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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
. 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 MacgNeTIic HYSTERESIS CURVE
If ac current is made to flow through coil in the magnetic circuit shown above i = L sin ot
14
Il’l’l
T/2 3T/4 /\ R
T/4 \jT 1
. 1 :
T iod T - 1 2=
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.



2| Transformers Electrical Engineering

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 'y
Flux linking (I) =BA = },LHA =u A x E (H — E) l&— Linear —>I<— Saturation+
/ / Byprommmmmmmemoes P !
N F
- L IREY
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
= ¢ = R_z

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

B, = Retentivity or Residual flux density.

A

B
T/A<t<T/2
B, |-7 e .
B, X l
A -
NG ;
-L.(-H.,) H, :
: Q> IL(H,) Hoi
<5

NI

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

NI,

and at a particular value of current say I [& H, = j B becomes zero i.e. residual magnetism is lost due to H,.

H, = Coercivity or Coercive force

3T
As 1 increases further (in —ve direction) B gets reversed & becomes max at t = e

Py =K, B:f
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 B
e  Wider B-H loop H, 7

e B, H, (Both high)

Ty

e  Hysteresis loss Higher

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

AB
Soft Magnetic Material 5
e  Narrow B-H loop /
e B, H, (both low) H il

e  Hysteresis loss small é/

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
.. _ MNI —
¢ =BA ( ~B= Tj N
o—Pp—
(I) — M_NI A
/ 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.
_ N _N(pNIA
I U A
2
L= uN-A
/
N* N’
= L

T (/pA) 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 >> R/,

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-I : 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.




6]

Transformers

time.

Electrical Engineering

Case-11 : Iron piece is stationary but B is changing w.r.t time (¢.g. transformers), so ¢ = BA is changing w.r.t

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

do
ot

€

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

) (¥
L= R,

(5]

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

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

(5]

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

+ € _ 4+ € _
W W
+ € _ 4+ € _
W) W

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.

LH
-
] .
< le
M
[

D

t

~ o 3 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

Om

V.f 6

> N-turns

The eddy current losses are
nzBfnf ’t?

© PP
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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« B2f?
= P, = K B.f?

Where K, is constant

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

P; =P, +P, =K, BLf + K_BZf?

1.3 TrRANSFORMER EQUATION

Primary : Where source is connected.

Secondary : Where load is connected.

At No load. Due to magnetising current I, magnetising flux ¢, is produced.
Let ¢, = Qpax SN0t

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

Gt 02

~Nid¢, ~Npdéy,
61 —F k. ez VA
dt dt L+

\"AY4

G By
d ) V&% E,
=N, — simot o
ldt ((I)max )

L,=0

+

FAVAVAYAY
/\

—1 E2

+

€ =
® =2nf
€ = —N;0d,,,. cosot
¢; = —Nyod,.. sin(90 —ot),
As e; = Nyod,,. sin(ot — 90°)
peak emf E., = N,od,..

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,.«
= Ni1Q27 ) Ppa = 27 £ N} Oy

Em
Let rm.s value of E  is E; E = N =2nf N0

k‘

Load
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Similarly EZ = \/ETENZf (I)max
EE_ N
El B Nl
N,
N, =K

Turns ratio or Transformation ratio

As V, ~E,
Vl = \/Eanl(I)max

L Vi
(I)max - \/ETCNI f

)
(I)max = \/ETCNI f

(I)max o« ?
$max = constant

NI,
R/

NIIm
b, = R/ & Secondary flux ¢, =

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,
NI,
Secondary flux by = R
1
NI,
Additional flux by Primary ¢, = R
1
N3 _ N
b27R, TR,
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Primary Current L=1,+0
As I, <<1
SO NI, =N,I,
This equation is valid only when magnetising current is negligible.
Example 1
Il Rl Xl
Note : E; =V, - AAAA TR
_ . +
Vi=E, + LR +]X)
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,

R, = Resistance of Primary



Electrical Machines Transformers | 11

R, = Resistance of Secondary

= Leakage Reactance of Primary

= Leakage Reactance of Secondary

X,, = Magnetising Reactance

m

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,+L
Multiplying both side by o
oL =aoL, +ol,
X =X,*+X
X,, = Leakage Reactance

X; = Magnetising Reactance

Magnitude of e

N o4
o= . dt dt
L1 L1

induced emf  voltage drop across L

From the equivalent circuit we can write
E; = Vo + L (R +jXp5)

E, V2

R, X
By )i
K K K K

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

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

The 1ron 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 P, = E
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 L X R
o—— AMWN—TI0——>—~ TN —WW—2
+ + IO J' A

I
I, ™
\4 E =E} |R X N
o — o
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Where no load current I, =L+1,
T, is approximately 4-3% of rated or full load current.

E, = V- LR, +jX;)
Let primary leakage impedance drop is neglected

E; =V, sono load current

I, =

NI
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 CircuIlT AND SHORT CircuiT 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

- A — T —>—

ANAAA

R; X ofc @ W)

VU

VAR A

Rated
LV

O

+ v I Wattmeter
| ONSRLL

o

LI

o/c

HV
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Readings

Vo Iy P

1

Where V| is the rated voltage applied.

Vo
P, = R,
\'A 1
S 3 > 7
0
1
(}1 = R VO Rl Xm

|
J’_
Il
|
—
o<

S_{'O admittance

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

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.

\y

0

Cs/c
-3

Vil

LV

ZSC = R+.]X

Zsc = \/R2 + XZ

R=R, +R, X=X, +X,

I, —
ZSC
Vie
s/c
e
Reading
Vsc Isc Psc
L L
rated value Cu-loss
Psc
P,=LR = R=7
Psc
R
Vsc
Zsc = Isc
X — Zz _R2

1.6 TRANSFORMER EFFICIENCY

The ratio of output power to the input power in a machine is known as the efficiency.

R__R
n= P, P +P

Power input = Power output + Losses

P,, =P, + Losses

Output

= x 100
Output + Losses

% n
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Losses

1. Iron loss or core loss

This is constant with respect to load current

2. Cu loss or load loss

Varies with respect to load current 1’22 (R, +R%)

v, \_72’ U Load Pf
cos ¢

Power output

Py, = V]I cos¢

VZ ’ NZ
Vé _f’ IZZKIZ’ K:N—

- 1
AU VZ
P, = V,I;cos¢ :f(KIZ)cosd)

At rated or full load current

So = V,Loy
x =0.5 =50% of rated load or half full load
P, = V,l, cos ¢

At a load current

L, =xlyp
P, =V, xLgcospx=<1
P, =xV, Lcos ¢

Load VA S =V, L=V, (x L) =xS,

Where [Sy =V, Ll

1. Iron Loss i.e. constant loss (P;)
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2. Cu-losses P, = I7(R, +R})

2
— (KL,)* [Rl +%} = (KKli) [R,K* +R,]

= I% [R{ +R,]= IgRoz

R| =K°R, (R] = Primary resistance referred to secondary side)
Ry = Ry +R}

Ry, = Total resistance reffered to primary side

Ry, = Rj+R,

Ry, = Total resistance referred to secondary side
2
Pe, =(x1Iyp)

_ 22 — 2
Ry = xI5gR o, =X Pep

Where P =Fullload Cu-losses
Pep = IR
xS, cos¢ B output
Efficiency N~ xS,cos¢p+P +x*P, Output+losses

for maximum efficiency, Denominator should be minimum.

i.e. FOI' nmax
P.
ie i{Socoscl)Jr—‘erPcF} =0
dx X
P.
X
P, =x’P
1.€. Iron loss = Cu loss
P
i Pep

1.7 VoLTAGE REGULATION OF A TRANSFORMER

Voltage Regulation

The voltage regulation of a transformer is the arithmetical difference in the secondary terminal voltage between
no load and full load at a given power factor with the same value of primary voltage for both no load and full load.

n/

Where V,; = Voltage at no load i.e. no load voltage
Vy, = full load voltage

[Either%V-R _E, Vs 100}
2

Where E, = No load secondary terminal voltage

V, =Full load secondary terminal voltage
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I T
° > AN — T
v ko R X
v v, v U Inductive Load Pf
cos ¢
(e
Load pf cos ¢ lagg.
ie. I, lags behind V; by ¢
Vi =V; +15(R +jX) (1)

=V, +I5R +jI,X

Phasor Diagram : I, lags behind V, by angle ¢

I', Xcos(90-¢) = I') Xsind
From Phasor Diagram

Vicos 6 = V] +I,Rcos¢ +1,Xsind

As dissmall, cos5=1

V.~V +I, (Rcos ¢ + X sin ¢)

At No load I, =0
V,=V;+0
vV, =V;

! —
or Vi =Vi
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From

At a load

Vo = Va _ Vo IK=Vy /K

VR

VZInl Van /K
_ Van _Van
Van
= L,Vz because (V,,; =V;)
2
V, =V, +I,(Rcos ¢ + X sin ¢)
V, =V, +I,(Rcos ¢ + X sin ¢)
I (Rcos ¢ + Xsin )

X =X, + X, =X,
R = R, +R, =Ry,

K1,
(V,/K)

VR, = (Ry; cosd + X, sind)

I )
VR V—Z K2 (Ry; cosd+ X, sind)

2

I ,
= V—Z(KZR01 cos ¢+ KX, sin )
2

K’R,; =K*R, + R/K*) =K’R, + R, = R| +R,

=Ry,
1, .
VR. = V_(Roz cos+ X, sind)
2
L, =xlyy
xlhg .
VR. = v [Ro, cosd + X,sind]
2

VZ VZrated _ VZB

=Z
= 2B
Vzﬂ IZrated IZB

Z,; = Base impedance on secondary side
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1 I
VR. = x| 2R, cosd+ -2 X, ,sin
v, 02 COS$ v, 02810¢
R X,
VR. = x 2__cosd+-—2 sind
_Vz /Izﬂ V, /Ly
v
2 _ZZB
Ly
R X, .
VR. = X|:£COS(I)+£SII’I(I):|
Zyy Zyy
VR. =x[R,cos ¢ + X, sin $]
- X2
P Xop
4 Ropo
v Zog
At full load x =1

VR. =R, cos ¢ + X, sin ¢
At load pf lead i.e. capacitive load

From Phasor Diagram

—

V,cosd I')Xcosp !

V; cosd = V] +I5(Rcosd) — I (Xsin¢)
As & 1s small, cos & =1
V.R. (similarly as from lagg loads)
Here for lead load pf
VR. will be VR. =R, cos ¢ — X, sin ¢ lead
At UPF cosp =1
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VR =R, 1-0=R,,
VR =R,

At leading power factor VR =R, cosp — X,,, sind

For zero voltage regulation 0 =R, cosp — X,,, sind
tand a2
and =

Xou

R, Rp/Zy Ry

Xpu  Xo2 12y Xpo

R Roi/Zy Ry

or =
Xou X 'Ziy Xp

. t _ Rpu _5

1.C. an(l) = _X X

pu

d
At lagg, for maximum V.R —(VR) =9

dé
d R X si
= %( pu COS(I)+ pu Sln(l)) =0
= -R,,, sing + X, cosdp =0

R, sind + X, cosd

Xow X

tan(l) — Rpu - R

(VR

X

tan¢ =

/><|7U

PF Lead PF Lagg

< »

X
tang = —
¢ R
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Example 3 : A transformer has leakage impedance of Z, = r, + jX,. Its maximum voltage regulation occures at a
power factor of :

I, . I, . Xe . L 1
(a) Z1eadmg (b) Z—eleadlng () Z—eleadmg (d) Z—elaggmg
Ans. (d)
Solution
At pf cosd lagg. VX?+R? =Z
t = E ’ ’
and = R
R

B R, g8
cosd = errRz 7

R 1 la
cosdp = Z. 88
Example 4 : A 20kVA, 800/400V, 1 — ¢ transformer with percentage resistance & reactance of 4% and 6%
respectively is supplying a current of 50A to an inductive load such that load resistance and reactance are equal. If
source voltage is maintained constant at 800V the load voltage is :

(a) 374V (b) 428V (c) 406V (d) 394V
Ans.(a)
Solution
20 kVA
800V/400V
Rated current VI, =V,I,=20 x 10° SoA
3
I = 20;0 1)0 —25A
Load |:|
3
12:2O><10 _S0A o
400

Rated current 25A/50A
Supplying rated current or operates at full load.

Inductive load i.e. cosd lagg
Z; =Ry +]X;. X =Ry, R,
=R, +JR =R (1 1))
= V2R, z45°, Z, =Ry +jR = Z; 20, X,
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R,, =0.04

X,, =0.06

1
Load pf = €0S8¢ =cos¢; = 5

V.R at full load and lagg pf cosd
VIR =R, cosp + X, sind

cosdp = %
1
sindg = f

1 1
= —+0.06x—=0.0707

V.R% =7.07%

VR = Vl\;,VZ , V=800V
2

800V -V,
0.707 = Vv
V) =T747.17V
o W J 2L 22 N5
Transformation ratio K N, V2
' VZ
V, = KV, =(0.5) (747.17)
V, =373.6V bme A,
1.8 TyYPEs oF TRANSFORMER 2 2 IV
‘AA 717 °
1. Core type % % % %
P 1 1
(a) Cost of insulation is less ~ 4] -
(b) To reduced the cost of insulation LV is Q

Insulation between Insulation between Low

kept inside. LV and HV Voltage and Core

2. Shell type
(a) Cost of insulation is more Area of cross-section of core
A, <A,
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for same mechanical strength the area of cross-section of core can be designed higher in the shell
type than that in core type

For same peak flux density B,

A, <A,
B, A, <B, A,
Prme < Pins
Let V, - E = 22N, U om
Induced voltage per turn Ty < Vg 2
Number of turn required for particular voltage rating V

Insulation between/ Insulation between Low

v
N = V—’ Ncore > Nshell LVand HV VOltage and Core
! Insulation between
1. In Core Type HV and Core

For a particular voltage rating more number of turns are required in the core type.
(c) Less iron required, and more Cu (Conductor materials).
(d) For HV rating core type is preferred
2. In Shell Type
(c) More iron required & less Cu.
(d) For LV rating shell type is preferred.

The additional advantage of core type is that the cost of insulation is less that’s why power transformer are
designed with core type.

Performance of Transformer at different frequencies

Transformer Designed for 240V, S0Hz. A

Low Frequency Operation B, =2B,
It is used at 240V, 25Hz

V, =240V, f,=50Hz

Vi £, 240  25¢;

m

V/ =240V, f/=25Hz B, |e...... i

vV, T fp,, 240 500, . > in cH
Vi = \2nf Nyp, 1, ~ 1001,
Vi = \2nf Ny,
= O = 20
B/A =2B,A

B, =2B, Peak flux density

Due to saturation mode if the flux density is doubled, the magnetising current required will be extremely high
around hundred times of normal magnetising current.
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I, =4 — 5% of full load (Iy)
I,, =0.05I,

I' =100L, =5l
For same B (i.e. same ) B, A'=2B_ A
A'=2A
Area of cross-section of core required is doubled i.e. larger size

If v/ =120V

vV, 120 254

Then 71 :%_Sod)m

O = O
High Frequency Operation

It is used at 240V, 100Hz
V] =240, {'=100Hz

vV, £, 240 1000,
V, " fh, 240 500

m

P 4
ro— Tm B
(I)m 2 m
A Bm """"""""" i
B,A = Bmg E
B.. CBa :
2 ' :
B = B_m E E
1| =2 ; ! .
I L, S
A L=
For same B,, A= > i.e. small size 2
A= A
2

1.9 AuTo TRANSFORMER

When the primary and secondary windings are electrically connected so that a part of the winding is common
to both high voltage and low voltage sides, the transformer is known as auto transformer.

Let a two winding transformer of 10 kVA, 400/100V Rated currents
Vi1, =V,I,=10 x 10°

3 3
100t 10100
1Ty, 400
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3 3
100 _10x10° 00
27, 400

Rated currents =25A/100A
VA rating as two winding transformer Sy = 10 kVA

Power Flow
25A  100A
25A
+ N + +
& a00v 100V D or 400V
25A 100A
+ i e
400A 45 = 100A
0
VA rating of auto transformer V.1, =400 x 125 =50 kVA

V,I, =500 x 100 =50 kVA
S.uo = Vil; = VoI, = 50 kVA
In case of auto transformer the power is transferred via both inductively and conductively while in case of two
winding configuration the power is transferred only via induction.
In Auto Transformer
VA Transferred inductively Sina = 10 kVA (same as that in the two winding configuration)

VA Transferred conductively Seonda =30 - 10=40kVA

cond

In the two winding configuration there is electrical isolation between primary and secondary but not in auto
transformer connection.

In both two winding and auto transformer configuration there is same voltage across each winding so iron
losses are same as well as same current in each winding so Cu-loss will also be same.

Example 5 : When tested as a two winding transformer 10 kVA, at rated load, 0.85 lagg its efficiency is 97%. Find
its efficiency as an auto transformer of rating 50 kVA.

Solution
Stw =10 kVA

XSpw cosd
MW = xS cosd+P. +x*PC,
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At rated load i.c. x =1, pfcosp =0.85

1x10x0.85
T 1x10x0.85+P, +(1)* Py

0.97

P, + Py =0.263kW

S.uo =350 kVA
XS, 410 COS
Nawo = x§_ cos¢+ P, +x* Py
At rated load x =1, pfcosd =0.85

1x50x0.85
Nauto = 1% 50x0.85+P, + (1) Py

1x50%x0.85
Nauto =~ 1x50x0.85 + P, +Pey

 LeS0x085
Nawo = 32 50%085+0263 0 °

1.10 ComPARISON OF RATINGS OF Two WINDING AND AUTO TRANSFORMER

+
A
Vl
N, v,
L—1
N2
o
Vi Ny
Let auto transformer ratio a=v -
VvV, N
Sato = Vili = VoI,

Stw =V =V L, =V, - 1))

V,
Stw=(Vi=-V) I, = (I_VIJ(VIII)
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1
ST.W = [l_gjsauto
a—1
ST_W = Sauto
a
Stw = Stw
If a>>1

Sauto = ST.W

1.1
Ifa=11 S, =—=11S
auto 11-1 T.W
a<2|Ifa=15 Sauto = 397w
Ifa=2 Sauto :2ST.W
a=10,8,,,=1.11S;y
a =100, S,,,=1.01 Sy

There is significant increment in the VA rating using auto transformer only if a < 2 that’s auto transformer are
used mainly when a < 2.

Switching Transient in Transformer i.e. Transient Magnetising Current of Transformer

Vi

I

m
> ;(I)
= 7 ¥Ym

In steady state ¢,,, lags behind the applied voltage is by 90°

OR
Steady state magnetising flux ¢, lags behind applied voltage V by 90°.
Orm(®
S +
?{ i () No Load
o—> <4+—0
t=0

THHT
VAYAY)
NAN
AT

Le D
V() g P LL,=0
O0—oO0

Let the transformer is switched-ON to the supply by closing S at t = 0,. at no load

At no load i, is drawn form supply

v(t) =V, sin ot
Initial fluxi.c. at t=0 or
Total flux Om = bres =0
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At
At

At

1.€.

+¢max -------------

(I)m(ss) = (I)max Sil’l(O)t - 900)
t= 0’ (I)m(ss) = _(I)max
t >0, Total magnetising flux

(I)m(t) = (I)mtr (t) + (I)m(ss)(t)

$e (£) — Transient magnetising flux

Gmesy () — Steady state magnetising flux
t=0,¢,(0)=0
B (0 = Gy () + i) (O
(I)m(ss) (0) = ~bpax
0 = Gy (0) s
Gunte (0) = P

+(I)max

(I)max

du(t)
S S S A
+(|)max - :
_(I)max . foeen
' : : : ; , Transient Magnetising Current
' ' ' ' : ' ; ' or Magnetising Inrush Curent
T N R B
1 B O N N
WANTANTANTIG,
! ' ! ' : ' , BE >t

\
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4+ B <

Soft iron core of transformer i.¢. narrow loop

=imocH

. If hysteresis neglected the approximate curve

+2(I)maxﬂ (I)m
AB <, e i
+(|)max -------- i
> i, H _ i Y&l > i
! Im DAS ¥ m
: 1 =100,
e leenee _(I)max
Iin1rush = I;n im i T
Magpnetising Inrush
I;n =100 Im Irm | 4 / Current
I, =5%ofI=0.05 L, /\/\ N
Lprun = 3 Iy 3 U >t
In general inrush current is 6 to 10 times of I;; or rated current. T

Due to such a large inrush current there is false tripping of relay and circuit breaker so, harmonic restraint

relay is used.

A

Ak

L

The Nature of Steady State Magnetising Current

I v
\/ETENI f

P =

Ua,
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Vi
bo

As applied voltage V is sinusoidal so ¢,, also sinusoidal

Let
If magnetising circuit is linear

1.€.

=

m % 1n

¢
¢,, = K i, where K is constant
¢

m = Omax SINOL

(I)max

= ¥ sinmt
T TR

1, also sinusoidal

If magnetic circuit is not linear i.e. hysteresis and saturation

1, contains harmonics

According to the Fourier series 3™ harmonic is the strongest i.e. upto 40% of fundamental component
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1.11 OPERATION OF TRANSFORMER WITH IRON LOSSEs

which is called Iron loss component of current.

I [
LN TP
4 r N4 P
Vi P 257+ E, Open
<+> E <—|—->
f = L
b * | Finite p

I, = Iron loss component of current. (It is drawn from the source to supply the power required for iron losses).

TO = E + TW — No load current of transformer.

Difference Between Reactive Component and Active Component

I,

|

W

component of current.

1. Reactive component of current (or) wattless

1. Active component of current (or) wattful
component of current.

2. Itis always quadrature with applied voltage. 2. Itis always in phase with applied voltage.
3. Its magnitude is about 4 to 5% of full load | 3. Its magnitude is about 1 to 2% of full load

current. current.

I, >> L)
- Iy 1s approximately 5% of full load current

4. Representing parameter for I, is inductor, 4. Representing parameter for L, is resistor, since

since I, is quadrature with applied voltage. I, is inphase with applied voltage.

L X I, R,
T — — > AMW—

Vector Diagram of a Transformer under NO Load Condition

¢, = No load phase angle of transformer and the range is 70° to 75°.
Cos¢, = No load power factor of transformer and the range is 0.2 to 0.25 lag.

Transformer has poor no load power factor of order 0.2 to 0.25 lag, because its magnatising component of

current is very high when compared with Iron loss component of current. (I, >> L).

Electrical Engineering

Due to Iron losses in transformer core, the transformer draws an additional component of current from source
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By keeping voltage constant if frequency of operation is reduced during operation of transformer then :

1.1, current increases due to deep saturation of transformer core.

2. Due to increased I, current, no load power factor of transformer decreases.
Polar form of no-load Current
Iy £ -
I, = Iycosd,
No-load power = VI cos¢p, =V, = Iron loss
No load primary copper loss = I2R,. This loss is very low because I, is 5 to 6% of full load current.

No load power ~ Iron loss

Power consumed by transformer under no load condition is approximately equal to iron loss in transformer
(However small amount of no load primary copper loss takes place inaddition to iron loss if winding resistance of
primary is considered.)

1.12 EQuivALENT CIRcUIT OF TRANSFORMER UNDER No-Loap CoNDITION

N;:N,

i

Shunt Branch

! W

I

v,
_—: X
RO_IW 0 .

R, and X, should be in parallel, and should be in primary circuit. This parallel branch called no-load branch or
shunt branch.

Operation of Transformer Under Load Condition

IO
¢ ¢
—
¢,
I! IO. : ::::::.—::.—.—.'(I)::.—.—:-—-:E
M pi'eg 1
v, 4ur E, 4ot N, @ v, VA
C_:+. C_:_:_
f <_H_: El <_:_i_> > l b
:.I::::::::::::::::::::I.: 12 PaSSlIlg from b to a
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¢ NI, = Primary mmf and the corresponding flux due to this mmf is ¢ (working flux or main flux).

e Whenever transformer is loaded, load current will flow through secondary circuit and the direction of
secondary load current can be found by using Lenz’s law. According to lenz’s law, direction of secondary
current I, should be such that secondary mmf opposites to the change in mutual flux in the core.

The process is as follows, V, = Secondary terminal voltage.
I, = Secondary load current.
N,I, = Load component of secondary mmf.
¢, = Load component of secondary flux.
Here ¢, is opposes the changes in mainfield flux(¢) to satisfy Lenz’s Law.

In this process current in primary winding will be increased and additional current I in primary is called load

component of primary current.

Total primary current under loaded condition, T, =T, + 1, .
N,[; = Load component of primary mmf.
1 = Load component of primary flux.

To satisfy transformer action, ¢; is used to nullify ¢, so that resultant load component of flux in core is zero

and therefore flux in the core is main flux only even under load condition. That means amount of flux in transformer
core is always maintained constant irrespective of load across its secondary terminals, hence transformer can be
treated as constant flux device.

Power Transformer Condition

o = ¢,
= N, I} =N,
Load component of primary AT = load component of secondary AT
N

I, =N_f12 =KlI,

(The total primary current is the phasor sum of I’, and I)

So L =1+I,
Where I, =-KI, (I} is 180° out of phase with I,)
1y )
Nows 1Y
N, E
But N, = E,
E, I
- L

Load component of primary VA = load component of secondary VA.
Approximate by,

L =L+
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If 1, is neglected,

= L=1
= NI, = Nyl
L
K ~ I,
E,
But K = E,
E, L
= E, ¥ L

BE,l, ~EI,

Vector Diagram for Lagging Power Factor Load

cos$, = Primary power factor
cosd, = No load power factor
cosd, = load power factor
Here b1 > by
Then cosd; < cosd,
E, = V,, since winding resistance is zero and this is voltage equation without voltage drop.
Similarly V, =-E;
The phase angle of I, w.r.t. V, depends on the nature of load.

Vector Diagram for Leading Power Factor Load

Here b1 <d,

Then cosd; > cosd,.
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I =kI,

¢,

When p.f. of lagging load on secondary side increases, then primary side p.f will increases.

When p.f. of leading load on secondary side increases, then primary p.f. decreases as well as increases
depending up on the load power factor.

Example 6 : A 5 kVA, 50 Hz single phase transformer has ratio 200/400V. The data taken on the LV side at rated
voltage shows the open circuited wattage as 100W. The mutual inductance between the primary and secondary
windings is 2H. Neglect winding resistance and leakage reactance. What value will be the current taken by the
transformer, if the no load test conducted on H.V side?

(@) 0.4A (b) 0318A (c) 0.235A d) 0296A

Solution: Given data, 5 kVA, 50Hz.
lp = L+ W |- i

Iron loss V, I, =100W

100 I
I, = ——=05A m
¥ 200 4 U

=
: T==
d1ILL f

Secondary induced emf €, = MK
I, -0
400 = 2x “‘“1‘
—f
4
400 =2 x I, x4 x50
L = 1A
Ip.max
I = =0.707A

p(rms) \/5
VI 413, = J(0.707)% + (0.5)> = 0.86A

i
S
Il
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No load current towards H.V side
I,(LV) 0.86
OHV = K - T - O43A

1.13 ErFrFEcT oF WINDING RESISTANCE ON THE OPERATION OF TRANSFORMER

The Equivalent circuit of transformer with winding resistance is as follows :

R, L

T—'\M/\'—Pﬁ

'

L, R

T
)

A RVAVIVAY
[

)

Where  R; = Winding resistance of primary
R, = Winding resistance of secondary

No load current [ is neglected here.

Because of winding resistance, IR drop and I°R drops are exists in transformer winding. Therefore the

voltage equations are :
V,=-E, +LR;
E, =V, + LR,

Total copper losses in transformer = IR, +I3R,

The condition that must be satisfied while transferring winding resistance from one side to another side is
copper loss of that resistance should be maintained constant so that the performance of transformer should not be

affected.

Transfer Resistance from Secondary Side to Primary Side

=1

ER, = IR} R R
— AW
2 Il
- L
R, =R,| 2
Il
RZ
Rk

Transfer Resistance from Primary Side to Secondary Side
R, = BR;

R =R,K*

Total resistance of transformer w.r.t. primary side

Ry =R, +R)

Total resistance of transformer w.r.t secondary side

Ry, = Ry +Ry
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Total Cu-loss w.r.t primary side = I'R

Total Cu-loss w.r.t secondary side = I%R02
Total Cu-loss of transformer = I3R, + 3R, = 3R, = I'R,
Per Unit Resistance Drop

o . Resistance drop in primary ;R
Per unit primary resistance drop = 7 o~y e (basc voltage) E,

LR,
Similarly p.u secondary resistance drop = E
2

. ¢ . LRy
Total p.u resistance w.r.t primary side = E
1
. : IRy,
Total p.u resistance w.r.t secondary side = E
2

P.u resistance drop w.rt primary = p.u resistance drop w.r.t secondary.

In P.U system P.U unit resistance drop is also simply called as P.U resistance of the transformer.

LRy x100.

% resistance of transformer w.r.t primary =
1

ﬂxlOO.
E

2

% resistance of transformer w.r.t secondary =

% R of transformer w.r.t primary = % R of transformer w.rt secondary.

As % resistance on both sides of transformer is same, it is easy to transfer % resistance from one side to
another side when compared to resistance in ohmic values.

Hence, the transformer resistance is expressed in p.u values rather than ohmic values.

1.14 ErreEcT oF MAGNETIC LEAKAGE FLUX ON OPERATION OF TRANSFORMER

$1(98%) ¢, (98%)

.....................

I APAAN
N
TNV VUV

MNVARAAY

$,, 2% (Due to Only ¢,)

2%)¢,, [D i
(2%, [Due to ¢ and o | 2° Leakage Flux

(1° Leakage Flux)
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e  Magnetic leakage flux is the part of the load component flux which links either HV winding or LV
winding, but not both and it is not having any role in transferring the power from one circuit to another
circuit.

e More the magnetic leakage flux in transformer, lesser will be the power transfer capability of transformer.

e  Magnetic leakage flux at primary and secondary increases with increase in load current in the windings.
That means magnetic leakage flux depends on load current but is independent on applied voltage. Whereas
main field flux depends on applied voltage but is independent on load current.

Magnetic leakage fluxes available at primary and secondary are always in phase with respective currents in
the windings.

Whenever leakage flux considered at primary and secondary, some additional emf’s are induced in both
windings (E,; and E.,) which are lag behind the respective currents by exactly 90°.

E.. E,, — lags ¢;;, ¢, respectively by 90° due to Lenz’s law.
Vector Diagram

'EZ

v E1

Example 7 : A single-phase transformer has a turns ratio of 1:2, and is connected to a purely resistive load as shown
in the figure. The magnetizing current drawn is 1A, and the secondary current is 1A. If core losses and leakage
reactance are neglected, the primary current is :

1A
12 >
e € :
(a) 141A (b) 2A (c) 2.24A ) 3A

Solution



40 | Transformers Electrical Engineering

Il =21,=2A. U —an
¥ Sl III
From phase or diagram I, = \/(Ii)z +(I,)* + 21, cos 90 '
17 +2% =224A L=1a
¢ L-1A
1.15 DieLEcTRIC LOsSEs [
2

Diclectric Loss normally takes place in insulating materials of transformer such as in solid and liquid insulations.
In insulating material, no free electrons available, however voltage is applied, a small amount of current exists
due to the conversion of all the atoms into electric dipoles because of which there is displacement of charges and the
corresponding current is called displacement current.
HV, 11 kv LV, 33 kv

T Vimpressed = (11_33) = 77kV

Atomic Behaviour of Insulating Material

@ Vimpressed =0
1. Neutral State

As outermost electrons are symmetrically distributed and effective (—ve) charge coinsides with (+ve) charge.
— Free Electron

Vimpressed = Vbreakdown

Breakdown Stage

If applied voltage is more than breakdown voltage, free electrons are available in the dielectric. the
voltage required to the outermost electron from its parent atom is called Breakdown voltage (or) dielectric
strength of insulating material.

0< Vimpressed < Vbreakdown

Polarized State

This voltage is sufficient to disturb the symmetry of electrons distribution, but no free electrons are
available.
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Effective (—ve) charge does not coinside with the (+ve) charge and these two charges are displaced by

a length /. Thus it results in the formation of a electric dipole.

The process of conversion of all the atoms into electric dipoles is called polarization and dielectric is said

to be in polarized state.

Due to polarization, the charge displacement takes place in insulating material. This current is called

displacement current.

Displacement Current

Charge is Displaced from
One Side to Another Side

SicEoID
_—/
—
QfoNolk
P .
. —ve Charge is
+ve Charge is l — > Formed here
Formed here o
Charge in this Area

gets Cancelled
Pure Dielectric Material

A
Idisp

(s}

\9
> |

impressed

¢  Inpure dielectric, there is no diclectric loss as component of I displace along Vi, eeq 15 0°.

1
Practical Dielectric Material
& = loss angle of dielectric material

tand = dissipation factor, which indicates the quality of dielectric material.

A

>V,

impressed

tand = 0, then it indicates the perfectness of insulating material.

tand test — This test is conducted regularly to know the quality of insulating material.
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Dielectric loss = Ve * LispSInd.

Dielectric loss oc sind

Dielectric loss depends on applied voltage but it is independent on load current. Hence this loss can be treated
as constant loss.

Dielectric loss is approx 0.25% of full load output.

Example 8 : A Transformer has hysteresis loss of 30 watts at 240V, 60Hz supply. the Hysteresis loss at 200V, 50Hz
supply is :

(a) 30W (b) 25W (c) 60W (d) 100W
Solution : V, =240V, f; = 60Hz and V, = 200V, f, = 50Hz
vV,
fy 3

\ tant
— = constan
f

wy o« f
Wi 6
Wi fi

Wha

50
= —x30=25W
60

Operational and Design Difference Between Power and distribution Transformers.

Power Transformer

Distribution Transformer

1. Available in transmission network voltage | 1. Available in distribution network of power
level > 33kv. system. voltage level < 33kv.

2. Consumers are not directly connected to [ 2. The distribution transformers are directly
power transformer. connected to consumers.

3. Load fluctuations are less 3. Load fluctuations are more.

4. Steadily loaded at full load through out 24 | 4. Loaded based on load cycle of Consumers.
hrs.

5. Cu-losses and Iron losses takes place steadily | 5. Cu-losses take place based on load cycle of
through out 24 hrs. Consumer and Iron losses takes place

throughout 24 hrs.

6. Copper losses are kept minimum while | 6. Iron losses are kept minimum while
designing. designing.

7. Specific weight is more. 7. Specific weight is less.

8. Full load copper loss ~ iron loss. 8. Full load copper loss = 2 x iron loss.
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1.16 3-¢ TRANSFORMER CONNECTIONS

1. Delta-Delta (A — A) 2. Star-Star (Y - Y)
3. Delta-Star (A-Y) 4. Star-Delta (Y — A)

A — A Connection

(a) Identification of vector group : Identifying the phase displacement from primary to secondary.

A1’—/UUUUAUU6UUU i —T A, 3277_/' UUUUUaUUUUU\—‘al
% A%

B, ,—mm%mmf\'—J B, b, L—fmw%mm—\ b,

C c . . c ¢

1 L LIIAR c, e TSR 1

Before making terminal connection, conduct polarity test on windings for getting polarities. According to
Bureau of Indian standards A,, B,, C, are dotted terminals and A;, B, C; undotted terminals.

According to transformer action the displacement for dot to dot winding is zero. The displacement for
dot to undoted winding is 180°.

Rules to Draw Vector Diagrams

The primary side vector diagram should be drawn in any manner with particular phase sequence.

The secondary side vector should be drawn parallel to primary side vectors such that the phase
sequence on both sides is same.

If out coming terminals on both sides is similar, then secondary side vector should be drawn in same
direction to primary:.

If out coming terminal on both sides is dissimilar, the secondary side vector should be drawn in
opposite direction.

>

h
]
]
]
|
]
]
|
]
]
|
]
]
A~
B3N
]
|
]
|
]
]
|

G

<

\
\\
@ [
P
,

<

If primary side phase sequence is ABC, then secondary side is also abc.
Primary Side Voltage Secondary Side Voltage
v, \A

N

N
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Minutes Needle
12 Refers Primary

‘ Hours Needle

Refers Secondary

6
This connection is called as Dd12 (or) DdO

(b)

A ’—fmmmrm——T Ay ﬂmm——

Vi

Primary Side Voltage Secondary Side Voltage
Vv, v,

" %

12

This connection is called Dd6 connection.



Electrical Machines Transformers | 45

1.17 FEaTURES OF A-A CONNECTION

1. Ifx:1is phase turns ratio then line turns ratio is x : 1.

2. As phase voltage is equal to line voltage in A/A, this connection requires more no of turns per phase
when compared to Y/Y of same voltage rating.

3. AsV,, =V in A/A, it requires more amount of insulation as compared to Y/Y of same voltage rating.

4. As Iy = L in A/A it requires 57.7% of cross section area of conductor when compared to Y/Y of same

V3
current rating.
5. Y/Y — suitable for High voltage and low current rating transformer i.e. small KVA rating.
AA — Suitable for Low voltage and high current rating transformer i.¢. large KVA rating.

6. Both sides A connection offer closed path for the flow of 3™ harmonic currents, therefore the shape of
emf in this connection is always sinusoidal irrespective of type of core.

A-A Transformer with Different Switching Operations

A Cat€as 2 STes

1 1 a,

,—fmn‘amv\— A, ,—fmﬂﬂimﬁ\—
B, Cp T €p3 b, % G b,

— TN — B — TSI TT—

2

¢, Cctees c 1 e teg c,

—EueuIII—! 5 L BRI —

S, S,

If switches both s; s, are open :

(1)  Shape of I, on primary side is — Sinusoidal.

(i) Shape of I, on secondary side — No magnetizing current in secondary.

(iii) Shape of flux in Transformer core — Flat topped wave with 3™ harmonic flux.
(iv) Shape of emf in winding — Peak wave with 3™ harmonic emf.

If switch s, is closed and s, is open :

(1)  Shape of I, on primary side is — Peak waveform with 3' harmonic current.
(i) Shape of I, on secondary side — No magnetizing current in secondary.

(1) Shape of flux in Transformer core — Sinusoidal.

(iv) Shape of emf in winding — Sinusoidal.

If switch s, is opened and s, is closed

(1)  Shape of I, on primary side is — Sinusoidal.

(i) Shape of I, on secondary side — Sinusoidal with frequency 3f. (only 3™ harmonic).
(1) Shape of flux in Transformer core — Sinusoidal.

(iv) Shape of emf in winding — Sinusoidal.
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If switch s, is closed and s, is closed :

(1)  Shape of I, on primary side is — Peak waveform with 3™ harmonic current.
(i) Shape of I, on secondary side — sinusoidal with frequency 3f. (only 3™ harmonic).
(1) Shape of flux in Transformer core — Sinusoidal.

(iv) Shape of emf in winding — Sinusoidal.

1.18 Y — Y- TRANSFORMER CONNECTION

— L R A, 8, —— PR ——
B b
B . . b
R ———— B, b, —— T !
C C . . ¢ o
TR C o, — VRN ————
N : : N

Outcoming terminals on both sides with dot, so the displacement angle is zero and draw secondary vectors
parallel to primary side vectors in same direction.

A a
B | (Clockwise) b (Clockwise)
C c
Primary Voltage Secondary Voltage
Vl A V2 A

Q
Q

12

This connection is also known as Y yO or Y y12.
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If out coming terminals of secondary are changed :

Ao A, B
B, B 5 b, . b b
2
C C . c c ., ¢ o
RS L . s ——
n : n

a
b (Clockwise)

Primary Voltage Secondary Voltage

AN

A h
v, V)

4

12

This connection offers 180° phase displacement and this connection is known as Y y6.
Features of Y/Y Connection
1. In this transformer, line turns ratio is equal phase turns ratio.

2. Y/Y requires only 57.7% of total no of turns per phase and 57.7% of total amount of insulation when
compared to A/A of same voltage rating.

3. Y/Y requires more cross section area of conductor when compared to A/A of same current rating.
4. Due to above reasons Y/Y connection is economical for high voltage, small KVA rating Transformer’s.

Y/Y transformer connection doesn’t provide any closed path within the phases for the flow of 3™ harmonic
current. Therefore the shape of emf in this connection is sinusoidal only when 3 limbed core type core is
employed. On the other hand shape of emf in the connection is non sinusoidal if 5 limbed shell type core
is employed.
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Drawbacks of Y/Y Transformer with 5 Limbed Shell Type Core or 3-¢ Bank Construction

1. Shape of emf in Y/Y transformer is non-sinusoidal.

2. As cach phase contains 3™ harmonic emf’s in addition to fundamental, the neutral point is shift from its
original (fundamental) position and produce unbalanced phase voltages.

3. Speed of rotation of 3™ harmonic is 3, but fundamental emf frequency is ‘@’. Therefore the relative

speed between these two vectors is 2o rad/sec, so the neutral point of Y is not only shifted but also
rotates at a speed of 20 rad/sec. This type of neutral in Y/Y transformer is called oscillating neutral (or)

floating point neutral.

2® rad/sec

R A)/ 2o rad/s
~ Y
N [y

z

4. Due to oscillation of neutral point, the different phase voltages are not maintained constant and the
transformer is not able to supply single-phase loads. However, it is able to supply 3-¢ loads since Line
voltages are free from 3™ harmonic emfs as the 2 phases between the lines are connected in series

subtractive polarity and 3™ harmonic voltages get cancelled.
The above drawbacks in Y/Y transformer can be eliminated by providing closed path within the phases for the
flow of 3' harmonic currents by using following techniques :
1. Neutral Grounding : In this method path for the flow of 3™ harmonic currents can be provided by

grounding neutrals are transformer along with source and load neutrals.

The main drawback of neutral grounding method is 3™ harmonic impedance offered by closed path for the
flow of 3™ harmonic currents in this method is very high so that 3™ harmonic currents are weak and hence the
drawbacks of Y/Y transformer cannot be eliminated completely.

2. Tertiary Winding Method : In order to eliminated the drawbacks of Y-Y transformer completely, the
system should be provided low 3™ harmonic impedance are for the flow of 3™ harmonic currents.

This can be practically achieved by introducing a 3™ winding on same
transformer core which is called as tertiary winding.

By using A connected tertiary winding 3™ harmonic impedance for flow of 3™ harmonic current can be
provided and all the drawbacks can be completely eliminated.
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This can be practically achieved by introducing a 3™ winding on same transformer core which is called as
tertiary winding.

Functions of A- connected tertiary winding in Y/Y transformer with 5 limbed shell type core :

1. It makes the shape of emf as sinusoidal in Y/Y transformer by eliminating 3™ harmonic emf’s from
individual phases.

2. It reduces voltage unbalance in Y/Y transformer by shifting back the neutral point to the fundamental
location.

3. It stabilizes the neutral point in Y/Y transformer that’s why this winding is also called stabilizing winding.
4. It helps the Y-Y transformer to supply single phase loads also.

It provides path for zero sequence currents under unbalanced load condition and helps the Y-Y transformer
to supply unbalanced loads also along with balanced loads.

6. It helps the earth fault relay to activate promptly under earth fault condition to trip the Transformer in
time.

1.19 A/Y TRANSFORMER CONNECTION

A
A ’—fmvmm— A ke LT
b
b, b
]31 B . B2 2 (mmmm\ 1
—— TOUTTuuTII—
C, c ¢
—— VIR ——
C
1 C . c, n
BT —
%)
A
B | (Clockwise) ¢ a
c b, b w\a b (Clockwise)
c
)
12
A
180° — 30° =150°
9 3
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This connection offers 150° phase displacement between primary and secondary and this connection is also
called Dy5 connection.

A 12

309

6

This connection offers +30° phase displacement between primary and secondary and this connection is also
called Dy11 connection.

A a
A TR A, B Ay N
B, b
[P B, |«
Cl
¢ . C; © G
LT C, BRCEPWY 7
n
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N

[ ——

A A . a .
B | (Clockwise) b | (Clockwise)
Y C c
B
C & IC =B,
12
180° +30° =210° 9 3
a
6

This connection offers 210° phase displacement between primary and secondary and this connection is also
called Dy7 connection.

A X:1 \ .
Al TS A, — R ——2—
B, V3Ve Vi
B . . X b, D X p
[ D2
Cl
C O C C2 ¢ Cl
L R C, R ———
n
AZ
' a
i A a
= Clockwi
* ](3: (Clockwise) Cy c Ky E (Clockwise)
b
G & IC B, b,
12
9 3
6

This connection offers —30° phase displacement between primary and secondary and this connection is also
called Dyl connection.
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Comparison Between Different Transformer Connections

If transformation ratio of transformer is x : 1

Connections Line Voltages Secondary Terminal
Voltage
A-A v i 100%
X
Y-Y v, Vi 100%
X
-Y 173%
A Vi: NG A °
X
Y-A A\ 57%
Bx

1.20 FEATURES oF A/Y CONNECTION

8.

In this transformer if phase turns ratio is x : 1 the line turns ratio is x : /3 .

This A/Y transformer connection offers highest secondary terminal voltage (73% more) among all the
Transformer connections for the same applied voltage and turns ratio.

For same voltage rating, A-Y requires less no of turns per phase among all the transformer connections,
so that this transformer is most economical when compared to other transformer connections.

This connection is more economical for step up application.

This transformer connection is generally employed at beginning of the transmission line as a step up
transformer.

As primary side A provide closed path for 3™ harmonic current, 3™ harmonic emf”s in individual Y phases
on secondary side are absent so that neutral point on secondary side is maintained stable and the transformer
can able to supply 1-¢ and 3-¢ loads perfectly.

Primary side Delta also provides path for Zero Sequence currents under unbalanced load condition,
thereby the Transformer can supply unbalanced loads satisfactorily.

That’s why A/Y transformer connection is most ideal choice for distribution applications.

Example 9 : A 6.6 kV/415V delta/ star connected distribution transformer has % resistance of 2% and % reactance

of 6% :
(1) The voltage regulation of transformer at full load 0.8pf lead is :
(i) The voltage to be applied on primary side of transformer to maintain the secondary voltage at 415 V with
the above load condition is :
Solution: 6.6KV/415V %R =2% % x=06% cos¢p = 0.8 and sing = 0.6
() Regulation = % R cosd + % x sin ¢
=2x08+6x0.6=52%.
(i) Voltagedyp=52%0f45=2158V
21.58V+415V=43658V
The voltage to be applied is = 136.2x6.6x1000 69432V

415
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Y-A Transformer Connection

A
A, SN
B, B B,

C—lfmmcmm; C

2
N

B (Clockwise)

a
b (Clockwise)

This connection offers 210° phase displacement between primary and secondary and this connection is also

called Yd7 connection

309

12
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This connection offers —30° phase displacement between primary and secondary and this connection is also
called Yd1 connection.

A T A 2 T A
b,
. b

B, WWB © A -L—fmm‘o‘mfm—‘
G

! N L

TR C,
N

30°

6
This connection offers +30° phase displacement between primary and secondary and this connection is also
called Yd11 connection.

1.21 FEaTURES oF A/D CONNECTION

1. In this transformer connection if the phase turns ratio is x : 1, line turns ratio is x: T .
3
2. This transformer connection produce least secondary terminal voltage among all the transformer
connections for same applied voltage and turns ratio.

3. This transformer connection produces 42.3% less terminal voltage when compared to A/A (or) Y/Y
connections.

4. This transformer connection requires highest no of turns per phase on both among all transformer
connections for same voltage rating. Hence, it is most uneconomical transformer connection among all
transformer connections.

5. This transformer connection is economical for Y winding on HV side and A winding on LV side. That
means it is economical to use this transformer connection for step down applications.

6. This transformer is not suitable for distribution application since neutral is not available on secondary
side.

7. In this transformer, secondary side A provides closed path for 3™ harmonic currents. Therefore the
shape of emf is sinusoidal. Y/A transformer with switches S; and S,.
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If switches S, and S, are open :

1. Shape of I, on primary side is sinusoidal.

2. Secondary side I, is zero.

3. The shape flux in transformer core is Trapezoidal.

4. The shape of emf is peak wave.

If switch S, is open and S, is closed :

1. Shape of I, on secondary side is sinewave with frequency 3f.

2. The shape flux in transformer core is sinusoidal. Therefore emf is also sinusoidal.
If switches S, and S, are closed :

1. Shape of I, on primary side is peak (Fundamental + 3™ harmonic).

2. Secondary side I, is only sinusoidal third harmonic.

Common Data for Examples 10 & 11.

A AR [ﬁj a
B AR / b
C AR AN C

S, S,

g

The star-delta transformer shown above is excited on the star side with balanced, 4-wire, 3-phase, sinusoidal
voltage supply of rated magnitude. The transformer is under no load condition:

Example 10 : With both S, and S, open, the core flux waveform will be :
(a) A sinusoid at fundamental Frequency
(b) Flat-topped with third harmonic
(c) Peaky with third-harmonic
(d) None of these
Solution

For sinusoidal excitation, the flux is a flat topped wave with 3™ harmonic. As S; & S, both are opened there
is no closed path for the circulation of 3™ harmonic currents. So no compensating flux is produced for 3™ harmonic
flux. Hence flux remains as flat topped wave.

Example 11 : With S, closed and S; open, the current waveform in the delta winding will be :
(a) A sinusoid at fundamental frequency
(b) Flat-topped with third harmonic
(c) Only third-harmonic
(d) None of these

Solution: With S, closed, there is a closed path available for the 3™ harmonic currents with in the phases. As the
transformer is under no load condition only 3™ harmonic currents will be flowing in the delta connected secondary.
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1.22 SpeciaL 3-¢ TRANSFORMER CONNECTIONS

A-ZigzagY
Y -ZigzagY

V - V connection (open delta)

B =

Scott connection or T - T connection.
1.22.1 A-ZigZag ¥

It can be used in place of D/Y transformer to get exactly stable neutral point.

The purpose of zig zag star is to nullify the 3™ harmonic emf in individual phases so that the phase voltage is
sinusoidal wave.

In zig zag Y, each phase is divided into two equal parts. The 3™ harmonic emf’s are nullified due to series
subtractive polarity connection of different half phases.

A/
- 2x
| SNV 111 NSRRI 1y S
A [ )
A, — TV ——— A,
b4 . b3 bz . b1
ST PRSRSI—
B
BT 111
2
il c; c, o ¢,
TR PO —
¢
C . n
SE ) o M—E
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This connection offers 180 degree phase displacement between primary and secondary and this connection is
also called Dz6.
For different end connections of zig zag star:

A

This connection offers zero degree phase displacement between primary and secondary and this connection
is also called Dz12.

If x : 1 is phase turns ratio of transformer :

If line to line voltage applied on primary is V;, then the line to line voltage on secondary side is

The phase voltage across secondary half winding (say a/2) is i,

2 2
Vi = & + & +2££cos60°
a3n 2x 2x 2x 2x

2 2 2
= Vi + All +2 Vil
2x 2x 2x ) 2 a
3V,

X

YV,
Vs = \/3T [ Kl (line to line voltage)

£l
2x
23.2% less terminal voltage will be obtained when compared to A/Y transformer connection.

O

ay

Van = -(Phase Voltage)

3
: —=x:1.5
2x 2

The line turns ratio is Vv,
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In A-zig zag Y, if phase turns ratio is x : 1, the line turns ratio is x: 5

This A-zig zag Y connection produces 23.2% less line voltage when compare to A-Y connection.

In zig zag Y-connection as different half phases are connected in series subtractive polarity, the 3™ harmonic
emf’s in individual phases are nullified and neutral point of the zig zag Y exactly maintained stable.

1.22.1 Y-Zig Zag Y Connection

Vi

2\/§X

This connection offers —30° phase displacement between primary and secondary and this connection is also
called Yz1.

It indicates that Y-zig zag Y produces displacement of £ 30° and 180° £ 30°.

In Y-zig zag Y, if the phase turns ratio x : 1, the line turns ratio is x: 73 :

This Y-zig zag Y connection produces 13.4% less secondary terminal voltage when compare to Y-Y.

For same voltage rating Y-zig zag requires 9% additional turns per phase when compared to Y/Y.

In zig zag Y as windings 2 different half sections are connected in series subtractive polarity, the resultant 3™
harmonic emf between any terminals to neutral point becomes zero there by 3™ harmonic emf’s from individual
phases can be eliminated.

aad



