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TRANSFORMERS

A Transformer is a static device comprising coupled coils (Primary and Secondary) wound on common magnetic
Core.

MMF (F)

F = NI Amp. turns
Let the mean core length =/ B

y I Je—

Flux density = B, Flux ¢ = BA >

A = Area of cross-section of core. ,_E =N §a

Magnetization force or magnetic field intensity (H)
I
H = NTATS / m
1.1 MagnNeTIic HYSTERESIS CURVE
If ac current is made to flow through coil in the magnetic circuit shown above i = [ sin ot
14
Il’l’l
T/2 3T/4 /\ -
T/4 \jT 1
A | W S A S )N :
Ti iod T= L_2m
me perio "t

Where o = 2nf is frequency
Let nitially B =0 (i.e. residual magnetism is absent)

T . .
For0<t< 7 where 1 increases from zero to [, initially B increases linearly with H (or 1) and after a certain
value of H, B doesn’t increases significantly i.e. B remains almost constant i.e. saturation.
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For linear magnetic circuit

B « H
= B =uH
= B =pouH
Where p = Permeability of iron core

i, = Relative permeability of core

K, = Permeability of air

Bocd 4
Ni Ni . ! .
mki = = = uAx— (H=— le—— Linear ———'«— Saturation»
Flux linking ¢ =BA=pHA = pAx— ( ; ) B, [T o :
_Ni_F
= =T R .
Where F =Ni (mmf in Amp-Turns) applied Im — >
! oCl
/

R, = A reluctance of core
0

mmf = Magneto-Motive Force

The equation ¢= R_is developed on basis of the analogy of electrical circuit (force voltage analogy)
l
shown below :

EMF
Resistance

= 1= % e()_ §R

v

Current =

] o™ |
GA G oA/l oA

! & A are the length & area of cross-section while & is the conductivity of material.

Where resistance R

Flux = mmf
o Reluctance
F
= =5
¢ R,

Note : For high permeability material e.g. Iron, 1. is high & R, is low it is said to be magnetic conductor or magnetic
material. For low permeability material n.=1e.g. Cu etc. R; is high so it is said to be non-magnetic material or

magnetic insulator.

T. T T , .
After 7 1e. 7 <t <5 where 1 decreases from [, B also decreases but not in the same manner.
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At

T
t= PR 1= 0 but B =B, # 01i.c. some residual magnetism is left.

A

B, = Retentivity or Residual flux density.

B
T/A<(<T/2
B, |- /7 s :
B, Y l
A -
N :
-I.(-H,) H, l
<> LHY H o
: &p\b
NI

T. T 3T
After By 1e. 5 <t< 7 the direction of current i (& H) gets reversed so magnetization is going on decreasing

and at a particular value of current say I [& H, =

H, = Coercivity or Coercive force

NI,

j B becomes zero i.e. residual magnetism is lost due to H,.

3T

As 1 increases further (in —ve direction) B gets reversed & becomes max at t = Ve

Where x = Steinmetz constant (x = 1.6), K, = Hystresis coefficient

According to B-H loop we categorize magnetic material broadly into two categories

Hard Magnetic Material
e  Wider B-H loop
e B, H, (Bothhigh)
e  Hysteresis loss Higher

P, o BXf

P, = K,B:f

e  Suitable for d.c applications & permanent magnet etc.

Soft Magnetic Material

e  Narrow B-H loop
e B, H, (both low)

e  Hysteresis loss small

e  Used for a.c applications e¢.g. Transformer, AC machines.
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Let us neglect hysteresis & saturation, the B-H loop will be linear (as in case of air)

According to B-H loop

B < H 1B
B =uH
p = Permeability of core H
L= Hokly
L, = Absolute Permeability
1. = Relative Permeability
For linear magnetic circuit ¢ ocl
mmf  F ¢
¢ = Reluctance R,
[ 1
..p_ kNI —
o—Pp—
I
(I) - ﬂ A
l $=BA
NI  mmf
¢ = /uA)  Reluctance
i
Reluctance = A
_ UNIA
=
Flux linkage v = N¢
N oc 1
N¢ =LI
N¢ . : .
Inductance L= T le flux linkage per unit current.
No _ N(pNIA
I U A
2
L= uN-A
/
N®  N?
= L = =
(//nA) R,
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R; = Reluctance

LocL

1

Air gap length =1,

R/; = Reluctance of iron path o
R/, = Reluctance of air path
Total Reluctance in the path of flux, ¢ I A
R/ =R/ +RI, H 4 /
N Yy s
I R
For iron path R =" x
or iron pa T A

1. — Relative Permeability of iron.
. 1 .

For airgap, Rl, =% As(u,= 1) for air

HoA
As Permeability of iron is much greater than permeability of air (p,.= 1)
1e W >>1
So, there fore we can say Reluctance of air gap will be more.
1.€. R]g >> Rl

1.¢. Total reluctance R/ = R/, (air gap reluctance).

1.2 Eppy CURRENTS

If an iron piece is lying in the magnetic field, the flux linking ¢ = BA cos 0 , so ¢ can be changed if cither B,
A or 6 changes.

Iron Piece
X X X /

Case-1 : B is constant but area ‘A’ of iron piece linking with B is changing (e.g. in dc machines) i.e. $ = BA
also changing with time.
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Case-11 : Iron piece is stationary but B is changing w.r.t time (¢.g. transformers), so ¢ = BA is changing w.r.t
time.

As flux linking ¢(t) is changing (in both the cases) there is induced emf in the iron piece i.c.
d¢

T dt

Due to the induced emfs, there are induced currents in the iron i.e. eddy currents i,

€

€

) + €  _ + € _
L= R
¢ ie ie

Where R, is the resistance in the path of eddy currents i.e. resistance of iron.

Eddy current loss i.e. power loss due to eddy currents 0 O
. ez U U

2
1R =—
Pe € € Re
As ‘¢’ is independent of R,
1
= Pox R

€
So P, can be reduced by increasing R, i.e. using high resistivity iron.

R, can also be increased if instead of thick iron, laminated iron is used i.e. thin layers of iron pieces are
separated by very thin layers of insulation.

1< 1
16

t N Insulation

As resistance is introduced in the path of eddy currents so resistance R, increases & hence power loss
decreases.

Where ‘t” 1s thickness of lamination.

Consider the laminated iron core of transformer

+ 4
V,.f @ > N-turns
4

The eddy current losses are
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Where B, is peak flux density in the core
f is frequency
t is thickness of lamination
p. 1s resistivity of iron core
B is constant (depending upon the shape & size of lamination).

P, can also be reduced by using high resistance of iron core.
P, o B2f%t?
or P, o Brznf 2

= P, = K B:Zf?

Where K, is constant

The combination of hysteresis loss P}, & eddy current loss P, is said to be iron loss.

P; =P, +P, =K, BL°f + K _BZf?

1.3 TRANSFORMER EQUATION

Primary : Where source is connected.

Secondary : Where load is connected.

At No load. Due to magnetising current I, magnetising flux ¢, is produced.

Let ¢, = @y SinOL

Induced emf in Primary and secondary is ¢; & ¢,

Niddy, | ~Nydd,

gl @ - dt

d :
€1 = _Nl a((l)max Sll’l())t)

o
-
Il

—-N,06,,,. cosot

€1 = —N,0¢,,,. sin(90 —ot),
As e; = Nyod,,. sin(ot — 90°)
peak emf E, = N,ob,.«

G
W&

Gt 02

L+, L#0

+ +
——— E, | |V,

Load

/\/’7‘/\/\
l

o =2nf

We can say induced emf E lags behind the corresponding flux ¢,, by 90°

e; = Nyod,,.. sin (ot — 90°)
e; = E,, sin (ot — 90°)
Peak emf E, = N,ob,.«

= Nl(zn f) (I)max =2n le (I)max

Em
Let rm.s value of E  is E; E = NG =27 Ny
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Similarly EZ = \/ETENZf (I)max
E, Ny
E, N
N,
N, -k
Turns ratio or Transformation ratio
As V, ~E,
Vl = \/ETEf Nl(l)max
I Vi
(I)max = \/ETCNI f
)
(I)max = \/ETCNI f
Vi
o 28
(I)max f
$max = constant
= Nl ¢ Socondary flux ¢, = 22
b, = R] econdary flux ¢, = RJ
According to Lenz’s law the flux ¢, of current I, will oppose ¢,,,.
Lenz’s law : The induced current flows in such a direction so as to oppose very cause of its production.
So net flux in core = ¢, — ¢,
Due to flux ¢, net flux in the core decreased, (¢, — $,)
Vl .
However o, oc e constant,
That’s why to maintain flux ¢, constant the primary winding produces additional flux ¢, so it takes additional
current I,

Secondary flux

Additional flux by Primary
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Primary Current L=1+1L
As I, <<1
SO NI, =N,I,
This equation is valid only when magnetising current is negligible.
Example 1
I, R, X, R, X,
Note:EleI o ) AAAA TR AN TR o
_ +
Vi= Ep+ LR +X)) J'Io
Solution
E,=E,
Let at lag pf cos ¢
1, lags E,by angle ¢
At lagging © °
Vv,

So E, £V, (As leakage impedance R;, X; very low)
At leading pf cos ¢

1, leads E, by angle ¢
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Example 2 : The useful flux of a Transformer is IWb. when it is loaded at 0.8pf lag, then its mutual flux

(a) May decrease to 0.8Wb (b) May increase to 1.01Wb
(¢) Remains constant (d) May decrease to 0.99Wb
Ans.(d)

Solution: At no load (I=0)

L E
(I)m = \/ETCNI f
At no load E, » V,
A A I
mo \/ENITC f

At lag pf E, decreases slightly ie E =V,

wole )
So o = m £ )= Pmo
So magnetising flux decreases slightly ie approx 0.99 Wb

Equivalent Circuit of Transformer

O
N I
T - L1+ +
vV, E _>; %3_’ E, | |V

¢, = magnetising flux or useful flux

I, X, T R, X,
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R, = Resistance of Secondary

= Leakage Reactance of Primary

= Leakage Reactance of Secondary

X,, = Magnetising Reactance

Leakage flux through air = ¢,

Om >> ¢
Total flux o =0¢,1 ¢,
L=L,+L, (because N¢ = LI)
¢ oL
Where L., = Magnetising inductance

L, = Leakage inductance
L=L,6+L
Multiplying both side by o
ol =aoL,, +ol,
X =X, +X,
X,, = Leakage Reactance

X; = Magnetising Reactance

Magnitude of e

N 4
e = dt dt
L L

induced emf  voltage drop across L

From the equivalent circuit we can write
E, =V + 1, (Ry +iX2)

R X
Ey :V—2+(KIZ) =2 2
K K K? "K?

E, =V, +L(R; +jX},)

Compare above equations :

E) =f2 = Secondary emf referred to Primary

A% =f2 =Secondary voltage referred to Primary

I, = KI, = Secondary current referred to Primary

R
R, = K—§= Secondary resistance referred to Primary
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!

! .
I =K—§ = Secondary leakage Reactance referred to Primary.

The iron losses or core losses of iron core
P, =P, +P,

Where P, — Hysteresis loss

P, — Eddy current loss
P, = K,BLf & P, =K_B:f*

B,, — Peak flux density,

f — Frequency

Magnetising flux
)
(I)m = \/ETENI f
i
= Bm = \/ETENIA £
Let P, o« E? (approximated)
& P, o E?
So P; o E?
Ef
Hence Pi=%
where R; — is constant

1

R. — core loss resistor

1

By connecting R; across voltage E; in equivalent circuit, iron losses can be represented

— !
I R, X, T X Ry
oA — T ——— T —AM——
+ + IO J' A
I
I, m
\4 E =E} |R X N
o — o
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h =L+,

T, is approximately 4-3% of rated or full load current.

Where no load current

E; = Vi —L(R; +jX;)
Let primary leakage impedance drop is neglected

E; =V, sono load current

I, =

1
Ni<

Ni| =

Where Z, is the impedance of magnetising branch

Hence Z,, can also be connected across V,so approximated equivalent circuit is

+

Ol

1.4 OPEN CirculT AND SHORT CIrRculiT TEST

These test are performed to determine the circuit constants, efficiency and regulation without actually loading
the Transformer.

Open Circuit Test or No Load Test

To determine iron loss, As iron loss depends upon the applied voltage so it is performed at rated voltage hence
it is performed on L.V side

1 R +R, X, +X; I, =0
o—b ANA— TN ————
1 v Do Wattmeter
(AT o
\% ) :2 =" olc
1 R, X, ofc O =¥ =
———o
Rated
LV HV
o
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Readings
vV, I, P

1

Where V| is the rated voltage applied.

Vo
=R
\'A 1
1 P o > —
1 4 ZO
1
(}1 = R1 VO Rl Xm
1 1 1 | | v
e e e 5
Z0 Ri .]Xm Ri Xm
?0 = Gi .]Bm

S_{'O admittance

|Y0| = G2 + B2

Vo Iy
Zy=7 andY =7,
L O Vo
Susceptance B, = (JY; -G}
1
Reactance X, = g

1.5 SHORT CIirculT TEST OR S.C. TEST

Rl +R’2 Xl +X’2 T2’sc 1 Tsc

=<
w
=
o

==

Short circuit test is performed to determine Cu-loss, As Cu-loss depends upon load current so short circuit
test is performed at rated current.

|
| |

To flow the rated current in short circuit condition reduced voltage upto 5% of rated voltage is required.

So short circuit test is performed at H.V side or low current side.
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Reduced Voltage is Applied for SC Test

At reduced voltage the no load current I, will be very very small, so it can be neglected.

§§ —T s/c
— E:
) g
LV
ZSC = R +.]X
Zsc = \/R2 aF XZ
R=R,+R, X=X, +X,
I, —
ZSC
Vie
s/c
o)
Reading
VSC ISC PSC
[ (I

rated value Cu-loss

P,=I2LR = R=

PSC
a2

VSC
Zsc = Isc
X — Zz _R2

1.6 TRANSFORMER EFFICIENCY

The ratio of output power to the input power in a machine

P

8¢
2
Isc

is known as the efficiency.

Ph_ B
T7P, P+P
Power input = Power output + Losses
P,, =P, + Losses
%1 = Output <100
Output + Losses
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