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Learning Outcomes

After complete this chapter, students should be able to:

1) Understand magnetic fields with its interactions with
moving charges/part.

2) Understand single phase transformer which cover the
transformer construction, transformer equations, and
equivalent circuit.

3) Describe the circuit test such as open and short circuit
test.

4) Apply the construction and understand the three-phase
connection of the three phase transformer circuit.

5) Understand the concept of auto transformer.
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1.1 REVIEW OF
ELECTROMAGNETISM




Electromagnetism

* Magnetic field is a mechanism that convert energy to
another form.

» Electromagnetism is a current-carrying conductor that
energize magnetic field within the vicinity of conductor

Source: Wikipedia




Magnetic Field

 Electric current that produce magnetic field is express
through Ampere’s law:

fHdI =1,

Magnetomotive force:

F = Ni Unit :Ampere-turns (At)

Magnetic field intensity:

H = Ni/lC Unit: Ampere-turns per meter (At/m)
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Magnetic Flux

* Magnetic field strength depend on type of
material:

Magnetic flux density:

_ L = magnetic permeability of
B = H H material

— L, = permeability of free space
H= HoHl, 1, = relative permeability of

material

w, =4nx10"H/m

Unit for magnetic flux intensity, B: Tesla (T)
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Total flux

e The total flux:

Total flux: Ni
$=BA where B=uH =%

FIC Unit : Webers (Wh)
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FARADAY'S LAW & LENZ'S LAW

 Faraday’s Law: If a flux passes through a turn of a coil of
wire, a voltage will be induced in the turn of wire that

directly proportional to the rate of change in the flux with
respect to time.

d ¢ eiq = Induced voltage
e., = —N — N = no of turns in coil

dt dd = change of flux in coil
dt = time interval

e Lenz’s Law: Determine the polarity of the induced voltage.
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Magnetic Circuit

Magnetic circuit representation = Electric circuit representation

Ohm's law in electrical and magnetic circuits

Ohm's law Ohm's law
in an electrical circuit in a magnetic circuit

Coil produces

magnetomotive Leakage flux

R e e )
Electromotive| | i
f{’m{“mi_.'_ ! E_,!ﬁ;:ra'ﬁce Magnetic
- ! i resistance
VvV - R = R
i \ i @ Magnetomotive force is
: | proportional to number of coll
i i windings, and strength of flowing
L T current
®Magnetic resistance is inversely
Current l Magnetic flux d) proportional to magnetic

permeability, Magnetic permeability
of air is much lower than that of

magnetic body, due to high
magnetic resistance of core gap.
V=IXR F=®XR
Electromotive force = current x ﬂ:fg;f_m Magnetomotive force = magnetic flux x glﬂ;"!:;‘:e

Source: http://www.global.tdk.com/techmag/inductive/vol5/index.htm
-
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Analogy Of Magnetic Circuit vs Electric

Circuit

ELECTRICAL MAGNETIC MAGNETICS UNITS

\oltage, V Magnetomotive force, F At

Current, | Magnetic flux, Webers, Wb

Resistance, R Reluctance, R At/Wb

Conductivity, 1/p Permeability, p Whb/Atm
Current density, J Magnetic flux density, B Tesla, T
Electric field, E Magnetic field intensity, H At/m




Fringing Effect

Source: https://www.slideshare.net/NikDinEduJke/chapterl-partl
http://slideplayer.com/slide/5732227/

Core
_ e pan core
' - Magrel
ng'l,l:r. e | length [, T 1insgs
flux lines | '
Air gap, g ,
ii.lrn:r' -i-,.. permeability ug }_
TI | Magnetic care Fringing
- - H =T permesbility # Fslels

A simple magnetic circuit with an air gap
* Fringing field — spreading of magnetic field flux outside core area
within the air gap
o Approximately calculation of fringing by aggregating the depth
and width of gap area




Magnetizaton Characteristics (B-H Loop)

| i | i i |

1.8 : l B-H Curves for Warious Meatals j 1'
| |
|

T T T T T

Flux Density — B (T}

1200 2000 3000 4000 5000 o000 Y000 8000 900C 10000

Maynelic Field Strength - H (AL} -

Source: http://www.electronics-tutorials.ws/electromagnetism/magnetic-hysteresis.html
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1.2 SINGLE-PHASE TRANSFORMER




Power Distribution System

Color Key: Substation
Red: Generation Step fDOW“ Subtransmission
Blue: Transmission ir_a\ns RHE =t Customer
Greeq: Distribution Transmission lines ‘f:: 26kV and 69kV
Black: Customer 765, 500, 345, 230, and 138 kV
Generating Station o2 Primary Customer
& | [1e=eee [ 13Ky and 4KV
2 R is
Generating Transmission Customer a 8 Seiggsawggitg\fper
an
pSiyid 138KV or 230KV ==
Transformer

Source: Wikimedia common (labelled for reuse)
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Transformer

A transformer is an equipment that convert certain an ac
voltage to another ac voltage level

Source: https://www.flickr.com/photos/cowlet/36528536 (labelled for reuse)




Transformer Construction:

Basic construction of

transformer: "
i. A primary winding/coil TJP
ii. A secondary it

winding/coil |
iii. Atransformer core

Source: Wikipedia




Transformer Construction: Core

* The composition of a transformer core depends on:

—

Voltage Current

Construction
cost

’\ Size

limitation

Frequency




Transformer Construction: Core

— Transformer core material commonly are air, soft iron,
and steel material.

— The iron-core type gives better power transfer than the air-

core type.
MATERIAL FREQUENCY
Air-core > 20 kHz
< 20 kHz
Iron-core
Soft iron-core Small




TRANSFORMER CONSTRUCTION:

Source: https://en.wikipedia.org/wiki/Transformer

o Core type - Windings are
wrapped around two
sides (for single phase)
and three sides (for three
phases) of a laminated
core .

» Shell type - Windings are
wrapped within the center
of laminated core.

» The most efficient transformer is Shell form transformer,



Transformer Construction: Lamination

/.k
7~ N
Bl }‘
LS d

» The purpose of lamination within every core is to reduce eddy-
current losses.
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|deal Transformer

Below are the assumption made  rmar ssconcary
for an ideal transformer: Vs~ | Ngoms
— The transformer windings =, e , S
made from perfect [ o T [
conductors with zero winding | &= ...
reSiStanCE. volI::ge = E C : vo'l}sage
— The core permeability is { :— — l
Infinite (the reluctance of the - &%= —D -
core Is zero).

— All magnetic flux is within
the transformer core with no
leakage flux.

— Zero core losses.

Source: https://commons.wikimedia.org/wiki/File:Single-phase_transformer.svg R
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Transformer Equations

e The sinusoidal primary current produces a sinusoidal flux:
O =d _ sin ot

» Therefore,
V., =emf , = —Nlcij—ctb(q)m sin wt)
=—-N,®  cos wt

e Thus,

V., = emf = N,w® _ = 27N ,0_

ind (max)
~ Nyo®,, 24N, D

ind (rms) — ﬁ \/E
-

Emf

= 444N, @,




Transformer Equations

 For an 1deal transformer
E, = 444N,

E,==4.44fN,®_

 In the equilibrium condition (ideal condition of a
transformer):

Input power = output power
VI, cos@ =V,I|,cosb
- Vl I

—_2
vV, |

 From the ideal transformer circuit,
E,=V,and E, =V,




Transformer Equations

« Substitute (i1) into (i), therefore,
El _ Nl _ |2

E, N 1

e ‘a’=\Woltage Transformation Ratio.

» \ltage Transformation Ratio (a) will determine the
transformer type (step-up or step down).

\oltage transformation Number of wire Types of transformer
ratio winding

a>1 N, >N, Step-down
a<l N; <N, Step-up




Power In |Ideal Transformer

Output Power P

out = Pin =V I, C0s6
Qout =Qjn =V, 1, 8ind

Sout — Sin :Vpl p

Reactive Power

Apparent Power

@ = FXx = El sin &

Reactive Power
(WARS)

S = |°F = EI

Apparent Power

(WA

P = FR = El ces &
True Power [WATTS)
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Alternative Forms of Power Equations

* The value of voltage across impedance: v = |z

e Qutput - Real and Reactive power expressed Iin term
of current and impedance:

P.=P =1°Zcosé
Q. =Q =1°Zsing
Sout — Sin — IZZ

* Impedance of the load Z: Z =R+ jX =|Z|cos@ + j|Z|sin &
e QOutput — Real and Reactive power are represented
together as apparent power, S
S=P+jQ=VIcosd+ jVIsind
-




Real Practical of Transformer

 |In real practical of transformer
— Finite permeability
— Eddy current and hysteresis are included in the losses
— Leakage fluxes
— Finite winding of resistances




Transformer Losses

« Small power transformer has efficiency around 80 to 90%.

o Commercial power transformer may reach up to 98%
efficiency

» The losses of transformer consists of 3 type of losses:




Copper Loss

« Copper losses is the loss of power in the form I°R by
the resistance within the primary and secondary
windings.

e The copper loss depends the magnitude of current
flowing through the windings.

* The total copper loss Is given by:

P =1°R

L el




Hysteresis LoSS

* The direction of the ¢ g
magnetic flux in the core =~~~ oo,
changes every cycle. - ’f/ .

e Power Is consumed to w ! T m\ I
move around the magnetic - B
dipoles in the core 4 J & AN
material, and energy is W \L r
dissipated as heat.

: [N A /! bl
b :é e s e B i s |



Eddy-Current Loss

 EMF induced In core generates eddy currents which
circulate In the core material, generating heat.

« Laminations (silica sheets between core layers) — to
reduce eddy current, and minimize loss.

Source: https://commons.wikimedia.org/wiki/File:Laminated_core_eddy_currents.svg
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The transformer’s Equivalent Circuit

To model a real transformer accurately, we need to account for
the following losses:

PROBLEM SOLUTION

Copper losses due to resistance of the modeled by the resistors R, and Ry
wires

Core losses due to Eddy current loss &  designed by a resistance R connected

Hysteresis loss across the primary voltage source
Magnetization current necessary to designed by a reactance X,, connected
produce magnetic flux within the across the primary voltage source
transformer core
Losses due to flux leakage out of the modeled by primary and secondary
transformer core reactance Xp X

Communitising Technaiagy



Exact Equivalent Circuit Of A Real
Transformer

Vp Re > JXm+ Np Ns Vs
V, = primary terminal voltage R, = resistance of primary winding
V, = secondary terminal voltage R, = resistance of the secondary winding
|, = primary current R = core resistance
|, = secondary current Xy = magnetizing reactance

X, = secondary leakage reactance X, = primary leakage reactance
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Exact Equivalent Circuit Of A Real

Transformer

» The equivalent circuit of transformer may refer to primary or secondary
side:

lb R JXp a’R ja?Xs  ls/a
+ —gvvp\#rvm__m—’ + Refer to primary

side of transformer

+ AN AAA,— Y+ Refer to secondary
side of transformer
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Approximate Equivalent Circuit of

Transformer

» For many practical applications, approximate models of transformers

are used.
| . LS.
. Reqp Kegp Lo
+o AMN—N o+
Refer to
primary side of

transformer

- 2
Ry, = R, + aRg

eq
Xeqp = X, + @’Xs
Equivalent circuit . I
1 1 1 . . R, leq =,
without an excitation P e
branch
Vp aVg

-0 O =

alp R

—_— eqg eqs
+°—1,_IVW__MV\_O+
Refer to
v, <R ¥ secondaryside of
< j—oL v
T e 3@ S| transformer
e -
Reqs = ZIEP + RS
X
Xeqs = a—g +Xg
LA T S N
+0 Y Y~y o+

v,| Equivalent circuit
without an excitation
branch
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