Transformer

s,
1 Construction

01 Theory of Operation
11 Equivalent Circuit

0 Transformer Rating
01 Per-Unit System

0 Efficiency

0 Voltage Regulation
0 Tests

0 Applications



Transformer: Ratings
-
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Transformer: Per-Unit System

Per-unit value of a quantity =

Actua Vaue
Base Vdue

Choose base values as follows:

Apparent Power (S) S,= rated volt-ampere = S,

S, =P, =

Q,

VOH'GQGS (vl/v2) v]b = v]rcfed v2b - VQFleed

Calculate the other base values:




Transformer: Per-Unit System

Advantages of Per-unit System:

1. Per-unit (p.u.) values of circuit parameters are the same
on either side of the a transformer ( i.e. weather referred to
primary or secondary).

R
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* Ry, (0orZ,,) 2 tal(sz) o Ry(orZ,,) e Vip

N2 Sy Viby2 S S
RZactual ( N2 ) (Vlé) T RZactual (VZb) (Vlé) T RZactual (szb

R, =R

2pu " 2pu

E> Rlpu — Rl'pu leu :Xl'pu X2pu :xépu




Transformer: Per-Unit System

Advantages of Per-unit System:

2. The per-unit value of the resistance represents the
percentage of power loss at full load.

W TR (orZ,) S, " Raed Power

Rawa  Riaua x| 2 Power Losses at FL

IleIIFL

ipu | = Primary power losses at FL as a ratio of rated power




Transformer: Per-Unit System

Advantages of Per-unit System:

3. The per-unit value of the impedance represents the
percentage voltage drop at full load.

> _ Zioia  Liscua " ~ Voltage Drop at FL

ez V, °  RatedVoltage

Z

1pul = Primary voltage drop at FL as a ratio of rated voltage

4. Transformer parameters lie within a narrow range of
values when expressed in p.u.



Transformer: Per-Unit System
I

TABLE 10B PER UNIT TRANSFORMER VALUES

KVA | 10 100 1000 400000
E,, V2400 2400 12470 69000 13800
3 Vo460 347 600 6900 424000
Le A 0417 417 802 145 29000
A 217 288 167 145 943
Zo 2 5760 576 1555, 4761 04761
Z.. Q2116 120 360 4761 4494

R, (pu) - 0.0101 0.0090 0.0075 0.0057 0.00071
R,(pu) — 00090 0.0079 0.0067 0.0053 0.00079
X,y (pu) —  0.0056 0.0075  0.0251 0.0317  0.0588
X (pu)y — 00055 0.0075  0.0250 0.0315  0.0601
X, (pu) — 37 503 965 106 966
R,(pu) — 694 885 1415 907 666

[,(pw)  —  0.032 0023 0013 0015 00018




Transformer: Per-Unit System
—

1 Example:

A 50 kVA, 2400/240V, 50 Hz transformer has a resistance
and leakage inductance of 0.72+j0.92 for the primary side
and 0.007+j0.009 for the secondary side. At rated voltage
and frequency, the admittance for the shunt branch of the
excitation current is 0.324+i2.24 x10-? mho when viewed
from the low voltage side.

Draw the exact equivalent circuit:
«. Referred to the primary.
». Referred to the secondary.

<. In per-unit values.



Transformer: Per-Unit System

Solution:

Rated VA =35 .., = 50 kVA = 5,

Rated primary voltage = V,, = 2400V =V,
Rated secondary voltage =V, =240V =V,

Vl:lelo | :§:| & | _§_| &
vV, N, VAR Y 25 I [
.., =20.8A |,;, =208A

R +jX,=072+j0.92| [R +jX,=0.007+ j0.009

1 X 1

R = —308.64 = — 44.64
©0.324x1072 224 %x1077




Transformer: Per-Unit System

Solotion: R, + X, = (R, + X, ) 1) =07+ 09
2
I : : o :
RS Rl JXI 1_2.. JX: R:a
o—{ 100000 700000 ——_ 1o
. [072] [0.92]1 L] [ 0.7] .
\f R|| X § E, v,
30864 4464

O

Exact Equivalent Circuit referred to Primary

O




Transformer: Per-Unit System

Solution: R +jX, =(R +jX 1)(%)2 —0.0072 + j 0.0092
1
I - ,
b, R X L X, R
0.0072 0.00921 L, IL 0.009( [0.007],
V; R, | X §E, V,
308.64—44.64

Exact Equivalent Circuit referred to Secondary

O




Transformer: Per-Unit System

Vi Vi
Solution: Z, = é’ =115.2Q| |Z,,=-22=1.152Q
R, =6.25x107°] [X,,, =7.98x10"° Xy =7.8x107| |R,,, =6.08x107°
o—1{ 1 00000" * 700000 ——_——1-0
Ry =267.87 X ou =38.74
O O

Exact Equivalent Circuit in per-unit



Transformer: Load Factor

Load factor

It’s the ratio between the apparent power (current)
drawn by the load at a certain condition and the full
load power (current) of the transformer.

k:—SL :>k:v2l2 :> k = ¥
SFL Vzl FL | 2FL
I_l.. 1_2.. Xﬂql Rﬂql
o 70000010
L “
Vl R X E V‘Z Z|_'
c M 1




Transformer: Voltage Regulation

T
Voltage Regulation

It’s the difference between the load voltage
(secondary voltage) at no-load and the load
voltage at a certain loading condition as o
percentage of the no-load voltage. (i.e. the
percentage voltage drop)

Van |~ M|

Vot

VR=¢ = x100lv| R[] x8E




Transformer: Voltage Regulation

VR = :M‘NL‘_Vz‘xloo
2NL
o ‘VzNL"_ Vz" X100
‘VZNL
. L
e Vlvvleoo .
| )




Transformer: Voltage Regulation

'\/1 — I é(Reql + leql)—|_V2’

X,

I:\)L

¢, =tan —||6_ = tan"

eql

1

ZL' :‘ZL"4¢2

T\/l‘ _sz‘ = I ézeql COS(HSC _¢2)

/ Iézleq |
negligible
; Lol I

N/

Very small phase shift

P,

V.




Transformer: Voltage Regulation

1 =F, >
IS4 — Zi“._/ﬁi

/ . /
5 x 100 1 & ANz
‘\/1‘ I,R -
' esc _¢2
|2

_ I ;Zeql cos(f,. — ) .

3 100
Mi
_ 1,Z ., cos(0 —¢,) . 6. = tan™" :;:11
T\/ZNL‘




Transformer: Voltage Regulation

|, /1,5 W oy, COS(Oy —
8:( 2 2F|_)| &2 (0, ¢2)><10()
Vo |/ 155
Load K — |2
Factor |
2FL

eq2

_ a2 _ _
Vo)~ Wall10) 2, ™

€= kzeq pu cos(fy, —¢,)*x100




Transformer: Voltage Regulation

In general:

E —

KZ ., ., cos(fd,. =

€q pu

- $,)x100

-ve for lagging , +ve for leading

Maximum regulations happens when:

cos(6, F ) =1

ZLero regulation happens when:

cos(0. 3

- ¢,) = Z€&0

)

)

0. +¢, =90

B, =90° — 0,

@, = 0| lagging

leading



Transformer: Voltage Regulation

% Reg | ¢2:Q

54

- kW
Lot

LE‘EIdiI'IQ Df ——

.
108 06 04 02 0

0 02 04 06 08

—1 —= Lagging pf

~9

=

= a k =Kk,
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Transformer: Tapping

The transformer voltage at the load side desired to be
constant or as close to the nominal value. But the load voltage
may vary according to current drawn by the load or supply
voltage.

Taps are provided on a transformer winding for

selecting /cutting out a certain number of turns on the
transformer winding thus obtaining a variable turns ratio. This
allows adjustments of the output voltage.

Typically, transformers are provided with four tapes allowing
+5% adjustments above or below the nominal voltage.

The taps are usually on the high voltage side.
The taps are connected to a tap-changer.

Tap changers are either on-load type or off-load type.



Transformer: Tapping
N

' 7

Secondary
Prumeary ) ‘ Prmary
. - voltage Volt:
Voltage = olbage

Secondary

voltage




Transformer: Efficiency

P t
— 2 %100
"R,
p—— o 00
I:)out _I_Plosses
n= I:)in _Plosseﬁ %100




Transformer: Efficiency

Transformer Losses

1. Copper losses: Winding losses due to winding

'R

resistances. 12
I:)cu - Il :i _|_
'2
N\
I:)cu - I 2 Reql
Variable losses
I_l.. 1_2.. Xeg: Re
o 0N = —"
I
\ | I
c M
Vl c El VZ

2
I:)cu = I 2Req2

1]

ZL' :‘ZL"4¢2




Transformer: Efficiency
—

Transformer Losses

2. Iron (core) losses: Eddy loss + Hysteresis loss

V2
Rron — é Constant losses
1_1., 1_2.. Xf—"-‘ll chl
o = R0
A Im, - IIJ- A A
v, RGH X § E, \ IZL' =(z, |29,




Transformer: Efficiency

Transformer Losses

3. Stray losses: Not all flux flow in the iron core, some

leakage flux may induce eddy currents in the metal
structures supporting the core or the transformer
housing, producing power loss. (5-10% of the
transformer losses)

4. Dielectric losses: happens in the insulating materials
in the transformer and in the transformer oil. Very small
and often neglected.



Transformer: Efficiency

_Re . Ru
TR PytPe
P, =S coso,
n— Pt S, cos ¢,
I:)in SL COS ¢2 —I_ I:)lron —I_ P
L _s

P« = KSg coso,




Transformer: Efficiency

I:)cu — I 22Req2
| S
K=—2=—+- P —k’lAZR
|2FL SFL cu 2FL " “eg2
Pcu — kchuFL
KSy coso,

- kSFL COS ¢2 _|_ I:)iron _|_ k 2I:)chL




Transformer: Efficiency

y— KS, coso,
— 2
kS|:|_ COS q52 T I:)iron + k I:)CUFL
k COS ¢2 I:)iron :Vl2 % Zlb — I = !
77 — P P Sb RC V1b2 Rc /Zlb RC pu
L iron | 2 ¥ cuFL
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Transformer: Efficiency

Maximum Efficiency

kS, cos¢

h

— 2
kSFL COS ¢ _I_ I:?ron _I_ k I:%:uFL
i
km — F?I‘Oﬂ [
P Unity power factor
elA E 0.8 Lagging power factor
E 0.6 Lagging power factor
" = KSe COS
m
kmSFL COS ¢ _I_ 2 I:?ron

Load current ——




Transformer: Efficiency

All Day Efficiency
Output Energy during the day
nAIIDay — : x 100
Output Energy during the day + Energy losses
E {
— = x 100
nA”Day Eout + Eloms
Z(kISFL cos @) X T,
nAIIDay — n = n
Z(kl SFL COS qb) ><Ti —l_ IDiron ><Ttotal —|_ Z kiZP(:uFL ><Ti
i=1 i—=1




Transformer: Tests

The equivalent circuit parameters are determined using
two standard experiments.

1. Open Circuit Test:

Performed by supplying the rated voltage to one side
while keeping the other side open circuit.

Preferably done by low voltage side with the rated
voltage while keeping the high voltage side open.

The HV and LV sides voltages, the input current and
the input power are measured.



Transformer: Tests

1. Open Circuit test:

I:)o W | 0 I
158 I
NSNS 45, " Wy G e
T Gy = | R
Rated 1 g
Voliclge‘lﬁk‘irl \4 | LV %” HV C y]r Vi
[l N
:)O — F?I’Oﬂ — \/10 I 0] COS ¢0
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Transformer: Tests

2. Short Circuit Test:

Performed by short-circuiting one side while supplying
a reduced voltage to the other side.

Preferably done by supplying the reduced voltage to
the high voltage side while the low voltage side is
short-circuited.

The reduced voltage is usually adjusted so that the
current equals the full load current.

The supply voltage, the input current and the input
power are measured.



Transformer: Tests

2. Short Circuit Test:

PSC }F_H_ EI I—lp Xﬂq] ch]
- = — _.TF;-; -"'*. ﬁj -5"? - o, ,m\_:]_o
' e ] ™= = ] “
I | WA / |
Reduced . I
Voltage ‘Tl LEZ) ‘ H"-'g LY Vl
! ‘;sc | | ! R.&X , >>R,, X,
' o o)
— 2 e
PSC | sC RGQ(SC) ZGOI(SC) - \/&Q(SC) T Xeq(sc)
P eqHV
Raw =72 X = \/ 72 _RZ
I eq(sc) e (sc) eq(sc) egHV




Transformer: Applications
L

Power Transformers

3x375 MW 220 KV 220/66 kV

11/13.2/15/18 kV
transmission /
A\ @) RECEIVING

(1 Jils;
STATION

11kV/380V 66/11 kV



Transformer: Special Transformers
—

1. Instrumental Transformers
a. Potential (Voltage) Transformers: (PT/VT)

It's a step-down transformer used with measuring
equipment. The secondary rated voltage level is

typically 120 V.

Grounding

: s 0- 120V
for safety | /\_/\ Voltmeter




Transformer: Special Transformers
—

1. Instrumental Transformers

b. Current Transformers: (CT)

The current transformer is a step-up transformer, with
the current carrying conductor acting as primary and

the secondary winding wound around it. The secondary
rated current level is typically 5 A.




Transformer: Special Transformers
—

2. Communication Transformers

a. RF transformers
RF transformers are widely used in electronic circuits for

Impedance matching to achieve maximum power transfer
and to suppress undesired signal reflection.

Voltage, current step-up or step-down.

DC isolation between circuits while affording efficient AC

transmission.

Interfacing between balanced and unbalanced circuits;
example: balanced amplifiers.



Transformer: Special Transformers

2. Communication Transformers

a. RF transformers

Laminated steel is not suitable for RF.

Types:

- Air-core transformer: These are used for high frequency
work. The lack of a core means very low inductance.

- Ferrite-core transformers: These are widely used in
(intermediate frequency) (IF) stages in superheterodyne radio
receivers (superhet: uses frequency mixing to convert a received
signal to a fixed intermediate frequency (IF) which can be more
conveniently processed than the original carrier frequency.)



Transformer: Special Transformers

2. Communication Transformers

a. RF transformers




Transformer: Special Transformers

2. Communication Transformers

b. LF transformers

The power supplies in the receivers and other loads will create
small amounts of pulse currents with harmonics reaching into
the LF band of interest. The receiver chassis injects these small
currents up the antenna cable shield. These currents give rise to
voltages between the antenna ground and the local ground.
This local voltage field is then injected into the antenna signal.

When this occurs in a LF receiving setup, power line harmonic
interference is created. The placement of a 1:1 isolation
fransformer in the antenna line significantly reduces this source
of interference.



Transformer: Special Transformers

3. Pulse Transformers

A pulse transformer is a transformer that is optimized
for transmitting rectangular electrical pulses (that is,
pulses with fast rise and fall times and a relatively
constant amplitude). To minimize distortion of the
pulse shape, a pulse transformer needs to have low
values of leakage inductance and distributed
capacitance, and a high open-circuit inductance. Small
versions called signal types are used in digital logic
and telecommunications circuits, often for matching
logic drivers to transmission lines.



Transformer: Special Transformers

3. Pulse Transformers
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Transformer: Special Transformers
—

4. Audio Transformers

Audio transformers are those specifically designed for
use in audio circuits to carry audio signal. They can be
used to block radio frequency interference or the DC
component of an audio signal, to split or combine
audio signals, or to provide impedance matching
between high and low impedance circuits, such as
between a high impedance tube (valve) amplifier
output and a low impedance loudspeaker, or between
a high impedance instrument output and the low
impedance input of a mixing console.



Transformer: Special Transformers
L

4. Audio Transformers




Transformer: Special Transformers
—

5. Auto Transformers

27.56 Variac circuit

%r

secondary
side

primary
side




