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> ltis a static device which transfers energy form one electrical circuit to another electrical
circuit without change in frequency.
> Very high efficiency (up to 96% or up to 98%, Because there is no rotating part)

Types of transformer:
Depending on types of phase
1. 1-¢ transformer
2. 3- ¢ transformer
Depending on use
a. Step up transformer: Output voltage is higher then applied voltage
b. Step down transformer: Output voltage is less then applied voltage
Depending of construction
1. Shell type transformer
2. Corel type transformer
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Construction and working principle:
Construction:

Laminated Core .
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Figure 2

e Laminated core of Si-Steel (Soft Steel)
e Soft Steel is used to reduce hysteresis losses
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e Laminated core is to reduced eddy current losses
Principle: Based on low of electromagnetic induction.

Ideal Transformer: Conditions for ideal transformer are

1. Copper losses are zero: => Winding resistance =0

2. Iron (Core) losses are zero:  => Hysteresis & eddy current losses =0

3. Leakage flux is zero: => Permeability («) of iron is infinity
- s sl

4. Magnetizing current is zero 1A

EMEFE Equation:
(Prove that emf per turn for a transformer is constant)
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Figure 3: Core type 1-Ph transformer

Let an alternating voltage (v1) is applied to the primary side
So an alternating flux will produce in the core
Let

Because of this an emf will induce in primary as well as in secondary windings
Primary induced emf

dg
e, =—N,—~=
1 1 dt
d(g,,Sinat
el :—N]_%

e, =—N,4,, 0 Cosat
e, = N,¢, oSin(at—7/2)

Oor e, =E_Sin(at—7/2)————— )
Where
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E.. = N,¢9,0=Max Value of induced emf
So its RMS value

E — Eml — N1¢mw — N1¢m 2721:
V2 V2 J2
E,=444f¢p N, ————— 3)

= 4.441¢,N,

Similarly RMS values of secondary induced emf

E,=444fp N, ————— (4)
For ideal transformer
Induced emf in primary (E1) = Applied Voltage (V1)

Induced emf in secondary (E2) = Terminal Voltage (V2)
From equations (3) & (4)

E E
1 _72 _244 fg, = Constant
Nl N 2

Hence emf/turn = constant

Voltage and current transformation ratio:
Again from equations (3) & (4)
\Q = E = & = Constantsay K
V1 E1 1
K= Voltage (Current) transformation ratio
For ideal transformer
Input VA = Output VA
Vili = V2l

Vv
Vel
Vi oL,

Hence
V, B _No_ L,
Vl El Nl |2

Transformer on NO load: Consider an ideal transformer with magnetizing current:

> ldeal transformer without iron loss:
o I & ¢ will be in same phase
¢ V1 & E1 will be equal and opposite
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Figure 4a Phasor diagram of ideal transformer

Without Iron loss

> ldeal transformer with iron loss: + a little copper loss

¢ No load current (lo) will be very less (2% - 5% of full load current)
e No load power factor angle (¢o) will be very high ( 78° to 87°)

e Im= Magnetizing or wattles component of no load current (lo)

e |e= Active or wattfull component of no load current (lo)

AVi=-E1
¢ IS lo
o > le=10C0sdo £ Dy i
> > o > ﬂ)
T b 2 T Im=l0Sindo
~ vi B PN1 N2 4= Vs
b b
l‘ ‘ P l y E1
\ P =
D Figure 4d:
Figure 4c Phasor dlagra_lm of ideal transformer
with Iron loss
No load power P, =V,1,Cos¢, = Totaliron loss
Neglecting copper loss 1R
I, =1,Cosg,
I, =1,Sing,
R =Y
Ie
Xo = h . . .
I, Figure 4e: Equivalent Circuit

Note: No load power factor is very less because ¢o is very high. (¢o is high because le<<Im)

5 I Prepared By: Nafees Ahmed www.eedofdit.weebly.com



Transformer on load:

¢

lh=lo+ 11 ” I2

> b 5

! i == 1

b

~» v B PN1 N2 4 EEZ V2

== = |

N\ |
Figure 5a

MMF induced in primary winding =MMF induced in secondary winding

= NI, =N,lI,
=1, = Wj I, =KI,
Note:
> 11 and I will be in phase opposition
» Load may be pure resistive, inductive or capacitive resulting in unity, lagging and leading
power factor respectively.
» So the phasor diagram may be on unity, lagging and leading power factor.

I1

, Vi=-E
Iy =Kl, Lo
Vi=-E;
‘5_,———"'”1 q)\l\
I =K, £ !
q)l i (DO\\\
D l ) o ¢
1 IO (I) >
le—
(07}
®,=0
|2 7 % El
i E1 P { E: v E2=V> |
v E>=V> v Eo=V> ?
Figure 5b: Figure 5c: Figure 5d:

Phasor diagram at Unity PF  Phasor diagram at lagging PF Phasor diagram at leading PF

Resistance and leakage reactance:
In transformer windings do have some resistance
Let  Ri=Resistance of primary winding
R> = Resistance of secondary winding
The flux which is linked with primary as well as secondary windings is known as common flux.
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There is some flux which does not link with primary or secondary winding know as leakage flux
as shown in figure 6a.

Let  ¢u1 = leakage flux of primary winding (Flux which does not link with secondary winding)

Common Flux
N,
7

I R Rx 12
— M —
Leakage Flux

P
Na—

Figure 6a
¢ = leakage flux of secondary winding (Flux which does not link with primary winding)

guool, and g ,00l,
So at no load I1 & 12 both are negligible hence leakage flux is negligible.
Leakage flux produces a self induced back emf in their respective windings. They are

therefore equivalent to small reactance in series with the respective windings. This reactance is
known as leakage reactance.

Let X1 = Leakage reactance of primary winding
X2 = Leakage reactance of secondary winding

wo i

A A A A A A A A

A A A A A AV,

Common Flux
I, X1 R1 ” R, X2 Iy
> vy P AL
D P L T
b < o
Vi) E J\ N b E> AL
g p !
¢ b D
Figure 6b
1 X1 R1 Iy R, X2 |
_)_/YYYY\_/VV\, ﬂ > x A_l\/\/\,_/YYYY(\_)—
|e Im L T
Vi (v) Ros XoE E, E, f\ Vs
o]}
v ¥

Figure 6¢: Equivalent Circuit

Note: Vi#E1 & V2 # E2 as we are taking previously.
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Phasor diagram of actual transformer ON Load:

Load may be pure resistive load( Unity power factor), inductive load (Lagging power factor) and
capacitive load (Leading power factor) so as the phasor diagram.

I, X1
— >

Vi)

R1

E1

Common Flux

N,

>

R, X2 Ib
b
3

b

b < L T
> D 0

P N1 N> b E» V>
b ; A

: b D l«

<
<

Figure 7a

1. Phasor diagram for pure resistive load (at unity power factor):

Note:

Figure 7b:
Phasor diagram at Unity PF

a. Resistive drop 2R is parallel to 1> and inductive drop 12X> is perpendicular

(leading) to I2.

b. Similarly resistive drop 1:R: is parallel to I. and inductive drop I1X1 is
perpendicular (leading) to I;.
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c. This is also true for rest of following two diagrams (lagging and leading pf).

If we neglect I1R, 11X1 and I2Rz, 12X2 drops, then
®1=02=01=0 or say O

E, :\/(Vz + I2R2)2 +(szz)2
E,

2+ 1R,

Q
<

E_

. =

x|

V, =/(+E, + I,R,Cosg + |,R Sing)’ +(1,X,Cosg— I,R,Sing)’
Neglecting (1,X,Cos¢— I,R,Sing)
V, =~ +E, + I,R,Cos¢ + |,R,Sing

V, =+E, + LR, g=0

2. Phasor diagram for inductive load (at lagging power factor):

LR, & V2 JE1
12X>
E2=V2
Figure 7c:

Phasor diagram at lagging PF
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If we neglect 11R1, 11X1 and 2Rz, 12X> drops, then
D1 = O, = D= D (say)

E,= \/(vz +1,R,Cosg, + 1,X,Sing, ¥ +(1,X,Cosg, — 1,R,Sing, |

E, =V, +1,R,Cosg, +1,X,Sing, neglecting 1,X,Cosg, —1,R,Sing,

V, =/(+ E, + 1,R,Cosg + I,R Sing) +(I,X,Cosg— I,R,Sing)’
Neglecting (1,X,Cos¢— I,R Sing)’
V, ~ +E, + I,R,Cos¢ + |,R,Sin¢

3. Phasor diagram for capacitive load (at leading power factor):

|1 |1X1

Figure 7d:
Phasor diagram at leading PF

If we neglect I1R1, 11X1 and I2Rz, 12X2 drops, then
Oy =Dr=D01= D (say)

E,= \/(vz +1,R,Cosg, + 1,X,Sing, ¥ +(1,X,Cosg, — 1,R,Sing, |

E, =V, +1,R,Cosg, +1,X,Sing, neglecting 1,X,Cosg, —,R,Sing,
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V, = /(+ E, + 1,RCosg — I,R Sing} +(1,X,Cosg+ |,R Singy

Neglecting (1,X,Cos¢ + I,R,Sing)

V, ~+E, + |,RCosg— I,R Sing
Note: The above results can be obtained directly if we replace ® with — ® in the case of lagging
power factor.

Equivalent circuit of transformer:

Let R1 & Xi are resistance and leakage reactance of primary windings and R> & X> are
resistance and leakage reactance of secondary windings respectively.

I X1 R:
—>—Y\ AN

R, X2 I,

Vi

We know
V, _E_N,_ Ly
Vl El Nl I2
1 N
= V,==V,=| 2V,
K N,

Figure 8b: Transformer Equivalent Circuit
Referred to primary side
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Figure 8c: Approximately Equivalent Circuit
Referred to primary side after shifting parallel branch

|1 Xl Rl
44444\ AN

Y

Vi®

Figure 8d: Approximately Equivalent Circuit
Referred to primary side after neglecting parallel branch

Equivalent resistance and reactance of transformer:
Let

R1 = Resistance of primary winding

R2 = Resistance of secondary winding

X1 = Leakage reactance of primary winding
X2 = Leakage reactance of secondary winding
I1R1 = Resistive drop in primary winding

I2R> = Resistive drop in secondary winding
[:X1 = Reactive drop in primary winding

[2X2> = Reactive drop in secondary winding

1. Equivalent resistance and reactance referred to secondary side:

K2X1 K2R; R X I
A —MW,
/K

KV1 V2

O >» O r

\ A

Figure 9a: Approximately Equivalent Circuit
Referred to secondary side
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The above circuit is obtained after considering the following relations
V, N, |

V1 Nl |2
=V, =KV, & |, ='—K1
Total resistive drop =I1;K*R +IJR,
—12(K?R, +R,)
= |22R02
Where Ro2 = Equivalent resistance referred to secondary side
12?2 2
Total reactive drop = lzK™Xi+ 12X,
= 12(K?X, + X,)
= |22X02
Where Xo2 = Equivalent reactance referred to secondary side
Xo2 Ro2 P}
A dith M\ >
KV1 V>

O >» O r

\ A

Figure 9b: Approximately & simplified Equivalent
Circuit Referred to secondary side

KV1

Y

(\(I)L*\;Iz |2\RZZ\A

Figure 9c: Phasor Diagram
(Assuming lagging load)

KV, = \/(vz +1,R,,Cosp+ 1,X,,Sing)* +(1,X,,Co8¢— 1,R,,SingY
KV, =V, +1,R,,Cosp+1,X,,Sing  Neglecting I, X,,Cos¢—I,R,,Sing

If4=0 V, =KV, - I,R,,Cosp—1,X,,Sing

V, = KV, —,R;,
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If ¢ =90°
V, = KV, =1, X,
If ¢ is leading
Replace ¢ with — ¢ in above equation, so
V, KV, — |2R02COS(— ¢)_ |2X025in(— ¢)
V, =~ KV, — 1,R,Cosg+ 1,X,,Sing

2. Equivalent resistance and reactance referred to primary side:

i X1 Ri R,/K? KI,

X, /K2

Vi V, /K

Figure 9d: Approximately Equivalent Circuit
Referred to primary side

The above circuit is obtained after considering the following relations
V, N, |

2 _-_2__1_K
I2

Vl N 1

:vlz%vz & 1, =KIl,

=1/R +I/R,/K?
Total resistive drop
—12(R +R,/K?)

= I12R01
Where Ro1 = Equivalent resistance referred to primary side

Total reactive drop =I/X,+17X,/K?

—12(X, + X, /K?)
= |12X01
Where Xo1 = Equivalent reactance referred to primary side
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Xo1 Ro1 Kl

V1 VoK

O >» Or

\ A

Figure 9e: Approximately & simplified Equivalent
Circuit Referred to primary side

V1

}/2/ K 11 Xo01

(\¢L‘?\>I1 Il\RZl\A

Figure 9f: Phasor Diagram
(Assuming lagging load)

V, =V, /K + L,R,,Cosg+ I, X ,,Sing)’ +(1,X,,Cos¢ — ,R,,Sin g’
V, =V, K+ 1L,R,,Cosg+1,X,,Sing  Neglecting I, X,,Cos¢— |,R,,Sing

If¢=0

V, ~\%— I,R,;
If ¢ = 90°

V, J% 1,X,,
If ¢ is leading

Replace ¢ with — ¢ in above equation, so
V=V, /K- |1R01C05(_¢)_ I1X01Sin(—¢)
V, =V, /K = 1,R,,Cosg+1,X,,Sing

Voltage requlation:

It is change in the voltage of secondary side from no load to full load.
Let

V1 = Full load secondary voltage
E> = No load secondary voltage
So % voltage regulation
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_ No load voltage - Full load voltage 8

No load voltage
= ﬂ %100
E

100

2
:Voltage drop in sec winding <100
E2
_ 1,R,,Cosg£1,R,,Sing
EZ

x100——--(1)

Where
Cos ¢ = Power factor

Ro2 = Equivalent resistance referred to secondary side
Xo2 = Equivalent reactance referred to secondary side

+Ve sign for lagging power factor and —Ve sign for leading power factor.

» Condition for zero voltage regulation:

From equation (1) it is clear that voltage regulation will be zero for leading power

factor only. So condition of zero voltage regulation

I,R,,Cos—1,R;,Sing 0
EZ

:>tan¢:&
02

Losses in transformer: The losses are of two type core loss and copper loss
(1) Core or iron losses: It is also known as fixed losses, again of two type

(@) Eddy current losses: Given by

P=KB ftv wat ———()
Where
Ke = Constant
Bm = Maxi value of flux density
f = frequency
t = thickness of laminations
v = Volume of core
We know
E=4441p N
B _ 4.44f .
Area(A) Area(A)
B =4.441B, N
Area(A)
B - E/A @
4.44 fN

Put the value of Br, in equation (1)
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2
P =K, EIA | f22,
4.44 N

1 2
P=K, Et%
4.44 AN

For a given transformer N, A, t and V are constants so

P, E?
P, ocV? -+ E ocV (Voltage)

So eddy current losses are independent of frequency.
(b) Hysteresis losses: Given by

P, =nB, fv Watt -——3)
Where
n = Constant

Again put the value of Bm from equation (2) to equation (3)

E/A Y
P = fv
“ ”(444fN)

1 X
P, = EXfv
" n(4A4ANj

For a given transformer N, A and V are constants so

Ph o EXfl—X
P, ocVZfH -+ E ocV (Voltage)

So eddy current losses dependent of voltage and frequency both.

(2) Copper Losses: Also know as variable losses because they depend on load current.

R1 = Resistance of primary winding

R> = Resistance of secondary winding

I1 = Full load current in primary winding

I> = Full load current in secondary winding

Full load copper losses
= |12R1+ I22R2
Copper losses at x time of full load
_ Any load current

PCX = X2 Pc Where = ;
Full load current

for half load x :% etc
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Tests on transformer
1. Open Circuit (OC) test or No load test:
By OC test we can find out
e lron losses (Pi)
e No load current (lo)
o Cosdo, le, Im, Ro & Xo

Wattmeter
=4 K
o .
S5° —
57224 —
= o //—//;
/_
Rated Voltage
LV HV
Figure: 10
Iron losses Pi = Reading of wattmeter (Po)
No load current lo = Reading of Ammeter
Let V = Reading of voltmeter
Po = Pi = V1oC0sdo
= Cosg, = il
Vi,
le = 10CoSsdo
Im = loSindo
R, :\I/_ & X, = Ii

Note:
(i) Rated voltage is applied at LV side.
(i) This test is generally done on LV side (Why?)

2. Short Circuit (SC) test:
By OC test we can find out

e Copper losses (Pc)
e Equivalent resistance or leakage reactance (Ro1 & Xo1 OR Ro2 & Xo2)

referred to metering side.

Full load Cu losses Pc = Reading of wattmeter (Wsc)

Let  Short circuit current lsc = Reading of Ammeter
Wsc = Ischeq (Req = ROl or ROZ)
Wsc = Isczeq (Zeq = ZOl or ZOZ)
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X, =22 —R? (Xeqg = Xo1 OF Xo5)

eq eq eq

Wattmeter
=
S 25
53832 L — 2
g
2 B p— — | @
S V) = —t | o
3 2 ]
 — b —
@ =3 g —15 @
- o [ — —"> o
—
Rated Current
HV LV

Figure: 11
Note:
(i) Rated Current is applied at HV side.
(i) This test is generally done on HV side (Why?)
(ili)  Why the position of ammeter and voltmeter is changed as compared to OC
test?
Efficiency of transformer:

O/P power
=X

= 100
I /P power

O/P power

n= ><100
O/P power + losses

O/P power

= x100
O/P power + Iron loss + Cu loss

n

> Efficiency at full load

5 = V,1,Cosg, 100
V,1,Cosg, + P + P,

n=— 2 4100 Where P, =V,1,Cos¢, = Rated VAxCos,
P,+P +F

» Efficiency at x time of full load

XP,

= x100 ———(1 Here Cos¢, =Load PF
XP, + P+ x?P, @ 7

n
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» Condition for maximum efficiency
Differentiating equation (1) w. r. t “x”” and putting dn/dx=0

dny _ (xP,+ P +x?P. )P, - xP(P + 2xP, )

x100 =0
dx (xP, + P + x°P, f

= (XP, + P, +X2P, )P, - xP(P+2xP, ) =0
= X°P. =P

= CuU loss = Iron loss or Variable loss = Constant loss

>
Il

Example 1: A 50 KVA, 4400/220 V transformer has Ry = 3.45 Q, R2 = 0.009 Q. The values of
reactance are X1 =5.2 Q, X2 =0.015 Q. Calculate

Equivalent resistance as referred to primary

Equivalent resistance as referred to secondary

Equivalent reactance as referred to primary

Equivalent reactance as referred to secondary

Equivalent impedance referred to both side

Total copper loss first using individual resistance of two windings and
secondly as referred to each sides.

hD OO T

Solution:

K=Na Vo220 1 05
N, V, 4400 20

a. Equivalent resistance as referred to primary
R, =R +R,/K?
R,, = 3.45+0.009/(1/ 20)°
R, =7.05Q2 Ans

b. Equivalent resistance as referred to secondary
Ry, = K’R, +R,

R,, = (1/20)?3.45+0.009

R,,=0.01762 Ans
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c. Equivalent reactance as referred to primary
Xop = Xy + X, / K2
X,, =5.2+0.015/(1/20)
X,,=11.2Q2 Ans

d. Equivalent reactance as referred to secondary
Xo, = K2X, + X,

X,, = (1/20)’5.2+0.015

X,,=0.028Q Ans

e. Equivalent impedance referred to both side

Z, =7.05+j11.22 Ans
Z,,=0.0176+ j0.028Q Ans

f. Total copper loss first using individual resistance of two windings and
secondly as referred to each sides.

_ VA Rating _ 50x10°

I, =11.3636 A
\'A 4400
H 3
, =VA Rating _ 50x10 _ 9979797 A
V, 220

Copper loss = IR + 2R,
=(11.3636)°3.45+(227.2727)°0.009 W
=910.38 W Ans

Taking referred values

Copper loss = IR,
—(11.3636)°7.05 W
=970.38 W Ans

Copper loss = 2R,
=(227.2727Y0.0176 W
=909.09 W Ans (Errordueto approximadn)
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Example 1: Following results were obtained on a 100 KVA, 11000/220 V, single phase
transformer
(i) OC Test (LV Side) 220V, 45 A, 2 KW
(i)  SC Test (HV Side) 500V, 9.09 A, 3 KW
Determine equivalent circuit parameter of transformer referred to low voltage side and
efficiency at full load unity power factor.
Solution:
Equivalent circuit parameters:
From OC test:
Pi=Po =2 KW, lo=45A, V=220V
Po = Pi = V2loCosdo

— Cosgy = 11— = 0.202
VZIO

le = 10C0S$9=9.09 A

Im = 16Sindo=44.07 A

R ='//—2=24.200 Ans & X, ='//—2

m

~5 Q0 Ans

From SC test:
PC = Wsc =3 KW, Isc =9.09 A, Vsc =500V

Wsc = IschOl
=>R,;=36.312 Ans
Vsc = Isczm

=2,,=5502 Ans

Xor = v Z021 - R021
=X,,=41.31Q2 Ans
Efficiency at full load and unity power factor:

y= X x RatedVA x Cos g, %100
xx RatedVA x Cos¢, + P, + X“P;

- 1x100x1 %100
1x100x1+2+1°x3

n=95.24% Ans

Note:
Full load HV side current | —100x1000 _ o oo
' 11000
Here SC Test is done on full load, so 3 KW is the full load cu loss.
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