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Introduction

A transformer is an electrical device that transfers energy from one electrical circuit to
another by magnetic coupling but without any moving parts.

= |ts action is based on the laws of electromagnetic induction,

= There is no electrical connection between primary and secondary.

= There is no change in frequency.

= The ac power is transferred from primary to secondary through magnetic flux.
=  Transformer has no moving parts.

= Rugged and durable in construction.

=  High efficiency as well as 99%.

=  Transformers alone cannot do the following:
1. Convert DC to AC or vice versa
2.  Change the voltage or current of DC

3.  Change the frequency (the "'cycles') of AC.






Transmission Transformer

220 KV - 1MV

161 kV Primary Delta-13.8 kV Secondary WYE, (47MVA), Transformer at the SNS site, Oak Ridge, Tennessee, USA.



Distribution Transformer

5 KV -220 KV




Service Transformer

Circuit Transformer

11 KV - 415V




Basic Components

Iron Core Insulated Copper Wire

'A)ndary
winding

Primary

winding

connected to connected to
the source the load

Both coils are electrically separated but magnetically linked through a low reluctance
path (Iron Core)



Basic Components

L aminated
Iron core

N

Insulated )
coppe&wi g

N\

N

\N
N\




The Two-Winding Theory

D
/@_;ig le Nzg )_J?ez
_4+¥ q 3
b <+
Primary Secondary
dg
=N, = dg
1 1 dt e — N dt

If the flux varies sinusoidally, @ =@, SIn@t then,
e, =N, ®_cosawt =~/2E, coswt

E, is the root-mean-square value
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The Two-Winding Theory (cont.)

E, =

NPy 24 o N —444t0 N, @,
2 2 ;
| 3 ]
+ P )—_?_
E2 =4.44 f¢m N2 Vi) B N N, d B
— s97p T3
b

» Voltages are in phase (no phase shift)
 Voltage magnitudes vary with turns ratio.
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Ideal Transformer at No-Load

Ideal Transformer Iy " .S
‘r,=r,=0 d4+ r° °q v )_3_0/0—"
« No leakage flux =>core Y1) 4N N p 2 L
losses are negligible — |t — d
e m = o (high permeability) :
—> exciting current =0

V1:e1:N1d—¢ V2=62=N2d—¢

dt dt

v, € N - '
t = =—L =a(turns ratio or transformer ratio)
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Ideal Transformer Under Load

| > -
. . c S b
S, =S it L
1 ? € ¢ 0N, N, ¢ € V, | Load

e Currents are In phase.

e Current ratio Is opposite to the voltage ratio
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Impedance Transfer

Secondary impedance = Z, = \I/_

2
2
aVv, » V, )

Primary impedance = Z, = Vi =a"—~==a"zZ, where a = N,
, 1,/a L, N,
I, B T ] I1:
Vi vV, |Z,| = Vi |Z),
O
N; N, , -
Secondary impedance is transferred to the primary side |/, =/ =31,
. . . . . 1
Primary impedance is transferred to the secondary side m |/ L= / ) = — / .
a

This impedance transfer is very useful because it eliminates a coupled circuit in an
electrical circuit and thereby simplifies the circuit.



Equivalent Circuit: Practical Transformer

f

m
Rl | - > ~
A A 1 , R,
> D q \ s ﬁuzi\/\/\/\_o
Vi <C S fip } vV,
o S P 7
\ J
Nl NZ
R, X1 /ﬁi R,
o MP— ] ~Mir—o
. ° ° .
Il |2
' Vv,
o o
N;: N,

R, & R,: the resistance of the primary and secondary winding

X, = 2#fL,, =leakage reactance of winding 1= L, = N®y leakage inductance of winding 1

Il
X,, = 2xfL,, = leakage reactance of winding 2= L,, = N,®,,

= leakage inductance of winding 2
2
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Equivalent Circuit: Practical Transformer

* In practice | is required to establish flux f _ in the core.
=> This effect can be represented by a magnetizing inductance L.
“* The core loss can be represented by a resistance R..

S I el Je W
l, |
I I 2
V]_ RCl ml E]_ E2 V2
cl Xml
(@] O
N;: N,

Ideal Transformer

A practical transformer is equivalent to an ideal transformer + external
Impedances that represent imperfections of an actual transformer,
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Equivalent Circuit: Practical Transformer

R, X B X, R,
o—/\MN—"" T T YW
_ o ° N
b | ,
" R, x, |3l v
o —O
N;: N,
V= E+ LR+ iX,) E, =IV2 + LR, + iX,)]
= EZ&_F _1(R1+ jxl)
2 R’ Nl
=V, + (R, +jX2)] L(R + jX,) 2~ T2 N,
_ [ No ; N
e o

2
— N [ N ) _ .
V, N—l"‘ IZ(N—lj (R, + sz)] + I1(R1+ Jxl)
2 2

T 4 R+ X)) |+ LR+ X)
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Referred Equivalent Circuit

the primary

xll |12 X’|2 Rsz |2 E]'_ = E2 = a.EZ
™M |f1 > I — Y _w V2 — aVZ
Icl |m1 |,2 |é=|2/a
E.=FE’ vV’ \ .
Ret ) HT A i 2 Xy, = alez
R, =a’R,
X|l |12 X’|2 R,Z
o—/MA——N > — YN NA\N—0-----
1, | | ’, | Load impedance
Rcl m1 E,=E’, v, |z, transferred to
cl Xml |

Transformer Equivalent Circuit




Approximate Equivalent Circuit

I,R, and I X, are very small compared

Rl R’z X|1 ><,I2
toV, =| E, [¢|V, | o » | I — M — Y
l, nooo——— I’
2
V ~— —— — ,
Shunt branch can be moved to bRy Kint Zeql V',
the supply terminal
(o}
l,, Is also very small compared to I, I, Req i%?% I,
|, <5%x |, = it's possible to OV ~°
remove the shunt branch. ‘ Vi Z.. v, | Referredto
€q Primary
Req1 ' o o)
Raz=—3 =R +R
X . I’1 I:\)eqz xeq2 |2
_ Neql ' o>— /W —" Y o0
Xegz = 22 X+ Xy - . _ Referred to
Y | V', Zeq2 v, Secondary
V,== |, I,=1,=al, o 0

a

19



The magnetization current in a real transformer

Even when no load is connected to the secondary coil of the transformer, a current will
flow in the primary coil. This current consists of:

1.The magnetization current i . needed to produce the flux in the core;

2.The core-loss current i, , . hysteresis and eddy current losses.

PWandy oy gy Y

vpli)
L .
\ ’/ \
AY ! ‘
\ / Y\
\ ! \
\ I \
\ I \
2 1 \ L
) T \ f — — T =Ni
\ ' \
\ / \
\ 1 \
\ / \
|
1

o, Wb

‘ \/ ‘

v \
N

~s N

Flux causing the
magnetization current —>

- o A-turns

|
Typical magnetization curve >
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Analysis of Transformer
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Analysis of Transformer
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Analysis of Transformer
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Rated Values

e Rated voltage: The device can continuously
operate at the rated voltage without being
damaged due to insulation failure

e Rated current: The device can continuously
operate at the rated current without being
damaged due to thermal destruction
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Transformer Rating and Name Plate

10kVA
1100/110 Volts

-

 The transformer has two windings one rated
for 1100V an the other one for 110V
a =1100/110 = 10 = turns ratio

 Each winding is designed for 10 kVA.

* The current rating for high-voltage winding
Is 10000/1100 = 9.09 A

* The current rating for lower-voltage winding
IS 10000/110 =90.9 A
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Equivalent Circuit Parameters

No-Load test (Open-Circuit Test)

%gﬂI
: E"

OC

ml

Xml
V2 = IocVoc COS((D )
Re1 :ﬁ
oc cos(®,) =
| _Voc \/|2_|2 IocVoc
“ Rcl’ |, =1, cos(@,) &1, =1,sin(®,)
V V V
Xm1:i Rcl_i’ Xm1: >
Iml ICl Iml
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Equivalent Circuit Parameters
Short-Circuit Test

— AW S
S %—ég} = . -

R = Psc COS(CDSC)— PSC
eq |2 Iscvsc
SC V
Vsc Zsc _I—SC
Zeq — I SC
s¢ Req = Z COS(D,)
2 2 .
x eq — \/Zeq o Req Xeq :ZSC SII’](CDSC)

IR, +a’R, =R, & X +a’X, =X

eq

The primary resistance R, can be measured directly.
The leakage reactance is assumed to be divided equally, X; = a?X, =0.5 Xeq
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Determining the values of components
Example:

Example 2: We need to determine the equivalent circuit impedances of a 20 kVA,
8000/240 V, 60 Hz transformer. The open-circuit and short-circuit tests led to the
following data:

Voe = 8000 V V. =489 V
loc = 0.214 A o =25 A
Poc = 400 W P =240 W

The power factor during the open-circuit test is

P. 400
V..l,. 8000-0.214

The excitation admittance is

Y :Iﬁ Z/—00s ™ PF :% Z—00s ™ 0.234=0.0000063— jO.0000261=i — ] Xi

PF =cosd =

=0.234 lagging

Vi M




Determining the values of components
Example:

1 . 1

Therefore: 3kQ

R.=——=159kQ; X, =—— =38
0.0000063 0.0000261

The power factor during the short-circuit test is

240

=" 0.196 lagging

The series impeda

I Req Xeg _}“E.
Lk ZVﬁzcos‘lPF :4—89478.7o *eo W
] 25 l 1 3840  j192Q
SC _ MI l m
~38.4+ j192 O
R X
Therefore: \C 15961;9 j’3g?3 o) avg
R, =383Q; X, =1920Q

The equivalent circuit
29



Multi-secondary windings

110 VOLTS

f

YELLOW
350 VOLTS|, TELLOW
| STRIPED

f f00 VOLTS
350 YOLTS

l

5 VOLTS




Multi-secondary windings

pa LZ = ‘Hz

w

M ‘Hrn m ‘Hrn

w

Primary
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Autotransformer
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Autotransformer

Advantages: Disadvantage:
 Lower leakage reactances  The direct connection between

* Lower losses the primary and secondary sides.
e Lower exciting current

e Increased kVA rating
« VVariable voltage output
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Autotransformer: Voltage and current

34



Autotransformer
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Autotransformer: Power

:Vlls — (E1+E2) |1: E1 I1"'Ez |1
=|SA|+E, I,
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VARIC: Variable Auto-Transformer

N3
| Sliding
1 terminal
Nl v
IIoad
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VARIC: Output Voltage

3

Sliding
terminal

/

IIoad
—_—

AtY
N.+N
Vload — Vs - 2 :Vs
N,+N,
At Z
V. =V, N, +N,+N,
N, +N,

The Variac can adjust the load voltage from zero to greater than the supply voltage.
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Voltage Regulation

voltage regulation is the ability of a system to provide near constant voltage over a
wide range of load conditions.

T o VWV . Vi —|V
MN—o | Voltage regulatlon=| e =1V 1
Zeq V1,
Vl VZ, Load Referred to
o—| Primary
o} o o | |
. V —|V
Transformer Voltage regulauon:' 2 I =1V |
\An
fLocusofVl
A g,
. V=V
Voltageregulatlonz| 1| ,l 2 |u
AN

0, is the angle of the load impedance
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Efficiency

— Pout _ Pout _ Pout
77 Pin Pout + PlOSSES Pout + I:)C + Pcu
P.=V,l,cos0,

12 2 g2 12
I:)cu_IlRl—i_IZRZ_IlReql_IZRqu

Pc — |<:2ch _

4,

B V,1,cosé6,
V,1,c0s0,+ 1R + I22Reqz

=F(l,,c0s6,)
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The transformer efficiency:
Example

Example : A 15 kVA, 2300/230 V transformer was tested to by open-circuit and closed-circuit
tests. The following data was obtained:

Voe=2300V | Vg =47V
loc = 0.21 A lc = 6.0 A
Poc =50 W P.. =160 W

a. Find the equivalent circuit of this transformer referred to the high-voltage side.
b. Find the equivalent circuit of this transformer referred to the low-voltage side.

c. Calculate the full-load voltage regulation at 0.8 lagging power factor, at 1.0 power
factor, and at 0.8 leading power factor.

d. Plot the voltage regulation as load is increased from no load to full load at power
factors of 0.8 lagging, 1.0, and 0.8 leading.

e. What is the efficiency of the transformer at full load with a power factor of 0.8 lagging?
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The transformer efficiency:
Example

a. The excitation branch values of the equivalent circuit can be determined as:

NE
2300-0.21

(0]

84° = %4 —84° =0.0000 095 - j0.0000908 S
2300

The elements of the excitation branch referred to the primary side are:

1

R =——=105kQ
0.0000095

X, ——~ _—11kQ
0.0000908
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The transformer efficiency:

Example

From the short-circuit test data, the short-circuit impedance angle is

\Y

47

Zge =5 L0 =~ £554° =445+ [6.45 Q

ISC

The series elements referred to the
primary winding are:

Ry =4450Q; X, =6450

The equivalent circuit /

E I
I.U R‘:qp JX"fqp ?li
1% W\’ rYwoh_...=“ Ly
4.45 Q j6.45Q
L. ‘ L,
R. :
Vp s me avS
105 kQ) J11k )




The transformer efficiency:
Example

b. To find the equivalent circuit referred to the low-voltage side, we need to divide the
Impedance by a2. Since a = 10, the values will be:

R. =1050Q X,, =110Q R, =0.0445Q X, =0.0645Q

The equivalent circuit will be

al Req. JX eq, I

T o— WV—NW\____“_"__,T.;.
I

0.0445 O j0.0645 Q)

alh+t)1 1
al,,
) , X .
P 5.5.21050(1 J——:;’—'szIOQ Vs
8 a“ a-
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The transformer efficiency:
Example

c. The full-load current on the secondary side of the transformer is

IS rated — Srated — 1999 =65.2A
| VS,rated 30
- Vp
Since: . =V + R ls + 1 X s
At PF = 0.8 lagging, current |, =65.2/—cos *(0.8) =65.2/-36.9° A

Vv
UV — = 230.£0° +0.0445-(65.2£—-36.9°) + j0.0645-(65.2.£ —36.9°) = 234.85.20.40°V
a

The resulting voltage regulation is, therefore:

vfl
o = 2349.204°V

‘ /3-Vs :100%

S, fl

Vg =230£0°V ,
s JXelg=4.21£53.1°V

~ 234.85-230

-100%

Regds=2.92-36.9°V

Iy=65.22-36.9° A

=2.1%
45



The transformer efficiency:
Example

At PF = 1.0, current |, =65.2/cos*(1.0) =65.220° A

Vv
and —£ =230,0°+ 0.0445-(65.2400) + j0.0645-(65.2400) =232.94/1.04°V
a

The resulting voltage regulation is, therefore:

\V /a|—V _
VR = M—S’“-loO% _232394-230 15000 1 980
¥ 230
' |
—=2329/1.04°V
> 4.21./90° V
o - J
I, =65.220° A 230£0°V ——

2920°V
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The transformer efficiency:
Example

At PF = 0.8 leading, current |, =65.2/cos*(0.8) =65.2./36.9° A

V
and — =230£0°+ 0.0445-(65.2436.90) + ]0.0645- (65.2436.90) =229.85/1.27°V
a

The resulting voltage regulation is, therefore:

\V /a|—V _
VR = ‘p/‘—” .100% = % .100% = —0.062%

S, fl

\%
P =2208,127°V

I =65.2£36.9° A “
_,>4<21 £1269°V
/g £369°V

230 L0 ¥
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The transformer efficiency:
Example

Voltage regulation versus load

Similar computations can be 25 ! | ; | [
repeated for different values of CRPF laaas
load current. As a result, we 5 cm——LOPF
can plot the voltage regulation === 0.8 PF leading
as a function of load current for
the three Power Factors. S

=

-

51
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The transformer efficiency:
Example

e. To find the efficiency of the transformer, first calculate its losses.
The copper losses are:

P. =I2R_ =65.2>-0.0445=189W

S eq

The core losses are;

The output power of the transformer at the given Power Factor is:

P, =V:l.cosd=230-65.2-c0s36.9°=12000W

out

Therefore, the efficiency of the transformer is

o -100% = 98.03%

P t+P_+P.

core

J
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Transformer taps and voltage regulation

We assumed before that the transformer turns ratio is a fixed (constant) for the given
transformer. Frequently, distribution transformers have a series of taps in the windings to
permit small changes in their turns ratio. Typically, transformers may have 4 taps in
addition to the nominal setting with spacing of 2.5 % of full-load voltage. Therefore,
adjustments up to 5 % above or below the nominal voltage rating of the transformer are
possible.

Example : A 500 kVA, 13 200/480 V transformer has four 2.5 % taps on its primary winding.
What are the transformer’s voltage ratios at each tap setting?

+ 5.0% tap 13 860/480 V
+ 2.5% tap 13 530/480 V
Nominal rating 13 200/480 V
- 2.5% tap 12 870/480 V
- 5.0% tap 12 540/480 V
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3-phase transformers

The majority of the power generation/distribution systems in the world are 3-phase
systems. The transformers for such circuits can be constructed either as a 3-phase
bank of independent identical transformers (can be replaced independently) or as a
single transformer wound on a single 3-legged core (lighter, cheaper, more
efficient).

s ™




3-phase transformers

o Core (3-legged)

X
= i
>

@ - “ e
\ =
\ ;o
\‘ S
a b [+ i
e il
A

O HV Winding

Neutral




3-phase transformer Connection

We assume that any single transformer in a 3-phase transformer
(bank) behaves exactly as a single-phase transformer. The impedance,
voltage regulation, efficiency, and other calculations for 3-phase
transformers are done on a per-phase basis, using the techniques
studied previously for single-phase transformers.

Four possible connections for a 3-phase transformer bank are:
1.Y-Y :
2.Y-A
3.A- A
4 A-Y
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3-phase transformer Connection

1. Y-Y connection:

VLZ B \/gvphZ B
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3-phase transformer Connection

2. Y-A connection:
* Wye-Delta Connection Y-A

a = —= = turns ratio
2
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3-phase transformer Connection

3. A -Y connection:
Delta — Way Connection A - Y

| V3
O P N; ) T | T
v V
o—©g< Ny | ; vov
() l ﬁ (\(\(\h/ Kw
: - :
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3-phase transformer Connection

4. A - A connection: ” P

The primary voltage on each phase of the v,,
transformer is

\Y

#P =Vip

The secondary phase voltage is

The overall voltage ratio is

V \Y

LP _ ¢P:a

VLS V¢s

No phase shift, no problems with
unbalanced loads or harmonics.
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3-phase transformer

» A three phase transformer can be constructed by having three

primary and three secondary windings on a common magnetic
core as shown in the following Figure.

=

o

04
C
c ¢
% D g g =0
=
C Advantages

Weight less, Cost less, Required less space

Disadvantages

Magnetic current imbalance
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3-phase transformer

* Phase Shift

Y - A )| Vg leads ¥, by 30° |

A - Y| Vistags v by 300 |

A -A E}INophasashjft I

Y -Y E}INaphaseshift I
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