Il. Transformers

Transformer

Transformer comprises two or more windings coupled by a common
magnetic circuit (M.C.).

If the primary side is connected to an AC voltage source v,(7), an AC
flux ¢ (¢) will be produced in the M.C.

Primary side

Secondary side




Ideal transformer voltage relationship
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There are two common types of transformer construction:
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1. Analysis of the transformer
with no-load

Secondary side
open-circuited:
(no sec. current)
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Modelling of Magnetic Core

r.: core loss resistance
(hysteresis & eddy-current loss)

x,,: magnetizing reactance

1, exciting current

g, core loss conductance

8.-jb,,: magnetizing admittance

b,, : magnetizing susceptance

Phasor diagram

o I, lags E, by 90°

I, in phase with E,

m

Modelling of Leakage Flux
Let us express the voltage drop due to leakage flux in the primary winding below
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Modelling of Copper Loss
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Equivalent circuit model of primary side

r JX

primary leakage .
impedance

—_—
exciting branch
impedance

Exciting current is only a few percent of rated primary current of the transformer

2. Ideal Transformer Operation

* No leakage fluxes
* Negligible winding internal resistances

» B-H characteristic of the magnetic material is single-
valued, and linear
— No hysteresis loss

» Magnetic core has a very high p,, i.e. Core reluctance
is negligible.

* No copper, no core losses (Efficiency n = 100%)

* Interwinding capacitatances are negligle at power
frequencies (50Hz, 60Hz)




Basic Relations

From Faraday’s Law: e; = N, d¢ /dt, and
e,=N,dgldt
So,
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Since winding resistances & leakage fluxes are
negligible:
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4. Ideal transformer symbol
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4. No power loss

Conservation of power: (V;i; = v,i,

5. Under Load
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Ideal transformer under load
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Secondary impedance r [Ny 2
referred to primary side: Zy=|~. | Z2=1"2;




Terminology

I,, Z,: actual primary quantities
I,, Z,: actual secondary quantities
I, Z;: primary quantities referred to secondary side
I,, Z,: secondary quantities referred to primary side
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3. Equivalen

t circuit representation of a

practical transformer
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Equivalent Circuit representation

I " Jxy Nt Ny r Jxy i

O——"\N\N—""Y o—M—YYY S o
+ + + -

—_— —_—

primary leakage secondary leakage

impedance impedance )

" 1 E, Vs Zy
5 - - -

exciting branch ideal transformer

r,: Primary winding internal resistance (©2) r,: Secondary winding internal resistance (€2)

x,: Primary winding leakage reactance () x,: Secondary winding leakage reactance (€2)

r.. Core-loss resistance (€2)
x,,. Magnetizing reactance (Q)

Equivalent circuit referred to primary side

7 E . B 74 Dz;

r%: Secondary wi_nding i_nternal resistance ,.2' =n’r, N,
referred to primary side n=-—
X, = n2x N,
. indi 2= 2
x’: Secondary winding leakage reactance
referred to primary side I = 172
5=
I',: Secondary winding current h ,
referred to primary side V, =nV, E, =E; =nE,
V% Secondary winding voltage , 9
referred to primary side Z,=n"Z;

Z', : Load impedance referred to primary side




Equivalent circuit referred to secondary side

ry: Primary winding internal resistance "1' -
referred to secondary side n?
x: Primary winding leakage reactance . X
referred to secondary side X =—
. - n
I}: Primary winding current
referred to secondary side , r,
. - r.=—5
V*: Primary winding voltage € pl
referred to secondary side
r’,: Core-loss resistance referred to sec. side X = *m
m 2
x’, - Magnetizing reactance referred to sec. side n

I

N
n= 1
NZ
=nIl
hn
n
E
=Ej="1

Equivalent circuit referred to secondary side

g’ Core-loss conductance referred to sec. side

b’, : Magnetizing admittance referred to sec. side

r_ 1 —jb =
gc—rj I%m jx!
' 2
g =n’g, b = 1By
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Simplification

R

Tell v where  |r. || jx,, |>> |1 + jxy|

(ry )+ (r, 11 i) _
Zyy = i j =p+ jx
= (r+ )11 (e 1 ) 1%

I7Th =I71

Simplification

E =Vy-Zmts =Vy =V, where Zp, =r + jx;

Error made in approximations is at most 1% — 2% compared to actual values.
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Approximate Equivalent Circuit
referred to primary side
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Approximate Equivalent Circuit
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Approximate Equivalent Circuits for Large Transformers
(referred to primary side)

(of a few 100 kVAS)

r. |l jx,,| isvery large

— ‘ - Xy >>Teq (4-10times)

AC Power

VNSNS 4
=il

Real Power i P=Vp I;ns C0S8  [W, Watts]
Reactive Power D 0=V I sin@  [VAR, Volt Ampere Reactive]
(Imaginary Power)
Complex Power @ S§=P+j0O
Apparent Power ;S =Vims Irms  [VA, Volt Ampere]
P
Power Factor . cosf= IS

6: anglebetweenvoltage ¥ and current I
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Transformer Power Flow

P =V I, 086, Pout = Pioad =VZ' Ié cosé,

P = Pcul + Peore + Pcuz + Pioag P, : Copper loss
P, : Core loss

2 2.1

Pcu1 =Lin=I"n

2 12 1 ~ 172
Poe=Eig.=E"g, Poore 2V1° 8

g2, _ g2
P, =1Lr,=1r

4. Short-circuit and Open-circuit Tests

» Measure voltage (V), current (I) and power (P) in
order to determine the equivalent circuit
parameters of the transformer:

— For leakage impedance parameters
« with secondary short circuited

— For exciting branch parameters
* with secondary open circuited
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I. Short-circuit Test

where #» r,, + jx
g(’ _jbm “ j “

Short circuit equivalent circuit

Short-circuit Test
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1. Open-circuit Test

Rated voltage is applied to the transformer under no-load and exciting current flows,
which is a few percent of rated current.
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Open circuit equivalent circuit

Open-circuit Test
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5. Voltage regulation (VR%)

» The change in secondary terminal voltage
(load voltage) from no-load to full-load
— expressed as a percentage (%) of the rated value
— ideally VR% = 0.

VR%6=2""2 x100% | or  |vroo= 1772 x100%

1(rated) V2(rated)

Simplification by approximation

I7l'=l72+(re'q+jx;q) 1,

Vi =V, +1,r, cosé+I,x,,sing

I,r,, €088+ I,x,,sin@
V2

VR% = x100%

righ

I
I
|
SR d . T

| Vi =V +riylhcosd + x4 hhsing
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Zero regulation, i.e. VR% =0

» For zero regulation, phase angle (@) of the load is given by

I _ :
VR% = 2(1, cos6+ x{, sin §)x100% rs, €056+ x,, siN@ =0

2
r’
f=—tan™| 2
xeq

Note that 8 <0, so

Load must be capacitive for zero regulation

NOTE

« For an inductive load, Z, = R, +jX,
- Always V1>V, ie. VR% >0

 For a capactive load, Z, = R, — jX,
— Usually V1 <V,, ie. VR% <0 (where —x],sin@>r,, cos6)
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6. Efficiency (n%)

The ratio of the output power given to the
load and the input power taken from the
electrical supply

— expressed as a percentage (%)

n=@ 100% 7;=A 100%
in P,

out + P|OSSES

n:

P —
ot 100% Piosses = Poy + Peore
POUt + I’lOSSeS

f’:

P 100% Py = Pcul +Pcu2
Pout +Pcu1 "'Pcu2 + Peore
I, cos
n= Val20050 10006 P o~ T2
VoI,cos0+ Iir + 15, + Vi g, cu 2"eq

V,I,cos@

n= 5, >— 100%
VoI, cos0+ Ir,, +Vi°g,

or

V,I5cosé

= > ,— 100%
Vil cos@+1y°r,, +Vig,

i
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Maximum efficiency

) . - - dan
Let us find the value of I, which maximizes the efficiency a1, 0

V,1,cosé@

= 5 100%
VoI, cos8+ 151, + P,

where 7
core

dn _ . ,
E—O = Vzcose(Vzlzcoso9+I§req+Pcore)—(V2cose+lereq)Vzlzcow:O

VoI, o+ 51}, + Prye — (v, cos6+ 21,1, ), =0
2.1
Peore _Izreq =0

g2
Pcore - Iz"eq

— H 2 2.1 ’2
Peore = Py e, WV gc=12"eq=12 Feq

Thus, maximum efficiency is achieved if core loss equals to the copper loss.

Examples

1. A 12kVA, 220/440V, 50 Hz single phase transformer has the
following test data:

e No-load test: 220V, 2A, 165W (measured at primary side)
e Short-circuit test: 12V, 15A, 60W (measured at secondary side)

a) Calculate the equivalent circuit parameters referred to primary
side

b) Calculate the primary terminal voltage on full-load at a power
factor of: 0.8 pf lagging.
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2. Givena 250kVA, 4160:480V, 60 Hz transformer, the following
parameters are obtained by tests

* 1r,=0.09Qandx;=1.7 Q
e r1,=12x10%Qand x,=2.26 x 102 Q
Neglecting core losses,

a) Calculate the primary voltage and voltage regulation for rated
load at 76% pf lagging

b) Repeat a) for a load of 76% pf leading
c) Calculate the transformer efficiency for parts a) and b) with a core
loss P, = 547W.

core —

3. The parameters of the exact equivalent circuit of a 150kVA,
2400/240V transformer are

e n=r,=02Q
¢ X =X,=045Q
* r,=10kQand x,=1.55 kQ

Using both the exact and approximate equivalent circuit of the
transformer, determine

a) Voltage regulation
b) Efficiency
for rated load at 0.8pf lagging
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4. At 10kVA, 8000:230V transformer has a leakage impedance
referred to primary of 90+ j400Q2. Exciting branch parameters are
* r.,=500kQand x,, =60 kQ

a) If primary voltage V,; = 7967V and actual load impedance
Z, = 4.2+3.15Q, find the secondary voltage of the transformer

b) If the load is disconnected, and a capacitor of —j6Q2 is connected
in its place, what will be the load voltage?
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