Single - Phase AC Circuits
2.1 Equation for generation of alternating induce EMF

e An AC generator uses the principle of Faraday's electromagnetic induction law. It states that
when current carrying conductor cut the magnetic field then emfinduced in the conductor.

e Inside this magnetic field a single rectangular loop of wire rotes around a fixed axis allowing
it to cut the magnetic flux at various angles as shown below figure 2.1.

Magnetic Pole

Magnetic Flux Where,

N =No. of turns of coil

A = Area of coil (m2)

w=Angular velocity (radians/second)
S dm= Maximum flux (wb)

\ Wire

Axis of;:}mﬁon Loop(Conductor)

Figure 2.2.1 Generation of EMF

¢ When coil is along XX’ (perpendicular to the lines of flux), flux linking with coil= (m. When
coil is along YY' (parallel to the lines of flux), flux linking with the coil is zero. When coil is

making an angle 0 with respect to XX’ flux linking with coil, ¢ = ¢m coswt [0 = wt].
X

NG S

Ny YS

Figure 2.2 Alternating Induced EMF
e According to Faraday's law of electromagnetic induction,

d
e=—N d—'i’ where, En=Négo -
_—Nd(¢m cosot) N __no.ofturns of the coi
dt bn =ByA
e=-N¢, (-sinmt)xm B_ = Maximum flux density (wh/m?® )
e=N¢_ wosinwt A = Area of the coil (m*)
e=E_sinot o = 2nf
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-.e=NB_A2nf sinwt

e Similarly, an alternating current can be express as
i=I,sinwt Where, [m=Maximum values of current

e Thus, both the induced emf and the induced current vary as the sine function of the phase
angle ot =0. Shown in figure 2.3.

Phase Induced

angle emf
e=E_sinot
. * L] . (!Jt = w e n O
225270 315 360
wt = 90" = Em
——————— wt=180"| e=0

wt =270° e=-F

ot =360°| e=0

Figure 2.3 Waveform of Alternating Induced EMF

2.2 Definitions
» Waveform
Itis defined as the graph between magnitude of alternating quantity (on Y axis) against time

(on X axis).
ﬁw‘“ Sine Wave EW‘ Square Wave
5, B, :
\/Tlrne Time
Ny Vy
-3+w Triangular +VA Complex
Wave ﬁ Wave
£ ;
£, 5, t
\/Tlme \/\/ Time
Ny Vy
Figure 2.4 A.C. Waveforms
» Cycle

It is defined as one complete set of positive, negative and zero values of an alternating

quantity.
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» RMS Value

Graphical Method

Voltage

V3 Vs
V2 Va
v Vio

Figure 2.8 Graphical Method for RMS Value

Total No. of Values

V - JSum of all sq. of instantaneous values

VE4VE+vEi4viavia . 4vE
Voo = 10

Voltagg

+Vm

+Vrms

Analytical Method

= Vrms

«Vm ——

_OneFullCycle

v - JArea under the sq. curve

V3, - [(sin20t) 7"
Vob “JVE[[(DI:]D ‘[TL
V_ = am(zx-m

\Y
V. =n
™ J2
V_=0707 V,

2n
IV,: Sin*wt dot
Vl'mS E

Figure 2.9 Analytical Method for RMS Value

Base of the curve

2n
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2.4 Phasor Representation of Alternating Quantities

e Sinusoidal expression given as: vy = Vm sin (wt = ®) representing the sinusoid in the time-
domain form.

e Phasorisa quantity that has both “Magnitude” and “Direction”.

Vector
Ratotaion
a0’ s lf +Vm /] V(t=Vmsinwt
_______ . 1

i
]
! Ygo* 210" 240" 270° 300" 330" 360°

(-

t

X
30" 60 o90° 120" 150°

Sinusoidal Waveform in
Time Domain

Figure 2.10 Phasor Representation of Alternating Quantities

Phase Difference of a Sinusoidal Waveform

e The generalized mathematical expression to define these two sinusoidal quantities will be
written as: v =Vm Sin (l)t.

i=1_sin (ot-o)

Voltage (v)

#m -7 — Clp-ent{i)

» 0 > >
wt
b LEAD
w
LAG
|
Figure 2.11 Wave Forms of Voltage & Current Figure 2.12 Phasor Diagram of Voltage & Current

e Asshowinthe above voltage and current equations, the current, i is lagging the voltage, v by
angle ¢.

e So, the difference between the two sinusoidal quantities representing in waveform shown in
Fig. 2.11 & phasors representing the two sinusoidal quantities is angle ¢ and the resulting

phasor diagram shown in Fig. 2.12.
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2.5 Purely Resistive Circuit

e The Fig. 2.13 an AC circuit consisting of a pure resistor to which an alternating voltage
vi=Vmsinwt is applied.

Circuit Diagram

-
[
>

Where,
veeVmsinwt @ R VR v, = Instantaneous Voltage

V,, = Maximum Voltage
Vp= Voltage across Resistance

Figure 2.13 Pure Resistor Connected to AC Supply

Equations for Voltage and Current

e Asshow in the Fig. 2.13 voltage source
v, =V, Sin wt

e According to ohm’s law

1

R
_V,sinot
m s

i, =1, sinwt

e From above equations it is clear that current is in phase with voltage for purely resistive
circuit.

Waveforms and Phasor Diagram
e The sinewave and vector representation of V, =V, Sinwt & i, = I, sin wt are given in
Fig. 2.14 & 2.15.

vt=Vmsinwt

V,i“

it=lmsinwt w

Ir VR

Figure 2.14 Waveform of Voltage & Current for Pure Resistor Figure 2.15 Phasor Diagram of Voltage & Current for Pure

Resistor
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Power

¢ The instantaneous value of power drawn by this circuit is given by the product of the

instantaneous values of voltage and current.

Instantaneous power
Py =Vxi
Py =V, Sinwtx I sinwt
D, =V,I, sinwt
_V,I,(1-cos 2wt)

p{ll - 2
Average Power
2z
‘[lem(l—cos th)dmt
2
P =2
ave 27_[

Bl [ 20T

v,,,lm
Pa\t_ 47[

V.1
Pﬂ\!= mzm
p =Ynln

ﬁJﬁ
Pave =Vems Trms
P, =Vl

e The average power consumed by purely resistive circuit is multiplication of Vrms & Irms .

2.6 Purely Inductive Circuit

e The Fig. 2.16 an AC circuit consisting of a pure Inductor to which an alternating voltage

vi=Vmsinwt is applied.

Circuit Diagram

VY =

vi=Vmsinwt

Figure 2.16 Pure Inductor Connected to AC Supply

6
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Equations for Voltage and Current
e Asshow in the Fig. 2.16 voltage source
v, =V, Sin wt
e Due to self-inductance of the coil, there will be emf indued in it. This back emf will oppose
the instantaneous rise or fall of current through the coil, it is given by
di

=2
%=

e As, circuit does not contain any resistance, there is no ohmic drop and hence applied voltage
is equal and opposite to back emf.

v, =-8, Waveform and Phasor Diagram

( di ) vi | Vi=Vmsinwt |
Vt = - -—L —_

dt Vil

di I | k=lmsin(wt- 90) |
v,=L —

dt

' 0 >
V,sinot=L L wt
' dt
di _V,sinot dt
= 5--90
¢ Integrate on both the sides,

Idi - Ejsin ot dt Figure 2.17 Waveform of Voltage & Current for Pure Inductor

L
. V_[-cosot
lt =_m

L ® V w
v | R
i, =——=-coswt ¢=-90
oL
. . Vv
i, =1, sin(wt—90) [m—“i= ’“J
¢ From the above equations it is clear that 'V
the current lags the voItage by 90%ina Figure 2.18 Phasor Diagram of Voltage & Current for Pure
purely inductive circuit. Inductor

Power

e The instantaneous value of power drawn by this circuit is given by the product of the
instantaneous values of voltage and current.

Instantaneous Power
p =Vxi
p, =V, sinotxI, sin (mt_g) )
p, =V, sinotx(-1I coswt)
_r 2V, [ sinwt cosmt
2

P

/
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P = -\% sin 2mt
Average Power
2n

j —E@%ﬂsin 20t

P,.=-2 dot
ave 21[ (D
p —_Valu [—cos?zut]h
ave 4]1 2 :
P. AR [cos 4n—cos 0]
Bn
Pﬂ\fﬂ = 0

e The average power consumed by purely inductive circuit is zero.
2.7 Purely Capacitive Circuit

e The Fig. 2.19 shows a capacitor of capacitance C farads connected to an a.c. voltage supply
ve=Vmsinwt.

Circuit Diagram

- .

vi=Vmsinwt /\/ C =" Ve

Figure 2.19 Pure Capacitor Connected AC Supply

Equations for Voltage & Current
e Asshow inthe Fig. 2.19 voltage source
v, =V, Sin ot
* A pure capacitor having zero resistance. Thus, the alternating supply applied to the plates of

the capacitor, the capacitor is charged.

o [fthe charge on the capacitor platesat any instant is ‘q’ and the potential difference between
the plates at any instant is ‘v’ then we know that,

q=C“
q=CV,sinwt
e The current is given by rate of change of charge.
. dq
Tdt
- dCV,, sinwt
‘ dt

8
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i, =0CV, sinmt

. \'
I, =—2_—cosmt

' 1/ 0C
i‘=£‘-c05mt
X
. . A
i, =1, sin(ot+90") (v X_zl“‘)

c

e From the above equations it is clear that the current leads the voltage by 900 in a purely
capacitive circuit.

Waveform and Phasor Diagram

vk vi=Vmsinwt Al
w
it=Imsin(wt+90)
A . . b=+90
p Y \")
5= 490 wt N >
v

Figure 2.20 Waveform of Voltage & Current for Pure Capacitor  Figure 2.21 Phasor Diagram of Voltage & Current
Jor Pure Capacitor

Power
e The instantaneous value of power drawn by this circuit is given by the product of the
instantaneous values of voltage and current.

Instantaneous Power
P, =Vxi
Py =VpsinotxI, sin (wt+90)
P, =VysinotxI coswt
Py = Vn I, sSinwt coswt
2V, [ sinot cos ot
Py = 5

Py = V‘“zl“‘ sin 2ot

Average Power

2x
j‘%sin 2ot
P, =2 o dowt

9
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2.9 Series Resistance-Capacitance Circuit

* Consider a circuit consisting of a resistor of resistance R ohms and a purely capacitive of
capacitance farad in series as in the Fig. 2.28.

it 4

vi=Vmsinwt

Figure 2.28 Circuit Diagram of Series R-C Circuit
e In the series circuit, the current it flowing through R and C will be the same. But the voltage

across them will be different.

e The vector sum of voltage across resistor Vr and voltage across capacitor Vc will be equal to

supply voltage vi.

Waveforms and Phasor Diagram

" | vt=Vmsinwt |

| it=Imsin(wt+)) |

4

Figure 2.29 Waveform of Voltage and Current of Series R-C Circuit
e We know that in purely resistive the voltage and current in a resistive circuit both are in

phase and therefore vector Vg is drawn superimposed to scale onto the current vectorand in
purely capacitive circuit the current I lead the voltage Vc by 90°.

So, to draw the vector diagram, first [ taken as the reference. This is shown in the Fig. 2.30.

Next Vrdrawn in phase with I. Next Vcis drawn 90claggingthe 1. The supply voltage V is then

phasor Addition of Vrana Vc.

Figure 2.30 Phasor Diagram of Series R-C Circuit

10
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e Thus, from the above equation itis clear that the currentin series R-C circuitleads the applied
voltage V by an angle ¢. If supply voltage

v=V,_ Sin ot

1= Im Sin((Dt -+ d)) Where, =%

Voltage Triangle Impedance Triangle Power Triangle

Real Power,P
(Watt)

Ve=I(-Xc)

y
Reactive Power,Q
(VAr)

Figure 2.31 Voltage Triangle of Series R-C Figure 2.32 Impedance Triangle Fiaure 2.33 Power Trianale Series R-L
Circuit Series R-L Circuit g : Circuit g
V= ’V_Ff V2 7 =,/R2+X§ Real Power, P =V cos¢
JORPZ+(1X, 2 1 =X =LR
. —] -+ - = . .
; ¢ =tan R Reactive Power, Q =V I sing
2 2
= 1 JRT+X; =1%,
= 1Z  where, Z = /R"'+X§ Apparent Power,S =V I
=17Z
Power Factor

R P
f.=cosdp=—or—

Power

e The instantaneous value of power drawn by this circuit is given by the product of the
instantaneous values of voltage and current.

Instantaneous power
p, =vxi
p, =V, sinotxI sin(et+¢)
p =V, I, sinotxsin(ot+9)
_ 2V, I sinet x sin (ot+¢)
2

P, = v“—zl"‘[cos ¢- cos(2mt +¢)]

1

e Thus, the instantaneous values of the power consist of two components. First component
remains constant w.r.t. time and second component vary with time.
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Average Power

;]

Ve "’[sm 4n+¢)-sin(¢)]

Env I
P, = J' - [cos ¢- cos(2wt+d)] dmt
_V.I,
P,
ave 2]1 0
V I H '[
p =-om _[cosd:dwt- [ cosut+¢) det
4r | 0 0
VI 2 [sin2ot+d)
P.= . COS(b(wt)n - {_2_._
Pove =
P. V; [cosd:] [smq: sin ¢}
VI
P, === -0
ave 2 COS¢
Y L cos ¢
ave Ji\/i

P.=VIcos ¢
2.10 Series RLC circuit

Phasor Diagram

VLJL

Consider a circuit consisting of a resistor of R ohm, pure inductor of inductance L henry and
a pure capacitor of capacitance C farads connected in series.

R L C
—ANNN—""1—]]|
e—— VR e Vi ——le—Vc —

il‘ " 9
A~
vi=Vmsinwt

Figure 2.34 Circuit Diagram of Series RLC Circuit

Ve

Y

-

Vew

Figure 2.35 Phasor Diagram of Series RLC Circuit

Current | is taken as reference.
Vris drawn in phase with current,
Viis drawn leading | by 909,

Vcis drawn lagging [ by 90°

12
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Since V. and Vc are in opposition to each other, there can be two cases:

(1) V> Ve
(2) Vi< Ve

Case-1

When, V1. > V¢, the phasor diagram would be
as in the figure 2.36

Phasor Diagram

Vi-Vc

Figure 2.36 Phasor Diagram of Series R-L-C Circuit for Case
VL >VC

= JURZ+1 (X, - X, )’
-1 JR%(XL-XC)E
= 1Z  where, Z=JR2+(XL-XC)2

e Theangle ¢ by whichVleads I is given by
(Vi -Ve)

tang =

(%)
R

e Thus, when Vi > V¢ the series current |
lags V by angle ¢.

£ v, =V, Sin ot
i =1_Sin (mt—(b)
¢ Power consumed in this case is equal to
series RL circuit P, =VI oS ¢.

~¢=tan™

Case-2

When, V1. < V¢, the phasor diagram would be
as in the figure 2.37

Phasor Diagram

Figure 2.37 Phasor Diagram of Series R-L-C Circuit for Case
VL < VC

V= U+ (Ve -V, )

JURY+1(X -XL)
[ (R2 (X -X, )

IZ where, Z=R*+(X.-X,)’

e The angle ¢ by which Vlags I is given by

e Thus, when VL < V¢ the series current |
leads V by angle .

1f v, =V, Sin ot
i, =1, Sin (mt+¢)
e Power consumed in this case is equal to
series RC circuit P,,, =VI C0S ¢.

13
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2.11 Series resonance RLC circuit
¢ Suchacircuit shown in the Fig. 2.38 is connected to an A.C. source of constant supply voltage
V but having variable frequency.

R L C

—NWN—" |

4—— VR ——le— VI ——le——Vc —

it &

vt=Vmsinwt
Figure 2.38 Circuit Diagram of Series Resonance RLC Circuit

» The frequency can be varied from zero, increasing and approaching infinity. Since X.and Xc

are function of frequency, at a particular frequency of applied voltage, X. and Xc will become
equal in magnitude and power factor become unity.

Since X.=Xc,
. Xt-Xe=0

Z=+R*+0= R

* Thecircuit, when X = Xc and hence Z = R, is said to be in resonance. In a series circuit since
current [ remain the same throughout we can write,
XL = IXc ie. Vi=Vc
Phasor Diagram

e Shown in the Fig. 2.39 is the phasor diagram of series resonance RLC circuit.

Vb e So, at resonance Vi and Vc will cancel out of
each other.
V=vr ) The supply voltage
V= Vi+(V -V, )?
T V=V
Vey * ie. the supply voltage will drop across the
resistor R.
V=Vr
P

Figure 2.39 Phasor Diagram of Series Resonance RLC
Circuit

Resonance Frequency
« Atresonance frequency X.=Xc

omf L=
2nfC

r

(f; is the resonance frequency )

14
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1

flo_ -
" (2r)’LC
f=_1_
" 2ndLC

Q- Factor

e The Q- factor is nothing but the voltage magnification during resonance.

e [tindicates as to how many times the potential difference across L or C is greater than the
applied voltage during resonance.

e Q- factor = Voltage magnification

_vl.
Q—Factor_v—(j
X, X,
IR R
_ oL
"R
2nf L 1
—— But f, = 2ndiC

lfL
- Q-Factor==_|=
QachC

Graphical Representation of Resonance
Resistance (R) is independent of frequency. Thus, it is represented by straight line.
Inductive reactance (Xy) is directly proportional to frequency. Thus, it is increases linearly
with the frequency.
X, =2nfL
s X oo f
e Capacitive reactance(Xc) is inversely proportional to frequency. Thus, it is show as
hyperbolic curve in fourth quadrant.

1
‘X =
¢ 2xfC
1
c.oX‘:xT

e Impedance (Z) is minimum at resonance frequency.

z:,}nu(xt—xc)’

For,f=f.,Z=R

e Current (I) is maximum at resonance frequency.
4

Forf:ﬁ,.':% is maximum,l,,,

15
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e Power factor is unity at resonance frequency.
Power factor=cos¢=g
Forf=f,,p.f.=1 (unity)

4 P.F.

COS¢| = 1 eSS seESESeESESREEEES

Y

Figure 2.40 Graphical Representation of Series Resonance RLC Circuit

2.11 Parallel Resonance RLC Circuit

o Fig. 2.41 Shows a parallel circuit consisting of an inductive coil with internal resistance R
ohm and inductance L henry in parallel with capacitor C farads.

R L IcA
I
11 I=l cosgL v
itd ;l >
Ic | & |
c !
|
| LY I 8
/{0 Iusingt
vt=Vmsinwt
Figure 2.41 Circuit Diagram of Parallel Resonance RLC Circuit Figure 2,42 Circuit Diagram of Parallel Resonance RLC
Circuit

e The current Ic can be resolved into its active and reactive components. Its active component

IL.cos$ and reactive component ILsing.
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Three - P} AC Circuit

2.13 Comparison between single phase and three phase

Basis for Single Phase Three Phase
Comparison
Definition The power supply through one | The power supply through three

conductor. conductors.
Wave Shape R A R Y B

y\ > d AN >

=7 X/
‘:‘ 0% > !

Number of | Require two wires for completing | Requires four wires for completing
wire the circuit the circuit
Voltage Carry 230V Carry 415V
Phase Name Split phase No other name
Network Simple Complicated
Loss Maximum Minimum
Power Supply | R R
Connection , . g —_——

B 8

N N
Efficiency Less High
Economical Less More
Uses For home appliances. In large industries and for running

heavy loads.

2.14 Generation of three phase EMF

KT

Figure 2.44 Generation of three phase emf

¢ According to Faraday's law of electromagnetic induction, we know that whenever a coil
is rotated in a magnetic field, there is a sinusoidal emfinduced in that coil.

17
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e Now, we consider 3 coil Ci(R-phase), Cz2(Y-phase) and C3(B-phase), which are displaced
1200 from each other on the same axis. This is shown in fig. 2.44.

e The coils are rotating in a uniform magnetic field produced by the N and S pols in the
counter clockwise direction with constant angular velocity.

e According to Faraday's law, emf induced in three coils. The emf induced in these three
coils will have phase difference of 1200. i.e. if the induced emf of the coil C1 has phase of
09, then induced emfin the coil Cz lags that of C1 by 120°and C3 lags that of C2 1200,

es er=Ensinwt
ev=EmSin(wt-120)
Em| i

es=EnSin(wt-240)
'

A J

N XHXAX S

Figure 2.45 Waveform of Three Phase EMF

e Thus, we can write,
e, =E sinot

& =E, sin(ot-120°)
& = E,, sin(wt—240°)
e The above equation can be represented by their phasor diagram as in the Fig. 2.46.

€s

> Er

Figure 2.46 Phasor Diagram of Three Phase EMF

2.15 Important definitions
» Phase Voltage

Itis defined as the voltage across either phase winding or load terminal. It is denoted by Vpn.
Phase voltage Vrn, Vyn and Ven are measured between R-N, Y-N, B-N for star connection and

between R-Y, Y-B, B-R in delta connection.
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» Line voltage
Itis defined as the voltage across any two-line terminal. It is denoted by V..

Line voltage Vrv, Vys, Ver measure between R-Y, Y-B, B-R terminal for star and delta
connection both.

D *R
IR(lIne)
1 IR(line)
-~ g - b - R
VRY(line) VRY(line)
\(/ \7 VeR(line)
I¥(ph)
' I¥(iine)
VeR(ine) AN & 200 & &8 & : Y.y
% Y f—  Vypm —f 2
I Y VYB (line)
Y(line) I8 (line) 1
VyB(iine) 4 8
> - B
IB(line)
Figure 2.47 Three Phase Star Connection System Figure 2,48 Three Phase Delta Connection System

» Phase current
Itis defined as the current flowing through each phase winding or load. It is denoted by Iph.
Phase current Irgh), Ivph) and Isen) measured in each phase of star and delta connection.
respectively.
» Line current
Itis defined as the current flowing through each line conductor. It denoted by ..
Line current Ir(ine), Iv(ine), and Ip(pine) are measured in each line of star and delta connection.
» Phase sequence

The order in which three coil emf or currents attain their peak values is called the phase
sequence. It is customary to denoted the 3 phases by the three colours. i.e. red (R), yellow

(Y), blue (B).
> Balance System

A system is said to be balance if the voltages and currents in all phase are equal in magnitude
and displaced from each other by equal angles.

» Unbalance System

A system is said to be unbalance if the voltages and currents in all phase are unequal in
magnitude and displaced from each other by unequal angles.

> Balance load

In this type the load in all phase are equal in magnitude. [t means that the load will have the
same power factor equal currents in them.

» Unbalance load
In this type the load in all phase have unequal power factor and currents.

19
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2.16 Relation between line and phase values for voltage and current in
case of balanced delta connection.

> Delta (A) or Mesh connection, starting end of one coil is connected to the finishing end of
other phase coil and so on which giving a closed circuit.

Circuit Diagram

IR(line)
R" T A b
VRY
VBR \(
IY(line)
Y —f >
V\ia

D
IB(line)

Figure 2.49 Three Phase Delta Connection

e Let,
Line voltage, V,, =V,, =V,, =V,
Phase voltage, VR(ph) = VY(ph) = Vﬂ(ph} =V,
Line Current'jn{nne] = !Y(Hne) = JrB(ﬂm-) =1lijne
Phase current,!u{ph] = Ir(ph) = Iﬂ(ph) = I,m

Relation between line and phase voltage

* For delta connection line voltage Vi.and phase voltage Vi both are same.
Viy = VR( ph)

Vg = Y(ph)
V, V

BrR = Y B(ph)
sV =V,
Line voltage = Phase Voltage

Relation between line and phase current
¢ For delta connection,

I I I

R(line) — 'R(ph) ~ 'B(ph)
l‘t’(Hne)=lY(ph) _IR(ph}
lB[ﬁne) = lB(ph) N lY(ph)

¢ ie currentineach lineis vector difference of two of the phase currents.

20
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I8 (line)

---------------

I¥{line) < IR(line)

Figure 2.50 Phasor Diagram of Three Phuse Delta Connection

e So, considering the parallelogram formed by Ir and In.

- 2 2
[R{Hrlr]_JIR{pM + Imph} +2l R[ph}ll][ph) cosd

sl = JI o+t +21,1, cos60°
Al=f12en rear B L

L p P p 2
sl = BLE

L=,
* Similarly, I'r'{.".‘nc) = lli{ﬂnc) =J§ lm:
e Thus, in delta connection Line current = 3 Phase current
Power

P=V,I,cosg+V 1 cosg+V

ph” ph

P=3V, A1, cos¢

phph

P=3V, [Jj—g-)cosqé

~P=+V ] cos¢

P,,I ) COSP

21
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2.17 Relation between line and phase values for voltage and current in
case of balanced star connection.

» In the Star Connection, the similar ends (either start or finish) of the three windings are
connected to a common point called star or neutral point.

Circuit Diagram

R ® A A
IR(line)
VRY
VBR
Y %
Iv(iine) &~
Vys
B.l A4

IBprine)

Figure 2.51 Circuit Diagram of Three Phase Star Connection

e Let,
line voltage, V,, =V, =V, =V,
phase voltage, Vi) =Vym =Vaion = Vo

line current, / 1 ! I

R(tine) = Ly(tine) = " btine) = " tine

phase current, !R[ph} = "r[ph) = !mph) = Iph

Relation between line and phase voltage

e For star connection, line current ILand phase current Iyh both are same.
!R(ﬁnr} = iﬁ'{ph}
!rumu) = ff(ph}

! =]

B(line) = 1B(ph)

I.I'. = Iph
Line Current = Phase Current

Relation between line and phase voitage
e For delta connection,

22
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V=V, , -V

(ph) ~ V¥(ph)
Vin =V~r[,,r.] "Vn[,.r.}
Var =V = Viion)

¢ ie line voltage is vector difference of two of the phase voltages. Hence,

AR e pusl @ &2 VRY
% :SL l“ !'.
60 ‘ 6 ’ ’
VR(PH) \, VR(PH)
45%
60+,
£ g
q * 4
<& %,
‘.. J
Vyn

Figure 2.52 Phasor Diagram of Three Phase Star Connection

From parallelogram,

- Z 2
VRY_JVR[;JH +V¥[ph] +2V

R[phlv\'(phl cosf

2V =Vt +V,)7 +2V,V,, cos60
V=Vt + V42V, (1)
2V, =3V,

2V, =43V,

e Similarly, V,;, =V, =3 Vo

e Thus, in star connection Line voltage = /3 Phase voltage

Power
P=V,I cosg+V, I, cosg+V, I cos¢

ph” ph

P=3V,l cos¢

ph ph

VI.
P=3[$J1Lcos¢

. P=+BV,1, cosg
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3.1

What is magnetic material and give difference between magnetic and

non magnetic material.

The magnetic material are define as material in which a state of magnetism can be
induced. Magnetic materials, when magnetized create a magnetic field.

Magnetic material

Nonmagnetic material

e Magnetic materials are materials
having a magnetic domain and are
attracted to an external magnetic field.

Non-magnetic materials are materials
that are not attracted to an external
magnetic field.

e The magnetic domains of magnetic
materials are aligned either parallel or
anti parallel arrangements thus they can
respond to a magnetic field when they are
under the influence of an external
magnetic field.

The magnetic domains of non-magnetic
materials are arranged in a random
manner in such a way that the magnetic
moments of these domains are cancelled
out. Thus, they do not respond to a
magnetic field.

e Magnetic materials are used to make
permanent magnets are the parts of
operating systems where magnetic
properties are required.

Magnetic materials are used to make
permanent magnets are the parts of
operating systems where magnetic
properties are required.

3.2 Explain the different types of magnetic material

(1)

Classification of magnetic material as below:

v" Paramagnetic material
v"  Diamagnetic material
v" Ferromagnetic material

MMM

< YD
® Q€
9D
| Q€
ONONONG
O OL0 O
O OO0O0
O OO0O0
SRS S S

Paramagnetic

Diamagnetic

o000
o000
o600

Ferromagnetic

Figure 2.1 Types of magnetic materials

Paramagnetic material

If a bar of paramagnetic material is suspended in between the pole pieces of an
electromagnet, it sets itself parallel to the lines of force.

When a bar of paramagnetic material is placed in a magnetic filed the lines of force tend

to accumulate in it.

If a paramagnetic liquid is placed in a watch glass resting on the pole pieces of an

electromagnet then it accumulates in the middle.

It is because in the central region the field is the strongest. If the pole pieces are not
close together the field is strongest near the poles and the liquid moves away from the

25
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(2)

(3)

center giving an almost opposite effect.

If one end of a narrow u-tube containing a paramagnetic liquid is placed within the pole
pieces of an electromagnet in such a manner that the level of the liquid is in the lie with
the field, then on applying the field the level of the liquid rises.

The rises in proportional to the susceptibility of the liquid.

When a paramagnetic gas is allowed to ascend between the poles pieces of an
electromagnet it spreads along the direction of the field.

Example of paramagnetic material aluminum, manganese platinum, crown glass
solution of salts of iron and oxygen

Diamagnetic material

When a diamagnetic substance is placed in a magnetic field it sets itself at right angles to
the direction of the lines of force.

When a diamagnetic material is placed within a magnetic field the lines of force tend to
go away from the material.

When a diamagnetic substance is placed in a watch glass on the pole pieces of a magnet
the liquid accumulates on the sides causing a depression at the center which is the
strongest part of the field.

When the distance between the pole pieces is larger, the effect is reversed.

A diamagnetic liquid in a u-tube placed in a magnetic field shows as depression. When a
diamagnetic gas is allowed to ascend between, the poles piece of an electromagnet it
spreads across the field.

Example of diamagnetic material bismuth, phosphorus ,antimony, copper, water,
alcohol, ,hydrogen

Ferromagnetic material

Ferromagnetic substance shows the properties of the paramagnetic substance to a
much greater degree.

The susceptibility has a positive value and the permeability is also very large.

The intensity of magnetization | is proportional to the magnetizing field H for small
value.

Example of Ferromagnetic material Iron nickel, cobalt and their alloys

Comparison of difference types of magnetic material

Properties

Paramagnetic Materials | Diamagnetic Material Ferromagnetic Materials

State

They can be solid, liquid
or gas.

They can be solid, liquid
or gas.

They are solid.

Effect of Magnet

Weakly attracted by a
magnet.

Weakly repelled by a
magnet.

Strongly attracted by a
magnet.

Behavior under
non-uniform field

Tend to move from low to
high field region.

Tend to move from low
to high field region.

Tend to move from high
to low region.

Behavior under
external field

They do not preserve
the magnetic properties
once the external field

They do not preserve
the magnetic properties
once the external field

They preserve the magnetic
properties after the external

field is removed.
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is removed. is removed.

Effect of With the rise of No effect. Above curie point, it
Temperature temperature, it becomes a paramagnetic.
becomes a diamagnetic.

Permeability Little greater than unity | Little less than unity Very high

Susceptibility Little greater than unity | Little less than unity Very high and positive
and positive and negative

Examples Lithium, Tantalum, Copper, Silver, Gold Iron, Nickel, Cobalt
Magnesium

3.3 B-H curve and magnetic hysteresis of magnetic material

¢ B-H Curve

¢ The curve plotted between flux density B and magnetizing force H of a material is called
magnetizing or B-H curve.

e The shape of curve is non-linear. This indicates that relative permeability (jt- = B / poH)
of a material is not constant but it varies.

¢ B-H curves are very useful to analyze the magnetic circuit. If value of flux density and
dimension of magnetic circuit is known than from B-H curve total ampere turn can be
easily known.

t‘*
3
k
3

H i
Figure 2.2 B-H Curve

e Magnetic hysteresis

e The phenomenon oflagging behind of induction flux density (B) behind the magnetizing
force (H) in magnetic material is called magnetic hysteresis.

e Hysteresis loop is a four quadrant B - H graph from where the hysteresis loss, coercive
force and retentively of magnetic material are obtained.

e To understand hysteresis loop, we suppose to take a magnetic material to use as a core
around which insulated wire is wound.

e The coils is connected to the supply (DC) through variable resistor to vary the current .
We know that current | is directly proportional to the value of magnetizing force (H).

e  When supply current | = 0, so no existence of flux density (B) and magnetizing force (H).

The corresponding point is o in the graph above.
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Magnetic core

M —=) =t

Br-Residual magnetism
€ Hc - Coercivity

“Bm
Y.

Figure 2.4 magnetic hysteresis loop

When current is increased from zero value to a certain value, magnetizing force and flux
density both are set up and increased following the path oto a.

For a certain value of current, flux density becomes maximum (Bm). The point indicates
the magnetic saturation or maximum flux density of this core material. All element of
core material get aligned perfectly.

When the value of current is decreased from its value of magnetic flux saturation, H is
decreased along with decrement of B not following the previous path rather following
the curveato b.

The point b indicates H = 0 for | = 0 with a certain value of B. This lagging of B behind H
is called hysteresis.

The point b explains that after removing of magnetizing force (H), magnetism property
with little value remains in this magnetic material and it is known as residual
magnetism (Br) or residual flux density.

If the direction of the current I is reversed, the direction of H also gets reversed. The
increment of H in reverses direction following path b - ¢ decreases the value of residual
magnetism that gets zero at point ¢ with certain negative value of H. This negative value

of H is called coercive force (Hc)
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Now B gets reverses following path c to d. At point'd’, again magnetic saturation takes
place but in opposite direction with respect to previous case. At point'd’, B and H get
maximum values in reverse direction.

If decrease the value of H in this direction, again B decreases following the path d. At
point e, H gets zero valued but B is with finite value.

The point e stands for residual magnetism (-B:) of the magnetic core material in
opposite direction with respect to previous case.

If the direction of H again reversed by reversing the current I, then residual magnetism
or residual flux density (-Br) again decreases and gets zero at point ‘f following the path
etof

Again further increment of H, the value of B increases from zero to its maximum value
or saturation level at point a following path fto a.

Hard and soft material hysteresis loop are given below.

Hard

Soft

Figure 2.5 Types of hysteresis loop

What is requirement of transformer?

A transformer is defined as a static device converts the electric power from one
electrical circuit to another electrical circuit without change of frequency. It can also up
and down the voltage level.

In our country usually electrical power is generated at 11kV. For economical reason a.c.
power is transmitted at very high voltage (220kV or 400 kV) over long distance,
therefore, a step up transformer is applied at the generating station.

To feed different area, voltage is step down to different levels by transformer at various
substations.

Ultimately for utilization of electrical power, the voltage is step down to 400/230 V for

safety reasons.
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3.5

Explain construction and working of single phase transformer

A transformer is defined as a static device converts the electric power from one
electrical circuit to another electrical circuit without change of frequency. It can also up
and down the voltage level.
Construction

Transformer core

2 Magnetic
Vs Secondary core

I
Primary coll ‘ Secondary

Primary
coll -
v No N V2 Vi vz or

L J

"
Y
o

50
%

,1/ Transformer symbal
Transformer construction
Figure 2.6 Transformer
Primary and
¢ secondary winding
Core Core

o N\ o

HV | E : i :

ZRE TN A N A N +

/1N Y /IN hd v
NN NN N

NLING CNARY N/ ;

Wit =2 M=

Core type construction _ Magnetic

line and flux Shell type construction

Figure 2.7 Types of construction of 1-phase transformer

For the simple construction of a transformer, you must need two coils having mutual
inductance and a laminated steel core.

The device will need some suitable container for the assembled core and windings, a
medium with which the core and its windings from its container can be insulated.

In order to insulate and to bring out the terminals of the winding from the tank, the
bushings that are made from either porcelain or capacitor type must be used.

In all transformers that are used commercially, the core is made out of transformer
sheet steel laminations assembled to provide a continuous magnetic path with
minimum of air-gap included.

The steel should have high permeability and low hysteresis loss. For this to happen, the
steel should be made of high silicon content and must also be heat treated. 3 O
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e By effectively laminating the core, the eddy-current losses can be reduced. The
lamination can be done with the help of a light coat of core plate varnish or lay an oxide
layer on the surface. The thickness of the lamination varies from 0.35mm to 0.5mm.

¢ The types of transformers differ in the manner in which the primary and secondary
coils are provided around the laminated steel core. According to the design,
transformers can be dassified into two:

(1) Core type of transformer

(2) Shelltype of transformer

Temlnainusm"gs oil consenra!nr
P\ _

J

71

3
177 1

4

/_\ ﬁ'
=

Figure 2.8 Transformer inside view

(1) Core type of transformer

e In core-type transformer, the windings are given to a considerable part of the core. The
coils used for this transformer are form-wound and are of cylindrical type.

o Such type of transformer can be applicable for small sized and large sized transformers.

e In the small sized type, the core will be rectangular in shape and the coils used are
cylindrical.

e Round or cylindrical coils are wound in such a way as to fit over a cruciform core
section is shown in figure.

e In case of circular cylindrical coils, they have a fair advantage of having good mechanical
strength. The cylindrical coils will have different layers and each layer will be insulated
from the other with the help of materials like paper, cloth, mica board and so on.

e The general arrangement of the core-type transformer with respect to the core is shown
in figure. Both low-voltage (LV) and high voltage (HV) windings are shown. The low
voltage windings are placed nearer to the core as it is the easiest to insulate.

e The effective core area of the transformer can be reduced with the use of laminations
and insulation.

(2) Shell type of transformer:
e In shell-type transformers, the core surrounds a considerable portion of the windings.

The comparison is shown in the figure below. 3 1
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The shell-type five-limb type three-phase transformer construction is heavier and more
expensive to build than the core-type. Five-limb cores are generally used for very large
power transformers as they can be made with reduced height.

Shell-type transformers core materials, electrical windings, steel enclosure and cooling
are much the same as for the larger single-phase types.

Working

Consider the below figure in which the primary of the transformer is connected in star
fashion on the cores. For simplicity, only primary winding is shown in the figure which
Is connected across the three phase AC supply.

The three cores are arranged at an angle of 120 degrees to each other. The empty leg of
each core is combined in such that they form center leg as shown in figure.

When the primary is excited with the three phase supply source, the currents Ig, Iy and
Iz are starts flowing through individual phase windings. These currents produce the
magnetic fluxes ®r, ®dvand ®s in the respective cores.

Since the center leg is common for all the cores, the sum of all three fluxes are carried by
it. In three phase system, at any instant the vector sum of all the currents is zero.

In turn, at the instant the sum of all the fluxes is same. Hence, the center leg doesn't
carry any flux at any instant.

R Three phase
Y supply
B

Figure 2.12 3-phase transformer

So even if the center leg is removed it makes no difference in other conditions of the
transformer.

Likewise, in three phase system where any two conductors acts as return for the
current in third conductor.

Two legs act as a return path of the flux for the third leg if the center leg is removed in
case of three phase transformer.

Therefore, while designing the three phase transformer, this principle is used.

These fluxes induce the secondary EMFs in respective phase such that they maintain

their phase angle between them.
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¢ These EMFs drives the currents in the secondary and hence to the load. Depends on the
type of connection used and number of turns on each phase, the voltage induced will be
varied for obtaining step-up or step-down of voltages.

3.8 Comparison between Single Three Phase and Bank of Three Single
Phase Transformers for Three Phase System

e [t is found that generation, transmission and distribution of electrical power are more
economical in three phase system than single phase system.

e For three phase system three single phase transformers are required. Three phase
transformation can be done in two ways, by using single three phase transformer or by
using a bank of three single phase transformers.

¢ Both are having some advantages over other. Single 3 phase transformer costs around
15 % less than bank of three single phase transformers. Again former occupies less
space than later.

e For very big transformer, it is impossible to transport large three phase transformer to
the site and it is easier to transport three single phase transformers which is erected
separately to form a three phase unit.

e Anotheradvantage of using bank of three single phase transformers is that, if one unit of
the bank becomes out of order, then the bank can be run as open delta.

3.9 Types of connection of three phase transformer

e A verity of connection of three phase transformer is possible on each side of both a
single 3 phase transformer or a bank of three single phase transformers. Marking or
Labeling the Different Terminals of Transformer

¢ Terminals of each phase of HV side should be labeled as capital letters, A, B, C and those
of LV side should be labeled as small letters a, b, c. Terminal polarities are indicated by
suffixes 1 and 2. Suffix 1's indicating similar polarity ends and so do 2.

(1) Star-Star Transformer

LJ R

az a1 c1 az a1 b2 b1 c2 cl

A s

Star -Star Three phase Transformer Delta-Delta Three phase Transformer

Figure 2.13 3-phase transformer connections

e Star-star transformer is formed in a 3 phase transformer by connecting one terminal of

each phase of individual side, together.
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e The common terminal is indicated by suffix 1 in the figure below. If terminal with suffix
1 in both primary and secondary are used as common terminal, voltages of primary and
secondary are in same phase.

o That is why this connection is called zero degree connection or 0° - connection. If the
terminals with suffix 1 are connected together in HV side as common point and the
terminals with suffix 2 in LV side are connected together as common point,

e The voltages in primary and secondary will be in opposite phase. Hence, star-star
transformer connection is called 180°-connection, of three phase transformer.

(2) Delta-Delta Transformer

¢ In delta-delta transformer, 1 suffixed terminals of each phase primary winding will be
connected with 2 suffixed terminal of next phase primary winding.

¢ If primary is HV side, then A will be connected to Bz, B: will be connected to C2 and Cy
will be connected to Az Similarly in LV side 1 suffixed terminals of each phase winding
will be connected with 2 suffixed terminals of next phase winding.

o That means, a\ will be connected to bz, by will be connected to cz and c¢1 will be
connected to az.

e If transformer leads are taken out from primary and secondary 2 suffixed terminals of
the winding, then there will be no phase difference between similar line voltages in
primary and secondary.

e This delta delta transformer connection is zero degree connection or 0°-connection.

e But in LV side of transformer, if, az is connected to by, bz is connected to c; and cz is
connected to ai.

e The secondary leads of transformer are taken out from 2 suffixed terminals of LV
windings, and then similar line voltages in primary and secondary will be in phase
opposition. This connection is called 180°-connection, of three phase transformer.

(3) Star-Delta Transformer

* Here in star-delta transformer, star connection in HV side is formed by connecting all
the 1 suffixed terminals together as common point and transformer primary leads are
taken out from 2 suffixed terminals of primary windings.

* The delta connection in LV side is formed by connecting 1 suffixed terminals of each
phase LV winding with 2 suffixed terminal of next phase LV winding. More clearly, a\ is
connected to bz, by is connected to c2 and c1 is connected to az.

* The secondary (here it considered as LV) leads are taken out from 2 suffixed ends of the
secondary windings of transformer. The transformer connection diagram is shown in
the figure beside.

* [tis seen from the figure that the sum of the voltages in delta side is zero. This is a must
as otherwise closed delta would mean a short circuit.

e Itis also observed from the phasor diagram that, phase to neutral voltage (equivalent
star basis) on the delta side lags by - 30° to the phase to neutral voltage on the star side;
this is also the phase relationship between the respective line to line voltages.

e This star delta transformer connection is therefore known as - 309-connection. Star-
delta + 30°-connection is also possible by connecting secondary terminals in following
sequence. az is connected to by, bz is connected to ¢ and ¢z is connected to a1, 3 |
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(4)

The secondary leads of transformer are taken out from 2 suffixed terminals of LV

windings,
A B c
B1 C2 Q1 A2 A1 B2 Bi1 €z C1
a2 a1 b2 b1 c2 cl

Lo L

Star -Delta Three phase Transformer

aa b2 b1 «2 1
{ l 1 c
Delta-Star Three phase Transformer

Figure 2.14 3-phase tronsformer connections

Delta-Star Transformer

Delta-star transformer circuit diagram shown in above figure.

Delta-star transformer connection of three phase transformer is similar to star - delta
connection. If anyone interchanges HV side and LV side of star-delta transformer in
diagram, it simply becomes delta - star connected 3 phase transformer.

That means all small letters of star-delta connection should be replaced by capital
letters and all small letters by capital in delta-star transformer connection

3.10 Voltage and current ratios of transformer

Voltage and current relation of primary winding and secondary winding is given as
below.

E,=4.44fNg........... (1) If n of transformer 100%
E,=444iN 4. .........(2) Input power = Output power
Taking ratio of eq(1) and eq(2) VI, cosd = V,I, cosg,
Atno Load practically ,cosd = cosé,
E_N_E_N v, = VI,

E, N, E, N I, _"."z

AtLoad 1, V,

V,=Eand V, = E, But,‘—’i=&=l{
VN oo %N, N,

v, N, Vi N L &

V, = Primary voltage I, - N,

V, = Secondary voltage cos@ = Power factor of primary side

cosg, = Power factor of Secondary side
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3.11 Explain Ideal Transformer

* An ideal transformer is an imaginary transformer which does not have any loss in it,
means no core losses, copper losses and any other losses in transformer. Efficiency of
this transformer is considered as 100%.

e [deal transformer model is developed by considering a transformer which does not
have any loss. That means the windings of the transformer are purely inductive and the
core of transformer is loss free. there is zero leakage reactance of transformer.

o As we said, whenever we place a low reluctance core inside the windings, maximum
amount of flux passes through this core, but still there is some flux which does not pass
through the core but passes through the insulation used in the transformer.

e Anideal transformer have the following properties:

v" Its primary and secondary winding have negligible resistance.

¥ The core has infinite permeability (j1) so that negligible mmfis required to
establish the flux in the core.

v Its leakage flux and leakage inductances are zero. The entire flux is confined to
the core and links both the windings.

v" There are no losses due to resistances, hysteresis and eddy currents. Thus, the
efficiency is 100 %.

o This flux does not take part in the transformation action of the transformer. This flux is
called leakage flux of transformer. In an ideal transformer, this leakage flux is also
considered nil.

* That means, 100% flux passes through the core and links with both the primary and
secondary windings of transformer.

Primary Secondary “'1
winding ¢ winding
/
\ gesssceass —.'-\-S‘- ----- f
12
T '"'“"p +
: N
Core ::E v > >
] I
iy | + "
~r !
: Y E1=V2
----------- ~g-eeeeeeet | N2
\j
El

Figure 2.15 Ideal transformer and its vector diagram

o Although every winding is desired to be purely inductive but it has some resistance in it
which causes voltage drop and loss in it. In such ideal transformer model, the
windings are also considered ideal that means resistance of the winding is zero.
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* Now if an alternating source voltage Vi is applied in the primary winding of that ideal
transformer, there will be a counter self emfE; induced in the primary winding which is
purely 180 degree in phase opposition with supply voltage V.

e For developing counter emf E; across the primary winding, it draws current from the
source to produce required magnetizing flux.

e As the primary winding is purely inductive, that current 90° lags from the supply
voltage. This current is called magnetizing current of transformer Ip.

e This alternating current Ip produces an alternating magnetizing flux & which is
proportional to that current and hence in phase with it

e As this flux is also linked with secondary winding through the core of transformer, there
will be another emf Ez induced in the secondary winding, this is mutually induced emf.

o As the secondary is placed on the same core where the primary winding is placed, the
emf induced in the secondary winding of transformer, Ez is in the phase with primary
emf Ei1and in phase opposition with source voltage V1.

3.12 Explain Practical Transformer

e A practical transformer hasn't 100% efficiency due to losses.
Transformer ‘no load’ condition
® Atransformer is on no load when its secondary winding is open circuited.
So, the secondary current is zero.

e  When AC supply is applied to primary winding, a small amount of current [» flows in the
primary winding.

® The current lois called the no load current of the transformer. It is made up with two
components [y and lw.

®* The component l,is called the magnetizing component and it magnetizes the core and it
is in phase with ¢m. It is also called reactive component or wattles component of no-
load current.

®*  Another component is lw, it is called active component or working component or
wattful component and it is in phase with supply voltage.

VA
e ETransI‘on‘nerE
1 Primary Se¢ondary
Vi winding winding UP.;; :chult -

Figure 2.16 Practical transformers on no load and vector diagram

3
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The no-load current is small of the order of 3 to 5% of the rated current of primary
winding.
Consider the transformer under no-load and take ¢m as a reference phasor.

At no-load we have,
¢ = ¢, Sinwt

€= E,msin(wt-i)
2

e,=E, sin ut—fJ

2 «m (( 2

Since E1 and Ez are induced emf by the same flux ¢ and they will be in phase with each
other.Ez differs from the magnitude of Ei1, because Ez = E1. Ez and E1 are lag behind ¢ by
900,

If the voltage drop in the primary winding are neglected E; will be equal and opposite
to the applied voltage V1. I, is in phase with ¢ and lw is in phase with Vi.The phasor sum
of lyand lwislo.

®o is called the no-load power factor angle, so that the power factor on no load is cos®o,
I, =1,cosd,
[, =1,sing,

I, =JI‘,+12,,

I
cosd, = ]—“’
0

Also, coreloss =V 1, cosd, =V,I Watt.
Magnetizing volt-amperes =V, sing, =V,I VAr
Transformer on load
When an electrical load is connected to the secondary winding of a transformer, a
current flows in the secondary winding.
This secondary current is due to the induced secondary voltage that is set up by the
magnetic flux created in the core from the primary current.

The secondary current, Iz which is determined by the characteristics of the load this
secondary current creates a self-induced secondary magnetic field @2 in the

transformer core which flows in the exact opposite direction to the main primary field,
b1

These two magnetic fields oppose each other resulting in a combined magnetic field of
less magnetic strength than the single field produced by the primary winding alone
when the secondary circuit was open circuited.

This combined magnetic field reduces the back EMF of the primary winding causing the
primary current, I1 to increase slightly.

The Primary current continues to increase until the cores magnetic field is back at its

original strength and for a transformer to operate correctly.
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(1) Copperlosses

® Transformer Copper Losses are mainly due to the electrical resistance of the primary
and secondary windings.

® Most of the transformer coils are made from copper wire which has resistance in Ohms
( 22). This resistance opposes the magnetizing currents flowing through them.

® When a load is connected to the transformers secondary winding, large electrical
currents flow in both the primary and the secondary windings, electrical energy and
power (orthe I2ZR ) losses occur as heat.

® Generally copper losses vary with the load current, being almost zero at no-load, and at
a maximum at full-load when current flow is at maximum.

® A transformers VA rating can be increased by better design and transformer
construction to reduce these core and copper losses.

® Transformers with high voltage and current ratings require conductors of large cross-
section to help minimize their copper losses.

® Increasing the rate of heat dissipation (better cooling) by forced air or oil, or by
improving the transformers insulation so that it will withstand higher temperatures can

also increase a transformers VA rating
(2) Ironlosses or core losses

® Hysteresis loss and eddy current loss both depend upon magnetic properties of the
materials used to construct the core of transformer and its design. So these losses in
transformer are fixed and do not depend upon the load current.

® So core losses in transformer which is alternatively known as iron loss in transformer
can be considered as constant for all range of load.

(3) Hysteresis loss

® The work was done by the magnetizing force against the internal friction of the
molecules of the magnet, produces heat. This energy which is wasted in the form of heat
due to hysteresis is called Hysteresis Loss.

* When in the magnetic material magnetization force is applied, the molecules of the
magnetic material are aligned in one particular direction, and when this magnetic force
is reversed in the opposite direction, the internal friction of the molecular magnets
opposes the reversal of magnetism resulting in Magnetic Hysteresis.

® Therefore, cores are made of materials with narrow hysteresis loops so that little
energy will be wasted in the form of heat.

® Hysteresis loss in transformer is denoted as,
W, =K, f(B,)" walt
Where K, = Hysteresis constant
(4) Eddy current losses

e Whenever a conductor is moving in a magnetic field or conductor is placed in changing
magnetic field, an emf is induced in conductor according to faraday’s laws
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electromagnetic induction.

® These emf set up corresponding induced currents. These currents circulate in large
number of small concentric paths within the solid mass of the conductor and are known
as eddy currents.

® As these eddy currents are not used for doing any useful works and flow within the
body, these currents cause power loss. The power loss due to eddy currents is called
eddy current loss.

e Eddy currentloss in transformer is denoted as,

W, =K_f*K *B_* watt
K, = Eddy current constant.
K, = form constant.

Solid core Laminated core

Figure 2.21 Eddy current losses

3.15 Explain Transformer efficiency
® A transformer is a static device this means there are no friction or windage losses
associated with other electrical machines.

® A transformer has losses called “copper losses” and “iron losses” but generally these are
quite small. Copper losses, also known as IZR loss.

e The actual watts of power lost can be determined (in each winding) by squaring the
amperes and multiplying by the resistance in ohms of the winding (I2R).

® |ron losses, also known as hysteresis is the lagging of the magnetic molecules within the
core, in response to the alternating magnetic flux.

® The intensity of power loss in a transformer determines its efficiency. The efficiency of a
transformer is reflected in power (wattage) loss between the primary (input) and
secondary (output) windings.

® The resulting efficiency of a transformer is equal to the ratio of the power output of the
secondary winding, to the power input of the primary winding, and is therefore high.

e Anideal transformer is 100% efficient because it delivers all the energy it receives. Real
transformers on the other hand are not 100% efficient and at full load, the efficiency ofa
transformer is between 94% to 96% which is quite good.

e For a transformer operating with a constant voltage and frequency with a very high
capacity the efficiency may be as high as 98%. The efficiency, nj of a transformer is given
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3.16 Explain voltage regulation
® The voltage regulation is the percentage of voltage difference between no load and full

load voltages of a transformer with respect to its full load voltage.

¢ Say an electrical power transformer is open circuited, means load is not connected with
secondary terminals. In this situation, the secondary terminal voltage of the transformer
will be its secondary induced emf Ez.

* Whenever full load is connected to the secondary terminals of the transformer, rated
current [z flows through the secondary circuit and voltage drop comes into picture.

® At this situation, primary winding will also draw equivalent full load current from
source. The voltage drop in the secondary is 12Z2 where Z: is the secondary impedance
oftransformer.

e Now il at this loading condition, any one measures the voltage between secondary
terminals, he or she will get voltage V2 across load a terminal which is obviously less
than no load secondary voltage E2 and this is because of 12Zz voltage drop in the
transformer.

Voltage regulation (%) = x100%

-

3.17 Explain Auto Transformer
® Auto transformer is kind of electrical transformer where primary and secondary shares
same common single winding, So basically it’s a one winding transformer.

A

|

n-R T

Load

-~

Figure 2.22 Circuit diagram of Auto transformer
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In Auto Transformer, one single winding is used as primary winding as well as
secondary winding. But in two windings transformer two different windings are used
for primary and secondary purpose.

The winding AB of total turns N1 is considered as primary winding. This winding is
tapped from point ‘C’ and the portion BC is considered as secondary. Let's assume the
number of turns in between points ‘B" and 'C’ is N2.

IfV1 voltage is applied across the winding i.e. in between ‘A’ and 'C".

So Voltage per turn in this winding is {}- '
1

Hence, the voltage across the portion BC of the winding, will be,

;—‘x N,and from the above,this voltage is V,
1

Hence, &-fo\'z

N,

Vv,

v, 1
Hence, the voltage across the portion BC of the winding, will be, as BC portion of the
winding Is considered as secondary, it can easily be understood that value of constant
'k is nothing but turns ratio or voltage ratio of that auto transformer.
When load is connected between secondary terminals Le. between ‘B’ and 'C’, load
current |z starts flowing. The current in the secondary winding or common winding is
the difference of Izand 1.

Application of Auto transformer
Compensating voltage drops by boosting supply voltage in distribution systems.

Auto transformers with a number of tapping are used for starting induction and
synchronous motors.

=N Constant = K

Auto transformer is used as variac in laboratory or where continuous variable over
broad ranges are required.

The auto transformer is used as balance coil to give a neutral in a 3-wire ac distribution
system

42

Scanned by CamScanner



