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(ALTERNATING CURHENT]

1. THE ALTERNATING CURRENT

The magnitude of altermatiog current clianges
continuously with time and its direction is reversed
pertodically. It is represemted by

|I = Iasil1mt| or |I = lncnsmti

AVERAGE VALUE OF ALTERNA

The mean or average value ofallemating ciorent over any
halfevele is defined as that value of steady corrent whnch
wonlld send the same amount of charee throamely a cironit in
the tme of half cyele (Le. T2 ) as 15 sent by the altemating
current throngh the same eircwir, o the same nine.

To calewlase the mean or average value. et an alietnating
curtent be represented by

[=] sinut L1

If the strength of cwrment is assmmed 10 roEn coism
for a suall teme, dr, then saall amotan of clisres seul
small time dt is

dg=1d1 2

Let g be the total charge sent by alteruating current o the
first halfeyele (e 0 —T/2).

T2
q= [ ld
[
T:? " T
. COS 0
Using (1), we get, q = _{ I, sinnean,dr = lu[——---—-—}
[ (ry .
1
=——°[cuswl—msﬂ°]
[0 2
=—1—"[{'n:|5r:—msﬂ°] (T =2x)
[
1. 2l
= - 1=1{=— 3
1 E-l[ ] 5 ()

If T represents the mean or averge value of aliernating
curtent over the 1st half eyele, then

L‘]'—]m*l_: )

ar

2 3] I -

I 2
=—1 =0637]
T a o
Heuce, mean or average value of alternating current over
positive half cyele is 0,637 tines the peak value of
altermating current, te.. 63.7% ofthe peak value.

A.C. CIRCUITCONTAINING RESISTANCE ONLY

Let a source of alternating em £ be connected to a pure
resistance R Figure. Suppose the altemmating e i
aipprliedd 15 represented by

E=E st A1)
Let T be the current in the circuit al any instant t. Tha
potential difference developed across R will be IE. This
a1 be equal to enel apphed at that wstant, 1.e..

IR =E=E_ sino

I
(=)
s
14
E &1
B E sin oo L :
- T . T |E
' -kt o I T\
Dot 1, i |).
LA ol :
-1 T 8 ==l
ik 1l
E; . .
or I=—""sinet= I, sim ot (20
R

where 1, = E /R, maxinmmm value of current.
Thns is the form of alternating cwrent developed,

Conparmg 1, = E /R wath Ohur's law equation, viz, cument
= voltageresistance, we find that resistance to ac. is
tepresented by BE—which s the value of resistance to o .c.

Henee behaviow of R ind.c. and a.c. circuit is the same, R
can reduce a.c. as well as d.c. equally effectively.

Comparing {2y and (1), we find that E and [ are in phase.
Therefore, inan a.c. ¢ircunt contanng B only, the voltage
and current are in the same phase, as shown in figure.
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3.1 Phasor Diagram

In the a.c. circuit containing R only, owrent and voltage
are in the same phase. Therefore, in figure, both phasors
I, and E, arein the same diection making an angle (e)

with OX, This is so for all tines. It means that the phase
angle between alternating voltage and altermating currant
throwigh R is zeno.

I=1, sinatand E = E, sin ol

A.C. CIRCUIT CONTAINING INDUCTANCE ONLY

In an a.c. circuit comtaumne L euly aliermting current 1
lags belund altermating voliage E by a pliase angle of 80°,
1.2, by one fourth of a peniod, Capverse v voltage across

L leads the current by a phase angle of 907 This is shown

in figure,
1
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Figure {b) pepresents the vector diagram or the phasor
diapram of a.c. circwit containing L only. The vector
representing F , makes an angle (o) with OX. As current
lags beling the e.an £ by 907, therefore, phasor represcnting

i,;, is twmed clockwise through 907 from the direction of

- / T v
E, I=1; si11| ol — _}-], [, =— X ol

, - .'cL
A pure induetance offer zero resistance to de, It means a
pure inductor cannot reduce de. The units of mductive
repcrance

1 ]
X, =wlL = — (hewy)= — —— = ohm
" 56C sec amp/sec

The dmensions of mductive reactance are the smpe as
those of resistance.

5.

o7

A.C, CIRCUIT CONTAINING CAPACITANCE ONLY

Let a source of alternating e be commected toa capacitor
only of capacitmice C, fipwe, Suppose the alterating e £
supplied is

E =E, sin mt =1
The cwrrent flowing in the cirenit ransfers charge to the
plates of the capacitor. This produces a potential differace
between the plates. The capacitor is alternately charged
and dhsclirzed as the cuorent reverses each halfoyele. At
any mstant t, suppose q is the charge on the capacitor.
Therefore, potennial difference across the plates of
capacitor V' =gqiC.

At every mstant, the potential difference 3V st be equal
tothe can f applied e

W :II =E=E,smm

(] = CE, s el
1t [ s mstantmeons valne of current i the cirowt at mstant
1. thien
dg d ,
I = SIS (T, sith et
di i

I=CE, {cos mt) e

1= i"f-__-wmir-.'n: i) )
L/ eall
I'he corrent will be maxinmum ie.
I=T, when s (ot + 7.2} = maxmiumn = 1
E,
1/
Putin(2). =1 sio (o= w2 )

Thiis 15 the forin of alternating current developed.

=] A 3)

From(2). I, =

Comparing (4) with (1), we find that in an ac. cirenit
contaning C oy, altemating curnert [ leads the altermatings
e.n.f by aphase angle of 207, This is shown in figure (b)
and ().

The phasordiagrmmor vector dingramofa.c. circmit containing

C only in shown in figiee (b). The plasor I, is nuned

anticlockonise through 90° from the direction of phasor ﬁu .

Thewr projections on YOY give the imstantanecus values E
and I as shown in figre (b). When E, and [, rotate with
frequency ox crves in figare (o), are penerated.

| I
]

)
L
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Comparing (3] with Olun’s law equation, viz carent =
voltage/resistance, we find that (['o O) represents
effective resistance offered by the capacitor. This 1s called
capaciative reactance aud 15 denoted by X

Thus x{. E : - = !
o ol

The capacitative reactanee linuts the anplimde efewrent ma

purely capactative cociil i the same Wiy as fe resistmee

linits the cwrrent in a purely resistive cireuit, Clearly,

capacitative reactance vares imversely a5 the frequency of

a.c. ard also mverscly as the eapacrance of e comdemser

Inad.c. cowemt, v=0 - XC=u=

1 1 SEC
X, = —— = sec— _ SRR
ol farad coulomb/ volt
voltsec.
=—— =plun
A, sec

A.C. CIRCUIT CONTAINING R ESISTANCE,

INDUCTANCE AND CAPACITANCE AND.SERIES

6.1 Phasor Treatnwent

Leg a pure resistance K, a pure inductance L and an ideal
capacitor of capacitance C be commected i serics to a sowrce
of altermatmg e.m f, Gnoe. As B L. C are mnsenes, thenefore,
current at any instant throvgh the three eleinents has the
same amplinide and phase. Let it be represented by

[=1 sinumt
gy “r— | H—\ +*
R
Ilirl.
ag-
[ 1 1
— ¥g Clog
VC
&

However, voltage across each element bears a differem
phase relationship with the current. Now,

)

(1l

F]

The maxinmm voltage across B is

Ve = iul"..

I figure, current pliasor i,:, is represented along OX.

¥
1
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W SF
L ap?® )
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8] L = RS
/a0 b lo
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1 e [y
cY
1
!
1
¥ !
A "'.-'P_ 15 i phiase with current, it 15 represented by the

VECTOL £ya - ol OX,

The maximon voltage acrossLis v, = 1, X,

Asvoltage across the mductor leads the current by 907, 11
s represented by R along OV, 90° ahead of iu

The maxinman voltage actoss C s {‘c = [n Xe

Asvoltage acress the capacitor lags behind the alternating
cuuTent by 90°, it 1s represented by & rovated clockwise

tarough 907 fow the drection of fﬁ . oC B along OY",

6.2 Analvtical Treatment of RLC series circuit

Let a pure resistance B, a pure inductance L and an ideal
condenser of capacity € be connected mn seres to a source
of altemating e.ouf. Suppose the aliemning e mf supplied
is

E=E sinmt A0
Al any instant of time t, suppose

q = charge on capacitor

[ = current m the circnit

[
— = rate of change of current in the circunt

dt

potential difference across the condenser — 4
C

s . dl
potential difference across inductor = Ld_
i
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potential difference across resistance = Rl

The voltage equation of the circuit is

dl q
L—+RI+= =F=F 7
i C E=E suwl 2
dl d°
As 1= qu Jherefore, — = —fl
dt dr -

The voltage equation becomes

qu +REH+-EI-=Ensiumt e
di- dir C '

This 15 like the equation ofa forced. dunped escillator Let
the selution of equation (3} be

0 = g, Sin (et + 8)

di
o 0 ere0sfeat + 0

d g '
==, @ sinfer +0)
s He

Substituting these values m equation (2 ), we gel

L[, e sin (ot + 8)] ~ R q, e cos (et + )
Qg . ) .
+ s eof +0) = B, s ean
C
o] Reos (et + 8 )— ool sin feat = &)

+ Lsiuflml +8]] =E, smreat
ol

Aso =X and —1— = X_.. therefore
i \L = ¢
o

q, e3[R cos {mt + 8) X - }{L] sith (et + @)] = Enain £l
Mudipbving and dividing by

[ 3
Z=\R’ +(X, _xl]' Jwe get

0l %ﬂb (et +8)+ 2 ; L sin oot + )| = E, sin o
Let % = cosd and % =siné .[5)
so thal tand = Xe ; Xy .18]

i, 02 Z[cos (ol + B) cos st {ox + ) sm #] = E, st o

or

or

or

o1

O erZcos (et +08-¢)=E simet=E_ cos (e —w2) _{7)
Comparing the two sides of this equation, we find that
E,=quwZ=1 Z wherel g . (8)
aud et + B— = ok — 02

=" +d {9

Current in the circuir is

do d !
I- -i‘! = '“ [l strLfeat + U]]=q&mms(nu = 8)
[N E} L
I=1, cos (it~ 0) Tusmg (8}
Using (9), we get. T =1, cos (ot + d— /2]
[ =1, sin (et = ) SA1m
Fronn(o), ¢ = 1.1|_1'l M A1
S -;'i'hul l:’i b F,i]l: |,|| =1
RY (XX
ay z |
B X )y =7
Z= R+ (X =X ) A12)

7. A.C. QRCUIT CONTING RESISTANCE & INDUCTANCE

Leta souree of alteruating e £ be comected 1o an olome
resistance K and a coil of inductance L, i senies as shoan
in figure.

VN ———— .
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Z=rR +x]

We find that in RL circuit, voltage leads the current by a
phase angle ¢, where

m[:¢:i\£ :E’.’L—}L:ﬁ

0A 0A V, LR

X
1.a.r:|v|1:=—L

A.C. CIRCUIT CONTAINING R

AND CAPACITANCE [

Leta source of alternating e £ be connecied 1o an obwmic
resistance B and a condenser of capaciiy O m series as
shown in fgure.

z:,,ll'ﬂ’+x.;i

Y e —— 'IJL.._“
-] C
11
AN T

Vi

&

Fignre represents phasor diagram of RC cirenit, We find
that in RC cireuit, voltage lags behind the cirent by a
phase angle ¢, where

tﬂnq;: .'ﬁth: = .{:.E‘ = .11_'!:_ — :!:l..':?(_
0OA OA vV, IR
X
tang= =5
¢ K

9. ENERGY S5TORED IN AN INDUCTOR

When a.c. 1s applied 1o an inductor of inductance L, the
clurent in it grows from zeto 1o maxinnun steady value L. If
[ is the current at any instant t, then the |u.1gnimde- of
induced e £ developed in the inductor at that instant is

dl
E=L—

o -1
The self induced e.m £ is also called the back e.muf, as it

opposes any change in the cwrent in the cirenit.

Pliysically, the self inductance plays the role of inetia. It
15 the electromaguetic analogue of mass m mechanics.
Therefore, work needs to be done agamst the back e E
i establishing the current. This work done 15 stored n the
mductor as magmelic potential energy.

For the eworent T at an mstant 1, the rate of doing work is

AN )
=EI
1
Il we 1enore the resistive losses, and consider only

niductve effect, then

i
Uz (19, W _ b1 — R ey |
dt dr

Totad amount of werk done o establishing the curvent Ts
h |

W _—jdw =J‘l.|d1 =_LI°
4 2

Thiss enerey required to uaibd wp current man inductor =
energy stored i mduectior

10™ELECTRIC RESONANCE

10.1 Series Resonance Cirenit

A cirenat in which mductance L, capacitance € and
resistance R are commected i series. and the circuit acinits
AR cwreent coresponding o a given frequency of
a.c.. s called series resonance cirowt,

The unpedance (£) of an RLC cirenit is given by

[, 1y
7= K +[”"_EE | RO

Ll

Arvery low frequencies, mductive reactance X, = ol is
negligible, but capacitative reactance (X, = 1/'ex(’} 1s very
high.

As frequency of allernating e m £ applied to the cirowt s

increased, X, goes on increasmg and X, goes on
decreasing. For a particular value of o (= e, sav)

X=X




CLASS24

EMI & AC
ie. o l=——orm =—
w, C i s
3"“':—; or v, (i
Jic e

Le.

ar

or

Al thus particular requency v as X, =X therefore, from
{1}
Z =R’ +0 = B=minimum

L. inpedance of BLC cireuit 15 nuninnin and henee the

E E .
cwrent [, = —F = —% becones macom, This fequency
K

is called series resonance frequency,

¥ lo
R =101}
3 | "Iq R Dacreaces
T ———_"f_il'- ______ Q Increaszes
1
L]
' B = tOCd )
1
1 ]
L] i
L i
L] I
L i i
1 1 1
o g gy Wz x
—

The @ factor of seres resonaml cocud 15 delined as the
ratie of the voltage developed across the wductanes o
capacitance at resenance to the impressed voltage, which
is the voltage applicd across R.

voltage across Loor C

B applied voltage (= voltage across R)

_ _fmlL]I_ _olL

Q RI R
(17,01 1
Q - =
Rl RCe,
L 1
Using o = —, we get
J
Ly
R JIcr RYC
o WIE_1 [T
RC RI\C
—
Thus @=L (= A1)

RYC

.
The quantiry [— | is regarded as a measure of
2 A | =
L 24
shampoess of resonance, i.e., Q) factor of resonance cirenit
15 the ratio of resonance angular frequency to band widib
ofthe circunt (which is difference i angular frequencies at
which power is half the maxinmm power or current is

1,442

10.2

Averaze Power in ELC drowit or Inductive Circuit

As

Let the altermanng ¢ L applied o an BLC cweut be

E= E,I-m:n[ L)
If alrermating cirrent developed lags behind the applied
e f by a phase angle ¢ then

A2

[ = 1, st (et — )

= El

Powcer at mstam 1,
il

AW .
;_ = E, sinn = 1, sin (et - ¢
Ll

= [, I, st ol (51 cof €05 ) — cos tof 51 )

= E I s oot cos - E T sin o cos o s é

_— EJQ, .. .
=BT sin oot cos - 2570 g1 2 oo s &
p -
I ks s tanraneons power is assimed to remmn constant
for asmall time dt, then small amount of work done inthis
tune is

Eyly

dw =[ E,l, sin” o cosé - sin 2t sing }dt

Total work done over a complete cvele is

T T

. A E.l, . .
W= j E,l, sin” oot cosdidt —J—‘:—r’ sin 2ot st
i o

T
W =E,[,cos LDI sin” eatdt —
0

-

T
E.l, . .
as blll¢j5][l:('ﬂ dt
)

T T
Lo T .
Ism' midt=— and Ism mtdi=10
b |
[:} - a

. T
W=Ejcosdx—
Average power in the inductive circuit over a complete
cvile
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(1)

P_E_E-:-Iac':'slt‘ T EI.E‘ Lo
T T 2 el
P=E 1 cosd -3

Henee average power over a complete oyels in an inductive
cireuit is the product of virual em £, virtual current and
cosine of the pliase angle between the veltage and curent.

so A

The relation {3) is applicable to all a.c. circuits, cos 4 and
Z will have appropnate values for difference ciromts.

For exanmple :

.
InRL circnit, 7 =,R°+ X; and cosi - L

s R
In R circuit, 7 = ,..'R_" #X¢ and cosi = .

InLCeircuit, 7 =X - X_and §i =90°

R 4
In KL circuit, 7 = v I{! + {:‘;L - \I_ Foand cosg = E

Imalla.c coeults, 1. = F_Z_

10.3 Power Factor of an AC, Clrenit

W bave proved that average power cviele man mductive
clrcuit is

P=E] cosd -0
Here, Pis called true power, (E I }is called apparent power

or virmual power and cos 4§ is called power facror of the
cirewt,

e power (P)

Thus, Power factor =
apparent power (E. I, )

=Ccosf

-2

_ R
= =
1~IIH;- +‘x[_—xc}-

[from impedance triangle )

Resistance
Power factor =cos p = ———————
linpedance

Ina non-inductance circmt, X, = X_

34 E
Power factor = cos = = =—=1¢=0° Y]

YR R
This 15 the maximumm value of power factor. In a pure
vudnetor or an ideal capacitor, 4 = 90°
Povcer fctor=cos = cos 807 =0
Sveraze power constuned noa pare inductor or wdeal a
capacitor, P=E_ T cos 907 = Zepo, Therefore,
cinen! trough pure L or pure ©, wlueh consunws no
pover for s maintenance i the cirowt is called dle cuorrent
o1 Wittless corzeat,
i actual practice, we do not have ideal inductor or ideal
capaciton Therefore, there does ocowr some dissipation
efzneray, However inductance and capacitance contine

Lo bz tnost suttable for comrollng cwrent m ac. corcuils
witlymininmmn loss of power.
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11. A.C. GENERATOR OR A.C. DYNAMOD

An ac generator'dyname s 8 machime which produces
alrertating cwrrent energy from nechanical energy. I is
one of the most important applications of the phenomenon
of electromagnetic induction. The pencrator was designed
ongumally by a Yogoslay scientist, Mikola Tesla, The word
gencrator is a misnomer, becawse nothing 1s generated by
thie mactine. Infict. o is an altemator conyvertg one fonu
of energy iito another,

11.1 Principle

Ana.e. generater’ dyoame 1s based on the plienomensn
of electromagnetic induction, i e, whenever amount
of magnetic flux linked with a coil chanees. anem.t 15
induced m the coil. It lasts s long as tle change in

magnene s throush the coil contine s The dueetion of

current induced is given by Fleming s icht lind mile.

11.2 Construction

Thie essential parts of an a.e, dynamo are showan u Geae,

1. Armature : ABCD 15 a rectangular anatrue col. It
consists of a large number of nims of insulated copper
wire wowl over a laminated soft iron core. I The coil can
be rotated about the central axis.

2, Field Magnets : W and 5 are the pole pieces ofa strong
electrommgnet in which the annaire codl is rotated, Axis
of rotation 15 perpendicular to the mammetic feld lines.
The magnetic field 1s of the order of 1 1o 2 tesla.

3. Slip Rings: R, and R, are wo hellow metallic rings. 1o
wlich two ends of anuature coul are connected. These
rings rotate with the rotation of the cotl.

4. Brushes: B and B, are muo flexible metal plates or
carbon rods. They are lixed and are kept m heht confact
with R, and R respectively. The pwrpese of brshes is 1o
pass on current from the amahire coil to the external load
resistance R,

Theory and Working : Asthe annature ¢oul 15 rotared e
magnetic field. angle 8 between the field and nomal to the
coil changes continmously. Therefore, magnetic flux linked
with the coil changes. An e.m.f is induced in the coil

To start with, suppose the plane of the coil is perpendicular
to the plane of the paper in whichmagnetic fieldis applied,
with AB at front and CDat the back. fipure (a). The amoum
of magnetic flux linked with the cotl in this position is
maxunmn. As the coil 1s rotated anticlockwise (or
clockwise), AB moves imwards and CD mwoves outwards.
The ameunt of nozuetic Jux hinked with e co1l changes.
According 10 Flenme's nglt hand mule, current mduced
s A s from Ao B and in CI, it is from C to 1. In the
external cirowt, carrent flows from B,teB, figure (a}

v

M

=

wanafscgfaansasmang




CLASS24

EMI & AC

After halfthe rotation of the coil, AR 15 at the back and CD
i5 at the front, figure, Therefore. on reianng frther, AB
moves outwards aud CD moves outwands aud CD moves
mwwards. The current indvced i AB s from B 1o A and in
CD. 1t as from D o C. Through external cirowl, eurrent
flows from BI o B:: figare {b). Tlus 1s repeated. Induced
current in the external circut changes direction after every
half rotation of the coil. Hence the cwrent mduced 15
allernating in nature.

To caleulate the magnitde of em.f, induced, snppose
N = munber of nuns in the coil.
A= area enclosed by each i of the conl

g = sirength of wagnetic fizld

@ = angle which normal to the eoil wakeswith [ af any
uiistant f, figure.

Mool

J

Magnetie flux lmked with the coil 1 tlns pesition

=NI(B . A)=NBA c0s8 = NBA cosc A1)

where o1 is angular velocity of the coil.

As the coil is rotated, B changes; therefore, wazietic flux
fr linked with the coil changes and hence an e £ 15
induced in the coil.

At the instant & if e is the el mduced 1 the el then

o= —dd _ di[NkB cos ot |
1

dt
. d .
=_NaB d—{cusml]= —NAB(—sin et o
[

E=NABR wmsin et (2]
The induced ean £ will be maximun, when

sirl oo = maxinnum = 1

emax =g, = NAB w~ | S E)
Putin(2). e = sin ot eS|

The variation of nduced . m. £ with tine {Le. with position
of the coil) is showi in figure.

ki
ol

o ::r.'..—‘>- m

T el g

- =]

The current supplied by the a.c. generator is also
smusomdal. It s given by

LB gy Lo

i=—=—sinmt = 1, Wi et

R

. L .
where 1, = Eﬂ = ruaxinmin value of current.

4

Suppose to start with, the plane of the coil is not
perpendicular to the magnene field, Therefore, at1=10,
fi= (1, Let 8 = a, the phase angle. This is the angle which

norinal to the coil makes with the direction of B. The
gequation () of e.m § induced m that case can be rewTitten

asec =g sin (ot +3)

12. TRANSFORMER

A trmsformer wlieh imereases the ac. voltage 1s called a
step up transformer, A taosfornmer which decreases the
oo voltages is called a step down transformer,

121 Principle

A mansformer 15 based on the prineiple of nmuatal
iduetion, e whenever the amount of magnetic flux linked
with acoud chianges. an eucf s mduced m the neyghbourog

cionl

12.2 Constroction

A transfonner consists of a rectangular soft iron core nade
of laminated sheets, wellinsulated from ene anmber, fignre.
Two coils PP, (the prunary coil) and S 5, (the secondary
coil) are wound on the same core, but are well insulated
fromeach other. Wote that both the coils are also insulated
from the core, The source of alternating e.m.f. {to be
transformed) is connected to the primary coil PP, and a
load resistance R is connected to the secondary coil 5.5,
throngh an open switch 5, Thus, thete can e no curent
through the secondary enil so long as the switch is open.

5
P I | x
1y} s
Inpust (::::_:I £ B Chulpuit
AL s 4
: i
&
I b
A
Ioammaied L osre

For an wdeal transfonuer. we assione that the resistances
of the pnmary and secondary windings are nepligible.




CLASS24

EMI & AC

(i)

{aii)

Further, the energy losses due to mapnetic hysterisis i
the iron core is alse negligible, Well designed lugh capac ity
transformers may have energy losses as low as 1%,

12.3 Theory and working

Let the alternating el suppliad by the a.c. source
comnected to primary be

Ey =E, sin e L
As we have assumed the prunary te be a pure inductance
with zero resistance, the suusoidal prunary current 1 lags
thic primary voltage Er by 90 The prinary s power factor,
cosd =907 = (L Therefore. no power 15 dissipated mprnsny.
The allemating prugary cwren! induces an allermatng
magnetic flux ¢ in e irow core, Beca-e the core extends
through the secondary winding, the mduced thux also
extends throngh the mins of secondan

Accordimg ro Faraday's law of elec nonsmene mduction,
the induced em.f per num (E_) is =age b both, the
priwary and secoudary, Also, the voltige E across the
primany is equal to the e f induced i001he primany and
the voltage E, across the secondary is conal 1o the em £
mduced in the secondary. T lns,

_dpy E, _E,

E,, =0 =S

an
dt o, m,

Here. n, o, represent total munber of tarms m pomary and
secondary coils respectively,

n'«
.=E, . Ry
¥

Ifn, = n: E, > L. the transformer is a step up trans fonmer.
Similarly, whenn < s E < 1-'_F. The device is called a step

n . . .
dovn transformer. — = K represents tmusfmmation ratio.

1t]|

wote that this relation (2) is based on three assumptions
the primary resistance and current are small,

there 1s no leakage of magnetic fhoe. The same magnetic
{lax links botly the primary and secondary coil,

the secondary current is sinall,

wow, the rate at which the generator souree transter energy
to the prunary = [PEF. The rate at wlach the pranary then
transfers energy to the secondary (via the altemating
magnetic field linking the rwo coils)is 1 E.

As we assume that no epergy is lost along the way,
conservabon of energy requires that

- E
LE =1E, T

E
Fromi2), —& = il

E! n‘
[ =1 L, _1 -3
B K 1

i

Forastepup ransforner. E > E (K >1 + 1 <1

1.e. secondary cwrent is weaker when secondary voltage
15 lugher. e whatever we gain i voltage. we lose in
current in the sanie ratio,

Thie reverse 15 nue for a step dovwn wansformet,

Fronaenn (331, =T, I]_,}=5 Ll
b il Eln
Pt P
i Vo,
Using equation (2}, we get [, ==.E -
R u? Jr'-. nl‘
l{m
| { { E
R Lo | P -5

E
Tlis equation. bas the form I, = P, where the
Ry

"

.
: : - = .F

equivalent resistance R..q is Ra.g —{ p } R A5

*

Thus R is the value of load resistance as seen by the

source generator, e, the source/generator produces

curre IP and voltage EP as if it were connected o a

resistanee R

Efficiency of a ransformer is defined as the ratio of outgn

to the input power.

 Cerput power  E L

Lc. 1 =
Inpuar power EP IP

L el wamsTonner, where there s no power loss, =1
(i.e, 100%). However, practically there are many energy
losses. Hence eificiency of a trausfomuer i practice is
bess than one (1.c. less than [00%:).

12.4 Energy Losses in a Transformer

Following are the major sources of epergy 1oss 1o a
wansfomer

Copper loss is the energy loss in the form of heat in the
copper coils of a ransforner. This is due o Joule heating
of conductmg wires. These are mummmnsed wsng dock wires,
Iron loss is the energy loss in the form of liear inthe iron core
of the transformer. This is due to formation of eddy cwrrents
it iron core. It s pundndsed by taking laminated cores,
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Leakage of mametic flux occlrs inspate of best imsulations,
Therefore, rate of change of magnetic flux linked with each
mm of 3%, 1 less than the rate of change of magnetic flux
linked with each tum of P, P, It can be reduced by winding
the primary and secondary coils one over the other.

Hysteresis loss. This is the loss of energy due to repeated
magnetisation and demagnetisation of the iron core when
a.c. 1s fed 1o i1, The loss is kepl 1o a minimim by usme a
marnetic material which has a low hysteresis loss.
Mapnetosmetion 1e., unming notse of a transfonuer.
Therefore. outpat power i the best trans fomuer may be
ronlglly 9000 of the nput power.

13. DISPLACEMENT CURRENT

According 1o Ampere circnital law

the line integral of magentic field B monud any closed
patl is equal to I, s the total curens threadmge the
closed patl, ie..

:l‘-i_l.d?:pnI (13
]

Consider a parallel plate capacitor having plires P and O
connected to a battery B, through a tapping kev b When
kev K is pressed. the conduction ewrent flows duough
the connecting wires. The capacitor starts storing charze.
As the charge on the capacitor grows. the conduction
current in the wires decreases. When the capacitor 15
fully charged. the conduction cumrent stops owing in
the wires, During charging of capacitor, there is 1o
conducrion cwrent between the plates of capacitor,
During charging. let at an mstant, [ be the conduction
current in the wires. This cuwrent will produce magnetic
field arcund the wires which can be detected by using a
compass needle.

Let us find the magmetic field at poomt B which is at a
perpendicular distance r rom couneciing wire in aregion
ontside the parallel plate capacitor. For thas we consider a
plane circular leop C,. of radius r, whose centre lies on
wire and ats plane is perpendicular to the direction of ¢urrent
carrying wire {{igare a). The magmiude of the mammets
field is same at all points on the loop and is acting
tangentially along the cireumference of the loop. IF B is
the magnimde ofmagnetic field at B then using Ampere’s
circuital law, for leop C,, we have

fﬁ.d? - defmsﬂﬂ =B2ar=p lor B= :‘UI e
-0l
L LS|

+++++++

__631 —

o, we consider a different swface, f.e. a nffin box shaped

surface without lid wath s cwrcular ro, wiich has the same
Bomndary as that of loop C,. The Lox does not touch 1o
the connecting wire and plate P of capacitor. The flat
ciecular Bottom 5 of the nffin box lies in berween the
capicitor plates. Figure (b). Neo conduction cumrent is
passing through the tiffin box surface S, therefore [ = 0.
i applving Amgere’s circatal law 1o leop C, of this uffin

box surface, we have

i

L

}'-fa.cli =B2mw=p,*0=0 or B=0 (3)
T

From (2) and {3), we note thatthere is a magpetic field at R
calenlated dwough one way and oo magmetic fiald a R,
calenlated dwrough another wayv, Since this contradition
arises from the use of Ampere’s circuital law, hence
Ampere’s circuilal lvw is logically incousisten.

IFan the piven instant of e, q is the charge on the plate
of capacitor and A is the plate area of capacitor, the

maguilnde of the electric field between the plates of
capacitor is

1q
E.;..'"u

L=

This field is perpendicular to surface 5. It hias the same
mwagnitude over the area A of the capacitor plates and
becoiies zere outside the capacitor,

The electrie flux through surface S s,

g =E.A=EA v:{:ns.-lfl‘:‘=i Aea=4 ()
d L= -
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If m is the rate of change of charge with nme onthe plate . G
1 N 1
of the capacitor. then i b I
dje _d( q ]_ 1 dg L
e dile, | e, dt Cz
B K
da_ die -
e di

q :
Here, == = ourent throngh surface S comespendme to

dt
chanmng electric feld =1, called Maxwell s displacement
current. Thus,
displacenent cwrent is that eogrent winch comwes o play
i the region in which the elearis field aonl the elecnic flug
15 changing with mine.

dip
= E
I, =5, dt 5
Maxwell modified Ampere’s caewtal Ly i oder fo make

the samie logically conststent. He stated Anpere’s cirenital
law to the form,

- - f dipg !
'B.df=|l.;.|:I+ID]:jl¢!I+gn_...[.| i
! dr | )

This is called Ampere Maxwell's Law.

14. CONTINUITY OF CURRENT

Maxwell's modification of Ampere’s circnital law gives that

{nfi.di’:ploﬂl-r I}
t

dip- , .
where 1, =<, I;h‘ » called displacement ewrvent, [ s the
t

conduction current and ¢_ 15 the elecwic flux across the
loop €. )

The sum of the conduction current and displacement
cwrrent (1.e., [+ L yhas the important property of continuiry
along any closed path although individually they may net
be coutimious.

To prove it consider a parallel plate capac itor having plates
P and . being charged with batrery B, During the tme,
charging is taking place. let at an instant, [ be the
cenduction cwrrent flowing through the wires. Let €, and
C, bethe nwo loops, which have exactly the smme boundary
as that of the plates of capaciter. T, 1s little towards left
and C, 15 a liftle towards right of the plate P ofparallel plate
un;]ﬁcitm'. fipire,

Due to battery B, let the cenduction current [ be flowing
Hiroueh the lead wires al any instant, but there is oo
conduction crrent aeross the capacitor gap, as no chargs
is transported across this gap.

Forloop C . there s no elecme flux, ve. ¢, = 0and

il
141, =1+ g, 1 =T+e,(0)=1 AN

olr

For loop €, there 15 no conducton current. ie. 1= 0
1+ 1 =R e« A8)
A1 the given instant 1f q 15 the nagninude of charge on the

plates of the capacitor of area A, then electric field E in the
gap between e two plates of tis capacitor 1s given by

E=—1 :”E=E= q
L= A S € A .
Flectric flux, ¢, = EA = —1—4 = 1
Sy A 5
d d
Thus from (8), wehave l+ 1, = EGEM le,)= d_:l -1
A9

From (7)and (%), we conclude that the sum (I +1;) Tins the
samne value oo the left and reht side of plate P of the
paralle] plate capacitor. Hence (I+ L) has the property of
continuity although individually they may not be
contimous.

15. CONSEQUENCES OF DISPLACEMENT CURREN

The discovery of displacement curment 1s of great
tmportance as it has established a symmetry between the
faws of electriciry aod magnetism. Faradav's law of
electromagnens duction states tha the magwde of
thie emf induced o a coil 1s equal to the ate of change of
magnetic flux linked with it. Since. the emf between two
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(1)

(m}

(it}

()

points A and B is the measure of maximum workdone in
taking a unit charge from point A to B, therclfore, the
existence of anemf shows the existence of an elecinc field,
It is due to this fact, Favaday concluded that a clhanging
nuagnetic field with time gives rise to an electric field.

The Maxwell's concept that a changing electric field with
e gives tse to displacemat ewnrent which alse produces
a magnetic field sunilar to that of conduction enrrent. It1s
wfact, asyvinetrical comnterpart of the Faraday s concepr,
whicl led Maxwell to conclude that the displaceimen
current is also a sowrce of magnetic Deld. It means the
tme varving electric and magnetic Gelds give rise to each
other: From these concepts, Mavwell concluded the
existence of electromaguetic wave in a region where
electric and magnetic fields were changing with time.

16. MAXWELL'S EQUATIONS AND/LORENTZ FORCE

In the absence of any dielectric or maznehie watenal, the
fonr Maxwell s equations are given below 0

fﬁ-d§=ﬂlf’Eﬂ. This eguatien is Gauss's Law in
5

electrostatics.

The electric lines of force do not fonm contizmens closed
patl

-fﬁ.di:[]. This equation 15 Gauss's Law in
5

magnetostatics

The magetic hines of force always fonmn elesed paths,
- - dp=- o L .
:l-ll.'..d-.f = —d—IE.dﬁ. This equation is Faraday'slaw of
;

elecironiznetic induction.

The line integral of electric field around any closed path
(Le., the ewnf) 15 equeal to the te ate of cdhianege of magmetic
flux through the surface bounded by the closed path.

P dpr= - . , ,
:fﬁ-df=il.;.lijlu FEE{J-I'-I'-‘-- This equation is

generlised foruof Ampere’s law as Modified by Maxwell
and is also known as Ampere-Maxwell law.

The electromagnetic waves are those wave in which there
are sisoidal vanation of electne and mametie feld
vectors at right angles to each other as well as at right
angles to the direction of wave propagation.

1
C=—

— {10
o & (10

¥ ENVELOPE QF ELECTRIC
INTENSITY VECTOR

ENVELCPE OF MAGNETIC
INOUCTION VECTOR

where pand &, are permeability and penmittivity of the
free space respectivelyw
We know, = 4%+ 107 Wh AT
C—885 - 10CN it
= § -0

Pormmg these values m 10k we have ¢ = 3.00 = [0 s
wlhere 102 are the abselute penneabality and absolute
pennitnvity ofthe mediun We also know that = p_p and

v, where g, &, are the relative penveability and

relative pernutivity of the mediun.

l c
Therefore, v = = =
'\.Illl'l-. L-'-.-"—:n:

i
VI §

vET—
Yy S

Maxwell also concluded that electromagnetic wave s
transverse in nahure and light is elecromagnetic wave.

17. VELOCITY OF ELECTROMAGNETIC WAVES

Consider a plane eledromagmetic wave propagating along
positive direction of X-axis i space with speed ¢, Since
in electromagnetic wave, the electric and magnetic fields
are transverse 1o the direction of wave propagation,
therefore, the electiic adnagmete fields are n Y-Z plane.

Let the electric field E be acting along Y-axis and
magnetic field B along Z-axis.

At any instant, the electric and magetic fields varying
simsoidally with x and t can be represented by the
equations.

E=E =E, sine(l-x%) A1)
B=B, =B, smem(l-xc) . 12)
Here E and B, are the anplinudes ofelecuric and magnetic

fields along Y -axis and Z-axis respectively. Consider a
rectangular path PQRS i XY plane as shown m figure.
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T
liE Hﬁ' .
&E
S—a 24
P“ i rf-'l Ill Xy [ de Xz
i1/ dx Az B '-},r 3 X
t?%" Bl A u T
z T

The line integral of E over the closed paih PQRS wall be

P

1} L. 5 v
Eﬁ'=jﬁdi+[iﬂ?-jﬁiﬁ-|ﬂJ{
3 9 B 3

=0 EII:I[ +0+ ]:-.w'{_ f.’

= Enf{sinm{t h l —siumlr o
Y =

=
(¥
S

s

Mapgnetic flux hnked winh surface surrounded by
rectangular path POQRS will e

dx

hy = j:llifx}{d'{ = jBof[siIa d t- :

1 X

B,fc X, [
= cose|l—— [—cosem| 1 ——
5] = ! S

dp, B,fc T R S0 DT S T
e A —c-:s'm{q t—— :+t-:us:|.11m]| 1——‘]
dt [ S -} vk

= —Bﬂfc[shmIJ —%]—5&1 mll—%]] -4

L

Using Faradav's law ofelectroma menic induction, we bave

Putting the vahues from{3) and (4). we pet
E,=cB, i
Since E and B arc in phase, we can wrile.

E=¢ B at any point in space.

ar

Consider a rectangular path PUTQ i the X-7 plane as
shwen e fgure. The hoe mntegral of g over the ¢losed

pat FLUTO, we have
- - L - - _I — - Q - - P -_ —
JB.di=[Bats [Bais [Bats[B.ai
LD ¥ [ i o

=B, (+0-B %0

£ <

= B,,![sm m| - ‘E—s:in ml.r 1 —L l] ()

The electrie flux linked with the swiace surounded by
rectaneular path PUTQ 15

e = IE: ds = IE[x}{d.\;: EnfTainr-][: -2 de

c X- %)
———Euf[—uou-{f——-]+c05<41——‘ ]]
3] | £ 4 c

/ v
die = cﬁa{sinmf t ‘] sin m!_rt S :J
dt i c ) | [
=cE l!'Fsi.unﬂlfl— il .l—si_u I:IJI' -2 ]
o I« A7)

In space, there is no conduction curent. According to
Ampere Maxwell law in space

{-Ed? =u, g, dor
BT cl
Putting values from (6) and (7). we get

B, =y, g,cE, =p, 5, clcB,)
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ur I=py €y € Ol S r— ~A8) In terms of maxinnom nagmetic feld, Y. =35 —-
VHo € - 2y
Which is the speed of elecmromagnetic waves in vaciuun, 50 = : B, c=- 1 Hf"_:
For vacuum. p, =4 = 107 Tmi! = Ho Ha
1 Fae Teaed 19. ELECTROMAGNETIC SPECTRUM
and - = 9«10 N T -
T
Afler the experinental discovery ef electromapnetic waves
1 | il by Hertz, many other electromagntic waves were
ar Ep=———=M m T Lecovered by diffe ) e
Tx9x 10 discovered by dafferent ways of excintion,

Putting the value in (8). we get

1
-||||Ir :rrxlﬂﬂxl'[”'.'wilxl{)g}

[ =30 m s

wiich 15 exactly e speed of hght 1 vaci

This shows that light is an electromag netic wave.

INTENSITY OF ELECTROMAGNETIC WAVE

Intensity of electromagnetic wave ata poit 15 defined as
the encrgy crossing per secoud per unit arca nomally
around that pemt durme the propagaticn of elecirons metic
wave,

Consider the propagation of electronagnetic wave with
speed © along the X-axis. Take an unagimary cvlider of
area of cross-section A and length ¢ A 1 oso that the wave
crosses the area A normally, Figwre. Letn be the average
encrey density of electromagnetic wave.

cal ]

E 4

[ [w

The energy of electromagnetic wave (L) crossing the area
of cress-section P nomually do time A tis the enerey of
wave contained in a cvlinder of length ¢ A t and aren of
cross-section A Itis given by U=u_{c At A

The imtensity of elecromarnetic wave at P is,

[ u _1|=__n:_‘-;t.-"|._u
TAAM AM

ol

Interins of noxdnnen electric field, n,, =

b | =
il
=
-
=R

| . N
so l=—gEje=e, E_©

The orderly distnbution of electromagnene radiations
according to thewr wavelength or frequency is called the
electromagnetic specirum.

Tl elecismagmetic specirn has moch wider moge with
warelength vardation - 107 mtog = 10° m The whole
elecomagnenc specinun as been classified ino differem
parts and subparts mwoorder of imereasing wavelengih,
according to their type of excitation. There is overlapping
i certain parts of the spectrum. showing that the
correspomding radiations can be produced by two
metliods. It may be noted that the plivsical properties of
eleciromagnetic waves are decided by their wavelengaths
il not By the wethod of their excitamnon,

A table grven below shows the vanous pars of the
electromapnetic spectnum with approxinate wavelength
range, frequency range, their sowrces of production and

detechons,

20, MAIN PARTS OF ELECTROMAGNETIC SPECTRUM

The electromagnetic spectrm has been broadly classified
into following miain parts; mentionad below in the order of
increasing frequency.

20.1 Radiowaves

Theses are the elecromagmetic wave of Dequency rangs
from 5 = 10" Hz to 10" Hz. These waves are produced by
oscillating electric circuits having an inductor and
capacitor.
U'ses : The various fequency ranges are used for different
tpes of witeless conmnucation systems as nentioned below
)] The electromagetic waves of fiequency range from 530
kHz to 17 10kHz form amplitude modulated (AM) band. Tiis
nsed in ground wave propagation.
(a) The electromagnetic waves of fequency range 1710 kiz
to 54 hMhr are used for short wave bands. [1is used in sky
wave propagation.

(o) Theelecwromwmgnetic waves of frequenc v range 54 Mhz to
890 MHz are used in television waves.
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in)  The elecromapnetic waves of frequency range 383 MHz to The visible light emitted or reflected from objects around
108 MHz fron frequency mudulated (FM) dio band. It s us provides the iformation about the world surounding
used for commercial FA radio. us.
v The electromagnetic waves of fequency range 200 MMHz
v} FHIChE W QuUenCy rang : 20.5 Ultraviolet rays
1o 3000 Mz fomn wltra high fregue ney (UTTF) band. It is
used in cellular phones conmmmuticanon. The ultraviolet ravs were discovered by Ritter m 1801, The
frequency range of ultraviclet rays is 8 = 10 Hz 1o 5 = 10"

5] T ] .

20.2 Microwaves Hz. The ulwaviclertays are produced by sun, special laps
Microwaves are the eleciromagnetic waves of frequency and very hot bodies. Most of the ultraviolel ravs coming
range 1 GHz2 1o 300 GHz. They are produced by special from sum are absorbed by the ozooe laver i e earth's
vaeun mbes, namely : klvstrons, mamenons and Gunn atmosphiere. The ulisaviolet rays in Large quantity produce
diodes etc, barinfl effect on hinan eyes,

L'seg = Users o Ulmraviolet rays are usad
(il Microwaves are wsed in Radar systenws for air craft | (1 for lieching the muneral sanmples twough the propery of
navigation. wlir aviclet ravs causing [lourescence.
{11} A radar using nicrowave can hielp i detectng the spead | (i) u the smdy of molecular struciare and amrangement of
oftennis ball, cricketball automabile whike i maotion clectrons 1o the external shell through ultravielen
(i)  Micmwave ovens are used for cooking purposes. Al OTPIn specira,
(ihv)  Micrewavesare used for observing the iiovenent of trains | (810 1o destroy the bactersa and for stenbizing the surgical
om rauls whale sitting mpuerowave oper:ed control rooms. BRI TS
(v w1 Durglir alanm
20.3 Infraved waves ) #
. (v} il the detection of forged documents, finger prints in

Infrared waves were discovered by Herschell Thn;l: dare forcasic laboratory.
the elecromagnetic waves of frequency range * - 10 Hz o) b oo st

1 v 0 preserve the food squll
to 4 < 107 Hz. Infrared waves sometimes sie ealled as
heat waves, Infrared waves are produced by hot bodies 20.6 NX-rays
amd molecules. These wave are not detected by Inonan
eve but snake can detect them. The X-rays were discovered by German Physicst W.

- i . . o i

. Roentgen. Their frequencyrange is 10 Hzo 3 = 107 Hz.
Uses ; = ‘ i

Thiese are produced when lugh energy electrons are
Infrared waves are used: stopped suddenly on a metal of high atomic number.
)] i phvsical therapy., i.e.. 1o freat mnscular strain, X-rays have high penetrating power,
(11} to provide electrical energy o satellite by using solar cells Uses : X—ravs are used
(i)  for producing dehvdrated fimirs )] In surgery for the detection of fracthures, foreign bodics
(W) for taking photographs during the condition of fog, sueke ke bullets, diseased organs and stones 1o the humanbody:
cte. (i1 In Engineering (i} for detecting faults_ eracks, flaws and
(v)  in green houses to keep the plants wann holes in final metal produets (1) forthe tesnng of weldmgs,
] ] ) .. : casting and monlds.
(i) in revealing the secret writings on the ancient walls
. (i} In Radie therapy. to cure untracable skin diseases and
(v} o osolar water heaters and cookers )
malignant growtly.
(vii) i weather forecasting through infra red photography , . .
- N PROTOETAPHS () Indetective departivents (i) for detection of explosives,
(ix) in checking the purity of chemeials and in the smdy of opium, gold and silver in the body of smugglers.
molecular stucmre by taking mfiared absorption spectnun : . :
' Y HR g HUTE FiJ' pe (%) In Industry (1) for the detection of pearls in ovsters and
20.4 Visible light defects m rubler tvres, gold and tennis balls e, {i1) for
; , , testing the umiformity of insulating material.
It is the narow region of electromagnenic specmm, which i
is detected by the human eye, Its frequency is mnging | () InScientific Research (i) for the investigation of struchure

from 4= 10" Hz to 810" Hz. It is pro<uced due to atomic
EXCIANOL

of crystal, arrangement of atoms and molecules w the
complex substances.
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20.7 y-rays

v-rays are the electromagnetic waves of frequency range
3= 10" Hz to 5 = 107 Hz. y-rays have nuclear origin.
These rays are highly energetic and are produced by the
nuelens of the radioactive substances,

Uses @ y—tays are Used :

(i)
{ii)
(izr)
()

in the treatiment of cancer and mumours,

to preserve the food smffs for a long e as the soft
v-rays eon kil nicroorganisis easily,

to produce nuclear reactions.

1o provide valuable informuation about the strochre

of atonuc nucleus.
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