
kondenzatori 
električna struja i otpor 

Istosmjerni strujni krugovi



- velika jedinica, u praksi 
govorimo o µF i pF 

- Dva vodiča, nose jednaki naboj suprotnog predznaka - kondenzator 
- Vodiče nazivamo ploče kondenzatora 
- Između ploča kondenzatora postoji razlika potencijala ∆V 
- Elektronički element za pohranu naboja

Što određuje količinu naboja na pločama ovisno o naponu? 
- eksperimentalno je nađeno da je količina naboja na kondenzatoru izravno 
proporcionalna razlici potencijala između ploča, konstanta proporcionalnosti ovisi o 
obliku i razmaku između ploča - kapacitet - mjera koliko kondenzator može pohraniti 
naboja

Kapacitet izoliranog sfernog kondenzatora:

- neovisan o naboju i razlici potencijala, u slučaju para vodiča kapacitet ovisi o 
gemetriji kondenzatora

Farad F( ) 1F=1C V



Kondenzator s paralelnim pločama

Gustoća naboja na ploči:

Električno polje između ploča:

Za jednoliko polje, razlika potencijala:

Kapacitet:

Nabijanje kondenzatora: 
Baterija uspostavlja električno polje u žicama, 
električno polje djeluje silom na elektrone u žici 
“gurajući” ih prema ploči, to se događa sve dok žica 
i ploča ne budu na jednakom potencijalu, tada 
nema E u žici, nema pomicanja elektrona- ploča 
kondenzatora je negativno nabijena. Obrnuti 
proces odvija se pozitivnoj ploči

Kondenzator pohranjuje i energiju - 
potencijalnu energiju naboja



Paralelno spajanje kondenzatora u strujnom krugu
Kondenzator 

Izvor 

Sklopka

Kondenzator 1 ima maksimalnu količinu naboja Q1, a 
kondenzator 2 Q2, tada je ukupni naboj:

Ukoliko ta dva kondenzatora želimo zamjeniti s jednim, tada taj 
kondenzator mora moći pohraniti jednaku količinu naboja: 



Serijsko spajanje kondenzatora u strujnom krugu

Za razliku od paralenog spoja, gdje je razlika potencijala na 
svakom pojedinačnom kondenzatoru međusobno jednaka, 
i jednaka ukupoj razlici potencijala izvora (ΔV1=ΔV1=ΔV), 
kod serijskog spoja svaki kondenzator ima razliku 
potencijala takvu da je njihov zbroj jednak razlici 
potencijala baterije ΔV=ΔV1+ ΔV2

Ukoliko ta dva kondenzatora želimo zamjeniti s jednim: 

ista struja teče kroz oba kondenzatora



Koliko energije je pohranjeno u kondenzatoru? 

Zamislimo da se naboj prenosi mehanički između ploča kondenzatora. Zamislimo da 
“uzmemo” malu količinu pozitivnog naboja s ploče spojene na - i “prenesemo” na ploču 
spojenu na +. Čim je malena količina prenesena, stvara se razlika potencijala i 
potrebno je uložiti rad za daljnje “prebacivanje” naboja 

Time se obavlja rad:

Za dani kapacitet, energija koju možemo pohraniti raste kako raste naboj i razlika 
potencijala. Praktično, postoji granica do kojeg naboja je to moguće, nakon čega dolazi 
do električnog izboja. 
Energija pohranjena u kondenzatoru ➙ pohranjena u električnom polju između ploča 
kondenzatora:

gustoća energije

q

ΔV

Qdq



Uređaj za elektrošokove 
-u električnom polju velikog kondenzatora može 
se pohraniti 360 J ~ 3000 × 60 W žarulja. Uređaj 
predaje tu energiju pacijentu u kratkom impulsu 
od 2ms!

Flash fotoaparata takođjer sadrži kondenzator, energija se predaje 
lampi koja u kratkom i intenzivnom pulsu osvijetli predmet 
fotografiranja.

Gdje se nalaze kondenzatori?



Dielektrik između ploča kondenzatora

Kada se između ploča kondenzatora stavi 
dielektrični materijal kapacitet kondenzatora 
naraste za faktor κ –dielektrična konstanta

Voltmetar pokazuje:

Kako se naboj Q na pločama kondenzatora ne 
mijenja, promjena potencijala izazvana je promjenom 
kapaciteta kondenzatora

Za kondenzator s paralelnim pločama: Izmjene na kondenzatoru 
moraju se raditi nakon što ga 
se odspoji s izvora, u 
suprotnom potencijal na 
kondenzatoru ostati će 
nepromjenjen neovisno o 
umetnutom dielektriku!

C =
Q0

ΔV
=

Q0

ΔV0 κ
=κC0

C =κC0

Dielektrik - nevodljivi materijal



Dielektrik između ploča kondenzatora

Kapacitet kondenzatora raste 
kako se smanjuje debljina 
dielektričnog sloja – no to je 
ogranično dielektričnom 
jakosti materijala kojeg 
koristimo.

Kada električno polje u 
dielektriku postane prejako  
dolazi do izboja i izolator 
počinje voditi struju.

link

https://www.youtube.com/watch?v=e0n6xLdwaT0&list=PL7145A9AA4BAF35FC&index=2


Dipol u električnom polju

Električni dipolni moment definiran je vektorom p:

Dipol u električnom polju E ima zakretni moment:

Potencijalna energija dipola u električnom polju pohranjeni je rad uložen na rotaciju 
dipola rotirajući ga suprotno smjeru kojim ga usmjerava E. 
Rotacija od θi do θf rezultira u promjeni potencijalne energije, odaberimo θi= 90° i 
Ui=0: 

Usporedimo izraz za 
potencijalnu energiju 
objekta u gravitacijskom 
polju i električnog dipola 
u električnom polju

!p ! 2!aq

! = 2Fasin!
!
F = q

!
E, !p = 2!aq

! = 2aqE sin! = pE sin!
!
! =
!p!
!
E

U = ! pE cos! =
!
p !
!
E



E0=0, dipolne molekule 
nasumično orijentirane

E0≠0, dipolne molekule 
se orijentiraju ovisno o 
električnom polju

Inducirani naboj na rubovima 
tako polariziranog dielektrika 
možemo smatrati novim parom 
ploča kondenzatora

Rezultantno električno polje:

Dielektrik



- analogija s protokom vode
- analogija s toplinskom vodljivošću
- definicija prosječne struje:

- definicija trenutne struje:

električna struja
- zanima nas protok električnih naboja kroz neki materijal
- količina protoka ovisi o materijalu i razlici potencijala kroz materijal
- kada postoji ukupan protok električnog naboja kroz neko područje 
kažemo da postoji  električna struja

I = ΔQ
Δt

I = dQ
dt

1A = 1C
s Amper



električna struja
Smjer električne struje ➙ smjer gibanja pozitivnih naboja

- kod električnih vodiča najčešće su elektroni nosioci naboja
- smjer struje suprotan je smjeru gibanja elektrona

Mikroskopski model električne vodljivosti:
- gledamo električnu struju u vodiču poprečnog presjeka A
- volumen područja duljine ∆x je A·∆x
- neka je n broj nositelja naboja po jedinici volumena 
(gustoća nositelja naboja)
- broj nositelja naboja u ovom volumenu je n·A·∆x
- ukupni naboj, ∆Q, u ovom području je:

(q je naboj svakog nositelja)
ΔQ = n ⋅A ⋅ Δx( )q



električna struja
- neka se naboji gibaju brzinom vd, a neka je ∆t vrijeme 
potrebno da naboj prijeđe put ∆x
- tada vrijedi:

- odnosno:

ΔQ = nAvdΔt( )q

I = ΔQ
Δt

= nqvdA

- brzina vd je prosječna brzina nositelja naboja i naziva 
se driftna brzina
- pod utjecajem električnog polja dolazi do usmjerenog 
gibanja elektrona - no, to gibanje je kaotično, puno 
međusobnih sudara i sudara s atomima, no u globalu 
elektroni se gibaju driftnom brzinom u smjeru 
suprotnom od električnog polja
- na sudare elektrona možemo gledati kao na efektivno unutarnje trenje



električni otpor
- ranije smo napomenuli da je električno polje unutar vodiča jednako nuli
- no, to vrijedi jedino ukoliko je vodič u elektrostatskoj ravnoteži
- zanima nas slučaj kada vodič nije u elektrostatskoj ravnoteži, tj. kada u 
njemu postoji električno polje

Def.: gustoća struje je omjer struje i površine presjeka vodiča

J ≡ I
A
= nqvd

- ovaj izraz vrijedi jedino ukoliko je gustoća struje jednolika i ukoliko je 
struja okomita na presjek vodiča A
- gustoća struje je vektorska veličina:

 
!
J = nq!vd

Gustoća struje i električno polje uspostavljaju se ukoliko u 
vodiču postoji razlika potencijala



električni otpor
- u nekim materijalima gustoća struje proporcionalna je električnom polju:

 
!
J = σ

!
E

- σ se naziva električnom vodljivošću
- ova relacija naziva se Ohmov zakon

- razlika potencijala na žici je ∆V = Vb -Va

- ∆V = E·l
- gustoća električne struje:

- razliku potencijala možemo pisati:

J = σ ⋅E = σ ⋅ ΔV
l

ΔV =
l
σ
J = l

σ ⋅A
$
%&

'
()
I = R ⋅ I



električni otpor
- vrijednost                      naziva se električni otpor vodiča
- električni otpor jednak je omjeru razlike potencijala na vodiču i električne 
struje u njemu:

- SI jedinica za otpor je ohm (Ω)

- recipročna vrijednost vodljivosti naziva se otpornost,

- otpor jednolikog dijela materijala možemo pisati kao:

- otpor se povećava s duljinom vodiča i smanjuje s povećanjem presjeka vodiča
- u elektronici se otpornici koriste za reguliranje električne struje

R = l σ ⋅A( )

R ≡ ΔV
I

1Ω ≡
1V
1A

ρ =
1
σ

R = ρ l
A



električni otpor



model električne vodljivosti

- predložio ga je Paul Drude (1863-1906)
- ovaj model vodi do Ohmovog zakona i povezuje otpor s gibanjem elektrona
- na vodič gledamo kao na rešetku atoma i skupinu slobodnih elektrona 
(vodljivih elektrona)
- bez prisutnosti električnog polja slobodni elektroni nasumično se kreću kroz 
materijal brzinama ≈ 106 m/s
- u prisutnosti električnog polja dolazi do driftnog gibanja elektrona u smjeru 
suprotnom električnom polju, te brzine su reda veličine 10-4 m/s



model električne vodljivosti

- u ovom modelu gibanje elektrona nakon sudara ne ovisi o njegovom 
gibanju prije sudara
- također, višak energije koji elektroni prime uslijed ubrzanja od 
električnog polja troši se prilikom sudara s drugim elektronima i atomima
- time se povećava energija materijala (pojačano titranje atoma)
- ubrzanje elektrona:

- brzina nakon sudara:

- prosječna brzina:

- τ je prosječno vrijeme između dva sudara

 

!a = q
!
E
me

 

!vf =
!vi +
!at = vi +

q
!
E
me

t

 

!vf = vd = 0 +
q
!
E
me

τ =
q
!
E
me

τ



model električne vodljivosti

- gustoća električne struje sada je:

- vodljivost je:

- otpornost je:

J = nqvd =
nq2E
me

τ

σ =
nq2τ
me

ρ =
me

nq2τ



Električni otpor i temperatura

- otpornost vodiča ovisi aproksimativno linearno o temperaturi:

- ρ je otpornst pri nekoj temperaturi T, a ρ0 otpornost pri nekoj referentnoj 
temperaturi T0 (najčešće sobnoj)

- α je temperaturni koeficijent otpornosti:

- možemo pisati:

ρ = ρ0 1+α T −T0( )$% &'

α =
1
ρ0

Δρ
ΔT

R = R0 1+α T −T0( )#$ %&

metal



električna snaga
- snaga = brzina prijenosa energije
- primjer: pretvorba kemijske energije baterije u električnu energiju (žarulja)

- neka količina naboja Q giba se kroz strujni krug od 
točke a, kroz bateriju, otpornik i opet natrag na točku a
- prolaskom kroz bateriju sustav dobiva energiju Q∆V, a 
baterija toliko energije gubi
- prolaskom kroz otpornik sustav gubi na energiji zbog 
sudara elektrona s atomima u otporniku
- ta energija ostaje u otporniku pohranjena u obliku 
titranja atoma
- brzina kojom sustav gubi energiju:

dU
dt

=
d
dt

QΔV( ) = dQ
dt

ΔV = IΔV

P = IΔV =
ΔV( )2

R
= I 2R



elektromotorna sila
- primjer: baterija
- budući da je razlika potencijala konstantna na krajevima baterije, električna 
struja je konstantna u vremenu i istog smjera
- istosmjerna električna struja, istosmjerni napon
- elektromotorna sila (ε) je maksimalan mogući napon koji baterija može 
ostvariti na svojim krajevima

- pozitivan kraj baterije je na višem potencijalu od 
negativnog
- baterija također posjeduje svoj unutarnji otpor,  r
- za idealnu bateriju napon na krajevima bio bi ε
- za realnu bateriju on je nešto manji, zbog gubitaka na 
unutarnjem otporu



elektromotorna sila
- ukupna razlika potencijala između točaka a i b (krajevi 
baterija) jednak je:

- ukoliko u krugu imamo otpornik R vrijedi sljedeće:

Vab = ε − I ⋅r

ε = I ⋅R + I ⋅ r

I = ε
R + r

ε I = I 2R + I 2r

Ukupna snaga:



spajanje otpornika u seriju

Ruk = R1 + R2 + ...+ Rn ΔV = I R1 + R2 + ...+ Rn( )

Ista struja teče kroz sve otpornike!

Ukupan otpor jednak je zbroju svih otpornika

Serijski spoj ΔV = Vac = I ⋅R1 + I ⋅R2



spajanje otpornika u paralelu

Paralelni spoj

I = I1 + I2

Napon je isti na svakom 
otporniku!

I = I1 + I2 =
ΔV
R1

+
ΔV
R2

= ΔV 1
R1
+
1
R2

"

#$
%

&'
=
ΔV
Reff

1
Ruk

=
1
R1
+
1
R2

+ ... 1
Rn
, I = I1 + I2 + ...+ In

Ruk =
R1R2
R1 + R2



Kirchoffova pravila

1. Kirchoffovo pravilo
zbroj svih struja koje ulaze i izlaze iz čvora jednak je nuli
struje koje ulaze imaju pozitivan predznak, one koje 
izlaze imaju negativan

Iin = Iout∑∑



Ukoliko u krajnjem rezultatu dobijemo negativnu 
struju, to znači da smo odabrali krivi smjer struje!

Kirchoffova pravila
2. Kirchoffovo pravilo
zbroj razlika potencijala na svim elementima unutar 
zatvorene petlje jednak je nuli
- ovo pravilo proizlazi iz zakona očuvanja energije
- ukoliko se petlja obilazi u smjeru struje razlika 
potencijala na otporniku je (-IR)
- ukoliko se petlja obilazi u smjeru suprotnom smjeru 
struje razlika potencijala na otporniku je (+IR)

- ukoliko se izvor EMS prelazi u smjeru EMS (od - prema +), 
razlika potencijala ∆V je +ε
- ukoliko se izvor EMS prelazi u smjeru suprotnom od smjera 
EMS (od + prema -), razlika potencijala ∆V je -ε

ΔV = 0∑





RC krugovi
Nabijanje kondenzatora

- kondenzator je u početnom 
trenutku nenabijen
- uključivanjem sklopke naboj se 
počinje gibati, struja teče i 
kondenzator se nabija

q t( ) =Q 1− e− t RC( )
i t( ) = ε

R
e−t RC

Q = C ⋅ ε

ε −
q
C
− IR = 0

I, q ovise o vremenu!

I0 =
ε
R
, t = 0

max. naboj na kondenzatoru

max. struja u krugu

dq
dt

=
ε
R
−

q
RC RC = τ  vremenska konstanta



RC krugovi
Nabijanje kondenzatora



RC krugovi
Izbijanje kondenzatora

−
q
C
− IR = 0

−R dq
dt

=
q
C

q t( ) =Qe−t RC

i t( ) = dq
dt

= −
Q
RC

e−t RC

t = 0 ⇒ ΔV =
Q
C



Elektromagnetizam



Magnetska polja

Povjesničari vjeruju da su kompasi s magnetskom iglom bili u upotrebi u Kini 
još u 13 st. P.K.
Stari Grci poznavali su magnetizam 800 godina P.K.
Otkrili su da mineral magnetit (Fe3O4) privlači komade željeza
Legenda kaže da ime magnetit potječe od pastira Magnesa, za čije cipele 
(željezne čavle u potplatu i kapi cipele) su se “lijepili” komadi magnetita
1269. francuz Pierre de Maricourt otkrio je postojanje dva magnetska pola
Svaki magnet, neovisno o veličini posjeduje 2 pola
Polovi su sjeverni i južni
Slično kao kod električnih naboja, istoimeni polovi se odbijaju, dok se 
raznoimeni privlače



Magnetska polja
Veza između magnetizma i elektriciteta otkrivena je 1819. kada je danski 
znanstvenik Hans Christian Oersted, pri izvođenju pokusa za vrijeme 
predavanja, uočio da električna struja u žici izaziva otklon magnteske igle koja se 
nalazila u blizini

Oerstedov pokus

https://www.youtube.com/watch?v=h5N2grjG8d8


Magnetska polja i sile
Električno polje okružuje svaki električni naboj
Magnetsko polje okružuje svaki električni naboj u gibanju
Magnetsko polje također okružuje svaki permanentni magnet
Oznaka za magnetsko polje: B
Magnetsko polje B u nekoj točki prostora možemo opisati pomoću magnetske 
sile FB kojom polje djeluje na nabijenu česticu koja se giba brzinom v

 
!
FB = q

!v ×
!
B

Pravilo desne ruke!



Magnetna polja i sile
Razlike između električne i magnetske sile:
- električna sila djeluje u smjeru električnog polja, magnetska je 
okomita na magnetsko polje
- električna sila uvijek djeluje na nabijenu česticu, magnetska djeluje 
samo na naboj u gibanju
- električna sila obavlja rad pri pomaku naboja, magnetska ne - budući 
da je gibanje naboja okomito na smjer magnetskog polja

SI jedinica za magnetno polje: 1 T=1 N
C ⋅m s



magnetska sila koja djeluje na vodič kojim 
teče struja

Magnetska sila djeluje na naboj u gibanju ➙ očito djeluje i na vodič 
kojim teče struja
Sila na vodič = sila na jedan naboj x broj naboja

Sjetimo se: I = nqvdA
 FB = q!vd ×

!
B( )nAL

 FB = I
!
L ×
!
B



magnetska sila koja djeluje na vodič kojim 
teče struja

U slučaju da vodič nije ravan:

 d
!
FB = Id

!s ×
!
B

 

!
FB = I d!s ×

!
B

a

b

∫

1. U slučaju jednolikog magnetskog polja, sila koja djeluje na neravan 
vodič kojim teče struja jednaka je sili koja bi djelovala na ravan vodič čija 
dužina je jednaka udaljenosti između krajnjih točaka vodiča

2. Sila koja djeluje na zatvorenu 
petlju je jednaka 0.



Zakretni moment strujne petlje u 
jednolikom magnetskom polju

Na stranice 1 i 3 ne djeluje sila!
Na stranice 2 i 4 djeluju sile istog iznosa ali 
suprotnih predznaka!

F2 = F4 = IlB

Dolazi do rotacije oko točke O

τmax = F2
b
2
+ F4

b
2
= IaB( )b

2
+ IaB( )b

2
= IabB

τmax = IAB zakretni moment

Ukoliko je kut između polja i petlje različit od 90º: 
τ = IABsinθ

 τ = I
!
A ×
!
B

 
!
µ = I

!
A magnetski dipolni moment

 
!
τ =
!
µ ×
!
B



gibanje nabijene čestice u jednolikom 
magnetskom polju

- sila je okomita na smjer gibanja
- putanja je kružna

F = mac∑

FB = qvB =
mv2

r

r = mv
qB

ω =
v
r
=
qB
m

T =
2πr
v

=
2π
ω

=
2πm
qB

Ukoliko je prisutno i električno polje:

 
!
F = q

!
E + q!v ×

!
B Lorentzova sila



Biot-savartov zakon
Oersted: naboj u gibanju stvara magnetsko polje oko sebe
Biot-Savart: dao kvantitativni zakon

d
!
B = µ0

4π
I d!s × r̂
r2

μ0 = 4π x 10-7 T·m/A permeabilnost vakuuma

Ukupno polje:

 

!
B = µ0I

4π
d!s × r̂
r2∫



Magnetska sila između dva paralelna 
vodiča

Sila kojom 2. žica djeluje na 1.:

F1 = I1lB2 = I1l
µ0I2
2πa

"
#$

%
&'
=
µ0I1I2
2πa

l

Treći N.Z.: i 1. žica djeluje na 2. istom silom samo suprotnog smjera

Ukoliko struje u žicama teku u istom smjeru, žice se međusobno privlače.
Ukoliko struje teku u suprotnim smjerovima, žice se međusobno odbijaju.

FB
L
=
µ0I1I2
2πa

Definicija ampera: kada je iznos sile po jedinici dužine 
između dva dugačka paralelna vodiča kojima teče struja 
iste jakosti i koji su međusobni udaljeni 1 m jednak 
2x10-7 N/m, tada je struja u svakomo vodiču 1 A.



Magnetsko polje zavojnice

B = µ0
N
l
I = µ0nI - magnetsko polje unutar zavojnice

B = µ0
N
2l
I = 1

2
µ0nI - magnetsko polje na krajevima zavojnice

Ohmov zakon za zavojnicu: V = L
dI
dt

L = induktivitet zavojnice, govori koliko 
energije zavojnica može pohraniti u 
magnetskom polju koje stvara struja [H]



Magnetski tok

 ΦB =
!
B ⋅d
!
A∫ ΦB = B ⋅A ⋅cosθ

minimalan
magnetski tok

maksimalan
magnetski tok



gaussov zakon u magnetizmu

Za razliku od električnog naboja, ne postoji magnetski monopol.

Ukupan magnetni tok kroz zatvorenu površinu je uvijek jednak 0.

 
!
B ⋅d
!
A = 0"∫



faradayev zakon

- do sada smo gledali električna polja koja stvaraju 
stacionarni naboji i magnetska polja koja stvaraju naboji u 
gibanju

No, što se dešava kada imamo promjenjivo magnetsko polje?

1831 Michael Faraday pokazao je da se u strujnim 
krugovima može inducirati elektromotorna sila (napon) 
pomoću promjenjivog magnetskog polja
- dolazi do pojave električne struje iako u krugu nije 
prisutna baterija
- takva struja i napon nazivaju se inducirana struja i 
inducirani napon



faradayev zakon

Promjena 
magnetskog polja 
kroz petlju izaziva 
pojavu električne 
struje u njoj

Faraday pokus

https://www.youtube.com/watch?v=BZaTW6lnaEg


faradayev zakon

Pri uključivanju/isključivanju sklopke,
ampermetar spojen na sekundarni krug 
registrira struju!

Zašto?

Struja naglo poteče kroz žicu prvog kruga, dolazi do trenutne 
pojave magnetskog polja koje se kroz željeznu jezgru širi do 
žice sekundarnog kruga gdje se inducira struja

Promjenjivo magnetsko polje inducira 
struju u sekundarnom strujnom krugu



faradayev zakon
Inducirana elektromotorna sila proporcionalna je 
promjeni magnetskog toka u krugu.

Faradayev zakon indukcije:

ε = −
dΦ
dt

ε = −
d
dt

B ⋅A ⋅cosθ( )



Lenzovo pravilo

Smjer inducirane struje u petlji takav je da stvara magnetsko 
polje koji se opire promjeni magnetnog toka u petlji 



Električni generator:

aid of RHR-1 (fingers of extended right hand point along , thumb along the velocity ,
palm pushes in the direction of the force on a positive charge), it can be seen that the 
direction of the current is from bottom to top in the left side and from top to bottom in the
right side. Thus, charge flows around the loop. The upper and lower segments of the loop
are also moving. However, these segments can be ignored because the magnetic force on
the charges within them points toward the sides of the wire and not along the length.

The magnitude of the motional emf developed in a conductor moving through a
magnetic field is given by Equation 22.1. To apply this expression to the left side of the
coil, whose length is L (see Figure 22.21c), we need to use the velocity component v! that
is perpendicular to . Letting ! be the angle between and (see Figure 22.21b), it
follows that v! v sin , and, with the aid of Equation 22.1, the emf can be written as

! ! BLv! ! BLv sin!

The emf induced in the right side has the same magnitude as that in the left side. Since the
emfs from both sides drive current in the same direction around the loop, the emf for the
complete loop is ! ! 2BLv sin !. If the coil consists of N loops, the net emf is N times as
great as that of one loop, so

! ! N(2BLv sin!)

It is convenient to express the variables v and ! in terms of the angular speed " at
which the coil rotates. Equation 8.2 shows that the angle ! is the product of the angular
speed and the time, ! ! "t, if it is assumed that ! ! 0 rad when t ! 0 s. Furthermore, any
point on each vertical side moves on a circular path of radius r ! W/2, where W is the
width of the coil (see Figure 22.21c). Thus, the tangential speed v of each side is related to
the angular speed " via Equation 8.9 as v ! r" ! (W/2)". Substituting these expressions
for ! and v in the previous equation for !, and recognizing that the product LW is the area A
of the coil, we can write the induced emf as

(22.4)

In this result, the angular speed " is in radians per second and is related to the frequency f
[in cycles per second or hertz (Hz)] according to " ! 2#f (Equation 10.6).

Although Equation 22.4 was derived for a rectangular coil, the result is valid for any
planar shape of area A (e.g., circular) and shows that the emf varies sinusoidally with time.

! ! NAB" sin "t ! !0 sin "t  where " ! 2#f
Emf induced
in a rotating
planar coil

!!
B
B

vBB
B

vBB
B
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Figure 22.21 (a) This electric generator 
consists of a coil (only one loop is shown) of
wire that is rotated in a magnetic field by
some mechanical means. (b) The current I
arises because of the magnetic force exerted
on the charges in the moving wire. (c) The 
dimensions of the coil.

B
B

This personal energy generator (PEG) is a
small device that can fit into a backpack. It
uses Faraday’s law of electromagnetic induction
to convert some of the kinetic energy of your
normal movements into electric energy, which
keeps a battery in the device fully charged.
The PEG serves as a back-up power source
for your mobile phone or other handheld 
electronic equipment. (© Scott Shaw/The Plain
Dealer/Landov, LLC)
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692 ■ Chapter 22 Electromagnetic Induction

The peak, or maximum, emf !0 occurs when sin !t ! 1 and has the value !0 ! NAB!.
Figure 22.22 shows a plot of Equation 22.4 and reveals that the emf changes polarity as
the coil rotates. This changing polarity is exactly the same as that discussed for an ac
voltage in Section 20.5 and illustrated in Figure 20.10. If the external circuit connected
to the generator is a closed circuit, an alternating current results that changes direction
at the same frequency f as the emf changes polarity. Therefore, this electric generator is
also called an alternating current (ac) generator. The next two examples show how
Equation 22.4 is applied.

An Ac Generator

In Figure 22.21 the coil of the ac generator rotates at a frequency of f ! 60.0 Hz and develops
an emf of 120 V (rms; see Section 20.5). The coil has an area of A ! 3.0 " 10#3 m2 and consists
of N ! 500 turns. Find the magnitude of the magnetic field in which the coil rotates.

Reasoning The magnetic field can be found from the relation !0 ! NAB!. However, in
using this equation we must remember that !0 is the peak emf, whereas the given value of 120 V
is not a peak value but an rms value. The peak emf is related to the rms emf by !0 ! !rms,
according to Equation 20.13.

Solution Solving !0 ! NAB! for B and using the facts that (Equation 20.13)
and ! ! 2" f (Equation 10.6), we find that the magnitude of the magnetic field is

■

0.30 TB !
!0

NA$
!
v2!rms

NA2% f
!

v2 (120 V)
(500)(3.0 " 10#3 m2)2%(60.0 Hz)

!

!0 ! v2!rms

v2
Example 10

■ Problem-Solving Insight.
In the equation !0 ! NAB!, remember that the
angular frequency ! must be in rad/s and is related
to the frequency f (in Hz) according to ! ! 2" f
(Equation 10.6).

The Physics of a Bike Generator
A bicyclist is traveling at night, and a generator mounted on the bike powers a headlight. A small rubber wheel on the shaft of the
generator presses against the bike tire and turns the coil of the generator at an angular speed that is 44 times as great as the angular
speed of the tire itself. The tire has a radius of 0.33 m. The coil consists of 75 turns, has an area of 2.6 " 10#3 m2, and rotates in a
0.10-T magnetic field. When the peak emf being generated is 6.0 V, what is the linear speed of the bike?

Reasoning Since the tires are rolling, the linear speed v of the bike is related to the angular speed !tire of its tires by v ! r!tire

(see Section 8.6), where r is the radius of a tire. We are given that the angular speed !coil of the coil is 44 times as great as that of the
tire. Thus, and the linear speed of the bike can be related to the angular speed of the coil. Furthermore, according to
the discussion in this section on electric generators, the angular speed of the coil is related (see Equation 22.4) to the peak emf 
developed by the rotating coil, the number of turns in the coil, the area of the coil, and the magnetic field, all of which are known.

Knowns and Unknowns The data for this problem are:

Description Symbol Value Comment

Radius of tire r 0.33 m
Number of turns in coil N 75
Angular speed of coil !coil 44!tire Angular speed of coil is 44 times as great 

as that of tire.
Area of coil A 2.6 " 10#3 m2

Magnitude of magnetic field B 0.10 T
Peak emf produced by generator !0 6.0 V

Unknown Variable
Linear speed of bike v ?

! tire ! 1
44 !coil

Analyzing Multiple-Concept Problems

Example 11

Emf, 

Time, t
0

+

–

!

!0

Figure 22.22 An ac generator produces this
alternating emf ! according to ! ! !0 sin !t.
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ε = − d
dt

B ⋅A ⋅cosωt( )



Transformator:

700 ■ Chapter 22 Electromagnetic Induction

Transformers
One of the most important applications of mutual induction and self-induction

takes place in a transformer. A transformer is a device that is used to increase or
decrease an ac voltage. For instance, whenever a cordless device (e.g., a cell phone) is
plugged into a wall receptacle to recharge the batteries, a transformer plays a role in
reducing the 120-V ac voltage to a much smaller value. Typically, between 3 and 9 V
are needed to energize batteries. In another example, a picture tube in a television set
needs about 15 000 V to accelerate the electron beam, and a transformer is used to obtain
this high voltage from the 120 V at a wall socket.

The physics of transformers. Figure 22.29 shows a drawing of a transformer. The trans-
former consists of an iron core on which two coils are wound: a primary coil with Np turns
and a secondary coil with Ns turns. The primary coil is the one connected to the ac gener-
ator. For the moment, suppose that the switch in the secondary circuit is open, so there is
no current in this circuit. The alternating current in the primary coil establishes a changing
magnetic field in the iron core. Because iron is easily magnetized, it greatly enhances the
magnetic field relative to that in an air core and guides the field lines to the secondary coil.
In a well-designed core, nearly all the magnetic flux ! that passes through each turn of the
primary also goes through each turn of the secondary. Since the magnetic field is changing,
the flux through the primary and secondary coils is also changing, and consequently an
emf is induced in both coils. In the secondary coil the induced emf !s arises from mutual
induction and is given by Faraday’s law as

In the primary coil the induced emf !p is due to self-induction and is specified by
Faraday’s law as

The term "!/"t is the same in both of these equations, since the same flux penetrates each
turn of both coils. Dividing the two equations shows that

In a high-quality transformer the resistances of the coils are negligible, so the magnitudes
of the emfs, !s and !p, are nearly equal to the terminal voltages, Vs and Vp, across the 
coils (see Section 20.9 for a discussion of terminal voltage). The relation !s/ !p # Ns/Np is
called the transformer equation and is usually written in terms of the terminal voltages:

(22.12)

According to the transformer equation, if Ns is greater than Np, the secondary (output)
voltage is greater than the primary (input) voltage. In this case we have a step-up transformer.
On the other hand, if Ns is less than Np, the secondary voltage is less than the primary

Vs

Vp
#

Ns

Np

Transformer
equation

!s

!p
#

Ns

Np

!p # $Np 
"!

"t

!s # $Ns 
"!

"t

22.9

+
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Ac generator
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(Np turns)

Iron core

Magnetic field lines
Transformer symbol

Secondary coil
(Ns turns)

Switch

Ip
Figure 22.29 A transformer consists of a
primary coil and a secondary coil, both
wound on an iron core. The changing
magnetic flux produced by the current in
the primary coil induces an emf in the 
secondary coil. At the far right is the 
symbol for a transformer.
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this high voltage from the 120 V at a wall socket.

The physics of transformers. Figure 22.29 shows a drawing of a transformer. The trans-
former consists of an iron core on which two coils are wound: a primary coil with Np turns
and a secondary coil with Ns turns. The primary coil is the one connected to the ac gener-
ator. For the moment, suppose that the switch in the secondary circuit is open, so there is
no current in this circuit. The alternating current in the primary coil establishes a changing
magnetic field in the iron core. Because iron is easily magnetized, it greatly enhances the
magnetic field relative to that in an air core and guides the field lines to the secondary coil.
In a well-designed core, nearly all the magnetic flux ! that passes through each turn of the
primary also goes through each turn of the secondary. Since the magnetic field is changing,
the flux through the primary and secondary coils is also changing, and consequently an
emf is induced in both coils. In the secondary coil the induced emf !s arises from mutual
induction and is given by Faraday’s law as
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Faraday’s law as

The term "!/"t is the same in both of these equations, since the same flux penetrates each
turn of both coils. Dividing the two equations shows that

In a high-quality transformer the resistances of the coils are negligible, so the magnitudes
of the emfs, !s and !p, are nearly equal to the terminal voltages, Vs and Vp, across the 
coils (see Section 20.9 for a discussion of terminal voltage). The relation !s/ !p # Ns/Np is
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According to the transformer equation, if Ns is greater than Np, the secondary (output)
voltage is greater than the primary (input) voltage. In this case we have a step-up transformer.
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According to the transformer equation, if Ns is greater than Np, the secondary (output)
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The term "!/"t is the same in both of these equations, since the same flux penetrates each
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In a high-quality transformer the resistances of the coils are negligible, so the magnitudes
of the emfs, !s and !p, are nearly equal to the terminal voltages, Vs and Vp, across the 
coils (see Section 20.9 for a discussion of terminal voltage). The relation !s/ !p # Ns/Np is
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According to the transformer equation, if Ns is greater than Np, the secondary (output)
voltage is greater than the primary (input) voltage. In this case we have a step-up transformer.
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takes place in a transformer. A transformer is a device that is used to increase or
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Faraday’s law as
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In a high-quality transformer the resistances of the coils are negligible, so the magnitudes
of the emfs, !s and !p, are nearly equal to the terminal voltages, Vs and Vp, across the 
coils (see Section 20.9 for a discussion of terminal voltage). The relation !s/ !p # Ns/Np is
called the transformer equation and is usually written in terms of the terminal voltages:

(22.12)

According to the transformer equation, if Ns is greater than Np, the secondary (output)
voltage is greater than the primary (input) voltage. In this case we have a step-up transformer.
On the other hand, if Ns is less than Np, the secondary voltage is less than the primary

Vs

Vp
#

Ns

Np

Transformer
equation

!s

!p
#

Ns

Np

!p # $Np 
"!

"t

!s # $Ns 
"!

"t

22.9

+

–
Ac generator
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(Np turns)
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Ip
Figure 22.29 A transformer consists of a
primary coil and a secondary coil, both
wound on an iron core. The changing
magnetic flux produced by the current in
the primary coil induces an emf in the 
secondary coil. At the far right is the 
symbol for a transformer.
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voltage, and we have a step-down transformer. The ratio Ns /Np is referred to as the turns
ratio of the transformer. A turns ratio of 8/1 (often written as 8 :1) means, for example, that
the secondary coil has eight times more turns than the primary coil. Conversely, a turns 
ratio of 1: 8 implies that the secondary has one-eighth as many turns as the primary.

A transformer operates with ac electricity and not with dc. A steady direct current in
the primary coil produces a flux that does not change in time, and thus no emf is induced
in the secondary coil. The ease with which transformers can change voltages from one
value to another is a principal reason why ac is preferred over dc.

With the switch in the secondary circuit of Figure 22.29 closed, a current Is exists 
in the circuit and electrical energy is fed to the TV tube. This energy comes from the ac 
generator connected to the primary coil. Although the secondary voltage Vs may be larger
or smaller than the primary voltage Vp, energy is not being created or destroyed by the
transformer. Energy conservation requires that the energy delivered to the secondary coil
must be the same as the energy delivered to the primary coil, provided no energy is dissipated
in heating these coils or is otherwise lost. In a well-designed transformer, less than 1% of
the input energy is lost in the form of heat. Noting that power is energy per unit time, and
assuming 100% energy transfer, the average power delivered to the primary coil is equal
to the average power delivered to the secondary coil: . However,
(Equation 20.15a), so IpVp ! IsVs, or

(22.13)

Observe that Vs/Vp is equal to the turns ratio Ns/Np, while Is /Ip is equal to the inverse turns
ratio Np /Ns. Consequently, a transformer that steps up the voltage simultaneously steps
down the current, and a transformer that steps down the voltage steps up the current.
However, the power is neither stepped up nor stepped down, since Example 14
emphasizes this fact.

Pp ! Ps.

Is

Ip
!

Vp

Vs
!

Np

Ns

P ! IVPp ! PsPs

Pp
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A Step-Down Transformer

A step-down transformer inside a stereo receiver has 330 turns in the primary coil and 25 turns
in the secondary coil. The plug connects the primary coil to a 120-V wall socket, and there is
a current of 0.83 A in the primary coil while the receiver is turned on. Connected to the secondary
coil are the transistor circuits of the receiver. Find (a) the voltage across the secondary coil,
(b) the current in the secondary coil, and (c) the average electric power delivered to the transistor
circuits.

Reasoning The transformer equation, Equation 22.12, states that the secondary voltage Vs is
equal to the product of the primary voltage Vp and the turns ratio Ns /Np. On the other hand,
Equation 22.13 indicates that the secondary current Is is equal to the product of the primary 
current Ip and the inverse turns ratio Np/Ns. The average power delivered to the transistor 
circuits is the product of the secondary current and the secondary voltage.

Solution (a) The voltage across the secondary coil can be found from the transformer equation:

(22.12)

(b) The current in the secondary coil is

(22.13)

(c) The average power delivered to the secondary coil is the product of Is and Vs:

(20.15a)

As a check on our calculation, we verify that the power delivered to the secondary coil is the
same as that sent to the primary coil from the wall receptacle:

! IpVp ! (0.83 A)(120 V) ! 1.0 " 102 W

■

Pp

1.0 " 10 2 WPs ! IsVs ! (11 A)(9.1 V) !

Ps

11 AIs ! Ip 
Np

Ns
! (0.83 A) ! 330

25 " !

9.1 VVs ! Vp 
Ns

Np
! (120 V) ! 25

330 " !

Example 14

■ Problem-Solving Insight.

Power distribution stations use high-voltage
transformers similar to this one to step up or
step down voltages. (© Charles Thatcher/
Getty Images, Inc.)
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Snaga je sačuvana, Pp = Ps; P=I·U



Transformers play an important role in the transmission of power between electrical
generating plants and the communities they serve. Whenever electricity is transmitted,
there is always some loss of power in the transmission lines themselves due to resistive
heating. Since the resistance of the wires is proportional to their length, the longer 
the wires the greater is the power loss. The resistance of the wires is also inversely 
proportional to their cross-sectional area, so thicker wires are used to help minimize 
the power loss. To reduce the loss further, power companies use transformers that 
step up the voltage to high levels while reducing the current. A smaller current means 
less power loss, since P ! I 2R, where R is the resistance of the transmission wires 
(see Problem 67). Figure 22.30 shows one possible way of transmitting power. The
power plant produces a voltage of 12 000 V. This voltage is then raised to 240 000 V
by a 20 :1 step-up transformer. The high-voltage power is sent over the long-distance
transmission line. Upon arrival at the city, the voltage is reduced to about 8000 V 
at a substation using a 1 :30 step-down transformer. However, before any domestic 
use, the voltage is further reduced to 240 V (or possibly 120 V) by another step-down
transformer that is often mounted on a utility pole. The power is then distributed 
to consumers.
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Figure 22.30 Transformers play a key role in the transmission of electric power.

Check Your Understanding

(The answers are given at the end of the book.)
19. A transformer changes the 120-V voltage at a wall socket to 12 000 V. The current delivered

by the wall socket is (a) stepped up by a factor of 100, (b) stepped down by a factor of 100,
(c) neither stepped up nor stepped down.

20. A transformer that stepped up the voltage and the current simultaneously would (a) produce
less power at the secondary coil than was supplied at the primary coil, (b) produce more power
at the secondary coil than was supplied at the primary coil, (c) produce the same amount 
of power at the secondary coil that was supplied at the primary coil, (d) violate the law of
conservation of energy. Choose one or more.

Concepts & Calculations
In this chapter we have seen that there are three ways to create an induced emf in

a coil: by changing the magnitude of a magnetic field, by changing the direction of the
field relative to the coil, and by changing the area of the coil. We have already explored
the first two methods, and Example 15 now illustrates the third method. In the process, it
provides a review of Faraday’s law of electromagnetic induction.

22.10
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gubici = I 2R


