ELECTRICAL ’
CIRCUITS

Polytechnic
Chapters

Prepared by :

WAN MOHD ZAMRI B WAN AB RAHMAN
ZABIDAH BINTI HARON
NORANIZAH BINTI SARBANI

@ https://psa.mypolycc.edu.my/
9 Politeknik Sultan Salahuddin Abdul Aziz Shah




N

SN PoLiTSI<Mil<

KEMENTERIAN PENDIDIKAN TINGGI MALAYSIA
JABATAN PEMDIDIKAN POLITEKMIK DAN KOLEJ KOMUMNITI SULTAN SALAHUDDIN ABDUL AZIZ SHAH
[ ] (] (]
ALL RIGHTSRESERVED. ¢ o o

® o @
No part of this publication may be reproduced, distributed or

transmitted in any form or by any means, including photocopying,
recording or other electronic or mechanical methods, without the prior
written permission of Politeknik Sultan Salahuddin Abdul Aziz Shah.

ELECTRIC CIRCUITS
Transformers
2nd Edition

Authors:

Wan Mohd Zamri Bin Wan Ab Rahman
Zabidah Binti Haron

Noranizah Binti Sarbani

e ISBN No: 978-629-7667-10-2

Published in 2024 by:
UNIT PENERBITAN
Politeknik Sultan Salahuddin Abdul Aziz Shah
Persiaran Usahawan,

Seksyen U1,

40150 Shah Alam

Selangor

Telephone No. : +6035164000

Fax No.: +60355691903




N

S =oliTeI<KMi<

KEMENTERIAN PENDIDIKAN TINGGI MALAYSIA
JABATAN PENDIDIKAN POLITEKNIK DAN KOLEJ KOMUNITI SULTAN SALAHUDDIN ABDUL AZIZ SHAH
® ® ®
® o o

DISCLAIMER ® o oo

The information provided in this book is designed to provide helpful
information on the subject discussed. The contents including examples,
images, and references are provided for informational purposes only. Any
opinions expressed in this presentation constitute our judgement at the
time of issue and are subject to change. We believe that the information
contained in this presentation is correct and that any estimates, opinions,
conclusions or recommendations are reasonably held or made as at the
time of compilation. However, no warranty is made as to their accuracy or
reliability (which may change without notice) or other information
contained in this presentation. To the maximum extent permitted by law,
we disclaim all liability and responsibility for any direct or indirect loss or
damage which may be suffered by any recipient through relying on
anything contained in or omitted from this presentation.
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We are very pleased to be given the
opportunity to release this book as a reference for students who
are enroll in Diploma in Electronic

Engineering Programme.

The book contains a selected topic to
ELECTRICAL CIRCUITS which includes subtopics alternating
voltage and current, sinusoidal steady-state current analysis,
resonance, transformers and three phase system
for students' understanding. The book
also provides exercises for students at

the end of the topic.
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COURSE LEARNING OUTCOME

Explain AC circuit concept
and their analysis using
AC circuit law.

Apply the knowledge of
2. ACcircuit in solving

problem related to AC

electrical circuit.

OBIJECTIVE

1.Remember an alternating current

2.Understand the generation of an alternating current
3.Apply sinusoidal voltage and current values of a sine wave
4.Apply a sinusoidal wave for an angular measurement.
5.Apply the understand of phasor to represent a sin.e wave
6.Apply the basic circuit laws of resistive AC circuits



Differentiate between
direct current and

alternating current

"DC & AC

Direct Current (DC)

The flow of electrical charge is only in one direction.
The output voltage will remain essentially constant over
time.

Alternating Current(AC)

The movement of electrical charge periodically reverses
directions.

AC source of electrical power charges constantly in
amplitude & regularly changes polarity.



Direct Current
(DC) DIRECT CURRENT

(DC)
DII’E(':’[ current (DC}), allways tlows | 1
in the same direction (always
positive or always negative), but it i
may increase and decrease. —
Electronic circuits normally require T
a steady DC which is constant at [—

one value or a smooth DC supply
which has a small variation called

ripple.

Diagram 1: DC circuit

Cells, batteries and regulated power
supplies provide steady DC which
is ideal for electronic circuits.



current

or +
voltage
0

hme

Steady DC

from a battery or regulated power supply,
this is ideal for electronic circuits.

4

currant

or +
voltage

a

L 4

fime

Smooth DC

from a smoothed power supply,
this is suitable for some electronics

current
ar +
voltage

a

time

Varying DC
from a power supply without smoothing,,
this is not suitable for electronics.



Alternating Current
(AC)

Alternating Current (AC) ﬂO‘lNS One A TERNATING CURRENT
way, then the other way, continually (AC)

reversing direction

An AC voltage is continually changing 1 _zsma
between positive (+) and negative (-).
o 2
The rate of changing direction is called
frequency of the AC and it is measured
- === ] —»

in Hertz (Hz) which is the number of

forwards-backwards cycles per second. Diagram 2: AC circuit
An AC supply is suitable for powering
some devices such as lamps and
heaters.



A C Waveforms

+
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AC from a power supply
This shape is called a sine wave.

'y

current
o 4
voltage

This triangular signal is AC because it changes

between positive (+) and negative (-).

Compla: wave




Describe Why AC Is Used In
Preference To DC

-

N
- o N

Advantagés
of ac

electricity

Overview

 The ability to readily transform voltages is the main reason to
use AC instead of DC

« Since high voltages are more efficient for sending electricity
great distances, AC electricity has an advantage over DC.

« This is because the high voltages from the power station can
be easily reduced to a safer voltage for use in the house by
using the transformer



AC is commonly use to power our
television, lights and computers. In AC
electricity, the current alternates in direction.

The motors that using AC are smaller, more
durable and difficult to damage because AC
motor doesn’ t have commutator.

AC supply more easier to converted to DC
by using rectifier

It is easier and cheaper to

generate alternating current
(ac) than direct current (dc)
and ac is more conveniently
distributed than dc
since its voltage <can Dbe
readily altered using

transformers.,

Sinusoidal AC voltages are available from
variety of sources

The most common source is the typical
home outlet, which provides an ac voltage
that originates at a power plant; such a power
plant is most commonly fueled by water
power, oil, gas, or nuclear fusion.




Explain faraday’s and lenz’s law
involved in generating AC current

ALTERNATOR

* AC can be produced using a device called an alternator

* This device is a special type of electrical generator designed to
produce alternating current

* The rotation of the wire can come from any number of means :
a wind turbine, a steam turbine, flowing water etc

Generation of an alternating current

Alternating voltage may be generated by rotating a coil in the
magnetic field or by rotating a magnetic field within a stationary
coil.

The value of the voltage generated depends on :

° The number of turns in the coil.

o Strength of the field.

o The speed at which the coil or magnetic field rotates.



GENERATION OF AN
ALTERNATING CURRENT

FARADAY'S
LAW

Overview

Faraday’s observations can be stated as follows:

Faraday’s observations can be stated as follows:
1. The amount of voltage induced in a coil is directly
proportional to the rate of change of the magnetic field with

respect to the coil (d¢@/df)

2. The amount of voltage induced in a coil is directly
proportional to the number of turns of wire in the coil (N)

10



FARADAY’S FIRST OBSERVATION

As the magnet
moves slowly to the
right, its magnetic
field is changing
with respect to the
coil, and a voltage is
induced.

Faraday s Law isstated :
The voltage induced across a coil equals the number of turns in
the coil times the rate of change of the magnetic flux

As the magnet
moves more rapidly
fo. L ssh& S nghtfaifs
magnetic  field is
changing more
rapidly with respect
to the coil, and a
greater voltage is
induced.

!

[, qaul llr i 4

11



a) Magnet moves a coil and induces a
voltage

gy |
S

b) Magnet moves at same rate through a
coil with more turns (loops) and
induces a greater voltage.

12



LENZ’S
LAW

2 & -
Lenz s lawis stated as follows :

When the current through a colil
changes, an induced voltage 1s

The direction of the
induced current

created as a result of the changing

electromagnetic field and the R e maar
‘ _ ‘ to oppose
polarity of the induced voltage is the change producing it

such that it always opposes the
change in current

13



GENERATION OF AN
ALTERNATING CURRENT

(the sine wave)

l«— one wave cycle —»

Time — Alternator shaft —»
position (degrees)

Graph of AC voltage over time (the sine wave). Alternator voltage as function of shaft position (time).

= Ifvalues of quantities which vary with time t are plotted
to a base of time, the resulting graph is called a waveform.

14



Magnetic Poles

4

Magnetic Flux

P

A vt

Slip-rings Z Av

Carbon
Brushes

Wire Loop
(the conductor)

Axis of
Rotation

A single turn coil be free to
rotate at constant angular
velocity symmetrically
between the poles of a magnet
system.

15



Simple alternating-
current generator

Figures (1) and (2)
show a suspended

loop of wire L
(conductor) being ’ it

rotated (moved) in
a clockwise
direction through
the magnetic field
between the poles of
a permanent

CONDUCTORS MOVING PARALLEL
TO LINES OF FORCE,
EMF M NINEIM

magnet.
1
1
1
i
(|
1
! OME ALTERHATION 1
Lo {0 - 1807) e (18D - 3B =}
-0
. " q fet—— OHE CWCLE —t————— =
4 i T i §
‘}I (- ” C {?.‘3(. ( ]f g OME ALTERMATION — iy

]

explanation, the
loop has been
divided into a dark
half and light half

16



CONDITION (A)

the dark half is moving along (parallel
to) the lines of force.

the light half also moving in the
opposite direction

Consequently, it is cutting NO lines
of force, so no EMF is induced

OME ALTERMA
(0 - 180 )

3
L]
]
]
]
"
u
|
L]
L

CONDITION (B)

the loop rotates toward the position, its
cuts more line of force per second
(inducing an ever-increasing voltage)
because it is cutting more directly across
the field (lines of force)

the conductor is shown completing one-
quarter of a complete revolution, or 90
of a complete circle

he conductor is cutting directly across the
field, the voltage induced in the conductor
1S maximum

the value of induced voltage at various
points during the rotation from the (A) to
(B) is plotted on a graph

17



CONDITION (C)

» the loop rotates toward the position, its
cuts fewer line of force

» the induced voltage decreases from its
peak value and the loop is once again
moving in a plane parallel to the magnetic
field, so no EMF is induced in the
conductor

* theloop is now rotated through half a
circle (180 )

L O ME ALTE RBEATIC
[ ]

CONDITION(D)

* When the loop rotates to the position

« shown in (D), the action reverses
The dark halt is moving up and the light
half is moving down, so that the total
induced EMF and its current have
reversed direction

* The voltage builds up to maximum in
reversed direction, as shown in the graph.

18



CONDITION (E)

10V
5V
ov
SV
-0V
-15V

=20V

The loop finally returns to
its original position, at
which point voltage is again
Zero

The sine curve represents on
complete cycle of voltage
generated by the rotating
loop

Continuous rotation of the
loop will produce a series of

sine-wave voltage cycles (an
AC voltage)

An equation of a sinusoidal
waveform is :

a=Amsinwt* 0
Where :

a = amplitude (ie, v, e.m.f)
» [ (L1S)

Am = maximum amplitude @ peak amplitude

w = angular velocity

v

8 = phase angle

Figure : Sinusoidal waveform

19



SINUSOIDAL WAVEFORM

Instantaneous Values
T8 e / —X’———— | T P S e R S L I , »
- A [t is the shape of the
.7, AL A I = 1Aow)” A 20,707 waveform of e.m.f.
Ajavg) = Ajmay X 0.636 ] -1 L -1 L
L o __[Ag=Ausn i [ produced by an
o V14 or alternator and thus the
9 l o4 dn oSt llx
2.4 . i ot | S Ly M xeL, AT mains electricity
g 11 o 2 S g 0 (rad) et
s 6 13,131 3 8 ‘ SU}?P}/ISO]L
0| R sinusoidal” form.
e - L
%% One complete series of
Sinusoidal Waveform values is called a cycle.
g Periodic Time (T)
-4 -
FREQUENCY(f)
The number of cycles per second.
It is measured in hertz(Hz)
f=1/T
A sinusoidal voltage PERIOD(T)
and currenit values The time taken for the signal to complete
one cycle. It is measured in seconds(s)
T=1/f

PEAKVALUEorAMPLITUDE

The maximum value of a waveform




~ INSTANTANEOUS VALUE

The value of voltage at one particular instant
(any point)

EFFECTIVE (rms) VALUE
The value of alternating voltage that will have
the same effect on a resistance as a comparable
value of direct voltage will have on the same
resistance

rms value = 0.707 X maximum value

il
rms value = — X peak value

V2
= 0.707 peak value

AVERAGE VALUE
The average of all instantaneous values during
one alternation

average value (Vavg) = 0.637Em

21



FORM FACTOR
The ratio between rms value and average value

PEAK FACTOR

SELF ASSESSMENT 1




A sinusoidal voltage has an RMS value of 240 V. What is
the peak value of the voltage?

Answer : rmsvalue = 0.707 peak value

Y» =707 = 0707 - 33046V

Q2 : Calculate the RMS voltage of an average value voltage
of 12V

Answer : Vavg = 0.637 x Vj,

_ Vawg 12
W= 0.637  0.637 1884V

Vems = 0.707 x ¥, = 0.707 x 18.84 = 13.32V

Q3 : From to the waveform, calculate :

a) the peak voltage ¥
b) the mean voltage
c) the RMS voltage s
d) the peak factor n\/ f=5=22=8276Hz
Peak voltage
Answer : ¥, = 20V
Mean voltage

Vinean = 0.637 x 20 = 12.74 V

RMS voltage
Vems = 0.707 x ¥, = 0.707 x 20 = 14.14 V

Peak factor

peak value B 20

rms value = 14.14

peak factor = = 1414

23



Q4 : Equation for an alternating current is :
| =70.71 sin 520t. Determine :
a) Peak current value
b) Rms current value
c) Average current value
d) frequency

i) Peak value (lp) = 70.71 A
ii) Rms value (Irms) = 0.707lp
= 0.707 x 70.71 =50 A
iii) Average value (lavg) = 0.637Ip
=0.637 x 70.71
=45 A

Answer :

iv) ® = 2nf = 82.76 Hz

24



C

135° 0‘45"____:F ~\D
A T T 205° 270° 315° 360°
>

o 45° o0° 135° 1 i J' l A

H

Figure : Sinusoidal waveform construction

Angle (9)

0 45 90 135 180 | 225 270 | 315 360

emf = Vmax*sin®

0 071 | 100 | A1 0 |-70.71| -100 (-70.71| O

By plotting the graph at various positions of the
rotating coil within the magnetic field, from 0°
to 360°, we can generate a sine wave pattern.
At the phases 0°, 180°, and 360°, the amplitude
of the sine wave is zero, indicating that no EMF
is induced in the rotating coil.

This is because no part of the moving coil is
affected by magnetic flux lines at these
positions. Zero EMF is induced at positions A
and E. Conversely, at 90° and 270° phases, the
sine wave reaches its maximum amplitude,
occurring at positions C and G.

25



« Butwhen 0 isequalto90°and * Inelectrical engineering it is

0 ‘ : more common to use the
270 ‘the generated EMF is at its Radian as the aneular
maximum value asthe measurement of the angle
maximum amount of flux is cut along the horizontal axis

, , rather than degrees
 The sinusoidal waveform has a
e Forexample, w = 100 rad/s,

positive peak at 90° and a or 500 rad/s.

- 0
negative peak at 270 * Phase Difference Equation :

* The waveform shape produced
by our simple single loop

generator is commonly referred A(t) = Apgx X sin(ot £ @)

to as a Sine Wave as it is said to | |

be sinusoidal in its shape * A, - isthe amplitude of the
waveform.

. When deahng wth SINEWAVeS 4t _ i the angular
In the‘tlme domain and ' frequency of the wavetorm
especially current related sine
waves the unit of measurement e
. . e @ (phi) - isthe phase angle
used along the horizontal axisof ;" jodrees or radians that the

the waveform can be either waveform has shifted either

time, degrees or radians left or right from
the reference point.

in radian/sec.

26



Phase relationship of a sinusoidal
waveform

e ”’

In-phase [ = 07) Postlive Phase (+1)
+||r'lﬁ|1'| +Aﬂ|
| ﬂmsir|r;1\\‘~"l
(7) (r-4)
t 0 / t / / :
> - >
~ 1=0)
.|.
¢ 'Am:
‘ Ay = Ay, sin(ot) ‘ Ay = A, sin(ot+))
Negative Phase (-]
v
—¢: {1+¢}

/
=0
/ \/

F\I = Ay sinfwt-)

27



Voltage, (V)
+Vn s

+iry Current, (1)
e Two waveform are said to be in
phase when they have the same
p> 6=0ot  frequency.
e Thereis no phase difference
between them.

an

in
2

Figure : Two sinusoidal waveforms ‘in phase’

Voltage, (V)
¥

Wy
Voltage, (v,) = V_ sinot H
Current,(1,) = I, sin{wt-8) |

where, 1lags v by angle @

The current, i is lagging
the voltage, v by angle

Figure : Phase difference of a

O and in our example S
sinusoidal waveform

this is 30°

SELF ASSESSMENT

Q1 : What is the phase relationship between the sinusoidal
waveforms of each of the following sets?

a. V = 10sin(ot + 30°)
| = 5sin(wt + 70°)

b. 1= 15sin(ot + 60°)
v = 10sin(ot - 20°)

28
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RADIANS e

 The Radian, (rad) is detined
mathematically as a quadrant of

ARC =r

a circle where the distance
subtended on the circumference
equals the radius (r) of the
circle.

e Since the circumference of a

circle 1s equal to 2 © x radius, Using radians as the unit of

there must be 2 © radians measurement for a sinusoidal
around a 360° circle, so 1 radian waveform would give 2 7

=360°/2 1 = 57.3°

radians for one full cycle of

360°. Then half a sinusoidal

2mrads — 360° waveform must be equal to
1 © radians orjust ™ (pi).
~.1rad = 57.3° Then knowing that pi, 7 is

equal to 3.142 or 22+7

29



RELATIONSHIP

BETWEENDEGREES
AND RADIANS

SELF ASSESSMENT

A sinusoidal waveform is defined  The instantaneous

as: V, = 169.8 sin(377t) volts. voltage V. value after a
Calculate the RMS voltage of the : ¢ ' Sis o .
waveform, its frequency and the time of 6m 1s given as:
instantaneous value of the Voltage V.. =169.8sin(377 x6mS)
after a time of 6mS. ®

Vg, = 169.8sin(2.262)

Solution:
SV . =130 8 volts

: @
Viy = Vasin(ot)
Note that the phase
angle at time t = 6mS is
given in radians. We
could quite easily

convert this to degrees

Then comparing this to our
given expression for a sinusoidal
waveform above of

V . =169.8 sin(377t) will give us
the peak voltage value of 169.8

volts for the waveform. if we wanted to and use
Vimg = 0.707x maximum peak value this value instead to
odeha 2 [1;}] xidpareen calculate the
Ly Vg = 07071698 = 120volts instantaneous voltage

Degrees = [—] ¥ radians
m

value. The angle in

The angular velocity () is degrees will therefore

given as 377 rad/s.

be given as:
Then 2 n f =377. So the a0 |
frequency of the waveform Degrees = { . x radians
is calculated as:
. 180 0
_ 377 _ s x2.262 = 130
Frequency, ( f) = 5 60Hz .

30



Combination of waveforms

PHASOR

» Basically a rotating vector,
simply called a "Phasor" is a
scaled line whose length
represents an AC quantity
that has both magnitude
("peak amplitude”) and
direction ("phase”) which is
"frozen" at some point in
time

» A phasor is a vector that has
an arrow head at one end
which signifies partly the
maximum value of the
vector quantity (V or [ )
and partly the end of the
vector that rotates

31



* Generally, vectors are assumed to
pivot at one end around a fixed
zero point known as the "point of
origin" while the arrowed end
representing the quantity, freely
rotates in an anti-clockwise
direction at an angular velocity,

( w ) of one full revolution for
every cycle

e This anti-clockwise rotation of the
vector 1s considered to be a positive
rotation. Likewise, a clockwise
rotation is considered to be a
negative rotation

Phasor Diagram Of A
Sinusoidal Waveform

Vector rotation

+Ar,

— Ap = Ap sin(ot + §)

T
|
=5 = —
I |
' | 0°  240° Jo0”  3e0°
jir 60" 90" 12071507 § 210" | 270" | 3a0f
|

-
wl |

-Ar

Sinusocidal Waveform in

L R the Time Domain

The single vector rotates in an anti
clockwise direction, its tip at point A will

rotate one complete revolution of 360° or
2 1 representing one complete cycle

32



The phasor diagram is drawn corresponding to time
zero (t = 0) on the horizontal axis

The lengths of the phasors are proportional to the
values of the voltage, (V) and the current, (I) at the
instant in time that the phasor diagram is drawn.

The current phasor lags the voltage phasor by the
angle, @, as the two phasors rotate in an anticlockwise
direction as stated earlier, therefore the angle, @ is
also measured in the same anticlockwise direction.

‘\m LEAD
0 V =V sin(on) Reference ‘\(!]

\ ’ axis
¢ ) (30°)

/

LAG

Lagging
axis

= I sin{o! - |::) b‘—‘-"

Figure: Phasor diagram current, i Figure: Phasor diagram voltage,V
lagging voltage,V lead current, i

33



Angular Velocity

UV = Wr oOor w =

1K

r Axis
of rotation

N

w=2rnf /
f = frequency in p

Y
\\R revolutions/s _~
—— I

Angular velocity can be considered to be a vector
quantity, with direction along the axis of rotation in
the right-hand rule sense.

For an object rotating about an axis, every point on
the object has the same angular velocity.

The tangential velocity of any point is proportional to
its distance from the axis of rotation. Angular
velocity has the units rad/s.

34



QUESTIONS

1.A sinusoidal waveform is defined as: Vm = 169.8 sin(377t)
volts. Calculate the RMS voltage of the waveform, its

frequency and the instantaneous value of the voltage after a
time of 6mS.

2. The currentin an AC circuit at any time t seconds is given
by i =40 sin 60xt + 0.36 A. Calculate:

I.The peak-to-peak current value

ii.The mean current value

iii.The period and frequency

iv.The value of the current when ¢ = 2ms

3. Based on figure, write the sinusoidal waveform equation.

v

20V

A 0.5s

0.29\

35



ANSWER - Q1

Vi = Vi sin(mt)

Then comparing this to our given expression for a
sinusoidal waveform above of Vm =169.8 sin(377t)
will give us the peak voltage value of 169.8 volts for
the waveform.

Ve o = 0.707 x maximum peak value

Vo = 0.707 x169.8 = 120volts

The angular velocity (w) is given as 377 rad/s. Then
2nf = 377. So the frequency of the waveform is
calculated as:

Frequency, [ f ) — 377 60Hz

27

The instantaneous voltage Vi value after a time of
6ms is given as:

Vi = 169.8s1n(377 x6mS)

Vg, = 169.8sin(2.262)

LY = 130.8 volts

r'(i)
he angle in degrees will therefore be given as:

4 A

0
Degrees = 180" | radians
\ n /
-, 18040 262 = 130°
T

36



ANSWER - Q2

) The peak-to-peak current value :
IP-P=2xIm=2%x40=80A

i)The mean current value
Imean = 0.637Im
=0.637 x40
=25.48 A

iii)The period and frequency
Period, T =27 w

=21 60x = 33.33 ms
Frequency, f=1/ T

=1/ 33.33m =30 Hz

iv) The value of the current when ¢t = 2ms
Convert calculator mode to rad (radians)
i =40 sin (60xt+ 0.306)

i =40 sin (60x x 2m + 0.36)

i =40 sin (0.737)
[ =26.88 A

37



ANSWER - Q3

The sinusoidal waveform equation

Amax = peak value = Vp = 20V

w =2x/T
=21/0.5
=12.57

0o° v =20 sin 12.57

N
I

38



Apply Ohm's Law to

resistive circuits with
AC sources

e The voltage V across a resistor is proportional to the
current | travelling through it.
e Thisistrue atall times:V =RI.

i
i

—{} Resistor:R
VR

N </ - [{‘-‘-----b

Sinusoidal equation: e = L, sinmt

N -

Saz If I = I, sinot and V = V,sinot
ohm’s law; V = Rl
So replace in ohm’s law equation;
Vo sinwt = RL, sinwt

Simplify the equation;
— Vin = Rl
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Kirchhoff's Voltage and
Current Laws apply to
all AC circuits as well as
DC circuits

Kirchhoff's Current Law:

The sum of current into a junction equals the sum
of current out of the junction.

Qi, +is=1i; + i,

UThe sum of all currents at a node must equal to
zero

L RE + R8 -
. s
I3 S
n \Lu ip-i,-izg=0
RT
-

Kirchhoff's Voltage Law:

UThe algebraic sum of the voltage (potential)
differences in any loop must equal zero
UExample:

R R3
VYWA— RAAS
Vi

+

—-—

V3
v @ 1>"=§?’2 2>'"?_‘” Vi+V2-Vs=o0
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Power In Resistive AC
Circuits

1) In a direct current circuit the power is equal to the voltage
times the current, or P =V x |.

2) The true power depends upon the phase angle between
the current and voltage.

3) True power of a circuit is the power actually used in the
circuit.

4) Measured in watts.

EI
P=I'R P=—

Measured in units of Watts

P =true power

5) Note that the waveform for power is always positive, never
negative for this resistive circuit.

6) This means that power is always being dissipated by the

resistive load, and never returned to the source as it is with
reactive loads.

Time —

Figure : Currentis in phase with voltage
in a resistive circuit
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Power In Resistive AC
Circuits

Self assessment:

otz O

Rgmn

Z;,=60+j0Q or 60Q £0°

§ o
Z
120V In this example, the
T 60 CQ  current to the load
would be 2 amps.
1=2 A

P = true mwer - lzR =240 W  The power dissipated at the load

would be 240 watts.

Because this load is purely resistive (no reactance), the current is in phase with

the voltage, and calculations look similar to that in an equivalent dc circuit.
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QUESTIONS

4. Calculate the current and power consumed in a single phase
240V AC circuit by a heating element which has an impedance
of 60 Ohms. Also draw the corresponding phasor diagram.

5. A sinusoidal voltage supply defined as:
V(t) = 100 x cos(wt + 30°)
is connected to a pure resistance of 50(). Determine its

impedance and the value of the current flowing through the
circuit. Draw the corresponding phasor diagram.

ANSWER - Q4

V_24-0_40A
R 60

The Active power consumed by the AC resistance is calculated as:

P = I2R = 4%(60) = 960W

The corresponding phasor diagram is given as:

| = 4A V = 240V
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ANSWER Q5

Converting this voltage from the time-domain expression into
the phasor-domain expression gives us:

V(e = 100cos(wt + 30°) = Vi = 100£30° volts

Applying Ohms Law gives us:

Ve = IgR = Ip = “2 = 2220 = 2/30° Amps

The corresponding phasor diagram will be;

100£30°

Vr
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| [ CHAPTER 2

o SINUSOIDAL
STEADY-STATE
CIRCUIT ANALYSIS



COURSE LEARNING
OUTCOME

1. Explain AC circuit conEept

and their analysis using AC
circuit law.
Apply the knowledge of

2. ACcircuit in solving
problem related to AC
electrical circuit.

OBIJECTIVE

2.1 Understand the AC basic circuits

a. Explain how the voltage and current are in phase in a purely resistive
circuit, i.e. the phase angle difference between the voltage and current
is zero.

b. Explain how the current lags voltage by 90° in a pure inductive circuit
and inductive reactance is directly proportional to frequency, XL = 2rfL.

c. Explain how the current leads voltage by 90° in a purely capacitive
circuits and capacitive reactance is inversely proportional to frequency
as shown by the equation XC = 1/2»fC.

d. lllustrate the vector diagram and waveforms of voltage and current for
(a).(b) and (c).

e. List differences between resistance and impedance.

Sketch the impedance triangle.

—_
-
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INTRODUCTIOI\I( ]

In this topic, we will suppress an electrical circuit consisting of three
passive elements These passive elements are known as resistor R, inductor
L and capacitor C. In this topic we will also explain about the current-
voltage relationship produced while providing alternating current (AC)
when connected to a circuit. In addition in this topic will also determine
the voltage-current relationship of inductive and pure resistive capacitive
circuit networks, and the resulting results using phasor diagrams.
determining the voltage-current relationship and phasor diagrams will also
be discussed inthistopic

PURE
RESISTIVE

PURE

PURE PURE
CAPACITANCE AC INDUCTANCE

CIRCUIT

REACTANCE
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PURE RESISTIVE
AC CIRCUIT

Va

Circuit Phasor Current and voltage
diagram diagram waveforms

Vﬁ_ﬁ: — R.I-T:Elln([ﬂt_}
Iry = Lnsin(wt)

2iY

2

Phasor diagram.

T =

1
J

Current aind veltage waveforms




PURE INDUCTIVE
AC CIRCUIT

L

-

I, lagsV, by 90°

Circuit Phasor Current and voltage
diagram diagram waveforms

Vi = Vi sin{at + 90%)
Ty = I Sin(wt)

Fhasor diagrand Cuervent and voltage waveforinas




PURE CAPACITIVE
AC CIRCUIT

Ve = Vi Sin(ot)
-

Legy = Ly sinfot + 90%)
./;

I
N
|




REACTANCE

Inductive reactance is present energy is stored in the form of a changing

magnetic field and the current waveform lags the voltage waveform by
90degrees. Inductive reactance is caused by devices in which wire is wound
circularly.

REACTANCE INDUCTIVE A *f@
REACTANCE CAPACITIVE
V=IX_.
e
A A A
K= $= oo = 0.1590
VANANANAR,
Impedance in the combination of X, = 27st= m = 1.59Q
resistance and reactance (both Kﬁg@g@gﬁg

inductive and capacitive) and is a gFeo)]

complex number, containing both
real and imaginary parts. The real ,
part of impedance is resistance, iy

while the imaginary part

is reactance. Impedance gas both
magnitude a phase.

Xc vs frequency



QUESTION

enitis

frequency

ce. Calculate
dto:

10 uF when

a 50 Hz supply.

connected to




ANSWER

X, =2nfL = oLl = X, £90°0Q

X, =2nfL = oL = X, £90°Q

X, =2nfLl = ol =X, £90°Q

Xp=——=—==X./—90°Q




-tz _9oQ°
Xe = 5rme = or = Xl —90°Q

— =X,/ —90°Q

oc




civiL |

In a capacitor (C) the current () is ahead of the voltage (V)
and the voltage is ahead of the current (I) for the inductor
(L). In this, the summary of the relationship between
voltage and current for inductive and capacitive circuit

VR = | R VL - Lx‘_ Vc - !-xc

v
Vi o
-_ | -
iR iy,

¥

I|| > l - - == iiH

Y-

DIFFERENCES BETWEEN

RESISTANCE & IMPEDANCE

(BASIS | RESISTANCE IMPEDANCE

Definition The opposition offered to the flow of
current in an electric circuit is known
as the Resistance

Circuit occurs in both AC and DC circuit

Phase angle Does not have any phase angle

Symbol It is denoted by R

Elements It is contribution of the resistive
element in the circuit

Frequency Resistance is constant in a circuit

and does not vary according to the
frequency of AC or DC

54

The opposition to the flow of
current in an AC circuit
because of resistance,
capacitance and inductance
is known as Impedance

Occurs only in an AC circuit

Have magnitude and phase
angle

It is denoted by 7

It is contribufion of both
resistance and reactance

Impedance varies according
to the frequency of AC
current



Impedance

Reactance
-
|
4

R

Resistance

Figure : Impedance triangle

Components of the Impedance Triangle

1. Resistance (R):

This represents the real part of impedance.
It's the opposition to the flow of AC current due to resistors.

Measured in ohms (£2).

2. Reactance (X):

This represents the imaginary part of impedance.

It is the opposition to the flow of AC current due to inductors and capacitors.
Reactance can be inductive (X 1) or capacitive (X ).

Inductive reactance Xy = 2w f L (where f is the frequency and L is inductance).

Capacitive reactance X = ﬁ (where f is the frequency and C' is capacitance).

3. Impedance (£):

The total opposition to the flow of AC current in the circuit.
It is a complex quantity having both magnitude and phase.
Z = R + j X (where j is the imaginary unit).

The magnitude of impedance is given by | Z| = v/ R? 4+ X2
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EXERCISE

1. Calculate the reactance of a coil of inductance 0.2 H
whenit is connected to
(a) a 50 Hz,
(b) a 600 Hz

(c) a 40 kHz supply
[(a) 62.83Q (b) 754Q (c) 50.27 kQ]

2. A supply of 240V, 50 Hz is connected across a pure
inductance and the resulting current is 1.2A. Calculate

the inductance of the cail.
[0.637 H]

3. Cdlculate the capacitive reactance of a capacitor of 20 uF
when connected to an a.c. circuit of frequency
(a) 20 Hz,
(b) 500 Hz,
(c) 4 kHz
[(a) 397.9 (b) 15.92 (c) 1.989]

4. A capacitor has a capacitive reactance of 40002 when
connected to a 100V, 25 Hz supply. Determine its
capacitance and the current taken from the supply.

[15.92 UF, 0.25A]
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2.2 Apply the circuit with inductive
and capacitive load

1. Calculate the current and voltage in R-L, R-C and R-L-C:
a. series circuits
b. parallel circuits

2 Construct the phasor diagram to show.
a. current is taken as reference in series circuit.
b. voltage is taken as reference in parallel circuit.

2.3 Apply the series and parallel R-L-C
circuits.

1.Show that the supply voltage in a series circuit is
equivalent to the total vector of voltages across each
component.

2. Construct the phasor diagram to explain (1)

3. Calculate that the total current in a parallel circuit is
equivalent to the total vector of current in each branch.

4. Construct the phasor diagram to explain (3)

2.4 Apply the combination of series-
parallel R-L-C circuits

1 Calculate the total impedance in a series-parallel circuit.

2 Calculate the total current and the branch current.

3 Calculate the voltage drop across each resistor in a series-parallel
circuit,
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R I. SERIES In an a.c circuit containing inductance L and resistance R, the
= applied voltage V is the phasor sum of VR and VL

AC CIRCUIT Current | lags the applied voltage V by an angle lying between
0¢ and 90° (depending on the values of Vr and VL), shown as
angle ¢

In any a.c. series circuit the current is common to each
component and is thus taken as the reference phasor

Circuit Phasor Voltage Impedance
dlagram diagram triangle trangle
| V(=IZ) 4V, (=1X,) ZaX

e’ Vo (=IR) R

Figure : Phasor diagram R-L series ac circuits

Vb Vs

i

R VR +

Figure : Graph R-L series ac circuits

Table: Equation R-L series ac circuits

XL = 2T[fL ZT = |ZT|AB
Z:R‘l'iXL @:tan‘lﬂ
R
1Zr] = V(R*+ X, %) LA
Zr
Vv, =IX
V= |2+ V2 LTt
Ve = IR

58



In an a.c circuit containing capacitance C and resistance R, the

R-C SERIES applied voltage V is the phasor sum of Vr and Vc

AC CIRCUIT Current | leads the applied voltage V by an angle lying between
0° and 90° (depending on the values of Vs and Vc), shown as
angle ¢

In any a.c. series circuit the current is common to each
component and is thus taken as the reference phasor

A C
— 1 VR I
e [
i A i
v -
Ve |V
Ve (=1A) s
jv (=1 j
V(=12 V(=X Zz9Xc

Figure : Phasor diagram R-C series ac circuits

Ve Vs

Figure : Graph R-C series ac circuits

Table: Equation R-C series ac circuits

¥. = 1 Zy = |Zy|48

¢ 7 2nfC
Z =R+ (=iXc) 0 =tan™1 (_TXC}
1Z7 | s
= R+ (X)) Z

V. =IX

V= ,/(VRZ+ Ve?) €

Ve = IR
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In an a.c series circuit containing resistance R, inductance L and
capacitance C, the applied voltage V is the phasor sum of Vg, VL and Vc

Vi and Vc are anti-phase (displaced by 180°) and there are three
R-l_-c SER' ES phasor diagrams possible — each depending on the relative values of

Ve and Vc
L c
_é}_rvw-\_"_
| ] V(=X
1 VR v Ve
14
(a)
AVL=x)
A
Va=V | NE
F—
Z(Xe=X)
IMPEDANCE TRIANGLE IMPEDANCE TRIANGLE
(d) (b) ()
Yip(=1xXe)
V.
: V = vl-: IS
| e=0°
j V(: Vc: -"l."l =0V
When V, and V; are equal the circuit is
purely resistive,
X, =24 i v
j L ¢ Q;tﬂ i
L Ys
IF X, >X, T s
l (@ i -
g V I
Z=R+j(X,-X) H=l’1n'l(M] tl
i Rl R Ve
V| is greater than V. so
; 3 2 - e the circuit behaves like an
“{I|=JR-+I:XL_XE']- VA =|/’r|é!q inducter
V V. = f '[1-: +(V —1) 2
. =— S=E¥ig T c/
T =
Z
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R-L-C SERIES
AC CIRCUIT  [v.-2 X y

< L
ls
IF X=X, ‘ -
Z=R-j(X.-X)) d = tan ‘-(@]
Ve
|7,|= JR: +(X-X,) Z=|z,|z60 When VC is larger than VL

the circuit is capacitive.

V Vs=VVE+W -V )

J=—
Z
Va=IR V= 1X, Vo= IXe
& YL
‘.‘
‘.R E [— ‘.lR
— + +
______ , [|:> I I
1 | P =]
I I I‘,( C 1
Ve

Z /¢

Voltage vector diagram Impedance Triangle
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R-L PARALLEL
AC CIRCUIT

In the two branch parallel circuit containing resistance R and
inductance L the current flowing in the resistance, I, is in-phase
with the supply voltage V and the current flowing in the
inductance, I, lags the supply voltage by 90°

The supply current | is the phasor sum of Ir and I and thus the
current | lags the applied voltage V by an angle lying between 0°
and 90° (depending on the values of Ir and IL), shown as angle ¢
in the phasor diagram

¥,
: by = 7.
e 7
=+ ":.'-\' v
Ir =1, +1
s R § X, g p =iy Wiy
Z1 Z2 v y
L 'l 3| — T
= g = vl I, = A
I 2
‘C rouit diagram Phasor diagram
S —— |1 _1 _(2xZ,)
KoL ; —_ (“ Z, =22
o : e 2 Z,+Z,
L Il’

IZ|=R+ jwL =R+ jX,
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R-C PARALLEL
AC CIRCUIT

In the two branch parallel circuit containing resistance R and
capacitance C the current flowing in the resistance, Ir, is in-
phase with the supply voltage V and the current flowing in the
capacitance, Ic, leads the supply voltage by 90°

The supply current | is the phasor sum of Ir and Ic and thus the
current | leads the applied voltage V by an angle lying between
0° and 90° (depending on the values of Ir and Ic), shown as
angle ¢ in the phasor diagram
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1. In a series R-L circuit the voltage across the resistance R is
12V and the voltage across the inductance L is 5V. Find the
supply voltage and the phase angle between current and
voltage.

2. A coil has a resistance of 4Q and an inductance of 9.55mH
from a 240V, 50Hz supply. Calculate :
(a) the reactance,
(b) the impedance,
(c) the current
Determine also the phase angle between the supply voltage
and current

3. A resistor of 25Q is connected in series with a capacitor of
45uF from a 240V, 50Hz supply. Calculate
(a) the impedance,
(b) the current.
Find also the phase angle between the supply voltage and
the current.

4. A capacitor Cis connected in series with a 40Q resistor
across a supply of frequency 60 Hz. A current of 3A flows and
the circuit impedance is 50 . Calculate
(a) the value of capacitance, C,

(b) the supply voltage,

(c) the phase angle between the supply voltage and current,
(d) the p.d. across the resistor, and

(e) the p.d. across the capacitor.

Draw the phasor diagram.

5. A coil of resistance 5Q and inductance 120mH in series with a
100uF capacitor, is connected to a 300V, 50 Hz supply. Calculate
(a) the current flowing,

(b) the phase difference between the supply voltage and current,
(c) the voltage across the coil and
(d) the voltage across the capacitor.

F -------- =
TA-_50 L 120mHIC § 100HF
v i
e = o= oo o = -

Ve Ve —
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6. A 20Q resistor is connected in parallel with an inductance of
2.387 mH across a 60V, 1 kHz supply. Calculate :
(a) the current in each branch,
(b) the supply current,
(c) the circuit phase angle,
(d) the circuit impedance

7. Refer to the figure below, calculate :
(a) the total impedance
(b) the current in each branch
(c) the supply current,
Draw the phasor diagram

Vs-100v+ Ap—
f= 50Hz L
b R< 200 Lg&:hﬂ.

-

8. A 30uF capacitor is connected in parallel with an 80Q) resistor
across a 240V, 50Hz supply. Calculate :
(a) the current in each branch,
(b) the supply current,
(c) the circuit phase angle,
(d) the circuit impedance
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1. In a series R—L circuit the voltage across the resistance Ris 12V
and the voltage across the inductance L is 5V. Find the supply
voltage and the phase angle between current and voltage

V= ’(VR2+VL2) ; 9=tan'1%

v=J(2%+5% ; O=tan'>

V=13V ; 0= 2262°

2. A coil has a resistance of 4Q and an inductance of 9.55mH
from a 240V, 50Hz supply. Calculate :

(a) the reactance
Xp = ZniL
X; = 2n(50)(9.55m)
XL — 3Q
(b) the impedance,
Z=R+iX;
Z=4+1i3
7 =50 6B

(c) the current
=
=i

240£0°

1= 73687

=t S ety e
Determine also the phase angle between the supply voltage
and current V=240V

1=48A

I lagsV by - 36.87°
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3. Aresistor of 25Q is connected in series with a capacitor of
45uF from a 240V, 50Hz supply. Calculate

(a) the impedance,
1 1

= 2nfC 2m50(45p)

Xe
Xe = 70.74Q
Z =R+ (—iX;) =25+ (—i70.74)
Z =175.03Q @ -70.54°
(b) the current

Find also the phase angle between the supply voltage and the
current.

T
=
- 240.£0°
75.03Q £ =70.p4° 3 5 4 B 70.54° I leads V by 70.54°

4. A capacitor Cis connected in series with a 400 resistor across a supply of
frequency 60 Hz. A current of 3A flows and the circuit impedance is 50 . Calculate
(a) the value of capacitance, C,

Impedance, Z =R + (—iX;) = /(R*+ (—X¢)?)
50 = ,/(40%2+ (=X;)?, X =30Q 6 =tan™! {%ﬁ}

= —1-_:"“"'l =Lt o
0 =tan (40} =-36.87

Mp = L C= :
¢ 2nfC '~ 2mfX,
- 2m(60)(30) =s8s.42uk
(b) the supply voltage,
v
= T V=1I1Z;

V = (3£0°)(50£ — 36.87°)

V=150V — 36.87°
(c) the phase angle between the supply voltage and current,

I leads V by 36.87°
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(d) the p.d. across the resistor
V = IR = (380°)(40E0°) = 120V.£0°
(e) the p.d. across the capacitor.
V=1I1X: =(3£0°)(30£ —90°) = 90V .£-90°
V="Vg +jV: =(120£0°) + j(90£L — 90°) = 150V £-36.87°
Draw the phasor diagram.
5. A coil of resistance 5Q and inductance 120mH in series with a
100uF capacitor, is connected to a 300V, 50 Hz supply. Calculate
(a) the current flowing,

X, = 2mfl = 2m(50)(120m) = 37.70Q
z L = 31.830

lE == — 2150(100p)

Z=R+iX + (—iX;) =5+ 1i37.70 + (—i31.83)
= 7.710./49.58°
= =300 _g50914.—4958°

T Zr  7.710<49.58°
(b) the phase difference between the supply voltage and current,
V leads I by 49.58°
(c) the voltage across the coll and
Zeoy, = R+iX; =5+1i37.70 = 38.030@82.45°
Veorr = 1Zcop, = 38.9144 — 49.58°(38.030.£82.45°)
Veon, = 1480V .£32.87°
(d) the voltage across the capacitor.
Ve=1X; =38.914A£ — 49.58°(31.830£ — 90°)
Ve = 1239V £ — 139.58°

Vp=Veor + (—jVe) = 1480.232.87° + j(1239.£ — 139.58°)
=300V.£0°
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6. A 20Q) resistor is connected in parallel with an inductance of
2.387 mH across a 60V, 1 kHz supply. Calculate :

(a) the current in each branch,

vV 60
Ip===22=3A

X, =2nfL = 2m(1000)(2.387m) = 150

(b) the supply current,
IT — IR + iIL
It =3 +i4 = 5A£53.13°

(c) the circuit phase angle,
0 =tan 1L

Ir
_ -14
f = tan 3
= 5813F
(d) the circuit impgdance
7=L =20 _ 120, -53.13°
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7(a) the total impedance
Z1=R+i0 = 220Q.£0°

Z2=0+iXL , X, = 2nfL = 2m(50)(4m)=1.257Q

Z2=0+i1.257 =1.2570.290°

L2
Z — 1&2
AR A

=(2200.20°)(1.2570.290°) /((2200.20°)+(1.25702.290°))

=1.2570..89.67°

(b) the current in each branch
V. 100Q£0°

L= =0000
7 1000200

b =7 =12s70290°

= 79.3654A£ —90°

(c) the supply current,
Iy = 11+ 1,=0.455A£0° + 79.3654£ — 90°

Ir = 7.97AZ — 89.67°

Draw the phasor diagram

N e TRITA< 56T
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8. A 30uF capacitor is connected in parallel with an 80Q resistor
across a 240V, 50Hz supply. Calculate :

(a) the current in each branch,
V240

Ig=-=""=34
1 1

CTomfc  2m(50)(30p)

= 106.1Q

vV 240 _
€= % = 1oes = 2:2624

(b) the supply current,
IT = IR + iIC

Iy =3 +1i2.2.62 = 3.757A£37.02°

(c) the circuit phase angle,

g =tan~1:
Ig
0 = tan-122%2
3
g — 35102
(d) the circuit impedaonce
7=2 = 2<% _ 63.880 — 53.13°
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1. A coil of inductance 80 mH and resistance 60Q is connected
to a 200V, 100 Hz supply. Calculate the circuit impedance and
the current taken from the supply. Find also the phase angle
between the current and the supply voltage.

[78.27 , 2.555A, 39.95¢ lagging]

2. A coil takes a current of 5A from a 20V d.c supply. When
connected to a 200V, 50 Hz a.c supply the current is 25A.
Calculate the (a) resistance, (b) impedance and (c) inductance

of the coil.
[(a) 4 (b) 8 (c) 22.05 mH]

3. A resistance of 50Q is connected in series with a
capacitance of 20 puF. If a supply of 200V, 100 Hz is connected
across the arrangement find
(a) the circuit impedance,
(b) the current flowing, and
(c) the phase angle between voltage and current.

[(a) 93.98 (b) 2.128A (c) 57.86¢ leading]

4. A 24,87 pF capacitor and a 30Q) resistor are connected in
series across a 150V supply. If the current flowing is 3A find
(a) the frequency of the supply,
(b) the p.d. across the resistor and
(c) the p.d. across the capacitor.

[(a) 160 Hz (b) 90V (c) 120V]

5. The following three impedances are connected in series across a
40V, 20 kHz supply:
(i) a resistance of 8,
(ii) a coil of inductance 130 pH and 5 resistance, and
(iii) a 10 resistor in series with a 0.25 uF capacitor.
Calculate :
(a) the circuit current, 1=1.442A
(b) the circuit phase angle and 6=33.96°
(c) the voltage drop across each impedance  11.54V, 24.64V,
48.11V

6. A 40 uF capacitor in series with a coil of resistance 8 and
inductance 80 mH is connected to a 200V, 100 Hz supply. Calculate :
(a) the circuit impedance,

(b) the current flowing,

(c) the phase angle between voltage and current,
(d) the voltage across the coil, and

(e) the voltage across the capacitor.

[(a) 13.18 (b) 15.17A (c) 52.63° lagging (d) 772.1V (e) 603.6V]
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7. Refer to the circuit above, find:
(a) each branch current,
(b) total current,

(c) current phasor diagram, -

8. Determine all currents in the figure above
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COURSE LEARNING
OUTCOME

1. Explain AC circuit conEept

and their analysis using AC
circuit law.
Apply the knowledge of

2. ACcircuit in solving
problem related to AC
electrical circuit.

OBJECTIVE

2.5 Understand power in AC circuits.
1. Explain power in resistive and reactive AC circuits.
2. Explain true, reactive and apparent power.
3. Explain power factor and power factor correction
2.6 Apply the understanding of the power consumption in AC circuits.
1. Calculate power consumption in an AC circuit with pure resistance.
2. Show no energy is consumed in a pure capacitance and inductance circuit.
3. Draw the power triangle (phasor diagram).
4. Sketch the following terms based on the power triangle.
a. apparent power (VA)
b. reactive power (VAR)
c. actual power (Watt)
5. Calculate power factor.

6. Solve problem related to reactance, impedance and power factor correction.
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CONCEPT OF
WORK,
POWER,

ENERGY AND

EFFICIENCY

WORK

The product of force and the distance moved in
the direction of the force.

WORK ‘ Symbol : W ’- Units : Nm or Joule (1)
Work (W) = Force x Distance

ENERGY

Energy and work are very closely related. Energy
s the ability to do work

ENERGY . Units: kWh

ENERGY = Power x Time(hour)

POWER

Power is the rate at which energy is used

POWER - Symbol @ P = Units : J/s or Watt

Work (Joule)
Time (second)

POWER (P) = [J/s] or [Watt]

Power (P) = Force [N] x Speed [v] [J/s] or [Watt]

Distance
Time

EFFICIENCY

Defined as useful power output divided by the
total power consumed.

Speed =

Efficiency - Symbol : 7 - Unit : none

Ef'ficiency {n] - Power Output — ﬁ

Total Power Input Pin
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POWER
CONSUMPTION
IN AC CIRCUIT

PURE RESISTANCE CIRCUIT

FV)x () =+P V)x(-I)=+P

o Resistance (R) = current and voltage (in phase)

o Waveform for power is always positive, never negative for this
resistive circuit

o Power is always being dissipated by the resistive load

PUREINDUCTIVE CIRCUIT

(+V)yx (+I)=+P (=¥) x (=) = +P
L
: + ) B =(P)+ R (B} + (P)= 0
i\]\LIJ -P L\:lel'l

o Inductance (L) = current lagging voltage by 90°

o Waveform for power is alternates equally between cycles of
positive and negative

o Power is being alternately absorbed from and returned to the

| sQurce.

PURE CAPACITIVE CIRCUIT

(+V)x (-I})=-P -V)x(+I)=-P
o Capacitance (C) = current leading voltage by 90°
o Waveform for power is alternates equally between cycles of
positive and negative

“| o Power is being alternately absorbed from and returned to the

| source.
[ Power from l:} (+V) x (+I) = +P | | (-Vyx (-I) = +P -
| Source = Load | . = —
s e
RLL F'-‘--'
\
1

Power from

VY x (-1 =-P | | VNix (+I)=-P
(+V) x (-I) | R )X (+) Load=>Source

Power for practical circuit

o Therefore, any reactance in this load will likewise dissipate zero
power. The only thing left to dissipate power here is the resistive

»  portion of the load impedance.
T TR
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POWER
CONSUMPTION
IN AC CIRCUIT

SUMMARY

1.In any reactive circuit, the power alternates

between positive and negative instantaneous
values over time. In a purely reactive circuit
that alternation between positive and
negative power is equally divided, resulting in
a net power dissipation of zero.

2.ln  circuits with mixed resistance and

reactance, the power waveform will still
alternate between positive and negative, but
the amount of positive power will exceed the
amount of negative power. In other words,
the combined inductive/resistive load will
consume more power than it returns back to
the source.

3.From the waveform plot for power, it should

be evident that the wave spends more time
on the positive side of the centre line than on
the negative, indicating that there is more
power absorbed by the load than there is
returned to the circuit.
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APPARENT

(S) m—
/ REACTIVE POWER TRIANGLE

// _| Q)
POWER =
TRIANGLE

= IMPEDANCE TRIANGLE

POWER TRIANGLE

- .

s
{ The actual amount of power

being used, or dissipated, ina | APPARENT L
circuit is called AVERAGE (%) -

POWER/ TRUE N i REACTIV]
()

POWER/ACTUAL POWER. . ,.,-f,j;'_ Bv- i
S |
P =7 1 cos & -

FRTE
@ P=7IR ®
0 P = IV

= -
R i
TRUE POWER is a function of
a circuit's dissipative elements,

usually resistances (R). (Power
consumed in AC circuits)

\\ )_.-'-

e P =

POWER TRIANGLE

APPARENT > 5=P+jQ

(3] -

- REACTIVE
[{0)]

< 0=0v- 6
T TRUI "

(P d___-—“'--- |

-

r :

Wi know that reactive loads such as inductors and capacitors dissipate
zero power, yet the fact that they drop voltage and draw current gives the
deceptive impression that they actually do dissipate power. This “phantom

power” is called REACTIVE POWER
UNIT: VOLT-AMPS-REACTIVE (VAR)

O=1Vsin6

REACTIVE POWER is a function of a circuit's reactance (X). (power stored
| and returned to generator by circuit's inductive and capacitive components) |

POWER TRIANGLE

-

/ Y S P40
The combination of reactive power | VI1/0v-0i
and true power is called APPARENT
POWER, and it is the product of a
circuit's voltage and current, without
reference to phase angle

UNIT: VOLT-AMPS (VA)
S=]JV

APPARENT POWER is a function of

ol : > APPARENT -
a circuit’s total impedance (2). (Power i (5} o

'\\ from the supply) /; /,,f ST
= - _— 8= 6v- B e

“*NOTE:
| & V being rms value if i/p sinusoidal ("
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POWER
FACTOR

'POWER FACTOR

DR True Power
" 7 Apparent Power

P.F=COS 6

o The ratio between true power and apparent power is called the
power factor
o Power factor, like all ratio measurement, is a unitless quantity
o Itis often desirable to adjust the power factor of a system to near
1.0.
o A high power factor is generally desirable in a transmission system
I4  toreduce transmission losses and improve voltage regulation at
the load.

T T TwT

POWER FACTOR GRAPH

+Q = lagging power factor

JH: Bv-8i P
Re

/0= Bv- Bi

-Q = leading power factor

PR R
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POWER o A high power factor reduces the current flowing in a
FACTOR supply system, therefore reduces the cost of cables,

CORRECTION switch gear, transformers & generators

o Eg. of industrial load:
- motors ( inductive load )

METHOD OF POWER FACTOR
CORRECTION

CAPACITOR

o power factor in an AC circuit may be “corrected”, or re-established|
at a value close to 1, by adding a parallel reactance opposite the
effect of the load's reactance.

o If the load's reactance is inductive in nature (which is almost
always will be), parallel capacitance needed to correct poor
_power factor.
i N e

i

SYNCHRONQUS MQTOR

o It operates at a leading power factor and puts VAR onto the
network as required to support a system’s voltage or to maintain
the system power factor at a specified level

Automatic power factor correction unit

o It consists of a number of capacitor that are switched by means of
contactors.
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EXAMPLE 1

EXAMPLE

ot O R 2600

Find the power consumption?

EXAMPLE 2

SOH\; G\D L 160 mH

Find the power consumption?

EXAMPLE 3

Aload Z draws 12kVA at a power factor of 0.856 lagging
from a 120V rms sinusoidal source. Calculate:

a) The average & reactive powers delivered to the load

b) The peak current
C) Load impedance

EXAMPLE 4

waltmeter ammeter

P oy
P A
240V
ams Y moad
60 Hz |

Wattmeter reading = 1.5 kW
Ammeter reading = 9.615 A RMS

Find the power consumption?
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ANSWER (E1)
Z, =60+ ;0=60£0°

ANSWER

P =1"R=2*(60)=240W

p=Y 129 ow
R 60

P =1V =2(120)= 240

** In this example, the current to the load would be 2A.
The power dissipated at the load would be 240 Watts

ANSWER (E2)
X, =60.319Q

Z, =0+ 760.319=60.319£0°

V120
Z 60319

P=1"R=1.989*(0)=0W
O=1"X=1989%(60.319)=238.63VAR
S =17 =1989%(60.319)=238.63V4

=1.9894
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ANSWER (E3)

ANSWER A load Z draws 12kVA at a power factor of 0.856 lagging
from a 120V rms sinusoidal source. Calculate:

a) The average & reactive powers delivered to the load

BR=cosOISINi85 6 salti=I311515¢
Si= INF=12VA,
P=IVcos6=10.272 kW

Q=1Vsin 8 =6.204 kVAR

b) The peak current
S=P+jQ=10.272kW + j6.204kVAR
=12,31.13° |
S=IV,sol=3 | fueronnen Wi aeny
0
= 223013 . 90.7231.13°
169.73
c) Load impedance
V=1Z;
2=L=_29720 _ 94, -31.13°Q
I~ 70.7£31.13°

ANSWER (E4)

Solution 1:

First, we need to calculate the apparent power in kVA.
S=1V=9.615x240=2307.6 VA =2.31kVA

Now, we figure the power factor of this load;
true power 1.5k 0.65

Power factor = =
apparent power 2.31k
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ANSWER

ANSWER (E4)

Solution 2:

Using this value for power factor, we can draw a power triangle, and from that
determine the reactive power of this load:

Apparent power (5)
2.308kVA

Reactive power ()
777

True power (P)

Use the Pythagorean Theorem; 1.5

Q=52 + P2 =+/2.308k% + 1.5k = 1.754kVAR
Solution 3:
o If this load is an electric motor, or most any other industrial AC load, it will

have a lagging (inductive) power factor, which means that we'll have to
correct for it with a capacitor of appropriate size, wired in parallel.

o Mow that we know the amount of reactive power (1.754 kVAR), we can
calculate the size of capacitor needed to counteract its effects:

Vv 240

2 l"!
Q= = = T 32.8451
1 1 1
We know that X = —— ~50,C= = = 80.761pF
< €~ 2nfc 2nfXe  2mx60x32.854 80.761p
o Rounding this answer off to 80uF, we can place that size of capacitor in the
circuit and calculate the results: ETaET
O—®—
4OV~ o |8 )
pus &) ©=2 . Kiaes
60 Hz |
8 TR TE
Solution 4:

o An 80 pF capacitor will have a capacitive reactance of 33.157 Q, giving a
current of 7.238 amps, and a corresponding reactive power of 1.737 kVAR (for
the capacitor only).

1 1 oy
C=80pF; so; Xe = 5arc = Toreowson = 331570
VelXe; o l=—=—22_ = 72384
X 33157
v 2402 e
Q= = o = L737kVAR

o This correction, of course, will not change the amount of true power
consumed by the load, but it will result in a substantial reduction of apparent
power, and of the total current drawn from the 240 Volt source:

FPower triangle affer adding capacitor

o Apparent power (S) Reaciive power (Q)
/ — 16519 VAR
P——— ! True power (P)
Apparent power S/-' 1% W
LOEEVR: ./ Reactive power (Q) :
I LT54kVAR

4 (inductve) Inductive § — Capacitive { = Total §
4 1L.754kVAR — 1.737kVAR = 16.519VAR

/ | The new apparent power can be found from
Thue power (F, the true and new reactive power values, using
=N the standard form of the Pythagorean
Theorem:
L73TEVAR

capaciive) §= ‘J(Q} 2, {P}l = ‘{{16_51912 + {15],..] 2 = 1.50009kV A

So, new power factoris;

o truepower  LSkW -
DO ficter = apparent power  150009kVA
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| [ CHAPTER 3

M RESONANCE



OBJECTIVE

At the end of this chapter, students will be able to:

-
- 1.Understand resonance in series and

parallel circuits.
2.Apply resonance in series and parallel
circuits.

-
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Resonance is a condition in RLC circuit in which the capacitive and
inductive reactance are equal in magnitude, thereby resulting in a
purely resistive impedance.

|Z=R+j(ool— i) ;note:ool—i=0

w L w L

( ) Xy |
s |
XL=XC §\  mommomm 7"
- e Reactances are equal here
k J| ]
[+ 4
X - Xg ===
0 lﬁ'} me-f
Series Resonance
1 Figure 1: Resonant Circuit
XL=2]'|:fL xC= —_—
2nfC
.. Setting the two equal to each other,
‘epresenting a condition of equal reactance

resonance) . . .
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SERIES RESONANCE

Current will be maximum & offering minimum impedance

Either side of At resonance the
resonance the voltage voltage drop
drop=V_ -V equals zero
R L C R

A A

short circuit

Ve

- -

Figure 2: Series resonance circuits

Ov

=
<
0
I
<
=

'y
L

Serles resonance

- .

MnMiimn = at
Serlies resonance
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PARALLEL RESONANCE

Current will be minimum & offering maximum impedance.

parallel resonance

B ——
E

signal

max £ at
parallel resonance

Figure 3: Parallel resonance circuits
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RESONANCE FUNCTION

... fo the rest of
the "oscillator"
circuit

@ AC sourceof L
mixed frequencies

M I

load

the natural frequency

of the "tank circut"
helps to stabilize

oscillations

Tank circuit presents a

high impedance to a narrow
range of frequencies, blocking
them from getting to the load

Resonance circuit serves as filter. Acting as a short of frequency “
filter” to strain certain frequencies out of a mix of others.
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RLC Series Circuit

Explain the effect of changing the frequency o:

« A series RLC circuit’s reactance changes as you change the
voltage source’s frequency.

« Its total impedance also changes.

« At low frequencies, XC > XL and the circuit is primarily capacitive.

« At high frequencies, XL> XC and the circuit is primarily inductive.

i
/ ( fr) Frequency, |

Dynamic
impedance Series Resonance

Figure 4: Series resonance graph
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RLC Parallel

Circuit

p—

Explain the effect of changing the frequency to:

Reactance change as you change the voltage

source’s frequency.
« Atlow frequencies, XL< XC and the circuit is

primarily inductive.
At high frequencies, XC< XL and the circuit is

primarily capacitive.

zi:lfdl
i |
FER e e e e i = e e
Capacitive Inductive
Xe > X A2 X
- .

Dynamic
impedance

0 Y -

[

Frequency, [

Parallel Resonance

Figure 5: Parallel resonance graph
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DRAW THE
GRAPH OF
IMPEDANCE vs
FREQUENCY

SERIES
e A series RLC circuit contains both

inductive reactance (XL) and capacitive
reactance (XC).

* Since XL and XC have opposite phase
angles, they tend to cancel each other

out and the circuit’s total reactance is
smaller that either individual reactance:

XT< XL & XT< XC

-
|
\J

Impedance

= |
{ fr) Frequency, f

Dynamic
impedance  Series Resonance

PARALLEL

The smaller reactance dominates, since a smaller
reactance results in a larger branch current

Dynamic
impedance

’-
/ Frequency, [

Parallel Resonance
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~

PRODUCE RESONANT
FREQUENCY EQUATION FOR
SERIES AND PARALLEL
CIRCUITS

Resonance occurs when X [ = XC and the imaginary parts of Y become zero.
Then in series and

parallel:

. 1
.1*L‘r_ = ;E'f[ = ET[_,'FL = E.TfC
|
f‘z _ 1 _ 1 | 1
2nl x 2nC  4melLC 11'43%(3
] — 1 i 2 g 3 — 1 3 {-{
afr = o (HZ) er wr = _HE(J-:’: 5)
SELF ASSESSMENT

= A series circuit with R = 5 ohms, . = 2o mH and a
variable capacitance C has an applied voltage with a

frequency of 50 Hz. Find the value of C for series
resonance.

= Answer :-
C = 506.0 nF.
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QUALITY |
FACTOR, Q A) SERIES CIRCUIT:

Q factor:
e(Q is the ratio of power stored to power
dissipated in the circuit reactance and

resistance.
eQ is the ratio of its resonant frequency

to its bandwidth.

LTRL=011 l

B) PARALLEL CIRCUIT:

Quality factor: the ratio of the circulating
branch currents to the supply current.

R —onfcrR=r \/E
21 fL L

Quality Factor, O=
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Frequency Bandwidth, B =, — £,

« The difference between
the two half-power
frequencies.

Bandwidth, Afis

* measured between the
70.7% amplitude points of
series resonant circuit.

Imax

0.707 Imax

- >
0 VA "\ Frequency, f

BW = %, fu—fi, %(rads) or —— (Hz)
Low cut-off frequency, (f;) : Upper cut-off frequency, (fy) :

fo=frmor fa=frt oy
wL__LJ( ), L +£+j( ' L

A high Q resonant circuit has a narrow bandwidth as compared to a low Q

mA

100,0

BW =L
Q

Where :
f. = Resonant Frequency
() = Quality Factor

50,0

0.0 = = A I s
100 1000

frequency  Hz
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PARALLEL
RESONANT CIRCUIT

A low Q due to a high resistance in
series with the inductor produces
a low peak on a broad response
curve for a parallel resonant circuit

The ratio of the power loss in a dielectric material to the total

power transmitted through the dielectric.
D = energylost _— realpartofZ
energystored —-imaginarypartsofZ

SUMMARY OF THE CHARACTERUSTICS

CHARACTERISTIC SERIES CIRCUIT PARALLEL CIRCUIT
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A series resonance network consisting of a resistor of 30Q), a

capacitor of 2uF and an inductor of 20mH is connected across a
sinusoidal supply voltage which has a constant output of 9 Volts at
all frequencies. Calculate, the resonant frequency, the current at
resonance, the voltage across the inductor and capacitor at

resonance, the quality factor and the bandwidth of the circuit.
Also sketch the corresponding current waveform for all frequencies.

ANSWER

1

1
1) Resonant Frequency, f-; f = ol = 7m T = 796Hz
2) Circuit current atresonance, I,, ; I = % = 3% = 0.34

3) Inductive reactance at resonance, X; ; X; = 2nfL = 2n(796)(20m) = 10011

4) Voltage across the inductor and the capacitor, Vi, V¢
V,=Vc; V., =1X, =0.3(100) = 30V

5) Quality Factor, Q ; Q = 2 =12 — 333

R 30

6) Bandwidth, BW : BW = % = 2% = 238 Hz

7) The upper and lower frequency point, f; & fy

lower frequency, f, = f- —% = 796 —% =677 Hz

upper frequency, fy = f + % = 796 + ? =915 Hz

A
300mA

212mA

Figure: Current waveform

[ (Hz)

S
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A series circuit consists of a resistance of 4Q, an inductance of
500mH and a variable capacitance connected across a 100V, 50Hz
supply.

Calculate the capacitance require to give series resonance and the
voltages generated across both the inductor and the capacitor.

Answer:

Resonant frequency, f;
X, = 2nfL = 2m(50)(500m) = 157.1Q

At resonance ; X = X; = 157.1()

1 1
C= 2fXe  2m(50)(157.1) 20.3uF

Voltage across the inductor and the capacitor, Vi, Ve
V _ 100
I=—=—=25A4
R 4

atresonance ; V;, =V,
Vp =1X, = 25*157.1 = 39275V
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A parallel resonance network consisting of a resistor of 60Q), a
capacitor of 120uf and an inductor of 200mh is connected across a
sinusoidal supply voltage which has a constant output of 100 volts
at all frequencies. Calculate, the resonant frequency, the quality
factor and the bandwidth of the circuit, the circuit current at
resonance and current magnification.

Answer: P A

1) Resonant Frequency, f;
1 1

i i T T e

2) Inductive reactance at resonance, X,
X, = 2nfL = 2n(32.5)(200m) = 40.80

= 32.5Hz

3) Quality Factor, Q

R R 60
0=, st " w8 147

4) Bandwidth, BW

_fr _ 325
BW_Q_I.4?

5) The upper and lower frequency point, f; & fy

lower frequency, fi, = f — % =32.5— 22—2 = 215Hz

=22 Hz

upper frequency, fy = f + BTW =325+ % =435 Hz
6) Circuit current at resonance, I

At resonance the dynamic impedance of the circuit is equal to R
vV 100
Ir =I5 _5_5_1.6?,4

7) Current Magnification, [;;q4
Lnag = Q@ * Iy =147%1.67 =245 A

we can check this value by calculating the current flowing through the inductor (or
capacitor) at resonance.
v _ v 100

b= X, 2nfL  2n(32.5)(200m)

99
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SUMMARY

For resonance to occur in any circuit it must have at least
one inductor and one capacitor.

Resonance is the result of oscillations in a circuit as stored
energy is passed from the inductor to the capacitor.
Resonance occurs when VL=VCand the imaginary part of
the transfer function is zero.

At resonance the impedance of the circuit is equal to the
resistance value as Z = R.
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COURSE LEARNING OUTCOME .

1.Apply the concept and principle in solving problems of e.lectrigal
circuits using the appropriate AC electrical laws and theorem.

2.Construct of an AC electrical circuit and measured related electrical
parameter using appropriate electrical equipment's.

3.Demonstrate ability to work in team to complete assighed tasks

within the stipulated time frame.

OBJECTIVE

1.Remember several types of transformers.

2.Remember a non-ideal transformer.

3.Understand the construction and the operation of a transformer.
4.Apply transformer increases and decreases voltage.

5.Apply the understanding of the effect of a resistive load across the

secondary winding.
[




INTRODUCTION « « o

TRANSFORMERS:

ARlevice that@@ransfer electric enegt
0 _another induc




INTRODUCTION + « o

PRINCIPLES OF TRANSFORMERS

An electric current can produce a magnetic field
(electromagnetism).

A changing magnetic field within a coil of wire induces a
voltage across the ends of the coil (electromagnetic
induction).

Changing the current in the primary coil changes the
magnetic flux that is developed.

The changing magnetic flux induces a voltage in the
secondary coil.




DIFFERENT TYPES OF

TRANSFORMERS AND THEIR
APPLICATIONS

‘ VOLTAGE LEVEL ‘ ‘ CORE MATERIAL ] ‘ USAGE ‘
Center-Tapped Iron Core :
Power Domain
Transformer Transformer
M"-:'”’P fe- Ferrite Core Electronics
Winding :
Transformer Domain
Transformers
Auto Toroidal Core
transformers Transformer
Step Up Air Core
Transformer transformer
| Step Down
Transformer
Isolation
Transformer
® o o
® o o




CENTER-TAPPED TRANSFORMER

e The center tap (CT) transformer is equivalent to two
secondary windings with half the voltage across each.

e Center-tapped windings are used for rectifier supplies
and impedance-matching transformers.

M1
SYMBOL PHYSICAL VIEW

S

) v
hY
. Ny
Y y oltages with respect
i ) / 1o the cenler lap
l i
o o o N - - ~ N .
\/

¢ Output voltages with respect to the center tap are
180° out of phase with each other and are one-half
® & @ ihe magnitude of the secondary voltage.



CENTER-TAPPED TRANSFORMER

e Application of a center-tapped transformer in ac-to-dc
conversion.

ac in Pulsating dc out
o 2%

) Rectifier
£\ y Yo
| I circuit il

A I
0
\ The rectifier takes

these two half-cycles

O

and combines them to
get this waveform.




MULTIPLE-WINDING TRANSFORMER

e Multiple-winding transformers have more than one

winding on a common core.
 They are used to operate on, or provide different

operating voltages.

'\-\.:'I
O

A~

F

Primary | % 110V ac |

L

A Secondary I

¥ 1
Frimary 2 % - %

Primary windings in parallel
for 110V ac operation

%

B

Two Primary Windings

Primary windings in series
for 220V ac operation




MULTIPLE-SECONDARY
TRANSFORMER

 There are transformers with multiple secondary windings.

e They are used to provide a variety of voltages from a
single source.

e Common used in power distribution systems, electric
motors, and electronic devices.

00

Primary ., Secondary
windings N windings




AUTO-TRANSFORMERS

* In an autotransformer, one winding serves as both the
primary and the secondary.

e The winding is tapped at the proper points to achieve the
desired turns ratio for stepping up or stepping down the

voltage.
e Auto transformers differ from conventional transformers

in that there is no electrical isolation between the
primary and the secondary because both are on one

winding
Schametic Diagram
Oo— Input Input v 1|
Chat put
Input Output
- O
a) Step-up (b)) Step-do (<) Vanable
o ® o
o ® o

e
Physical View | .}
Autotransfomer | ]




AUTO-TRANSFORMERS

A saving in cost since less copper is needed.

Less volume, hence less weight.

A higher efficiency, resulting from lower I2R losses.

e A continuously variable output voltage is achievable if a
sliding contact is used.

A smaller percentage voltage regulation.

e The primary and secondary windings are not
electrically separate, hence if an open-circuit occurs
e o oeinthesecondarywinding the full primary voltage

appears across the secondary.
o o o




QUESTION: ° o O

The transformer shown in figure below has the numbers of
turns indicated. One of the secondaries is also center
tapped. If 120 V ac are connected to the primary, determine
each secondary voltage and the voltages with respect to
the center tap (CT) on the middle secondary.

—3 A
o E%E S turns
—
oC
120V 100 turns g%gl—%}{fr > 200 turns
—0oD
—OF
S,—
10 turns




[ ) o
[ ] o
Answer :
Vag =hxvr- =i>< 120V =6V
Npri 770100
% Nsec V 200 120V =240V
D Np?ai p?’l 100
240V

V({Z‘T)C = V{CT}D = B =120V

1% Nsec 1% 10 120V =12V
. —_— x y = >< o
EF Ny P70 100




"NON-IDEAL TRANSFORMER

i

.-.-.-----.-__..
5

NON IDEAL |"
TRANSFORMERS |

!
5
kY
1
g
'
."'\-H
-t
H-\"—\. ™

Introduction

Real transformers are never ideal, and at times their
non-idealities are important.

Such non-idealities include the resistance of the coils,
the leakage inductance of the coils and the
maghnetizing inductance of the core.

These non-idealities can be added to the model
shown in below figure

Ideal Transformer




"NON-IDEAL TRANSFORMER
CHARACTERISTICS

Ideal Transformer

p=——=—=—=— g
o—/ M —T00— . 00— —0
R, Ly | | Ly R,
leiﬂ |N| NE |
| |
0 I : 0
L _ _ J

R1, R2 are winding resistances of the Primary and
secondary of the Transformer

Leakage fluxes fl1, fl2 exist for Primary and
Secondary windings respectively.

Permeability of core is not infinite. Therefore mmf
is needed to establish mutual flux fm in the core.
Core Losses are included.

The core saturates.




"NON-IDEAL TRANSFORMER
CHARACTERISTICS

The losses which occur in a

transformer on load can be divided
into two groups:

a)Copper losses
b)Core losses




"NON-IDEAL TRANSFORMER
CHARACTERISTICS

COPPER LOSSES

Copper losses are variable and result in a
heating of the conductors, due to the fact
that they possess resistance.

If R1 and R2 are the primary and
secondary winding resistances than the
total copper loss is 1,°R; + |,%R,

Peop = (1R + (1)°R;




"NON-IDEAL TRANSFORMER
CHARACTERISTICS

CORE LOSSES

Core losses are constant for a given value of
frequency and flux density and are of two types:

e hysteresis loss
e eddy current loss.




"NON-IDEAL TRANSFORMER
CHARACTERISTICS

CORE LOSSES

Hysteresis Loss

The heating of the core as a result of the internal
molecular structure reversals which occur as the
magnetic flux alternates.

The loss is proportional to the area of the hysteresis
loop and thus low loss nickel iron alloys are used for
the core since their hysteresis loop have small areas.




"NON-IDEAL TRANSFORMER
CHARACTERISTICS
CORE LOSSES

Eddy Current Loss

The heating of the core due to e.m.f. ‘s being
induced not only in the transformer windings but
also in the core.

These induced e.m.f.’s set up circulating currents
called eddy currents.

Owing to the low resistance of the core, eddy
currents can be quite considerable and can cause
a large power loss and excessive heating of the
core.

Eddy current losses can be reduced by increasing
the resistivity of the core (i.e splitting it into layers
or leaves) when very thin layers of insulating
material; can be inserted between each pair of
lamination's

This increases the resistance of the eddy current
path, and reduces the value of the eddy current
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Total Losses in Transfomer

Py = copper losses + core losses

Py = I#R{ + I¥R, + core losses
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POWER RATING OF A TRANSFORMER

e A transformer is usually described in ratings
(volts) and sometimes in apparent power (kVA) in
which the transformer can function without
overheating.

e Referring to figure below, a transformer’s rating
can be obtained by either using Eplp or Esls where
Ip is the primary current and Is is the secondary
current on full load.

 The rated current can be obtained from the
transformers ratings;

)I-"lux b, 20 A..\. 400 .

F""'/' """ i

VA = Eplp = Esls m Ip = VA and 5=V
Ep E.
.

_|.
2400 V 4'9 ”g [Load ] 120V

—_— m—
o o o ) Sp=48kVA 5 =48kVA
Fin i
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POWER RATING OF A TRANSFORMER

e The primary and secondary full-load rating
transformer currents usually are not given but can
be calculated from the rated VA or kVA as follows:

Single-phase
VA
Full load current =
Voltage
Full load current = X22X1900
Voltage
Three-phase
KVAXx1000

Full load current =

V3xVoltage
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EFFICIENCY OF A TRANSFORMER

o Efficiency is the ratio of output power to input
power. It is usually stated in percentage.

. outputpowsr input power- losses
Efficitency = — PUtpo = p, P
- input power input power
losses
n=1-.
Input power

e Large power transformers are exceptionally
efficient, around a figure of 98% to 99%.
e o o e Smaller transformers are around 95%.
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EFFICIENCY OF A TRANSFORMER

For Full Load

Output power = V,I, cos @, = Scosb
Total losses = copper losses + iron losses

For Half Load

OQutput power = (V,1, cos @,) * 0.5 = (Scos8) = 0.5
Total losses = (0.5% = copper losses) + iron losses
input power = output power + losses

Maximum Efficiency

A transformer achieves maximum efficiency when the
copper loss variable is equal to the constant iron or core
loss.

e o o Copper loss = Iron loss
(l ])ZR.] + (|2)2R2 =V,l, cos 6,
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A certain type of transformer has a primary current of 5 A
and a primary voltage of 4800 V. The secondary current is
90 A, and the secondary voltage is 240 V. Determine the
efficiency of this transformer.

Answer:
The input power;
Pin — ji’?'i VI’H'.
P, = (5A)(4800V)
P;,, =24 kVA
The output power;
P‘i&fl’; — ‘F.YESL'[’{:'SL'

P...=(90A4)(240V)
P, . =21.6kVA
The efficiency is;

Pout 21.6 kVA Ny _
X 100 = — X 100 = 90%

n =

[ ) an 24‘ PJ(VA
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A certain transformer has a rating of 10 kVA. If the
secondary voltage is 250 V how much load current can the
transformer handle?

Answer:

Pic 10kVA
Veee . 250V

e~
|
I
|
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A 400kVA transformer has a primary winding resistance of 0.5Q and
a secondary winding resistance of 0.001Q. The iron loss is 2.5kW
and the primary and secondary voltages are 5kV and 320V
respectively. If the power factor of the load is 0.85, determine the
efficiency of the transformer

(a)on full load
(b)on half load

Answer:
a) Given, Answer:
Rating, 5 = 400kWVA Find Ip & Is lp=80A, Is = 1250A
R1=0.50 Find total copper loss 4762.5W
R2 =0.0010 Find total loss (iron+copper) 7.2625kKW
Piron = 2.5kW Find output power on full load 340kW
Ep =5kV Find input power 347.2625kW
Es = 320V Find Efficiency 97.91%
pf=cosB = 0.85

b} Since the copper loss varies as the square of the current, then

147 Find total copper loss 1190.63W
total copper loss on half load = 4762.5 x(z) =1190.63W Find total loss (iron+copper) 3 69KW
o o o Find output power on full load 340kW
Find input power 343.69kKW
Find Efficiency 99%;




~ THE CONSTRUCTION AND
THE OPERATION OF A TRANSFORMERS

o A transformer consists of two Prinary wding

Secondary wmdmg
windings connected by a \ l ' T i
magnetic core. One winding is . {hl: $
connected to a power supply AC supply ci"} N, B Y Lo
and the other to a load. A circuit ,___5515;3 b _
diagram symbol for a e )
sttt

transformer is shown in figure 1

e One coilis called primary winding and the other coil is called secondary
winding as indicated. For standard operation, the source voltage is applied
to the primary winding and a load is connected to the secondary winding.

e The primary winding is the input winding, and the secondary winding is the
output winding. It is common to refer to the side of the circuit that has the
source voltage as the primary, and the side that has the induced voltage as
the secondary.

[ o [
e The winding of a transformer are formed around the core.
®e o o The core provides both a physical structure for placemen
of the winding and magnetic path so that the magnetic
is concentrated close to the coils.




~ THE CONSTRUCTION AND
THE OPERATION OF A TRANSFORMERS

e Three general categories of core material are air, ferrite and iron. The
schematic symbol for each type is:

e Air-core and ferrite-core transformers generally are
used for high frequency applications such as in radio
circuit.

e The wire is typically covered by a varnish-type coating
to prevent the windings from shorting together. The
amount of magnetic coupling between the primary
winding and secondary winding is set by the type of

Ailr Core core material and by the relative positions of the
windings.
e Ferrite (a magnetic material made from : :
powdered iron oxide) greatly increases coupling ]
n

between coils (compared with air) while
maintaining low losses.

Ferrite Core




~ THE CONSTRUCTION AND
THE OPERATION OF A TRANSFORMERS

e Iron core transformers are generally used for low

frequency applications such as audio- and
power-frequency applications.

e |Iron (actually a special steel called transformer
steel) is used for cores because it increases the
coupling between coils by providing an easy path

for magnetic flux.

Iron Core

Figure : Example of iron-core transformers




~ THE CONSTRUCTION AND
THE OPERATION OF A TRANSFORMERS

Two basic types of iron-core construction are used:-
e Core type
e Shell type.

Laminated core

Laminated
core

Low-voltage

winding -

winding
Leads

Figure(a): Core Type Figure(b): Shell Type

In both cases, cores are made from lamination's of sheet steel,
insulated from each other by thin coatings of ceramic or other
material to help minimize eddy current losses

In the core-type construction, shown figure(a), the windings
are on separate legs of the laminated core.

In the shell-type construction, shown figure(b), both Wi
are on the same leg. The shell type can produce highil
magnetic fluxes in the core, resulting in the neg




~ THE CONSTRUCTION AND
THE OPERATION OF A TRANSFORMERS

Transtormer
lp == ' L ls
h ,I;._. l‘ I'J - - h e
/\ Ve Ere) o :
i-—q} 5h-:u.‘ . Secondary
B ) E%‘n’ Cucur
nmary q-t._,ﬁ; *-h"__"!é
Circutt Crans 1) Tr—rs;
b f."'l’
Ne — -L+ N
turns
TURN RATIO

A transformer parameter that useful in understanding how a
transformer operates is the turn ratio.

The turns ratio of a transformer is defined as the number of
turns on its secondary divided by the number of turns on its
primary.

N, secondary turns

n

"~ N{ primary turns
Nl: N2




~ THE CONSTRUCTION AND
THE OPERATION OF A TRANSFORMERS

A certain transformer used in radar system has a primary
winding with 100 turns and a secondary winding with 400
turns. Determine the turns ratio.

Given, N, =100
N, =400

n=N2=400 =4
N+ 100

So turns ratio can be expressedas 1:4

A certain transformer has a turns ratio of 10, if N1 = 500,
determine N2.

"IN,
N,
10 = —=
) 100

10 « 500 = N,

N, = 5000 turns



~ THE CONSTRUCTION AND
THE OPERATION OF A TRANSFORMERS

DIRECTION OF WINDING

e The important transformer parameter is the direction in
which the windings are placed around the core.

e As illustrate below, the direction of the windings
determines the polarity of the voltage across the
secondary winding (secondary voltage) with respect to the
voltage across the primary winding (primary voltage).

Applied voltage Induced voltage

(primary) (secondary)

* hd S

(a) 0" phase shift

The primary and secondary

voltages are 180 degree out ~  Fo—

of phase when the windings i:é
are in the opposite direction

(b) 1807 phase shift



~ THE CONSTRUCTION AND
THE OPERATION OF A TRANSFORMERS

Step Up Transformer

e A transformer in which the secondary voltage (V2) is
greater than the primary voltage (V1) is called a step-up
transformer.

e Recall that N2/N1 defines the turn ratio, n. Therefore, the
relationship, V2 can be expressed as




~ THE CONSTRUCTION AND
THE OPERATION OF A TRANSFORMERS

Step Up Transformer

e The turns ratio for a step-up transformer is always greater
than 1 because the number of turns in the secondary
winding (N2) is always greater than the number of turns in

the primary winding (N1)

Magnetic
Core \
/\/ f N1 N2
v1 Primary Secondary
Input l Windings Windings
Voltage

. Vpri _ N pri
/\/ VSEC NSGC
Va2
Qutput
Voltage




~ THE CONSTRUCTION AND
THE OPERATION OF A TRANSFORMERS

Application of Step Up Transformer




~ THE CONSTRUCTION AND
THE OPERATION OF A TRANSFORMERS

The transformer in figure below has a turns ratio of 3.
determine the voltage across the secondary?

[:3
L

.|..

Vi
120Vrms V2
SOLUTION

V2= Vi > n=Na
= 3 (120V) N1

= 360V =3




~ THE CONSTRUCTION AND
THE OPERATION OF A TRANSFORMERS

The transformer in previous figure is changed to one with a
turns ratio of 4. Determine V2. ] 2

.|..
Vi
120Vrms V2

Solution: N2 . 4




~ THE CONSTRUCTION AND
THE OPERATION OF A TRANSFORMERS

Step Down Transformer

e Turn ratio, n, of a step-down transformer is always less
than 1 because the number of turns in the secondary
winding (N2) is always less than the number of turns in the
primary winding (N1).

The transformer in figure below is part of laboratory power
supply and has a turns ratio of 0.2. Determine the secondary
voltage.

Solution:

5
o ) V2=nVi
‘ H V2 = (0.2) (120V)
=24V




~ THE CONSTRUCTION AND
THE OPERATION OF A TRANSFORMERS

Application of Step Down Transformer

Used for electrical isolation

In a power distribution network

For controlling the home appliances,
In adoorbell, etc.

The transformer in previous figure is changed to one with
a turns ratio of 0.48. Determine the secondary voltage.

5:1
Solution: .
_|_
V2= l]\" 120“:; H Va2
= (0.48) (120V) N

=57.6V
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Transformer Turn Ratio (17 = Ns/Np )
Step-up >1
Step-down <1

Coupling 1
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A transformer has 500 primary turns and 3000 secondary turns. If
the primary voltage is 240V, determine the secondary voltage,
assuming an ideal transformer.

V

pri pri

f
Veee  Nsec

hence
NS'(?C
V., =——XV, .
sec Np”_ pri
Thus
|4 5000 240 = 1.44kV
. X = 1.
Sec SDD
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An ideal transformer with a turns ratio of 2:7 is fed from a 240V supply.
Determine its output voltage.

Vp'ri . Npri
Vsee  Nsec
hence
Ngec
Vsec = Npri X Vpri
Thus

7
Viec = 5 X 240 = 840V
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e Transformers are useful in providing electrical isolation between
primary circuit and the secondary circuit because there is no electrical
connection between the two windings. In a transformer, energy is
transferred entirely by magnetic coupling.

e |f there is nonchanging direct current through the primary circuit of a
transformer, nothing happens in the secondary circuit.

—
=
—
-—
=
—
-

Figure : DC Isolation

e A changing current in the primary winding is necessary in order to
create a changing magnetic field.

e This will cause voltage to be induced in the secondary circuit.

* Therefore, the transformer isolates the secondary circuit from any g
voltage in the primary circuit.




TRANSFORMERS

THE EFFECT OF A RESISTIVE LOAD ACROSS THE
SECONDARY WINDING

THE CURRENT DELIVERED BY THE SECONDARY WHEN
A STEP-UP AND STEP-DOWN TRANSFORMER IS
LOADED

 When a load resistor is connected to the secondary winding, there
is current through the resulting secondary circuit because of the
voltage induced in the secondary coil.

e It can be shown that the ratio of the primary current, Ipri to the
secondary current, Isec is equal to the turns ratio, as expressed in
the following equation:

f T i o I

. . N
Q k. ¥ 1.=w,.




TRANSFORMERS

THE EFFECT OF A RESISTIVE LOAD ACROSS THE
SECONDARY WINDING

THE CURRENT DELIVERED BY THE SECONDARY WHEN
A STEP-UP AND STEP-DOWN TRANSFORMER IS
LOADED

e Thus, for a step-up transformer, in which Nsec / Npri is greater
than 1, the secondary is less than the primary current.

e For a step-down transformer, Nsec / Npri is less than 1, and Isec, is
greater than lpri.

e A transformer changes both the voltage and current on the
primary side to different values on the secondary side.

e This makes a load resistance appear to have a different value on
the primary side.

e The current delivered by the secondary when a step-up and step-
down transformer is loaded and given as per below formula:

V.,.: V.
Rpri = P* and R; = ol

Ipri J{sec

RL Vsec Ipri




TRANSFORMERS

THE EFFECT OF A RESISTIVE LOAD ACROSS THE
SECONDARY WINDING

THE CURRENT DELIVERED BY THE SECONDARY WHEN
A STEP-UP AND STEP-DOWN TRANSFORMER IS
LOADED

This actual load appears to

i the source as this reflected load. |

| L)

5 e
' b

- e

‘@ w3E-  F @ Z.- (1)

-

Actual load Reflected load
V...
. pri . Sec
pri sec

Rpriz Vpn’ Isec _ 1 1 zi
RL Vsec Ipri n n n?
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POWERIN A TRANSFORMER °* °

When a load is connected to the secondary winding of a
transformer, the power transferred to the load can never be
greater than the power in the primary winding.

‘fP N - < "s

& Ee O
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POWERIN A TRHNSFORMEI.I

Power is dependent on voltage and current, and there can
be no increase in power in a transformer.

In an ideal transformer, the secondary power is equal to the
primary power regardless of the turns ratio, as the
following equations show.;

The power delivered to primary is;
Ppri = IpyiVpri
And the power delivered to the load is;

Pqec = fs‘er_‘ I";:E-r:

From equation,

N, N
— _ *Vsec
Isec = N X Ipri and Vsec = N
sec pri

Nyi\ (N
Fsec = ( & l) ( Sec) LoriVpri
Nsec Nprf

Cancelling terms yield;

X Vpr i

By substitution,

Psec = Ip‘l"fvpri = Ppri




TRANSFORMERS . o

POWERIN A TRHNSFORMEI.I

An ideal transformer has a turns ratio of 8:1 and the
primary current is 3A when it is supplied at 240V. Calculate
the secondary voltage and current.

Vi N 240 8
— =— hence — = -
vV, N, v, 1

Thus the secondary voltage;

1

N, I
N, I
hence
N, 8
IzzN—ZXIl =T><3=24A
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POWERIN A TRHNSFORMEI.I

An ideal transformer, connected to a 240V mains, supplies
a 12V, 150W lamp. Calculate the transformer turns ratio
and the current taken from the supply

_ N, V; 240
turns ratio = N_z = V_z =17 =
Output power = I,V
hence
- Outpu;zpower _ 11520 — 1254
Vi I
v, I
hence
Vs 12
[, =—xI1, =——=x125 = 0.6254

~V, 240
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QUESTIONS e * °
QUESTION 1:

Referring to figure below, calculate Vp, Vs, Ip and Is.

4500 turns
300 turns

4

| \
S

Solution:
E—ﬁ Vf?:IIJRP E_E
H‘; NNS ff,=ﬁ i—"gvfp
f— _P RI) - i )
Vp = N xVs - 750 ls = VP;UI
4500 2.2k 0o
- 300 x50 = 034 amp = Exl}.j‘%
= 750VAC =5.1amp
Answer:
~ Vo= 50Vac
ip = 0.344
|f'_4,' = 750Vac

Is = 5.14
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QUESTIONS
QUESTION 2:

Referring to Figure B4(c), calculate:

i. The Voltage Induced In The Primary

ii. The Secondary Current
iii. The Primary Current

Solution:

~ 750
= 027 amp

+

f=50Hz O

:

Np =750
turns

V=200V

HE -

Ns = 250
turns

Figure B4(c) / Rajah B4(c)

Ve I
Vo lp
Ve
]rp = V—FX'IJ
200 007
= = 1L
600"
= 0.09 amp
Answer:
~ Vo= 200V
I, =0.274
Vp = 600V

I, = 0.094
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QUESTIONS

QUESTION 3:

Referring to Figure;

Calculate the secondary voltage (Vs), primary current (Ip)
and secondary current (Is).

-
g D S . < <
i ‘——n 800 2000
LF; 2k Ohm ; O turns turns T ; 230‘\."@:
e e S —
............... ’.._.,___._--_4____;
Solution:
Ve  Ne L% Ve Ip
V= 8, "Ry I = 2l
PN S 92 STy
800 = 5500 92
_ 2000 e
ZUUDXESD = 0.046 amp ka“'(}!}ﬁ
=92V = 0.002 amp
Answer:
- V= 92V
I, = 0.0464
I, = 0.0024
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QUESTIONS
QUESTION 4:
By referring to Figure, calculate :
i. Primary voltage
il. Secondary voltage
iii. Secondary current
1v. Primary current
13000
turns =4000turns § 150
_ ohm
48 VAC
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SOLUTION

QUESTION 4:

Ve _Np Ve = I,Rs v _1Is
[ NNS IS — E VS VIP
= 148 g
_ 4000 150 _ 148 01
= 130003: = 0.099 = 0.1 amp 48 s
— 148V = 0.03 amp

Answer:
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QUESTIONS
QUESTION 5:

An ideal single phase transformer has 2000 windings
on it primary coil and 700 windings in its secondary
coil. The main coil is connected to a 240 volt AC,
50Hz. Calculate :

1.Secondary voltage.

2.Current at a primary coil if the current in a
secondary coil is 5A.

Vs _Ns Ve s
Ve Np Ve Ip
, N, Tyt
Solution: % = @x‘"’p Iy = V—gxfp
700 240 240 .
= = —X
2000 84
=84V = 14.3 amp
Answer:
5 Vo= 84V

I, = 14.34
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TUTORIAL °© o

List THREE (3) / FOUR (4) types of transformer.
Outline FIVE (5) / SIX (6) characteristics of an ideal
transformer.

Explain the principle of a transformer.

Draw and label clearly windings, voltages and current
for a set-up transformer.

Draw and label clearly winding, voltages and current
for a step-down transformer.

Explain the characteristics of the step-up transformer.
What does it mean by step-up and step-down
transformers?

List THREE (3) types of losses which happen to a
transformer.

The amount of mutual inductance depends upon
several factors. Identify FIVE (5) factors that affect
mutual inductance.

Define transformer ratio.

What is the relationship between the currents in the
primary and secondary windings of transformer?
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TUTORIAL o o

A 5kVA single-phase transformer has a turn ratio of
10:1 and is fed from a 2.5kV supply. Neglecting the
losses, calculate the full load secondary current, the
minimum load resistance which can be connected
across the secondary winding to give full load kVA
and the primary current at full load kVA.

An ideal transformer is connected to a power supply
240V, supplies a lamp of 12V, 150W. Calculate the
transformer turns ratio and the current taken from
the supply.

A step-down transformer has a turn ratio of 20:1, a
primary voltage of 4kV and a load of 10kW.
Neglecting losses, calculate the value of the secondary
current.

A transformer with 3000 primary turns and 1250
secondary turns is supplied from a 415V AC supply.
Calculate the secondary voltage.

A 12Q resistor is connected across the secondary
winding of an ideal transformer whose secondary
voltage is Vs = 120V. Determine the primary voltag
Vp, if the supply current Ip = 4A.
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TUTORIAL

e The primary winding of a particular transformer has
200 turns and is connected across a 230V, 50Hz,
single phase supply. If there are 1200 turns in the
secondary winding, the voltage across it will be?
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Understand three phase system.

a.Explain the basic principles of a three phase system.
b.Explain the three phase e.m.f generation.

c.Explain balanced load in a three phase system.

Course Content Outline

Apply the understanding of three phase system configurations.

List the advantages and application of three phase system compared
to single phase system.

Construct the waveform and vector of three phase e.m.f.

Construct phasor diagram for: a. delta system b. star system
Calculate the phase voltage, phase current, line voltage and line
current for delta and star systems.

Compare the delta and star quantities.

Calculate total power for three phase system using formula
P=v(3VL)(ILcos0).

Solve problems related to three phase system.
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Introduction

Generation, transmission and distribution
electricity via the National Grid system
accomplished by three phase alternatin

currents.
RED '
’
LINES Y ELLOWY ;
BLUE I
NEUTRAL BLACK '
* 1 - l - 1
F"?::th;“ - - hd e N et * ¥
I 3 phase Truee separats —ogle phasa
o 415 V. 3-wire single-phase 9415V supply
supply 240 V supples
(For mosrs amndd {(For hghts»g, heats»g
srmall Nncoustrual arv] dormees e
COMNSUIMers) CONBLETIES)

A : National grid system

le-phase supplies are obtained
on to a three-phase supply
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BASIC PRINCIPLES OF A THRE
SYSTEM

e 3 phase supply is generated when 3 coils are
placed 120° apart and the whole rotated in a
uniform magnetic field.

e The result is three independence supplies
equal voltages which are each displaced
120°.

SE

Phase 1 Phase 2 Phase3

L 120" 120"
—y —

Figure 1: Voltage in each phase of the generator
connected to three identical loads

Phose 2

Figure 2: Three-phase generator consisting
of three single-phase sources equal in
magnitude and 120 degree apart in phase
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BASIC PRINCIPLES OF A THREE PHASE
SYSTEM

e The convention adopted to identify each of the
phase voltages is:
R-red, Y-yellow and B-blue.

e The phase sequence is given by the sequence in
which the conductors pass the point initially
taken by the red conductor.

e The national standard phase sequence is R,Y,B.

e 2 ways to interconnect the three phases:
(a) Star connection
(b) Delta connection

THREE PHASE
THREE WIRE

Figure 3: Three phase three wire
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BASIC PRINCIPLES OF A THREE PHASE
SYSTEM

THREE PHASE WAVEFORM

1 =i (wet- 12070
ep — Erm sin (\’.:1:—2*‘-1!.]'}_)

¥

e The convention adopted to identify each of the phase
voltages is: R-red, Y-yellow, and B-blue

e The phase-sequence is given by the sequence in which
the conductors pass the point initially taken by the red
conductor.

e The national standard phase sequence is R,Y, B.

Hed

Figure 4: Three-phase

120 generator consisting

of three single-phase
sources equal in
magnitude and 120 degree

apart in phase
166



BASIC PRINCIPLES OF A THREE PHASE
SYSTEM

THREE PHASE VECTOR (PHASE) DIAGRAM

B

[1207]
(-240°) \\ 120°
! ‘\! — R [0°]
-240°% S =N
Seeo-=" -120°

v
240°
(-120%)

Since the three generated voltages are sinewaves of the
same frequency, mutually out-of-phase by 120°, then they
may be represented both on a waveform diagram using the
same angular or time axis, and as phasors.

Ve =V, sin(wt)
Vy =V, sin(wt — 120°)

Vg =V, sin(wt — 240°)
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UNDERSTAND THREE PHASE

LIST THE ADVANTAGES AND APPLICATION OF THREE
PHASE SYSTEM COMPARED TO SINGLE PHASE SYSTEM

EM

CONFIGURATIONS

APPLICATIONS:

Two voltage are available ( star & delta connection
(a) Star connection: domestic user
(b) Delta connection: industrials user

COST-
Cheap

POWER
RANGE &

SIZE

ADVANTAGES:

Table 1: Comparison an advantages between three phase and single phase system

CRITERIA |3PHASE | SINGLE PHASE

The size of conductor in 3 phase is
75% only the size of conductors in
a single phase with the same
rating of power.

Three phase system requires
conductors with a smaller cross
sectional area. This means a
saving of copper ( or aluminum )
and thus the original installation
costs are less.

Also available in a range of sizes (
1 horse-power to many thousands
of horse-power ) and they usually
have only one moving part.
Generally smaller

168

For a given amount of
power transmitted through
a system, the single phase
system requires
conductors with a bigger
cross sectional area.

This means use more
copper so the cost will
increase.

A single phase motor
power is limited.
Bigger size,



Table 1: Comparison an advantages between three phase and single phase system

CRITERIA
POWER

MAINTE
NANCE

SELF-
STARTI
NG

ADVANTAGES:

THREE PHASE

There is never a time when all the
voltage go to 0, the power stays
constant throughout the whole
cycle.

This give the vibration free drive.

Three phase motors are very
robust, relatively cheap, provide
steadier output and require little
maintenance compared with single
phase motors.

Three phase motors can have a
high starting torque and the
rotating magnetic field in very
smooth.
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SINGLE PHASE

Voltage drops to 0 every
half-cycle. Therefore the
amount of power not
constant over time.

This will cause a
vibration in a large
motor application.

Expensive, unsteady
output and need high
maintenance.

Do not have good
starting torque and they
have a complex starting
switch in some cases.



APPLICATIONS:

¢ Athree-phase machine of a given physical size gives more
output than a single-phase machine of the same size and most
electrical power generation is carried out by means of three-
phase synchronous generators.

e Thereis a considerable amount of saving in conductor materi
to be gained by using three-phase rather than single-phase for
the purposes of power transmission by overhead lines or
underground cables.

e The three-phase induction motor is the cheapest and most
robust of machines and accounts for the vast majority of the
world's industrial machines.

e The phase currents tend to cancel out one another, summing to
zero in the case of a linear balanced load. This makes it possible
to eliminate the neutral conductor on some lines; all the phase
nductors carry the same current and so can be the same size,
r a balanced load.

ower transfer into a linear balanced load is constant, which
helps to reduce generator and motor vibrations.

e Three-phase systems can produce a magnetic field that rotates
in a specified direction, which simplifies the design of electric
motors. Three is the lowest phase order to exhibit all of these
properties.
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UNDERSTAND THREE PHASE SYSTEM
CONFIGURATIONS

EXPLAIN THE THREE PHASE E.M.F GENERATION:

1) Three-phase generators have three coils fixed at 120° to each other with the sam
amplitude and frequency.

2) The phases are normally called red (R), yellow (Y) and blue (B).

3) The loops are being rotated anti-clockwise and each loop is producing exactly the
same emf with the same amplitude and frequency but the loop Y Lags loop R by 120 and
the loop B lags loop Y by 120.

4) This is the same for the associated loop Y 1, B 1, and R 1. At any moment the e.m.f
generated in the three loops are as follows.

5 eR=Emsin(8)
eY=Emsin (6-120)
eB=Emsin(6-240)

6) 2 ways to generate 3 phase:
otate the coil in the constant magnetic field.
otate the magnetic field around the static coils.

’

Figure 5: A three-phase AC supply with 240V rms generated in
each coil: (a) Generation; (b) Wave diagram; (c) Phasor diagram
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UNDERSTAND THREE PHASE SYSTEM
CONFIGURATIONS

EXPLAIN THE THREE PHASE E.M.F GENERATION:

Three phase e.m.f vector Three phase e.m.f vector
diagram ( geometry ) diagram ( conversional )

(-2409)

v
[240°]

(-1209°)

e Select 1 phase as reference. e Show that each phase have difference
Show the concept of leading and lagging. 120 degree
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IDENTIFY CONNECTIOQ\I

D VECTOR/PHASE
DIAGRAM FOR:

(a) DELTA SYSTEM

* -

==
Al

]

o
-} =}

.
[ —
-
) [—
o Y

Figure 6: Physical connection

L]
w -
— P
o
Lk ]
= =g

W
2 =
= =
=
E —,,hl"
‘ ]

o R
e BlJﬂ R
7 N 'Q’
> { %
/_/' \-\RI
Figure 7: Conventional connection TIAAAN T e
e ‘i
ey
e B
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IDENTIFY CONNECTION'AND VECTOR/PHASE
DIAGRAM FOR:

(a) DELTA SYSTEM

e The delta connection is formed by connecting one end of
winding to starting end of other and connections re
continued to form a closed loop.

e The supply terminals are taken out from the three junction
points.

e The delta connection is a common three-phase, three-wire
system in which the voltage between each pair of line
wires is the actual transformer voltage.

e This system is especially popular for use on ungrounded
systems. A delta system can be grounded, but this
introduces some complications.

DELTA SYSTEM

A delta (or mesh) connected
load as shown in figure where | & o
the end of one load is
connected to the start of the o

AVAILABLE VOLTAGE \r’

next load. 2% [__seuase |

600
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IDENTIFY CONNECTION'AND VECTOR/PHASE
DIAGRAM FOR:

(@) DELTA SYSTEM

=
- I T
Vay | Vewi
Iy
<€ 1
fl:l VY'B
- A

Figure 8 : Three phase delta connection

From figure, it can be seen that the line voltages Vg, Vyz and
Vgr are the respective phase voltages, i.e. for a delta
connection:

Ve ="Vp
sing Kirchhoff’s current law in Figure;
Ip = Ipy —Iggp = Iy + (—Ipgp)
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IDENTIFY CONNECTION'AND VECTOR/PHASE
DIAGRAM FOR:

(a) DELTA SYSTEM (PHASOR)

From the phasor diagram shown in Figure, by trigonometry or
by measurement,

I R — \§l RY

i.e. for a delta connection:
I L — \ 3 ! P
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IDENTIFY CONNECTION'AND VECTOR/PHASE
DIAGRAM FOR:

(@) DELTA SYSTEM (POWER)

For a delta connection,

Vp — VL CLnd Ip —

Hence

Iy
P=3-—=V,cosd =3V, I, cos
73 I ¢ L1, ¢

Hence for either a star or a delta balanced connection the
total power P is given by:

P=3- ]3 V, cos ¢ watts or P =3V, I, cos'¢p watts
N

Total volt-amperes
S =3V, I, volt — amperes

Power factor
total power, P

cos O =
total volt — amperes, S
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IDENTIFY CONNECTION'AND VECTOR/PHASE
DIAGRAM FOR:

(a) DELTA SYSTEM

VECTOR DIAGRAM

Persamaan vector:

— - -
IR = I,-' = I'\
— - —
Iyr= L -1
o - =
Ig= -1

[I:- - [:]

T;_ = T: -_I:, Line current R is contribute to current phase R and B
T; = _]: =1 Line current Y is contributeto current phase Y and R
T; - Ih—’_ I_“ Line current B is contribute to current phase Band Y
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IDENTIFY CONNECTIOQ\ID VECTOR/PHASE
DIAGRAM FOR:

(b) STAR SYSTEM

e J .R

(ﬂ,

stant

start

enil J—l s B
ib

gtart

igure: Physical connection

e B
R
B
Rl
Yl e
S
6&'1 \.
H// N‘Y
{ ey ~_ g Y
e B
e N

Figure: Convensional connection
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IDENTIFY CONNECTIOQ\ID VECTOR/PHASE
DIAGRAM FOR:

(b) STAR SYSTEM

R T ©
zp,[] Va
/ Vv
N N RY
Zq > y ° Ven
Y

B Z y I‘:’ VB o
Y o

We
<  —]
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IDENTIFY CONNECTION'AND VECTOR/PHASE
DIAGRAM FOR:

(b) STAR SYSTEM

For a balanced system;

]RZIIYZIB
VR:VY:VB
Vey = Vyp = Vg
Lp =Ly =/Lp

and the current in the neutral conductor, IN = 0 when a star-
connected system is balanced, then the neutral conductor is
unnecessary and is often omitted.

The line voltage, V,,, is given by Vi, =V -V, (V, is negative since it
is in the opposite direction to Vgy).

In the phasor diagram of Figure, phasor V, is reversed (shown by
the broken line) and then added phasorially to VR (i.e. Vg, =Vp

+(=Vy)).
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IDENTIFY CONNECTION'AND VECTOR/PHASE
DIAGRAM FOR:

(b) STAR SYSTEM (POWER),

By trigonometry, or by measurement,

Vey = @VR

For a balanced star connection:
VL — '\/§ X VPH

The power dissipated in a three-phase load is given by the sum of
the power dissipated in each phase.

If a load is balanced then the total power P is given by:

P=3xpower consumed by one phase.

The power consumed in one phase;

P,,=I3Rp or P,,=Vplpcos¢

where @ is the phase angle between Vp and Ip.

For a star connection,

V Vi d 1 )
= — an =
P NG P L
Hence
V;
P=3—I,cos¢d=+v3xXV;xI; Xcos
Z () X Iy 1)
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IDENTIFY CONNECTION'AND VECTOR/PHASE
DIAGRAM FOR:

(b) STAR SYSTEM

VECTOR DIAGRAM

Vector equation:

——y =)
Vey = VR +(-Vy)
NN
= Vp-Vy
— o -
Vyp=Vy-Vpg
—y > -

Ver=Vp— Vg
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COMPARISON OF STAR AND DELTA

CONNECTION
— R b
z.ﬁ " s = N
5, : o ["lw Ty
¢ W v '™ Vay Ve
2 - m e Y I Veg
I
Ip=1, Ip =—
- Y
Vi
Vo = — Vp =
7=2
Iy
- S = V3V, I, volt — amperes
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COMPARISON OF STAR AND DELTA

BASIS

Diagram

Basic
Definition

Connection of
terminals

Neutral point

CONNECTION

STAR CONNECTION

Y e

The terminals of the three
branches are connected to a
common point. The network
formed is known as Star
Connection

The starting and the finishing
point that is the similar ends
of the three coils are
connected together

Neutral or the star point exists
in the star connection.
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DELTA CONNECTION
A
L
Y
B

The three branches of the network

are connected in such a way that it
forms a closed loop known as Delta

Connection

The end of each coil is connected to
the starting point of the other coil
that means the opposite terminals
of the coils are connected together.

Neutral point does not exist in the
delta connection.



COMPARISON OF STAR AND DELTA
CONNECTION

BASIS STAR CONNECTION DELTA CONNECTION

Relation Line current is equal to the Line current is equal to root three

between line Phase current. times of the Phase Current.

and phase

current

Relation Line voltage is equal to root Line voltage is equal to the Phase

between line three times of the Phase voltage.

and phase Voltage

voltage

Speed The Speed of the star The Speed of the delta connected
connected motors is slow as motors is high because each phase
they receive 1/V3 of the gets the total of the line voltage.
voltage.

Phase voltage  Phase voltage is low as 1/V3 Phase voltage is equal to the line
times of the line voltage. voltage.
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COMPARISON OF STAR AND DELTA

BASIS

Number of
turns

Insulation level

Network Type

Received
voltage

Type of system

BASIS

Number of
turns

Insulation level

Network Type

Received
voltage

Type of system

CONNECTION

STAR CONNECTION

Requires less number of turns

Insulation required is low.

Mainly used in the Power
Transmission networks.

In Star Connection each
winding receive 230 volts

Both Three phase four wire
and three phase three wire
system can be derived in star
connection.

STAR CONNECTION

Requires less number of turns

Insulation required is low.

Mainly used in the Power
Transmission networks.

In Star Connection each
winding receive 230 volts

Both Three phase four wire
and three phase three wire
system can be derived in star
connection.
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DELTA CONNECTION

Requires large number of turns.

High insulation is required.

Used in the Power Distribution
networks.

In delta connection each winding
receives 414 volts.

Three phase four wire system can
be derived from the Delta
connection.

DELTA CONNECTION

Requires large number of turns.

High insulation is required.

Used in the Power Distribution
networks.

In delta connection each winding
receives 414 volts.

Three phase four wire system can
be derived from the Delta
connection.



EXAMPLE 1:

Three loads, each of resistance 30Q), are connected in star to
a 415V, 3-phase supply. Determine:

(a) the system phase voltage
(b) the phase current and
(c) the line current

Solution

A 415V, 3-phase supply means that 415 V is the line voltage, V,
For a star connection,

VL = \/glfp

Hence phase voltage
v = e M5 a9 v or 2407
= — = _ or
TV V3

Phase current

V, 240

IP —_— — e—
Rp 30

For a star connection Ip = I; hence the line current I; = 84
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EXAMPLE 2:

A star-connected load consists of three identical coils each of
resistance 30Q and inductance 127.3 mH. If the line currenty

5.08A, calculate the line voltage if the supply frequency is
Hz.

Solution

Inductive reactance
X; =2nfL = 2n(50)(127.3m) = 400
Impedance of each phase

Zp = \/RZ + X2 = /302 + 402 = 500Q

For a star connection
V
I, =1Ip = Z—p hence Vp = IpZp = (5.08)(50) = 254V
p

Line voltage
V, = V3V, = V3(254) = 440V
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EXAMPLE 3:

A 415V, 3-phase, 4 wire, star-connected system supplies three
resistive loads as shown in below figure. Determine :

(a) the current in each line and

(b) the current in the neutral conductor. I
e ; - R

415 ¥ 415V

8 K/

415V

Solution - I ! o0

Ia

For a star connected system V/; = @Vp hence,

v, =L 5 ooy
P 3 ‘\/g
Since for resistive load;
power, P
current,l =
voltage,V
Then
- Py B 24000 =G
Ry, 240
gy Py _ 18000 _ . ,
Vy 240
Pp B 12000 B

Io =
57V, 240
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EXAMPLE 4.

The three line currents are shown in the phasor diagram.
Since each load is resistive the currents are in phase with t
phase voltages and are hence mutually displaced by 120

The current in the neutral conductor is given by IN =IR +IY
phasorially.

Answer:

$ /=100 A

=50 A
Iy=75 A
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EXAMPLE 4:

Answer:

By calculation,

By calculation; Izconsider at 90°, | at 210° and I, at 330°
Then;

total horizontal component = I cos 90 + Iz cos 210 + Iy cos 330
total horizontal component = 100 cos90 + 50 cos 210 + 75 cos 330
total horizontal component = 0 + (—43.3) + 64.95

total horizontal component = 21.65

total vertical component = I, sin90 + I3 sin 210 + Iy, sin 330
total vertical component = 100sin90 + 50sin 210 + 75 sin 330

total vertical component = 100 + (—25) + (—37.5)
total vertical component = 37.5

Iy = J(tntal horizontal component)? + (total vertical component)?

Iy = +/(21.65)2 + (37.5)? = 43.3A
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DEFINE BALANCED LOAD IN A THREE PHASE

1) Hence with balanced loads there is no load in the neutral line at
any instant and the neutral line can be removed resulting in the
three wire star system as shown below.

2) It can be proved that at every instant, for balanced loads the
algebraic sum of the currents flowing in the three conductors is
zero

each load
impedance has
the same phase
angle

each load has
the same

magnitude of
impedance

each phase
voltage is

displaced by
120 from each
other

(21 =22=23) (b1= Pp2= $3)

193



Calculate Total Power For 3 Phase
System Using Formula P=v3 VL IL cos ©

Single phase power

Each phase . 1‘v‘r];:-[-t . Ipl—[ . kos )

3 phasc power
Phase element . 3. Vou . Ipu . kos ()
Line element i \.3 ,\-"L . IL . kos L

Real power (P) : - Also call true power
- Measure in watt (W)
-V3VilLcos 0 =3 VpIpcos B

Reactive power (Q)) : - measure in volt amperes reactive (VAR).
-V3VilLsin®=3VpIpsin B

Apparent power (S) : - measure in volt amperes (VA).

-V(P2+Q3)=3Vplp
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STAR AND DELTA CONNECTION
SUMMARY

CRITERIA STAR CONNECTION DELTA CONNECTION
Symbol . @ T A
Voltan Vi =3 Vg VL= Ven
Current IL = IPH I]’__ = \'IB IPH

T -7 T =
V close circuit™ V Ry \ B+ \ ER —

Balance condition Iy= +Iy+Ig=0 0
1 phase power in each coil Vpy - Ipy . kos @ Vpy - Ipy - kos @
3 phase power:
(1) Phase element: 3 . Vpy . Ipy . kos o 3. Vpy . Ipy . kos o
(ii) Line element: V3.V .I; . kos g V3.V, .I; . kos o
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SOLVE PROBLEM RELATED TO THREE PHASE
SYSTEM

Example 5:
A wye-connected three-phase alternator supplies powe
a delta-connected resistive load, Figure below.
alternator has a line voltage of 480V. Each resistor of the
delta load has 8 Q of resistance. Find the following values:

a) VL(Load) — line voltage of the load

b) VP(Load) — phase voltage of the load

c) IP(Load) — phase current of the load

Alternator

ey
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SOLVE PROBLEM RELATED TO THREE PHASE

SYSTEM

Solution Example 5:

* The load is connected directly to the alternator. Therefore, the line voltage supplied by the
alternator is the line voltage of the load,

Vi(Load) =480V

The three resistors of the load are connected in a delta connection. In a delta connection, the
phase voltage is the same as the line yoltage.

Vp(Load) = Vi{Load)

Vp(Load) = 480

Each of the three resistors in the load is one phase of the load. Now that the phase voltage is
known (480 V), the amount of phase current can be computed using Ohm’s Law.

Vp(l

Ip(load) = Vp(toad)
Z
Ip(load) = %

Ip(load) =604

The three load resistors are connected as a delta with 60 A of current flow in each phase.
The line current supplying a delta connection must be V3 times greater than the phase
current.

hiteas = lram ¥ 1.732
lypsam = 60 = 1.732 ** note:

II_|L¢;¢|| = 103.92A ."l_:; - 1'?3-3
The alternator must supply the line current to the load or loads to which it is connected.

In this example, only one load is connected to the alternator. Therefore, the line current
of the load will be the same as the line current of the alternator.

lam = 103.92 A

The phase windinﬁs of the alternator are connected in a wye connection. In a wye
connection, the phase current and line current are equal. The phase current of the
alternator will, therefore, be the same as the alternator line current.

pm = 103.92 A
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SOLVE PROBLEM RELATED TO THREE PHASE
SYSTEM

continue Solution Example 5:

* The phase voltage of a wye connection is less than the line voltage
by a factor of the square root of 3. The phase voltage of the

alternator will be: roain = Vi

N
48

Vp(dl) =

Fp(dl)= Zl‘:Tsjjlr'
* In this circuit, the load is pure resistive. The voltage and current are
in phase with each other, which produces a unity power factor of 1.
The true power in this circuit will be computed using the formula:

P =3 xViunx i x PF
P=1732x480x10392x1
P =8639493W
P=8639KW
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EXERCISE

QUESTION 1

Three identical capacitors are connected in delta to a 415V, 50 Hz,
3-phase supply. If the line current is 15A, determine the
capacitance of each of the capacitors.

QUESTION 2

Three coils each having resistance 3Q and inductive reactance 4Q)
are connected;

(i) in star
(ii) in delta
to a 415V, 3-phase supply.

Calculate for each connection

(a) the line and phase voltages
(b) the phase and line currents

QUESTION 3

Three 12Q) resistors are connected in star to a 415V, 3-phase
supply. Determine the total power dissipated by the resistors.

QUESTION 4

The input power to a 3-phase a.c. motor is measured as 5kW. If the
voltage and current to the motor are 400V and 8.6A respectively,
determine the power factor of the system.

QUESTION 5

Three balanced loads with each of resistance is 20Q and the
inductance 40mH are connected in delta to 415V, 50Hz, three

phase supply. Calculate the total power dissipated, apparent
power and reactive power in the circuit.
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EXERCISE QUESTION 1

ANSWER:
For a delta connection;
f_r_, = \/gfp

Hence a phase current;
I
Ip = —
V3
15
Ip = ——
V3

Ip = 8.664
Capacitive reactance per phase (since for a delta connection V; = Vp
Ve V415
Xe=—=—=-—"-=47920
Ip [Ip 8.66
X — 1
“ T 2nfc
then
1 1
= 6643 UF

C = X, 2n(50)(47.92)
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EXERCISE QUESTION 2

ANSWER:

For a star connection I; = Ip and V= mﬁlﬁ’p :
A 415V, 3-phase supply means that the line voltage VV; = 415V

Phase voltage

V, ;
VJ: =—=——= 240V
Ve V3
Impedance per phase
Zp= |R2+X?=,32+42=5Q
hY )
Phase current
V, 240
I}h :_:—:43.:4
P
Line current
I;J = fp = 484

For a delta connection V; =1}, and [; = ﬁlp:
Line voltage V; = 415V

Phase voltage Vp, = V; = 415V

Phase current

Ip = £ = = 834

Line current
I, =3I, =V3(83) = 1444

201



EXERCISE QIESTION 3

ANSWER:

Line voltage, V=415V

Phase voltage

For a star connection

Vi 415
V, = L =" = 240V
V3 o w3
V, 240
.!rll.i-—J_—__'—:_'JL}fl
A 12

For purely resistive load, the power factor = cos¢p = 1

Hence

P =3V, I, cosp =3(415)(20)(1) = 14.4kW
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EXERCISE QUESTION 4

ANSWER:

Power P = 5000W/,
Line voltage V| =400V,

Line current, I = 8.6A

Power,
P =+/3V.I cos
Hence
fact i
power factor =
'\EVI. I

fact >000 0.839
NOWCT TAOLor = —— - — =
? V3(400)(8.6)
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EXERCISE QUESTION 5

ANSWER:

Inductive reactance
X, =2nfL =2n(50)(40m) = 12.57 ()

Impedance of each phase

f ;
Zp = \,‘Rﬂ + X7 =+/20% +12.57% = 23.62 (1

Z=R+jX, =20+ 1257 = 23.62232.15° Q

Phase current

415
.Iir||a — - T = ]? ]?A
23.62

Line current
I, = V3L, =V3(17.57) = 31.434

Total power dissipated
P =3V, I cosH
P =3 x 415 x 31.43 X cos 32.15°
P =19.128 kW

Apparent power

S =3V,
S = v’? 415 x 31.43
S =12259kVA

Reactive power
Q = V3V_I,sin®
Q = V3 x 415 x 31.43 x sin 32.15°
Q =12.02 kVAR
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TUTORIAL

1.List THREE (3) / FOUR (4) advantages of a three phase system.

2.With the aid of a diagram, detail the circuit diagram for three
phase system in STAR connection.

3.A three-phase load are supplied with line voltage 415V and
frequency 50Hz. Each phase consists of 15Q resistor and
connected in series with inductor, 0.05H in DELTA connection.
Calculate the phase and line current.

4.Three balanced loads with each of resistance is 10Q and the
inductance 42mH are connected in delta to a 415V, 50Hz, three-
phase supply. Calculate the total power dissipated, apparent
power and reactive power in the circuit.

5.With the aid of circuit diagram, differentiate between the star
and delta connection in a three-phase system.

6.List the phasor equations of the three phase voltages, EA, EB
and EC generated by a three-phase generator and sketch its
phasor diagram.

7.A three load resistance of 60Q is connected in delta to a 500V,
3 phase supply. Determine phase voltage and line current for
the system.

8.A three coil balanced positive sequence Y-connected source
with EAN =100 <10° V is connected to a A- connected balance
load with (8+j4) Q per phase. Calculate the phase current and
line current.

9.Each phase in Delta connection consists of 10Q resistor and
connected in series with the inductor, 0.019H. This three phase
load is supplied with line voltage, 415V and frequency, 50Hz.
Calculate the phase and line current.

10.A three coil balanced load has 10Q resistor and 100mH
inductor, connected in star connection with a three phase
supply system with 415V, 50Hz. Calculate the phase current
(IPH), the line current (IL) and the power in three phase.

205



REFERENCES

"Fundamentals of Electric Circuits" by Charles K. Alexander
and Matthew N.O. Sadiku (7th edition, 2021)

"Introduction to Electric Circuits" by Richard C. Dorf and
James A. Svoboda (10th edition, 2021)

"Fundamentals of Electric Circuits" by Charles K. Alexander and
Matthew N.O. Sadiku (2020 edition)

Wang, M. (2019). Understandable Electric Circuits : Key
concepts. Stevenage, United Kingdom: Institution of
Engineering and Technology.

Hambley, A. R. (2018). Electrical Engineering: Principles &
Applications, Global Edition. Harlow, United Kingdom:
Pearson Education Limited.

Alexander, C. K. & Sadiku, M. N. O. (2017). Fundamentals of
Elextrical Circuits (6th edn). New York: McGraw-Hill

Bird, J. (2017). Electrical and Electronic Principles and
Technology. London, United Kingdom: Taylor & Francis Ltd.

206



J

7

ELECTRICAL CIRCUITS POLYTECHNIC CHAPTERS

r

— .



