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UNIT 3
SINGLE PHASE TRANSFORMER

4.1 INTRODUCTION
Transformer is a static device which

transfers electrical energy from one circuit
to another circuit by changing the level of
the voltage without changing the
frequency. The symbol of the transformer is
shown in fig. 8.1.

4.2 CONSTRUCTION OF THE TRANSFORMER
Construction of the transformer mainly consists of three pmn in fig:

Magnetic circuit (Core)

Electric circuit
(Secondary winding)

Electric circuit —————
(Primary winding) E

n
Dielectric circuit |
(Insulation) —

,

Fi

Q11D

4.2.1 Magnetic circuit: The basic ft etic circuit is to provide the path for the flow of
flux. The magnetic circuit of the

square of rectan . ade by the CRGO.

consist a core. The core of the transformer is either

0 each other. The dielectric circuit of the transformer consist paper, board
ed at the different places of the transformer.

3P IPLE OF THE TRANSFORMER
The principle of the transformer is the faraday law of Electro Magnetic Induction (EMI).According to

his law “If there is the rate of change in the flux link with the winding then EMF will induced in the

inding”. The value of the induced EMF is given by
do

= _N—
€ dt
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Negative sign is because of the lan’z law. According to lan’z law this emf oppose to the reason by
which it produce.

4.4 WORKING OF THE TRANSFORMER

set up in the core of the transformer. This alternating flux links with both the
according to faraday law of Electro Magnetic Induction (EMI) an EMF
primary (E;) and secondary (E;) winding. Now if load is connected to the sec
current will start to flow in the secondary winding (I,) and we get th
terminal. So without any electrical connection between the primary and

is transferred from primary winding to secondary winding. \
g
r----- - - - - - - - - - — - - — |
I:l : : Iz
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= T~ Fa : —
R = : —
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|

4.5 TRANSFORMER ON DC SUPP
The DC supply cannot be use fo

cause with DC supply the flux produced in the
but remains constant, and then faraday law is not
applicable. EMF will i i secondary winding. The DC supply never connected to the
transformer bec

core of the transformer will not

ed EMF in the primary

= Induced EMF in the secondary
Number of turn in the primary
N, = Number of turn in the secondary
@ = Flux in the core
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Fig. 8.4

The AC voltage is given to the primary winding of the transformer, so the ¢
primary is also AC in the nature. Due to this AC current the flux generated i
transformer is also AC in the nature. This AC flux can be given by the

@ =Qnsinwt

According to faraday law of EMI the induced emf is given
do
= —N—
¢ dt
Substitute the value of flux,
N d(@py sinwt)

it sin(90° — wt)

This EMF will be maximum when
The value of maximum flux is

Em  Nw@, N2ufp,

E=-2_ =
V2 2 V2
E = 4.44Nf0,,

e indticed emfin the primary winding
E; = 444N, {0,
The in d emf in the secondary winding
E, = 4.44N,f0,,
From the eq. of E; and E, it is clear that the difference is only no. of turns. The side which has
more no. of turns will get the more emf. According to this transformer are of two types
(1) If Ny > N, Then E; > E, Itis called step down transformer
(2) IfN, > N; Then E, > E; ltis called step up transformer
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4.7 TRANSFORMATION RATIO OF THE TRANSFORMER
Transformation ratio gives the relation between the primary parameter to the secondary parameter.

The transformation ratio (k) is
VvV, E; N L

k=-2=22__"2_
Vi BB N I

4.8 IDEAL AND PRACTICAL TRANSFORMER
For understanding the transformer some assumption are made in transformer

(1) No Winding resistance: The primary and secondary winding of the tr
resistance

(3) Noiron loss: Hysteresis and eddy current losses in the core ar
(4) Zero magnetizing current: zero magnetizing current is requi

4.9 PHASOR DIAGRAM OF THE TRANSFORMER ON

The transformer under no load conditiﬁownAin fig

6]
[ i n=o
/]\ e :
Vi(AC) ErEN N, o B v,
! T wJr
' 1
g 4

ut current or secondary current
etizing component of no load current
= Active component of no load current

No load current

E; = Induced emf in the primary

E, = Induced emf in the secondary

N; = Number of turn in the primary

N, = Number of turn in the secondary

@ = Flux in the core

@, = Phase angle of the primary winding
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@, = Phase angle of the secondary winding

No load current (I): It is the current which is flowing in the primary winding of the transformer under
no load condition. It is the phasor addition of I;;, and I,.

Magnetizing component of current (I,): It is the reactive component of the no load curreng This
component is responsible to produce the flux in the core of the transformer so it is in same phase
the flux.

Active component of current (I,): It is the loss component of the no load curre
responsible to supply the losses in the transformer so it is leading from the fl

Ip = /1,2r,+12

(1) Draw @: The flux (@) is same in the primary and win so take @ is the reference for
drawing the phasor diagram

From the phasor diagram shown in fig. 8.6

Steps to draw the phasor diagram

(2) Draw I,: Itis in same phase with th
(3) Draw I,: It is leading from the flux b
(4) Draw I: Itis the resultant of the [, @
(5) Draw Ej: Itis lagging from ¢

(6) Draw E,: It is lagging from thex

(7) Draw V;: Itis equal and oppo

(8) Draw V,: Itis equalland in same

The phasor diagram

Ei ¥

v E2=V;

Fig. 8.6
4.10 PHASOR DIAGRAM OF THE TRANSFORMER ON LOADED CONDITION
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The transformer under loaded condition is shown in fig. 8.7

5]
| it ———————————— . |
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. Py
/|\ = 4+§
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4
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_____________________ |

[, = Magnetizing component of no load current
[, = Active component of no load current

I, = No load current
[{ = Current in the primary winding due tg the sec ing current (I,)

E; = Induced emf in the primary

Fig. 8.7
The different parameters are
V; = Supply voltage or primary voltage
V, = Output voltage or secondary voltage
[; = Supply current or primary current
[, = Output current or secondary current %

E, = Induced emf in the secondary

N; = Number of turn in the primary
N, = Number of turn in th
@ = Flux in the core

: It is lagging from the flux by an angle 90°.

14)Draw E,: It is lagging from the flux by an angle 90°.
5)Draw V;: It is equal and opposite to the E;.
(16)Draw V;: It is equal and in same phase with to the E,.
(17)Draw I,: It will depend on the load. The load are of three types
(i) For R-L load: I, is lagging from the V, by an angle @, as shown in fig. 8.8 (a).
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(ii) For R-C load: I, is leading from the V, by an angle @, as shown in fig. 8.8 (b).
(iii) For R load: I, is in same phase with V, as shown in fig. 8.8 (c).

(18) Draw I3: It is just opposite to the I,.

(19) Draw I;: It is the resultant of the Iy and I} .

The phasor diagram of the practical transformer under different loaded condition is shown in fig.

y
7
Vi ]l//f
/
/
!
Li— _,’Aﬂ

0,
E vy
Iy
Y B, =V, E, =V,
Fig. 8.8 (a) Fig 8.8 (b) Fig. 8.8 (c)

411 THE IMPEDANCE OF THE TRANSFORMER
We know,
\Z Iy
k = V_1 and k = E
By multiplying
V, 1 Z
2o 2yt L2
Vi I 7

Vi
and Zl = I_
1

cording to eq. (1)

Zy

=% for transfering the secondary impedance(Z,)to primary we have to divide Z,by k2.

Zy

Z, = k?Z,, for transfering the primary impedance(Z,)to secondary we have to miltiply Z, by k2.
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Note: The same rule is applicable for resistance and reactance.

4.12 EQUIVALENT CIRCUIT OF THE TRANSFORMER
Equivalent circuit of the transformer is very useful for different calculation of the transformer.

The equivalent circuit of the transformer is shown in fig. 8.9.

R, = The resistance of the secondary winding
X, = The reactance of the secondary winding

Fig. 8.9
Where ‘
R; = The resistance of the primary winding
X4 = The reactance of the primary winding
k = Transformation ratio
This equivalent circuit consist two wingi i
into one winding. According to thes
4.12.1 Equivalent circuit referred to prima
the primary side as shown in fig. 8.1
to primary they will be divi 2,
a

v Fig. 8.10

her
RY esistance of the primary winding due to the secondary winding resistance R,.
X] = It iS'feactance of the primary winding due to the secondary winding reactance X,.
ivalent resistance of the transformer referred to primary (Ryq): It is the total resistance of
the primary when secondary referred to primary

R01 = R1 + R&
Rz
k2
Equivalent reactance of the transformer referred to primary (Xy1): It is the total reactance of

R01 = R1+

the primary when secondary referred to primary
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X01 = X1 +X:’l

Equivalent impedance of the transformer referred to primary (Zy4): It is the total impedance of
the primary when secondary referred to primary

Zy1 = ‘/R%n + Xg1

4.12.2 Equivalent circuit referred to secondary: In this case parameter of the primary s ifted to
the secondary side as shown in fig.8.11. We know when the parameter of¢he pri
to secondary they will be multiply by k2.

N

k=—2

Ny
M r""“""?
R, X R =k’R, X —k2X1

N, N,
Where

%, = It is resistance of the secondarywindi o the primary winding resistance R;.

he primary winding reactance X;.

R02 = k2R1 + R2
XOZ = XIZ + X2
XOZ == k2X1 + XZ

n primary referred to secondary

Zop = ,’R(z)z + X5,

.13 SSES IN THE TRANSFORMER
Transformer losses are of two types

1 Core loss (Iron loss): The losses in the core of the transformer are called core loss. The core is
generally made by the iron so it is also called iron loss. It is denoted by (P;). Core loss are of two
types
(i) Hysteresis loss: The primary winding of the transformer is supply by alternating current

then the flux in the core is also alternating in the nature. This alternating flux
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magnetizes and demagnetizes the core in each cycle. Due to this there is the loss of
energy by which core is heated. This energy loss is called the hysteresis loss. It is
denoted by Py,.
P, = K,BLefV watt

Where

K}, = Hysteresis loss constant

B,= Maximum flux density

f = Frequency

V = Volume of the core

(i) Eddy current loss: When the primary winding of the tr

is induced in the core. It is a circulating current on t
current. Due to this current the loss of energy by which ¢
is called the eddy current loss. It is denoted by
P, = K.B2f?t?2 w

Where

K. = Eddy current loss constant

B = Maximum flux density

f = Frequency

t = Thickness of the core

Total core loss = Hysteresis loss + Ed

4.13.2
e copper so it is also called copper loss. It is denoted by
ance (R) of the winding the power loss IR happen in the
nsformer consist of two winding primary and secondary, so

P. = I?R; + 4R,
hen transformer referred to primary
P = I%R01
tal copper loss when transformer referred to secondary
P = I%Roz
Total loss = Iron loss + Copper loss

P=P +P.
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4.14 VOLTAGE REGULATION
It is defined as the ratio of change in secondary terminal voltage from no load to full load to the

secondary no load voltage.
If V, is the secondary voltage at full load and E, is the secondary voltage at no load then percentage
voltage regulation is given by

E —
Voltage Regulation = ZE— x 100
2

4.15 EFFICIENCY
Efficiency is defined as the ratio of output power to the input power. It is de
__output power
" input power
Output power = V,I, cos @
Input power = output power + losses
Input power = output power + iron loss + copper loss
Input power = V,1, cos @
So
V2

Il=Vlzcos

We know

So efficiency

Condition for ma
The maximu

— =0
dI,

d V,1, cos @,
dl; \ V1, cos @, + P, + I5R,

(V28cos P, + 13R2)(V; cos B;) — (V,1; cos B,)(V; cos @, + 21,Rp) 0
(Vo1 cos @, + P + 12R,)? B
(V, cos @,) (V15 cos @, + P + 12Ry, — V,1, cos @, — 2I15R,,) = 0
P+ I5Rg, — 214Ry, = 0

P,—15Ryp, =0

Iron loss = Copper loss
Maximum efficiency can be obtained when iron losses and copper losses are equal.

P, =P,
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4.16 AUTO TRANSFORMER

An auto transformer is a special type of transformer in which a part of winding is common to
both primary and secondary. The operating principle and general construction of the
autotransformer is similar to the two winding transformer.

In a two winding transformer the primary and secondary winding are isolated, but in 0
transformer the primary and secondary winding are not isolated. In auto
primary and secondary winding are connected to each other.

mer t

The auto transformer is of two types
(1) Step up auto transformer: Shown in fig. 8.12 (a).
(2) Step down auto transformer: Shown in fig. 8.12 (b).

Auto transformer is shown in fig. \

. Il :
! A
] ' Iz
S L L
V.
Vi N, ¢ . 7] b N, 2
—7 i
i ,.J Nz VE ‘EI":.[ Nj_ 4 .r‘
el el
Fig. 8.12 (b)

tage of auto transformer from the two winding

The short circuit current in auto transformer is very high.
Application of the auto transformer:

(1) Itis use as a variac (variable AC) in the laboratory.
(2) It can be use as a regulating transformer.
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4,17 THREE PHASE TRANSFORMER
The winding of the three phase transformers may be connected either in star or in delta. The
primary as well as secondary of the three phase transformer are connected either in star or in delta,

So there are four ways of connecting the winding of a 3 phase transformer are, Y-Y, A-A, Y-4, A-Y.

\

(1) Y-Y (Star-Star) connection: It is used A - a

for small current, high voltage

3||€
transformer. ” i ?\ h b
| PALN

Vi, V3V, N
Voltage ratio = —=2 = — 2 = 2
VL1 \/§VP1 N1

I I N
Current ratio = Lz_P2_ "1
Ii Ipr Ny

(2) A-A (Delta-Delta) connection: It i

used for high current, low voltage
transformer.
V; \% 5 b
Voltage ratio = Lz _ P2 [
Vii  Vpp
V31
Current ratio = P2 =
\/§Ip1 NZ } L
[ta) confection: It is
oltage is to be
+ d
or example at the
ransmission line.
Vi Vp 1N, 5 b
Voltage ratio = — = =—— r
Vi V3V, V3N
L, 3l Ny
urrent ratio = — = =vV3— L
Iy Ipg N> ¢
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(4) A-Y (Delta- Star) connection: It is

used where the voltage is to be A . § I
A
stepped up for example at the ==
beginning of the transmission line. j; %
This arrangement is very popular in 'r.r" :
distribution system because it can B A I_
be used to serve both the three 3 _':. || E'_
phase equipment and the single J1E
phase lighting load. rj 1 %_—?
L
Vi, V3Vp, N, ( €
Voltage ratio = —= = ———= =+/3—= S L/
VL1 Vp1 Ny = .E:_j'
Currentratio=IL—2= Ipz =i& ‘ _: IF:
IL1 \/§Ip1 \/§N2 L f/ T .

4.18 FORMULA USE TO SOLVE NUMERICALOF T
Equivalent resistance of the transformer referred

er referred to secondary (Rg;)
Roz = k?R; + R,

sformer referred to secondary (X2)

Xoz = K2X; + X,

Lo, = ‘/R%)Z +X52

Tot r loss P. = IR,
iciency

% = x V,1, cos @, < 100
1 x V,1, cos @, + P, + x2P,

Where

V.1, = VA rating of the transformer (full load)
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x is the fraction of full load

P
Load corresponding to the mmaximum efficiency = full load X :

C

How to find x

Load at which we have to find the efficiency
full load

X =

Suppose we have to find the efficiency at

(1) Fullload: x=1
(2) Half load: x=0.5
(3) 75% of full load: x=0.75

Example 8.1 A 30 kVA 2000/200 V, single phase 50 Hz transfor
reactance 3.5 Q. The secondary resistance and re ce are

imary resistance of 2.5 Q and
and 0.01 Q respectively.
Determine

(2) Equivalent reactance refer
(3) Equivalent impedance refer
(4) Equivalent resistan

)R, =2.50,X, =35Q,R, =0.012Q,X, = 0.01 Q

VvV, 200
=—=——=0.1
vy 2000
(1) \Bguiva resistahce of the transformer referred to primary (Ry4)
R, 0.012
Ro1 = Ry +? =25+ 0.1)2 =25+12=37QAns.
(2) ent reactance of the transformer referred to primary (Xy1)
X2 0.01
XOl =X +g= 3.5+W= 354+ 1=450QAns.

(3) Equivalent impedance of the transformer referred to primary (Zy;)

Zo1 = |R%, + X2, =./(3.7)% + (4.5)2 = 5.826 Q Ans.

(4) Equivalent resistance of the transformer referred to secondary (Ry,)
Ry, = k?R; + R, = (0.1)?2.5+ 0.012 = 0.025 + 0.012 = 0.037 Q Ans.
(5) Equivalent reactance of the transformer referred to secondary (X5)
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X0, = k2X; + X, = (0.1)23.5+ 0.01 = 0.035 + 0.01 = 0.045 Q Ans.
(6) Equivalent impedance of the transformer referred to secondary (Zy5)

Zo» = |R3, + X3, = /(0.037)2 + (0.045)2 = 0.0582 Q Ans.

(7) Total copper loss

P. = I%Roz

(1) Efficiency at full load and 0.8 p.f.

(2) Efficiency at half load and 0.8 p.f.

(3) Efficiency at 70% of full load and 0.6 p.f.

(4) Efficiency at 18 kVA and 0.6 p.f.

(5) Load corresponding the maximum effi€iency
(6) Maximum efficiency at 0.8 p.f.

I 30 ><103_30 ><103_150A
2T vy, 200
P. = 12Ry, = 1502 x 0.037 = 8325 WA
Example 8.2 A 25 kVA single phase transformer the iron and copp ses 4 nd 500 W
respectively. Calculate the %

Solution: Given V,1, = 25kVA = 25.x 10% VAR, = 400 =500 W

(1) Efficiency at full load and 0.

1,cos @, = 0.8

B 1x25x103x0.8
"~ (1x25x103x0.8) +400 + (1)2 x 500

x 100

95.69% Ans.

x = 0.5,cos@, = 0.8

x V,1, cos @, 0.5 x 25 x 103 x 0.8

X=
cos @, + P, + x2P, (0.5x 25 %103 x 0.8) + 400 + (0.5)% x 500
10000

~ 10525

x 100

X 100 = 95.01% Ans.

3) Efficiency at 70% of full load and 0.6 p.f.
x =0.7,cos @, = 0.6
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% — x V,1, cos @, 100 = 0.7 x 25 x 103 x 0.6 « 100
= VoL, cos @, + P, + x2P, (0.7 X 25 x 103 x 0.6) + 400 + (0.7)2 x 500
= 10500 X 100 = 94.21% Ans.
11145

(4) Efficiency at 18 kVA and 0.6 p.f.

18
X = oC =0.72,cos P, = 0.6
% — x V,1, cos @, 100 = 0.72 X 25 x 103 x 0.6
= V1, cos 8, + P, + x2P, ~(0.72 x 25 x 10 x 0.6) + 400+ (0.7

10800

= = [
114592 X 100 = 94.25% Ans.

(5) Load corresponding the maximum efficiency

Load corresponding to the mmaximum efficie

= 22.36 kVA Ans.
(6) Maximum efficiency at 0.8 p.f.

=0.89 s@, = 0.8

4% % 25 x 10% x 0.8
3% 0.8) + 400 + (0.8944)2 x 500

x V,1, cos @,

x V,1, cos @, + P, + x2P, %
17888
18688

x 100

n% =

x100=9

x =0.5,cos@, = 0.8

100 — 0.5 X 400 x 102 X 0.8 100
0, + P, + x2P; ~ (0.5 x 400 x 103 X 0.8) + 900 + (0.5)2 x 1200

_ 160000
"~ 161200

X 100 = 99.256% Ans.

imum efficiency at 0.8 p.f

Load corresponding the maximum efficiency
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P, ’ 900
Load corresponding to the mmaximum efficiency = full load X \/; =400 x 1200 = 346.41 kVA
C

34641
400

= 0.866,cos @, = 0.8

x V,1, cos @, 0.866 x 400 x 103 x 0.8

X 100 =
x V,1, cos @, + P, + x2P, (0.866 x 400 x 103 x 0.8) + 900 + (0.866)?
277120

~ 278920

n% =

X 100 = 99.35% Ans.

Efficiency at 75% of full load at unity p.f.

x =0.7
o = x V,1, cos @, 100 = 103 x 1 100
= VoL, cos @, + P, + x2P, 75 x 200 x 403 x 1) + 600 + (0.75)2 x 800
= 150000 X 100 = 99.3 A
~ 151050 =7 ns:

Maximum efficiency at unity p.f

ximum effic

P, ’600
maximum efficiency = full load X \/; = 200 x 300 173.20 kVA
C

Load corresponding the

Load correspondi

17320
x =55~ = 0.866,c0s 0 =
V,1, cosli, 0.866 x 200 X 103 x 1
n x 100 = x 100
0, + P+ x2P, (0.866 x 200 X 103 x 1) + 600 + (0.866)2 X 800
173200 1 00 = 99.319% A
174000 = 772 /0 ARS.

mple The efficiency of a 500 MVA, single phase transformer is 98.70% at full load 0.9 power
r and 99.10% at half load and unity power factor. Find,

(i) Iron loss at full load and half load
(i) Copper loss at full load and half load

Solution: Given V,I, = 500 MVA = 500 x 10°
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Case 111 =98.70%,x =1,p.f.= 0.9

Case211=99.10%,x =0.5,p.f.=1

(i)
(ii)

This efficiency be m

R

% = x V,1, cos @, % 100
1 x V1, cos @, + P, + x2P,

98.70% — 1x 500 % 10° x 0.9 100
U T (1 x 500 X 106 X 0.9) + P+ (1)2 x P,

P, + P. = 5.93 MW

x V,1, cos @, y
x V1, cos @, + P, + x2P,
0.5 x 500 x 10° x

1

n% =

99.10% = (0.5 x 500 x 106 x 1) + P, +
P, 4+ 0.25P, = 2.2
P, = 1.05 MW
Iron loss at full load = 1.05 MW Ans. oad = 1.05 MW Ans.

Copper loss at full load = 4.88 MW Ans.

97.12% = - x 100
% 150 x 103 x 0.9) + P, + (0.8)2 x P,

P, + 0.64P, = 3202.64

iron loss and copper loss are equal

P, = 0.64P,

So P, = 3202.64 = 2P, = 3202.64 = P, = 1601.32 W
0.64P, = 1601.32 = P, = 2502.06 W
cyat7 f full load at 0.7 p.f.

Given x = 0.7,p.£.=0.7

x V,1, cos @,

x 100
x V,1, cos @, + P, + x2P,
B 0.7 x 150 x 103 x 0.7 <100 = 73500 < 100
~ (0.7 X 150 x 103 x 0.7) + 1601.32 + (0.7)2 x 2502.06 ~ 76327.33

= 96.30% Ans.



