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Introduction

* Magnetic lines of force:

Closed path radiating from north pole, passes through the

surrounding, terminates at south pole and 1s from south to north pole
within the body of the magnet.

* Properties:
» Each line forms a closed loop and never intersect each other.
» Lines are like stretched elastic cords.

» Lines of force which are parallel and in the same direction repel each
other.
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Introduction
Magnetic Field

» The space around which magnetic lines of force act.

» Strong near the magnet and weakens at points away from the
magnet.

Magnetic Materials
Properties:

* Points 1n the direction of geometric north and south pole when
suspended freely and attracts iron fillings.

Classification :
» Natural Magnets

» Temporary magnets (exhibits these properties when  subjected to external
force)

» Non-magnetic materials.



Introduction

Electromagnets:

Principle: An electric current flowing 1in a conductor creates
a magnetic field around 1it.

» Strength of the field is proportional to the amount of
current 1n the coil.

» The field disappears when the current is turned off.

» A simple electromagnet consists of a coil of insulated wire
wrapped around an 1ron core.

» Widely used as components of motors, generators, relays
etc.




Basic Definitions

Magneto Motive Force, MMF (F)

» Force which drives the magnetic lines of force through a
magnetic circuit
»MMEF, F = @S, where ‘@’ is the magnetic flux and ‘S’ 1s
the Reluctance of the magnetic path.
Analogy: EMF, V=IR
» Also, For Electromagnets:
MMF= N I (No. of turns*Current)

where N 1s the number of turns of the coil and I 1s the
current flowing in the coil

» Unit: AT (Ampere Turns)



Basic Definitions

Magnetic flux (®):
»Number of magnetic lines of force created in a magnetic
circuit. Unit : Weber (Wb). Analogy: Electric Current, I
Reluctance [S]: S=F/¢, Unit: AT / Wb. Analogy: Resistance

Flux =9 =BA; F =mmf =Hl; B=uH
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Basic Definitions
Magnetic Flux Density (B): Analogy: Current Density

»No. of magnetic lines of force created in a magnetic
circuit per unit area normal to the direction of flux lines

»B = ®/A
»Unit : Weber/m? (Tesla)

Magnetic Field Strength (H): Analogy: Electric field strength
»The magneto motive force per meter length of the
magnetic circuit
>H=NI)/I
»Unit : AT / meter



Basic Definitions
Permeability (u): Analogy: Conductivity

» A property of a magnetic material which indicates the
ability of magnetic circuit to carry magnetic flux.

»u=B/H
» Unit: Henry / meter

» Permeability of free space or air or non magnetic material
w,=4*I1*10"" Henry/m

» Relative permeability, . : w/p,



Magnetic Circuit Analogy with Electric Circuits

Similarities:
Quantity Unit Quantity Unit
EMF (E=IR) Volt (V) MMF (F=¢S) Ampere-turns
Current (I) Ampere (A) Flux (¢) Weber (Wb)
Current density (J) A/ m? Flux density (B) Wb / m? or Tesla
Resistance (R) Ohm () Reluctance (S) Ampere-turns/Wb
Electric field Volts/m Magnetic field Ampere-turns/m
strength (E) strength (H)
Conductivity (o) Siemen/m Permeability, p Henry/m

Differences

»In electrical circuit current actually flows.

»In magnetic circuit flux is created, and it is not a flow.



Right Hand Rule
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Magnetic Field due to Current Carrying Conductor
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Analysis of Magnetic Circuit Equations

: : N v
* Single excited circuit: . 1
L
According to Faraday’s law, the induced voltage e; is Pt ; i :
g
)
p e, g

e, = 2¥ 5
dt ) )

where  is the instantaneous value of flux linkage and ¢ is time. The terminal voltage
e; 1s given by

dy

e, = ——+ri

dt

The flux linkage may be expressed in terms of the inductance L of the circuit: ¢ = Li
The inductance, by definition, is equal to flux linkage per unit current. L = Nf?— = N?P
P = permeance of magnetic path
® = flux = (MMF)P = NiP
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Analysis of Magnetic Circuit Equations

/¢m=¢m1+¢mﬂ
* Coupled circuits: J P
i A — i1 3
The terminal voltages are £ = ._’V“v : | : w ,E ’\/\/__ i
i pama ! i, |
dy | - g
_ 1 . e LY T D . e
e, = +r,i 1 ! ! 2
1 FP ir : | ;Nl Ny i
I% G sk s *
2, . ; 0 L]
e, = 7 Tl d)H_-J"" T bk _,.!-I—(I)E
the flux linkages

Y, = N(®,,+®,)+N, P,

‘l’z = Nz(cbmz +‘:DI2) +N2¢'m1

® = mutual flux linking both windings due to current in winding 1 acting alone

@ = leakage flux linking winding 1 only

d = mutual flux linking both windings due to current in winding 2 acting alone

@ = leakage flux linking winding 2 only
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Analysis of Magnetic Circuit Equations

The flux linkages can be expressed in terms of self and mutual inductances

Self inductance, by definition, is the flux linkage per unit current in the same
winding. Accordingly, the self inductances of windings 1 and 2 are, respectively,

L, =N(®,+Q)/i =L,,+L,

Ly = NYX® o+ @I, =L +L,

where L,,; and L, are the magnetizing inductances, and L, and L, the leakage
inductances, of the respective windings.

Mutual inductance between two windings, by definition, is the flux linkage
with one winding per unit current in the other winding. Therefore, the mutual
inductances between windings 1 and 2 are

L, =N®_,/i, and L, = N,®_,/i,
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Analysis of Magnetic Circuit Equations

If P is the permeance of the mutual flux path,
® , = N,P
® , = N,i,P
L, = L, = NN,P

expressions for flux linking windings 1 and 2 in terms of self and mutual inductances:

Y, = L+l

Y, = Ly +Lyl,

15
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Introduction

¢ The main advantage of AC over DC is that, the AC can be easily
transferable from low voltage to high voltage and high voltage to
low voltage.

¢ Alternating voltages can be raised or lowered as per the
requirement at various stages such as generation, transmission,
distribution and utilization. This conversion of voltage 1s possible
only due to transformer.

s A transformer 1is static electric device, which transfers electrical
power or energy from one circuit to another with desired change in
voltage and current at constant frequency.

¢ The transformer used to increase the voltage is called step-up
transformer, while that 1s used to decrease the voltage is called
step-down transformer.



¢ The step-down transformers are generally used to decrease the
voltage at substations for consumer’s use, whereas step-up
transformers are required to increase the voltage at the generating
station for transmission purpose.

¢ In a transformer, electrical energy is transferred from one circuit to
another circuit without the use of moving parts. So, it has highest
efficiency out of all the electrical machines.

¢ The most important tasks performed by transformers are:
(1) changing voltage and current levels 1n electric power systems,

(11) matching source and load impedances for maximum power transfer
in electronic and control circuitry,

(111) electrical 1solation (1solating one circuit from another or i1solating
dc while maintaining ac continuity between two circuits).



Working Principle of a Transformer

s 1t works on principle of Faraday’s law of electromagnetic induction.
According to this principle, an e.m.f. 1s induced 1n a coil if 1t links
with a changing flux.

s Transformer consists of two windings insulated from each other (i.e.
electrically separated) and wound on a common core made up of
magnetic material of low reluctance as show in Fig.(1).

*»The winding which is connected to the supply is known as primary

winding and the other winding to which the load 1s connected is
called secondary winding.

Primary /”_"“;>¢ ----- ‘\

Secondary

!
winding : : winding
Lo N ; :
1 9 2
s =3 B
V,T E, [ N N 1 E v Load
P 2 \ 2 2
, l . 1 l
1 |
1 ]
\ )
N — )

Fig. (1): Arrangement of a simple transformer



Fig. (2): Symbolic representation v, () 1

T

Core

‘*When the primary winding is connected to an AC supply, an
alternating current flow through it. This current in the primary
winding sets up an alternating flux (@) in the core, which completes
its path in the common magnetic core as shown in the figure.

*»This flux links with both the windings and it produces self-induced
e.m.f. in the primary winding and mutual induced e.m.f. in the
secondary winding.

»If the secondary winding circuit is closed through the load, the
mutually induced e.m.f. in the secondary winding circulates current
through the load. Thus, the electrical energy is transferred from
primary winding to secondary winding with the help of a magnetic
core.



Transformer Construction

The main parts of the transformer as shown below are

Low-voltage
bushing

High-voltage

¢ Magnetic core

*+ Windings
** Conservator tank = _
: ooling
. Ty t ba =
*» Transformer oil (e i s

+* Radiators

¢ Bushings

+* Breather <

Low-voltage 1
** Container coils

¢ Buchnolz relay. Highivoltage

colls



Fig.(3):Various parts of a distribution transformer
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Conservator

Current Transformer

Pressure Relief Device
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Transformer Parts and their Function

¢ Magnetic core

e It is the common part between the two windings and helps to
link magnetic flux with both the windings.

* Made up of silicon steel with low reluctance.

* Sheets are laminated and are coated with an oxide layer to
reduce the 1ron losses.

¢ Windings
* A conventional transformer has two winding.

 The winding which receives the electrical energy 1s called the
primary winding and the winding which delivers the electrical
energy to the load 1s known as secondary winding.

* The two windings are electrically separated
but magnetically coupled through magnetic core.

* Made up of copper or aluminum with enamel coating.



Transformer Parts and their Function

s Conservator tank

* [t 1s an air tight cylindrical drum containing transformer oil, placed
at the top of the transformer and connected to the transformer tank

by a pipe.
* The main tank i1s completely filled with oil. The oil 1n the

transformer tank expands due to increase i1n temperature and
contracts when the temperature or load reduces.

* Its main function i1s to take up contraction and expansion of
oil without allowing 1t to come in contact with outside atr.

¢ Transformer oil
It 1s a mineral o1l obtained by refining crude petroleum.
* It serves the following purposes.
a) Acts as an insulating medium between windings and tank.
b) Protects the tank from dirt and moisture.

c) Carries away the heat generated in the core and coils 1.e. 1t 1s used
for cooling purpose.



Transformer Parts and their Function

*+ Radiators
* Radiators help in cooling the transformer oil by increasing the surface
area.
* The number of radiators required 1s independent on the capacity of the
transformer and rate of cooling.
“* Bushings
* The bushings are employed for insulating and bringing out terminals of
the winding from the container to the external circuit.
* Number of bushings 1s equal to number of phases.
* These are generally of two types
(1) Porcelain type, which are used for voltage rating up to
33 kV.
(1) Oil filled or condenser types, which are used for voltage
higher than 33 kV.
“*Container
* (Cast 1ron or cast steel air tighted containers are provided with radiators.
* The container contains the core windings and oil.



Transformer Parts and their Function

** Breather

Transformer oil should not be exposed directly to the atmosphere
because 1t may absorb moisture and dust from the environment and
may loose its electrical properties in a very short time.

To avoid this problem a breather is provided on the top of the
conservator.

It mainly consists of a silicagel. The silicagel absorbs the moisture
content of air so that the oil contamination can be prevented.

“* Buchholz relay

It is a relay, provided in between conservator tank and transformer
tank.

It helps 1n identify incipient faults.
It 1s a gas actuated relay.

It operates on the generation of gases due to any internal fault of the
transformer.

In incase of severe internal fault it gives an alarm and disconnect the
transformer from supply mains.
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Transtormer on DC Supply

¢ A transformer cannot operate on DC supply.

» If rated DC supply is applied to the primary winding of a
transformer, the flux produced in the transformer core will not vary
but remains constant in magnitude and therefore no e.m.f. will be
induced 1n both primary and secondary windings.

¢ So, there is no induced e.m.f. in the primary winding, to oppose the
applied voltage.

¢ Practically the winding resistance is very low; therefore, a heavy
current will flow through the primary winding which may result in
damage of the winding. Thus, DC supply should not be applied to

the transformer.



Types of Transtormers (based on construction)

Larginated Core

¢ Depending upon the connection of

LY Connection

winding, transformers are classified LV winding

HY Insulation

into two types, namely

(1) Core type transformer HV Winding
(2) Shell type transformer RSO
(1). Core type transformer
Core Yokefl'
it sek—— y |€— Core
L.V. insulation o =h q :: 0
g
L.V. windi TP g
winding e — :_:} ‘:i; Secondary
H.V. insulation ap c'_:_j
o—T'f {1 —0
H.V. winding 'a ;
Limb — Flux
(a) Construction (b) Representation

Fig.(4): Core type Transformer



¢ It has a single magnetic circuit and the core is made up of
rectangular or square type.

¢ It has two limbs and the windings are wound on these two limbs.
¢ In this type of transformer, the core is surrounded by the windings
as shown 1n Fig (4).

s The two vertical portions are called limbs, each carry one half of
the primary winding and one half of the secondary winding.

¢ Core is made up of silicon steel laminations to reduce eddy current
losses.

¢ As the windings are uniformly distributed over the two limbs, the
natural cooling 1s more effective.

¢ The coils can be easily removed by removing the lamination of the
top yoke, for maintenance.

¢ These types of transformers are generally preferred for low voltage
applications.



(2) Shell type transformer

H.V. winding LV, winding

0 D

Primary 4= 3
—>ii|  o—P :
Side limb | ::a 0 :
: '-§Secnndm}r :
Core : g :
Y i -*1“ ......... T

|

Center limb  Flux

(#)EConsumcdon (b) Representation

Fig.(5): Shell type Transformer

¢ It has a double magnetic circuit and the core has three limbs.

¢ Both the windings are wound on the center limb.



.. V. Insulation

L.V. Winding

LY. Insulation

WV, Winding

Core type Shell type



¢ In this type of transformer, the windings are surrounded by the

core as shown 1n figure (5).

¢ As the winding is surrounded by the core, the natural cooling

does not exist.

¢ For removing any winding for maintenance, large numbers of

laminations are required to be removed.

¢ The coils used are generally multilayer disc type or sandwich

coils.

¢ These types of transformers are generally preferred for high

voltage applications..



Comparison between Core & Shell Type Transformers

S.No Core type transformer Shell type transformer
01 |It has two limbs It has three limbs
02 | Windings are wound around the|Windings are wound on the central
two limbs limb only
03 |The flux (®) is same in both the|The central limb has flux (®),
limbs while the other two limbs have flux
®/2
04 | The winding encircles the core The core encircles most part of the
winding
05 | It has single magnetic circuit It has double magnetic circuit
06 |Cylindrical concentric coils are|Sandwiched or multilayered disc
used type coils are used
07 |This type of construction is|This type of construction is
preferred for low  voltage|preferred for very high voltage
transformers transformers
08 [Tt is rarelv nsed It is widelv used
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Review of Last Class

v Review of Magnetic circuits (Terms): Magnetic lines of
force, Magnetic flux, Magnetic Field, Electromagnets,
Magneto Motive Force, Reluctance, Magnetic Flux
Density, Magnetic Field Strength, Permeability

v’ Faraday’s law of electromagnetic induction.
v Lenz’s Law

v Right Hand Rule

v’ Parts of the transformer and their function: Magnetic
core, Windings, Conservator tank, Transformer oil,
Radiators, Bushings, Breather, Container, Buchnolz relay,
Breather



Ideal Transformer
+* An ideal transformer is one that has

(1) no winding resistance.
(1) no leakage flux 1.e. the same flux links with both the
windings.
(111) no 1ron losses 1n the core.
¢ Although ideal transformer cannot be physically realized, yet its study
provides a very powerful tool 1n the analysis of a practical
transformer.
¢ In fact, practical transformers have properties that approach very close
to an 1deal transformer.
¢ When the primary winding of a transformer is connected to an
alternating voltage V, a magnetizing current I, (or I,) flows through
it. Since the primary coil i1s purely inductive, the current I
lags the applied voltage V, by an angle 90°. Due to this current I_,
flux 1s produced in the primary winding.



** In this flux some of the flux is linked with t]

e primary

winding and some other flux also linked with the

secondary winding and hence self-induced

e.m.f, E,

and mutual-induced e.m.f, E, are induced in the

primary and secondary windings respectively.

AV
I L )
|rn|:-llil;II : . ‘xgl} Irn
> ’ o 0 2 >3
RE | W
1
I —0
1 f
S — ) T=
YE =V,
(a) Circuit diagram (b) Phasor diagram

Figure (6): Ideal Transformer



¢ According to Lenz’s law the induced e.m.f opposes the cause
producing, here the cause 1s the supply voltage V,. Hence E, 1s in
anti-phase with V, but equal in magnitude. The induced e.m.f. E,
also opposes V,; hence in anti-phase with V, but its magnitude
depends on N, Thus, E, and E, are in phase. Mathematically,

Let ®=® sinwt=® -0 is taken as the reference phasor

The induced e.m.f.in the primary winding

E =—N iﬂ = —N] di(tllm sin (w‘) = —Ntbmmms ot
I I

= NO wsin(wt—90")=E, sin(awt—90")

lm

E =N® @=Max. value of induced em.f.

i.e. E; lags the flux, ® by an angle 900

VENHFB

dt
i.e V, leads the flux, ® by an angle 900



The induced e.m.f.in the secondary winding

dd d .
E,=-N, F it — iV, 7 ((I)m sin a}r) =—N,D @coswt

= N,® wsin(wt—90")=E, sin(wt—90")

E, =N,D = Max. value of induced em.f.

i.e. E»s lags the flux, ® by an angle 900, so E; and E» are phase.
In an ideal transformer there is no power loss,

1.e. input VA = output VA

= Eili=Eals
= Vlll - V_?,I_?, { Vl: El, Vg = Eg]
Vs &
N —— =
g
".P,‘?:NE:EEZI] :K
I/rl N] EI IE



E.MLF. Equation of a Transformer

“*When the primary winding of a transformer is excited by an
alternating voltage, 1t circulates an alternating current and

hence an alternating flux is produced in the core.
Let ®O=® sinawf

Where @ = Maximum value of flux

f= Frequency of supply voltage

N;= Number of primary winding turns

N>= Number of secondary winding turns

Ei= r.m.s value of the primary induced e.m.f.
E;= r.m.s. value of the secondary induced e.m.f.

J
W

Flux, ® —»
r

._1_1__,’ f Time, t —»
4

Fig. (7): Sinusoidal flux

— T =11 '*|




% According to Faraday’s Law of electromagnetic induction, e.m.f
induced is given by
do d : : 0
E= _NW = _Nd_t(q)m sinwt)=-N®,wcoswt = N®, wsin(wt —90")
% It is clear from the above equation that maximum value of induced

e.m.f. is
E_.=NO o
s The r.m.s. value induced e.m.f. is

b _ L _No®, 2N,

N N N

RMS value of e.m.f. induced in the primary winding
Ei=444 N, f On

Similarly

RMS value of e.m.f. induced in the secondary winding
Ex=4.44 Nof @

= 4.44NfD

Note: It is clear from tabove equaion that e.m.f. E, induced in the
primary winding lags behind the flux ® by 90°. Likewise, e.m.f. E,
induced in the secondary winding lags behind flux © by 90°.



Voltage and Current Transformation Ratios

(i)Voltage Ratio:

RMS value of e.m.f. induced in the primary winding
Ei=444 N, f O n
RMS value of e.m.f. induced in the secondary winding

Ex=4.44 No f @
EE
L= =444f0
Nl N2
% It means that the e.m.f. per turn is same in both primary and

secondary windings.

4

 In an ideal transformer, the voltage drops in primary and
secondary windings are negligible. Therefore, for an ideal
transformer V, = E; and V, = E,

4

» The ratio of secondary voltage to primary voltage is same as
the ratio of secondary turns to the primary turns. This ratio is
known as transformation ratio, K

E2_I/2_N2
El I/1 Nl

D)

LK =




(ii) Current Ratio:

% In an ideal transformer, the volt-ampere input to the primary is
approximately equal to the volt-ampere output from the
secondary since the losses are negligible. So, input volt amperes
= output volt amperes on no load

i.E.,Vlh =Vol = VZ _i

I

=
xfl:Vz:Ez:N::K
I, V, E N,

)

L)

» i.e., primary and secondary currents are inversely proportional
to their respective turns.

For step-up transformer, V> V;=>K>1
For step-down transformer, V; <V; = K<1



Solved Problem-1: The maximum flux density in the core of a
250/3000V, SOHz l-phase  transformer is 1.2Wb | m?.
If the e.m.f. per turn is 8V, determine the

(i) primary and secondary turns

(ii) area of the core

Solution: Given that

E, =250V, E,; =3000V, Bn=1.2 Wb/m?2

E, o E, 78

N, N,

i) Primary and secondary turns
£=8:>N, =E' =250=32

N, 8 8

E, il R L, =3000 _ 375
N, .

ii]- Area of the core
Ei=4.44 f N\®, =4.44 f N1Bn A
B E, 250

- = =0.03m’
444 fN\B,  4.44x50x32x1.2




Solved Problem-2: A 1-phase transformer has 400 primary and 100
secondary winding turns. The net cross-sectional area of the core is
60 cm?2. If the primary winding is connected to a 50 Hz supply at
520V, then calculate the
(i) peak value of flux density in the core
(ii) voltage induced in the secondary winding
(iii) transformation ratio
(iv) e.m.f. induced per turn in both the windings
Solution: Given that

N,=400, N> =100, A=60cm?2=60x10"*m2, f= 50 Hz, E; = V,= 520 V

i) Ei=4.44 fN®, =444 fN\Bn A

Peak value of flux density in the core

B = < - 2 - =09759 T
4.44 fAN, 4.44x50x60x107 x400

ii) Voltage induced in the secondary winding
E;-=4.44f B AN;= 4.44x50x0.9759x60x107*x100 = 130 V

. . N, 100
iii) Transformation ratio, K = —= = =0.25
N, 400
: ; . ; e E, 3520
iv)E.m.f. induced per turn in the primary winding =—=——=1.3
N, 400
E, 130

2

=—=13
N, 100

E.m.f. induced per turn in the secondary winding =



Problem-3: A 1-phase core type 6600/230 V, 50 Hz,
transformer has a core area of 400 cm? and a
maximum flux density of 1.18 Wb/m?. Calculate the
number of turns in primary and secondary winding.
(Ans: 630 & 22)

Problem-4: The e.m.f per turn of 1-phase 2310/220
V, 50 Hz, transformer is approximately 13. Calculate
(i) the number of primary and secondary turns (ii) net

corss-sectional area of core for a maximum flux
density of 1.4 T. (Ans: 189 & 18, 393 cm?)



Ideal Transformer with Core/Iron Loss

Ideal Transformer
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Ideal Transformer with Core/Iron Loss

v'The value of exciting current i, has to be such that the
required mmf 1s established so as to create the flux
demanded by the applied voltage

vIf a linear B-H relationship is assumed (devoid of
hysteresis and saturation), the exciting current 1s only
magnetizing 1n nature and 1s proportional to the
sinusoidal flux and in phase with it.

v'However, the presence of hysteresis and the phenomenon
of eddy-currents, demand the flow of active power 1nto
the system

v'Thus, the exciting current lags the applied voltage by an
angle slightly less than 90°



Ideal Transformer with Core/Iron Loss

v" The no load current (I,) has two components: magnetizing
component (I ) and core loss/active component (1)

v 1 is responsible for the production of flux

v 1, is responsible for the active power being drawn from the
source to provide the hysteresis and eddy-current loss

The core-loss 1s given by P. = V], cosO,

The core-loss component of [,1s I I,=I, cosO,

The magnetizing component component of [yis I
[,=I, snO,

v Power factor on no load: cos©,

vcosO,=P./V,[,=1,/1,

\\\




Ideal Transformer with

V1

Iw

90 Im

E2

E1l

Ideal transformer without Core Loss

Core/Iron Loss
V1

$o

E2

El

Ideal transformer with Core Loss



Ideal Transformer with Core/Iron Loss

v Problem-1: Find the active and reactive
components of no-load current and the no-load
current of a 440/220 V single phase transformer if
the power input to the hv winding is 80 W. the lv
winding is kept open. The power factor of the no-
load current is 0.3 lagging. (Ans.: 0.182 A, 0.578
A, 0.606 A).

v Problem-2: A 230/110 V single phase transformer
takes an input of 350 VA at no load and at rated
voltage. The core loss is 110 W. Find the active and
reactive components of no-load current and the
no-load current. Also find the no load power factor.

(Ans.: 0.478A, 1.44 A, 1.52 A, 0.314).
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Ideal Transformer with Core/Iron Loss
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Ideal Transformer with Core/Iron Loss

v'The value of exciting current i, has to be such that the
required mmf 1s established so as to create the flux
demanded by the applied voltage

vIf a linear B-H relationship is assumed (devoid of
hysteresis and saturation), the exciting current 1s only
magnetizing 1n nature and 1s proportional to the
sinusoidal flux and in phase with it.

v'However, the presence of hysteresis and the phenomenon
of eddy-currents, demand the flow of active power 1nto
the system

v'Thus, the exciting current lags the applied voltage by an
angle slightly less than 90°



Ideal Transformer with Core/Iron Loss

v" The no load current (I,) has two components: magnetizing
component (I ) and core loss/active component (1)

v 1 is responsible for the production of flux

v 1, is responsible for the active power being drawn from the
source to provide the hysteresis and eddy-current loss

The core-loss 1s given by P. = V], cosO,

The core-loss component of [,1s I I,=I, cosO,

The magnetizing component component of [yis I
[,=I, snO,

v Power factor on no load: cos©,

vcosO,=P./V,[,=1,/1,

\\\




Ideal Transformer with
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Ideal transformer without Core Loss
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Ideal Transformer with Core/Iron Loss

v Problem-1: Find the active and reactive
components of no-load current and the no-load
current of a 440/220 V single phase transformer if
the power input to the hv winding is 80 W. the lv
winding is kept open. The power factor of the no-
load current is 0.3 lagging. (Ans.: 0.182 A, 0.578
A, 0.606 A).

v Problem-2: A 230/110 V single phase transformer
takes an input of 350 VA at no load and at rated
voltage. The core loss is 110 W. Find the active and
reactive components of no-load current and the
no-load current. Also find the no load power factor.

(Ans.: 0.478A, 1.44 A, 1.52 A, 0.314).



Ideal Transformer on No Load

v When the secondary of the transformer is kept open, it
draws the no-load current from the main supply.

T'he no-load current induces the magnetomotive force N, I,
I'he magnetomotive force set up the flux @ in the core of
the transformer.

v
v




Ideal Transformer on Load

v When load is connected to the secondary winding of
a transformer, /, (secondary current) is set up in the secondary
winding.

v The magnitude and phase of I, with respect to V, (secondary
voltage) depends upon the characteristics of the load.

v" Secondary current /, is in phase with V,, if load is resistive,
lags 1f load 1s inductive and 1t leads if load 1s capacitive.



Ideal Transformer on Load

v' When the load is connected to the secondary of the transformer,
[, current flows through their secondary winding.

v" The secondary current induces the magnetomotive force N,I, on the
secondary winding of the transformer.

v" This force set up the flux ¢, in the transformer core.

v" The flux ¢, opposes the main flux @, according to Lenz’s law.

v' As the flux ¢, opposes the flux ¢, the resultant flux of the
transformer decreases and this flux reduces the induced EMF E,.

v' Thus, the strength of the V, is more than E; and an additional
primary current I’, drawn from the main supply.

v" The additional current I’; induces the magnetomotive force N,I’;.

v" This force set up the flux ¢’;.

v" The direction of the flux is the same as that of the ¢ and it cancels
the flux ¢, which induces because of the MMF N, 1,

v" Condition for cancellation: both mmf should be equal and opposite

v N,I,=N,I’,=>N,L\N, =1", and I’, and I, should be in anti-phase



Ideal Transformer on Load

Phase
Angle

v" The total primary current I, is the vector sum of the currents

[,and I,’.

v" The phase difference between V, and I, gives the power factor

6N
- IP=
. Actual

< Primary
Current

angle ¢, of the primary side of the transformer.



Ideal Transformer on Load

v" Problem: A single phase transformer has 1000 turns on its primary
winding and 200 turns on its secondary winding. The transformers
“no-load” current taken from the supply is 3 Amps at a power factor
of 0.2 lagging. Calculate the primary winding current, I, and its
corresponding power factor, @ when the secondary current supplying
a transformer loading 1s 280 Amperes at 0.8 lagging.

(Ans: 58.3A, 0.78 lag)
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Practical/Actual/Real Transformer
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Practical/Actual Transformer

% The schematic diagram of a practical transformer is as
shown in figure (1).

¢ Let us calculate the equivalent resistance, reactance and
impedance of the transformer either referred to primary or
secondary.

Figure (1): Practical Transformer



Equivalent resistance of a transformer

The resistances of the two windings of a transformer can be
transferred to any one side, that is, either primary or secondary side
without affecting the performance of the transformer.

The transfer of the resistances/reactances/impedances on any one
side is advantageous as it makes the calculations very easy.

The total copper losses due to both the resistances is given by

I° R .
P, :[12R1 +[22R2 :]12 [Rl +1%sz :]12 (Rl +K—22j :]12 (Rl +R2)

1

Where R, =K—22 is called resistance of secondary when referred to

primary.
P, = [12(R1 T Rz) = [12R01

R
Where R, =R +K—22 = Equivalent resistance of the transformer when
referred to primary.
Similarly, total copper losses

2

1
Pcu = [12R1 +[22R2 = [22 []%Rl +R2j = ]22 (K2R1 +R2): [22R02

2



< Where R = K’R,=Resistance of the primary when referred to
secondary &

R,=K 2 R +R, = Equivalent resistance of the transformer when referred
to secondary

/r’--- (I) ----- \\
R i X R
Il 1 i 1 2 12
o=/ 1_{___’ -’ ANN———p—0
' [ 1 )
V*] ;z 3 IVZ
° KX T -
!

===

R
R 02
u gy N
R]+R2[ i ‘I ! I R2+R1

=AM, Pt +— o o - —H——WWW—o

T : |"'j‘"h 1"!"‘“b {

:—-1--. — :—1-—- —1

o il r‘——o o— 1 Tf s

I I

J ! !

a) (b)
Figure (3): Equivalent resistance of Transformer
(a) when referred to primary (b) when referred to secondary
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Equivalent leakage reactance of the transformer

Similar to the resistance, the leakage reactance can also be
transferred from primary to secondary and vice versa. The relation
through K? remains same for the transfer of reactance as it
studied earlier for the resistances.

Let X, be the reactance of the secondary winding when referred
to primary. For X, to produce the same effect in the primary side
as X, in the secondary side, each must absorb the same reactive
volt amperes.

VAR:V[sin¢:[Zx[x§:]2X
Equating the reactive volt-amperes consumed by
(1)" X, =1, X,
I; I; X
3 y Xy = : 7 X2 :—3
(1) (K1,) K
Equivalent reactance of the transformer when referred to primary

=X, =




\l X
X=X, +X, =X, +—
K
s Equivalent reactance of the transformer when referred to secondary

Xp=X,+X,=X,+K*X,

) 69 P X02
o —— (I) ----- L /F‘--- (I) ----- LY R
X] +X*}I IJ "I\ l’ ‘l\ X’2+X|I
- & 1 i
T : i"J"'h T : {
:""“ G"'Jt'—' :"""‘ t
e i ] 1 " - — o o 1} 1—1“ &
] ]
! ! /

@ (b)
Figure (4): Equivalent reactance of Transformer
(a) when referred to primary (b) when referred to secondary

Note: It is important to remember that

« When transferring resistance or reactance from primary to secondary multiply it by K2
« When transferring resistance or reactance from secondary to primary, divide it by K2

« When transferring voltage or current from one winding to the other, only K is used.



Equivalent Impedance of a transformer

*» The transformer primary winding has resistance R, and reactance X;,
while the secondary winding has resistance R, and reactance X,.

Thus, we can say that the total impedance of primary winding Z, and
is given by

Z, =R, + jX, =R + X}
And the total impedance of secondary winding Z, and is given by

Z, =R, + jX, =+|R} + X?

Similar to resistance and reactance, the impedance can also be

referred to any one side. So, Equivalent impedance when referred
to primary

e

L X4

L)

Zo1 = Ro1 +] X3
R X
Where R, =R +K—22, X, =X +—=
s Equivalent impedance when referred to secondary

Zoy = Rpy + ] Xoz
Where Ry, = R, +K2R,, X0,=X,+K2X,



R Xy .-"':_.._..;I;.___.:\., ,-"":_---@-H:"‘., -REE- ){E-
-F'il"l_|'ﬁz-lI "':"!:-|'|"':"l:z-lI I [ I I Rz-l_l:t1lI x2_|_x11

Figure (5): Equivalent impedance of transformer
(a) when referred to primary (b) when referred to secondary



Solved Problem-5: A 1-phase transformer has 90 and 180 turns
respectively in its secondary and primary windings and the respective
resistances are 0.2Q and 0.6Q. Calculate the equivalent resistance of
the (i) primary in terms of the secondary winding, (ii) secondary in
terms of the primary winding, and (iii) total resistance of the
transformer when referred to primary

Solution: Given that

N»=90, N,=180, R1=0.6Q R»=0.2Q
K= N, =£=0.5
N, 180
(1) Equivalent resistance of the primary winding in terms of secondary winding
R =K2R; =0.52 x0.6= 0.15Q

(i) Equivalent resistance of the secondary winding in terms of the primary winding

3. R—Z - ﬂ—:{ =0.8Q2
A5 DY
iii) Total resistance of the transformer when referred to primary
R, 02

> = 7 =0.6+0.8=1.4 ()

R, =R +—=0.6+
K



Solved Problem-6: A SkVA, 440/220V transformer has R; = 3.45Q,
R,=0.09Q, X,= 3.2Q, X, = 0.015Q. Calculate the

(i) Equivalent resistance of the transformer when referred to both
primary and secondary

(ii) Equivalent reactance of the transformer when referred to both
primary and secondary

(iii) Equivalent impedance of the transformer when referred to both
primary and secondary

Solution: Given that V;=440 V,V,=220 V, R;=3.45 Q, R,=0.09 Q,
X;=3.2 Q, X,=0.015 Q

K=V,/V,=220/440=0.5

(i) Ry;=R;+R,/K?= 3.45+0.09/0.5%= 3.81 Q

(ii) Ry,=R;x K?+R, = 3.45x0.52+0.09 = 0.9525 Q

(iii) X5, =X;+X,/K?= 3.2+0.015/0.5% = 3.26 Q

(iv) Xyo=X;x K?+X, = 3.2x0.5%+0.015=0.815 Q

(V) Zg;=Rp;+jX,;=3.81+j3.26= 5.014341.40.5517°

(Vi) Z5y=Rpy+jX,=0.9525+j0.815= 1.25361L.40.55179
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Phasor Diagram

FELy (D
[ ﬁ Ideal Transformer
il : o  Input current: I,
v, Ef N, N, TEz Tvz V,=E,, V;=-E,
| 1 . .
| . +———o V1 is in phase
\“1 _______ y Opposition to E,
T Sty LR
1, R, | kg 2 R, I
4 I, Iy Eiias &
v, Eiqi[ M Ny |t b B \Z
l R Tib i
- — : B d | = o

Actual Transformer on load: I; (I,+I’;), I, are existing
Vot Ryt Xo=E,, Vi=-E+I; R+, X,
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Phasor Diagram

I R, T | b | & X2 Ry I,
+ + T P : T 4 +
1 1 9= P 1 1
Vi Eyqu [ Ny N 1t b E V2
AP i A 5 |
— 0 = Tj‘ E__:L_F = o

|

. Output voltage: V,

I, leads/lags/in phase with V, (depends on load)
E, = VLR, + X,

E,=E,/K

® leads E,,E, by 90°

[,leads @ by small angle (hysteresis angle)
I’,=KI,, I, =I,+I’,

V,=-E,+[,R,+], X,



Vi

Phasor Diagram

Output voltage: V,

(depends on load)
E, =V,+LLR,+L,X,
E.=E,/K

Input Voltage=V,

Input Current= I,

Input power factor= cosb,
Input Power= V,I,co0s0,

5.
I, leads/lags/in phase with V, 6.

7.

l1

®m leads E,E, by 90°
I,leads ®m by small angle
(hysteresis angle)
V=E+,R+I,X,

Ei=
(T1/T2)X Ez

I2

Out put Voltage=V,

Out put Current= I,

Out put power factor= cos0,
Out put Power= V,I,cos0,



Phasor Diagram

(a) Unity pf (b) Lagging pf



Equivalent Circuit of a Transformer

% The equivalent circuit of a transformer consists of fixed and
variable resistances and reactances, which exactly simulates
the performance and working of the machine.

s If an equivalent circuit is available, the computations can be
done by the direct application of circuit theory.

% For a transformer, no-load primary current [, has two
components

J"lm = "!EZI Siﬂ ‘ﬁ[] Elnd "ru = f[‘] COS l;?j’“

'H"EI Load

Figure (1): Practical Transformer



Equivalent Circuit of a Transformer

0

» [, produces the flux and is assumed to flow through reactance X,
called no-load reactance while [, is active component representing
core losses hence is assumed to flow through resistance R,. R, and X,
are connected in parallel across the primary circuit as shown in
figure (2).

s From the equivalent circuit we can write

E E
Ry=—L and X, =—
I !
W m
I R, A I,
IW Im
Vi, Ro Xo E, Load

Figure (2): Equivalent circuit of a transformer



Equivalent circuit when referred to Primary

** Let us see how to transfer secondary values to primary side

JE'2 = % = E, = Primary equivalent of secondary e.m.f.
g =

EE = Primary equivalent of secondary terminal voltage
, ; . 4.5 V,

I K
I, =Kl, = Primary equivalent of secondary current

e Wil =¥l = =[ff—}g =Ki;

4 :
. . : ;
R, = KE = Primary equivalent of secondary resistance
. : ;
X, = KE = Primary equivalent of secondary reactance
. i
L, =—=

2

= =Primary equivalent of secondary impedance



R, X

— R =+ e X = X + =
Rm 1™ g2 01 1 7
Zy, =Ry + jX,,
E"b V"I- Il - -
Where K =—= = !»; = - =Transformation ratio.
| 1 2
2—-——f60’0'0\—-/vw\, - ANN—T000L o
L ),
SN I N
Z, 0 Z,
I, I Load .
V E,=E, V. P ok
1 Ro Xp . B ot

Figure (3): Equivalent circuit when referred to primary



Approximate equivalent circuit when referred to primary:

% The no-load current I, is usually less than 5% of the full load primary
current. So, the voltage drop produced by I,in (R;+jX;) is negligible for
practical purposes.

“ Therefore, it is immaterial that the shunt branch (R, in parallel with X,)
is connected before or after the primary series impedance (R;+jX;). Here
the currents [, and [, are not much affected.

% Therefore, the equivalent circuit can be further simplified by shifting
the no load branch containing R, and X, to the supply terminals as
shown in figure (4)

e AWM T —AMW, ’Uﬁw—i—
Iy
L/ b Im V, - Load
1 Ro X, RS2 (%
¢ !

Figure (4): Approximate equivalent circuit when referred to primary



“ The equivalent circuit can be further simplified as shown in the figure
(5) by combining parameters R; and R, as Roi and X; and X, as Xoy,

s Where

?—D——NW\, 000 o
Zo1 1
' |Load V, Vs zZ Load
! v Y l
O = O

(@ (b)

Figure (5): Approximate equivalent circuit when referred to primary



Equivalent circuit when referred to Secondary

% Similarly, if all the primary quantities are transferred to
secondary, we can get the equivalent circuit of the transformer
when referred to secondary as shown in figure (6).

§ X ~ ¥ = \ J
Z o Z;
Vi Ry Xy E,=E;j Vo Z, |Load

;' N

Fiqure (6): Equivalent circuit when referred to secondary

Here,

R, =K’R,. X, =K*X,, &=k
' ! I L I
El:KE]. Jgrlz—lq IU:_D

K K

Roz = R2+K2R;, Xpa=X+K2X, Zo2 = Roz + ] Xo2



Approximate equivalent circuit when referred to secondary:

“ Similarly, if the exciting circuit parameters also gets transformed to
secondary as R, and X,, then the equivalent circuit when referred to

secondary can be drawn as shown in figure 7.

I, Rj X9, R X
G AN —TTT0 AMN—TTTN—o
V2 |z |Load
: X
{1 Roz 02 12 )
} —— o
ZUZ
V; V, Z, |Load

4

C

Figure (7): Approximate equivalent circuit when referred to secondary

13



Problem: A 20-kVA, 50-Hz, 2000/200-V distribution transformer has a
leakage impedance of 0.42+ j 0.52 Q in the high-voltage (HV) winding
and 0.004 +j 0.005 Q in the low-voltage (LV) winding. When seen from
the LV side, the shunt branch admittance YO0 is (0.002 —j 0.015) ©.
Draw the equivalent circuit referred to (a) HV side and (b) LV side,

indicating all impedances on the circuit.

Ans: 0.42 +/0.52 0 04+j05Q  10:1

1 o— AN —TH0 ANAN—TE r o

(0.002 —j0.015) <
% 1020 =

1'3 QJ

(a)

r FEEEE

5

0:1 DDDdE+}DDDSZﬂ 0.004 + j0.005 ©

Q—T (T_o_f TE—A\Y )
CH 0.002=;0.015) G
§ FJ U ( o | )
S o

Yo | . ° X

(b) 14
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Losses in a Transformer

The various losses in a transformer are enumerated as follows:
Core-loss: These are hysteresis and eddy-current losses resulting from
alternations of magnetic flux in the core. It may be emphasized here that
the core-loss 1s constant for a transformer operated at constant voltage
and frequency

as are all power frequency equipment.

Copper-loss (I2R-loss): This loss occurs in winding resistances when the
transformer carries the load current; varies as the square of the loading
expressed as a ratio of the full-load.

Load (stray)-loss: It largely results from leakage fields inducing eddy-
currents in the tank wall, and conductors.

Dielectric-loss: The seat of this loss 1s in the insulating materials,
particularly in o1l and solid insulations.

The major losses are by far the first two: Pi, the constant core (iron)-loss
and Pc, the variable copper-loss.

Therefore, only these two losses will be considered in further discussions.



Losses in a Transformer

% The transformer is a static device and hence there are no
mechanical losses i.e., friction and windage losses. Hence the losses
taking place in transformer are

(i) Core or Iron losses, and
(i1) Copper losses

(i) Core or iron losses (W)

% This is the power losses that occurs in the iron part of the
transformer due to the alternating flux in the core.

¢ These losses are further classified into two types, such as
Hysteresis losses and Eddy current losses

% (a) Hysteresis losses: Due to alternating flux setup in the magnetic
core of the transformer, it undergoes a cycle of magnetization and
demagnetization resulting a loss of energy which is called as

hysteresis losses.
Hysteresis losses, W, =nBL° .f.v watts
Where 7 = Hysteresis constant, depends on material

Bmax =Maximum flux density
f = frequency
v = volume of the core



% (b) Eddy current losses: The alternating flux linking the core in a
transformer will induced an e.m.f in the core, called eddy e.m.f. Due
to this eddy e.m.f an eddy current is being circulated in the core. This
eddy current circulation dissipates some losses in the resistance of
the core called eddy current power losses in the form of heat.

~

Eddy current losses, W. =K _B._f’t’v watts

Where K= eddy current constant
t= thickness of the core.
* Both hysteresis and eddy current losses are depending upon (i

IMAX -

maximum flux density, B, in the core and (ii) supply frequency, f.

¢ Since transformers are connected to constant frequency, constant
voltage supply, both f and B, _, are constant. Hence, core or iron losses
are practically the same at all loads.

% Iron or Core losses, W.,=Hysteresis losses+tEddy current losses =
Constant losses.

** The hysteresis losses can be minimized by using steel of high silicon
content whereas the eddy current losses can be reduced by using core
of thin laminations.



(ii) Copper losses (W

cu)

/7

< Copper losses is the power ([°R) wasted in the form of heat due to
resistance of the primary and secondary windings.
Total losses = [°Ri+1,”Ro=1,"Ro1 =1,’ Roo

* From the above equation, it is clear that the copper losses depend
upon the load current and is proportion to the square of the load
current hence called the variable losses.

s Thus, for a transformer total loss
W= W.+W_, = Constant losses + Variable losses

¢ It may be noted that in a transformer, copper losses account for

about 90% of the total losses.



Separation of core losses

% The core losses (or iron losses) consist of two components such as
hysteresis losses and eddy current losses. Sometimes it is desirable to
find the hysteresis losses component and eddy current losses
component separately in the total core losses.
Hysteresis losses, W, =nB.° fv

max.
1.6
=W, o B\: f

IMax .

Eddy current losses, W, =K B2t
SV, o Bl S
“ If the maximum flux density B_, is kept constant by keeping
(V/1) constant, then
W, = Af + Bf’

Where A and B are constants
% If the measurement of W, is taken at two different frequencies by

keeping the ratio (V/{) constant, then we will have
W, = Af, + Bf;
W, = Af, + Bf;
“ By solving the above two equations, we can determine A and B and
hence we can determine W, and W_ separately.



Solved Problem-7: In a transformer the core losses is found to be 60W
at 40Hz frequency and 100W at 60Hz frequency; both the losses being
measured at same maximum flux density. Find the hysteresis and
eddy current losses at 50 Hz.

Solution: Given that

Wii=60W, f1=40Hz, Wix=100W, f2=60Hz

W, = Af, + Bf,

60=404+1600B

—> A+40B=1.5 --- (1)

W, = Af, "'3»’{;11

100 = 604 +3600B
— A+60B =1.67 —(2)

By subtracting equation (2) from equation (1), we have
20B=0.17 = B=0.0085

From equation (1), we have
A=15-40B=1.5-40x0.0085=1.16

. Hysteresis and eddy current losses at 50 Hz
W, =Af =1.16x50=58W
W, = Bf* =0.0085x2500 =21.25W



Solved Problem-8: The core losses for a given single phase transformer
is found to be 2000W at 50Hz. Keeping the flux density constant, the
frequency at the supply is raised to 75Hz resulting in core losses of
3200W. Find separately hysteresis and eddy current losses at both the
frequencies.

Solution: Given that

Core losses at S50Hz=2000W

Core losses at 75Hz=3200W

We know that

Hysteresis losses, Wy=Af

Eddy current losses, W.= Bf2

S WisWh+We=Af+Bf2

At 50Hz, W;;=2000W

= 50A + 502B =2000

= A+ 50B =40 --—- (1)
At 75Hz, Wix= 3200W

= 75A+752B=3200

= A+75B = 43.67 ---(2)



By solving above eqns. (1) and (2) we can get

A=32.66, B= 0.1468

Hysteresis losses at 50 Hz, Wy = Af = 32.66x50 = 1633 W
Eddy current losses at 50Hz, We = Bf2 =0.1468 x 502=367W
Hysteresis losses at 75 Hz, Wy, = Af = 32.66x75 = 2449.5 W
Eddy current losses at 75 Hz, We = Bf2 =0.1468x 752=825.75W

26-Aug-23



Efficiency of a Transformer

s Efficiency of a transformer at a given load and power factor (p.f.) is

defined as the ratio of output power to the input power, when both the

quantities are expressed in the same units.
output power output power

Efficiency, . =— =
input power  output power + losses

B V,I, xp.f.
VI, xp.f.+I'R +1’R, + W,

= 17

(i) Condition for maximum efficiency

Let us consider primary side of a transformer
Primary input=V,l; cos ¢,

Iron losses, Wi=W, +W,

Copper losses, W¢,= Ilz Ro1 (or) IZER[:Q

input — losses

Efficiency= _
input
??:Kflc‘jsél_flzﬂm_m:l_ 1, Ry, B W,
V, I, cos g, Vicosg, VI, cosg

10



For efficiency ‘77’to be maximum o (17)=0

d [1_ IIROI o ﬂ{ J_O

d 1 Vicosd, VI cosg
- _R(]] + ,,I)K —0
Vicosgy V| 1 cosg

I
Vicosg, VI cosg
= I’Ro1=Wi;

— Copper losses = Iron losses

% Hence the efficiency of a transformer will be maximum when copper

losses are equal to iron losses

. 1°Roi (or) 1,°Rox=W;
Current corresponding to maximum efficiency is

W W
L= I L (o) b= }—
REII REIE

11



(ii) Efficiency at any desired load
 Let S= Full load kVA of the transformer
W .= Full load copper losses
cos ¢ =p.f of the load
x= ratio of actual load to full load
For example, at 2 F.L, x=1/2 & at 4 F.L, x=1/4
. Output of the transformer= xScos¢

[ron losses=W;
Copper losses=x2 W,
Therefore, the efficiency at any desired load is given by

_output power _ output power

input power  output power + losses
xS cos ¢
xScosg+W, + x*W,

e ]

P any load —

Where x=Fraction of F.L at which the transformer is working
For maximum efficiency
copper losses = iron losses

XW_ =W,

il

12



w. Iron losses
=X = =
/8 F.L.copper losses

_ KVA,.. Iron losses
Full load kVA

..Load kVA corresponding to maximum efficiency is given by

KVA__ = full load KVA x \] it

full load copper losses

F.L.copper losses

Solved Problem-9: A 200 kVA, 1-phase transformer has an efficiency of
98% at full load. If the maximum efficiency occurs at 3%
full load, calculate the (i) iron losses, (ii) copper losses at full load, and

(iii) efficiency at half full load. Assume a p.f of 0.8 at all loads.
Solution: Given that

kVA rating=200kVA

neL=98% at pf=038

1] max OCCUTIS at% full load

B 1x200x10° 0.8
1x200x10° x0.8+W +W,,

M1 =0.98

13



160x10°

:> e . L
098

— Wi + Wcu=3263.3 WU |

W.
kVA,__ =kVA,, x [—-

il

=160x 10 +W;+Wey

3 74
~x200x10°=200x10° x |—
4 4

CH

W, 9
w. 16
= Wi= 0-5625W_y, --- (2)
From equation (1) 0.5625Wcu+Weu = 3263.3
= 3265.3 5 09K
1.5625

From equation (2) W;= 0.5625 x2.09 = 1-175 kW
i) Iron losses, Wi= 1.175 kW

ii) Copper losses at full load, W, = 2.09 KW

iii) Efficiency at half full load

I .
5220008 20

Mat oa F.L~ :
%xzﬂoxo-mWHiW@ 30+@+1-175
4

~
LTI E Ty

x100 = x 100

80x100

816975

= 93.9%

14



Solved Problem-10: A SOkVA transformer on full load has a copper
loss of 600W and iron losses of 500W. Calculate the maximum
efficiency and the load at which it occurs. Assume load p.f.=1
Solution: Given that

kVA = 50, W,=600 W, W; =500 W

At maximum efficiency,

Copper losses=Iron losses=500W

LXW, =W,

o

W f
Hi'!f 600

-.Output at maximum efficiency=xScos¢=0.9129 x50 x 1 =45.645 kW

Therefore, maximum efficiency,
output power 45.645

= x 100 =97.86%
output power +losses  45.645+0.5+0.5

. Load kVA corresponding to maximum efficiency is given by

kVAmax= full load kVA x dd =50 x fﬂ =45.645kVA
full load copper loss 600




Solved Problem-11: The efficiency of a 200 kVA, single phase
transformer is 98% when operating at full load, 0.8 p.f. lagging.
The iron losses in the transformer is 2000W. Calculate the

(i) Full load copper losses

(ii)) Half-full load copper losses

Solution: Given that

kVA rating = 200
n = 98% a full load, at p-f =0.8

[ron losses in the transformer, W;=2000 W
Full load output =xScosg=1x200x0.8=160 kW

output power

. 160
= 1nput power = ——=163.265
output power + losses 0.98

Total losses= input power-output power=163.265-160=3.265kW
i.e. Wi+W,=3265
Wou=3265-Wi=3265-2000=1265W
Therefore, Full load copper losses=1265W
At half full load, x=1/2=0.5
Half-full load copper losses= x2 W.,=0.52x1265=316.25W



Solved Problem-12 The efficiency of a 400 kVA, single phase
transformer is 98.77% when operating at full load, 0.8 p.f. lagging
and 99.13% at half load and unity p.f. Calculate the

(i) Iron losses (ii) Full load copper losses

Solution: Given that kVA rating =400, (Losses=W,+x’W )

Case-1: 1=98.77% at full load (x=1) 0.8 p.f lag

Output =xkVAcos(®)=1x400x10°x0.8= 320000 W

Input =Output/Efficiency=320000/0.9877=323985.015 W
Loss at full load=W+W =Input-Output=3985.015 W ---(1)
Case-2: 1=99.13% at halfl load (x=1/2=0.5) unity pf (cos(®)=1)
Output =xkVAcos(®)=0.5x400x10°x1=200000 W

Input =Output/Efficiency=200000/0.9913=201755.271 W
Loss at half load =W, +W_ /4=Input-Output= 1755.271 W ---(11)
Solving (1) & (11)=> (1)-(11)= W -W_ /4=3W_ /4= 2229.744 W
Full load copper losses =W = 2972.992 W

Iron losses =W,=1012.023
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Voltage Regulation of a Transformer

* Constant voltage 1s the requirement of most domestic, commercial
and industrial loads.

* [t 15, therefore, necessary that the output voltage of a transformer
must stay within narrow limits as the load and its power factor
vary.

* The voltage drop in a transformer on load is chiefly due to its
resistance and leakage reactance.

* Voltage regulation is defined as the change 1n magnitude of the
secondary (terminal) voltage, when full-load at specified power
factor 1s thrown off, 1.e. reduced to no-load with primary voltage
(and frequency) held constant, as percentage of the rated load
terminal voltage

. V. o_y oV, =V, + LRy, + j1, X,
% regulation down =| —=—= x100

e

% regulation up =( 2=V ]x 100

2



Q

Approximate Voltage Regulation

2 Ry X,

a

o——AWA—TI0"

!

V2= KV,

!

a) Equivalent Circuit b) Phasor diagram for lagging Power factor

Figure (1): Regulation of a transformer

¢ The phasor diagram for lagging power factor load can be drawn
as shown in figure 1(b)

From the phasor diagram, considering OE ~OF (by neglecting EF)
s OC=0E=0A +AD + DE
oVa = Vo+ AD+ DE i (1)
From AADB cos¢, = A
°  AB
— AD = ABcos ¢,

= AD = [2Ro2co0s ¢, --= (2]



Q

Approximate Voltage Regulation

BG
From ABCG, cos(90°—-¢@,) = —
(90°~¢,) e
; DE
= sm@, = —
% BC
= DE = BCsing,
= DE= 11 Xo2 singﬁl i (3)

* From equations (1), (2) & (3)
oVa =Va + AD + DE
= Va2 + I2 Roz cos ¢, + 12 Xozs1in ¢,

oVa- Va = Iz Roz2 cosg, +12 Xo2 sing,
In general, the approximate voltage drop is given by
Voltage drop = oV2 —=V2 = Iz Ro2 cosg, £ Iz Xoasin g,

Note: + ve sign for lagging pf & - ve sign for leading p-{

V’} = V’; 2482 2 2 . 2
. % Voltage regulation :{ . = ]x 100 = { Lo ;I‘Xﬂ- i Jx 100
| (-, 0"2 0¥2
% regulation up =| ——= |x100

2




(i) Condition for zero regulation
The regulation is zero if
I2 Ro2 cos¢, + I2 Xozsing, =0
I> Roa cos¢, = - I Xozsing,

Ry

02
= ¢, =tan"'| — Ry
) X[IE
* The negative sign indicates that zero regulation occurs at leading
power factors i.e., for capacitive loads.

= tan ¢, =—

(ii) Condition for Maximum regulation
The regulation will be maximum if

d
—— (regulation)=0
7 @1( gu )

Y d (I,R,cos¢, +1I, X, sing, s
dg, oV

— —lg R[]g 5in¢3+ IQ }"f..[;-gIfuC:IFZIlSc,‘,:’f!2 =0



= I> Roa sing, = 1> Xoa2cos ¢,

X
= tan ¢, = —%
02

X 3
= ¢, = tan™’ { L ]
i Rﬂz

** Thus, maximum regulation occurs at lagging power factor of the load.
The lagging power factor angle of the load is equal to the angle of the

equivalent impedance of the transformer.
Solved Problem-12: A 10 kVA single phase transformer for 2000/400V
at no load, has R;= 3.5Q, X;=12 Q, R,=0.2 Q, X,=0.45 Q. Determine the
approximate value of the secondary voltage at full load, 08

power factor lagging when the primary applied voltage is 2000 V.
Solution: Given that

kVA rating of transformer =10

E./E»=2000/400 V

R1=3.5Q, X1=12Q, R2=0.2Q, X5=0.45€)
V, 400 e

“ V. 2000




Ro2=R2+K2R=0.2+3.5x0.22=042Q
Xo02=X5+K?2X;=0.45+0.22x 12=0.93 Q
kVArating 10x1000

V, 400

&

Full load secondary current, [>= =354

cos ¢, =0.8 = sing,=0.6
DVQZEQZKE1:KV1ZQOUO x 0.5=400V
Approximate voltage drop,

oVa - Vo = [bRo2 CDS{E% +I:Xo02 Sint;fﬁz

400-V,=25%x0.42x0.8+25x0.93x0.6
= V2=400-8.4-13.95=373.65V

Solved Problem-13: A certain transformer has a no-load open-circuit
voltage of 120 V and the voltage drops to 110 when a load is applied.
Calculate the percentage voltage regulation of the transformer.
Solution:

% Regulation up (R)=[(120-110)/110]x100=9.09 %

% Regulation down (R)=[(120-110)/110]x100=8.33 %



Solved Problem-14: A single-phase transformer that has a 5%
voltage regulation has 115.5 volts at the secondary terminal when
fully loaded. Compute the transformer’s no-load terminal if the
load 1s removed.

Solution: Vi, =115.5

5%=(Vnr-VeL)/ VL

5/100=(Vy - 115.5)/ 115.5

V= 115.5x5/100+115.5=121.275V

Problem-15: A single-phase transformer rated at 10K VA
provides a no-load 110V secondary voltage. It has a secondary
winding resistance of 0.015 Ohms and a reactance of 0.04 Ohms.
Compute the voltage regulation given that it has a lagging power

factor of 0.85.



Solved Problem-13: A 20kVA, 2500/500V, single phase transformer has
the following parameters

HV winding: R=8Q, X=1.7 Q

LV winding: R=0.3Q, X=0.7 Q

Find the voltage regulation and secondary terminal voltage at full load

(i) for a p.f. of 0.8 lagging, and (ii) for a p.f. of 0.8 leading

Solution:

(i) cos¢,=0.8 lagging = sing, =0.6

Approximate voltage drop,

oVa - Vo = IbRgo CDS@'IZ +1,Xo2 sin gflz

500-V,=40x0.62x0.8+40x0.768x0.6=38.272
= V12=500-38.272=461.73V

I’PRT 2 2 | X"} - 2 .
2Ry, cosg, +1, X, sin ¢, X100:33272
oV 500

x 100 =7.65%

% Voltage regulation= (

(ii) cos¢,=0.8 leading = sin¢g,=0.6
Approximate voltage drop,
oVz2 - V2 = [2Ro2 cos ¢, -12Xoz2sin ¢,

500-V2=40x0.62x0.8-40x0.768x0.6= 1.408
= V>=500-1.408=498.59V

LR, cosd, —I,X,, sing, ]xmo: T ———
5

o>

% voltage regulation= [



Percentage Resistance, Reactance and Impedance

\/
000

4

L (4

L)

L (4

Percentage resistance is the resistance drop in volts at rated current
and frequency expressed as a percentage of rated voltage. Therefore,
percentage resistance or ohmic drop of a transformer at full-load

]R I,R
V. (0r) %R = "0 < 100 = 22792 %100
2 v
I°R I,’R
= 1 x100=—=2-"2x100 =% Copper losses at full load
ni i,

Percentage reactance is the reactance drop in volts at rated current and
frequency expressed as a percentage of rated voltage. Therefore,
percentage reactance drop of a transformer at full-load.

1,X 1,X,,

V. (or) %X =—-"-x100 = x 100
4 v,
Similarly, percentage impedance drop at full-load
V. (or)%Z :ﬂxloo Lzg x 100

1 2

10



Solved Problem-14: Calculate the voltage regulation of a
transformer in which the ohmic drop is 1% and reactance drop is
5% of the full load voltage, when the load p.f. is (a) 0.8 lagging (b)

0.8 leading
Solution: Given that
Ohmic drop, V, = S 100=1%

2

%
Reactance drop, V, = ¥ £ x100=5%

X

A

LLRy,cospt1,X,,sing
o/

(i) When p.f. cos¢ =0.8 lagging, sin ¢ =0.6

% voltage regulation =V _cos@+V_sing=1x0.8+5x0.6 =3.8%

(ii) When p.f. cos¢ = 0.8 leading, sin¢ = 0.6

% voltage regulation =V _cos¢—V_sing =1x0.8—-5x0.6 =-2.2%

% voltage regulation = x100=V cos¢ptV _sing
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Transformer Tests

Transformers can be tested by applying direct load.

Two chief difficulties which do not warrant the testing of large
transformers by direct load test are:

(i) large amount of energy has to be wasted in such a test,

(i1) it is a stupendous (impossible for large transformers) task to
arrange a load large enough for direct loading.

Thus performance characteristics of a transformer must be
computed from a knowledge of its equivalent circuit parameters
which, in turns, are determined by conducting simple tests
involving very little power consumption, called non-loading
tests.

In these tests the power consumption is simply that which is
needed to supply the losses incurred.

The two non-loading tests are the Open-circuit (OC) test and
Short-circuit (SC) test.



Transformer Tests

The equivalent circuit parameters, efficiency and voltage
regulation of a transformer at any load and p.f can be
predetermined without actually loading the transformer.

These tests consist of measuring the input voltage, current and
power to the primary first with secondary open-circuited (open-
circuit test) and then with the secondary short-circuited (short
circuit test).

Further, the power required to carry out these tests is very
small as compared with full-load output of the transformer.

Before proceeding to describe OC and SC tests, a simple test
known as Polarity Test will be discussed for determining similar
polarity ends on the two windings of a transformer.
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Polarity Tests

Similar polarity ends of the two windings of a transformer are
those ends that acquire simultaneously positive or negative
polarity of emfs induced in them.

These are indicated by the dot convention as illustrated in Fig.
Usually the ends of the LV winding are labeled with a small letter
of the alphabet and are suffixed 1 and 2, while the HV winding
ends are labeled by the corresponding capital letter and are
suffixed 1 and 2 as shown in Fig. 3.21.

The ends suffixed 2 (a2, A2) have the same polarity and so have

the ends labeled 1 (al, Al).
% J a Ap
In determining the relative polarity of the + T S .
two-windings of a transformer the two k " H‘ "
windings are connected in series across a : : :
voltmeter, while one of the windings is ﬂi L - .
excited from a suitable voltage source as 8y A4

shown in Fig. @




Polarity Tests

o—
Qo
(%]
p=
(%]

o

* [f the polarities of the windings are as i T + o o]t
marked on the diagram, the voltmeter should v Vi H‘ v,
read V=V, <V, N

* [f it reads (V, +V,), the polarity markings a; A
of one of the windings must be interchanged. @

L.V. Side IF V3>V1 IF V3<V1
XL —~ X2 X2 X1
%)

1 H2 H1 H2

H1l
H i
2 V._Si Additi Pol I'ity Subtractive

Polarity

To do the parallel operation of the single-phase transformers, the correct
polarity connection between the single-phase transformer is a must.



Open Circuit Test

This test is conducted to determine iron losses (or core losses) and
no-load current, I, which is helpful in finding R, and X,.

In this test, the rated voltage is applied to the primary (usually low-
voltage winding) while the secondary is left open circuited.

A wattmeter ‘W’ a voltmeter V' and an ammeter ‘A’ are connected in
the low voltage side i.e. primary winding in the present case.

The applied primary voltage V, is measured by the voltmeter, the no
load current I, by ammeter and no-load input power W, by
wattmeter as shown in figure (1).

W, I, |
e

— S v /” \ - T R

| pC ' :

.]\___ ____________ L : 1_.___“ . : B Iw ll'l'l
v @ £t 3 oc v, R, X,

— — 1

| =)

(a)Circuit diagram (b) Equivalent circuit

Figure (1): OC test circuit diagram
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Open Circuit Test

With normal voltage applied to primary, normal flux will set up in the
core and hence normal iron losses will occur, which are recorded by the
wattmeter ‘W’.

As the primary no load current [, (2 to 5% of rated current) is small,
copper losses are negligibly small in the primary and nil in the secondary
(being opened). Hence the OC test gives core losses alone practically (i.e.,
wattmeter reading) and is same for all loads.

[ron losses, Wi= Wattmeter reading= Wy

No-load current= Ammeter reading=Io

Applied voltage=Voltmeter reading=V,

Input power, Wo=V1lpcos ¢, . No—load p.f = cosgd, = Wy
| R
lm:ll:] Sint:ﬁ[] ’ Iw: I'D COS J;Ef'ﬂ
R, | and X, ol
I /

W 1

Thus open-circuit test enables us to determine iron losses and
parameters R, and X, of the transformer.



Short Circuit Test

* This test is conducted to determine Ry; (or Ry,), Xy; (or X,,) and full-
load copper losses of the transformer.

¢ In this test, the secondary (usually low-voltage winding) is short-
circuited by a thick conductor and variable low voltage is applied to the
primary as shown in figure (2).

< A wattmeter ‘W’, a voltmeter V'’ and an ammeter ‘A’ are connected in
the high voltage side i.e., primary winding in the present case.

WSC ISC
el
o =% v /7 \ LV e Ro Xy
| PC J 2 gedon
-

=

(a)Circuit diagram (b) Equivalent circuit

Figure (2): SC test circuit diagram



Short Circuit Test

% A low voltage (usually 5 to 10% of normal primary voltage) is applied
through a variac to the primary and is gradually increased till the
ammeter ‘A’ indicates full load current I, in the primary.

» Since the applied voltage is very low, so flux produced is very small.
Hence, the iron losses are so small that these can be neglected, with the
result, the wattmeter ‘W’ reads total full load copper losses of the
transformer.

Full load Cu losses, Weu= Wattmeter reading= Wsc
Full load primary current= Ammeter reading=Is.
Applied voltage=Voltmeter reading=Vs.
W‘u' = I‘.tle + IHLJR:.E - I.‘-‘:'j (Rl + R:l J = IELZR[”

W

5C

I 3
FC

0

= Ry, =

5C

Total impedance when referred to primary, Z, = 5

FC

Total leakage reactance when referred to primary, Xo1= \/Z'm2 -R,’

% Thus, short-circuit test gives full-load copper losses, Ry; and X;



Advantages of Transformer Tests

(i) The power required to carry out these tests is very small as
compared to the full-load output of the transformer. In case of
open-circuit lest, power required is equal to the iron losses
whereas for a short-circuit test, power required is equal to
full-load copper losses.

(ii) These tests enable us to determine the efficiency of the
transformer accurately at any load and p.f. without actually
loading the transformer.

(ii1)The short-circuit test enables us to determine Ry, and X, (or
Ry, and X,,). We can thus find the total voltage drop in the
transformer when referred to primary or secondary. This
permits us to calculate voltage regulation of the transformer.

10



Predetermination of efficiency and voltage regulation

* Knowing the equivalent resistance and reactance referred to primary
(or secondary) from short circuit test, the voltage regulation of the
transformer at any p.f. can be determined by

IR, cosp £, X, sing 100 I,R,,cosgp*+1,X sing
X =
I/l OV2

x 100

% voltage regulation =

*» By performing OC and SC tests we can find the total losses

If Wo=Input power in watts from OC test
=Iron losses, Wi
W=Input power in watts from SC test with full load current
=Full load copper losses, W,
Then the total losses on full load=W;+W,

xS cos ¢
xScosg+W, +x*W,

¢ Where x=Fraction of F.L at which the transformer is working

s Efficiency at any load is given by at any load =

«» S=Full load kVA of the transformer

11



Solved Problem-16: A S5kVA, 200/350 V, 50Hz 1-phase transformer
gave the following test readings:

OC test: 200V, 0.5A, 60W (on LV side)

SC test: 22V, 16A, 100W (on HV side)

Find the voltage regulation at 0.6pf lagging at full load

Solution: Given that

OC test: 200V, 0.5A, 60W (on LV side)
SC test: 22V, 16A, 120W (on HV side)
~W._=100W, I_=1,=164, V=22V, cos¢,=0.6

W 100
= = =(.390)
Ko, 1?2 16
5
AL W
116

Xy, =+ Zo? — Ry =1.375 —0.39* =1.320
The voltage regulation is given by

%rf:—'g.:(jsz cns.;eil;-IEXﬂz smgﬁlJxmo:[16x(}.39x0.§;}16xl.32><{}.8)x100:5*9%




Solved Problem-17: A 10kVA, 450/120V, 50Hz transformer gave the
follow test results:

O.C Test: 120V, 3.2A, 80W (on LV side)

S.C Test: 9.65V, 22.2A, 120W (LV side short circuited)

Calculate the efficiency and voltage regulation for 0.8 p.f lagging at full-
load.

Solution: Given that

Full Load primary current /, = % =2224

S0, F.L copper Losses (from SC test) Weu= 120 W
[ron losses (from OC test) W; =80 W
Total losses = W; +W,=80+120=200 W

F.L output = 10 x10° x 08 =8000W

.. Efficiency= output <100 = 8000

output + losses 8000+ 200

From SC test data,
Vsc=9.65V, [=22.2A, W=120W

LV is short circuited means instruments are connected on HV side i.e.
primary side

x100=976%




W 120

R, =T ~ =0.2435Q
2 (223)
V. 9.65
== = —— = 0.43470)
!

. \/Zﬂ,l2 —R,> =+/0.4347> —0.2435" = 0.36Q
The voltage regulation is given by
. ( IR, cos¢+1 X, sin ¢))><10{]

4
» ( 22.2x0.2435x 0.8 +22.2x0.36 x0.6)
N 450

Solved Problem-18: A single phase, 250/500V transformer gave the
following results:

Open circuit test: 250 V, 1A, 80 W (LV side)

Short circuit test: 20 V, 12A, 100 W (HV side)

Draw the equivalent circuit when referred to primary by showing all the
circuit constants.

Solution: Given that

Open circuit test: 250V, 1A, 80 W (LV side)

Short circuit test: 20V, 12A, 100 W (HV side)

]xl[}[}:lﬂi’)%



From OC test data
V=250V, I,=14, W, =80W

Wy, =V, I, cos g,

cos @, = il B =032
VI, 250xI1

I =1I,cosgh=1x0.32=0.32
I, =I5 =12 =417 —0.32% =0.947
Ro=_ 2 _gaysny

I, 032
X, =-1 o O

I 0947

From SC test data
o =20V, 1 =32N, W =100W

As the primary is short circuited, therefore all the values are referred to

the secondary winding.

. W
W, =I’R,=>R,=—== 10? =0.694Q
L1a X D_ i I._ ]-2._

FC




o % =1.67Q

Xop =+Z)’ — R, =V1.67* -0.694* =1.515Q2
E 250
R, = R“f = ﬂ'6?4 =1 13552
K 2
Xy = X“f = 1'5,,15 =0.378750Q2
K- e
The equivalent circuit when referred to primary is
JIIEl'illl XEII
o —AM W o
A +Tﬂ 0.1735Q  0.37870 A
V=250V Rg=77.25 ﬂ:é— Bx 2040 £

O
O«



Solved Problem-19: Solved Problem-24: A 1-d, 10kVA, 2500/250V
transformer gave the following test results:

OC test: 250V, 0.8A, SO0W (LV side)

SC test: 60V, 3A, 45 W (HV side)

(i) Calculate the efficiency at %, 2 of full load at 0.8 p.f. lag

(ii) Calculate the kVA output at which maximum efficiency occurs
Solution: Given that

OC test: 250V, 0.8A, SO0W (LV side)
oC test: 60V, 3A, 45 W (HV side)
From OC test data, iron losses in the transformer, Wi=50W
SC test is conducted on HV side (primary side)
Vsc=060V, [;c=3A, Wsc=45W
kVA Rating 10x1000

1F.L =

v, 2500

Full load primary current, J

£ 3

s | 4Y
Full load copper losses, W :{ i ] W, = (—J x 45 =80W
(i) At ‘4 full load i.e. at x=1/4 and p.f.=0.8 lagging

1
output ZxSms;s’:::l—xI{]xlU{){Jx[}.S:EDOUW



Total losses= Wi+x2 Wy =50+ (ij x 80 =55W

tput 2000
IO i s MY (') 9 %100 = 97.32%

~ output + losses 2000 + 55

At 2 full load i.e. at x = %and p.f.=0.8 lagging

1
output ZxScns;fa:ExlelDﬂGxD.Sz4ﬂUOW

Total losses= W;+x2 W, =50+ (%j x &80 =T70W

tput 4000
I .. i x100 = % 100 = 98.3%

i output + losses 4000 + 70

(ii) Load kVA corresponding to maximum efficiency is given by

KVA, = full load KVA x_[—= =10x, |20 = 7.9kVA
| H}:w 80
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Sumpner’s (Back-to-Back) Test

 While OC and SC tests on a transformer yield its equivalent circuit
parameters, these cannot be used for the ‘heat run’ test wherein the
purpose is to determine the steady temperature rise if the transformer
was fully loaded continuously.

4

L)

D)

» Under OC and SC tests the power loss to which the transformer is
subjected is either the core-loss or copper-loss but not both.

4

D)

L)

» The way out of this problem without conducting an actual loading test
is the Sumpner’s test which can only be conducted simultaneously on
two identical transformers.

4

D)

» In conducting the Sumpner’s test the primaries of the two transformers
are connected in parallel across the rated voltage supply (V,), while the

L)

two secondaries are connected in phase opposition.

4

L)

% For the secondaries to be in phase opposition, the total voltage across
secondarries must be zero otherwise it will be double the rated
secondary voltage in which case the polarity of one of the secondaries
must be reversed.

% Current at low voltage (V,) is injected into the secondary circuit.



Sumpner’s (Back-to-Back) Test
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Sumpner’s test on two identical single-phase transformers



Sumpner’s (Back-to-Back) Test

¢ The two transformers appear in open circuit (on secondary) to source V,
as their secondaries are in phase opposition and therefore no current
can flow in them.

% The current drawn from source V, is thus 2], (twice the no-load current
of each transformer) and power is 2P, (= 2Pi, twice the core-loss of each
transformer).

* When the ac supply (1) terminals are shorted, the transformers are
series-connected across V, supply (2) and are short-circuited on the
side of primaries.

% Therefore, the impedance seen at V, is 2Z and when V, is adjusted to
circulate full-load current (Iy), the power fed in is 2Pc (twice the full-
load copper-loss of each transformer).

¢ Thus in the Sumpner’s test while the transformers are not supplying
any load, full iron-loss occurs in their cores and full copper-loss occurs
in their windings; net power input to the transformers being (2P, + 2Pc).

s The heat run test could, therefore, be conducted on the two

transformers, while only losses are supplied.
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