmless to human life. After discharge, the
oscillation amplitude decreases to a
relatively low value. The size of this current
depends on the generator and can be several
amperes.

This type of current closes over the surface
of the body and is not dangerous for
humans. A much better effect is obtained in
the impulse operation of the Tesla
transformer. Tesla's transformer is supplied
with pulsed constant high-frequency
voltage, where when the current of the coil
increases, so does the voltage. The duration
of this pulse is regulated by the coil voltage
reached. It is convenient to supply the coil
when the mains voltage is at its maximum.
The sparks of such a coil are strong and are
repeated several hundred times in one
second. These blows to the human body are
very strong and are not at all harmless as
one might think. These experiments are
only possible with lower power models,
where the spark itself can cause skin burns.
If sparking is used in this way, it is
necessary to hold a pointed metal object in
the hand.

With metal objects, sparks appear at lower
voltages, so the electric shock is weaker.
What is very important is that you should
not hold a metal object that ends in a ball.
As one of the solutions to increase the spark,
the beginning of the secondary winding is
not connected to the ground but to one
connection of the primary winding. This
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allows the mains frequency voltage of the
primary circuit to penetrate into the
secondary circuit of the Tesla transformer.
The high-frequency voltage of the Tesla
transformer provides the initial spark, and
the penetration of the high voltage from the
primary circuit amplifies its current and
extends its duration so that very strong
sparks are obtained, i.e. electric arc. It
should be emphasized that such solutions
are extremely dangerous to human life and
require maximum  precautions and
protection.

Figure 4. Electric shock of the Tesla
transformer, source
https://i0.wp.com/fb.ru/misc/i/gallery/15322/43

8317.jpg (07.01.2023.)

2.6 Tesla oscillator

The electromechanical oscillator was
originally designed as a source of
frequency-stable, alternating electrical
current for use with wireless transmitting
and receiving devices. In dynamical system
theory, an oscillator is called isochronous if
its frequency 1is independent of its
amplitude. An electromechanical device
operates at the same speed regardless of
changes in its driving force and thus
maintains a constant frequency. One of the
main characteristics of an oscillator is that it
can move coils with little energy input. This
was due to the slight movement of the
piston with the spring effect produced by
the piston striking the closed chamber. The
air inside the chamber is compressed and
acts as a spring, forcing the piston to move
in the opposite direction. At the same time
this happens, the groove in the piston aligns
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with the inlet to allow high pressure
operation which propels the piston like a
rocket towards the other end where it hits
the "air spring" again.

Two electromagnets are located on either
side of the shaft. The shaft has two pairs of
coils attached to either end which are on
either side of the electromagnet field when
the shaft is at rest. When the shaft is lightly
tapped, the coils are forced into the
electromagnetic field. When one coil enters
an electromagnetic field, it drives the coil
on the opposite side of the shaft producing
an oscillation in the coils. As the vibration
is isochronous, any change in pressure only
produces a shortening or lengthening of the
stroke. In order to equalize the pressure
inside the control panel and the atmosphere,
special measurements were made. For this
reason, the internal chambers of the control
panel are arranged to communicate with the
external atmosphere, and so no matter how
much the temperature of the enclosed air
may vary, it still maintains the same mean
density as the external atmosphere, thus
obtaining a spring of constant stiffness.
Tesla pointed out which conditions must be
respected so that the oscillation period of
the electrical system would not disturb the
mechanical oscillation in such a way as to
change the periodicity, but only to shorten
the stroke. It combines a condenser with
mere induction and gives the electrical
system the same period as that in which the
machine itself oscillates, so that electrical
and mechanical resonance is obtained and
maintained absolutely unchanged. Tesla
strongly energized the magnets and
performed many interesting experiments
confirming the fact that one of the current
pulses prevails. Among these experiments,
he had connected a ring magnet with a small
air gap between the poles to his oscillator.

That magnet oscillated eighty times a
second. When the copper disk is inserted
inside the air gap of the ring magnet, it is
brought into rapid rotation. The experiment
showed that the lines of current flow
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through the metal mass are disturbed by the
presence of magnets. By attaching small
insulated steel rods to a magnet and
connecting the ends of the coil, that rod is
set in motion. As the magnet vibrated, fixed
knots were created in the steel rods, and
direct current thermal sources were attached
to these points.

Figure 5. Tesla oscillator
Source:
https.//media.sciencephoto.com/c0/36/83/55/c0

368355-800px-wm.jpg (09.01.2023.)

2.7 Resonant frequency

The resonant frequency is the basis for the
operation of the Tesla transformer. The
resonant frequency of an oscillating system
is the frequency at which the amplitude of
the oscillating system reaches a maximum
or a minimum. Mechanical resonance
occurs when the mechanical system is acted
upon by external periodic forces whose
frequencies coincide with the system's own
frequencies. The natural frequencies of a
mechanical system depend on its mass,
dimensions and internal stress forces. For
an elastic rod of length 1, mass m, subjected
to stress force f, characteristic frequency vn,
and where n is an integer, the expression
applies:
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Mechanical resonance can cause unwanted
consequences in the operation of machines
and their damage, so it is tried to be avoided
during design. From mechanics, the concept
of resonance has been extended to other
areas of physics, where they denote a
number of analogous phenomena such as
electrical, nuclear, quantum mechanical,
etc. Acoustic resonance occurs when the air
column in a certain space is excited by
vibration and current waves are created in
it. Electric resonance is a phenomenon in
which for a certain frequency in an electric
current circuit of alternating current, which
most often consists of an electric coil, an
electric capacitor and an ohmic resistor,
oscillation occurs with an extremely high or
extremely low amplitude of the electric
current.

Electrical ~ resonance in  electrical
engineering is the basis of radio detection.
By changing the capacitance of the
capacitor, the receiver's own frequency is
adjusted to match the transmitter's
frequency. Quantum mechanical resonance
is a phenomenon that occurs when the
excitation energy of an atomic nucleus,
atom, molecule or group of molecules
corresponds to the energy difference of two
possible energy states of the system.

The amplitude, which in that case
corresponds to the resonant frequency
value, is also the resonant frequency of the
circuit. For example, electrical resonance in
electrical engineering is the basis of radio
detection. By applying the capacitance of
the capacitor, the receiver's own frequency
is adjusted to match the transmitter's
frequency.
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Figure 6. Change in the strength of the
electric current by changing the frequency
in a parallel RLC oscillator
Source:
hitps://www.enciklopedija.hr/llustracije/re
zonancija_2.jpg (09.01.2023.)

2.8 Voltage Exciter

The voltage exciter is an air transformer that
amplifies a low DC voltage to a very high
AC voltage. This creates an electromagnetic
field around the coil that can illuminate
fluorescent bulbs. Its advantage is that the
circuit sets itself in the resonant frequency
and oscillates in the appropriate time. The
scheme consists of two mutually connected
oscillating circuits of the primary and
secondary windings. The circuit consists of:
a 9V battery, a 47 kQ resistor, a BC547A
transistor and two coils.
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Figure 7. Voltage exciter, source:

https://conrad.ba/image/callery--1387808921-
222347-2.jpg/320/320/w

BCSATA

(09.01.2023.)

The current coming from the battery is
divided into two parts. The current I; goes
through the primary coil to the collector of
the transistor. The BC547A is an NPN
transistor. According to the principle of
operation of the transistor, if the current
comes to the base, the transistor passes the
current from the collector to the emitter.
The current I, through the resistor comes to
the base of the transistor, which turns on the
transistor. The current I; goes along the line
of lower resistance through the collector to
the emitter and closes the circuit to the
battery. Current I; passes through the
primary coil. The passage of current
through the wires creates a magnetic field.
That magnetic field is connected to the
secondary coil. An electromotive force is
induced in the secondary coil, which resists
the cause of its origin.

One wire from the secondary coil is
connected to the base of the transistor, and
that part is at negative potential. This means
that the base is at negative potential and the
transistor turns off. If the base of the
transistor is off, it means that no current is
flowing through the primary coil and
therefore the magnetic field is reduced. The
magnetic field grew from zero to maximum
and then fell from maximum to zero. As the
magnetic field drops from maximum to
zero, the coil opposes it and therefore the
polarity of the coil changes. So now the
negative potential is at the top and the
negative at the bottom of the coil. This
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change is repeated several times in one
second.

CONCLUSION

Transformers of various types are found in
almost every electrical device. The
transformer enables the transmission of
electricity through transmission lines from
power plants to users. Experiments and new
inventions use devices that contain a
transformer. Without transformers, today's
life would be unimaginable. Today, Tesla's
transformer is used for educational
purposes.

Circuits similar to Tesla's transformer were
used in spark gap radio transmitters for
wireless telegraphy, until the development
of more powerful electric tube transmitters.
Other electrical circuits were used in spark
transmitters, but all of these circuits used
the resonance principle first introduced by
Tesla in radio engineering. There are
electronic oscillators today, but Tesla's
original spark plug design is very reliable
and withstands very high voltages.
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