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BEEE (Part-A)

UNIT =1 DC & AC CIRCUITS

Basic Fundamental Concepts

Concept of Charge

In all the atoms, there exists number of electrons which are very loosely bound to its
nucleus. Such electrons are free to wonder about, through the space under the influence of
specific forces. Now when such electrons are removed from an atom it becomes positively
charged. This is because of loosing negatively charged particles i.e. electrons from it. As
against this, if excess clectrons are added to the atom it becomes negatively charged.

Key Point: Thus total deficiency or addition of excess electrons in an atom is called its
charge and the element is said to be charged.

The following table shows the different particles and charge possessed by them.
Particle Charge possessed in Coulomb Nature

Neutron 0 Neutral
Proton 1602x 109 Paositive
Electron 1602x 10°"° Negative

Unit of Charge

As seen from the Table 1.2 that the charge possessed by the electron is very very
small hence it is not convenient to take it as the unit of charge.

The unit of the measurement of the charge is Coulomb.

The charge on one electron is 1.602x107", so one coulomb charge is defined as the
charge possessed by total number of ( 1/ 1.602x107") electrons ie. 6.24x10"™ number of
electrons.

Thus, | 1 coulomb = charge on 6.24x10" electrons

From the above discussion it is clear that if an element has a positive charge of one
coulomb then that element has a deficiency of 6.24x10'"® number of electrons.
Key Point: Thus, addition or removal of electrons causes the change in the nature of the
charge possessed by the element.

Relation between Charge and Current

The current is flow of electrons. Thus current can be measured by measuring how
many electrons are passing through material per second. This can be expressed in terms of
the charge carried by those electrons in the material per second. So the flow of charge
per unit time is used to quantify an electric current.

Key Point: So current can be defined as rate of flow of charge in an electric circuit or in
any medium in which charges are subjected to an external electric field.
The charge is indicated by Q coulombs while current is indicated by I. The unit for the
current is Amperes which is nothing but coulombs/sec. Hence mathematically we can
write the relation between the charge (Q) and the electric current (I) as,
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[=$ Amperes

]

where I Average current flowing
Q Total charge transferred

t = Time required for transfer of charge.
Definition of 1 Ampere : A current of 1 Ampere is said to be flowing in the conductor when
a charge of one coulomb is passing any given point on it in one second.

Now 1 coulomb is 6.24x10"® number of electrons. So 1 ampere current flow means
flow of 6.24x10'® electrons per second across a section taken any where in the circuit.

1 Ampere current = Flow of 624 x 10° electrons per second

Concept of Electric Potential and Potential Difference

When two similarly charged particles are brought near, they try to repel each other
while dissimilar charges attract each other. This means, every charged particle has a
tendency to do work.

Key Point: This ability of a charged particle to do the work is called its electric potential.
The unit of electric potential is volt.

The electric potential at a point due to a charge is one volt if one joule of work is
done in bringing a unit positive charge i.e. positive charge of one coulomb from infinity to
that point.

Mathematically it is expressed as,

Workdone W

Electrical Potential = W—a

Let us define now the potential difference.

It is well known that, flow of water is always from higher level to lower level, flow of
heat is always from a body at higher temperature to a body at lower temperature. Such a
level difference which causes flow of water, heat and so on, also exists in electric circuits.
In electric circuits flow of current is always from higher electric potential to lower electric
potential. So we can define potential difference as below :

Key Point: The difference between the electric potentials at any two given points in a
circuit is known as Potential Difference ( p.d. ). This is also called voltage between the two
points and measured in volts. The symbol for voltage is V.

For example, let the electric potential of a charged particle A is say V; while the
clectric potential of a charged particle B is say V,. Then the potential difference between
the two particles A and B is V, -V,. If V, -V, is positive we say that A is at higher
potential than B while if V, =V, is negative we say that B is at higher potential than A.

Key Point: The potential difference between the two points is one volt if one joule of work
is done in displacing unit charge ( 1 coulomb ) from a point of lower potential to a point of
higher potential.

Consider two points having potential difference of V volts between them, as shown in
the Fig. 1.4. The point A is at higher potential than B. As per the definition of volt, the V
joules of work is to be performed to move unit charge from point B to point A.

Thus, when such two points, which are at

Potential V2 different potentials are joined together with the
(o help of wire, the electric current flows from higher

potential to lower potential i.e. the electrons start
i flowing from lower potential to higher potential.
Fig. 1.4 Hence, to maintain the flow of electrons i.e. flow of
electric current, there must exist a potential

difference between the two points.
Key Point: No current can flow if the potential difference between the two points is zero.

DEPARTMENT OF EEE, AITS::TIRUPATI

Page 2



BEEE (Part-A)

Electric Current
The directed flow of free electrons (or charge) is called electric current. The flow of electric
current can be beautifully explained by referring to Fig. 1.1. The copper strip has a large number
of free electrons. When electric pressure or voltage is applied, then free electrons, being negatively
charged, will start moving towards the positive terminal around the circuit as shown in Fig. 1.1. This

directed flow of electrons is called electric current.
Copper strip
/

Free electrons

Fig. 1.1
The reader may note the following points :
(/) Current is flow of electrons and electrons are the constituents of matter. Therefore, electric
current is matter (i.e. free electrons) in motion.
(if) The actual direction of current (i.e. flow of electrons) is from negative terminal to the

positive terminal through that part of the circuit external to the cell. However, prior to Electron
theory, it was assumed that current flowed from positive terminal to the negative terminal of the cell

Types of Electric Current
The electric current may be classified into three main classes: (i) steady current (if) varying
current and (/ii) alternating current.
(i) Steady current. When the magnitude of current does not change with time, it is called
a steady current. Fig. 1.3 (i) shows the graph between steady current and time. Note that valuc of
current remains the same as the time changes. The current provided by a battery 1s almost a steady
current (d.c.).

—r
—’-—.

I
T |\ 72

| 3T/4
0 A—rt 0| —>t of T4 :

(i) (i) iy —>t

Fig. 1.3

(if) Varying current. When the magnitude of current changes with time, it is called a varying

current. Fig. 1.3 (ii) shows the graph between varying current and time. Note that value of current
varies with time.

(#ii) Alternating current. An alternating current is one whose magnitude changes contin-
uously with time and direction changes periodically. Due to technical and economical reasons, we
produce alternating currents that have sine waveform (or cosine waveform) as shown in Fig. 1.3 (iii).
It is called alternating current because current flows in alternate directions in the circuit, i.e., from
0 to 772 second (7 is the time period of the wave) in one direction and from 772 to 7 second in the
opposite direction. The current provided by an a.c. generator is alternating current that has sine (or
cosine) waveform.
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via the circuit. This convention is so firmly established that it is still in use. This assumed direction
of current is now called conventional current.
Unit of Current. The strength of electric current / is the rate of flow of electrons i.e. charge

flowing per second. 0
2 Current, / = =

The charge Q is measured in coulombs and time 7 in seconds. Therefore, the unit of electric
current will be coulombs/sec or ampere. 1f Q =1 coulomb, t = 1 sec, then /= 1/1 = | ampere.

One ampere of current is said to flow through a wire if at any cross-section one coulomb of
charge flows in one second.

Thus, if 5 amperes current is flowing through a wire, it means that 5 coulombs per second flow
past any cross-section of the wire.

Note. 1 C =charge on 625 x 10'® electrons. Thus when we say that current through a wire is 1 A, it means
that 625 x 10’ electrons per second flow past any cross-section of the wire.

= 2_ne
t 1

where e=—1.6 x 107 C ; n = number of electrons

Concept of E.M.F. and Potential Difference

There is a distinct difference between e.m.f. and potential difference. The e.m.f of a device, say
a battery, is a measure of the energy the battery gives to each coulomb of charge. Thus if a battery
supplies 4 joules of energy per coulomb, we say that it has an e.m.f. of 4 volts. The energy given to
each coulomb in a battery is due to the chemical action.

The potential difference between two points, say 4 and B, is a measure of the energy used by
one coulomb in moving from A to B. Thus if potential difference between points 4 and B is 2 volts,
it means that each coulomb will give up an energy of 2 joules in moving from A4 to B.

Ilustration. The difference between e.m.f. and

p-d. can be made more illustrative by referring to Fig. A"_‘?X‘_"B s
1.8. Here battery has an e.m.f. of 4 volts. It means M 20
battery supplies 4 joules of energy to each coulomb

continuously. As each coulomb travels from the

positive terminal of the battery, it gives up its most of
energy to resistances (2 Q and 2 Q in this case) and
remaining to connecting wires. When it returns to the |
negative terminal, it has lost all its energy originally |||||:
supplied by the battery. The battery now supplies E = 4 volts
fresh energy to each coulomb (4 joules in the present Fig. 1.8
case) to start the journey once again.

1A1l v

The p.d. between any two points in the circuit is the energy used by one coulomb in moving
from one point to another. Thus in Fig. 1.8, p.d. between 4 and B is 2 volts. It means that 1 coulomb
will give up an energy of 2 joules in moving from A to B. This energy will be released as heat from
the part A8 of the circuit.

The following points may be noted carefully :

(/) The name e.m.f. at first sight implies that it is a force that causes current to flow. This is not
correct because it is not a force but energy supplied to charge by some active device such as a battery.

(if) Electromotive force (e.m.f.) maintains potential difference while p.d. causes current to flow.

Resistance

The opposition offered by a substance to the flow of electric current is called its resistance.

Since current is the flow of free electrons, resistance is the opposition offered by the substance
to the flow of free electrons. This opposition occurs because atoms and molecules of the substance
obstruct the low ofthese electrons_ Certain substances (e.g. metals such as silver, copper, aluminium
etc.) offer very little opposition to the flow of electric current and are called conductors. On the other
hand, those substances which offer high opposition to the flow of electric current (i.e. flow of free
electrons) are called insulators e.g. glass, rubber, mica, dry wood etc.

It may be noted here that resistance is the electric friction offered by the substance and causes
production of heat with the flow of electric current. The moving electrons collide with atoms or
molecules of the substance ; each collision resulting in the liberation of minute quantity of heat.

Unit of resistance. The practical unit of resistance is ohm and is represented by the symbol €2
It is defined as under :

1A =110
A wire is said to have a resistance of 1 ohm if -+ - =
a p.d. of 1 volt across its ends causes | ampere to flow
through it (Scc Fig. 1.10).
There is another way of defining ohm. i
A wire is said to have a resistance of 1 ohm if ir Fig. 1.10

refeases | joule for develops 0.24 calorie of heat) when a current of I A flows through it for { second.
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Electrical Circuit Elements[R-L-C] Parameters

Basic Circuit Components

Let us take a brief review of three basic elements namely resistance, capacitance and

inductance.
1 Resistance
' R It is the property of the material by which it
0—'—M‘I,W——° opposes the flow of current through it. The resistance of
+ -

element is denoted by the symbol 'R'. Resistance is
measured in ochms ().

The resistance of a given material depends on the physical properties of that material

and given by,
R = &
d
where I = Length in metres
a = Cross-sectional area in square metres
P = Resistivity in ohms-metres

R = Resistance in ohms
We can define unit ohm as below.

Koy Point: 1 Ohm : The resistance of a circuil, in which a current of 1 ampere generales
the heat at the rate of 1 joules per second is said to be 1 ohm.

Now 4.186 Joules
hence 1 Joule

1 Calorie
0.24 Calorie

Thus unit 1 ohm can be defined as that resistance of the circuit if it develops
0.24 calories of heat, when one ampere current flows through the circuit for one second.

The unit ohm also can be defined as, one chm resistance is that which allows one
ampere current to flow through it when one volt voltage is impressed across it

The relation between voltage and current for a resistance is given by Ohm's law as,

v = Ri

R =

-l e

The power absorbed by a resistance is given by,

2
plt) = vi= !ﬁ" iR watts

while the amount of energy converted to heat energy in time t is given by,

w = j’pdt- j’i*kdt- j’vidt

Key Point: As i? term is always positive, the energy absorbed by the resistance is always
positive.
If the voltage across resistance is constant V and the currrent through it is constant I
then the energy for t 2 0 is given by,

T
W = [ Vidt= VIt joules
o0

V2
while, P=VlI= T- I°R watts

DEPARTMENT OF EEE, AITS::TIRUPATI Page 5



BEEE (Part-A)

Factors Upon Which Resistance Depends

The resistance R of a conductor
(i) 1s directly proportional to its length ie.
Rl
(ii) is inversely proportional to its area of X-section i.e.
R -
a
(iii) depends upon the nature of material.
(iv) depends upon temperature.
From the first three points (leaving temperature for the time being), we have,

[ [
R — R =p—
8 pa

where p (Greek letter ‘Rho’) is a constant and is known as resistivity or specific resistance of the
material. Its value depends upon the nature of the material.

Specific Resistance or Resistivity
We have seen abovethat R = pi
a
If 7=1m, a=1m’ then, R =p

Hence specific resistance of a material is the resistance offered by 1 m length of wire of
material having an area of cross-section of I m~ [See Fig. 1.11 (i)].

3

Current - —ts

-
1

im

X
A
S
s
3

[f——1m—
() ()
Fig. 1.11
Specific resistance can also be defined in another way. Take a cube of the material having each
side 1 m. Considering any two opposite faces, the area of cross-section is | m” and length is 1 m
- 2
[See Fig. 1.11 (ii)) ie. i=1m,a=1 m".
Hence specific resistance of a material may be defined as the resistance between the opposite

Jfaces of a metre cube of the material.

/ R
Unit of resistivity. We know R = %— or p= _Ia_

Hence the unit of resistivity will depend upon the units of area of cross-section (a) and length (/).
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2 Inductance

An inductance is the element in which energy is stored in the form of electromagnetic
field. The inductance is denoted as 'L’ and is measured in henries (H).

The Fig. 1.10 shows an inductance.

e T ITEEET ~oo— Flux
R 7 linkages The time varying voltage v(t) is the voltage
c — = .
0 s ks f  across it. It carries a current i(t) which is also
time varying.
vy
Inductance

Key Point: For an inductance, the voltage across if is proportional to the rate of change of
current passing through it.

di(t)

v(t) e =

The constant of proportionality in the above equation is the inductance L.

vit) = L (—1:—’!:—)

If the voltage v (t) is known across an inductor then the current is given by,

]

t
i)y = j v(t) dt

If the inductance has N turns and the flux ¢ produced by the current i(t) entirely links
with the coil of N turns then according to Faraday's law,

vit) =1 %—t
The total flux linkages N¢ are thus proportional to the current through the coil.
Né = Li
N

L=-—.-
1

The power in the inductor is given by,

p) = vi= Li(t)g—;—(:—)

The energy stored in the inductor in the form of an electromagnetic field is,

. di(t)
w = [ p)dt= [ Lit)-—— dt
02 !
w = [ Li)di = Ll—-é-l
1 e d -
w=3 Li*(t) joules
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3 Capacitance i c
An element in which energy is stored in the form of an | A = E
electrostatic field is known as capacitance. It is made up of two

conducling plates separated by a diclectric material. It is denoted
as ‘C’ and is measured in farads (F).

I‘—_—v(j)-—’l
The Fig. shows a capacitor. The voltage across it is time
varying v(t) and current through it is also time varying i(t). Capacitor
Key Point: For a capacitor, the current through it is proportional to the rate of change of
voltage across it.
dv(t)
dt

i(t) o=

The constant of proportionality is the capacitor C.

dv(t)

i) = C =5

While the ratio of the charge stored to the vollage across the capacitor is known as the
capacitance C.

c=13
V'

The voltage across the capacitor is given by,

1
vit) = -é [ it dt

The power in the capacitor is given by,

o e dv(t)
plt) = vi= (.v(l)—m—

The energy stored in the capacitor is given by,

w o= J p(t)dt:! Cv(t)%@ dt
2

w = I Cv(t)dv(t) = C v2(l)

w o= % Cv?(t) joules

Voltage Current Relationships for Passive Elements

The voltage current relationships for the passive elements resistance (R), inductance (L)
and capacitor (C) are given in the Table 1.3.

Element Basic relation Voltage across, | Current through, Energy
if current known | if voltage known
R R= .'lf wa() = Rin(1) i,,(l)a.;vn(l) G j in(1) va(t) et
L Sl S RYOSTE: VR YOS IOP LA L)
2 c= 3 [vedfeha|e-c2eQ |w=jov()
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Ohm's Law
This law gives relationship between the potential difference (V), the current (I) and the
resistance (R) of a d.c. circuit. Dr. Ohm in 1827 discovered a law called Ohm's Law. It
states,
m'm'tl..lw: The current flowing through the electric circuit is directly proportional to the
potential difference across the circuit and inversely proportional to the resistance of the circuit,
provided the temperature remains constant.

Mathematically, | T = %

Where 1 is the current flowing in amperes, the V is the

" R _  voltage applied and R is the resistance of the conductor,
w as shown in the Fig. 1.13.
\4
Ohm's law The unit of potential difference is defined in such a

way that the constant of proportionality is unity.

A"
Ohm'slawis, | I = & amperes
V =1R volts
\Y
T ™ constant = R ohms
The Ohm's law can be defined as,

The ratio of potential difference (V) between any two points of a conductor to the
current (I) flowing between them is constant, provided that the temperature of the
conductor remains constant.

Key Point: Ohm'’s law can be applied either to the entire circuit or to the part of a circuit.
If it is applied to entire circuit, the voltage across the entire circuit and resistance of the
entire circuit should be tcken into account. If the Ohm's law is applied to the part of a
circuit, then the resistance of that part and potential across that part should be used.

Limitations of Ohm's Law
The limitations of the Ohm's law are,
1) It is not applicable to the non lincar devices such as diodes, zener diodes, voltage
regulators etc.

2) It does not hold good for non-metallic conductors such as silicon carbide. The law
for such conductors is given by,

V = k1™ where k, m are constants.
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SeriesandParallelConnectionsofResistorsonDCExcitation
D.C. Series Circuit

The d.c. circuit in which resistances are connected end to end so that there is only one path
Jor current 1o flow is called a d.c. series circuit.

Resistors in Series

Consider the resistances shown in
the Fig.

The resistance R,, R, and R; are
said to be in series. The combination is
connected across a source of voltage V
volts. Naturally the current flowing
through all of them is same indicated as
I amperes. eg. the chain of small
lights, used for the decoration purposes

A series circuit is good example of series combination.

Now let us study the voltage distribution.

Let V;,V, and V; be the voltages across the terminals of resistances R,, R, and R,
respectively

Then, v

Now according to Ohm's law, \'A

Current through all of them is same i.e. |

V = IR‘ +IR2 +]RJ =I(Rl ‘.‘Rz +R3)

Vi+V, +V,
IR, V, =IR;, Vy=IR,

Applying Ohm's law to overall circuit,
V = 1Ry
where R = Equivalent resistance of the circuit. By comparison of two equations,

i.e. total or equivalent resistance of the series circuit is arithmetic sum of the
resistances connected in series.

For n resistances in series, R = R; +R, +R;+ ...... + R,

Characteristics of Series Circuits
1) The same current flows through each resistance.

2) The supply voltage V is the sum of the individual voltage drops across the
resistances.

V=V+V+.+V

3) The equivalent resistance is equal to the sum of the individual resistances.
4) The equivalent resistance is the largest of all the individual resistances.

ie R > R;, R>R,, .... R> R,
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D.C. Parallel Circuit

When one end of each resistance is joined to a common point and the other end of each
resistance is joined to another common point so that there are as many paths for current flow as
the number of resistances, it is called a parallel circuit.

0v_

=
ll
v

A parallel circuit

BEEE (Part-A)

In parallel circuit current passing through each
resistance is different. Let total current drawn is
say ‘ I ' as shown. There are 3 paths for this
current, one through R,, second through R, and
third through R;. Depending upon the values of
R; ,R; and R, the appropriate fraction of total
current passes through them. These individual
currents are shown as I, ,I, and I;. While the
voltage across the two ends of each resistances
R, ,R; and R, is the same and equals the supply
voltage V.

Now let us study current distribution. Apply Ohm's law to each resistance.
]l Rl Pl V=Isz ’ V= IJR3

\'

I

A\

v A\

KRR BTR;

L+l +13 =

/|

1

I T
R 'R, 'R;

1 1
-R—,"Fi—z""—R—a] ... (1)

For overall circuit if Ohm's law is applied,

and

where

V = IR,
\'4

I v

Ry

R

q

- (2)

= Total or equivalent resistance of the circuit.

Comparing the two equations,

1

=

o

1

1

1

TRIRR

where R is the equivalent resistance of the parallel combination.
In general if ‘n’ resistances are connected in parallel,

X
R

1

R,

B s ot

Characteristics of Parallel Circuits

1) The same potential difference gets across all the resistances in parallel.

2) The total current gets divided into the number of paths equal to the number of
resistances in parallel. The total current is always sum of all the individual

currents.

I = I +1; #13+....41,

3) The reciprocal of the equivalent resistance of a parallel circuit is equal to the sum
of the reciprocal of the individual resistances.

4) The equivalent resistance is the smallest of all the resistances.

R < R,,

R<R,,.....,R<R

5) The equivalent conductance is the arithmetic addition of the individual
conductances.

Key Point : The equivalent resistance is smaller than the smallest of all the resistances
connected in parallel.

DEPARTMENT OF EEE, AITS::TIRUPATI
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Advantages of Parallel Circuits
The most useful property of a parallel circuit is the fact that potential difference has the same
value between the terminals of each branch of parallel circuit. This feature of the parallel circuit
offers the following advantages :

(7) The appliances rated for the same voltage but different powers can be connected in parallel
without disturbing each other’s performance. Thus a 230 V, 230 W TV receiver can be
operated independently in parallel with a 230 V, 40 W lamp.

(if) If a break occurs in any one of the branch circuits, it will have no effect on other branch
circuits.
Due to above advantages, electrical appliances in homes are connected in parallel. We can
switch on or off any light or appliance without affecting other lights or appliances.

Applications of Parallel Circuits
Parallel circuits find many applications in electrical and electronic circuits. We shall give two
applications by way of illustration.

(/) Identical voltage sources may be connected in parallel to provide a greater current capacity.
Fig. 2.8 shows two 12 V automobile storage batteries in parallel. If the starter motor draws
400 A at starting, then each battery will supply half the current i.e. 200 A. A single battery
might not be able to provide a load current of 400 A. Another benefit is that two batteries
in parallel will supply a given load current for twice the time when compared to a single

battery before discharge is reached.

Meter
(N
200 A TA—
1 200A | %7 7400 A Eye—
2v=1 12v= Lgmad
999 mA
—p
WV
Shunt

(if) Fig. 2.9 shows another application for parallel connection. A low resistor, called a shunt, is
connected in parallel with an ammeter to increase the current range of the meter. If shunt
1s not used, the ammeter is able to measure currents up to 1 mA. However, the use of shunt
permits to measure currents up to 1 A. Thus shunt increases the range of the ammeter.
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Network Terminology
While discussing network theorems and techniques, one often comes across the following terms:

(7)) Linear circuit. A linear circuit is one whose parameters (e.g. resistances) are constant i.e.
they do not change with current or voltage.

(#f) Non-linear circuit. A non-linear circuit is one whose parameters (e.g. resistances) change
with voltage or current.

(iif) Bilateral circuit. A bilateral circuit is one whose properties are the same in either direction.
For example, transmission line is a bilateral circuit because it can be made to perform its
function equally well in either direction.

(iv) Active element. An active element is one which A R C

B

; : SN VWWA . VWA
supplies electrical energy to the circuit. Thus %
D

in Fig. 3.1, E, and E, are the active elements

because they supply energy to the circuit. P R, E, Ty

(v) Passive element. A passive element is one C
which receives electrical energy and then either
converts it into heat (resistance) or stores in an
electric field (capacitance) or magnetic field
(inductance). In Fig. 3.1, there are three passive Fig. 3.1
elements, namely R|, R, and R;. These passive elements (i.e. resistances in this case) receive
energy from the active elements (i e. F| and F,) and convert it into heat

(vi) Node. A node of a network is an equipotential surface at which two or more circuit
elements are joined. Thus in Fig. 3.1, circuit elements R, and £, are joined at 4 and hence
A 1s the node. Similarly, B, C and D are nodes.

(vii) Junction. A junction is that point in a network where three or more circuit elements are
joined. In Fig. 3.1, there are only two junction points viz. B and D. That B is a junction is
clear from the fact that three circuit elements R, R, and R; are joined at it. Similarly, point
D is a junction because it joins three circuit elements R,, £, and E,.

(viii) Branch. A branch is that part of a network which lies between two junction points. Thus
referring to Fig. 3.1, there are a total of three branches viz. BAD, BCD and BD. The branch

BAD consists of R) and E, ; the branch BCD consists of R; and E, and branch BD merely
consists of R,.

(ix) Loop. Aloop is any closed path of a network. Thus in Fig. 3.1, ABDA, BCDB and ABCDA
are the loops.

(x) Mesh. A mesh is the most elementary form of a loop and cannot be further divided into
other loops. In Fig. 3.1, both loops ABDA and BCDB qualify as meshes because they cannot
be further divided into other loops. However, the loop 4ABCDA cannot be called a mesh
because it encloses two loops ABDA and BCDB.

(xi) Network and circuit. Strictly speaking, the term network is used for a circuit containing
passive elements only while the term circuit implies the presence of both active and passive
elements. However, there is no hard and fast rule for making these distinctions and the
terms “network™ and “circuit” are often used interchangeably.

(xif) Parameters. The various elements of an electric circuit like resistance (R), inductance (L)
and capacitance (C) are called parameters of the circuit. These parameters may be lumped
or distributed.

(xiii) Unilateral circuit. A unilateral circuit is one whose properties change with the direction
of its operation. For example, a diode rectifier circuit is a unilateral circuit. It is because a
diode rectifier cannot perform rectification in both directions.

(xiv) Active and passive networks. An active network is that which contains active elements
as well as passive elements. On the other hand, a passive network is that which contains
passive elements only.
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Kirchhoff’sLaws

Kirchhoff's Laws
Kirchhoff gave two laws to solve complex circuits, namely ;
1. Kirchhoff’s Current Law ( KCL ) 2. Kirchhoff’s Voltage Law (KVL)
1. KIRCHHOFF'S CURRENT LAW (KCL)

This law relates to the currents at the *junctions of an electric
circuit and may be stated as under :

The algebraic sum of the currents meeting at a junction in an
electrical circuit is zero.

An algebraic sum is one in which the sign of the quantity is
taken into account. For example, consider four conductors carrying
currents /;, /5, /; and /, and meeting at point O as shown in Fig. 2.60. Fig. 2.60

* A junction is that point in an electrical circuit where three or more circuit elements meet.

If we take the signs of currents flowing towards point O as positive, then currents flowing away
from point O will be assigned negative sign. Thus, applying Kirchhoff's current law to the
junction O in Fig. 2.60, we have,
) +U)+(H)+ (L) =0
or L+1, = L+1L

i.e., Sum of incoming currents = Sum of outgoing currents

Hence, Kirchhoff’s current law may also be stated as under :

The sum of currents flowing towards any junction in an electrical circuit is equal to the sum of
currents flowing away from that junction. Kirchhoff's current law is also called junction rule.

Kirchhoff’s current law is true because electric current is merely the flow of free electrons and
they cannot accumulate at any point in the circuit. This is in accordance with the law of conservation
of charge. Hence, Kirchhoff’s current law is based on the law of conservation of charge.

2. KIRCHHOFF’'S VOLTAGE LAW (KVL)

This law relates to e.m.fs and voltage drops in a closed circuit or loop and may be stated as
under :

In any closed electrical circuit or mesh, the algebraic sum of all the electromotive forces
(e.m.fs) and voltage drops in resistors is equal to zero, iLe.,

In any closed circuit or mesh,
Algebraic sum of e.m.fs + Algebraic sum of voltage drops = ()

The validity of Kirchhoff’s voltage law can be R,
easily established by referring to the closed loop B AV AMA C
ABCDA shown in Fig. 2.61. If we start from
any point (say point A4) in this closed circuit and
go back to this point (i.e., point 4) after going
around the circuit, then there 1s no increase or
decrease in potential. This means that algebraic | £
sum of the e.m.fs of all the sources (here only one A I'l'l:
e.m.f. source is considered) met on the way plus the Fig. 2.61
algebraic sum of the voltage drops in the resistances
must be zero. Kirchhoff’s voltage law is based on the law of *conservation of energy, i.e., net
change in the energy of a charge after completing the closed path is zero.

> 15
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Sign Convention
While applying Kirchhoff’s voltage law to a closed circuit, algebraic sums are considered.
Therefore, it is very important to assign proper signs to e.m.fs and voltage drops in the closed circuit.
The following convention may be followed :

A rise in potential should be considered positive and fall in potential should be
considered negative.

(7) Thus if we go from the positive terminal of the battery to the negative terminal, there is fall
of potential and the e.m.f. should be assigned negative sign. Thus in Fig. 2.62 (i), as we go
from A to B, there is a fall in potential and the e.m.f. of the cell will be assigned negative

sign. On the other lE El
hand, if we go fromthe A ® 1k * B A® 1] * B
negative terminal to the R S
positive terminal of the .
battery or source, there () (i)
is a rise in potential Fig. 2.62
and the e.m.f should be
assigned positive sign. Thus in Fig. 2.62 (ii) as we go from 4 to B, there is a rise in potential
and the e.m.f. of the cell will be assigned positive sign. It may be noted that the sign of e.m.f.
is independent of the direction of current through the branch under consideration.
(éif) When current flows through a resistor, there is a voltage drop across it. If we go through
the resistor in the same direction as the current, there is a fall in potential because current
flows from higher potential to lower potential. Hence this voltage drop should be assigned

negative sign. In Fig. R R

2.63 (i), as we go from A e——WW—>—o B Ao—e—MWA—<—- B
A to B, there is a fall — —iip

in potential and the

voltage drop across (i) (ii)

the resistor will be
assigned negative sign.
On the other hand, if we go through the resistor against the current flow, there is a rise in
potential and the voltage drop should be given positive sign. Thus referring to Fig. 2.63 (if),
as we go from 4 to B, there is a rise in potential and this voltage drop will be given positive
sign. It may be noted that sign of voltage drop depends on the direction of current and is
independent of the polarity of the e.m.f. of source in the circuit under consideration.

Fig. 2.63

E E S X
A . B A 1 B A+ - B A. VY. +B
o—ifF——o o——o O—MWW—0 = o— MWW=
—. — . 3 ——— motion ' ——motion
Rise in Fall in Fall in Rise in
Voltage Voltage Voltage Voltage
+F - ~V=—=IR +V=4+IR
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lllustration of Kirchhoff's Laws
Kirchhoff’s Laws can be beautifully explained by referring to Fig. Mark the directions of
currents as indicated. The direction in which currents are assumed to flow is unimportant, since if
wrong direction is chosen, it will be indicated by a negative sign in the result.

(/) The magnitude of current in any B L lg D

C
branch of the circuit can be found )
by applying Kirchhoff’s current law

F

incoming currents to the junction are T
I, and I,. Obviously, the currentin  E;
branch CF will be /,+1,. =

(if) There are three closed circuits in

Fig 2.64 viz. ABCFA, CDEFC and
ABCDEFA. Kirchhoff’s voltage law S —— I { l_E
can be applied to these closed circuits E;

to get the desired equations.

Loop ABCFA. In this loop, e.m.f. E, will be given positive sign. It is because as we consider
the loop in the order ABCFA, we go from —ve terminal to the positive terminal of the battery in the
branch 4B and hence there is a rise in potential. The voltage drop in branch CFis (/, + 1, ) R, and
shall bear negative sign. It is because as we consider the loop in the order ABCFA, we go with current
in branch C/” and there is a fall in potential. Applying Kirchhoff’s voltage law to the loop ABCIA,

~(L+L)R,+E =0

Thus at junction C in Fig. 2.64, the bl
R,

or El o (Il-f_]Z)Rl (l)
Loop CDEFC. As we go around the loop in the order CDEFC, drop /,R, 1s positive, e.m.f.

E, 1s negative and drop ( I, + 1, ) R, is positive. Therefore, applying Kirchhoff’s voltage law

to this loop, we get,

or 12R2+(ll +12)Rl E2 (II)
Since E,, E5, R, and R, are known, we can find the values of /; and /, from the above two

equations. Hence currents in all branches can be determined.

Method to Solve Circuits by Kirchhoff's Laws
(/) Assume unknown currents in the given circuit and show their direction by arrows.
(if) Choose any closed circuit and find the algebraic sum of voltage drops plus the algebraic
sum of e.m.f5 in that loop.
(iif) Put the algebraic sum of voltage drops plus the algebraic sum of e.m.fs equal to zero.
(iv) Write equations for as many closed circuits as the number of unknown quantities. Solve
equations to find unknown currents.
(v) If the value of the assumed current comes out to be negative, it means that actual direction
of current is opposite to that of assumed direction.

Note. It may be noted that Kirchhoff’s laws are also applicable to a.c. circuits. The only thing to be done
is that I, V and Z are substituted for /, /"and R. Here I, V and Z are phasor quantities.
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Super positionTheorem

Superposition Theorem

Superposition 1s a general principle that allows us to determine the effect of several energy
sources (voltage and current sources) acting simultaneously in a circuit by considering the effect of
each source acting alone, and then combining (superposing) these effects. This theorem as applied
to d.c. circuits may be stated as under :
In a linear; bilateral d.c. network containing more than one energy source, the resultant potential
difference across or current through any element is equal to the algebraic sum of potential differences
or currents for that element produced by each source acting alone with all other independent ideal
voltage sources replaced by short circuits and all other independent ideal current sources replaced
by open circuits (non-ideal sources are replaced by their internal resistances).

Procedure. The procedure for using this theorem to solve d.c. networks is as under :

(i) Select one source in the circuit and replace all other ideal voltage sources by short circuits

and ideal current sources by open circuits.

(#f) Determine the voltage across or current through the desired element/branch due to single
source selected in step (i).

(#if) Repeat the above two steps for each of the remaining sources.

(iv) Algebraically add all the voltages across or currents through the element/branch under
consideration. The sum is the actual voltage across or current through that element/branch
when all the sources are acting simultaneously.

Note. This theorem is called superposition because we superpose or algebraically add the components
(currents or voltages) due to each independent source acting alone to obtain the total current in or voltage across

a circuit element. 20

v vivanane 2
Example Using superposition theorem, MWy

find the current through the 40 Q resistor in the

circuit shown in Fig. 3.45 (i). All resistances are in 5 5

ohms. 50 V7 § —10V
Solution. In Fig. 345 (i), 10V battery is 40

replaced by a short so that 50V battery is acting 3

alone. It can be seen that right-hand 5 Q resistance is (i)

in parallel with 40 Q resistance and their combined g. 3.45

resistance = 5 Q || 40 2 = 4.44 Q as shown in Fig. 3.45 (iii). The 4.44 Q resnstance 1s in series with
left-hand 5 Q resistance giving total resistance of (5 + 4.44) = 9.44 Q to this path. As can be seen
from Fig. 3.45 (iii), there are two parallel branches of resistances 20 Q and 9.44 Q across the 50 V
battery. Therefore, current through 9.44 Q branch is 7 = 50/9.44 = 5296 A. Thus in Fig. 3.45 (ii),
the current / (= 5.296 A) at point A divides between 5 Q resistance and 40 Q resistance. By current-
divider rule, current /, in 40 Q resistance is

5 5
L= Ix = 5296X— =0.589 A '
1 —— 25 5 downward
20
MWW
5 I
5 A 5 A A
1 20
50V = oo 50V 4.44
(i) (i)
Fig. 3.45

In Fig. 3.45 (iv), the 50 V battery is replaced by a short so that 10 V battery is acting alone.
Again, there are two parallel branches of resistances 20 Q and 9.44 Q across the 10V battery [See

== TFig. 3.45 (v)]. Therefore, current through 9.44 Q branch is /=10/9.44 = 1.059 A. —_—
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In Fig. 3.45 (iv), the 50V battery is replaced by a short so that 10 V battery is acting alone.
Again, there are two parallel branches of resistances 20 Q and 9.44 Q across the 10V battery [See
Fig. 3.45 (v)]. Therefore, current through 9.44 Q branch is 7= 10/9.44 = 1.059 A.

20
A

T 10V - 10V

40

o

(iv)

Thus in Fig. 3.45 (iv), the current / (= 1.059 A) at point B divides between 5 Q resistance and
40 Q resistance. By current-divider rule, current in 40 € resistance is

=0.118 A downward

I, = 1.059% 2
5440

By superposition theorem, the total current in 40 Q
= +5=0589+0.118=0.707 A downward

Representation Of Sinusoidal Waveforms

Important A.C. Terminology

An alternating voltage or current changes continuously in magnitude and alternates in direction
at regular intervals of time. It rises from zero to maximum positive value, falls to zero, increases to
a maximum in the reverse direction and falls back to zero again (See Fig. 11.6). From this point on
indefinitely, the voltage or current repeats the procedure. The important a.c. terminology is defined
below :

(/) Waveform. The shape of the curve obtained by plotting the instantaneous values of voltage
or current as ordinate against *time as abcissa is called its waveform or waveshape. Fig. 11.6 shows
the waveform of an alternating voltage varying sinusoidally.

(if) Instantaneous value. lhe value of an alternating quantity at any instant is called
instantaneous value. The instantaneous values of alternating voltage and current are represented by
v and i respectively. As an example, the instantaneous values of voltage (See Fig. 11.6) at 0°, 90° and
270° are 0, + V,,, =V, respectively.

(iif) Cycle. One complete set of positive and negative values of an alternating quantity is known
as a cycle. Fig. 11.6 shows one cycle of an alternating voltage.

VAL
e
Amplitude
0 /2 Rt
SV P - ——
Cycle 9]
Fig. 11.6

A cycle can also be defined in terms of angular measure. One cycle corresponds to 360°
**electrical or 2n radians. The voltage or current generated in a conductor will span 360° electrical
(or complete one cycle) when the conductor moves past successive north and south poles.

(iv) Alternation. One-halfcycle ofan alternating quantity is called an alternation. An alternation
spans 180° electrical. Thus in Fig. 11.6, the positive or negative half of alternating voltage is the
alternation.

(v) Time period. The time taken in seconds to complete one cycle of an alternating quantity is
called its time period. It is generally represented by 7.
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(vi) Frequency. The number of cycles that occur in one second is called the frequency (f) of the
alternating quantity. It is measured in cycles/sec (C/s) or Hertz (Hz). One Hertz is equal to 1C/s.

The frequency of power system is low; the most common being 50 C/s or 50 Hz. It means that
alternating voltage or current completes 50 cycles in one second. The 50 Hz frequency is the most
popular because it gives the best results when used for operating both lights and machinery.

(vii) Amplitude. The maximum value (positive or negative) attained by an alternating quantity
is called its amplitude or peak value. The amplitude of an alternating voltage or current is designated

by V,, (orE,)or 1,

Instantaneous Values

A N —
S _ Az = A x 0.707
Agavg) = Agmeg X 0.636
a +Amax ( 360°
QO ar
g l T rad
=0 ; : : ; -
g I|x & 2t @ (rad)
o 5 | 3 2 3
| Aok - px
Sinusoidal Waveform
-1 \
Pernodic Time
- (T:I -
Fig:AC Waveform General Representation
Example An alternating current i is given by ;

[ =1414sin 3141

Find (i) the maximum value (ii) frequency (iii) time period and (iv) the instantaneous value

when 1 is 3 ms.

Solution. Comparing the given equation of alternating current with the standard form

i= 1, sinot, we have,

(i) Maximum value, [, = 1414 A

(i) Frequency, /= w/2n=314/2n =50 Hz
(dif) Time period, 7= 1/f=1/50=0-02 s
(iv) i=1414sin314¢

Whenr=3ms=3x107s,
i=1414sin314x3x 107 =114-35A
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PeakandRMS Values

Values of Alternating Voltage and Current

In a d.c. system, the voltage and current are constant so that there is no problem of specifying
their magnitudes. However, an alternating voltage or current varies from instant to instant. A natural
question arises how to express the magnitude of an alternating voltage or current. There are four
ways of expressing it, namely ;

(i) Peak value (if) Average value or mean value

(iii) R.M.S. value or effective value (iv) Peak-to-peak value

Although peak, average and peak-to-peak values may be important in some engineering
applications, it is the r.m.s. or effective value which is used to express the magnitude of an alternating

voltage or current. )
vori
Peak Value i

It is the maximum value attained by an alter- Peak
nating quantity. The peak or maximum value of an value
alternating voltage or current is represented by V,,
or /. The knowledge of peak value is important in e
case of testing materials. However, peak value is not
used to specify the magnitude of alternating voltage
or current. Instead, we generally use rm.s. values to

specify alternating voltages and currents.

Average Value Fig. 11.14

The average value of a waveform is the average of all its values over a period of time. In per-
forming such a computation, we regard the area above the time axis as positive area and area below
the time axis as negative area. The algebraic signs of the areas must be taken into account when
computing the total (net) area. The time interval over which the net area is computed is the period 7'

of the waveform. .
Total (net) area under curve for time 7'

Time T’

Average value =

Average Value of Sinusoidal Current
The average value of alternating current (or voltage) over one cycle is zero. It is because the
waveform is symmetrical about time axis and positive area exactly cancels the negative area How-
ever, the average value over a half-cycle (positive or negative) is not zero. Therefore, average value

of alternating current (or voltage) means half-cycle average value unless stated otherwise.

The half-cycle average value of a.c. is that value of steady current (d.c.) which would send the
same amount of charge through a circuit for half the time period of a.c. as is sent by the a.c. through
the same circuit in the same time. It is represented by I, This can be obtained by integrating the
instantancous value of current over one half cycle (i.e. area over half-cycle) and dividing the result
by base length of half-cycle (= n).

The equation of an alternating current varying sinusoidally is given by ;

i =1,sin0 <
Consider an elementary strip of thickness @0 in the )
first half-cycle of current wave as shown in Fig. 11.15.

Let i be the mid-ordinate of this strip. i
Area of strip = i d0O

= LS 2 >0
Area of half-cycle = [id® == >
0 ﬂdol‘-
Y
= _[lm sin0do
. Fig. 11.15
= I,,[- cosB]g =21,
217
Average value, I, = Area of half-cycle _2L,
Base length of half-cycle =
or 1,, = 06371,

Hence, the half-cycle average value of a.c. is 0-637 times the peak value of a.c.

For positive half-cycle, /,, =+ 0-637 1,

For negative half-cycle, I, =— 0637 /,,

Clearly, average value of a.c. over a complete cycle is zero. Similarly, it can be proved that for
alternating voltage varying sinusoidally, V,, = 0637 V,,.
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R.M.S. or Effective Value

The average value cannot be used to specify a sinusoidal voltage or current. It is because its
value over one-cycle is zero and cannot be used for power calculations. Therefore, we must search
for a more suitable criterion to measure the effectiveness of an alternating current (or voltage). The
obvious choice would be to measure it in terms of direct current that would do work (or produce
heat) at the same average rate under similar conditions. This equivalent direct current is called the
root-mean-square (r.m.s.) or effective value of alternating current.

The effective or r.m.s. value of an alternating current is that steady current (d.c.) which when
Sflowing through a given resistance for a given time produces the same amount of heat as produced
by the alternating current when flowing through the same resistance for the same time.

For example, when we say that the rm.s. or effective value of an alternating current is 5A, it
means that the alternating current will do work (or produce heat) at the same rate as 5SA direct current
under similar conditions.

R.M.S. Value of Sinusoidal Current
The equation of the alternating current varying sinusoidally is given by ;
i =1,sn0
Consider an elementary strip of thickness 40 in first half-cycle of the squared current wave
(shown dotted in Fig. 11.21). Let i~ ? be the mid-ordinate of this strip.
Area of strip = i°d0 i

A
Area of half-cycle of the squared wave

ido

1, sin® 040

b.ﬂ S Sy, F

1=

A Ism 0d0 =
0

p = Area of half-cycle squared wave Fig. 11.21
s Half-cycle base

w2 L.
n Ji
Ly, = 01071,

Similarly, it can be proved that for alternating voltage varying sinusoidally, V,,, .

=0.7071

m

=0-707 V.

DEPARTMENT OF EEE, AITS::TIRUPATI Page 21



BEEE (Part-A)

Importance of R.M.S. Values
An alternating voltage or current is always specified in terms of rm.s. values. For example,
common household appliances are rated at 230 V a.c. This is anr.m.s. value. If some other method of
measurement is used, it must be specifically stated. Lacking any information to the contrary, always
assume that a.c. values are rm.s. The following points will give the reader a clear concept about the
r.m.s. values :

(f) The domestic a.c. supply is 230 V, 50 Hz. It is the rm.s. or effective value. It means that
alternating voltage available has the same heating effect as 230 V d.c. The equation of this
alternating voltage is given by ;

v=V, sinot

= 230 x /2 sin 21 x 50 x 1 (V=2 ¥

v=230 V2 sin 3141
(/) When we say that alternating current in a circuit is 5 A, we are specifying the rm.s. value.

It means that the alternating current flowing in the circuit has the same heating effect as

r
nm.a‘.)

SAdec. v

(7ify A.C. ammeters and voltmeters record r.m.s.
values of alternating current and voltage v, Sttt b L S Ll
respectively. ;'/"5 =

av

Fig. 11.23 summarises the various ways to measure
sinusoidal voltages and the conversion constants. The

relationships apply for currents as well as voltages. g X s =t Vep
; \ /
Vop =¥y \ g
Vo = 0.637x V,, Yo of
L SR .
Vrnn = 0'707 X l',I"
Vo= 1414V Fig. 11.23

rms.

It is important to note that above relationship between peak, average and r.m.s. quantities are
applicable to only pure sine waves. /n the case of other waveforms, these quantities are related by
other (different) factors.

Note. R M.S. value of an a.c. wave is always greater than the average value except in the case of rectangular
and square waves when both are equal.

Form Factor and Peak Factor
There exists a definite relation among the peak value, average value and r.m.s. value of an alter-
nating quantity. The relationship is expressed by two factors, namely ; form factor and peak factor.

(7)) Form factor. The ratio of rm.s. value to the average value of an alternating quantity is

known as form factor i.e.
R.M.S. value

Form factor =
Average value
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The value of form factor depends upon the waveform of the alternating quantity. Its least value
is | (e.g. for square wave, rectangular wave) and may be as high as 5 for other waveforms. The form
factor for an alternating voltage or current varying sinusoidally is 1.11. i.e.

For a sinusoidal voltage or current,

P = 0.707 x Max. value L1
0.637 = Max. value

The form factor gives a measure of the “peakiness” of the waveform. The peakier the wave, the
greater is its form factor and vice-versa. For instance, a sine wave is peakier than a square wave.
Hence the former has a greater form factor (1-11) than the latter. Similarly, a triangular wave is more
peaky than a sine wave and has a form factor of 1-15. The form factor is useful in rectifier service.

(i1) Peak factor. The ratio of maximum value to the rm.s. value of an alternating quantity is

known as peak factor i.e.
Max. value

R.M.S. value
The value of peak factor also depends upon the waveform of the alternating quantity. For an
alternating voltage or current varying sinusoidally, its value is 1:414 i.e.

Peak factor =

For a sinusoidal voltage or current,
Max. value
Peak factor = =1414
0.707 * Max.value
The peak factor is of much greater importance because it indicates the maximum voltage being

applied to the various parts of the apparatus. For instance, when an alternating voltage is applied

across a cable or capacitor, the breakdown of insulation will depend upon the maximum voltage. The
insulation must be able to withstand the maximum rather than the rm.s. value of voltage.

Note. Peak factor is also called crest factor or amplitude factor.

Phasor Representation of Sinusoidal Quantities

Consider an alternating current represented by the equation / = /| sin wr. Take a line OP to
represent to scale the maximum value /,,. Imagine the line OP (or **phasor; as it is called) to be
rotating in anticlockwise direction at an angular velocity @ rad/sec about the point O. Measuring
the time from the instant when OP is horizontal, let OP rotate through an angle 0 (= ®f) in the
anticlockwise direction. The projection of OP on the Y-axis is OM.

OM = OPsin@
= 1, sino?
i, the value of current
at that instant ﬂ- -
Hence the projection of the phasor 5 9 ) ' & 2% ,, 0
OP on the Y-axis at any instant gives 0 \/
the value of current at that instant. Thus
when 6 = 90°, the projection on Y-axis
is OP (= 1) itself. That the value of
current at this instant (i.e. at 6 or owr = Fig. 11.47
90°) is /,, can be readily established if we
put 8 = 90° in the current equation. If we plot the projections of the phasor on the Y-axis versus its
angular position point-by-point, a sinusoidal alternating current wave is generated as shown in Fig.
11.47. Thus the phasor represents the sine wave for every instant of time.
The following points are worth noting :
(#) The length of the phasor represents the maximum value and the angle with axis of reference
(i.e., X-axis) indicates the phase of the alternating quantity i.e. current in this case.

(if) The phasor representation enables us to quickly obtain the numerical values and, at the
same time, have a picture before the eye of the events taking place in the circuit. Thus in
the position of the phasor OP shown in Fig. 11.47, the instantaneous value is OM, the phase
is 0 and frequency is ®/2m.

(#ii) A phasor diagram permits addition and subtraction of alternating voltages or currents with
a fair degree of ease.

(O]

=)

NS
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Phasor Diagram of Sine Waves of Same Frequency
Consider a sinusoidal voltage wave v and sinusoidal current wave i of the same frequency.

Suppose the current lags behind the voltage by ¢°. The two alternating quantities can be represented
on the same phasor diagram because the phasors V, and /,, [See Fig. 11.48 (i)] rotate at the same
angular velocity ®** and hence phase difference ¢ between them remains the same at all times.
When each phasor completes one revolution, it generates the corresponding cycle [See Fig. 11.48
(if)]. The equations of the two waves can be represented as :

4
v

m

!
5 Vi 0
—>

(1) (if)
Fig. 11.48

Il

v =V, sinot
i = 1, sin(of—¢)
The following points may be noted carefully :
(f) The wave diagram and the phasor diagram convey the same information. However, it is
more difficult to draw the waves than to sketch the phasor diagram.
(#f) Since the two phasors have the same angular velocity (®) and there is no relative motion
between them, they can be displayed in a stationary diagram, the common angular rotation
(*ot) being disregarded.

RealPower,ReactivePowerandApparentPower

Apparent, True and Reactive Powers

Consider an inductive circuit in which circuit current / lags behind the applied voltage J' by
¢°. The phasor diagram of the circuit is shown in Fig. 12.6. The current / can be resolved into two
rectangular components viz.

(i) 1 cos ¢ in phase with V.
(if) Isin ¢ ; 90° out of phase with V.
1. Apparent power. The total power that appears to be transferred between the source and load
is called apparent power. It is equal to the product of applied voltage (J') and circuit current (/) i.e.
Apparent power, § = Vx[=VI
It is measured in volt-ampers (VA).

Apparent power has two components viz true power and reactive power.
True power, P =V 1 cos

»\ >V
Reactive
power
Q=Vlising¢
v I
Isind
Fig. 12.6 Fig. 12.7

2. True puwer. The power which is actually consumed in the cireuit is called true puwer ot
active power. We know that power is consumed in resistance only since neither pure inductor (L) nor
pure capacitor (C) consumes any active power. Now, current and voltage are in phase in a resistance.
Therefore, current in phase with voltage produces true or active power. It is the useful component of
apparent power.

The product of voltage (V) and component of total current in phase with voltage (1 c0OS §) IS
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True power, P = Voltage x Component of total current in phase with voltage
V> Icos ¢
P = VIcos ¢
It is measured in watts (W). The component / cos ¢ 1s called in-phase component or watt-
ful component because it is this component of total current which contributes to true power (i.e.

VI cos ). It may be noted that it is the true power which is used for producing torque in motors and
supply heat, light ezc. It is used up in the circuit and cannot be recovered.

3. Reactive power. The component of apparent power which is neither consumed nor does any
useful work in the circuit is called reactive power. The power consumed (or true power) in L and C
is zero because all the power received from the source in one quarter-cycle is returned to the source
in the next quarter-cycle. This circulating power is called *reactive power. Now, current and voltage
in L or C are 90° out of phase. Therefore, current 90° out of phase with voltage contributes to reactive
power.

The product of voltage (V) and component of total current 90° out of phase with voltage
(/' sin ¢) is equal to reactive power i.e.

Reactive power, O = Voltage x Component of total current 90° out of phase with voltage
= VxIsin¢
Q = VIsin¢
It is measured in volt-amperes reactive (VAR). The component / sin ¢ is called the reactive
component (or wattless component) and contributes to reactive power (i.e. V1 sin ¢). It does

no useful work in the circuit and merely flows back and forth in both directions in the circuit. A
wattmeter does not measure the reactive power.

Power triangle. If we multiply each of the current phasors in Fig. 12.6 by V, we get the power
triangle shown in Fig. 12.7. This is a right-angled triangle and indicates the relation among apparent
power, true power and reactive power. It reveals the following facts about the circuit :

True power  V/coso

(i) Power factor, cos ¢ = vt poweE 7

(i) (Apparent power)2 = (True powcr)2 + (Reactive powcr)2
or =P+ QZ

(iif) True power, P = Apparent power x cos ¢ = V/cos ¢

Reactive power, O = Apparent power x sin¢ = '/ sin ¢
Illustration. Let us illustrate the power relations in an a.c. circuit with an example. Suppose a

circuit draws a current of 10 A at a voltage of 200 V and its p.f. is 0.8 lagging. Then,

Apparent power, S — F7=200 = 10 = 2000 VA

True power, P = Vlcos ¢ =200 x 10 x 0.8 = 1600 W

Reactive power, Q = FIsin¢d =200 = 10 x 0-6 = 1200 VAR
The circuit receives an apparent power of 2000 VA and is able to convert only 1600 watts into
true power. The reactive power of 1200 VAR does no useful work, it merely flows into and out of

the circuit periodically. In fact, reactive power is a liability on the source because the source has to
supply the additional current (i.e. / sin ¢) to provide for this power.

Power Factor
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Power Factor
The power factor (i.e. cos ¢ ) of a circuit can be defined in one of the following ways :

(i) Power factor = cos ¢ = cosine of angle between }J and /

R Resistance
ii) P factor= —-=——— See Fig. 12.5
(if) Power factor 7 Tinpade [See Fig ]

Vicos¢ _ True power
VI Apparent power

For example, in a resistor, the current and voltage are in phase i.e. ¢ = 0°. Therefore, power
factor of a pure resistive circuit is cos 0° = 1. Similarly, phase difference between voltage and current
in a pure inductance or capacitance is 90°. Hence power factor of pure L or C is zero. This is the
reason that power consumed by pure L or C is *zero. For a circuit having R, L and C in varying
proportions, the value of power factor will lie between 0 and 1. It may be noted that power factor
can never have a value greater than 1.

(a) It is a usual practice to attach the word ‘lagging’ or ‘leading’ with the numerical value of
power factor to signify whether the current lags or leads the voltage. Thus if a circuit has a p.f. of
0.5 and the current lags the voltage, we generally write p.f. as 0.5 lagging.

(b) Sometimes power factor is expressed as a percentage. Thus 0.8 lagging power factor may
be expressed as 80% lagging.

(iif) Power factor =

Significance of Power Factor

The apparent power drawn by a circuit has two components viz. (i) true power and (i) reactive
power. True power component should be as large as possible because it is this component which
does useful work in the circuit. This is possible only if the reactive power component is small. As
seen from the power triangle in Fig. 12.7, the smaller the phase angle ¢ (i.e. greater the p.f. cos ¢),
the smaller is the reactive power component. Thus when ¢ — 0° (i.e. cos ¢ — 1), the reactive power
component is zero and the true power is **equal to the apparent power. That means the whole
of apparent power drawn by the circuit is being utilised by it. Thus power factor of a circuit is a
measure of its effectiveness in ***utilising the apparent power drawn by it. The greater the power
factor of a circuit, the greater is its ability to utilise the apparent power. Thus 0-5 p.f. (i.e. 50% p.f))
ol a circuit means that 1t will utilise only 50% of the apparent power whereas 0:8 p.f. would mean
80% utilisation of apparent power. For this reason, we wish that the power factor of the circuit to be
as near to 1 as possible.

Analysis Of Single-Phase Ac Series RL,RC And RLCCircuits

Introduction

An a.c. circuit differs from a d.c. circuit in many respects. First, in a d.c. circuit we consider
resistances only whereas in an a.c. circuit, inaddition to resistance (R), inductance (L) and capacitance
(C) also play the part. The elements L and C offer opposition (i.e. X; and X) to current flow in an
a.c. circuit. Secondly, the magnitude of current in an a.c. circuit is affected by the supply frequency
because X, (= 2n fL) and X (= 1/2n f C) are frequency dependent. However, such a situation is not
encountered in a d.c. circuit. Thirdly, in a d.c. circuit, voltages or currents can be added or subtracted
arithmetically. But in an a.c. circuit, there is a phase difference of 90° between voltage across and
current through L or C. This implies that for the addition or subtraction of alternating voltages or
currents, phase difference has to be taken into account. All these features make the analysis of an
a.c. circuit quite different from that of a d.c. circuit. In this chapter, we shall confine our attention to
series a.c. circuits only.
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R-L Series A.C. Circuit
‘T'his 15 the most general case met 1n practice as nearly all a.c. circuits contain both resistance
and inductance. Fig. 12.1 (i) shows a pure resistance of R ohms connected in series with a coil o
pure inductance L henry.

Let V= rms. value of the applied voltage
I = rms. value of the circuit current
Vig: =l R s3sssissss where F7} 18 in phase with /
Il D, where 1 leads / by 90°
VL
— 1 90°
» V, >
R L
MW BV

170\
)
\'

(i

S~

Fig. 12.1

Taking *current as the reference phasor, the phasor diagram of the circuit can be drawn as
shown in Fig. 12.1 (ii). The voltage drop I, ( = I R) is in phase with current and is represented in
magnitude and direction by the phasor OA4. The voltage drop V; ( = I X}) leads the current by 90°
and is represented in magnitude and direction by the phasor 4B. The applied voltage Vis the phasor
sum of these two drops i.e.

JVE+VE =J(UR? +(IX,)> = IR*+ X}
Vv

The quantity \JRZ +X 2 offers opposition to current flow and is called impedance of the circuit.
It is represented by Z and 1s measured in ohms (€2).

l/
I= = where Z= \IRZ+X,_2

(/) Phase angle. It is clear from the phasor 4 v=V_,sinwt
diagram that circuit current / lags behind the applied |, j /i =1, sin (ot —)
voltage I"by ¢°. This fact is also illustrated in the wave T T
diagram shown in Fig. 12.2_ The value of phase angle 7 \
¢ can be determined from the phasor diagram. 2n ot

lan¢ = l_,L_z-—] XL _—..X_L
Ve IR R —>|—
Since X; and R are known, ¢ can be calculated.

%

If the applied voltage is v = V,, sin or, then equa-
tion for the circuit current will be :

i = I, sin(wt-¢) wherel =V, /Z

m

Fig. 12.2

We arrive at a very important conclusion that in an inductive circuit, current lags behind the
applied voltage. The angle of lag (i.e. ¢) is greater than 0° but less than 90°. It is determined by the
ratio of inductive reactance to resistance (tan ¢ = X;/R) in the circuit. The greater the value of this
ratio, the greater will be the phase angle ¢ and vice-versa.

(ii) Impedance. The total opposition offered to the flow of alternating current by a circuit
is called impedance Z of the circuit. In R-L series circuit,

Impedance, Z = ,/RZ +X7 where X, =2n/L
The magnitude of impedance in R-L series circuit depends upon the values of R, L and the supply
frequency f.
(iif) Admittance (Y). Admittance of an a.c. circuit is the reciprocal of its impedance i.e. —
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Q-factor of a Coil

The ratio of the inductive reactance (X;) of a coil to its resistance (R) at a given frequency is
known as TQ-factor of the coil at that frequency i.e.,

T X, oL
actor = —==—
R R
i tored
Also, O-factor = 2mx v

energy dissipated per cycle
The Q-factor is used to describe the quality or effectiveness of a coil. A coil is usually designed
to have high value of L compared to its resistance R. The greater the value of O-factor of a coil, the

greater is its inductance (L) as compared to its resistance (). Many of the equations to be developed
in a.c. circuit analysis can be simplified by the substitution of Q for the ratio X,/R.

Example 12.1. 4 coil having a resistance of 7 Q) and an inductance of 31-8 mH is connected to
230 V. 50 Hz supply. Calculate (i) the circuit current (it) phase angle (iii) power factor (iv) power
consumed and (v) voltage drop across resistor and inductor:

Solution. (i) Inductive reactance, X, =2n fL =2 x50 x 31.8 x 107" =10 Q

Coil impedance, Z = JRZ +Xz =J72 +107 =1220
Circuit current, / = 1/Z=230/122=18-85A

(#7) tan ¢ = X;/R=10/7
Phase angle, ¢ = tan™' (10/7)=55° lag
(iii) Power factor = cos ¢ = cos 55° =0.573 lag

(iv) Power consumed, P = V7 cos ¢ =230 = 18.85 x 0.573 =2484-24 W
v) Voltage drop across R = IR =18.85 x 7=131.95V
Voltage drop across L = IX; = 1885 x 10=188.5V

Example 12.2. 4n inductor coil is connected to a supply of 250 V at 50 Hz and takes a current
of 5 A. The coil dissipates 750 W. Calculate (i) power factor (ii) resistance of coil and (iii) inductance

of coil.
Solution. (f) Power consumed, P = V' cos ¢
X _ R 150
Power factor, cos ¢ = ﬁ_ 2505 0.6 lag

(#f) Impedance of coil, Z = 11=250/5=50Q
Resistance of coll, R = Zcos ¢ =50 x0.6=30 Q
V72 R =\J(50)" - (30)" =40 ©

X, 40
2r f 2mrx50

(iii) Reactance of coil, X}

Inductance of coil, L = =0.127H

Example 12.3. 4 pure inductance of 318 mH is connected in series with a pure resistance of
75Q. The circuit is supplied from 50 Hz source and the voltage across 75 € resistor is found to be
150 V. Caleulate the supply voltage and the phase angle.

Solution. The circuit diagram and the phasor diagram are shown in Fig. 12.8.
VJ/R=150/75=2A
Reactance of coil, X; = 2m fL =2m x 50 x 318 x 10°=100Q

Voltage across L, V', = LX; =2 x 100=200V
75 Q 318 mH

Circuit current, /

e Voo V, ——

14 Y q

o Vg =150V
V, 50 Hz
(i) (#)
Fig. 12.8
Referring to the phasor diagram of the circuit in Fig. 12.8 (i1),
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Alternatively. Z = R+ X7 =752 +100° =125Q
V=1Z=2x125=250V
Now, tan¢ = X;/R=100/75=1.33
Phase angle, & = tan™' 1.33 = 53.06° lag

R-C Series A.C. Circuit

Fig. 12.18 shows a resistance of R ohms connected in series with a capacitor of  farad.

Let V' = rm.s. value of applied voltage
I = rm.s. value of the circuit current
Ve = IR ...... where V', is in phase with /
Ve = KXe........ where I lags I by 90°

Taking current as the reference phasor, the phasor diagram of the circuit can be drawn as shown
in Fig. 12.19. The voltage drop /', ( = IR) is in phase with current and is represented in magnitude
and direction by the phasor OA4. The voltage drop ¥V (= IX) lags behind the current by 90° and is
represented in magnitude and direction by the phasor 4B. The applied voltage J” is the phasor sum
of these two drops i.e.

1

(e}

90

14 B 3 -V,
(")
e 5
A
Fig. 12.18 Fig. 12.19
V= JVE+(Ve) =J(RY +(-IXc ) = 1R+ X2

Vv

NS

1=
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The quantity \’Rz + X (2 offers opposition to current flow and is called impedance of the

circuit.
I = VIZ where Z= ,/RZ + X7

i=1,sin(mt+d)
v=V_sinwt

_)(C

Impedance triangle
Fig. 12.20 Fig. 12.21
(/) Phase angle. It is clear from the phasor diagram that circuit current / leads the applied
voltage I by ¢°. This fact is also illustrated in the wave diagram (See Fig. 12.20) and impedance
triangle (See Fig. 12.21) of the circuit. The value of the phase angle can be determined as under :
e Ko
IR R

Since current is taken as the reference phasor, negative phase angle implies that voltage lags
behind the current. This is the same thing as current leads the voltage.

tand = -4—-
Ve

If the applied voltage is v = I/, sin o1, then equation for the circuit current will be :
i = I,sin(wt+¢)wherel, =V, /Z
(if) Power. The equations for voltage and current are :

v = V,sinwt ; i=1,sin(of+ )

Average of vi
VIcos ¢

Average power, P

Alternatively. P = Power in R + Power in (7
4 R 3
= PR+0=IRXI=IRXx— = VIx— = VI cos ¢
4 VA
Example A 10 Q resistor and 400 uF capacitor are connected in series to a 60-1

sinusoidal supply. The circuit current is 5 A. Calculate the supply frequency and phase angle berween
the current and voltage.

Solution. Fig. 12 22 (i) shows the circuit diagram whereas Fig. 12.22 (if) shows phasor diagram.
R=10Q C = 400 pF V=50V

» |

I=5A4 Y
)
&
V = 60 volts
(#) Fig. 12.22 (i)

Voltage across R, V, = IR=5=10=50V

Voltage across C, V¢ JVZ - VRI = \/602 -50% =33.17V
Reactance of capacitor, X = V-/I/=33-17/5=6634 Q
1 _ 10°
2R C X, 2mx400x6-634
tand = V. /Vgp=33.17/50=0.6634
Phase angle, § = tan™' 0.6634 = 33.6° lead

I

Supply frequency, [/ =60 Hz
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Example A capacitor of 8 uF takes a current of 14 when alternating voltage applied
across it is 250 V. Calculate (i) frequency of the applied voltage (ii) the resistance to be connected
in series with the capacitor to reduce the current in the circuit to (.5 A at the same frequency (iii)
phase angle of the resulting circuit.

Solution. (7) Capacitive reactance, X, = V/I=250/1 =250 Q

_ 1
2C Xe  2nx8x107° x 250

(/) When a resistance is connected in series, the circuit becomes as shown in Fig. 12.23. Since

=79.5Hz

Frequency of applied voltage, /=

frequency remains the same, the value of X is unchanged. 0.5 A
Circuit impedance, Z =/ = 250/0.5 = 500 Q ®
: 2 _p2 L 32 R

Now, Z"=R"+ X, 250V ,\)

- R =427 = X2 =\J(500)> - (250) =433 0 S
(#ii) Circuit p.f., cos ¢ = R/Z=433/500=0.866

it o Fig. 12.2
Circuit phase angle, ¢ = cos 1 0.866 = 30° lead 9 9
Example A two-element series circuit consumes 700 W and has a p.f. of 0-707 leading.

If the applied voltage is v = 141.1 sin (314 t + 30°), find the circuit constants.

Solution. Since the circuit p.f. is leading, one circuit element must be a capacitor. Further,
power consumed in the circuit is 700 W. This suggests that other circuit element is a resistor.
Theretore, it is RC series circuit.

R.M.S. value of applied voltage, I'= l-",,,/\/— = l4l.l/~/§ =100 volts

Power consumed, P = Flcosd or 700=100x17x%0707 - I=10A

Also, P = FR - R=PIF=T700(10/=7Q
VIE=100/10=10Q . X.= {Z* = R* =4{(10* = (7)* =7Q

s l =450 x 10°° F =450 pF
2nf X, 2rXS50%7

Example A resistor R in series with a capacitor C is connected to 50 Hz, 240V source.
Find the value of C so that R absorbs 300W and voltage across R is 100V. Also find the maximum
charge and the maximum stored energy in C.

Solution. Supply voltage, I'=240 volts ; V, =100 volts ; Power in R =300W

Now, Z

Capacitance, '

Now, 12 =14+ V% or (240=(1007+ F%= .. V-=218.17 volts
_ Ve _ 000 _
Value of R = T =3333Q
oy Ve 100
Circuit current, / = — = —— =3
R 3333
’ Ve 218.17
Now, Xe= S=——=72720Q
1 ! ? 1
or =772 . (C=———=4377x10°F
2nfC 2% 50%72.72
Max. charge on C = Vi =(43.77 x 10°) x (v2x218.17) =0.0135 C

| 1 2
Max. energy stored in C = EC "’f-mm = 5x43.77x104‘ x(«/ileS.l?) =2.08J
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R-L-C Series A.C. Circuit

This is a general series a.c. circuit. Fig. 12.32 shows R, L and C connected in series across a
supply voltage V' (rm.s.). The resulting circuit current is / (rm.s.).
Voltage across R, V, = IR ... Vpisin phase with/
Voltage across L, V;, = I X, ... where V, leads / by 90°
Voltage across C, Vi = I X ... where V- lags I by 90°
As before, the phasor diagram is drawn taking current as the reference phasor. In the phasor
diagram (See Fig. 12.33), OA represents Vi, AB represents V; and AC represents V. It may be seen
that I, is in phase opposition to V. It follows that the circuit can either be effectively inductive or
capacitive depending upon which voltage drop (7, or V) is predominant. For the case considered,
V; = Ve so that net voltage drop across L-C combination is V; — V- and is represented by 4D.
Therefore, the applied voltage V' is the phasor sum of V' and V; — V- and is represented by OD.

R L Cl
I

V—e—V, —e—Vo—»

I Y

(~")
W,
Y
Fig. 12.32 Fig. 12.33
Jl-’,f +(V,=Ve) = J(/ R +(I X, -1X.)
1 ,/RZ +(X, =X )
IV
R*+(X, - Xc)

%

]

2

The quantity R +(X, =X ) offers opposition to current flow and is called impedance of the

circuit.
R

== - i)
:JR' +(X, - Xc)

VL = V( = XL -X('

Ve R

Since X}, X~ and R are known, phase angle ¢ of the circuit can be determined.

N| =

Circuit power factor, cos ¢ =

Also, tan ¢ = i)

Power consumed, P = Vicos¢= *F R
Three cases of R-L-C series circuit. We have seen that the impedance of'a R-L-C series circuit
is given by ; -
Z= R +(X,_ ‘X(')s

(i) When X, — X is positive (i.e. X; > X,), phase angle ¢ is positive and the circuit will be
inductive. In other words, in such a case, the circuit current / will lag behind the applied
voltage I by ¢ ; the value of ¢ being given by eq. (i) above.

(ii) When X, — X is negative (i.e. X, > X;), phase angle ¢ is negative and the circuit is
capacitive. That is to say the circuit current / leads the applied voltage I"by ¢ ; the value
of ¢ being given by eq. (i) above.

(iiif) When X; — X is zero (i.e. X; = X), the circuit is purely resistive. In other words, circuit
current / and applied voltage I/ will be in phase i.e. ¢ = 0°. The circuit will then have unity
power factor.
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Example A 230V, 50 H= a.c. supply is applied to a coil of 0.06 H induciance and 2.5€)
resistance connected in series with a 6-8 uF capacitor. Calculate (i) impedance (ii) current (iii)
phase angle between current and voltage (iv) power factor and (v) power consumed.

A ?
Vi
250  006H  gguF Vo o ¥ >l
wm— | \
Kt V-V,

| Y %b ST Ve
("))
O’/ v JL

230V, 50 Hz

(1) (i)
Fig. 12.35
Solution. Fig. 12.35 (i) shows the conditions of the problem.

X, = 2nfL=2mx50x0.06=1885Q
1 10°
X. = - = =468 Q
2n f C 2mx50x6.8
()  Circuitimpedance, Z = JRZ +HX, -X.) = J(z.s)z +(18.85-468) =44920
(if) Circuit current, / = V/Z=230/4492=0.512 A
X, -X. 18.85-468
(iii) tan$p = —=—E= =—179.66

R 25
Phase angle, ¢ = tan™' — 179.66 = —89.7° = 89.7° lead

The negative sign with ¢ shows that current is leading the voltage [ See the phasor diagram in

Fig. 12.35 (ii)). & 5

(iv) Power factor, cos ¢ = —=——— =0.00557 lead
Z 4492
(v) Power consumed, P = F7cos ¢ =230 % 0.512 x 0.00557 = 0.656 W
Example A coil of p.f: 0.8 is connected in series with a 110 uF capacitor. The supply

frequency is 50 Hz. The p.d. across the coil is found to be equal to the p.d. across the capacitor:
Calculate the resistance and inductance of the coil.

R L 110 uF
— AW | |-
v e V—
| Y
(")
(&7,
50 Hz
Fig. 12.36
Solution. Fig. 12.36 shows the conditions of the problem.
N 1 10°
Reactance of capacitor, X. = - =2
2n fC  2mrx50x110
Now, I1Z,, = IX; o Z,=X-=29Q
For the coil,cos ¢ = RIZ_, .. R=Z_,cos $=29x0.8=23.20Q

Reactance of coil, *X;, = Z_,sin$ =29x 06=174Q

il-.: 17.4
2nf 2mx S50

Inductance of coil, L =0.055 H
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UNIT =2 DCAND AC MACHINES,

Introduction

The study of the electrical engineering, basically involves the analysis of the energy
transfer from one form to another. An electrical machine, deals with the energy transfer
either from mechanical to electrical form or from electrical to mechanical form. This
process is called electromechanical energy conversion.

An electrical machine which converts mechanical energy into an electrical energy is
called an electric generator. While an clectrical machine which converts an electrical
energy into the mechanical energy is called an electrical motor.

Such electrical machines may be related to an electrical energy of an altemating type
called a.c. machines or may be related to an electrical energy of direct type called d.c.
machines.

The d.c. machines are classified as d.c. gencrators and d.c. motors. The construction of
a d.c. machine basically remains same whether it is a generator or a motor.

PRINCIPLE AND OPERATION OF DC GENERATOR

Principle of Operation of a D.C. Generator

All the generators work on a principle of dynamically induced e.n.f. This principle is
nothing but the Faraday's law of electromagnetic induction . It states that, 'Whenever the
number of magnetic lines of force ie. flux linking with a conductor or a coil changes, an
electromotive force is set up in that conductor or coil.’ The change in flux associated with
the conductor can exist only when there exists a relative motion between a conductor and
the flux. The relative motion can be achieved by rotating conductor with respect to flux or
by rotating flux with respect to a conductor. So a voltage gets generated in a conductor, as
long as there exists a relative motion between conductor and the flux.

Such an induced e.m.f. which is due to physical movement of coil or conductor with
respect to flux or movement of flux with respect to coil or conductor is called dynamically
induced e.m.f.

Key Point : So a generating action requires following basic components to exist, i) The
conductor or a coil ii) The flux ii1) The relative motion between conductor and flux. E

In a practical generator, the conductors are rotated to cut the magnetic flux, keeping
flux stationary. To have a large voltage as the output, the number of conductors are
connected together in a specific manner, to form a winding. This winding is called
armature winding of a d.c. machine. The part on which this winding is kept is called
armature of a d.c. machine. To have the rotation of conductors, the conductors placed on
the armature are rotated with the help of some external device. Such an external device is
called a prime mover. The commonly used prime movers are diesel engines, steam
engines, steam turbines, water turbines etc. The necessary magnetic flux is produced by
current carrying winding which is called field winding. The direction of the induced e.m.f.
can be obtained by using Fleming's right hand rule.
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Fleming's Right Hand Rule

. If three fingers of a right hand, namely
Molonof | mesof  thumb, index finger and middle finger are
flux outstretched so that everyone of them is at

right angles with the remaining two, and if in
this position index finger is made to point in
the direction of lines of flux, thumb in the
direction of the relative motion of the
conductor with respect to flux then the

Diraction (o ; o
of flux outstretched middle finger gives the direction
2o of the emf. induced in the conductor.
Direction of e.m.f.
(w:reng " Visually the rule can be represented as shown

in the Fig. 2.6.
This rule mainly gives direction of current
which induced e.m.f. in conductor will set up when closed path is provided to it.

Fig.. Fleming's right hand rule

~ Verify the direction of the current through conductor in the four cases shown in the
Fig. 2.7 by using Fleming's right hand rule.

(c) Current going in (d) Current coming out

Fig. 2.7 Fleming's right hand rule

Key Point : It can be observed from the Fig. 2.7 that if the direction of relative motion of
conductor is reversed keeping flux direction same or if flux direction is reversed keeping
direction of relative motion of conductor same then the direction of induced e.m.f. and hence
direction of current it sets up in an external circuit gels reversed.

The magnitude of the induced e.n.f. is given by,

E = BxIxv
where I = Active length of conductor in m.
v = Relative velocity component of conductor in m/s in

the direction perpendicular to direction of the flux.

The active length means the length of conductor which is under the influence of
magnetic field. In all the cases above, direction of motion of conductor is perpendicular to
the plane of the flux.

But if it is not perpendicular then the component of velocity which is perpendicular to
the plane of the flux, is only responsible for inducing em.f. in the conductor. This is
shown in the Fig. 2.8 (a). In this Fig. 2.8 (a), though the velocity is v, its component v’
which is perpendicular to the flux lines is only responsible for the induced e.m.f.

I* the plane of the rotation of conductor is parallel to the plane of the flux, there will
not be any cutting of flux and hence there cannot be any induced em.f. in the conductor.
i'his is shown in the Fig. 2.8 (b).
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Flux

1
} { : | Flux
~e |
| >/ Y
o e "
-
Pls Component of
- ' . : 1 Zero .
5P Lo ' velocity effective )
% : for induced e.m.f. H ndcagam.

' '
'
'

(a) (b)
Fig. 2.8
Key Point : So to have an induced em.f. in the conductor not only the relative motion

between the conductor and the flux is necessary but plane of rotation and plane of flux
should not be parallel to each other.

If angle between the plane of rotation and the plane of the flux is 9’ as measured from
the axis of the plane of flux then the induced e.m.f. is given by,

E = B I (v sinfl) volts

Where v sinf is the component of velocity which is perpendicular to the plane of flux
and hence responsible for the induced e.m.f. This is shown in the Fig. 2.9.

vsing 4

1
1
]
S i £ e S P Sy S
i
'
'

8=0°
)
Plane of motion 8= 9'o°
(@) E < v sinB (b) Maximum E [clE=0
Fig. 2.9

From the equation of the induced e.m.f, it can be seen that the basic nature of the
induced e.m.f. in a d.c. generator is purely sinusoidal i.e. alternating. To have d.c. voltage,
a device is used in a d.c. generator to convert the alternating e.m.f. to unidirectional e.m.f.
This device is called commutator. An alternator is a machine which produces an
alternating e.m.f. is without a commutator. So an alternator with a commutator is the basic
d.c. generator. Practically there is a difference between the construction of an altemator
and a d.c. generator though the basic principle of working is same.
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Construction of a Practical D.C. Machine

As stated earlier, whether a machine is d.c. generator or a motor the construction
basically remains the same as shown in the Fig. 2.10.

!
1
F; Fy i
ad + !
1
N - - Yoke
\ - 7’
° ~ ! R
. For Al Sy e «s———Inter polar axis
> W 1 o XS -
. ' U ~ = o
Field winding 2 z :.'\"
S N e - Flux produced
\
'/ ‘-\ L 3 ," \
1 s T’ o Pole shoe
Commutator ' e o <« Ps \
(copper) ™ """ i N~ 1 ST e Y W s - 4SSk N
Polar or field axis - Yl L5- -=,
-~ ~ -
C > ,‘r(_ - Pole core
- Ny s Armalture winding
Armature - R o ; /
core . N o ature
W £ 4 tooth
’ » ~ ‘ » '\
Armature O - i N /
slot '.,-' Se ol :‘.." ‘.‘.
Shaft e s ' .‘- Brush
! l 1 (carbon)

1 '
. .
I '

Fig. 2.10 A cross-section of typical d.c. machine
It consists of the following parts :

Yoke
a) Functions :

1. It serves the purpose of outermost cover of the d.c. machine. So that the insulating
materials get protected from harmful atmospheric elements like moisture, dust and
various gases like SO, , acidic fumes etc.

2. It provides mechanical support to the poles.

3. It forms a part of the magnetic circuit. It provides a path of low reluctance for
magnetic flux. The low reluctance path is important to avoid wastage of power to
provide same flux. Large current and hence the power is necessary if the path has
high reluctance, to produce the same flux.
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b) Choice of material : To provide low reluctance path, it must be made up of some
magnetic malterial. Tt is prepared by using cast iron because it is cheapest. For large
machines rolled steel, cast steel, silicon steel is used which provides high permeability i.e.
low reluctance and gives good mechanical strength.

Poles
Each pole is divided into two parts namely, I) Pole core and II) Pole shoe.
This is shown in the Fig. 2.11.
/—\Z“
Pole
core

Pole
shoe

Fig. 2.11 Pole structure
a) Functions of pole core and pole shoe :

1. Pole core basically carries a field winding which is necessary to produce the flux.
2. It directs the flux produced through air gap to armature core, to the next pole.

3. Pole shoe enlarges the area of armature core to come across the flux, which is
necessary to produce larger induced em.f. To achieve this, pole shoe has been
given a particular shape.

b) Choice of material : It is made up of magnetic material like cast iron or cast steel.

As it requires a definite shape and size, laminated construction is used. The laminations
of required size and shape are stamped together to get a pole which is then bolted to the
yoke.

Field Winding (F1 - F2)
The field winding is wound on the pole core with a definite direction.

a) Functions : To carry current due to which pole core, on which the field winding
is placed behaves as an electromagnet, producing necessary flux.

As it helps in producing the magnetic field i.e. exciting the pole as an electromagnet it
is called Field winding or Exciting winding.

b) Choice of material : It has to carry current hence obviously made up of some
conducting material. So aluminium or copper is the choice. But field coils are required to
take any type of shape and bend about pole core and copper has good pliability i.e. it can
bend easily. So copper is the proper choice.

Key Point : Field winding is divided into various coils called field coils. These are
connected in series with each other and wound in such a direction around pole cores, such
that alternate ‘N’ and ‘S’ poles are formed.

By using right hand thumb rule for current carrying circular conductor, it can be easily
determined that how a particular core is going to behave as ‘N’ or ‘S’ for a particular
winding direction around it.
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Armature

It is further divided into two parts namely,
I) Armature core and 1) Armature winding
I} Armature core : Armature core is cylindrical in shape mounted on the shaft. It

consists of slots on its periphery and the air ducts to permit the air flow through
armature which serves cooling purpose.

a) Functions :

1. Armature core provides house for armature winding i.e. armature conductors.
2. To provide a path of low reluctance to the magnetic flux produced by the field
winding.
b) Choice of material : As it has to provide a low reluctance path to the flux, it is made
up of magnetic material like cast iron or cast steel.
It is made up of laminated construction to keep

on eddy current loss as low as possible. A single circular
dAuZ lamination used for the construction of the armature
core is shown in the Fig. 2.12.
Slot —=-
II) Armature winding : Armature winding is
Shaft nothing but the interconnection of the armature

Fig. 2.12 Single circular conductors, placed in the slots provided on the

lamination of armature core armature core periphery. When the armature is
rotated, in case of generator, magnetic flux gets cut by
armature conductors and e.m.f. gets induced in them.

a) Functions :
1. Generation of em.f. takes place in the armature winding in case of generators.
2. To carry the current supplied in case of d.c. motors.
3. To do the useful work in the external circuit.

b) Choice of material : As armature winding carries entire current which depends on
external load, it has to be made up of conducting material, which is copper.

Armature winding is generally former wound. The conductors are placed in the
armature slots which are lined with tough insulating material.

2.6.5 Commutator

We have scen carlier that the basic nature of e.m.f. induced in the armature conductors
is alternating. This needs rectification in case of d.c. generator, which is possible by a
device called commutator.

a) Functions :

1. To facilitate the collection of current from the armature conductors.
2. To convert internally developed alternating e.m.f. to unidirectional ( d.c.) em.f.
3. To produce unidirectional torque in case of motors.

b) Choice of material : As it collects current from armature, it is also made up of copper
segments.

It is cylindrical in shape and is made up of wedge shaped segments of hard drawn,
high conductivity copper. These segments are insulated from each other by thin layer of
mica. Each commutator segment is connected to the armature conductor by means of
copper lug or strip. This connection is shown in the Fig. 2.13.

Connection between
conductor and commutaltor

Fig. 2.13 Commutator
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Brushes and Brush Gear
Brushes are stationary and resting on the surface of the commutator.
a) Function : To collect current from commutator and make it available to the
stationary external circuit.
b) Choice of material : Brushes are normally made up of soft material like carbon.

Brushes are rectangular in shape. They are housed in brush holders, which are usually
of box type. The brushes are made to press on the commutator surface by means of a
spring, whose tension can be adjusted with the help of lever. A flexible copper conductor
called pig tail is used to connect the brush to the external circuit. To avoid wear and tear
of commutator, the brushes are made up of soft material like carbon.

Bearings

Ball-bearings are usually used as they are more reliable. For heavy duty machines,
roller bearings are preferred.

Types of Armature Winding

We have seen that there are number of armature conductors, which are connected in
specific manner as per the requirement, which is called armature winding. According to
the way of connecting the conductors, armature winding has basically two types namely,

a) Lap winding b) Wave winding

Lap Winding

In this case, if connection is started from
conductor in slot 1 then connections overlap
each other as winding proceeds, till starting
point is reached again.

Developed view of part of the armature
winding in lap fashion is shown in the
Fig. 2.14.

Fig. 2.14 Lap winding As scen from the Fig. 214, there is

overlapping of coils while proceeding.
Key Point : Due to such connection, the total number of conductors get divided into
‘P’ number of parallel paths, where P = number of poles in the machine.

Large number of parallel paths indicate high current capacity of machine hence lap
winding is preferred for high current rating generators.

Wave Winding

In this type of connection, winding
always travels ahead  avoiding
overlapping. It travels like a progressive
wave hence called wave winding. To get
an idea of wave winding a part of
armature winding in wave fashion is
shown in the Fig. 2.15.

Both coils starting from slot 1 and
slot 2 are progressing in wave fashion.
Key Point : Due to this type of connection, the total number of conductors get divided
into two number of parallel paths always, irrespective of number of poles of the
machine. As number of parallel paths are less, it is preferrable for low current, high voltage
capacity generators.

Fig. 2.15 Wave winding
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The number of parallel paths in which armature conductors are divided due to lap or

wave fashion of connection is denoted as A. So A = P for lap connection and A = 2 for
wave connection.

Comparison of Lap and Wave Type Winding

Sr. No Lap winding Wave winding

1. Number of parallel paths (A) = poles (P) Number of paralle! paths (A) = 2 (always)

2. Number of brush sets required is equal Number of brush sets required is always
to number of poles. equai to two.

3. Preferable for nigh current, low voitage Preferable for high voltage, low current
capacity generators. capacity generators,

4. Normally used for generators of capacity Preferred for generators of capacity less
more than 500 A. than 500 A.

E.M.F EQUATION:

E.M.F. Equation of D.C. Generator

Let P = Number of poles of the generator

Flux produced by each pole in webers (Wb)
Speed of armature in r.p.m.

Total number of armature conductors
Number of parallel paths in which the ‘2’
number of conductors are divided

)
N
Z
A

g
"

P for lap type of winding
A

2 for wave type of winding

Now emf. gets induced in the conduclor according to Faraday’s law of
electromagnetic induction. Hence average value of emf. induced in each armature
conductor is,

e = Raueofcuttingtheﬂux:j—?

Now consider one revolution of conductor. In one revolution, conductor will cut total
flux produced by all the poles ie. § x P. While time required to complete one revolution is

%)-secondsasspeedisNr.p.m.
_ P __oN
e = E—‘Pm

N

This is the e.m.f. induced in one conductor. Now the conductors in one parallel path

are always in series. There are total Z conductors with A parallel paths, hence % number

of conductors are always in series and e.m.f. remains same across all the parallel paths.
*. Total em.f. can be expressed as,

N_2Z
E = ’PEXK volts

This is nothing but the e.m.f. equation of a d.c. generator.

_ ¢PNZ :
So E = WA e.m.f. equation
E = 1?TZ forlap typeas A=P
E = Sre for wave typeas A =2

120
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mmp Example A4polz,l¢pwound,d.f:.gmai)lbrh¢sanseﬁdﬁuxojo.07%perpale.
Calculate the generated e.m.f. when it is rotated at a speed of 900 r.p.m. with the help of
prime mover. Armature consists of 440 number of conductors. Also calculate the generated
e.m.f. if lap wound armature is replaced by wave wound armature.

Solution : P =4 Z=440 ¢=007Wb and N =900rpm.

_ OPNZ
T
i) For lap wound, A =P=4
ONZ 0.07%x900x440
B = = &0 =462V
ii) For wave wound A =2
OePNZ 0.07x°2%00x4x440
- 120 120 =N
TYPES OF DC GENERATORS
D.C. Generators

! |

Self excited Separately excited

‘ 1 Fy Ay :
Series Compound & A, -

8 |
Sz
A‘ — l l
Long shunt Short shunt
Az oy
—_ 81 - +
F, S5
E a —
F2
Az

Types of d.c. generators

OCC CHARACTERISTICS OF DC GENERATOR

No-load saturation Characteristic (£/1))

It is also known as Magnetic Characteristic or Open-circuit Characteristic (O.C.C.). It shows the
relation between the no-load generated e.m.f. in armature, £, and the fieid or exciting current /, at a
given fixed speed. Itis just the magnetisation curve for the material of the electromagnets. Its shape
is practically the same for all generators whether separately-excited or self-excited.
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Separately-excited Generator

No-load Saturation Characteristic ( E‘/lll
The arrangement for obtaining the necessary data to plot this curve is shown in Fig. 28.1. The
exciting or field current /;is obtained from an external independent d.c. source. It can be varied from
zero upwards by a potentiometer and its value read by an ammeter A connected in the field circuit as

shown. . oV (P
Now, the voltage equation of a d.c. generator is, E, = — 5 X 2 volt
ﬁ\_
e — —=( r b
‘ ] K__/ 7 € j—- ;
ToDC % | = v(/ 4
0 3§ 5
Source SN - Shidi g Arm) (‘ 2 z A
T Field =) 2 /
| ,,/ i ‘ | {f . =
= o o
Potentiomeier Field Current—=
(a) (b)
Fig. 28.1

Hence, if speed is constant, the above relation becomes E = kd

Itis obvious that when /, is increased from its initial small value, the flux @ and hence generated
em.fE_ increase directly as current so long as the poles are unsaturated. This is represented by the
straight portion Od in Fig. 28.1 (&). But as the flux density increases, the poles become saturated, so
a greater increase in /, is required 10 produce a given increase in voltage than on the lower part of the
curve. That is why the upper portion db of the curve Odb bends over as shown.

No-load Curve for Seif-excited Generator

The O.C.C. e 7«‘ — |
or no-load satu- \/ EJ. o LB
rated curves for | f e
self-excited gen- —— = N A 4
erators whether _— 1 l;‘_; ( e ) L 1Eo
shunt or series- 1= g b i /
connected, are = Al
obtained in a ] ' /
similar way. /\/\,’\/\,’\/\/\—4—J e G N f— =
The field Pig. 284 Fig. 285

winding of the
generator (whether shunt or series wound) is disconnected from the machine and connected to an
external source of direct current as shown in Fig. 28.4. The field or exciting current 1, is varied
rheostatically and its value read on the ammeter A. The machine is drived at constant speed by the
prime mover and the generated e.m.f. on on-load is
measured by the voltmeter connected across the ar-
mature. /,is increased by suitable steps (starting from
zero) and the corresponding values of E, are mea-
sured. On plotting the relation between /. and £, a
curve of this form shown in Fig. 28.5 is obtained.
Due to residual magnetism in the poles, some
e.m.f. (= OA) is generated even when /,= 0. Hence,
the curve starts a little way up. The slight curvature
at the lower end is due to magnetic inertia. It is seen
that the first part of the curve is practically straight.
This is due to the fact that at low flux densities,
reluctance of iron path being negligible (due to high
permeability), total reluctance is given by the air-
gap reluctance which is constant. Hence, the flux
and consequently, the generated e.m.f. is directly
proportional to the exciting current. However, at
high flux densities, — where p is small, iron path

reluctance becomes appreciable and straight relation between W goad. In other
words, after point B, saturation of poles starts-HuWEVER, he initial slope of the eurve is determined
by air-gap width, ———

It should be noted that 0,C.C. for & higher speed would lie abave this eurve wiid for & lower
speed, would lie below |t e

r—-—uaaas s

I .ﬁ;’:l‘_lll

>

Self Excited Generator
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Principle of Operation of a D.C. Motor

The principle of cperation of a d.c. motor can be stated in a single statement as ‘when
a current carrying conductor is placed in a magnetic field; it experiences a mechanical
force’. In a practical d.c. motor, field winding produces a required magnetic field while
armature conductors play a role of a current carrying conductors and hence armature
conductors experience a force. As conductors are placed in the slots which are on the
periphery, the individual force experienced by the conductors acts as a twisting or turning
force on the armature which is called a torque. The torque is the product of force and the
radius at which this force acts. So overall armature experiences a torque and starts
rotating. Let us study this motoring action in detail.

Consider a single conductor placed in a magnetic field as shown in the Fig. 2.33 (a).
The magnetic field is produced by a permanent magnet but in a practical d.c. motor it is
produced by the field winding when it carries a current.

R
Conductor —»0 Main Current carmying
flux conductor
RPN

(a) Conductor in a magnetic field (b) Flux produced by current carrying conductor
Fig. 2.33

Now this conductor is excited by a separate supply so that it carries a current in a
particular direction. Consider that it carries a current away from an observer as shown in
the Fig. 2.33 (b). Any current carrying conductor produces its own magnetic field around
it, hence this conductor also produces its own flux, around. The direction of this flux can
be determined by right hand thumb rule. For direction of current considered, the direction
of flux around a conductor is clockwise. For simplicity of understanding, the main flux
produced by the permanent magnet is not shown in the Fig. 2.33 (b).

Now there are two fluxes present,
1. The flux produced by the permanent magnet called main flux.
2. The flux produced by the current carrying conductor.

These are shown in the Fig. 2.34 (a). From this, it is clear that on one side of the
conductor, both the fluxes are in the same direction. In this case, on the left of the
conductor there is gathering of the flux lines as two fluxes help each other. As against this,
on the right of the conductor, the two fluxes are in opposite direction and hence try to
cancel each other. Due to this, the density of the flux lines in this area gets weakened. So
on the left, there exists high flux density area while on the right of the conductor there
exists low flux density area as shown in the Fig. 2.34 (b).
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Cancellation
Gathering — Direction of force
of fiux [
e Weakening
= fidk of flux
(a) Interaction of two fluxes (b) Force experienced by the conductor
Fig. 2.34

This flux distribution around the conductor acts like a stretched rubber band under
tension. This exerts a mechanical force on the conductor which acts from high flux density
area towards low flux density area, i.e. from left to right for the case considered as shown

ir the Fig. 2.34 (b).

Armature

Fig. 2.35 Torque exerted on armature

Key Point : In the practical d.c. motor, the permanent magnet is replaced by a field
winding which produces the required flux called main flux and all the armature conductors,
mounted on the periphery of the armature drum, get subjected to the mechanical force. Due
to this, overall armature experiences a twisting force called torque and armature of the motor
starts rotating.

Direction of Rotation of Motor
The magnitude of the force experienced by the conductor in a motor is given by,

F = BII Newtons (N)

B Flux density due to the flux produced by

the field winding.
Active length of the conductor.
I = Magnitude of the current passing through the conductor.

—
]
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The direction of such force i.e. the direction of rotation of a motor can be determined
by Fleming's left hand rule. So Fleming's right hand rule is to determine direction of
induced e.m.f. ie. for generating action while Fleming's left hand rule is to determine
direction of force experienced i.e. for motoring action.

Fleming's Left Hand Rule

The rule states that, 'Outstretch the three fingers of the left hand namely the first
finger, middle finger and thumb such that they are mutually perpendicular to each other.
Now point the first finger in the direction of magnetic field and the middle finger in the
direction of the current then the thumb gives the direction of the force experienced by the
conductor”.

The Fleming's left hand rule can be diagramatically shown as in the Fig. 2.36.

Direclion of
\molion
N | S |
Lines of
= fux
Left
hand \ Y T
Direction of
current

Fig. 2.36 Fleming's left hand rule
Apply the rule to crosscheck the direction of force experienced by a single conductor,
placed in the magnetic field, shown in the Fig. 2.37 (a), (b), (c) and (d).

ke 54 % s R
o S
L L'F F< 4
A1L Iii)
TN ’33.

(d)

(a) (b)
Fig. 2.37 Direction of force experienced by conductor

It can be seen from the Fig. 2.37 that if the direction of the main field in which current
carrying conductor is placed, is reversed, force experienced by the conductor reverses its
direction. Similarly keeping main flux direction unchanged, the direction of current passing
through the conductor is reversed, the force experienced by the conductor reverses its
direction. However if both the directions are reversed, the direction of the force
experienced remains the same.
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Key Point: So in a practical motor, to reverse its direction of rotation, either direction
of main field produced by the field winding is reversed or direction of the current
passing through the armature is reversed.

The direction of the main field can be reversed by changing the direction of current
passing through the field winding, which is possible by interchanging the polarities of
supply which is given to the field winding. In short, to have a motoring action two fluxes
must exist, the interaction of which produces a torque.

Significance of Back E.M.F.

It is seen in the generating action, that when a conductor cuts the lines of flux, em.f.
gets induced in the conductor. The question is obvious that in a d.c. motor, after a
motoring action, armature starts rotating and armature conductors cut the main flux. So is
there a generating action existing in a motor ? The answer to this question is "Yes'.

After a motoring action, there exists a generating action. There is an induced e.m.f. in
the rotating armzture conductors according to Faraday's law of electromagnetic induction.
This induced e.m.f. in the armature always acts in the opposite direction of the supply
voltage. This is according to the Lenz's law which states that the direction of the induced
e.m.f. is always so as to oppose the cause producing it. In a d.c. motor, electrical input i.e.
the supply voltage is the cause and hence this induced e.m.f. opposes the supply voltage.
This em.f. tries to set up a current through the armature which is in the opposite
direction to that, which supply voltage is forcing through the conductor.

So as this em.f. always opposes the supply voltage, it is called back e.m.f. and
denoted as E,. Though it is denoted as E,, basically it gets generated by the generating
action which we have seen earlier in case of generators. So its magnitude can be
determined by the e.m.f. equation which is derived earlier. So,

OPNZ

Ey = WA volts

where all symbols carry the same meaning as seen earlier in case of generators.

o =
|
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Voltage Equation of a D.C. Motor

In case of a generator, generated e.m.f. has to supply armature resistance drop and
remaining part is available across the load as a terminal voltage. But in case of d.c. motor,
supply voltage V has to overcome back e.m.f. E, which is opposing V and also various
drops as armature resistance drop I, R,, brush drop etc. Infact the electrical work done in
overcoming the back e.m.f. gets converted into the mechanical energy developed in the
armature. Hence the voltage equation of a d.c. motor can be written as,

V = E, + I, R, + brush drop
Neglecting the brush drop, the generalised voltage equation is,

VvV = Eb+[lkl

The back e.m.f. is always less than supply voltage (E, < V). But R, is very small hence
under normal running conditions, the difference between back e.m.f. and supply voltage is
very small. The net voltage across the armature is the difference between the supply
voltage and back em.f. which decides the armature current. Hence from the voltage
equation we can write, A %

V-E,
l.-— R.

Key Point : Voltage equation gets changed a little bit depending upon the type of the
motor, which is discussed later.

Power Equation of a D.C. Motor
The voltage equation of a d.c. motor is given by,
V = E,+LR,
Multiplying both sides of the above equation by I, we get,
VI, = By L+ IR,
This equation is called power equation of a d.c. motor.
VI, = Net electrical power input to the armature measured in watts,

I12R, = Power loss due to the resistance of the armature called armature copper loss.
So difference between VI, and I2R, i.e. input - losses gives the output of the armature.

So Ey, 1, is called electrical equivalent of gross mechanical power developed by
the armature. This is denoted as P,

~ Power input to the armature ~ Armature copper loss = Gross mechanical power
developed in the armature.

Condition for Maximum Power
For a motor from power equation it is known that,

P,, = Gross mechanical power developed = Ey I,

= VI, - 3R,
For maximum P, %%—" =0
0 = V-2I,R,
A% A\
I. = 2R‘ ie l,R‘ -—2-
Substituting in voltage equation,
V = Eg+ I, R‘=E,,+-\i
2
v 5 .
Ep = 7 .... Condition for maximum power

Key Point : This is practically impossible to achieve as for this Ey, current required is
much more than its normal rated value. Large heat will be produced and efficiency of motor
will be less than 50 %.
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Torque Equation of a D.C. Motor

e It is seen that the turning or twisting force about an axis is
Rotation called torque. Consider a wheel of radius R meters acted upon
by a circumferential force F newtons as shown in the Fig. 2.39.

F The wheel is rotating at a speed of N r.p.m.
Fig. 2.39 Then angular speed of the wheel is,
2nN
® = —5 rad/sec

So workdone in one revolution is,
W = F x distance travelled in one revolution

Fx2nR  joules

o : _ Workdone
And P = Power developed = — g
Fx2nR Fx2nR 2nN
= Timeforirev (60 “(FXR)"( 60)
N
P = Txo watts
Where = Torque in N -m

Angular speed in rad/sec.

Let T, be the gross torque developed by the armature of the mo?or. It is also called
armature torque. The gross mechanical power developed in the armature is E, I, as seen
from the power equation. So if speed of the motor is N r.p.m. then,

Power in armature = Armature torque X®

2aN

Ebla = T,X-T“T
but E, in a motor is given by,
_ 9PNZ
B = “%a

OPNZ . 2=N

wa b= Lixg

1 PZ

L= gt g

T 0.15901,.% N-m

This is the torque equation of a d.c. motor.
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PERFORMANCE CHARACTERISTICS OF DC MOTOR

Characteristics of D.C. Shunt Motor
i) Torque - armature current characteristics
Foradec motor T == @I,

For a constant values of Ry and supply voltage V, L, is also constant and hence flux
is also constant.

Tl = Il
T o The equalionr wb a strairght line, !Jassing
" through the origin, as shown in the Fig 245,
,-" Torque inereases linearily with armature current. It
T 21, Loss is seen earlier that armature current is decided by
. torue the load. So as load increases, armature current
i I increases, increasing the torque developed linearly.

Now if shaft torque is plotted against armature
the armature torque and the difference between the two is loss torque T; as shown. On no
load T,, = 0 but armature torque is present which is just enough to overcome stray losses
shown as T,, The current required is L; on no load to produce T,; and hence T, graph
has an intercept of I,; on the current axis.

To generate high starting torque, this type of molor requires a large value of armature
current at start. This may damage the motor hence d.c shunt motors can develop
moderate starting torque and hence suitable for such applications where starting torque
requirement is moderate.

ii) Speed - armature current characteristics

From the speed equation we get,
V-LR
N a“"a
¢
= V-LR, as ¢ is constant.

So as load increases, the armature current
Nof et increases and hence drop I, R, also increases.

Hence for constant supply voltage, V — I, R,
decreases and hence speed reduces. But as R, is very
i I small, for change in L, from no load to full load, drop
Fig. 2.46 N Vs 1, for shunt motor 1 R. is very small and hence drop in speed is also
not significant from no load to full load.
So the characteristics is slightly droping as shown in the Fig. 2.46.
But for all practical purposes these type of motors are considered to be a constant

speed motors.
iii) Speed - torque characteristics

N These characteristics can be derived from the
No Constant speed line _ above two characteristics. This graph is similar to
T e speed-armature current characteristics as torque is
proportional to the armature current. This curve
shows that the speed almost remains constant
0 T though torque changes from no load to full load
Fig. 247 N Vs T for shunt motor conetitions. Tods 1 siovn: o Qe P 247
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Characteristics of D.C. Serieas Motor

i) Torque - armature current characteristics

In case of series motor the series field winding is carrying the entire armature current.
So flux produced is proportional to the armature current.

o = L,
Hence T, = 81, = IZ

Thus torque in case of series motor is proportional to the square of the armature
current. This relation is parabolic in nature as shown in the Fig. 2.48.

N

Fig. 2.48 T Vs L, for series motor Fig. 2.49 N Vs I, for series motor

As load increases, armature current increases and torque produced increases
proportional to the square of the armature current upto a certain limit.

As the entire I, passes through the series field, there is a property of an electromagnet
called saturation, may occur. Saturation means though the current through the winding
increases, the flux produced remains constant. Hence after saturation the characteristics
take the shape of straight line as flux becomes constant, as shown. The difference between
T, and T, is loss torque T; which is also shown in the Fig. 2.48.

At start as T =12, these types of motors can produce high torque for small amount of
armature current hence the series motors are suitable for the applications which demand
high starting torque.

ii) Speed - armature current characteristics

From the speed equation we get,
N w0

¢
« V-LR,-LR,
Il
Now the values of R, and R,, are so small that the effect of change in I, on speed
overrides the effect of change in V - I, R, - I, R, on the speed.

Hence in the speed equation, E, = V and can be assumed constant. So speed equation
reduces to,

as ¢ =L, in case of series motor

1
N e f
SRS
So speed-armature current characteristics is rectangular hyperbola type as shown in the
Fig. 2.49.

iii) Speed - torque characteristics

In case of series motors, T 12 and N « il_
B

Hence we can write, ﬁ

Thus as torque increases when load
N increases, the speed decreases. On no load,
torque is very less and hence speed
increases to dangerously high value. Thus
the nature of the speed-torque characteristics
is similar to the nature of the
T speed-armature current characteristics.
The speed-torque characteristics of a
Fig. 2.50 N Vs T for series motor series motor is shown in the Fig. 2.50.
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Why Series Motor is Never Started on No Load ?

It is seen earlier that motor armature current is decided by the load. On light load or
no load, the armature current drawn by the motor is very small.

In case of a d.c. series motor, ¢ eI, and
on no load as L, is small hence flux produced is also very small.

According to speed equation,

Nu% as E, is almost constant.

So on very light load or no load as flux is very small, the motor tries to run at
dangerously high speed which may damage the motor mechanically. This can be seen
from the speed-armature current and the speed-torque characteristics that on low armature
current and low torque condition motor shows a tendency to rotate with dangerously high
speed.

This is the reason why series motor should never be started on light loads or no load
conditions. For this reason it is not selected for belt drives as breaking or slipping of belt
causes to throw the entire load off on the motor and made to run motor with no load
which is dangerous.

Characteristics of D.C. Compound Motor

Compound motor characteristics basically depends on the fact whether the motor is
cumulatively compound or differential compound. All the characteristics of the compound
motor are the combination of the shunt and series characteristic.

Cumulative compound motor is capable of developing large amount of torque at low
speeds just like series motor. However it is not having a disadvantage of series motor even
at light or no load. The shunt field winding produces the definite flux and series flux
helps the shunt field flux to increase the total flux level.

So cumulative compound motor can run at a reasonable speed and will not run with
dangerously high speed like series motor, on light or no load condition.

In differential compound motor, as two fluxes oppose each other, the resultant flux
decreases as load increases, thus the machine runs at a higher speed with increase in the
load. This property is dangerous as on full load, the motor may try to run with
dangerously high speed. So differential compound motor is generally not used in practice.

The various characteristics of both the types of compound motors cumulative and the
differential are shown in the Fig. 2.51 (a), (b) and (c).

() Tvsl, (B)Nvs1, (c)NvsT

Fig. 2.51 Characteristics of d.c. compound motor

The exact shape of these characteristics depends on the relative contribution of series
and shunt field windings. If the shunt field winding is more dominant then the
characteristics take the shape of the shunt motor characteristics. While if the series field
winding is more dominant then the characteristics take the shape of the series
characteristics.
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Applications of D.C. Motors
Instead of just stating the applications, the behaviour of the various characteristics like
speed, starting torque etc., which makes the motor more suitable for the applications, is

also stated in the Table 2.1.
Type of motor Characteristics Applications
Shunt Speed is fairly constant and 1) Blowers and fans
medium ng lorgue. 2) Centrifugal and reciprocating pumps
3) Lathe machines
4) Machine tools
5) Milling machines
6) Drilling machines.
Series High starting torque. No load 1) Cranes
condition is dangerous. Variable 2) Hoists, Elevators
speed. 3) Trolleys
4) Conveyors
5) Electric locomotives.
Cumulative compound | High starting lorque. No load 1) Rolling milis
condition is aliowed. 2) Punches
3) Shears
4) Heavy planers
5) Elevators.
Differential compound | Speed increases as load increases. | Not suitable for any practical application,

Table 2.1

Losses in a D.C. Machine
The various losses in a d.c. machine whether it is a motor or a generator are classified
into three groups as :
1. Copper losses
2. Iron or core losses
3. Mechanical losses.

Copper Losses

The copper losses are the losses taking place due to the current flowing in a winding.
There are basically two windings in a d.c. machine namely armature winding and field
winding. The copper losses are proportional to the square of the current flowing through
these windings. Thus the various copper losses can be given by,

Armature copper loss = 12 R,

where R, Armature winding resistance
and I, = Armmature current

Shunt field copper loss = 1% R,

Shunt field winding resistance

where Ry,
Iy, = Shunt field current

and

Series field copper loss = IZ, R,

where R,. = Series field winding resistance
and I, = Series field current

In a compound d.c. machine, both shunt and series field copper losses are present. In
addition to the copper losses, there exists brush contact resistance drop. But this drop is
usually included in the armature copper loss.
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Iron or Core Losses

These losses are also called magnetic losses. These losses include hysteresis loss and
eddy current loss.

The hysteresis loss is proportional to the frequency and the maximum flux density B,
in the air gap and is given by,

Hysteresis loss = n BL f V watts

n
where v

f

Steinmetz hystersis coefficient

Volume of core in m®

Frequency of magnetic reversals
This loss is basically due to reversal of magnetisation of the armature core.

The eddy current loss exists due to eddy currents. When armature core rotates, it cuts
the magnetic flux and e.m.f. gets induced in the core. This induced e.m.f. sets up eddy
currents which cause the power loss. This loss is given by,

Eddy current loss = K BLf* t? V watts

where K = Constant
t = Thickness of each lamination
V = Volume of core

f = Frequency of magnetic reversals

The hysteresis loss is minimised by selecting the core material having low hysteresis
coefficient. While eddy current loss is minimised by selecting the laminated construction
for the core.

These losses are almost constant for the d.c. machines.

Mechanical Losses
These losses consist of fricion and windage losses. Some power is required to
overcome mechanical friction and wind resistance at the shaft. This loss is nothing but the
friction and windage loss. The mechanical losses are also constant for a d.c. machine.

The magnetic and mechanical losses together are called stray losses. For the shunt and
compound d.c. machines where field current is constant, field copper losses are also
constant. Thus stray losses along with constant field copper losses are called constant
losses. While the armature current is dependent on the load and thus armature copper
losses are called variable losses.

Thus for a d.c. machine,
Total losses = Constant losses + Variable losses

The power flow and energy transformation diagrams at various stages, which takes
place in a d.c. machine are represented diagrammatically in Fig. 2.60 (a) and (b).
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Efficiency of a D.C. Machine
For a d.c. machine, its overall efficiency is given by,

Total output
%N = rorlnput * 100

Let P,y = Total output of a machine
Total input of a machine
P, = Variable losses
P, = Constant losses
then Py = Poy+ Py + P

5
Il

PO\. = P“

Pou
T

PRINCIPLE AND OPERATION OF SINGLE-PHASE TRANSFORMER

Introduction

The main advantage of alternating currents over direct currents is that, the alternating
currents can be easily transfe rable from low voltage to high or high voltage to low.
Alternating voltages can be raised or lowered as per requirements in the different stages of
electrical network as generation, transmission, distribution and utilization. This is possible
with a static device.called transformer. The transformer works on the principle of mutual
induction. It transfers an electric energy from one dircuit to other when there is no
electrical connection between the two circuits. Thus we can define transformer as below :

Key Point: The transformer is a static piece of apparatus by means of which an electrical
power is transformed from one alternating current circuit to another with the desired change
in voltage and current, without any change in the frequency.

Principle of Working

The principle of mutual induction states that when two coils are inductively coupled
and if current in one coil is changed uniformly then an em.f. gets induced in the other
coil. This e.m.f. can drive a current, when a closed path is provided to it. The transformer
works on the same principle. In its elementary form, it consists of two inductive coils
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which are electrically separated but linked through a common magnetic circuit. The two
coils have high mutual inductance. The basic transformer is shown in the Fig. 3.2.

One of the two coils is connected to a source of alternating voltage. This coil in which
electrical energy is fed with the help of source is called primary winding (P). The other
winding is connected to load. The electrical energy transformed to this winding is drawn

out to the load.

Core

; P

Symbolic representation

LDO00

%Nz [Coad]
S

Voltage
level changes
but frequency |.e. time
period T
remains same

Basic transformer

This winding is called secondary winding (S).
The primary winding has N, number of tumns
while the secondary winding has N, number of
tums. Symbolically the transformer is indicated
as shown in the Fig. 3.3.

When primary winding is excited by an
alternating voltage, it circulates an alternating
current. This current produces an alternating
flux (¢§) which completes its path through
common magnetic core as shown dotted in the
Fig. 3.2. Thus an alternating, flux links with the

secondary winding. As the flux is altermating, according to Faraday's law of an
electromagnetic induction, mutually induced c.m.f. gets developed in the secondary

winding. If now load is connected to the secondary winding, this e.m.f. drives a current

through it.

Thus though there is no electrical contact between the two windings, an electrical
energy gets transferred from primary to the secondary.
Key Point: The frequency of the mutually induced e.m.f. is same as that of the alternating
source which is supplying energy to the primary winding.
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Can D.C. Supply be used for Transformers ?

The d.c. supply can not be used for the transformers.

The transformer works on the principle of mutual induction, for which current in one
coil must change uniformly. If d.c. supply is given, the current will not change due to
constant supply and transformer will not work.

Practically winding resistance is very small. For d.c., the inductive reactance X is zero
as d.c. has no frequency. So total impedance of winding is very low for d.c. Thus winding
will draw very high current if d.c. supply is given to it. This may cause the burning of

windings due to extra heat generated and may cause permanent damage to the
transformer.

There can be saturation of the core due to which transformer draws very large current
from the supply when connected to d.c.

Thus d.c. supply should not be connected to the transformers.

Predetermination of Efficiency and Regulation

The efficiency and regulation of a transformer on any load condition and at any power
factor condition can be predetermined by indirect loading method. In this method, the
actual load is not used on transformer. But the equivalent circuit parameters of a
transformer are determined by conducting two tests on a transformer which are,

1. Open circuit test (O.C. test) 2. Short circuit test (S.C. test)

The parameters calculated from these test results are effective in determining the
regulation and efficiency of a transformer at any load and power factor condition, without
actually loading the transformer. The advantage of this method is that without much
power loss the tests can be performed and results can be obtained. Let us discuss in detail
how to perform these tests and how to use the results to calculate equivalent circuit

parameters.

Open Circuit Test (O.C. Test)
The experimental circuit to conduct O.C. test is shown in the Fig. 3.25.
Variac LV.  Transformer

Single —o
phase
ac.
supply —o
side

Fig. 3.25 Experimental circuit for O.C. test
The transformer primary is connected to a.c. supply through ammeter, wattmeter and
variac. The secondary of transformer is kept open. Usually low voltage side is used as
primary and high voltage side as secondary to conduct O.C. test.
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The primary is excited by rated voltage, which is adjusted precisely with the help of a
variac. The wattmeter measures input power. The ammeter measures input current. The
volimeter gives the value of rated primary voltage applied at rated frequency.

Sometimes a voltmeter may be connected across secondary to measure secondary
vaoltage which is V, = E, when primary is supplied with rated voltage. As voltmeter
resistance is very high, though voltmeter is connected, secondary is treated to be open
circuit as voltmeter current is always negligibly small.

When the primary voltage is adjusted to its rated value with the help of variac,
readings of ammeter and wattmeter are to be recorded.

The observation table is as follows.

V, volts I, amperes W, watts
Rated
V, = Rated voltage

w, Input power
|

As transformer secondary is open, it is on no load. So current drawn by the primary is
no load current 1. The two components of this no load current are,

In = Lsing,
L = Lcosg,

where cos 9, = No load power factor

Input current = No load current

And hence power input can be written as,

W, = Vol cos g,
The phasor diagram is shown in the Fig. 3.26.

As secondary is open, I, = 0. Thus its reflected current on
primary I is also zero. So we have primary current I, = I,. The
I 1 transformer no load current is always very small, hardly 2 to 4

0 % of its full load value. As I, = 0, secondary copper losses are
zero. And I; = | is very low hence copper losses on primary are

0 : ¢  also very very low. Thus the total copper losses in O.C. test are
" negligibly small. As against this the input voltage is rated at

Fig. 3.26 rated frequency hence flux density in the core is at its maximum

value. Hence iron losses are at rated voltage. As output power is
zero and copper losses are very low, the total input power is used to supply iron losses
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This power is measured by the wattmeter i.e. W,. Hence the wattmeter in O.C. test gives

iron losses which remain constant for all the loads.
W, = P, = Iron losses

Calculations : We know that,
W, = V,,cos ¢

cos ¢, -vw; = No load power factor
0 "0

Once cos ¢, is known we can obtain,

I =1,cos ¢,

and Iy =1, sin §,

Once I, and I, are known we can determine exciting circuit parameters as,
Vo

Ro=7> R
<

and Ve

=g 8
Key Point : The no load power factor cos ¢, is very low hence wattmeter used must be
low power factor type otherwise there might be error in the results. If the meters are
connected on secondary and primary is kept open then from O.C. test we get R, and X,
with which we can obtain R, and X, knowing the transformation ratio K.

Short Circuit Test (S.C. Test)
In this test, primary is connected to a.c. supply through variac, ammeter and voltmeter
as shown in the Fig. 3.27.

Single —o
phase

ac.
supply —o

Variac
Fig. 3.27 Experimental circuit for S.C. test
The secondary is short circuited with the help of thick copper wire or solid link. As
high voltage side is always low current side, it is convenient to connect high voltage side
to supply and shorting the low voltage side.
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As secondary is shorted, its resistance is very very small and on rated voltage it may
draw very large current. Such large current can cause overheating and buming of the
transformer. To limit this short circuit current, primary is supplied with low voltage which
is just enough to cause rated current to flow through primary which can be observed on
an ammeter. The low voltage can be adjusted with the help of variac. Hence this test is
also called low voltage test or reduced voltage test. The wattmeter reading as well as
voltmeter, ammeter readings are recorded. The observation table is as follows.

Vg Volts I, amperes W, watts

Rated

Now the currents flowing through the windings are rated currents hence the total
copper loss is full load copper loss. Now the voltage applied is low which is a small
fraction of the rated voltage. The iron losses are function of applied voltage. So the iron
losses in reduced voltage test are very small. Hence the wattmeter reading is the power
loss which is equal to full load copper losses as iron losses are very low.

W, = (P,) FL. = Full load copper loss
Calculations : From S.C. test readings we can write,

We = Velcoso,

cos ¢, Y\l‘v-::f-‘—nﬂwrtdxuitpowcrfactor

W, = 1L R,, = Copper loss

Rlc - ﬁx
“
Vv gr—
While zle = = J-Elzr+xl‘c
Xie = Z‘lzc-Rfc

Thus we get the cquivalent circuit parameters R,., X, and Z,. Knowing the
transformation ratio K, the equivalent circuit parameters referred to secondary also can be
obtained.

calculated from S.C. test readings are referred to secondary which are R,,, Z,, and X,.. So
before doing calculations it is necessary to find out where the readings are recorded on

transformer primary or secondary and accordingly the parameters are to be determined. In
step down transformer, primary is high voltage itself to which supply is given in S.C. test.

So in such case test results give us parameters referred to primary ie. Ry, Z,, and X,,.
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Losses in a Transformer

In a transformer, there exists two types of losses.
i) The core gets subjected tn an alternating flux, causing core losses.
ii) The windings carry currents when transformer is loaded, causing copper losses.

Core or Iron Losses
Due to alternating flux set up in the magnetic core of the transformer, it undergoes a
cycle of magnetization and demagnetization. Due to hysteresis effect there is loss of energy
in this process which is called hysteresis loss.
It is given by, hysteresis loss = K, BL¥ fv watts
where K Hysteresis constant depends on material

B,, = Maximum flux density

f = Frequency

v Volume of the core

The induced e.m.f. in the core tries to set up eddy currents in the core and hence
responsible for the eddy current losses. The eddy current loss is given by,
Eddy current loss = K_ B, # ¢ watts/unit volume
where K. = Eddy current constant
t = Thickness of the core

As seen earlier, the flux in the core is almost constant as supply voltage V, at rated
frequency f is always constant. Hence the flux density B in the core and hence both
hysteresis and eddy current losses are constants at all the loads. Hence the core or iron
losses are also called constant losses. The iron losses are denoted as P;.

The iron losses are minimized by using high grade core material like silicon steel
having very low hysteresis loop and by manufacturing the core in the form of laminations.

Copper Losses
The copper losses are due to the power wasted in the form of IR loss due to the
resistances of the primary and secondary windings. The copper loss depends on the
magnitude of the currents flowing through the windings.
Total Culoss = If R, +I3 R, =I{ (R, +R3) =13 (R, +R{)
I Rie =13 Ry,

The copper losses are denoted as P, If the current through the windings is full load
current, we get copper losses at full load. If the load on transformer is half then we get
copper losses at half load which are less than full load copper losses. Thus copper losses
are called variable losses. For transformer VA rating is V, [; or V, L. As V, is constant,
we can say that copper losses are proportional to the square of the kVA rating.

So, P, = FFe(kVA)

Thus for a transformer,
Total losses = Iron losses + Copper losses
= Pi-I-Pm
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E.M.F. Equation of a Transformer

When the primary winding is excited by an alternating voltage V,, it circulates
alternating current, producing an alternating flux ¢ The primary winding has N; number
of turns. The alternating flux ¢ linking with the primary winding itself induces an e.m.f. in

it denoted as E;. The flux links with

i secondary winding through the

Om - 0= 0 sinwt common magnetic core. It produces
induced e.m.f. E, in the secondary
winding. This is mutually induced

ot em.f. Let us derive the equations for

1
1
1
1

— -

=)

R Bl E, and E,.
) The primary winding is excited
) — - T, by purely sinusoidal alternating
voltage. Hence the flux produced is
also sinusoidal in nature having
' maximum value of ¢, as shown in

Flg. 3.11 Sinusoldal flux the Fig. 3.11.
The various quantities which affect the magnitude of the induced e.m.f. are :
¢ = Flux

9, = Maximum value of flux
N; = Number of primary winding turns
N, = Number of secondary winding turns
f = Frequency of the supply voltage
E; = RMS. value of the primary induced e.m.f.
E; = RMS. value of the secondary induced e.m.f.

From Faraday's law of electromagnetic induction the average e.m.f. induced in each
turn is proportional to the average rate of change of flux.

Average em.f. per tum = Average rate of change of flux

Average e.m.f. per tum = ‘—:l—:
do Change in flux

Now dt = Time required for change in flux

Consider the 1/4™ cycle of the flux as shown in the Fig. 3.11. Complete cycle gets
completed in 1/f seconds. In 1/4™ time period, the change in flux is from 0 to ¢,

f:? = 8270 o dt for 1/4* time period is 1/4f seconds

(=)

DEPARTMENT OF EEE, AITS::TIRUPATI



BEEE (Part-A)
4fo, Wb/sec

419, volts

As ¢ is sinusoidal, the induced emf in each turn of both the windings is also
sinusoidal in nature. For sinusoidal quantity,
R.M.S. value
Average value

Average e.m.f. per tum

Form factor = =11

RMS. value = 1.11 x Average value
~. RMS. value of induced em.f. per tumn
111 x4fé,
444fe,,
There are N; number of primary turns hence the RMS. value of induced em.f. of
primary denoted as E, is,
E, = N, x444f¢, volts

While as there are N, number of secondary turns the RM.S value of induced e.m.f. of
secondary denoted E, is,

E, = N;x444f¢, volts

The expressions of E, and E, are called e.m.f. equations of a transformer.
Thus e.m.f. equations are,

E, = 444f¢, N, volts e (1)

E,= 44416, N, volts )

Voltage Ratio
We know from the e.m.f. equations of a transformer that

E, = 444f¢9_ N, and E,=444f¢_N,
Taking ratio of the two equations we get,
E; _ -

=== ==K

E, N

This ratio of secondary induced e.n.f. to primary induced e.m.f. is known as voltage
transformation ratio denoted as K.

Thus, E, = KE,  where K=32
1

“1. f N, > N, ie. K > 1, we get E, > E, then the transformer is called step-up
transformer.

2. If N, < N, ie. K <1, we get E, < E, then the transformer is called step-down
transformer.

3. f N, = N, ie. K =1, we get E, = E, then the transformer is called isolation
© transformer or 1:1 transformer.
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Current Ratio

For an ideal transformer there are no losses. Hence the product of primary voltage V,
and primary current I;, is same as the product of secondary voltage V, and the secondary
current I,.

So V;], = mputVA and V, I, =output VA

For an ideal transformer,

V,I,-V2l3
B .h
Vi I

Koy Point: Hence the currents are in the inverse ratio of the voltage transformation ratio.

Volt-Ampere Rating

When electrical power is transferred from primary winding to secondary there are few
power losses in between. These power losses appear in the form of heat which increase the
temperature of the device. Now this temperature must be maintained below certain
limiting value as it is always harmful from insulation point of view. As current is the main
cause in producing heat, the output maximum rating is generally specified as the product
of output voltage and output current i.c. V, I,. This always indicates that when transformer
is operated under this specified rating, its temperature rise will not be excessive. The
copper losses depend on current and iron losses depend on voltage. These losses are
independent of the load power factor cos¢$,. Hence though the output power depends on
cos§,, the transformer losses are functions of V and I and the rating of the transformer is
specified as the product of voltage and current called VA rating. This rating is generally
expressed in kVA (kilo volt amperes rating).

\"/ I
Now L = 2=zK
AR
v, Il nd V, L
KVA ratingofa _ Vi1, _V, [,
transformer 1000 1000

If V, and V, are the terminal voltages of primary and secondary then from specified
kVA rating we can decide full load currents of primary and secondary, I; and I,. This is
the safe maximum current limit which may carry, keeping temperature rise below its

limiting value.
X gl e = A 'a‘\‘/“g"wm ... (1000 to convert kVA to VA)
1
VA rating x1000
L fil kad = & ke
2

Key Point: The full load primary and secondary currents indicate the safe maximum values
of currents which transformer windings can carry.
These values indicate, how much maximum load can be connected to a given
transformer of a specified kVA rating.
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All Day Efficiency of a Transformer

For a transformer, the efficiency is defined as the ratio of output power to input
power. This is its power efficiency. But power efficiency is not the true measure of the
performance of some special types of transformers suct. as distribution transformers.

Distribution transformers serve residential and commercial loads. The load on such
transformers vary considerably during the period of the day. For most period of the day
these transformers are working at 30 to 40 % of full load only or even less than that. But
the primary of such transformers is energised at its rated voltage for 24 hours, to provide
continuous supply to the consumer. The core loss which depends on voltage, takes place
continuously for all the loads. But copper loss depends on the load condition. For no load,
copper loss is negligibly small while on full load it is at its rated value. Hence power
efficiency cannot give the measure of true efficiency of such transformers. In such
transformers, the energy output is calculated in kilo watt hours (kWh). Similarly energy
sraiw in supplying the various losses is also determined in kilo watt hours (kWh). Then
ratio of total energy output to total energy input (output + losses) is calculated. Such ratio
is called Energy efficiency or All Day Efficiency of a transformer. Based on this efficiency,
the performance of various distribution transformers is compared. All day efficiency is
defined as,

Output energy in kWh during a day

% All dayn = Input energy in kWh during a day

x 100

Output energy in kWh during a day
= X
Output energy + Energy spent for total losses

100

While calculating energies, all energies can be expressed in watt hour (Wh) instead of
kilo watt hour (kWh).

Such distribution transformers are designed to have very low core losses. This is
achieved by limiting the core flux density to lower value by using a relatively higher core
cross-section ie. larger iron to copper weight ratio. The maximum efficiency in such
transformers occur at about 60-70 % of the full load. So by proper designing, high energy
efficiencies can be achieved for distribution transformers.

PRINCIPLE AND OPERATION OF INDUCTION MOTOR

Introduction

An electric motor is a device which converts an electrical energy into a mechanical
energy. This mechanical energy then can be supplied to various types of loads. The motors
can operate on d.c. as well as single and three phase a.c. supply. The motors operating on
d.c. supply are called d.c. motors while motors operating on a.c. supply are called a.c.
motors. As a.c. supply is commonly available, the a.c. motors are very popularly used in
practice. The a.c. motors are classified as single and three phase induction motors,
synchronous motors and some special purpose motors. Qut of all these types, three phase
induction motors are widely used for various industrial applications. Hence this chapter
gives the emphasis on the working principle, types and features of three phase induction
motors. The important advantages of three phase induction motors over other types are
self starting property, no need of starting device, higher power factor, good speed
regulation and robust construction. The working principle of three phase induction motors
is based on the production of rotating magnetic field.
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Construction

Basically, the induction motor consists of two main parts; namely
1. The part i.c. three phase windings, which is stationary called stator.

2. The part which rotates and is connected to the mechanical load through shaft
called rotor.

The conversion of electrical power to mechanical power takes place in a rotor. Hence
rotor develops a driving torque and rotates.

Stator

The stator has a laminated type of construction made up of stampings which are
0.4 to 0.5 mm thick. The stampings are slotted on its periphery to carry the stator winding.
The stampings are insulated from each other. Such a construction essentially keeps the iron
losses to a minimum value. The number of stampings are stamped together to build the

stator core. The built up core is then fitted in a casted or
fabricated steel frame. The choice of material for the
stampings is generally silicon steel, which minimises the
hysteresis loss. The slots on the periphery of the stator core
carries a three phase winding, connected either in star or
delta. This three phase winding is called stator winding. It is
wound for definite number of poles. This winding when
excited by a three phase supply produces a rotating magnetic
field as discussed earlier. The choice of number of poles
Stator lamination depends on the speed of the rotating magnetic field required.

The radial ducts are provided for the cooling purpose. In some cases, all the six terminals
of three phase stator winding are brought out which gives flexibility to the user to connect
them either in star or delta. The Fig. 5.6 shows a stator lamination.

Rotor
The rotor is placed inside the stator. The rotor core is also laminated in construction
and uses cast iron. It is cylindrical, with slots on its periphery. The rotor conductors or
winding is placed in the rotor slots. The two types of rotor constructions which are used
for induction motors are,
1. Squirrel cage rotor and
2. Slip ring or wound rotor

Squirrel Cage Rotor
The rotor core is cylindrical and slotted on its periphery. The rotor consists of
uninsulated copper or aluminium bars called rotor conductors. The bars are placed in the
slots. These bars are permanently shorted at each end with the help of conducting copper
ring called end ring. The bars are usually brazed to the end rings to provide good
mechanical strength. The entire structure looks like a cage, forming a closed electrical
circuit. So the rotor is called squirrel cage rotor. The construction is shown in the Fig. 5.7.

7S )

@)
A\ fé \ 1]3
DN ) N A
aZ S0/
& \
Copper or
aluminium bars End ring
(a) Cage type structure of rotor (b) Symbolic representation

Fig. 5.7 Squirrel cage rotor

As the bars are permanently shorted to each other through end ring, the entire rotor
resistance is very very small. Hence this rotor is also called short circuited rotor. As rotor
itself is short circuited, no external resistance can have any effect on the rotor resistance.
Hence no external resistance can be introduced in the rotor circuit. So slip ring and brush
assembly is not required for this rotor. Hence the construction of this rotor is very simple.

Fan blades are generally provided at the ends of the rotor core. This circulates the air
through the machine while operation, providing the necessary cooling. The air gap

between stator and rotor is t uniform and as small as possible.
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ﬁl;f = Speed of rotating magnetic field.
where f = Supply frequency.
P Number of poles for which stator winding is wound.

This rotating field produces an effect of rotating poles around a rotor. Let direction of
rotation of this rotating magnetic field is clockwise as shown in the Fig. 5.9 (a).

Direction of Direction of
2 ~RMF.
s ﬁ

1 RMF
~—

N,

Stator
f~=\MmE

AP0

Rotor conductors

-
- i
- - -—

(a) (®) (c)

Fig. 59

Now at this instant rotor is stationary and stator flux RMF. is rotating. So its obvious
that there exists a relative motion between the RM.F. and rotor conductors. Now the
RMPF. gets cut by rotor conductors as RM.F. sweeps over rotor conductors. Whenever
conductor cuts the flux, emf gets induced in it So emf gets induced in the rotor
conductors called rotor induced e.m.f. This is electro-magnetic induction. As rotor forms
closed circuit, induced e.m.f. circulates current through rotor called rotor current as shown
in the Fig. 5.9 (b). Let direction of this current is going into the paper denoted by a cross
as shown in the Fig. 5.9 (b).
rotor flux. For assumed direction of rotor current, the direction of rotor flux is clockwise
as shown in the Fig. 59 (c). This direction can be easily determined using right hand
thumb rule. Now there are two fluxes, one RM.F. and other rotor flux. Both the fluxes
interact with each as shown in the Fig. 59 (d). On left of rotor conductor, two fluxes are in
same direction hence add up to get high flux area. On right side, two fluxes cancel each
other to produce low flux area. As flux lines act as stretched rubber band, high flux
density area exerts a push on rotor conductor towards low flux density area. So rotor
conductor experiences a force from left to right in this case, as shown in the Fig. 59 (d),
due to interaction of the two fluxes.

/\m As all the rotor conductors experience a
force, the overall rotor experiences a torque
Stator :! and starts rotating. So interaction of the two
o 58 fluxes is very essential for a motoring action.
Addition ’,",",' s va—of two m“ As seen from the Fig. 59 (d), the direction of
N;::U;f:“\)\::- V} (Oowfuxarea) force experienced is same as that of rotating
Ww magnetic field. Hence rotor starts rotating in
' 1 1 Rotor the same direction as that of rotating magnetic
conductor field.
Fig. 5.9 (d)

Alternatively this can be explained as :
According to Lenz's law the direction of induced current in the rotor is so as to oppose the
cause producing it. The cause of rotor current is the induced em.f. which is induced
because of relative motion present between the rotating magnetic field and the rotor
conductors. Hence to oppose the relative motion ie. to reduce the relative speed, the rotor
experiences a torque in the same direction as that of RM.F. and tries to catch up the speed
of rotating magnetic field.

So, N, = Speed of rotating magnetic field in r.p.m.
N = Speed of rotor i.e. motor in r.p.m.

N, - N = Relative speed between the two,
rotating magnetic field and the rotor conductors.

Thus rotor always rotates in same direction as that of RM.F.
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CanN=N,?

When rotor starts rotating, it tries to catch the speed of rotating magnetic field.

If it catches the speed of the rotating magnetic field, the relative motion between rotor
and the rotating magnetic field will vanish (N, — N = 0). In fact the relative motion is the
main cause for the induced emf. in the rotor. So induced em.f. will vanish and hence
there cannot be rotor current and the rotor flux which is essential to produce the torque on
the rotor. Eventually motor will stop. But immediately there will exist a relative motion
between rotor and rotating magnetic field and it will start. But due to inertia of rotor, this
does not happen in practice and rotor continues to rotate with a speed slightly less than
the synchronous speed of the rotating magnetic field in the steady state. The induction
motor never rotates at synchronous speed. The speed at which it rotates is hence called
subsynchronous speed and motor sometimes called asynchronous motor.

N < N,

So it can be said that rotor slips behind the rotating magnetic field produced by stator.
The difference between the two is called slip speed of the motor.

N, -N = Slip speed of the motor in r.p.m.

This speed decides the magnitude of the induced e.m.f. and the rotor current, which in
tum decides the torque produced. The torque produced is as per the requirements of
overcoming the friction and iron losses of the motor along with the torque demanded by
the load on the motor.

Slip of Induction Motor

We have seen that rotor rotates in the same direction as that of RM.F. but in steady
state attains a speed less than the synchronous speed. The difference between the two
speeds i.e. synchronous speed of RM.F. (N,) and rotor speed (N) is called slip speed. This
slip speed is generally expressed as the percentage of the synchronous speed.

So slip of the induction motor is defined as the difference between the synchronous
speed (N,) and actual spced of rotor i.e. motor (N) expressed as a fraction of the
s us speed (N,). This is also called absolute slip or fractional slip and is denoted

Thus i N, ... (Absolute slip)

The percentage slip is expressed as,

%8s = N;\,‘wao ... (Percentage slip)
In terms of slip, the actual speed of motor (N) can be expressed as,
N = N,(1-5s) ... (From the expression of slip)

At start, motor is at rest and hence its speed N is zero.

s = 1 at start

This is maximum value of slip s possible for induction motor which occurs at start.
While s = 0 gives us N = N, which is not possible for an induction motor. So slip of
induction motor cannot be zero under any circumstances.

Practically motor operates in the slip range of 0.01 to 0.05 1e. 1 % to 5 %. The slip
corresponding to full load speed of the motor is called full load slip.
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i Example ! : A 4 pole, 3 phase induction motor is supplied from 50 Hz supply.
Determine its synchronous speed. On full load, its speed is observed to be 1410 r.p.m.

Calculate its full load slip.
Solution : Given values are,
P=4 f=50Hz N=1410rpm
120f 120x50
N. = —-P—=T=15mr.p.m.
Full load absolute slip is given by,
N,-N _1500-1410 _
s = N, - 157!) = 0.06
%s = 0.06x100=6%
m=p Example A 4 pole, 3 phase, 50 Hz, star connected induction motor has a full load

slip of 4 %. Calculate full load speed of the motor.
Solution : Given values are,
P =4 f=50Hz, %s3=4%
sg = Full load absolute slip = 0.04
120f 120 x50

N, = g = 1500 r.p.m
N“Na
R where N; = Full load speed of motor
_ 1500=-N,
GO RS -

S N = 1440 rp.m.
This is the full load speed of the motor.
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UNIT -3 BASIC OF POWER SYSTEMS

Sources of Energy

Since electrical energy is produced from energy available in various forms in nature, it is desirable to
look into the various sources of energy. These sources of energy are :

(/) The Sun (#) The Wind (iii) Water (iv) Fuels (v) Nuclear energy.

Out of these sources, the energy due to Sun and wind has not been utilised on large scale due to
a number of limitations. At present, the other three sources viz., water, fuels and nuclear energy are
primarily used for the generation of electrical energy.

(/) The Sun. The Sun is the primary source of energy. The heat energy radiated by the Sun can
be focussed over a small area by means of reflectors. This heat can be used to raise steam and
electrical energy can be produced with the help of turbine-alternator combination. However, this
method has limited application because :

(@) itrequires a large area for the generation of even a small amount of electric power

() it cannot be used in cloudy days or at night

(¢) itis an uneconomical method.

Nevertheless, there are some locations in the world where strong solar radiation is received very
regularly and the sources of mineral fuel are scanty or lacking. Such locations offer more interest to
the solar plant builders.

() The Sun. The Sun is the primary source of energy. The heat energy radiated by the Sun can
be focussed over a small area by means of reflectors. This heat can be used to raise steam and
electrical energy can be produced with the help of turbine-alternator combination. However, this
method has limited application because :

{a) it requires a large area for the generation of even a small amount of electric power

{b) it cannot be used in cloudy days or at night

{c) 1tis an uneconomical method.

Nevertheless, there are some locations in the world where strong solar radiation is received very
regularly and the sources of mineral fuel are scanty or lacking. Such locations offer more interest to
the solar plant builders.

(i) The Wind. This method can be used where wind flows for a considerable length of time.
The wind energy is used to run the wind mill which drives a small generator. In order to obtain the
electrical energy from a wind mill continuously, the generator is arranged to charge the batteries.
These batteries supply the energy when the wind stops. This method has the advantages that
maintenance and generation costs are negligible. However, the drawbacks of this method are
(@) variable output, (b) unreliable because of uncertainty about wind pressure and (c) power generated
is quite small.

(fify Wvater. When water is stored at a suitable place, it possesses potential energy because of the
head created. This water energy can be converted into mechanical energy with the help of water
turbines. The water turbine drives the alternator which converts mechanical energy into electrical
energy. This method of generation of electrical energy has become very popular because it has low
preduction and maintenance costs.

(iv) Fuels. The main sources of energy are fuels viz., solid fuel as coal, liquid fuel as oil and gas
fuel as natural gas. The heat energy of these fuels is converted into mechanical energy by suitable
prime movers such as steam engines, steam turbines, internal combustion engines etc. The prime
mover drives the alternator which converts mechanical energy into electrical energy. Although tuels
continue to enjoy the place of chief source for the generation of electrical energy, yet their reserves
are diminishing day by day. Therefore, the present trend is to harness water power which is more or
less a permanent source of power.

{v) Nuclear energy. Towards the end of Second World War, it was discovered that large amount
of heat energy is liberated by the fission of uranium and other fissionable materials. It is estimated
that heat produced by 1 kg of nuclear fuel is equal to that produced by 4500 tonnes of coal. The heat

preduced due to nuclear fission can be utilised to raise steam with suitable arrangements. The steam

can run the steam turbine which in turn can drive the alternator to produce electrical energy. However,
there are some difficulties in the use of nuclear energy. The principal ones are (g) high cost of nuclear
plant (b} problem of disposal of radioactive waste and dearth of trained personnel to handle the plant.
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B coa
. Crude oil

. Natural gas

D Hydro-electric power

. Nuclear power

Renewables

Energy Utilisation
LAYOUT AND OPERATION OF HYDRO ELECTRIC POWER STATION
Hydro-electric Power Station

A generating station which utilises the potential energy of water at a high level for the generation of
electrical energy is known as a hydro-electric power station.

Hydro-electric power stations are generally located in hilly areas where dams can be built conve-
niently and large water reservoirs can be obtained. In a hydro-electric power station, water head is
created by constructing a dam across a river or lake. From the dam, water is led to a water turbine.
The water turbine captures the energy in the falling water and changes the hydraulic energy (i.e.,
product of head and flow of water) into mechanical energy at the turbine shaft. The turbine drives the
alternator which converts mechanical energy into electrical energy. Hydro-electric power stations are
becoming very popular because the reserves of fuels (i.e., coal and oil) are depleting day by day.
They have the added importance for flood control. storage of water for irrigation and water for drink-
ing purposes.

Advantages

(7)) It requires no fuel as water is used for the generation of electrical energy.
(if) It is quite neat and clean as no smoke or ash is produced.

(#if) It requires very small running charges because water is the source of energy which is avail-
able free of cost.

(iv) Itis comparatively simple in construction and requires less maintenance.

(v) Itdoesnotrequire a long starting time like a steam power station. In fact, such plants can be
put into service instantly.

(vi) It is robust and has a longer life.

(vif) Such plants serve many purposes. In addition to the generation of electrical energy, they
also help in irrigation and controlling floods.

(viif) Although such plants require the attention of highly skilled persons at the time of construc-
tion, yet for operation, a few experienced persons may do the job well.

Disadvantages
(f/) Itinvolves high capital cost due to construction of dam.

(if) There is uncertainty about the availability of huge amount of water due to dependence on
weather conditions.

(iif) Skilled and experienced hands are required to build the plant.

(iv) Itrequires high cost of transmission lines as the plant is located in hilly areas which are quite
away from the consumers.
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Schematic Arangement of Hydro-electric Power Station

Although a hydro-electric power station simply involves the conversion of hydraulic energy into
electrical energy, yet it embraces many arrangements for proper working and efficiency. The sche-
matic arrangement of a modern hydro-electric plant is shown in Fig. 2.2.

The dam is constructed across a river or lake and water from the catchment area collects at the
back of the dam to form a reservoir. A pressure tunnel is taken off from the reservoir and water
brought to the valve house at the start of the penstock. The valve house contains main sluice valves
and automatic isolating valves. The former controls the water flow to the power house and the latter
cuts off supply of water when the penstock bursts. From the valve house, water is taken to water
turbine through a huge steel pipe known as penstock. The water turbine converts hydraulic energy
into mechanical energy. The turbine drives the alternator which converts mechanical energy into
electrical energy.

A surge tank (open from top) is built just before the valve house and protects the penstock from
bursting in case the turbine gates suddenly close* due to electrical load being thrown off. When the

gates close, there is a sudden stopping of water at the lower end of the penstock and consequently the
penstock can burst like a paper log. The surge tank absorbs this pressure swing by increase in its level
of water.

A\ Surge tank

Reservoir  Pam

Schematic arrangement of a Hydro-electric plant
Fig. 2.2

LAYOUT AND OPERATION OF THERMAL / STEAM POWER STATION

Steam Power Station (Thermal Station)
A generating station which converts heat energy of coal combustion into electrical energy is known
as a steam power station.

A steam power station basically works on the Rankine cycle. Steam is produced in the boiler by
utilising the heat of coal combustion. The steam is then expanded in the prime mover (i.e.. steam
turbine) and is condensed in a condenser to be fed into the boiler again. The steam turbine drives the
alternator which converts mechanical energy of the turbine into electrical energy. This type of power
station is suitable where coal and water are available in abundance and a large amount of electric
power is to be generated.

Advantages
(i) The fuel (i.e., coal) used is quite cheap.
(if) Less initial cost as compared to other generating stations.
(iif) It can be installed at any place irrespective of the existence of coal. The coal can be trans-
ported to the site of the plant by rail or road.
(iv) It requires less space as compared to the hydroelectric power station.
(v) The cost of generation is lesser than that of the diesel power station.

Disadvantages
(/) It pollutes the atmosphere due to the production of large amount of smoke and fumes.
(if) It is costlier in running cost as compared to hydroelectric plant.

DEPARTMENT OF EEE, AITS:: TIRUPATI Page 3



BEEE (Part-A)

Schematic Arangement of Steam Power Station

Although steam power station simply involves the conversion of heat of coal combustion into electri-
cal energy, yet it embraces many arrangements for proper working and efficiency. The schematic
arrangement of a modern steam power station is shown in Fig. 2.1. The whole arrangement can be
divided into the following stages for the sake of simplicity :

1. Coal and ash handling arrangement 2. Steam generating plant

3. Steam turbine 4. Altemnator

5. Feed water 6. Cooling arrangement

1. Coal and ash handling plant. The coal is transported to the power station by road or rail and
is stored in the coal storage plant. Storage of coal is primarily a matter of protection against coal
strikes, failure of transportation system and general coal shortages. From the coal storage plant, coal
is delivered to the coal handling plant where it is pulverised (i.e., crushed into small pieces) in order
to increase its surface exposure, thus promoting rapid combustion without using large quantity of
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Schematic arrangement of Steam Power Station
Fig. 2.1
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excess air. The pulverised coal is fed to the boiler by belt conveyors. The coal is burnt in the boiler
and the ash produced after the complete combustion of coal is removed to the ash handling plant and
then delivered to the ash storage plant for disposal. The removal of the ash from the boiler furnace is
necessary for proper burning of coal.

It is worthwhile to give a passing reference to the amount of coal burnt and ash produced in a
modern thermal power station. A 100 MW station operating at 50% load factor may burmn about
20,000 tons of coal per month and ash produced may be to the tune of 10% to 15% of coal fired i.e.,
2.000 to 3,000 tons. In fact, in a thermal station, about 50% to 60% of the total operating cost
consists of fuel purchasing and its handling.

2. Steam generating plant. The steam generating plant consists of a boiler for the production of
steam and other auxiliary equipment for the utilisation of flue gases.

(i) Boiler. The heat of combustion of coal in the boiler is utilised to convert water into steam at
high temperature and pressure. The flue gases from the boiler make their journey through super-
heater, economiser, air pre-heater and are finally exhausted to atmosphere through the chimney.

(if) Superheater. The steam produced in the boiler is wet and is passed through a superheater
where it is dried and superheated (i.e.. steam temperature increased above that of boiling point of
water) by the flue gases on their way to chimney. Superheating provides two principal benefits.
Firstly, the overall efficiency is increased. Secondly, too much condensation in the last stages of
turbine (which would cause blade corrosion) is avoided. The superheated steam from the superheater
is fed to steam turbine through the main valve.

(iify Economiser. Aneconomiser is essentially a feed water heater and derives heat from the flue
gases for this purpose. The feed water is fed to the economiser before supplying to the boiler. The
economiser extracts a part of heat of flue gases to increase the feed water temperature.

(iv) Air preheater. An air preheater increases the temperature of the air supplied for coal burn-
ing by deriving heat from flue gases. Airis drawn from the atmosphere by a forced draught fan and
is passed through air preheater before supplying to the boiler furnace. The air preheater extracts heat
from flue gases and increases the temperature of air used for coal combustion. The principal benefits
of preheating the air are : increased thermal efficiency and increased steam capacity per square metre
of boiler surface.

3. Steam turbine. The dry and superheated steam from the superheater is fed to the steam
turbine through main valve. The heat energy of steam when passing over the blades of turbine is
converted into mechanical energy. After giving heat energy to the turbine, the steam is exhausted to
the condenser which condenses the exhausted steam by means of cold water circulation.

4. Alternator. The steam turbine is coupled to an alternator. The alternator converts mechanical
energy of turbine into electrical energy. The electrical output from the alternator is delivered to the
bus bars through transformer, circuit breakers and isolators.

5. Feed water. The condensate from the condenser is used as feed water to the boiler. Some
water may be lost in the cycle which is suitably made up from external source. The feed water on its
way to the boiler is heated by water heaters and economiser. This helps in raising the overall effi-
ciency of the plant.

6. Cooling arrangement. In order to improve the efficiency of the plant, the steam exhausted
from the turbine is condensed* by means of a condenser. Water is drawn from a natural source of
supply such as a river, canal or lake and is circulated through the condenser. The circulating water
takes up the heat of the exhausted steam and itself becomes hot. This hot water coming out from the
condenser is discharged at a suitable location down the river. In case the availability of water from
the source of supply is not assured throughout the year, cooling rowers are used. During the scarcity
of water in the river, hot water from the condenser is passed on to the cooling towers where it is
cooled. The cold water from the cooling tower is reused in the condenser.
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LAYOUT AND OPERATION OF NUCLEAR POWER STATION

Nuclear Power Station

A generating station in which nuclear energy is converted into electrical energy is known as a nuclear
power station.

In nuclear power station, heavy elements such as Uranium (Uzss) or Thorium (Thzn) are sub-
jected to nuclear fission® in a special apparatus known as a reactor. The heat energy thus released is
utilised in raising steam at high temperature and pressure. The steam runs the steam turbine which
converts steam energy into mechanical energy. The turbine drives the alternator which converts
mechanical energy into electrical energy.

The most important feature of a nuclear power station is that huge amount of electrical energy
can be produced from a relatively small amount of nuclear fuel as compared to other conventional
types of power stations. It has been found that complete fission of | kg of Uranium (U**) can
produce as much energy as can be produced by the burning of 4,500 tons of high grade coal. Al-
though the recovery of principal nuclear fuels (i.e.. Uranium and Thorium) is difficult and expensive.
yet the total energy content of the estimated world reserves of these fuels are considerably higher than
those of conventional fuels, viz., coal, o1l and gas. At present, energy crisis is gripping us and,
therefore, nuclear energy can be successfully employed for producing low cost electrical energy ona
large scale to meet the growing commercial and industrial demands.

Advantages
(7/) The amount of fuel required is quite small. Therefore, there is a considerable saving in the
cost of fuel transportation.
(#f) A nuclear power plant requires less space as compared to any other type of the same size.
(éif) It has low running charges as a small amount of fuel is used for producing bulk electrical
energy.
(iv) This type of plant is very economical for producing bulk electric power.

(v) It can be located near the load centres because it does not require large quantities of water
and need not be near coal mines. Therefore, the cost of primary distribution is reduced.

(vi) There are large deposits of nuclear fuels available all over the world. Therefore. such plants
can ensure continued supply of electrical energy for thousands of years.

(vif) It ensures reliability of operation.

Disadvantages
(/) The fuel used is expensive and is difficult to recover.
(#{) The capital cost on a nuclear plant is very high as compared to other types of plants.
(fif) The erection and commissioning of the plant requires greater technical know-how.

(iv) The fission by-products are generally radioactive and may cause a dangerous amount of
radioactive pollution.

(v) Maintenance charges are high due to lack of standardisation. Moreover, high salaries of
specially trained personnel employed to handle the plant further raise the cost.
(vf) Nuclear power plants are not well suited for varying loads as the reactor does not respond to
the load fluctuations efficiently.
(vii) The disposal of the by-products, which are radioactive, is a big problem. They have either
to be disposed off in a deep trench or in a sea away from sea-shore.
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Schematic Arrangement of Nuclear Power Station

The schematic arrangement of a nuclear power station is shown in Fig.

can be divided into the following main stages :

(1) Nuclear reactor
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Schematic arrangement of Nuclear Power Station
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(7) Nuclear reactor. It is an apparatus in which nuclear fuel (UZ”) is subjected to nuclear
fission. It controls the chain reaction* that starts once the fission is done. If the chain
reaction is not controlled, the result will be an explosion due to the fast increase in the
energy released.

A nuclear reactor is a cylindrical stout pressure vessel and houses fuel rods of Uranium,
moderator and control rods (See Fig. 2.8). The fuel rods constitute the fission material and
release huge amount of energy when bombarded with slow moving neutrons. The modera-
tor consists of graphite rods which enclose the fuel rods. The moderator slows down the
neutrons before they bombard the fuel rods. The control rods are of cadmium and are
inserted into the reactor. Cadmium is strong neutron absorber and thus regulates the supply
of neutrons for fission. When the control rods are pushed in deep enough, they absorb most
of fission neutrons and hence few are available for chain reaction which. therefore, stops.
However, as they are being withdrawn, more and more of these fission neutrons cause fis-
sion and hence the intensity of chain reaction (or heat produced) is increased. Therefore, by
pulling out the control rods, power of the nuclear reactor is increased, whereas by pushing
them in, it is reduced. In actual practice, the lowering or raising of control rods is accom-
plished automatically according to the requirement of load. The heat produced in the reac-
tor is removed by the coolant, generally a sodium metal. The coolant carries the heat to the

heat exchanger.
Control rod
Coolant St
e
_ Water
\— Uranium
—/
Coolant

circulating pump

Z Moderator (Graphite) j‘— Pressure

\( & vessel
& Reactor

Nuclear Reactor

(if) Heatexchanger. The coolant gives up heat to the heat exchanger which is utilised in raising
the steam. After giving up heat, the coolant is again fed to the reactor.

*  Chain reaction. Nuclear fission is done by bombarding Uranium nuclei with slow moving neutrons. This
splits the Uranium nuclei with the release of huge amount of energy and emission of neutrons (called
fission neutrons). These fission neutrons cause further fission. If this process continues, then in a very
short time huge amount of energy will be released which may cause explosion. This is known as explosive
chain reaction. Bul in a reactor, controlled chain reaction is allowed. This is done by systematically
removing the fission neutrons from the reactor. The greater the number of fission neutrons removed, the
lesser 1s the intensity (i.e., fission rate) of energy released.

(#i7) Steam turbine. The steam produced in the heat exchanger is led to the steam turbine through
a valve. After doing a useful work in the turbine. the steam is exhausted to condenser. The
condenser condenses the steam which is fed to the heat exchanger through feed water pump.

(iv) Alternator. The steam turbine drives the alternator which converts mechanical energy into
electrical energy. The output from the alternator is delivered to the bus-bars through trans-
former, circuit breakers and isolators.
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LAYOUT AND OPERATION OF WIND POWER PLANT
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There is an air turbine of large blades attached on the top of a supporting tower of
sufficient height. When wind strikes on the turbine blades, the turbine rotates due to
the design and alignment of rotor blades. The shaft of the turbine is coupled with an
electrical generator. The output of the generator is collected through electric power
cables.

Working of Wind Turbine

When the wind strikes the rotor blades, blades start rotating. The turbine rotor is
connected to a high-speed gearbox. Gearbox transforms the rotor rotation from low speed to
high speed. The high-speed shaft from the gearbox is coupled with the rotor of the generator
and hence the electrical generator runs at a higher speed. An exciter is needed to give the
required excitation to the magnetic coil of the generator field system so that it can generate
the required electricity. The generated voltage at output terminals of the alternator is
proportional to both the speed and field flux of the alternator.

The speed is governed by wind power which is out of control. Hence to maintain
uniformity of the output power from the alternator, excitation must be controlled according
to the availability of natural wind power. The exciter current is controlled by a turbine
controller which senses the wind speed. Then output voltage of electrical
generator(alternator) is given to a rectifier where the alternator output gets rectified to DC.
Then this rectified DC output is given to line converter unit to convert it into stabilized AC
output which is ultimately fed to either electrical transmission network or transmission grid
with the help of step up transformer. An extra units is used to give the power to internal
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auxiliaries of wind turbine (like motor, battery etc.), this is called Internal Supply Unit.
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LAYOUT AND OPERATION OF SOLAR POWER PLANT
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Solar Energy System

Solar energy is the light and radiant heat from the Sun that control Earth’s climate
and weather and protract life. It is a renewable source of energy and originates with
the thermonuclear process that transfers about 650,000,000 tons of hydrogen to helium
per second. This action produces lots of heat and electromagnetic radiation. The
produced heat remains in the sun and is helpful in upholding the thermonuclear
reaction and electromagnetic radiation together with visible, infrared and ultra-violet
radiation flow out into space in all directions.

Solar energy system is the pollution free source of energy and always available
because, sun is the single source of solar energy (also known as renewable energy or
non-conventional energy) which sits at the central point of solar system and radiate
energy at an tremendously huge and fairly constant rate, per day per year as the form
of electromagnetic radiation. Sun contained huge amount of energy.

Working Principle of Solar Power Plant:

The solar power plant is also known as the Photovoltaic (PV) power plant. It is a large-scale
PV plant designed to produce bulk electrical power from solar radiation. The solar power plant
uses solar energy to produce electrical power. Therefore, it is a conventional power plant.
Solar energy can be used directly to produce electrical energy using solar PV panels. Or there
is another way to produce electrical energy that is concentrated solar energy. In this type of
plant, the radiation energy of solar first converted into heat (thermal energy) and this heat is
used to drive a conventional generator. This method is difficult and not efficient to produce
electrical power on a large scale. Hence, to produce electrical power on a large scale, solar
PV panels are used.
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Photo Voltaic (PV) Principle

Silicon is the most commonly used material in solar cells. Silicon is a semiconductor
material. Several materials show photoelectric properties like; cadmium, gallium
arsenide, etc.

Electron-holes pairs are created in solar cells. The PV materials have the property to
absorb photons of sunlight. The valance band electrons of semiconductor material are
at lower energy and the electrons of conduction band are at a higher energy level. The
difference between this energy level is known as band gap energy E,.

When sunlight falls on solar cells, the difference between photon energy E and
bandgap energy E,is absorbed by the cell. And it excites some electrons to jump
across the bandgap. These electrons move from the valance band to the conduction
band and create holes in the valance band.

Components of Solar Power Plant

The major components of the solar photovoltaic system are listed below.
e Photovoltaic (PV) panel
e Inverter
e Energy storage devices
e Charge controller

e Photovoltaic (PV) Panel
PV panels or Photovoltaic panel is a most important component of a solar
power plant. It is made up of small solar cells. This is a device that is used to
convert solar photon energy into electrical energy.
Generally, silicon is used as a semiconductor material in solar cells. The typical
rating of silicon solar cellsis 0.5V and 6 Amp. And itis equivalent to 3W power.
The number of cells is connected in series or parallel and makes a module. The

number of modules forms a solar panel.
According to the capacity of power plants, a number of plates are mounted and
a group of panels is also known as Photovoltaic (PV) array.

e Inverter
e The output of the solar panel is in the form of DC. The most of load connected
to the power system network is in the form of AC. Therefore, we need to convert

DC output power into AC power. For that, an inverter is used in solar power
plants.

o For alarge-scaled grid-tied power plant, the inverter is connected with special
protective devices. And a transformer is also connected with the inverter to
assures the output voltage and frequency as per the standard supply.

DEPARTMENT OF EEE, AITS:: TIRUPATI Page 12


https://www.electricaltechnology.org/2020/09/series-parallel-and-series-parallel-connection-of-solar-panels.html
https://www.electricaltechnology.org/2020/10/calculation-design-solar-photovoltaic-modules-array.html
https://www.electricaltechnology.org/2013/05/typical-ac-power-supply-system-scheme.html
https://www.electricaltechnology.org/2020/06/types-of-inverters.html
https://www.electricaltechnology.org/2012/02/working-principle-of-transformer.html

BEEE (Part-A)

Energy storage devices

The batteries are used to store electrical energy generated by the solar power
plants. The storage components are the most important component in a power
plant to meet the demand and variation of the load. This component is used
especially when the sunshine is not available for few days.

The capacity of a battery is that how much amount of electrical power it can
store. The capacity of batteries is measured in Ampere-hours (AH) rating.

For example, a battery having 100 AH battery can supply 1 Amp current for 100
hours or 100 Amp current for 1 hour.

For a long life of a battery, never fully discharge a battery. And in case, if a
battery is fully discharged, never keep fully discharged battery for a long time.

The capacity of a battery is affected by the temperature. There is a reduction of
0.6% of capacity for every degree Celsius rise in temperature more than 25° C.

There are two types of batteries used in the solar power plant;
Lead-Acid battery

Nickel-Cadmium battery

Charge Controller

A charge controller is used to control the charging and discharging of the
battery. The charge controller is used to avoid the overcharging of the battery.
The overcharging of a battery may lead to corrosion and reduce plate growth.
And in the worst condition, it may damage the electrolyte of the battery.
Sometimes, the charge controller is termed a solar battery charger. There are
many technologies used to make a charge controller. For example, the most
popular technique is the MPPT charge controller that is known as “Maximum
Power Point Tracking”. This algorithm is used to optimize the production of PV
cells.
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TYPICAL AC POWER SUPPLY SCHEME

An electric supply system consists of three principal components viz., the power station, the
transmission lines and the distribution system. Electric power is produced at the power stations
which are located at favourable places, generally quite away from the consumers. It is then transmit-
ted over large distances to load centres with the help of conductors known as transmission lines.
Finally, it is distributed to a large number of small and big consumers through a distribution network.

The electric supply system can be broadly classified into ()
d.c. or a.c. system (ii) overhead or underground system. Now-a-
days, 3-phase, 3-wire a.c. system is universally adopted for gen-
eration and transmission of electric power as an economical
proposition. However, distribution of electric power is done by
3-phase, 4-wire a.c. system. The underground system is more
expensive than the overhead system. Therefore, in our country,
overhead system is *mostly adopted for transmission and distri-
bution of electric power.

Typical a.c. Power Supply Scheme

The large network of conductors between the power station
and the consumers can be broadly divided into two parts viz.,
transmission system and distribution system. Each part can be
further sub-divided into two—primary transmission and second-
ary transmission and primary distribution and secondary distri-
bution. Fig. 7.1. shows the layout of a typical a.c. power supply
scheme by a single line diagram. It may be noted that it is not
necessary that all power schemes include all the stages shown in
the figure. For example, in a certain power scheme, there may
be no secondary transmission and in another case, the scheme
may be so small that there is only distribution and no transmis-
sion.

() Generating station : In Fig 7.1, G.S. represents the
generating station where electric power is produced by 3-phase
alternators operating in parallel. The usual generation voltage is
#11 kV. For economy in the transmission of electric power, the
generation voltage (i.e., 11 kV) is stepped upto 132 kV (or
**more) at the generating station with the help of 3-phase trans-
formers. The transmission of electric power at high voltages has
several advantages including the saving of conductor material
and high transmission efficiency. It may appear advisable to use
the highest possible voltage for transmission of electric power to
save conductor material and have other advantages.
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well as the cost of switchgear and transformer equipment is increased. Therefore, the choice of
proper transmission voltage is essentially a question of econom-
ics. Generally the primary transmission is carried at 66 kV, 132 Service Mains
kV. 220 kV or 400 kV. T I T
(if) Primary transmission. The electric power at 132 kV A
is transmitted by 3-phase, 3-wire overhead system to the out- '%00
skirts of the city. This forms the primary transmission. . S

: o o S
(iify Secondary transmission. The primary transmission line DS Roer, | R

terminates at the receiving station (RS) which usually lies at the Yor
outskirts of the city. At the receiving station, the voltage is re- «—— iUt C
duced to 33kV by step-down transformers. From this station, oY
electric power is transmitted at 33kV by 3-phase. 3-wire over- D
head system to various sub-stations (5S) located at the strategic

points in the city. This forms the secondary transmission. Fig. 7.2

(iv) Primary distribution. The secondary transmission line terminates at the sub-station (SS)
where voltage is reduced from 33 kV to 11kV, 3-phase, 3-wire. The 11 kV lines run along the
important road sides of the city. This forms the primary distribution. It may be noted that big con-
sumers (having demand more than 50 kW) are generally supplied power at 11 kV for further handling
with their own sub-stations.

(v) Secondary distribution. The electric power from primary distribution line (11 kV) is deliv-
ered to distribution sub-stations (DS). These sub-stations are located near the consumers’ localities
and step down the voltage to 400 V. 3-phase, 4-wire for secondary distribution. The voltage between
any two phases is 400 V and between any phase and neutral is 230 V. The single-phase residential
lighting load is connected between any one phase and neutral, whereas 3-phase. 400 V motor load is
connected across 3-phase lines directly.

Elements of a Transmission Line
For reasons associated with economy, transmission of electric power is done at high voltage by 3-
phase, 3-wire overhead system. The principal elements of a high-voltage transmission line are :
(f) Conductors, usually three for a single-circuit line and six for a double-circuit line. The
usual material is aluminium reinforced with steel.
(éf) Step-up and step-down transformers, at the sending and receiving ends respectively. The
use of transformers permits power to be transmitted at high efficiency.
(iéi) Line insulators, which mechanically support the line conductors and isolate them electri-
cally from the ground.
(iv) Support, which are generally steel towers and provide support to the conductors.
(v) Protective devices, such as ground wires, lightning arrestors, circuit breakers, relays etc.
They ensure the satisfactory service of the transmission line.
(vi) loltage regulating devices, which maintain the voltage at the receiving end within permis-
sible limits.
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Conductor MaterialS

The conductor is one of the important items as most of the capital outlay is invested for it. Therefore,
proper choice of material and size of the conductor is of considerable importance. The conductor
material used for transmission and distribution of electric power should have the following properties :

{(f) high electrical conductivity.

{if) high tensile strength in order to withstand mechanical stresses.

(fif) low cost so that it can be used for long distances.
(iv) low specific gravity so that weight per unit volume is small.

All above requirements are not found in a single material. Therefore, while selecting a conduc-
tor material for a particular case, a compromise is made between the cost and the required electrical
and mechanical properties.

Commonly used conductor materials. The most commonly used conductor materials for over-
head lines are copper. aluminium, steel-cored aluminium, galvanised steel and cadmiuvm copper.
The choice of a particular material will depend upon the cost, the required electrical and mechanical
properties and the local conditions.
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Line Supports

The supporting structures for overhead line conductors are various types of poles and towers called
line supports. In general, the line supports should have the following properties :

(/) High mechanical strength to withstand the weight of conductors and wind loads etc.
(if) Light in weight without the loss of mechanical strength.
(iif) Cheap in cost and economical to maintain.
(iv) Longer life.

(v) Easy accessibility of conductors for maintenance.

The line supports used for transmission and distribution of electric power are of various types
including wooden poles, steel poles, R.C.C. poles and lattice steel towers. The choice of supporting
structure for a particular case depends upon the line span, X-sectional area, line voltage, cost and
local conditions.

Insulators

The overhead line conductors should be supported on the poles or towers in such a way that currents
from conductors do not flow to earth through supports i e., line conductors must be properly insulated
from supports. This is achieved by securing line conductors to supports with the help of insulaiors.
The insulators provide necessary insulation between line conductors and supports and thus prevent
any leakage current from conductors to earth. In general, the insulators should have the following
desirable properties :

(i) High mechanical strength in order to withstand conductor load, wind load etc.
(if) High electrical resistance of insulator material in order to avoid leakage currents to earth.
(iif) High relative permittivity of insulator material in order that dielectric strength is high.
(iv) The insulator material should be non-porous, free from impurities and cracks otherwise the
permittivity will be lowered.
(v) High ratio of puncture strength to flashover.

The most commonly used material for insulators of overhead line is porcelain but glass, steatite
and special composition materials are also used to a limited extent. Porcelain is produced by firing at
a high temperature a mixture of kaolin, feldspar and quartz. It is stronger mechanically than glass,
gives less trouble from leakage and is less eftected by changes of temperature.

Location of Voltage Control Equipment

In a modern power system, there are several elements between the generating station and the consum-
ers. The voltage control equipment is used at more than one point in the system for two reasons.
Firstly, the power network is very extensive and there is a considerable voltage drop in transmission
and distribution systems. Secondly, the various circuits of the power system have dissimilar load
characteristics. For these reasons ., itis necessary to provide individual means of voltage control for
cach circuit or group of circuits. In practice, voltage control equipment is used at :
(f) generating stations
(#i) transformer stations
(iif) the feeders if the drop exceeds the permissible limits

Methods of Voltage Control

There are several methods of voltage control. In each method. the system voltage is changed in
accordance with the load to obtain a fairly constant voltage at the consumer’s end of the system. The
following are the methods of voltage control in an *a.c. power system:
(f) By excitation control
(if) By using tap changing transformers
(iif) Auto-transformer tap changing
(iv) Booster transformers
(v) Induction regulators
(vi) By synchronous condenser
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Power Transformers. A power transformer is used in a sub-station to step-up or step-down
the voltage. all the subsequent sub-stations use step-down transform-
ers to gradually reduce the voltage of electric supply and finally deliver it at utilisation voltage. The
modern practice is to use 3-phase transformers in sub-stations

Protective Devices:

Switches. A switch is a device which is used to open or close an electrical circuit in a
convenient way. It can be used under full-load or no-load conditions but it cannot interrupt the fault
currents. When the contacts of a switch are opened, an *arc is produced in the air between the
contacts. This is particularly true for circuits of high voltage and large current capacity. The switches
may be classified into (i) air switches (i) oil switches. The contacts of the former are opened in air
and that of the latter are opened in oil.

Fuses. A fuseis a short piece of wire or thin strip which melts when excessive current flows
through it for sufficient time. It is inserted in series with the circuit to be protected. Under normal
operating conditions, the fuse element it at a temperature below its melting point. Therefore, it
carries the normal load current without overheating.

Instrument transformers. The lines in sub-stations operate at high voltages and carry
current of thousands of amperes. The measuring instruments and protective devices are designed for
low voltages (generally 110 V) and currents (about 5 A). Therefore, they will not work satisfactorily
if mounted directly on the power lines. This difficulty is overcome by installing instrument trans-
Jormers on the power lines. The function of these instrument transformers is to transfer voltages or
currents in the power lines to values which are convenient for the operation of measuring instruments
and relays. There are two types of instrument transformers viz.

(i) Current transformer (C.T.) (if) Potential transformer (P.T.)

Circuit breakers. A circuit breaker is an equipment which can open or close a circuit under
all conditions viz. no load, full load and fault conditions. It is so designed that it can be operated
manually (or by remote control) under normal conditions and automatically under fault conditions.
For the latter operation, a relay circuit is used with a circuit breaker.

Relays. A relay is a device which detects the fault and supplies information to the breaker
for circuit interruption.
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Under normal load conditions, the e.m.f. of the secondary winding of C.T. is small and the
current flowing in the relay operating coil is insufficient to close the relay contacts. This keeps the
trip coil of the circuit breaker unenergised. Consequently, the contacts of the circuit breaker remain
closed and it carries the normal load current. When a fault occurs, a large current flows through the

primary of C.T. This increases the secondary e.m.f. and hence the current through the relay operating
coil. The relay contacts are closed and the trip coil of the circuit breaker is energised to open the
contacts of the circuit breaker.
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TYPES OF DISTRIBUTION SYSTEMS: PRIMARY AND SECONDARY
DISTRIBUTION SYSTEMS

Now-a-days electrical energy is generated, transmitted and distributed in the form of alternating cur-
rent. One important reason for the widespread use of alternating current in preference to direct
current is the fact that alternating voltage can be conveniently changed in magnitude by means of a
transformer. Transformer has made it possible to transmit a.c. power at high voltage and utilise it at
a safe potential. High transmission and distribution voltages have greatly reduced the current in the
conductors and the resulting line losses.

There is no definite line between transmission and distribution according to voltage or bulk
capacity. However, in general, the a.c. distribution system is the electrical system between the step-
down substation fed by the transmission system and the consumers’ meters. The a.c. distribution
system is classified into (f) primary distribution system and (if) secondary distribution system.

(/) Primary distribution system. It is that part of a.c. distribution system which operates at

voltages somewhat higher than general utilisation and handles large blocks of electrical
energy than the average low-voltage consumer uses. The voltage used for primary distribu-

tion depends upon the amount of power to be conveyed and the distance of the substation
required to be fed. The most commonly used primary distribution voltages are 11 kV, 6-6
kV and 3-3 kV. Due to economic considerations, primary distribution is carried out by 3-
phase, 3-wire system.

¢——— Primary distribution———»
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Fig. 12.2

Fig. 12.2 shows a typical primary distribution system. Electric power from the generating station
is transmitted at high voltage to the substation located in or near the city. At this substation, voltage
is stepped down to 11 kV with the help of step-down transformer. Power is supplied to various
substations for distribution or to big consumers at this voltage. This forms the high voltage distribu-
tion or primary distribution.
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(fi) Secondary distribution system. It is that part of a.c. distribution system which includes the
range of voltages at which the ultimate consumer utilises the electrical energy delivered to
him. The secondary distribution employs 400/230 V, 3-phase, 4-wire system.

Fig. 12.3 shows a typical secondary distribution system. The primary distribution circuit deliv-
ers power to various substa-
tions, called distribution sub-
stations. The substations are
situated near the consumers’
localities and contain step-
down transformers. At each
distribution substation, the
voltage is stepped down to 400
V and power is delivered by
3-phase.4-wire a.c. system.
The voltage between any two
phases i1s 400 V and between
any phase and neutral is 230
V. The single phase domestic
loads are connected between
any one phase and the neutral,
whereas 3-phase 400 V motor
loads are connected across 3-
phase lines directly.

Power transformer
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1 1 1 A
3-Phase 1 1 Phase Y 400V
P ¥ ' 400 V 7} L
3-Wire 1 1 Phase B 400V ¢ 230V 230V
. A
1
: : _ | Neutral = Sl 239 v v al
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:Distn'bution transformen 1 : 1 <
i____1o4kv __ | i | Al
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[m—————— I ' I
i 1 L B
' 1 / 1
' I . 1
' i t
===z B =5| | A==
! 1
N I 1 1
' p=0 R
DQ & |pQ &8  L=1pq e
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1
1
1
1
1
|
|
1
==z ==:] 1
Factory 3-Phase x
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Fig. Secondary Distribution Systems
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