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Alternating Current
Fundamentals and Circuit

1.1 ALTERNATING QUANTITY

An alternating quantity is that which acts in alternate directions and whose
magnitude undergoes a definite evele of changes in definite intervals of time.,
When 2 simple loop revolves in 2 magnetie field, an alternating emf is induced
in the loop. 11 the loop revolves with an uniform angular velocity the induced
alternating emf is sinusoidal in nature. The alternating quantity may have
various other wave forms like triangular, semicircular, stepped. distorted, ete.
as shown in Fag. 1), (B), (ed and (d), respectively, The graph repeats sfter
regular intervals. One complete set of positive and negetive values of an
alternating quantity is called a cycle. The important alternating quantities, f{r)
that will be discussed in the chapter are cuerent and voliage,

1.2 ALTERNATING VOLTAGE

Altermating voltage may be generated by
(a) BY rotating a coil in a stationary magnetic field,
(b} BY rotating a magnetic field within a stationary coil,
The value ol the voltage gencrated in cach case depends on:
(i} The number of turns in the coils,
(i} The strength of the field.
(1} The speed at which the coil or magnetic ficld rotates.
(4} Maximum flux links with the coil when its plane is in vertical
position {perpendicular) wo the direction of flux between the poles.
iby When the plane ot a coil is horizontal no flux links with the coil.
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Fig.1.2

(e) Ifatany instam the flux linked ¢ is given by
o=d,co5 0
where
@, = Max Mux which can link with the coil.
1= Time taken bY coil to move through an angle 8 from e vertical
position and w is the angular velocity, then 8 = wrand ¢ = o
cos Wi,
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o
Instantaneous emfie = —,'\"—cl
dr
e =wNQ,,, sinwt

* Number of e¥eless called the frequency of the alternating quantity.
* Time taken by an allernating quantity to complete the evcle is called its

lime period.

r=1.
T
N # g
r \
E. |/
. - - >

A targ=wl
, ,
N\ e

T—oycla=W1 -
Fig. 1.3

1.3 AC WAVEFORMS

When an alternator produces AC voltage, the voltage switches polarity over
time, but does so in @ very particular manner, When graphed over time, the
“wave” traced by this voltage of alternating polarity from an aliemator takes
on a distinct shape, known as a sine wave:

Tirme "

Fig. 1.4 Graph of AC vollage over Urre {the sine wave)

In the voltage plot from an electromechanical alternator, the change from
one polarity fo the other is 8 smooth one, the voltage level changes most
ropidly at the zero (“crossover™) point and most slowly at its peak. If we were
o graph the rigonomelric function of “sine™ over a horizental range of 0 o
360 degrees, we would find the exact same pattern:
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Angle in degrees Sine (anole}
a 0.0000 — zem
15 0.2588
an 0.5000
45 0.7071
&0 0.8660
75 - 0.9650
a0 - 1.0000 — positive paak
105 0.8658
120 06660
135 . 0.7071
150 05000
165 - 0.2588
180 0.0000 ]
185 —0.2588
210 —0.5000
225 -0.7071
240 ~0.8660
255 -0.9658
270 - —1.0000¢
285 -0.0650
00 - -0.BE60
415 - -0.70M
330 —0.5000
345 . —0.2588
360 0.0000 — zomo

The reason why an electromechanical alternator produces outpul sine-
wave AC is due to the physies of its operation. The voltage produced by the
stationary coils bY the moetion of the rotating magnet is proportional Lo the rate
at which the magnetic flux is changing perpendicular to the coils (Faraday’s
Law of Electromagnetic Induction). That rate is greatest when the magnet
poles are closest 1o the eoils, and least when the magnet poles are furthest from
the coils. Mathematically, the rate of 1 tic flux change due to a rolating
magnet follows that of a sine function, so the voltage produced by the coils
follows that same function.

If we were to follow the changing veltage produced by a coil in an
alternator from any point on the sing wave graph to that point when the wave
shape begins to repeat itsell, we would have marked exactly one evele of that
wave, This is most easily shown by spanning the distance between identical
peaks, but ma¥ be measured between an¥ corresponding points on the graph,
The degree marks on the horizontal axis of the graph represent the domain of
the trigononetric sine function and also the angular position of our simple two-
pole alternator shalt as it rotales.
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1.4 ADVANTAGES OF SINE WAVE
. Any perindic non-sinusoidal wave can be expressed as the sum of a
numbet of sine wave of different [requencies.
. Sine wave can be expressed in a simple mathematical form,
. The resultant of two or more quantities varying sinusoidally at the same
freg ¥ is another idal quantity of same frequency,
Rate of change of an¥ sinusoidal quantity is also sinusaidal.

12

w

tal

1.5 CYCLE

A cyele may be defined as one complete set of positive and negative values of
an alternating guanlity repealing at equal intervals. Each complete eyele is
spread over 3607 electrical as shown in Fig, 1.5,

- .\\
.\
i kY A
& 3r", an
0 RE 270, 360,
- 1- Cycle™ AN ,"

Fig. 1.5

1.6 PERIODIC TIME

The time taken by an allernating quantity in seconds 1o trace one complete
c¥ele is called periodic time or time-period, It is uswally denoted by s¥ymbol T,
1.7 FREQUENCY

The number af cyeles per second is called frequency and is denoted by
s¥mbol f.

1

Thus, ==
: T
1

or, T=—
f

1f the angular velocity w is expressed in radians per second, then

n

W= —=

T

=2y
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1.8 PHASE DIFFERENCE

Let &P and 00 be the two vectors (more .
preferred to be called phasors) representing PN
two allernating  quantities of the same -
frequency at an¥ instant. The angle ¢ between
them is called the phase angle,

The direetion of rotation in counter ¢lock-
wise direetion is usually taken as positive, 1f
OF and OF represent voltage and current
vectors, then

o = 0} sin wt
and. i=0Fsin(wi— o)
where, ¢ is called the phase difference. In above phasor OQ is said 1o lead the
phasor OF,
The phase’ of an AC wave may be defined as its position with respect to a
reference axis or reference wave,
Phase angle as the angle of lead or lag with respect 1o reference axis or

N \ — Phase shilt = i degrees
—+ A s ahead of B because
A altains it maximum or minimum
o bekre B
\, —+ A lnads &
N e Blags A
Fig. 1.7

with respect o another wave.
+ A s o degree ahead of B,

‘o . . o .
» A attains its maxima o degrees before # or z—! second degrees or
s

{rd .
w= n'!{r = —} sec hefore 8.
W

o=wf

before o o
t — T sec
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1.9 PHASOR NOTATION

Sinusoidal quantities can be represented by a function.
48

S =¥ ey e s

Wi

Fig. 1.8

This function has constant magnitude ¥ and as ws moves through 0 ot 21

radians.
OA =¥, cost, OB=F_ sin@

of

0 = (04) + j{08) B=1an ' —

) 7 o

bY Euler theorem ™ = cos @ 4 Jsin@
| L £B=F (cosB 4+ jsinl)

OC -0i +, OB

o rectangular

OC| =% « 77 where O = tan " plx
oc| = 4 vyt

Vo=V, 28, Vy- T, 28,

s (B + B0+ Fsin (8 + 8,)]

Then FyFy = V¥, 28,8, =

L8, =8, =V, [cos (8, - 8,)+ j sin (0, - 84]

ViV, =

[ A

. L8, +, 28,

= l",,‘ (cos 8 = jsin )+ }'ﬂ__ (cos 8, + § sin B,)

Vb =(¥, cos@ 4 ¥, cosd, |+ (1, sing +¥,
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Phasor disgram:

i, sinB= V¥, 20 8=t

Vo= ¥ sin{wr + o) = V,‘,__ o (means V5 leads, ¥, by angle a”)

Fig. 1.9

1.10 MEASUREMENTS OF AC MAGNITUDE
So far we know that AC veltage alternates in polarity and AC current alternates
in direction. We also know that AC can altemnate in a variety of different w
and by tracing the alternation over lime we can plot it as & “wavelorm”, We

1l
measure the rate of alternation bY measuring the time ii wmkes for a wave to
evolve before it repeats itsell (the “period™), and express this as cycles per unit
time, of “frequency”. In music, frequency is the sume as pitch, which is the

cssential property distinguishing one note trom another,
bl

However. we T @ measurement p if we 1y 10 express how
farge or small an AC quantity is, With DC, where quaniities of voltage and
current are generally stable, we have litle trouble expressing how much
vollage or current we have in an¥ part of a circuit. But how do You grant a
single measurcment of magnitude to something that is constantly changing?

One wa¥ to express the intensity, or magnitude (alse called the amplitude),
of an AC quantity is to measure its peak beight on o waveform graph. This is
known as the peak or erest value of an AC waveform:

Time .
Fig. 1.10

Another way is to measure the iotal height between oppasite peaks. This is
known as the peak-to-peak (I'-P) value of an AC waveform.
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Unfortunatel¥, either one of these expressions of waveferm amplitude can
be misleading when comparing two different t¥pes of waves. For example, a
square wave peaking at 10 velts is obviously a greater amount of voltage fora
greater amount of time than a triangle wave peaking at 10 volts, The effeets of
these two AC voltages powering a load would be quite different.

Aaak-do-peak

Time -
Fig. 1.11

0y

Time L

.« More haat | . Less heat
10N o . snergy 10V

b d
fosak) T2 assipated  (Peak)

saargy
disslpaled

{Same lord resistanca)

Fig. 112

One way of cxpressing the amplitude of different wave-shapes in a more
cquivalent fashion is to mathema 1Y average the values of all the points on
the h of a waveform
o a single, aggregate
number. This amplitude
measure 15 known as the
average  value of  the
waveform, If we average
all the points on  the
waveform  algebraically
(that is, to consider their
sign, either positive or

+
o0

True average vake of all points
(considering their signs) is zero.
negative), the  average Fig. 1.13
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value for most waveforms is technically zero, because all the positive points
cancel all the negative points over a full cyele.

This, of course, will he true for any waveform having equal-area portions
above and below the “zero™ line of a plot, However, as a practical measure of a
waveform’s aggregate valy average” is usually defined as the mathematical
mean of all the points’ absolute values over a c¥ele. In other words, we
caleulate the practical average value of the waveform by considering all poims
on the wave as positive quantitics as if the waveform looked hike this:

+ 4

+ ;H:
>
8
e
Praciieal average of poinis, all
values assumed to be positive
Fig. 1.14
Polarity-insensitive mechanical meter movements (meters designed to

respond equally 1o the positive and negative half-cyeles of an alternating
voltage or current) register in proportion 1o the wavelorm’s (practical) average
value, because the inertin of the pointer against the ension of the spring
naturally averages the force produced by the varying voltage/current values
over time, Conversely polarity-sensitive meter movements vibrate uselessly if
exposed 0 AC voltage or current, their needles oscillating rapidly about the
zero mark. indicating the true (algebraic) average value of zero for a
s¥mmetrical waveform. When the “average” value of a waveform is referenced
this text, it will be assumed that the “practical™ definition of average is
intended unless otherwise specified.
Another method of deriving an ag;
based on the waveform's amlity to do useful work when applied to a load
resistanee. Unfortunately, an AC measurement based on work performed by a
waveform is not the same as that waveform's average value, because the power
dissipated by a given load (work performed per unit time) is vot directly
proportional to the magnitude of either the voltage or current impressed upon
it. Rather, power is proportional to the square of the voltage or current applicd
to a resistance (# = YR, and P = PR). Although the mathematics of such an
amplitude measurement might not be straightforward, the utility of it is,

¢ value for wavelomm amplitude is

Current would produce the same amount of heat cnergy
through an equal resistance:
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4 SARMS e

10V 7
RMS".
« 5ARMS > S
Equal power dissipated through
“ 5 - enual (esislance koads
sow s
10w 20 % powor
17 dissipaies
EA—
Fig. 115

In the two eirenits above, we have the came amount of lead resistance
(2 £2) dissipating the same amount of power in the form of heat (30 wails), one
powered by AC and the other by DC, Because the AC voltage source pictured
above is equivalent (in terms of power delivered to a load) to a 10 volt DC
battery, we would call this a =10 volt" AC source, More specilically, we would
denote its vollage value as being 10 volls RMS, The gualifier “RMS” stands
for Root Mean Square, the algorithm wsed to obtain the DC equivalent value
from point on a graph (essentially, the procedure consists of squaring all the
positive and negative points on a waveform graph, averaging those squared
values, then taking the square root of the average to obtain the final answer).
Sometimes the alternative terms equivalent or DC equivalent are used instead
of “RMS™, but the quantity and principle are both the same.

RMS amplinede measurement is the best wa to relate AC quantities to DC
quantities, or other AC quantities of differing waveform shapes, when dealing
with measurements of electric power. For other considerations, peak or peak-
to-peak measurements may be the best o employ. For instance, when
determiming the proper size of wire (ampacit¥ ) to conduct ¢lectric power from
a souree 0 2 load, RMS current measurcment is the best to use, because the
principal concern with current 1s overheating of the wire, which is a function of
power dissipation caused by current through the resistance of the wire.
However, when mating insulators for service in high-voltage AC applications,
peak voltage measurements are the mast appropriate, because the principal
concern here is insulator “flashover” caused by brief spikes of voltage,
respective of time.

@

Peak and peak-to-peak measurements are best performed with an
oscilloscope, which can capture the crests of the waveform with a high degree
of accuracy due to the fast action of the cathode-ra¥-tube in response to
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changes in voeltage. For RMS measurements, analog meter movements (D°
Arsonval, Weston, iron vane, electredynamometer) will work so long as they
have been calibrated in RMS [igures. Because the mechanical inertia and
dampening effects of an electromechanical meter movemeni makes the
deflection of the needle naterally proportional to the average value of the AC,
not the true RMS value, analog meters must be specifically calibrated {or mis-
calibrated depending on how You look at it) to indicate voltage or current in
RMS units. The accuracy of this calibration depends on an assumed
reshape, usually 2 sine wave.

Llectronic meters specifically designed for RMS measurement are best for
the task. Some ins turers have desi 1 ingenious methods for
determining the RMS value of an¥ waveform, One such manufacturer
produces “True-RMS" meters with a tiny res
a voltage proportional 1o that being measured. The heating effect of that
resistance clement is measured thermally o give a true RMS value with no
mathematical calculations whatsaever, just the laws of ph¥sics in action in
fulfilment of the definition of RMS. The accuracy of this type of RMS
measurement is independent of waveshape.

Wi

stive heating element powered by

For “pure” waveforms, simple conversion coefficients exist for equating
peak, peak-to-peak, average (practicn], not algebraic), and RMS measurements
ather:

1o one 3

, . RS = (1707 (Pask)
y . - AVG = 0637 (Peak)
" /PP =2 (Peak)

PP =2 [Peak)

RMS = 0.577 (Paak)
- . AVG = 0.5 (Paak)
s A P-F = 2 (Peak}

Fig. 1.16
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In addition 1o RMS average, peak {erest) and peak-to-peak measures of an
AC waveform, there are ratios expressing the proportionality between smine of
these fundamental measurements. The crest factor of an AC wavelorm, for
mstance, is the ratio of its peak (crest) value divided by s RMS value, The
form factor of an AC waveform is the ratio of its RMS value divided by its
average value. Square-shaped waveforms always have crest and foom lactors
equal to 1, since the peak is the same as the RMS and average values.
Sinusoidal waveforms have crest factors of 1414 (the square root of 2) and
form factors of L.11. Triangle- and sawtooth-shaped waveforms have crest
values of 1.732 {the square root of 3} and form Taciors of 2.

Bear in mind that the conversion constant shown here for peak, RMS and
average amplitudes of sine waves, square waves, and triangle waves hold true
only for pure forms of these waveshapes. The RMS and average values of
distorted waveshapes are not related by same ratios.

/ N RMS = 277
> AVG =TT
/ P-P = 2 (Peak)

Fig. 117

This is a very important concept to understand when using an analog meter
movement to measure AC voltage or current. An analeg movement, calibrated
to indicate sine-wave RMS amplitude, will only be accurate when measuring
pure sine waves. 1f the waveform of the voltage or current being measured is
an¥thing but a pure sine wave, the indication given by the meter will not be the
true RMS value of the waveform. because the degree of needle deflection inan
analog meter movement is proportional to the average value of the waveform,
not the RMS. RMS meter calibration 15 obtained by skewing the span of the
meter so that it displays a small multiple of the average value, which will be
cqual to be the RMS value for a particular waveshape and a parucular
wiveshape only.

Sinee. the sing-wave shape is most common in ¢lectrical measurements, it
15 waveshape assumed for analog meter calibration and the amall multiple used
the calibration of the meter is 11107 (the form factor 72 divided by the
crest factor 1.414: the ratio of RMS divided by average for a sinusoidal
waveform) AnY waveshape other than a pure sine wave will have a differemt
ratio of RMS and average values, and thus a meter calibrated for sine-wave

voltage or current will not indicate true RMS when reading 2 non-sinusoidal
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‘¢, Bear in mind that this limitation applics onl¥ to simple, analog AC
meters not employing “True-RMS™ technology,

A sinuseidal wave continuously changes in magnitade and reverse it
direction at regular interval. So it is possible to state the value of AC as simple
as DT, So for this, we take four different values for indication of AC. These
are:

(i} instantancous value

(i1} maxinmum or peak value
(i} sverage or mean value
(iv) effective or rms value

1.11 EFFECTIVE, VIRTUAL OR ROOT-MEAN-SQUARE (RMS})
VALUE OF AN ALTERNATING QUANTITY

The effective value of an alternating current is that value of direct current
which when applied 10 a given circuit for a given time produces the same
expenditure of energy as produced by the alternating current when flowing
through the same circuit for the same period. [tis also known as virtual or RMS
value of alternating current. The effective value of an alternating
also be defined likewise.

@ vollage can

RMS value or effective value:
The effective value of an alternating guantity ma¥ be determined by the
following two methods.

(a} Integral method

() Giraphic method

For non-sinusoidal waves, graphic method is more suitable.

1.11.1 Integral Method
Let fir) be any Tunction then the RMS value of function f{) is

f N 2

UM j ey dt

RS {f;—ﬁ],}

+ The rms (or effective) value of an allernating eurrent is given by that

steady ([DC) current which when flowing through a given ckt fora given

time produces the same heat as produced by the AC when flowing
through the same cki for the same time,

0 & periedlic current i = [ sin oo Mowing through a resistance R,
« Instantancons power absorbed by / isp
n= PSR
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+ Average power absarbed aver a complete cyele or time Tis

+ For a sinusoudal wave

=, sin o

M 12
Ty = ?_!:{ﬂ‘:ff]
- 2

; 2
Lr,s .»

= —Il;sln'm;.dr
TU

Ee eps -
_ lJ"r; (l u:b.mf]mjl
o

. . s
[ ¢ sin '.‘u:f]
2 4w Sy

P Lr] 5
= [‘r" (%—n]] isin 2o =sin 2.2 nfi =sin 2.":;

when r= I" {sin 2e0 = sin 4 = 0

+ Ratio of maximwm value to the RMS value is known as crest or peak
Jactor or amplitude factor.

+ Ratio of effective value W average value is known as jorm factor
RMS value
Average value

form factor =
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1 e "
ora7 X ‘
0.637
\ RMS . Peak
L vewe | vaue
R A
/ Valug

Fig. 118

1.11.2 Graphic Method

In Fig. 1.19(a) a posiive half c¥ele of an unsymmetrica

alternating current is

shown, Divide the period Tinio n equal intervals of time — seconds, Let the
n

mstantancous middle values of current in the intervals be i, iy, iy, . 8, IER be
the resistance of the eircuit through which var¥ing current is passed, then:

Heat produced in:

. T
Istinterval = i & — waits
n

Flg. 1.9
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2nd interval =

il RE walls
"

. T
Ird interval = i B — waits
: n

. 2, T
nth interval = i7 — watts
n
. Total heat produced in the interval ¥

= &RTWHM (A)

1f 4 is the effective value of current, then o] heat produced in time T
= FRT watts (B)

By definition the wtal gmounts of heat produced as given by equations (A)
and (1) should be equal.

FRT=

or,

Alternative procedure:
If a curve is plotted in /* against time as shown in Fig. L19(b}. then

s o T
Arca of Ist interval = if —
n

. LT
Area of 2nd mterval = & —
"
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Total area ODMNT
Time interval T n

Hence, from equation

Total area QDMNT

Time interval

Thus, effective value can be determined graphically by taking out the
square root of the average of tolal arca cecupicd by the square values of the
alternating quantity in a given interval,

Similarly,

the effective value of an alternating voltage is given by,

ve value will be given
by,

where, ¥ is the peak value of the si 11y var¥ing al ing voltge.

112 AVERAGE VALUE
The average valuz of an alternating current is given by that direct current
which transfers across any circuil, the same charge is transferred by the given
alternating current.

1710 is any function, then average value of fr) is

it [rnaw

1121 Integral Method

In case of a symmetrical altemating quantity, the average value over a
complete oy zero, So the average value is obtained by considering faelf o
cyele anfy. If the wave is unsymmetrical, the average value can only be found
out by considering the whole cyele.

For a sine wave, instantancous value is given by,

=i, sint
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1f i is the average value

Consider small interval d0 as shown in Fig. 1.2
of current in the interval, then area of elementary sirip = {df).

Total area of half cyele
=

= Iide

Henee, the uvernge value of current is given by two ways.

j 1, sin8d8

0

by

1, 3
[ -cos)
= [-eos0],

2/,

n
=0.6371,

Similarly, for allerating sine voltage £, = =
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(ii)

-~
I
==
Py

T2

s _[ I singw ).

1
T

T2

-1,.2 wi
= —=—| cos— —cosl
Tw 2

i
||
2
Bl

cos 0]

1.12.2 Graphical Method

For an uns¥mmetricel wave os shown in Fig, 1.1%a), arca of curve

=ttt i,,).i

n

(i +iy +iy +...+r',].T

1= "
e T

B UR S e
n
113 FORM FACTOR

The form factor is defined as the ratio of the effective value to the average
value of an alternating quantity.
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For a sine wave,
Effective or RMS value

Form factor
Average value

1, ?{!?f
C0eaTl, 6371,

1.14 PEAK OR CREST FACTOR
Tt is defined as the ratio of peak value of the effective value of an alternating
wave,
Fora sine wave,
Peak value

Peak factor = ———
RMS value

I

= " =414
0.707

115 OPERATOR/

An alternating voltage or current is a plmsor quantity, but since lhc
L it must be represen

instantaneous values are changing
bY a rolating vector phasor.
+ A phasor is a vector rotating af a constant angular velocity.
+ jis defined as an operator which turns a phasor by 90 (CCW) without
changing the magnitude of phasor
=1 A90°, fr=r 2907

1.16 CIRCUIT WITH PURE RESISTANCE ONLY
A pure resistance is that in which there is ohmic voliage drop only, Consider a
circuit having a pure resistance & as shown is Fig. 1.21 below.

Iyl

i B

- o "

) Fig. 1.21
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Let the instentancous value of the alternating voliage applied be,

e =k sinwt
The instantancous value of current,
e E_ .
= —===3inwl
kR
i={, sinwr

where, [, = };' = Maximum value of current.

The applied alternating voltage and the current are in phase as shown in
Fig. 1.21{b).

It £ and { are the effective values of voltage and eurrent in the circuit, then

E=IR

The voluge diagram representing current and volage vectors in phase is
shown in Fig. 1.21(a).
Power:
Instantancous power consumed in the cireuit

=i
£l

o S Wt

|~ cos 2o

RSP L
2 2

This indicates that instantaneous power is not fixed but has one fixed
component and other component is pulsating component of twice supply
frequency.

E1.

2

For a complete cyele, the average value of cos 2 07 is Zero.

Henece, average power for the whole evele is given by,

£l

P Zoln

ET

fTective values or rms values of voltage and current.

where, £ and
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Hence in pure resistive circuit
(i) Current is in phase with the voltage

- E .
(i1} Current § = n where [, E are RMS or effective values
(11} Power in circuit is P = Ff = R

1.17 CIRCUIT WITH PURE INDUCTANCE ONLY
A pure inductive  circuit possesses only
mductance and no resistance or capacitance as
shown in Fig. 1.22. When an aliernating vollage
15 applied to it, a back emf of self inductance 1s
induced in it As there is no ohmic resis
drop. the applied voltage has to oppose the self’
mduced emfonly. So the applied voltage is equal
and opposite to the back emit at all imstants.

11

Let the applied voltage Fig. 1.22
=k

instantsneous value of self induced emf is ¢

i
L=
di

e =

di = i et

integrating holh side, we get
Jai=

E.
I= —= (- cos oi)
(14

I £, sin it

| =

23

[13]

LB, b3 integration constant will
= — sm | of = —

ol 2 cancel out from both side

. T E,
P=0 s | o —= {2y 4f, =—
" [ 3) { ml

observing (1) and (2) we find that the eurrent lags the applied voliage by 907 or

T :
- radian.
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E,
= 00
= impedance &= ? = EJE_ -
Nl
E, .1n _ m
Z—rél —mu.f,.é2

The quantity @l is called inductive reactance and is vsually devoted by
s¥mbol X, and units is chm,

X, = wl ohms
where, L is in henry and e is in rad/sec.

Wave diageam and Phasor diagram for Pure inductance

; »E
“n'2

= L, sin (wl ~2/2)

~382 r2I'.

Flg. 1.23

Average Power—

P=

ra

j eid(wt)
L] n

1z
- . R
= EJ E, sinwed .\'m[w.r - E]d(w.r}
o

1 Iz
=— j —E, [, sin wt.cos wi.d(wr)
Imy

¥, 1, F sin 2wt
=t ()
In ;[ 2

=10
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This shows power consumed in purcl¥ inductive circuit is zero.

Henee. the average power consumption in an inductive circuit is zero and
is periodic with twice the supply frequency as expressed by equation (1), The
stored energy in the inductive circuit in one quarter of a e¥ele is relensed in the

next quarter.

1.18 CIRCUIT WITH PURE CAPACITANCE ONLY
When on alternating veltage is applied across a condenser. there is a regular
flow of current through it, the condenser is charged and discharged altemately
in cach quarter of a e¥ele.

Consider a condenser having a capacity of ©
Farads col d across an alternating voliage as '
shown in Fig. 1.24, .
Instantancous voltage across the condenser, - é",'sm it
€= Eg sin o Flg. 1.24
.
al= E
Vel
Lo
\ vE
() Wawe dagam b} Phasor dlagram

Flg. 1.25

If this voltage causes a current o flow through the condenser whose
mstantanecws value is 7, then quantity of electricity stored in time df is given
bY,

dyg = it

d

or, i= o

dt

Since, g=Ce
= 2 (C.ey
i= —{Ce
'
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d
=(C. (£, sin wi)
T

" e

dt di

= Cw £, cos o

—('u:.*.',,sin[mr+£] = .sin[ux+£]
2 Il 2

Comparing equations, we see that the current leads the voltage vector by

307 as shown in Fig, 1.25.
Maximum value of current is given by,
I.= Er
T e
The quantity 1/C@ 1% called inductive capacitance and is usually denoted
by Y. Its unit is ohm.

1
X.= ohms
Ciw
where, €= Capacity in farads
m = angular velocity in rad/sec
E, £0/42

£
Impedance L= == T
g T, 29042

L= L—" £ 007
1,
Since En =Xp= ! =
I, wl
Z=Xp £-9F
X0

Average Power—
mstantancous power £ = vi

PV, sin ond,, sin [mr + %]
=4

=¥, 1, sin o cos o

y
= "';" sin 2o (1

1 Iz
Pa= 5 J"'p (o)
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[ Vi

-

1,

u

n

sin 2ot . (o)

=
This shows that the power consumed in purely capacilive circuit is zero.
A capacitor receives energ¥ during the first quarter cyele of voltage and
returns the same during the next quarter cycle,

1.19 CIRCUIT WITH RESISTANCE AND INDUCTANCE IN SERIES

Consider eircuit of Fig. 1.26,
Let £ = Resistance in ohms in the circuit,
L = Inductance in henries
X = Inductive reactance
=wl
£ = Effective value ol applied eml
= Effective value of current in cireuin.
Voltage drop across resistance,
Ey = R in phase with curreat veetor as shown in vector diagram of
Fig. 1.27.
Voltage across reactance,

E; = Lk = LX,. 90” ahead of vector /

*E

E,
R
e .
(3 E,. r
] ™ 60*
I —* *
Eg R
e=E snwt
Fig. 1.26 Fig. 1.27
Z=R4fX,
T3 X
= R 4] JtanT =L
R
X
here 6= tan | L

®
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and 12]= R + X}

Z=|2| 2o

_EZh
|Z] £0

1 A

henee in £-1 eirewit current lags the applicd voltage by angle § = tan

The applied voltage is therefore given by,

E-JETvE TR Va

= JURY +(1x, )

E=1JR ¥ =1z

X L
o=tan ' =L = an' “
4 R

__E
YR+ x]

The quantity u'R"' +.X] s called impedance.

Since, the power is consumed by the resistance onlY, so the power in the
circuit is given by,

i, =

P=1"R=1IR
E
- IR
JRP ]
or, P=ET— ‘R =
R+ X}

It 15 the angle between £ and £, then

1R

E e R
casg = === . ==
Eogfrtex? 2
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P=Elcosd

Cos  is called the power factor of the circuit, Obviously the power factor
is lagging in an inductive circuit, So instantancous current across K-L is

i= 4, sin (- Q).
1.20 CIRCUIT WITH RESISTANCE AND
CAPACITANCE IN SERIES
Consider circuit of Fig. 1.28,
Voltage drop across resistance,
£, = IR in phase with f as shown in vector diagram ol a Fig. 1.29.

! . . .
Eq !.a TX 90 lagging

with respect to the current vector,

*E
‘a0
B R
I“EIRE vi= £ = 73 . o =l

-

R L ik

b

jhe By B, » .
“ulecsine
Fig. 1.29

The applied voltage is, therefore, given by,
= \|Eé +E}

=R +XxE =1z

Thus, ohm's law is applicable to AC circuit also afler replacing the term
resistance by impedance.
Power = Elcos ¢

(1.53)
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ra— -Xe
Z= R+l [T‘]

Z=|Z]£-¢ here ¢=1an_'[

N
I=|=£06 =] 206
‘z ¢

instantancuous value of current throw R-C is

i =1, s (o + )

henee current leads the valtages hy sug ¢ = tan ' ()'—‘)

1.21 SERIES R-L-C CIRCUIT

L= |
|
| =
R L [+
- i
Eq £ E
s
{d)
Fig. 1.28{a)

Problems on alternating current circuits can be attempred easily by using
f-notation.

Voltage across indue tiX, = Fy
Voltage across capacitance = - jiX. = E,

Net voltage across them =+ f1{X; ~ X0 = j(E, - £p)

Resistance drop = 18 = £,

Applicd voltage in f-notation is represented by,
E=1IR+jIX, - Xe)
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of, E= 1 R H(Y, - XN

Impedance in j-notation may be written as,

Z=R+jX - X))
of, 2= R (X, - XY
E E
== E==n z¢
Z NE
Z= R+ X, - X0
Z= R 40X, ¥ Zo=|Z|Ze
where & =tn” ﬁ

= i, = A then s ve
X, = X then ¢ is —ve

En 0
1 Jg"d' ﬂz £

henee iF.X, > Vo then current Jags the applied volr,

=1 £=4

""\:\E..

Fhasor dlagram of seiles
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R-L-C Ckt taking £ es a refrence phasor when X > X

E s
E -E- <E
A% J .
Ek
E."

Phasor diagram of a sefies R-L-C Cki taking current f a3 a refrence phasar,

1.22 POWERIN AC CIRCUITS

* When the current is out of phase with the voltage the power indicated by
the product of the applied voltage and the total current gives only what
is known as apparent power and measured in voli-ampere,

+ Power that is returned o (he source by the reactive components in the
cirewit is called reactive power and is measured in velf amp.

» Power that actually used in the cirewit (dissipated in resistance) 15 true
ar active power and is measured in watts or KW,

1.22.1 Active and Reactive Power

Form Fig. 1.30{a)

Impedance Z=R=jN=|Z| Zo= & cos g+ |7 sind
>
A1
a =L
[
& L
- £ v f w1 "y
- - 1Ces ¢ >
&) by

Flg. 1.30
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Magnitude or amplitude of impedance,
2= J&* + X7 =

Power factor of the circuit,

Z|cos &
Z|sin ¢

0% K

cos - .
Z

. . N £

Current in the circuit /= 7

This current has twoe components £ cos ¢ and [ sin ¢, The component
{ cos ¢ is called in phase or wattfull component and J sin ¢ 15 perpendicular to
Eand is called Tess component, as shown in Fig. 1.30{b). Then

Active (Real) Power = e s Current = cos § watts

Since, the angle between the voltage and the wattless component of current
is 907, hence the power absorbed by this component is zero, The power is only
absorbed by the wattful component.

The total power £1 in volt amperes supplied to a circuit consists of two
components:

{a) Active power = EFf cos ¢ walts
(b} Reactive power = £7 sin ¢ volt amperes reactive or simply VAR,
The above compoenents can be shown in vector from in Fig. 1.31(a).

B B
A P
A 1

- VAR KA~ E
- - £
7 Ix . - =
(L] [Fat) i o\ Ly
R Ol Walls A s3] Koy A

] (o} (L]

Fig. 1.31

From Fig. 1.31(b}
4 = Active power = £7 cos ¢ presented by waits
AB = Reactive power = £/ sin ¢ expressed by VAR
OF = Total power = £ expressed by VA

Obviously VA = /Wans® + VAR® (14)
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For practical purpose, it is more useful to express these quantitics in kilos,
Hence, dividing by 1000 throughout we obtain

KVA = JKW? - KVAR® (1.5
In Fig, 1.31(¢)
4" = Active power = El cosg expressed by KW,
1000
Ef sindy

A'E = Reactive power = expressed by KVAR.

1000
'8 = Total power £l expressed by KVA
4 — Y 'S5 N
p 1000 P )

E=R+jX
FZ=FR+jFX)
(Apparent power) = (True power) + j{reactive power)
Trus powel 2 P
= cos B = fuepower !’;R = = = power factor
Apparent power /.7

.ipparcnt power in an ;\( CK.T has been described as the power the
SOUTCE 5™, As fur the source is concerned the apparent power is the power
that must be provided to the circuit.

= True power is the power actually used in the circuit.

= The difference between apparent power and true power is wasted hecause,
wn veality, only true power is consumed.

Ideal situation for @ system is that apparent power and true power to be
cqual means P.F = 1. This situation can oceur if net reactanee is zero.

1.23 TOFIND ACTIVE AND REACTIVE POWER IN J-FORM
Consider vectors (04 and 8 as shown in Fig, 1,32,

Let V=g, +jb =04 .
and. I=ayt jby = OB e

04=JaT +8 e b,

OB = \Jui +b]

=

:r,

cos i = — f.ml}—-—

Fla. 1.32
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dy .
cos iy = S, sin B, =

Ja_5+ 5

Active power:

= 0408 cos AOB = \Ja* +5%-\Jal 467 . cos (0, -0))

= yat + 8 wJai bl [cas B,.cos 8, + sin 8,.5in 8,
- ”I: . ,—u‘ s J a, _ ‘IJ, _ ‘b,

IJ‘L +b \ﬂ] b \‘I'a; b7 Jaf +b

b
Ja_f +h

=y + by

Reaclive power:
— 0408 sin AOB = \Ja? bf yfai + 8 sin (8, - 8))
Jai 87 Jal 4 b [sin 8,005 8, - cos B,5in 0]

3 37 b, b,
= a0 Jal b | 4 & L

\'[-#; +hy \llnf‘! +h \nrnr: +h) o]+ b

=aybhy—ah,

Note: VL= (o, +jb ) (a, + jb,)

=gy — by flasdy +agdy)

I we write Fx Conjugate of 1
= ey + i) Gy — iba) = (@, + byboy + jla by - Byag)
ayayt by & flahy - byas)
(Active power)  (Reactive power)

Note 1: Hence, the active and reactive powers would be given by the real and
i ports of the vector product of voltage with the conjugate of the current vector,
Note 2: Active power ean alse be expressed by the sum of the algebraic

product of the real parts of the corrent and the voltage and the algebraic
product of the § parts of the eurrent and valtage.

Alternate approach—»
Let £ and ! are the phasors given by

E ~F 20,
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and T =1s=8,

+ sign for leading current
— sign for lagging curment

there complex power is given by &

S=Ex1" .
=1.238,

{ﬂ;—f;:m
=EZ8,.1218,
= El 28,76,

§=El cos{B, F 8,)+jElsin (8, T 8,)

8 ]
if 17is the refrence phasor 8, = 0

S=Elcos @, +jElsin (5 8,)

S=El cosl, ¥ fEfsinl,

—ve for leading P.f load

S=pP-j0
+ve for lagging P.f load
S=P+8

P = active power

8 = reactive power

1.24 PARALLEL AC CIRCUITS
Parallel cki can be solved by the following methods (i) Admitance method (i)
Vector method (111) f method or s¥mbolic method.

1.24.1  Admittance Method
The reciprocal of impedance £ is called admiance and is denoted by the
symbol .

¥ ! (161}

= Lile
7 L

are the impedances eonnected in parallel, then equivalent
ion is given by,

1 1 1
SR S L(1.61)
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or, Y=¥ T F ~(1.63)

The impedance 7 has two components resistance £ and reactance X,
Admittance has also two components, the conductance ‘g’ and

The impedance and admitance triangles are similar as shown in Fi

e
p e A
L L
X P
y
~ - b
e 4
P
ks 40
R El
Impedance Irangle Agmetance triang'e
() k)
Fig. 1.33

From Fig. 1.33(b), conductance is given by,

r=VYcosg
Sinee, Y= l
Fi
R . 4
and, cos & = — from Fig. 1.33{a)
| R_R
AT
= _R = LA1L64)
RE+X*
ilarly, susceptance is given b,
= ¥sindg
. S (165)
R+ X"

13y, vy, va. o are equal o gy + fhy, gy + jby, g + by L then,

g e+ eytomho LA L6
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b=bhy +byt byt mho LA1L6T)
y=g+jb L A1.68)
= Jgt ¥ L(LE9)

Total current

L170)

Power factor angle,

0= tan LT
Power factor will be lagging if & is + ve

ihis—ve

Note:  Inductive suceptance b is as
—ve sign,

Power factor will be leadin

ed + ve sign and capacitive suceptance

1.24.2 Vector-method

Consider a parallel cireuit shown in Fig. 1.34(a)

A
8 A
tl //
' E
- ._\E‘_ - . ;
(@) ®
Fig. 1.34
Branch 1.

Impedance Z; = JR7 + X, LA1LT2)
It £ (1.73)

“heg Wl

oy = tan' ';% lagging LA1LT4)
]
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Take £ as reference vector. Draw [ lagging at an angle &, with £ as shown
in vector diagram of Fig. 1.34(b).

Branch 11.

Impedance = RN = YR+ x ] LA1.75)

1 E LALTD)
oz

. . .
@, =1an R, leading ALTT)

Draw £, leading £ bY 9, The resultant of 7, and I, will give total current f
and the angle between E and Jwill give the pf angle.

Thus, a parallel ¢ircuil can be solved easily in this way,

1.24.3 j-Method

Consider a parallel CKT of Fig. 1.34, we can express the varions impedances
in j form as under,

Zy=R e xl

=

=i Xe
1 1

= ——
s R+ Ry-

L
zl
_ R n) (R = )
(R + Ryy+ (X, - X.)

CRFRy X X)X Ry = XR) (R R (X, = )
(B +R,) +iX, - X,) (B + R +iX, - X))

Z=R+jX
Total current drawn = E
£

Power factor cos 6 =

Z
Power faclor be lagging if .V is +ve
leading i1 X is —ve
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1.25 RESONANCE
An AC cktis said 1o be in resonance when the applied voltage and the resulting
current are in phase.

Thus, at resenance the equivalent complex impedanee of the CK'T consist
of onl¥ resistance.

1.26 SERIES RESONANCE OR VOLTAGE RESONANCE

=1~ Z—R-r_a'[wi,—]f]

we

Fig. 1.35

1%
R+j[w!, - nl'::)

= 1

= Vand J will be in phase when reactance is zero.
=: gl resonance the net reactance is zero, I the resonant frequency is .

w, =28,

1

w, b

w,e

Ina

= Series CKT at resenance termed as acceptor CKT, since, it accepis
freq ies close 1o frequencies when impedance is minimum.
= at low frequency X = X, and the CKT is capacitive {f,
factor is leading

1 and power

= al high frequency X, = X-and the CKT is inductive {7, < ) and power
factor is lagging
= s {goes on increasing impedance also goes on ncreasing

= ilthe resistance is zero, at resonance the CKT acts like a short eireuit.
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vollage across capacitance

. "
o1 /

Jwe  Z{jwe) (jwe) |:R + f( wl - : ):|
nwo

. v
Vel =

Frequency f, at which Vi

" . dby
aximum can be oblained —= =0

LV
¥y = 1(wL) = vl ,
. I ]? :

R e[ we-
{ +(" we }

frequency at which F; is max

=2 it has been found that at resonance the values of Iy and ¥ may be higher
even then the supply veltage at resonanee ¥ , = Ve

Phasor diagram at resonance —

Fig. 1.36
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1.27 BANDWIDTH

Band width of a series CKT is defined as the range of frequency for which the
power delivered to the resistance is greater than or equal to half the power
delivered at resonance.

Curve
I~
Cusrenl at resonance
b ~,
Lless R
la £
/2 / Y
¥,/
Xo 2 X f ~High R
! - -
- S
L

frequancy
(Rasenance curve)

Fig. 1.37

Curve between current and frequency is known as resonance curve.
Band width = £ - f;
=Wy Wy
wy and 1w, are the angular frequeneies at which the power delivered is half the
power delivered at resonanee. These are also known as half power frequencies.

= Al resonance Z=—=Pn

At half power point

= R+ X*
B2« JRP+ X' sootthis point ¥ = R

=+ Lower half power frequency w, X=X,
Xe-X, =R
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- =0
Lc

u'i + ?“'l

= SN R
e (Ea x-i.u-“um
ve frequeney is meaningless so we take onl¥ +ve frequency.

At upper half frequency w Xp=Ap=

Wyl - — =R
- st

wh £nu ! =0
L Lo

Band width = w, —w = 2e=

andl, Wy g =

1.28 QUALITY FACTOR AND SELECTIVITY
Rotio of resonant freguency to band width 15 an indication of the degree of
selectivity of the CKT and this is known as Quality factor, 0.

1 Ty My Wyl
selectivity Wy =, r

or. o
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. N w, L "
Higher values of ¢ [T'J Resonance curve is very narrow and sharp (£2)

=3 Sharpness of the curve depends on the parameters R and L. BY changing €,
the resonunee can be made 1o occur at different values of frequencies.

v=Lx,

e y123) ;

. Yo ] 4
- 0- wik 2 = ' il
R Vg R
2’ vp=or

Ly
L LG total stored energy

ST TAREIM
(i R) energy dissipated/cyele

2f

ook 2ml _l(
R 2mLC-R RNC

L w, w L
Selectivity = —= = ——
Aw R
= A CKT with 2 flat frequency response curve (high R} will be more
responsive and therefore less selective at frequencies in the neighbourhood of
the resonant frequency.

1.28 PARALLEL RESONANCE

A parallel combination of B, L and C or (£, L) and ¢ branches conneeted to a
source will | a parallel {anti } when the I
current through the combination is in phase with applied voltage at resonance
power factor is unity for this.




45

Alternating Corrend Fundamentals and O

X+ M
I+ & =
ouls gy =4
X X
[
T 2

L2 I A
b b

aopeden @ e joyEaed
Ul pRAIsULoD S1 M BOUBSISEN SBUSS
QADAYD pUE T DIUEPARU JO poD W

(pnosa yuey) pnoso ojpued [Eognn

“a

&)

—
-
a
%

i,
0= T am

UM =M 0 = § eoueugsal je

aro=4
mﬂ_..% coms B o
ﬁ +oml + W =4

2 pue {7 Ty} 1oymed

vl

.t

5

M
L

M g =

az sig ved
fgwbew acueuosas 1B

glegs f
T, h
M ol B
n _.Sy_. i
5
r
oprs MY
1 ]

e 8= L

unang g 7'y (sl

AJININD3IHA IONYNOSIH HO4 NOILVAIHIA 0L



Basics of Electrieal Engineering

46

o=,
LV
—{Ews 5y )
a_ o= V] LT
A bk HUIE] S LAOUY 5| LGHBUGIL0D 27 it =
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1.31 IMPEDANCE AT RESONANCE

R
Bl

¥

At resonance w = w,

At resonance Z, = Resistive part

£y = Ryis dynamic resistance

Z_,—R+L—-[1 KJ

R\LC I
L L
Z,= + - R Z,= —
N R T
L
a—
‘T RC,

Z, 15 called dynamic impedance. this is pure resistive. It is seen lower the R
higher the Z,. Henee the value of impedance at resenance is maximum and the
resultant current is minimum. 4 parallel
rejector circuit since the current at resonance is minimum or tank circuit almost
rejects the current at resonance.

sonant cireuit 15 also called a

¥ CR . -
1, = Current at resonance Z L it = ek will draw no current
7y A

at resonance. The supply current is zero and large current circalates in parallel

cki at resonance,

1.32 CURRENT MAGNIFICATION

. V
Current drawn from supply at resonance is [ = —
o

or, = —
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.
Th vl
3R ~lwe
s
Fig. 1.28
So circulating current is Vw, C.
_ Circulating current _ bwoo L,
Current drawn from supply e 3 R
L

= Parallel wuned circuit exhibits a current amplilication of Q. whereas series
ckt exhibits voltage amplification of (.

1.33 SELECTIVITY AND BAND WIDTH

. R,
AL half power frequency wy and w,. ckt impedance is 7‘.—
° 2

{Abreasonance V=1, &,

. .
1AL half power § ﬁ

w L 1 1 JI
O=—"= - =
R wCR RNC

Comparison between Parallel and Series Resonance
(1} Met susceptance is zero while in seres resonance reactance (netj is zero
(2} Admittance is equal 1o admittance at parallel resonance,
(3} Reactive or wattless component (f sin 8 — I} is zero, hence cireuin
power [actor is unity.

L
(4} Impedance -~ ol while in series resonance £ = R
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P 13 . .
(5} Line current is minimum and equal 1o 77 while at series resonant it is

¥ X
maximum and § =~ T 50 series resonant ckt is acceptor while parellel ekt

is rejector.

[{OA Tz and in series ekl f,

1 1
awmVLe °

1.34 CURRENTAT RESONANCE
The current flowing in the circuil at the time of parallel resonance is minimurm.
For circuit given below, equivalent conductance is,

Litan

LA1LED)
) 2R,
If &, =R, =0, then i
g=0
Also susceptance,
b=y +hy
X X
T - . f'l LALE3)
RA+X, R+ X;
= {} at resonance
Equivalent impedance,
L, 1 | |
Zm = — = = oo L1.84)
Y og+2 o
£ £
Cumrent= — == =0 (1.85)
Z =

Sueh a cireuit is called a rejector eirenit,
Inn actual practice, the inductance coil may have a small resistance say
R = f and the resistance m the capacitive branch K, be assumed zero, then

Total conductance of g = —5 -4 Q
+
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If R is small enough, whose squares may be neglected, then

R

— (186
¥ (1.86)

g=

SOLVED EXAMPLES

Example 1: A two element series cirewit is connected across an AC source
F =300 cos (3141 + 207) volts. The current is drawn 15 cos (3147— 107) Amp,
Determine circuit impedance magnitude and phase angle. What is the average

power drawn? (LR Teeh 2003-04)
Solution:
Given, J= 300 cos (3141 + 20°) [cos O = sin (O + 907)
F=300sin (314 + 1107)
e 300 o
In polar form V= ol Ealliy

{15 cos (314 - 107)
13 sin (3141« 80%)

15 .
I--?l-z-ﬁtr

300 1000
42
NP

N
7= (20230

Hengee, the angle between vollage and current is 30° and current lags

£ (cireuit impedance) =

"
[! =?] the voltage bY 30°. Phase angle = 307

2 cos i (in R-L ckt)

% 15 % 300 = cos 307

M=

= |949.85 walt.
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Example 2: A 120V, 100 W lamp is to be connected to a 220 ¥, 50 1z AC
supply, What value of pure inductance should be connected in series in order 1o
run the lamp on rated voliage? (2003-04)

Solution:

= 7= RN,
= N A
= 220 = \h 200 41

= v, = 184,39

120V, 100 W

v, =220 50 Hz

werly

Fig. 1.39

=» Current through the lamp and inductance 15 same. Current through lamp

P
i=L
Voo
=
1200, 120
= Xp=—t = 39 =221.269 .
> I 00 00 * 184.3 21.269 ohm
= Xp=2n/L
N, 221.269

2nf 2% 3.04%50

= 0.7046 henry
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Example 33 For the circuit shown in figure, find the current and power

drawn from the source. (2004-05)

iq i

s Ol

64 is

230V, 50 HZ
Fig. 1.40

Solution:
Let Z=34j4=525313Q

6+ j8=10253130
=94 1215 £53.13 0

Both £, and Z, are parallel hence net impedance of the circwit is
22, _ 5x10£106.26
AR 1525313

Z=333.253 3|

"
= Current drawn from the ekt is /= K

7

I 20 230
228 33325313

I=692£-5313 Amp)
Henee, net current lags the net voltage by 53137 and cireuit is inductive in
nature,
= Power drawn from source = JJ cos
= 230 % 69 x cos {53.13)

=9.522kw  Ans.
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Example 4: A coil connected to 100 ¥V DC supply draws 10 Amp and the
same coil connected 100V, AC voltage of frequency 50 Hz draws 5 Amp.
Calculate the parameters of the coil and power factor. [2004-05]

Solution:
= Coil means a resistanee and inductance both.
Let impedance of a coil 7= 8 + /X,
= When DC supply is connected to coil inductance behave like a short eireuin
(N, =2nfl=2nx0x L =04

100

- = 10 ohm.
10

> When AC is apphied across the same coil,

Given ¥ = 100 volt of 50 Hz frequency,

So resistance of coil R =

I'=35amp.
= V=1iz
v o
=» L= — = 190 =60
I 5
= =R X
= Xf= 2 -pr et - 00f
X, =300 =732 0
19
=Ko T2 g gspemy
2 2x3014x30
]
= TPower factor of coil = — = = 0.5 lagping  Ans.
¥4 20

Example 5:  Discuss the effects of var¥ing the frequency upon the current
drawn and the power factor in @ RLC series cireuit, a series RLC circuit with
R= 1042, L =002 Hz, and = 2|/ is connected 1o 100V variable frequency

source. Find the frequency for which the current is maximum, (2004-05)
Solution:
L =
d W If

Flg. 1.41
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Impedance Z=R+jX, - X
Z=RJIX, - X

2= KX, - ¥y cnt X

¥
|zl 20

= Z= R+ (X, - X.) and PF cos 8= costan | X =Xe)

() when X, =

source frequency = resonant freq (f)
= |Z| =R so current is maximum and power factor is unity.
(2} now ifwe inerease the frequency from resonance frequency £ £, Then

1

will decrease and

creases. Impedanee increnses hence

current will decrease and power factor decreases and becomes lagging.

(3} IF frequency decreases below resonance frequency (< [} then A,
decrease and X1 but net imped will i ¢, S0 CuTent
will decrease and power Tactor will also decrease,

R . -
cos = ; but it becomes capacitive.

= Curment is maximum st resanance so at resonance frequency
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f= ! =795.5 Hz

T P N E P

Example 6: A load having impedance of (1 + 71122 is connected w an AC

voltage represented as "= 202 cos (wi + 10°) voli. Find the current in load
expressed in the form of i = I, sin {wi + ¢} 4. Find the real and apparent power.
(2004-05)

Solution:

Load impedance Z=1+j1= 2245

Voltage across the load 7= 20 J2 cos (e + 107}
=202 sin (we 4 100°)

2042

V= e LI = 20 £ 100°

N

o 04100
J2 z45°

Current through load I

A4 2

P 0 sin (w4 @bt - [M';M]\E

| s rms value of current

i= 2 L sin (we + 557}
§=20sin (wi+ 55)
(i) Real power = ¥, .1, cos &

Vol coso

b | —

;—n: 2042 .20.cos 45
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(i1}

Apparent power =

— X
2

Basics of Electrieal Engineering

V.1

el

2042 %20

=I82.84 VAR

Example 7:  An emf given by 100 sin [314!— ’:] volts in applied to a

circuit and the current i3 20 sin (314¢ — 1.3808) ampere. Find (1) frequency
(i} circnit elements.

Solution:

(i} Let instantaneous emf{ be ¢

(1

¢ = 100 sin [3|4;-§]

= wi=314¢
= Jnf=314 =
100
e

i=20sin (3145 - 15808}

=20 sin (314r—

i—l!l:ﬁil1[3]4f—%)

20
f=—=
2
V-
Circuit impedance £ =
f£-

[2005-06]
/=50 Hz
i
4
1.5808 = lﬂﬂ]
ENE)

IS " -
e
W™,

T ™.

4 ey
"

E i

2

Fig. 1.43
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10K}

. o
=+ Current lags the voltage by — . So circuit elements are # and £.

Z=R+jX, =5 cos 45 + j5 sin 45°

R=5c0s45 = i[,_ 0
V2
. I 5
X, =5smdit- —= 0
J2

= Xy =2mjl

b
Ao 00126 henry.
Inf N2x2xmx30

Example8: A choke coil tokes a current of 2 amperes lagging 607 behind the
applied voltage of 200 volts a1 30 Hz. Caleulate inductance, resistance and

impedance of the coil. Also determine the power consumed when it is
connected across 100 V, 25 Hz supply. (2005-06)

|=2 /60 &

200 20 50H
Fig. 1.44

Solution:  Coil having a resistance and inductance both

¥ 200
= Impedance of the coll = — = -
I 2 £-6
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{ckt is inductive)

58
=100 £-60° = R +jX;
100 cos 60 + 7100 sin 60 = & + 1Y,
= £ =100 cos 6l = 100 = l: =504
)
J_ = 8h.6 L2

e

X, = 100 sin 60 = 100

= Frequency of supply = 50 Hz
- ‘\.f
2af

Eh.6
= =275 10
314
(i) Now the choke coil is connected o 100V, 25 Hz supply.
Roand L will be same as above.
X =2l =2x3 14x25 %2758 % 10 !

Now,

-4330
Now, 2= R4 X] = 507 £ 4330 =66 Lun 433
Now, Xi = E . -

=06.1 £40.89

from the coil = —
rom e ool 7

100
I= = 1.5 £-40.89 Amp
6.1 £40.89

Tower consumed = Fleos g = 100x 1.5 <075 = 112.5W
or, PR=(15F x50 =125 W
Example %1 Two coils of 5 £ and 10 £2 and inductances 0.04 H and 0.05 H
respectively are connecting in parallel across a 2000V, 50 Hz supply. Caleulate:
(i} Conductance, susceptance and admittance of each coil,
(ii} Total current drawn by the circuit and its power factor

(iii} Power absarbed by the circuit,
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(iv) The value of resistance and inductance of single coil which will take the
same current and power as taken by the original circuit.

[2005-06]
Solution:  Given
",
JLIFY)
WA
(Y L]
200V, SO HZ
Fig. 1.45
0 ZeRVjX, Ny =28fL
s 1956 13,52 26800 = 2% 3.14 % 50 x 0.04
1T IT AR e SR8 -~ 12560
Zy-Ry+iX,, Xy, = 28fLy
_ = 233,14 % 50 % 0,05
=10 +15.7 = 18,62 £57.51
=1570

. - . . 1
Admittance of eeil (1) isy, = G, 4+ 78, = 7
|

= L = ]7 =0.074 26829
£ 13.52 £68.29

= ¥, = 0,074 £-68.29
¥, = 0.0274 - j0.069

= G, =0.0274 and susceptance &, = 0.069

Admittance of coal (2) 15 ¥, = (7, 4 i,

V= o0 = ———— = 00537 £-57.51
- 3 1862 £5751

¥, =0.029 - j0.0453
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So conductance G, = 0,029, susceptance B, = 0.0453
(i} Total admittance of cktis ¥ =1, = 15
¥ =0.0274 - 70069 + 0,025 - j0.0453
0.0564 - jin1143
Y=0.1275 £-63.74
Current drawn by the circuit is = 1'F

§=200= 01275 £ -03.74

i £=063.74 Amp

Hence, current lags the supply voltage by 63.74%,
So power [actor = cos (63.74) = 0,443
(i} Power absorbed by the circuit P = ' cos &
P=200 255 cos (63.74)
= 2256 kW Ans,
(iv) Current taken by original circuit is 7= 25.5 2 - 63.74 Amp
Ve v
Impedance ol coil £=R +jX, = iT = 355 jn-aﬁj,ﬂ
Z=T843 £63.74
=347+ 7034
Soft =347 Qand X, -~ 7.034 02,
Power = °R

Example 10:  An AC voltage () = 141.4 sin 1201 is applied 10 a series RC
circuit. The current through the circuil is obtamed as
Q0= 1414 sin 1207 + 7.07 cos (1200 + 30%),
(2004-05)
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Determine:
(i) Value of resistance and capacitance
(i1} Power factor
(1} Power deliversd by the source.,
Solution:

e(r) = 1414 sin 1200 — time domain

1414
E = —= £0° = polar form

e
Given,  #(r) = 14,14 5in 1200+ 7.07 cos (1207 + 30°) | cos 0 = sin (407 + ()
14,14 £0+7.07 sin (1201 + 1207}
= 14,04 200+ 7.07 £120°
= 1414 + 707 cos 120+ 707 ain 120
= 14,14 - 3,535 + /6,123
(= 1061 + 76,123 = [2.25 £294989

141.4

. vz
G AT s
2
79996577 = R - jX,

= R=09960 X.=57741

£30 =11.54 £-30°

(i} Power factor = cos g = cos 307
= .8bb

(i} Power delivered by the source = 1 1 cos o

vt Crrms

Vely

cosd
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725
PRRLEIETIEE e

P =750 wau|

Example 11: A non-inductive resistance of 10 ohms is connected in series
with an inductive coil across 200V, 30 Hz ac supply. The current drawn by the
series combination is 10 amperes, The resistance of the coil is 2 ohms,

Determine:
(i} Inductance of the coil
(i1} Power factor
(iii} Voltage across the coil

Solution:  Given—

104
I=10A4
200V, S0HZ
Fig. 1.48
N . . | P ——
(i) Z=10+24 X, =12+ 2, = J127 4 X]
v
= —

=5
= 2y + 47
= X, = Jli_ﬁ = 16 ohm
Xy =Infl
- 50 il heny

Inf 2x3 1450
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12

. . _ R _
(i} Power factor = Z =1.6

(ii} Voltage across the coil is ¥, then

Fp=N2+iXg)

Fo= 12 + 7160 = 161.245 ZR2.87 volt

Example 12:  For the given figure shown

- z,
a0 j3s
168 |720 -
e S
4 . B0 L
woy & S ]
50 Hz - L
Z:
Fig, 1.47

(i} Admittance of each parallel branch
(i} Towal circuit impedance

(iii} Supply current and power factor
(iv) Total power supplied by the source.

Solution:

Z,=4+j3=523

Zy=6-j8=10.2-53.13

(i} Admittance of cach parallel branch is ¥) and ¥;, then

£y = 16+ T2 - 7373 L7747

6.86

Y, —_——
'z 137527147

63

{2005-06)

01356 £-T7470
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¥, = 0.2 [eos (-36.86)° + j sin (~36.86)]
=016-;0119

(i} Total circuit impedance is £ = (£, | Z5) + 2,

L S L3686-10£-53.13

=1.6+7.2+ -
A+ i3+16-48)
. 50 £=16.27
=167 ———
10—~ j5
k1 - ¥
S i6-jTa+ 0 £-1627

1118 £~ 2656

1.6+ 7.2+ 447 21029
=16+ 7.2+ 4398 4 j0.798

Z=5998+ j11.598=13.06 £62.65| Ans.

¥ 100
Z 1306 £62.65

(i1} Supply current 7=

Power fagtor = cos 62.65 = 0,459
(iv] Power supplied bY source = 1 cos @
=100 765 cos (2.65)
= 35103 wau
ar, P =R =(7.65) %5998
=351.02 watt

Example 13:  For the circuit shown below, determine:
(i} Resonant frequency

{1} Total impedance at resonance
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iii} Band width
{iv) Quality factor.

Fig. 148

Solution:

(i} For a parallel ckt resonant frequency . is given hy

[ !
Je=
wmVic

1 1
EEPERTR R TIC

= 100.3% Hz

- . . L
{ii} Total impedance at resonance is Z = R_F

0.5

25k 5x10°° ke

5
(i} Band width (£, - f)= L) N Pt
T 2al  2x05
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Example 14:  Draw the phasor diagram showing the following voltage and
find the RMS value of resultant voltage.

¥y 100 sin 5002, ', = 200 sin (500; + %]

¥y = —50 cos (S001), 'y = 150 sin [snu; -%]
Solution:

¥
= I =V sin (wr + 8) cun be represented in a polar for I = _f% |6 and
2

shown in X-¥ plane V.
. , ) 7
Similarly — ¥, = 100 sin 500¢ /
o
an ’
= V= 190 e <o
2 fal + Ref ais
200 Fig. 1.49
= ¥y = 200 sin [500r+£] = V=—=4£=
- 3 R AR

= 1, =50 cos (3007)

.
50 sin lSDEJr + g] oy -0, E

s
TR 42

= ¥, = 150 sin [snm_1] = V= e
4 W24
Phasor diagram
- v‘
- + rel-ans
Wy
",
"4
Vi
.
v,

Flg. 1.50
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Resultant valiage
R O N

150  -m
x 150 -z

2+J5 4

100 200 x -50
Ve =Lt —=L—+| —
V2 [JE]

J2 73

[a 00+ 200 cos% + j200sin % ~ 35041350 cos(%)

e

L[1!.‘10 + 100 + 173,20 - j50 + 106.06 - 7106.06]
2

=

1
V2

30654
= £32.05°
J2

[306.06 + j17.14]

. 306.54
RMS value of resuliant vollage = ——— = 216756 volt

and resuitant voltage leads from reference axis by 32.05%

Instantancous voltage ¥ = I sin (we + &)

V =306.54 sin (3007 + 32.05)

Example 15: A series R-L-C circuit has # = 10 €2, L =01 Hand © = 8 pF.
Determine.
(i} Resonant frequency
{1i} -factor of circuit at resonance
(iii} The half power frequencies
Solution:  Given: R= 100 L=01H,C=8%10"F

(i} For a series R-L-C cireuil resonant frequency £ is given by

1
fe= anfLC
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f = ! = 177.94 Ha.

231401 x8x10°°

w_ [,

R

(i} @ Factor al resonant

L 2%3.04%177.94% 0.0

R i)
=1117
(iii} BW=f—1f ) and f; are hall power frequ
. AW
= =k =
S ST SR YRR I P Rt
4nl 4304 =000
L
= fi=ft BT = 177.94 + 7.95 = 185.89 Hz.

Example 16:  An aliernating current of frequency 50 Hz, has a maximuwn of

second after the instant the current is zero

1
100 AL Caleulate (a) its value
600

and its value decreasing thereafter (b) How many seconds after the instant the
current is zero {increasing therefore words)? Will the current attain the value of
66 AT (Elect. Tech. Allah. Univ. 19911,
Solution: The cquation of the alternating current {assumed sinusoidal) with
respect to the ongin of Fig. 1,51,
£ 100 sin 2o SO0 = L00 sin 100,
{a) Itshould be noted that, in this case, time is being measured from point 4
and not from €3,
If the above equation is to be utilized, then, this time must be referred to

. e 1
poimt £, For this purpose, half period ie,, 0 see, has to be added to
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s
P N
\
oA
1
- 210° S
- lSuc' ¥
&0
Flg. 1.51
d The given ti ferred to point O b ! !
— seC. i s § = —t
500 7°v- The given time us referred to poin coomes = o+ oo
P
= sec,
600
X . 7 .
= 100 sin 100 x 180 % - = 100 sin 2107,
GO0
= Inﬂx[-%) =30 A ..Point B,

(b} In this case the reference point is

o6 = 100 sin 100 = 1807 or sin 18,0001 = 0866

or 18,0004 = sin”' (0.866) = 607
, 60 1 nd
T — Second.

18000 300

Example 17:  An alternating voltage e = 200 sin 3147 is applied to a device
which offers an ehmic resistance of 20 £ 1w the flow current in ane direction,
while preventing the flow of current in opposite direction. Celealate RMS
value, average value and form factor for the current over one cyele,

(Elect. Engg. Nagpur Univ, 1992),

Selution:  Comparing the given voltage equation with the standard form of
alternating voltage cquation, we [ind that

200
Vo= 200V, R=2000,1,= S5 = 10 A,
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. - )i 10
Far such a half-wave rectified current, RMS value = Tm =5 = 5A.
Im 10
Average current = =
n
=318 A;
5
Form factor = —— = 1.57.

ENE

Example 18: A 50 Hz sinusoidal voliage wave shape has maximum value of
330 V. Caleulate its instantaneous value:
{a) 0.005 sccond afier the wave passes through zero in the positive
direction
(b} 0008 sec after the wave passes through zero in the negative direction,

Solution:
{a) = £ sinwt
£ 005 see, E, = 3500V, f= 5011z
=350 sin 2xmx 50 =

=350 sin (100 = 180 = 0.005)

e volt

So instantancous value at £ = 0005 sec is the maximum value,

(b} Afer the wave passes zero in negative direetion.

. e . T
zero in negative dircetion after half eyele or 5 st

Sine wave will pa

T= L—_L =002 sec, [ = (L0 sec
-1 2

0.02
2

So total time = = (L00% = (LD18 sec

Naw, e = 350 sin (2m/1)
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=350 sin (2 = |80 x50 = 0LOL8)
20572 Volt - Ans.

Example 19: A sinusoidal allernating current of frequency 25 Hz has a
maximum value of 100 A, How long will it take for the current to attain values
of 20, and 100 A7

Solution:

For AC current i = J, sin {w)

Given L= 100 A, f=235Hz
i 100 sin S0me

{a) When current attain value of 20 amp, means instantancous value
i=20amp,

200 = 100 sin S0me
sin 50w =02
somr=sin"' 0.2=11.5°

11.5° 1150

= = 0.00128 sec
S0m SDx 1807

(b} When instantaneous current / = 100 amp
i= |00 sin S0x¢
LiHh = 100 sin S0mr
= 50m¢ = sin ' = 90°

ki

1= ———— = 0.01 see.
30 1807

Example 20: A sinusoidal current wave is given by i = 50 sin (10050,
Determine (i) the greatest rate of change of current (ii) the average value (iii}
rool mean square value (iv) the time interval between a maximum value and
the next zero value.

Solution:
(i Given, i = 50 sin (100m)
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di
Rate of change of current = —

i
i"= — =50% 100 cos (1K)
dt

=00 cos (100w
So greatest rate of change of current is [,

I = 50001 = 15,715 amp/see

(ii} = 50 sin (100w

.
1
= ——— | I, sin (wi)ds
t, =4 J
T
= 0=0, =

™
2 )
fay T If.,._ sin (wide
o

2 w2 I T
= EL,__I o5 n.r]‘; = cnsT-?—wsl}
2, o2,
3 -2
L T
T

£, = 0,637, =0.637 % 50 = 3185 amp

(iii} RMS value for i = [ sin wr

" rz
1 Iy . N
Taws = m J'(.i,, sin wey dt H=00=T
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¥ 12
Iows = %J‘I:, sin wt d.r:|

o Y 123
_ [!?"!‘U—u;-ur]m]
{ "

Q(i_sin?.h‘.r]r )
T2 dw gy

= 0.7074,,

Jos = S0 0,707
3535 amp
(iv) i=1, sin 100m

The maximum value will attain when 7=/

sin 100w = |
100wy = 907
t 50 0005
= — = 2 seC
' T00% 180 :

=+ After a maximum value the zero value will come after st half eyele.

L !
LY TR

r
= = see 0,00 see
2

= S0 the time interval between a maximum value and the next zere
value is 0.05 sec 10 0,01 sec.
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Example 213 The voltage across and current through a circuit are given by
F= 250 sin (3147 — 10%) volt and § = 10 sin (3147 + 50°) A, Caleulate, the
unpedance, resistance, reactance and power foctor of the eircuit.

Solation:  given V=250 sin (3147 - 10°) volt
i=10sin (3142 + 50°) amp
above voltage are in time domain we can write in polar form
250

= £L=10"
F

i= E.ﬁi{)"

N

= Tmpedance of ckt = Z T

250,
.. ‘,’OEZ_I
£ =50

V2

From this it is clear that current leads the voltage by 606,
So power foctor = cos 607 = 0.3
= Z =R jXp~ 25[cos 60 + f sin (~60)]
R—jXe=125-721.63
Comparing real and imaginsry pan
R=12560 X.=21650 Ans.

Example 22:

"

14k e
? P It
2141 131 I;
e <

Flg. 1.52
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Find (a) Total impedance
by Current drawn from supply
() Voltage across cach branch (1), (2), (3)
(dy Current in each branch
() Power factor
(F) Apparent, active and reactive power
(g} Draw the phasor diagram.

Solution:  Let 2= 243 = 13 Ztan™

Lt | s

| o

1-ji= 426 Luml_]
; 1
Zy=4+ 2 \@Amn'i

{a) Total impedance 7= 7, + -

(1= j5)(d+ j2)
(1= j5)p+(d+ j2)

(2434

=(2+/3)+(3.65 - j1.41)
Z=5.65+/1.59=3587 £15.7° ohm

¥ [}

by == =170 £-157% ym
® Z  sE1.257 amnp

means total current 7 lags the applied voltage V= 10 £0 by 15.7°

. § P Zyfy
{c] Ve =12y [ZM.— B }

AR

Foe = 170 £=15.7 (3.65 - j1.41)
=532 4 = 6,65 L-36.4°

= This indi
{368~ 1577 =

voltage across BC lags the curremt [ by
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. ' _368°

(i \E—I" _ 665 L _68
Zs 1-j5

current [ leads the Fyo by (41.9° + 36.8%)

= 1.30 £41.9°

e BBS L—36.8° )
i, Ve 665 £-368 - 149 £-63.4°
' Z; 4+ 52

{e) Power Tagtor cos § = cos (15.7) = 0.963 lagging

ar, cosd = ﬁ L 36s (L0963
£ 5T
(f) Apparent powers = 1
=10 1.70=17.0 VA
True power = PR=17%1.7%565= 1632 W
=VleosB=10x 1.7 x 0963 = 1634 W
Reactive pawer = 4 = 1.7 3¢ 1.7 1.59 = 4.59 vars
= Visin 8= 10x 1.7 = sin (15.77) = 4.0 vars.
(g} Phasor diagram

Let M= 10 Z0 is  reference.

Y

S
Vi

Fig. 1.53
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Example 23:  An zlternating current of {requency 60 Hz, has o maximum
value of 120A. Write down the equation for its instantaneous value.
Reknocking time from the instant the current is zero and is becoming positive
Find
{a) The instantaneous value after 17360 second and
(b} The time taken to reach 96 A for the first time.
Solution:
The mstantaneous current equation is
B i =120 sin 2x fr = 120 sin 120 &1,
Now, when ¢ = 1360 second, then
= 120 sin (120 % 1< 1/360) . angle in radians

{al i
=120 2 (120 180 1/360) .. angle in degree
= 120 sin 607 = 103.9 A,

11 G6 = 120 = sin 2 = 180 » 60 = ¢ angle in degree

or, sin (300 x 60 x ) = 96/120 = 0.8

360 % 60 % £ = sin”| 0.% = 53° (approx.)
1= 12 = 53/300 % 60 = 00245 sccond.
Example 24:  Analternating current var¥ing sinusoidally with o frequency of
30 Uz, hos an BMS wvalue of 20A. Write down the equation for the
instantaneous value and find this value,

(a} 0.0025 second (b)y 00125 second after passing through a positive
maximum value, At what time, measured from a positive maximum value, will
the instantancous current be 14,14 A7 [Elect. Sc. T Allah. Univ, 1992]
Solution:

I, = 2032 =282 A, W= 20 50 = 1007 redfsec.

P4
wIA A
7 PERETY
¢ \\_ C (¥]
o AB O 7
» 45 , J
H L -, 1
- 225 T -20A

Fig. 1.54
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The equation of the sinuseidal current wave with reference to point
Fig. {1.54) as Zero time point as { = 28.2 sin |00m¢ ampere,

ce, time values are given from point A where voltage has positive and
max. value, the equation may itself be referred to point A. In the ease, the
equation hecomes:

i=2R2cos 100y
(it When, £=0,0025 second
§=28.2 cos 100m « 0.0025 angle in rad.
=28.2 cos 100 x 180 = 00025 angle in degree
=182 cos 457 =204 ... Point 4.
{ii} When, 1= 00125 second,
i=1282cos 100> 180 x 0.0125
= 28.2 cos 2250 = 28.2 (-1/+/2)
=—204 .. point O
(1} Here, P=14.0400

1404 = 282 cos 100 = 180 ¢ o cos 100 = 180 7=

b | =

ar 100 = 180§ = cos 'ﬂl.jl =607, = [/300 sec. ... point ),

Example 25:  For the trapezoidal current waveform of Fig, 1.55 determine
the effective value,  [Elect. Tech. Vikram. Univ. Ujjain, Nagpur Univ, 1999]

Solution: For @ < ¢ < 37720, eguation of the current can be found from the
relation,

Fig. 1.55
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When 37720 < r < 77720, cquation of the current is
i mind the fact that A OAR is identical with A CHE.

venby i=/_keeping

RMS value of current

2| 200, 7 e
\!]{2[ o JJ.J e+

3o, .
=5 t= i, =0775 0

Ineident]y, the average value is given by

2 ran S E 2 armf 2y ke
- i fr = —d2 - =
L= 3 H{ [ a‘md{} = {-_[ [ o J+m+;m_[”_!" fn}

.2 L(zwa e[
Tl' i )2,
T
g

Example 26:  What is the significance of the RMS and average values of a
wave? Determine the RMS and average values of the waveform shown in
Fig. 1.56. (Elect, Tech. Indore Univ.)

Solution:  The slope of the curve AH is BCUC = 20T, Next, consider the
function ¥at any time ¢, It is seen that DEAE = BOAC= 10T

or. (v — 10)%e = 10/T
or, y= 104+ (10T
¥ ]
v
20 0
A -,
ol E 5 tl,
¥
v + -
toT Fad

Fig. 1.56
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This gives us the equation for the function for one cycle,

SRR LA o (T
Voo T _L vilt T _[‘[|0+ T :)a’r

T 10 1
.[.- [wm + ?.r.dr] “y

~| =

17 r 10y
Mean square value T L ydi = L (I0+ TI ot

1o 100, 200 )
- ?L[mu‘x?r +TrJn’:

T
3 2
= l ]UOJ'F—Inn{ + 10t = m
T are T, 3
or, RMS value = 1073 =152

Example 27:  The halfeyele of an alternating sipnal is as [ollows if increases
uniformly from zero at OF to £ at =", remains constant from = to (180 = )*
decreases uniformly from /) at (180 — =}" to zero at 180°, Caleulate the
average and effective values of the signal.

[Elect. Seience — T Allah, Univ, 1992]

Solution:  For finding the average value, we would find the total prea of the

trapezium and divide it by w (I 1.57)
A B
¥
! \
-
s I !
FaE) "-__
0o, @ (rE(] ¢

Fig. 1.57
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Arca = 2% AQAE + rectangle ABDE
=2 (U2 xf, w2
(===t
Average value = (% - = )f/nt

I opr
RMS value from similar triangles, we get E ==L ory = h'f 0.

This gives the equation of the signal over the two tnangles O4F and DEC.
the signal remains constant over the angle =< to (1 — o) e, over an angular
distance of (T — =) —ox = (R - 2e)

5t

- 3 ) 3 4
Sum of the squares = 1’_ L LT P s Bl U [‘.I'I: - l})

3
A . Aot
“) (1)

The mean valve of the squares is

Ao
RMS value = [ |—_‘— .

Example 28:  Find the average value, effective value and form factor of a
s¥mmetrical alternating current wave, whose half cycle is shown in Fig. 1.58,
The current rises [rom 0 o 10 A in one-third period, it remains constant for the
middle one-third pernod and again falls to zero at a uniform rate in the last one-
third period of half eyele.

1004, 1004

a3 3

Fig. 1.58
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Solution:  Average value of current

arca of trapezuim
Wy

interval

1 his n | =
R L [ e [ L3
=2 k] 3 2 3
T
=667 A Ans
Drraw the dotted trapezivm by plotting square values of current, then
effective value of current,

. J a of the dotted trpezium
interval

] i
X100% T4 100x 5+ S x100% 5
2 3 372 3

n
=815A Ans

8.3
Form factor =
667
=1.222 Ans.
Example 2%:  Determine average value, effective value and form factor of'a
sinusoidally varying alternating current whose half wave is rectified in cach
cyele,

Solution:  Average value of current is given by,

P of reactified wave

interval

- W .
o 3

Fig. 1.59
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J':;da

n

(1, sin6an

! =
o = ;‘;E[—cns 8];

—

1, (1.24)
"
Eftective value of current,

L
12

. "
Form factor = 5= 157 Ans,

Example 30:  Three coils of resistances 20, 30 and 40 £ and inductance 0.5,
0.3 and 0.2 44, respectivel¥ are connected in serics across a 230V, 50 ¢/s supply.
Caleulate the total current, power factor and the power consumed in the circuit,
Solution:
Total resistance £ = 20 + 30 + 40 = 90 L
Total resistanee L = 0.5+ 03 +02= 1.0
X, =Imfl=2nx30x10=3140

Impedance 7 = fR* + X}
=907 43147 =327 0
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a4
E_ 130
Current [ = 7 a7 =0.704 A,

|=
=]
-]

Power factor cos & = — = .
Z 37

= .275 lagging.
Power consumed = Ef cos ¢.
=230 0.704 x 0.275.
= 44.5 walts.
Example 31: A resistance of 100 £ and a capocitance of 40 pT are

connected in series seross @ 400V supply of 50 ¢/s. Find the current, power
psumed in the cirewil. Druw the vector diagram.

fuctor and the power

Solution:
f=1000

Xe= = % =79.502
Infe. 2mxS0x40x107

Impedance Z = \JI00F +79.5° = 12780

. 400
Current 1278 =313 A.

IR=313

F -
o 1=313A

“
Foapgy o 1Xe=2483

Fig. 1.60
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R
Power factor = cos & = —
ower 1acior = ¢ Z
100
= ——_ =0.783 leading.
127.8 eacimg

Power consumed = Ef cos .
=400 3,13 = 0.783,
= 980 watts,
Now, /R =3.[3= 100=313¥
TN =313 705=2445V
Take [ as the reference vector, Draw [R = 313 V to a suitable scale in phase
with fas shown in phase with [ as shown in Fig, 1.60 Draw [X. = 248.5 V, 907
lagging with respect to current vector. The vector sum of [R and LY will
represent the applied voltage £ = 400 V. On measurement, the angle ¢ between
fund £ is found 398.5% Thus, the complete vector diagram is shown in
Fig. 1.60.

Example 32: A series circuil consisting of a resistance of 100 £, ind c
of 0.2 H and & capacitance of 20 uF is connected across a 240V, 50 ¢/s supply,
Determine:

{a) Total impedance.

(b} Total current,

{e) Voltage across each component,

(b Power factor

{e) Power consumption in the cirenil

(0 Frequeney at which resonance will occur.

Draw the complele vector diagram.

Solution: 10041 024 Z0pF
@) R-100Q By
Xy =2njL=2nx50x02
=628 L2
- 240V »
JO. P
=)0 Fig. 1.61
1

2w 80w 20 107"
= 15942
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1%, = 108.5Va

IR = 172.5V
Q 7

[
. =1BBTV

E=z4g v e

i w2Ta2 vy
Fig. 1.62
MNet reactance X = A; — Y.
=628 -159,
=-96.21)

Tmpedance Z = \M‘: +X°
= J100° + (-96.2)°
=139 Ans,
0
b total cwrrent § = % =175 A Ans
{¢) Voltage across resistance,

Eg=1725x10=1725V
Voltage across inductance,

E, = 1725 x 628 = 1085 V.
Voltage across capacilance,

E-=1725%159=2742 V. Ans.

i 100
nower fac LA =0.72 les
{d)y Power factor cos ¢ 7 139 0.72 leading  Ans.

The power factor is leading as capacitive reactance in greater than the
inductive reactance in the cireuit.

{¢) Power consumption in the circuit,

Elcos
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=240x [.725 20,72
=198 watls. Ans.
(1 Resonance will occur, when
X, =X
1
nfe

ar, InfL =

= =308 /5. Ans.

Iy 2x20x107°

Example 33: A circuit consisting of resistance of 10 £3 in serics with an
Xy =15 Qs conmected in paraliel with another circuit consisting of resistance
of 12 4} and capacitive reactance of 24 £ combination 15 connected across a
230 W, 50 Hy supply. Find (a} Total current taken from supply (b) Power factor
of circuit,

Solution:
{a) The given circuit is shown in Fig. [.63.

1061

AR

Branch 1:

Conductance g;
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. -15
Susceprance by = —]0‘ T =046l 15
7 150

Branch 11:

.
Cond Cm & 12 pens
Porloarsw

ince, branch 11 has capacitive susceptance, so it will be assigned —ve sign.

+20 +L036E T3
S A0 hase
TP .

Combined cireuit:
Total conductance g = 0.0307 + 0,022 = 0.0527
Total conductance b= b,y ~ by = 00368 - 0.0461 = - 00093 T

Total admittance ¥ = Jg: + B

= J0.0527° +0,0093°
=0.05350Q
Current taken from supply,
I=EY=250x00535=123 A Ans.

(b} Power factor
cosg=2

_ bos27

= 5 i Ans.
0.0535 0985 lagging  Ans

Example 34:  Ina parallel circuit, branch 1 consists of a resistance of 20 £ in
series with an inductive reactance of 15 €2 and branch 11 has a perfect
condenser of 50 £ reactance. The combination is connected across 200V,
60 c/s supply. Caleulate:

{a) Current taken by each branch.

(b} Total current taken.

{€) PJE. of the combination.

Draw vector diagram.
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Solution:
&
200 is Iy =4A
T Vil
Iy -
A 200 »
Fig. 1.64 Fig. 1.65

{a) Branch It
7, = 207 150 =250

200
1= g T 8A

15 .
&, = tan lﬁ = 36.9° lagging.

Branch I1:

Z, = 04 {=50)° =500
200

fi=— =44,

b 50

i, = tan t E = tan len
: 0
=907 leading,
(b} Combined circuit:
Total current £ is the vector sum of the two branch currents T and [y,
Resolving the currents along £ (i.c.. i their active components).
feos ¢ =1, cosdy + 15 cos ¢,
=% cos 36,97 = 4 cos 907
=8x0.8=064A,
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Resolving the curremts perpendicular o £ (ie., in their reactive
COmponents).

Ising=1,sind,— [ sing.
4 5in 907 — 8 sin 3697,
4-Bx0b6--08A.

I= 647+ (-0.8) =6454, Ans.

{e) Power factor of the combination,
cos g = ——— = —— =0.991 lagging. Ans,
3

Example 35:  Solve Ex. 33 by j-method.

Solution:

1 1
e
104415 12720

M-

_ 12 j20+ (10 + f15)
10+ j15) (12 = j20)

(1204 300) + {180 = 200}
21- 45

_ (420 j20) 22+
(22-j5) 22+

ey

th

(420 22+ 20 5)+ /(420% 5- 20 22)
2748

9340+ 1660
509

= 18 6 = 18.65.

230
a) s = =123 A,
(@ 18.65

~ 183547326

18.35

b s =
o ERNTYT

= (L9855 lagging. Ans.
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Serics-parallel circuits:

Con:

ler a series parallel cirewit as shown in Fig, 1.66.
In this case the parallel circunt is first reduced 10 its equivalent series
circuit and then combined with the rest of the circuin,

RA
R, £,
i Ay T . . -3
()
-,
Fig. 1.66

Example 36: A series parailel circuit is shown in Fig. 1.67. An aliernating
voltage of 2000V, 50 ¢/s is applied across the terminals | and 3. Caleulate:

{a) S¥mbolic expression of the total impedance of the cireuil

(bp Brach currents and total current.

{e) BT of the circuit,

(d} Volages across the series branch and the parallel combination,
{¢) Tatal power absorbed in the circuwit,

Draw the complete vector diagram.

|, a0
e
280

PRy . ' v

2
[ Mg
|
- 200v »
50

Fig. 1.87

Given, Z, =25+ 1.5
f: =4+53

fy=3-j4
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equivalent impedance of the paralle] circuit,

1 I (G- 44443

A+73 G4 (300G

7=l

2447

24— j7
7=l

_(24-471 « T+ j1
T-4 T+
_175- j25 175 j25
7+l k1]
=35-05.
S¥mbaolic expression of the total impedance,
2Ij= zl_ z:_i
=25+ 1.5)+{3.5-j0.5)
=6+j1. Ans.
Taking the voltage as reference vector,
= £ =200+0,
£ 200+ j0
£ 6+ fl
= 200(6 -7 1) =324 -54=6"+1

1= +54° =328A Anms.

54
and, d=tan' |-
an an [ 3

24

Total current |

J— tan ! (~0.1665) = ~9.5°
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Voltage across the series branch,

E=1.7Z,=(324-j54)(25+71.5)
=89.1 +35.1

Gy = tan”! [%:] =gan ' 0.394 = 21.5°

L =En-
=200+ 0~ (89,1 + 7 35.1)

= 11097351
35
! 1 -
Ly = L —— | =y 0317y = 1767
™ tan [ |m.=;) n =031 = -1
Fay = f110.97 £ 35,1
=116V,

Current in upper parallel branch,

i Eyo1109- 350

‘rl e
2y 4+ j3
(1109 - j35.0)(4 - j3) _ 3383 j473.0
443 15
= 1355 - 189
I = =232A Ans.
189
and. &, = lan '[— ] = tan [-1.395) - - 54.4°
13.55

Current in lower parallel branch,

o B 1109- 350 34 4
T, 3o 3+

47304+ 3383

2 =18.9+,13.55

93
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L= 1897 +13.55 =232 A, Ans.

13.55
= tan 1= s an 10716 = 35.6°

18.9
{c) Power factor of the complete circuit
=cos @ = cos (9.5)=0L986 lagging.  Ans.

(d} Voltages across the scries branch,

= £ =801
=056V, Ans.
Voltage ncross the parallel combnation,
Ey=116V. A
{e) Total power absorbed in the circuit
P=Elcos
= 200 x 32.8 x (1,936
= 6480 walls.  Ans,
Total power can also be found by vector product of voltage and conjugate
of current. Real part will give active power and imaginary reactive power.
P=(200+ (324 +75.4)
= G480 + j 1080,
I = 6480 waits,
Vector diagram:  The complete vector diagram is shown m Fig. 1.68 and 15
cxplained in the following points:
(i} Draw (.4 representing the applied voltage £ = 200 V to a suatzble scale.

{11} Assume (.4 as reference vector,

(i1i} Draw OC representing [, = 23.2 A lag,

(iv) Draw OF representing /; = 23.2 A leading atangle of g, = 35.6°.

(v) Vector sum of O and OF is OF egual 1o 1he resultant current /=328 A
lagging at an angle o= -9.5%,

(vi) Voltage drop in series resistance of 2.5 £2 15 equal to OK = 328 % 1.5
=H2 V in phase with {. Voltage across series reactance of 1.5 £3 is equal
o KB =328%15=492V The resultant QK and K& 15 equal 1o O8,
Then OF = E. = 95.6 'V atan angle of &5 = 21.57 from the reference
vector (4.

ing at an angle of § = - 54.4%
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{vii} Voltage drop in resistance of wpper parallel branch is OF = 23.2 =
4 =928V in phase with /|, Valtage across 3 O reactance is EC
3= 696V, 907 ahcad of /|- Resultant of & F and EC s
atan angle of ¢, = - 17.6° from the reference vector.

Voltage drop in resistance of lower parallel branch is OO0 = 232 = 3
= 69,6 V i phase with /,. Voltage across 4 {2 renctance is DO = 23.2 x4
=928 V, 90 lagging with respeet to [5, Resultant of O and DC is O,
(ix} The vector sum GC and OF is equal to OA4 = £ = 200V,

Man¥ problems can also be solved vectorially.

0; 350 ¢" 1 2aa

=232 A"

Fig. 1.68

Example 37: A sinusoidal alternating voltage of 110V is applied across a
moving coil ammeter. 3 hol-wire ammeter and a hali-wave rectifier, all
connected in series. The rectifier offers a resistance of 25 © in one direction
and infinite resistance in opposite direction, Caleulate (i) the readings on
ammeters {i1) the form factor and peak factor of the current wave.

[Elect. Engg-1, Nagpur Univ, 19492]

Solution:  For solving this question, it should be noted that

{a) Moving-coil ammeter, due to the inertia of its moving system, registers
the average current for the whole cyele.

(b} The reading of hot-wire ammeter is proportional to the average heating
effect over the whole cyele. [t should further be noted that in AC
circuits, the given voltage and current values, unless indicated
otherwise, always refer to RMS values,

1555
E,, = 110/0.707 = 155.5 V (approx.), J, = = T -622A
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average values of current for +ve half eyele
= 0637 % 0.22=396 A
Value of current in the —ve half c¥ele in zero but as said earlier due 10
mettia of the coil M.C. ammeter reads the average value for the whole cyele.
(i} M.C. ammeter reading = 3.96/2 = 198 A, Let & be the resistance of hot-
wire ammeter. Average heating effect over the positive half cvele is

1 . . . A
E.l". R watts, But as there is no generation of heat in the negative half

. . N
c¥cle. the average heating effect over the whole cycle is II;, R watt,
Let f be the DC current which produces the same heating effect. then

- 1 4 , .
FR=—I R o f=0/2=6222=311A
4
Hence, hot-wire ammeter will read 3.11 A

- . . RMS value i
(i} Form factor = —— = - = 1.57
average value 198

ax value 6,22
Peak factor m ‘_ a 2.
RMS value 3.1
Example 38: A voluge V= 100 sin (314 ¢+ 57y V15 applied to a circuit. The
resulting current is § = 5 sin (314 ¢ = 407) 4. Determine power factor and the
average power delivered to the eircuir,
Solution:
The phase difference between current and voltage phasors is given by
G=0,-0,
= A0 - 5 = -45°
Therefore, the power factor
o3 § = cos (-45%) = 0.707 {lagging)
The power fzctor is lagging because the current lags behind the voltage.
Power delivered to the circuit
P=VFieoso
I !
= & ¥ —fecos
NERaNG)
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100

-7 j%—um 45°= 176,78 W

Example 39: 4 100 V, 60 W lamp is to be operated on a 250V 50 Hz supply.
Calculate the value of {a) non-inductive resistor, {h) pure inductance, lamp in
order that it ma¥ be used at its rated voltige. What would be required 1w place
in series with the Jamp in onder that it may be used as its rated voltage.

Solution:
Current taken by the lamp

PO o6
[T
1t & 1a the resistance ol the lamp,
P=IR,
P 6l

Ry= = = —— = l66.6b £}
I* 06y
{a) Mon-inductive resistor

When a non-inductive resistance R is placed in series with the lamp, the

total resistance of the circuit becomes Ry (say), where
Rr=R, +R=1066.60+ 1
Since, the circuit is purely resistive
V=Rt
250 = (166.66 + R)x 0.6

250
= — — I6hhh = 250 L)
0.6 !

(b} Pure inductance £
When a pure inductance L placed in series with the lamp the tolal
impedance of the circuit is given by
Z,= R+ X, = 16666 + {27 % SOL
By Ohm's law
Vo 2yl
250 = (16h.66 + f Imx S0L) % 0.6

250

e JUIB6.66)° +(2mx SOL )
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0.6

JUTI6T1=27775) = 2m = S04

L=12155H

[@] (166.66)° = (2r % SOLY

Example 40: - Three voltages represented by

¢ = 20 sin wr; e, = 30 sin (wr - 1)

¢y = 40 cos (wi + m/6)
act together in a circwil. Find an expression for the resultant voltage. Represent
them by appropriste vectors, [Electro, Technic Madras Univ. 1991]

Solution:
First let us draw the three vectors representing the max. value of the given
allernating voliages,

;= 20 sin of wi — here phase angle with A" axis is zero, hence the vector
will be drawn paralle] w the Y-axis

ea =30 sin (wi— wd). s vector will be below OX by 457
{907 + wi + mh)

=40 sin {wt + 120°). Its vector will be 1207 with respect to OX in
counter clockwise direct,

ey =40 cos (wi + wt) = 40

These vectors are shown in Fig. 1.6%a) Resolving them into X-and ¥
components, we get
X-component = 20 + 30 cos 457 — H cos 607 = 212V,
Y-component = 40 sin 607 - 30 sin 457 = 13.4 V.

C‘t ¥
A . =D
S - L
2 z '
. > L
O ag A -~
e — X
) 212V
“a
B
{a) (b}

Fig. 1.68
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As seen from Fig. {(b). The max. value of the resultant veltage as
OD= 2120 +13.4 =25V

- . Y component
The phase angle of the resultant voltage tan ¢ = - o
X component

134
= =63
272 6%

o=tn ' 0.632-323°
0.564 radian
The equation & = 25.1 sin{ws + 0.564)
Example 41:  Twao currents /) and 7y are given by the expressions i, = 10 sin
(31404 w4y Amp and iy = 8 sin (314 - w'3) amp Find (a) iy + Hand (h) iy — iy
express the answer in the form i = £, sin (3147 = 9).
Solution:
() The current vectors representing maximum vajue of the two currents are
shown in Fig. {a). Resolving the current into their X-and ¥ components,

we gel

104 -

) (0)
Fig. 1.70

X companents = 10 cos 45° + § cos 607 = 10/4/2 + &2 =11.07 A
Y compaonent = 10 sin 45° — § sin 60° = (114 A,

| P E——
I, = JOLOTY (0197 = 11.08 A,

tan & = (0141107 = 001265 ¢ =447
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lenee, the equation for the resultant current is § = 11,08 sin (3147 + 447)
amperes.

(hy X components = 10 ¢os 45° - 8 cos 6l = 3,07 A,
¥ component = 10 sin 43° 4 8 sin 60 ~ 14 A,

5= BT L ay = a3z a
o= 1an | (14/3.07) = 77° 38°
Henee. the cquation of the resultant current is
i= 1433 sin (3144 777 38" amperes.
Example 42:  Three sinusoidally alternating currents of RMS values 5.7, 5

and 10 A are having same frequency of 50 Hz, with phase angles of 30%, - 607
and 45°.

(i} Find their average values,

(i} Write equation for their mstantancous values,

(iii} Draw wave forms and phasor diagrams
reference,

king first current as the

(iv) Find the instantancous values at 100 m sec from the original reference.
[Magpur Univ. Nov, 1994]
Solution:

(i} Av
Var

uge value of alternating quantity in cose of sinusoidal nnture of
tion = (RMS values)/1.11

Average value of 1™ carrent = 511,11 = 4.50 A

=676 A

Average value of 3" current = 10/1.11 = 9,00 A

(i} Instanianeous values

Average value of 2" current

i1 =542 sin {3147+ 30%)
i) = 7.5+2 sin (3141 - 60%)

ia(0) = 1042 sin (3145 + 45°)

(iii} First current is 1w be taken as a reference, none Torm the expression
second current lags, behind the first current by 90%, Third current leads
the first current by 157 wave form with this description are drawn in Fig.
1.71 {a) and the phasor diagrams in Fig. 1.71 (b).

(iv) A 50 Hz AC guantity completes # evele in 20 m see. In 100 m see, it
completes five eveles original reference is the starting point required for
this purpose. Hence, at 100 m sec from the reference.
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s
i i
o a0 270" 360
- *
w’
Fig. 1.71{a)
- I, =104
-
I, = 54
vl =754
Fig. 1.71{b)

(v] Instantaneous value of 1() = 542 sin 307 = 353 A
Instantancous value of iy(f) = 7.5 \E sin (607 = G816 A
Instantancous value of iy(f) = 1042 sin (45°) =100 A
Example 43: A 60 Hz voltage of 230 V effective value is impressed on an
inductance of 0.265 H.
(i} Write the time equation for the voltage and the resulting current, Let the
zero axis of the voltage wave beat r=10,
(i} Show the voltage and current on a phasor diagram. (iii) Find the
maximum energy stored in the inductance,
[Elect. Engg. Bhagalpur, Univ.]

Solution:

Vi = 2F = N2 %230V, =60 Hz
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w=2x =28 x 60 =377 rad/s, X = wi
Xy =377 %0265 = 100 02
(1} The time equation lor voltage is F(i) = 23042 sin 3771

Ty = Vo1, = 2302 7100 = 232 | 0 = 90° {lag.}

max ma.

oo Current equation is i) = 2.3+/2 sin (3771 - m/2) or
=2.342 cos 3771
(it} [t is shown in Fig. 1.50

I
LI

mix. " 5 #F max
2

(iii) E,

Example 44: A resultant current wave is made up of two components,
3 A DC component and a 50 Hz AC component. Which is of sinusoidal wave
form and which has a maximum value of 5 A,
(i} Draw a sketch of the resultant wave,
(i} Wiite an anal¥tical expression for the current wave, reckoning =0 ata
point where the AC component is at zero value and when difdr is +ve.
(i} What is the average value of the resultant current aver a cyele?
(i) What is the effective or RMS value after resuliant current?

Solution:
Resultan:
g N f
£ 54 .y 54
/ S L
e=Emsinw e

Fig. 1.72
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(i} The two current compoenents and resultants current wave have been
shiown in Fig. 1,72,

(1} Obviously, the in value of the | current is given by
the

F=(3+5sinwi)= {3+ 5sint)

(1ii} Over one complete c¥cle, the average value of the alternating current is
zero, Hence, the average value of the resultant current is equal to the
value of DC components i.e., 5 A,

{iv) Mean value of i avever complete evele is

1 opmy ] g s
awh Jdﬂ—ﬂ’[‘ {5+ 5 sin @) a8

L_["izs + 50 5in 0 + 25 sin’ 0)d6
b

x _ bl
L |:25+Sﬂsinﬂ+25[ﬂ]:|4m
I 2

Iopm= s L st
I {37.5 + 50 5in 8 - 12.5 cos 20)dt
i

0

RMS value £ = J37.5 =6.12 A,

Alternate—
Let the efMective value of resultant current is 7,
Tnstantancous current i = 5 + 3 sin o

2 y 5
= Fl=5R+ (

1= 612 amp

Example d4a:  [f the current in a 2060 resistor is given by i = 4 + 5 sin
¢ — 3 cos 3 o, Determine the power consumed by the res
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Solution: P=Py+Prely

=4 %20+ 20 %

=16+ 12.5 +4.5) x 20 = 660 watt,
60 —
cifective value of current = ‘|| 70 = y‘ril = 5.7 Amp

Example 45: A large coil of inductance 1.405 H and resistance of 40 £ is
connected in series with a capacitor of capacitance 20 pF. Caleulate the
frequency at which the circuit resonates. If a voltage of 100V is applied o the
circuit a1 resonant condition, caleulate the current drawn from the supply and
the voltage across the coil and the eapacitor, quality factor, band width.
Solution:

R=300, L=1405H, C=20%10°"F

1 I
mJLC 2p 140520107

resonant frequency - = 30 Hz.

Voo
Al resonance current [, = —= =25A

Ra0

At resonance impedance Z, = R+ X

Z,= JRHX] = 407 126487 = 26780

Valtage across the coil al resonance is X

v

Vy, = Iy Zy= 2.5 x 267.8 0 = 669.5 volt
= Capacilive reactance at resonance is X,
L RS BN
O 0 2wk 30X 20x 107 o
= Voltage across the capacitor
Ve = g, Jy= 2652 % 2.5 = 663 V
WL m L 2mx 301403

W
= Quality factor @, = —*
Quality Qy R R 0

=06.6175  Ans.

= Band width = §= ]4— = 28.469
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Example 46: A current of 120 —§ 50 flows through a circuit when the
applied voltage is 8 + j 2, determine (i) impedance (ii) power factor (iii) power
consumed and reactive power

Solution:
V(8 2 =825 £ 14V
F=(120- 75034 = 130 £ -22.62° A
Vv 25 ?
(i) 2= Vo BIAE s sanea
I 130£-2262°
o Z=10.0635 2
(i} B = 36.62" lag.

p.f. = cos ¢ = cos 36,627 = 0.803 lag
(i} Complex FA, § = Phasor voltage x conjugate of phasor current
orp 0= 825 2 140 % 130 £ 22,627 = 10725 £ 36.62° Vi
= 1072.5 (cos 36.62° + § sin 36.627)
= (ROLLE + f 639751
. Power consumed, P = 8008 W
Reactive power, (= 639.75 VAR,
Example47: Inan & - £ serics circuit 8 = 10 £2 and X} = §.,66 £2 if current in
the eirewit is (5 — j 1004, find (i} the applied voltage (i) power factor and
(ii1) active power and reactive power.

Solution:
F=R+jN,=(10+8661 0= 1323 £40.9°0Q
T={5-j10)d = 1118 £ 6343 A

(i} FedZe TLIR L 63437 13,23 £ 4097 - 148 £ 22537V
¥ = 148 Volts.
(1) O =6343° - 2253°=409°
pfl = cos g = cos 40.9° = 0736 lag.
(111} 5 = phasor voltage % conjugate of phasor current.

P+j@ =148 £ 22537 % 1118 £ 63.43° = 1654 64 2 40.9° ¥4,
=({1250.66 +j 1083.36)14
Active power, ' = 1250.66 W
Reactive power @ = 1083.36 VAR.

or

Example 48:  An inductive coil is connected in parallel with a pure resistor
of 30 £ and this paralle]l circuit is connected to a 50 He supply. The total
current taken from the circuit is ¥ A while the current in the resistor is 4 A and
that in inductive coil in 6 A, Caleulate (i) Resislance and inductance of the coil
(i} Power factor of the circuit and (iil) Power taken by the circuit,
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ion:  The sceond branch has a pur tance (£, = 30 £2) so that current
5 (= 4A) will be in phase with the applied voliage. The first branch has an
impedance of Z; and current (= 6 A) through it will lag behind the applied

voltage by &) the line current #{= 8A) is the phasor sum of , and /, a5 shown in

the phasor diagram in 1.73.

(1} Supply voltage, I'= fx30= 120V

Coil impedance, Z, = ¥4 = 120/6 = 20 £}
Referring to the phasor diagram in Fig, 1.72 we have,

P=1l+i3+20costy

or, 8!—6!-4:-2xﬁx4xcmm|
cos, = =0 =% 025 and sin ¢, = 0.968
Ix6xd
h=san =4
" s
=44 3041
Li=8A \
t =4
V, S0 HZ
Fig. 1.73

o Coil resistance, R=Z, 0050, =20x025=5Q
Coil reactance, X, = Z, sin ¢ = 20 % 0.968 = 19,36 2
el _ 1936

= = 00616 H.
mf 2mx50

Coil reactance, L=

18.4)

{1} Resolving the curre

Teosth =

along v-oxis (see
1t cosdy
I+ dcos8,  446x025
1 T8
= 1.687 lag.
Power consumed, £ = Ffeos & = 120 § x 0687
= fbl) W

cireuit PF. cos & =

Example 49:  An iron cored coil A4 conneeted to a 160V, 50 Hz supply is
found 10 take a current of 5 A and o dissipate & power of 200 W, When the
same supply is connected do coil B, the current s 8 A and the power dissipated
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is 450 W. Calculate the current and power taken when the two coils are
connected m series across the same 100V, 50 Hz supply.

Solution:
Coil A
Py=1Ry
200 (5 Ry R, = %ﬂ =80

<200

Inductive reactance
Y20 - §F = 18330

Z, =R, 4K, =8+j18330
Coil B

Py IRy
450
450 = (RFR,, Ry= — =703 Q1
FRy Ry o1

f [i]
PR RPN
1y 8

Inductive rcactance

Xy Jzi- R}
= 125 - 708 10360

Zp=Rg+jXy=7.03+;1036
When the two o

15 are connected in series, the total impedance
E=Zy+ Zy=R+j 1833+ 7.03 +710.36
=15.03 + 28,69 =32.388 £62.35°0Q
Current taken by the combination
I 100 £0°
I= z° T3388 265.35° = 3087 £-62.35°A
Power dissipated by the combination
P=Fleosd=100x 3087 cos h2.35" = 14326 W
or, PR = (3087 = 1503 = 14326 W
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Example 50:  Two circuits having the same numerical ohmic impedance are
Joined in parallel. The power factor of one circuit is 0.8 and the other 0.6. What
1s the power factor of the combination?
Solution:
Let # be the impedance of each circuit

Z,=Z Leos 08 =7 £ 36,877 = Z (08 +0.6)

Zy=Z Zeos 067 £ 5313 = Z(0.6470.8)

are conmected in parellel, the equivalent
iven by

Since, the two impedance:
impedance of the combination i3
ZZ,
A= By ——

o= Bl 2, +Z,
_ (ZLI68T°) (2453037 Zlzow
Z(0E+j06+06+ j08) Z(4+ 1.4

z e Z 245"
7098245 1
The power factor of the combimation is
0.707

cos @ =cos 4
Example 51: A voltage of 200 £ 30° V is applizd to two circuits connected
m parallel. The currents in the respeetive branches are 20 £ 60° A and 40
£ =307 AL Fimd the kKVA and kW in each branch cireuit and in the main eirevit,
Solution:
F=200230°V=1732 47100V
L=20260°V=10+71732A
L=40 2 - 30° WV =2464 20V
8y = FIY = (200 £ 30%) (20 £ - 60°)
= 4000 2 <307 VA = 3464 - § 2000
§) = 4000 VA = 4 kVA
P = real part of FI = 3464 W = 3464 KW,
Sy = FY = (200 £ 30%) (40 £ + 30%)
= B000 £ 60° VA = 4000 + j 6928
S'z = BO00 VA = 8 kVA
Py = Re[FI*] = 4000 W = 4 kW
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109
Total current of the circuit
F=l+ h=10+71732+ 346420
=40 —j2OR =4472 £ - 3437 A
§= =200 £ 30%)(44.72 £ + 3.437)

= RO £ 33435 VA = TA464 + 4027 = P+ i
5= H944 VA = 8944 kVA
P=T7464 W = 7464 kW,
Example 52:  Three impedances (6 + j5) £, (8 — j6) £ and (8 + 710) £ are

connected in parallel. Caleulme the current in each branch when the total
current is 200 A,

Solution:
Let the towal cumrent [ be taken as reference phasor.
[=2020°0=20+;0A,
Z =B+ ji-181 £308°Q

pod_ 1 6=js
Uz 645 (6F 51065
6- j5
=277 09836 - 008196 S
&t :

Z.=8-j6=102£-3687°Q
I K- j6 8-j6
B—j6 (B— 68— j6) 8 +6
=0.08 + 0.06
Zy=8 4 10=12.8 £5134°Q

v 1 1 8- 10 8- 10

TTZ, B+ 10 (B4 fLO)(E— j10) B 4107
= 004878 - 0.06097 5

Total admitiznee of the circuit

Y=y + ¥+,

= 009836 - j 008196 + 0.08 - 7 0.06 + 004878 — j 0.06097
=022714 -y 008293 = 02418 £ -2006° 8
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Total circuit voltage

yerz=L - 20 <07 = 8271 £ 20,06° V

Yoo0.2418 £ - 20067

8271420067
7.81.£39.8°

= 10,59 £ - 19747 A= 9967 - F 3576 A

_ V8071220060
P Z, 102-3687

=BITI L5693 A=4513 46930 A

o b BT 220060
YUZ, 128 .2-5134°

=646 £ -31.28" A =552-7335 A
Wej0=1

L+ i+
Example 53: A single phase circuit consists of three parallel branches, the
admittance of the branches arc

¥i=04+470.6
Fo=0.0+;0.4
¥y =0.06 +0.23
Determine the total admittance and impedance of the errcuit.

Solution:  Since, the admittances are in parallel

F=¥ =¥+l
= (04 + F0.6)+ (0.1 +j0.42) = (0.06 +0.23)
= (0.4 + 0.1 + 006} -+ (0.6 +0.42 +0.23)
=0.56 4 f 1.25 = 1.369 Z65.86
Impedance = Z = L = ; =73 2£-6586

¥ 136926586
Z=0.298 - j0.666

Example 54:  Four loads are connected across a 230V, 50 Hz line:
{a) lights 10 kVA at unity power factor,
(b} a motor £ KW at power [actor (L8 lagging
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{e) arectifier 3.6 kW at power factor 0.6 leading

(d) a capacitor § KVA
Determine the total kW, the total kVAT the total kVA, the overall power

factor, and the total Tine current.

Solution:

BY convention, {J, is taken positive and O negative,
Load a

5 cos 0, + ising,)
=100 +70)= (10 7 0) kVA
Lead b
cos 9, =08, sindy, =06
Py =7 sin0,}
=6 0.6+ j 0.8) = (3.6 - 4.8) kKVA

Laod ¢
08 p =06, sing, = 0.8
Po=5 cos0,
=5 %068 = ﬁ =6 kVA
) [1X3
S.=8. L9, =5 (cosg, —jsing)
=606 - 0,8)= (3.0 - jd8) kVA

Load d

For a capacitor, the curreat leads the voliage by 907 Therefore, the power
factor cos ¢ is leading,
cos @, = cos 907 = 0 {leading)
sin gy, = sin 907 = |
Fo=5 080,
Py= B0, Py= 0 kW
8= 8, £ =907 = § £ - 90° = (cos WU° — f sin 90%)
= B0 1h=0-78kVA
Total complex power
§=5,+5,+5.+5,
104044453436 5484078
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=176 9.5 = 20144 £ - 29.1° KVA

S=P+j0=520

§= 200144 kKVA

F=176 kW

= 9.8 kVAr (leading)

Also,

Oversll power factor
cos @ = cos {~20.17) = 0.8737 (leading)
Total current

EVA 1000 200144 > 1000
BT.58 A
¥ 230

Example 55:  In the network shown in Fig. 1.74, determine (a} the total
impedanee, (b) the total current {¢) the current in each branch, (d) the overall
power factor, (&) volt-amperes, () active power, and (g) reactive voll-amperes,

Tir
A

At
12002 1p0 uF

Fig. 1.74

Solution:
{a) Branch 1:
Ry =T0L =00I5H
X, =2nfl, =2mx 30 =0015=47140

Z =Ry =i, =7+ 471 = 8437 233937 Q

Branch 2:
120 C,= 180 gk = 180 % 10 F

LI ! = 17680
In fC, 2mxS0xI80x 107"

Zy=RyjXe =11 j1T68=2137 2 55830
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Sinee, £, and Z, are connected in parallcl, their equivalent impedance Zj° is
given by
£,
4+i,

L=y || 2=

_ (437 L3393 (2137 £ -55.43")
(T4 7470 +012- j17.68)

_ 1803 £-21.9° 1803 £ -21.9°
19- 41297  23/-343°

=T7839 £+ 1245 =7.656+j 16802
Branch ¥
Ry=580L,=001H
X, =2rfly=2mx 50 =000 = 3144
=Ry TN, =5 Tj304=59 2321370
Since, £y and £, are connected in series, the wial impedance of the circuit
is
=23+ 2 =5+73 144765647 168 = 12656+ 7482 = 13.54 £20.85%Q
(b} Let the supply voltage ¥ be taken as reference phasor.
V=230 200V =230+ 0V
BY Ohm's law tolal circoit current is
L 1) i

I=—

= = 1699 / -20.85* A
Z  13.54 22085

=15.87 —j 6.046 A
{e) Voltage drop across Z; is
Fl.‘f =fZ, = (1699 £ - 20.85%) (5.9 £ 32.13%)
= 10024 £ 1287 =983 45 198

By KVL
F=¥gs Ve
i.'.’,I'l' =F- J..h’i
=230+ 0= (Y83 45 196)= 1507 - f 9.6 = 13315 £ -8.46%V



114 Basics of Electrical Engineering

Alternatively,
l"',,— J'Zr., = (16,99 2 -20.857)({7.839 £ 12.4%)
= 13308 £ 8457V
= 13173 - I95TV
Since, Z; is the parallel combination of Z) and Z;
Voe= ¥, = V= ¥, = 13315 £-8.467V
BY Ohm's law

_F 1352 -4t
8.437 £33.93°

= 1578 £ 42397 A

or,

_ 131152 -846°
21.37 £ -55.83°

=623 £4737° A =422+ j 458 A
Cheek £y + 1§, = 1165 - j10.64 + 422+ 458 = |5.87 - jo.06 A =1
(d) Total current
F=1699 £ - 2085 A
Example 56: A coil of resistance 50 Q and ind ¢ 0318 H is connected
in parallel with a circuit comprising a 75 £2 resistor in series with a 59 pf
capacitor. The circuit is connected 10 240 V., 30 Hz supply. Calculate.
(i} Supply eurrent
{1i} Phase angle between supply current and applicd voltage. Find also the
resistance and reactance of series cireuit which will take same current a
1he same p. the parallel cireut.

Solution: Xp=2rfp=2mx 500318 =100%

7, = JRE+ X = 50741007 11202

oy = cos ' /2, = cos ! 507112 = 63.5° lag.

N = WZ = 240112 =215 A gy by 63,57
1o®
R — ]
Y Imx 0159 @
o7 ool _ ool LT -
Zy = L XE = TE 2200 =777 0

B = o8 | RyfZy = cos! 75777 = 15 load.
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b= Wiz, = 240777 = 309 4 - lead Fhy 157

| e
* - e
Th
R 750
40, ]
50 Hz =
L= 0aeH Co o158 pt
Fig. 1.75

Referving 1o the phasor diagram shown in Fig. .75,
Total X-comp. =/, cos ¢ + [, cos &,

=215 cos 6357+ 309 cos 15° =394 A
Total Y-comp = — f; sin ¢, + f sin ¢,

=—2155in 6357+ 3.09sin 157 =- 113 A,

(i} Supply current, [ = 394y + (= L3 =414

(i} Phase angle. & = tan ' 1
Si

3304 = 167

ce, voltage in the reference phasor, negative angle means that supply

current lags the applied voltage, ie., circuit is inductive.
Circwit impedance, 7= F[=240/4,1 = 5850

Cireuit resistance, R=7cos 6= 585 cos (-16%) = 56.2 (2

Circuit reactance, X, = Zsin¢ =585 ¢in (-16°)=16.120

Thus, the parallel cireuit is equivalent to 56.2 £ resistor in series with

16.12 £2 inductive reactance,

Example 537: A voltage of 230 Z30° V is applied to two circuits conneeted

n parallel, The current in the branches are 20 £60° A and 40 £- 30° A, Find

(i) The total impedance of the circuit {ii) Power taken,

Solution: 1 =20 £60° 4 = 20 (vos 60° + 7 sin 60°) = {10+ 7 17.3) 4

I, =40 2307 4 = 40 (cos F — fsin 30°) = (346 20) A

= {446 - j 1T = 44T £ 3460 A
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4 >
1,20 SETA vl 40 2207
230 3V
:
Fig. 1.76
v 230 2307
(i} "= —s—————— =514 £3346° Q)

1447 £-3.46°

(i) P=VFicosp=230x447 xcos 33465 =85TT W,
Example 58: A parallel circuit consists of a 2.5 uF capacitor and a coil
whose resistance and inductance are 15 €2 and 260 ml, respeetively.
Determine (i) the resonant frequency (i) Q-factor of the eircuit at resenance
{1i1) d¥namic impedance of the cireuit,
Solution:

(i} Resonant frequency,

h:
£ 2
- L L LS}I = 197 Hz
2y 0.260% 2.5 (0.260)
nf, I 197 % 0.
(i) O-factor L AmAL_IRxI9TX0260 ) s
I3 15
A
(iii) z, L

R 23%10°%15

Example 39: A square coil of 10 cm side and 100 turns is rotated at a
uniform speed of 1000 revolution per minute, about an axis at right angles to a
uniform magnetic field of 0.5 Whim®, Calculate the instantancous value of the
induced electromotive force. When the plane of the coil in (1) at right angles o
the field (i) in the planc of the ficld. {Electromagnetic Theor¥, AMIE, Sec B,
1992)
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Solution:  Let the magnetic field lie in the vertical plane and the coil in the
horizontal plane. Also let the angle @ be measured from N-axis,
Maximum value of the indveed emf, £, = 2 VB A volt instantaneous
value of the induced em.£ e = £ sin .
Now 1= 10060 = (30/3) rps., N = 100, 8, = 0.5 Whim®, 4 = 100 m?
(i} In this case, B = H°
(i} Here, 8=90°, - e=E, sin 90° = F,_

Substituting the value (given), we get,
e=2m % (50/3) % 100 =05 % 107
=523V, Ans.
Example 60:  The maximum values of the alternating veltage and current are
400V and 20 A, respectively in a circuit connected w 30 Hz supply and these
quantities are sinusoidal. The mstantancous values of the voltage and current
are 283V oand 10 A, respectively at £ = 0 both increasing positively.,
(i} Write down the expression for voltage and current at time 1,
(ii} Determine the power consumed in the eircvit. (Eleet, Engg. Pune Univ.)

Solution:
(i} In general, the expression for an AC voltage is 1=V, sin (wr + ) where
© i1s the phase difference with respect to the point where ¢ = 0.

MNow, 7= 283; P = 200 F, substituting ¢ = 0 in the above equation, we get
2RI =400 (sin w04 @) sind = 2R3H00
=0.707, - 0=45" or 7/ radians,
Hence. general expression for voltage is
I 400 (sin 2mm % 50 % 0+ /)
Similarly, atr =0
10=20sin (w0 +¢)
sin =05 . ¢=30° or ©'6 radians,
1lence, the gencral expression for the current is
i 0 (sin 100 o+ 307) = 20 sin (100 7 + 1/6)
(1} P~ Fleos @ where Fand 7 are RMS values and 8 is the phase difference
between the voltage and current
Now, V=1 N2 = 400042 5 0= 2002 8 = 450 - 30
= 15" {see Fig. 1.77)
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Fig. 1.77

P (400042 ) 5% (20042 ) % cos 159
P 38640

EXERCISES
. What is meant by an alternating quantity? Explain how a sine wave 15
produced.

. Define: eycle, periodic time and frequency.

What is understood by “phase difference™ between two alternating
quantities? Explain the term lagging current and leading current with
the aid of suitable curves.

. Define RMS value of an aliernating current.

Derive RMS value in case of a:
(a} Sinusoidal wave

(b) Rectanguler wave

{e) Tria
(d) Semic

uler wave

cular wave

(e} Trapezoidal wave

() Stepped wave.

Define average value of an altemating current.
Derive average value in case of a2

{a) Sinusoidal wave

(b) Rectangular wave

{c) Trianguler wave

{d) Semicireular wave

() Trapezoidal wave

{g) Stepped wave.

Alsa define form factor and find its value in case of all the above waves,
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6. Define peak or crest factor and state its practical utility.
7. Determine average value, effective value and form factor of a triangular
wave whose hall wave 18 suppressed in each ey

I - . n
8. Two waves represented by ¢ = 3 sin wi. and ¢, = 4 sin [n'f - 3] are

acling in @& circuit. Find an expression of their resultant and check the
result bY @ graphical construction. Also find the peak and RMS values
of the resuliant.

[N3T sin (wr. - 0.605); ¥37 ,4.3)
9. An alternating current is given in amperes by the expression,
50 sin 44 o0,

Find (a) frequency.
(b win radians per second
(¢) maximum value of the current
{d) effective value of the current
[(a) T0efs, (b) 440, {e) 50 A and (d) 35.35 A]
10, Show that in 2 purely resistive cireuit, the current and volisge wave are
in phase. Draw curves of the applied voltege, current and power, Prove
that the average power in the circuit is equal 10 the product of eflective
values of voltage and current.
11, Show that in a purely inductive eireuit, current lags the applied voliage
by 90°, Prove that the average power absorbed in such a cirenit is zero,
12, Show that in a purcly capacitive eircuil, current leads the applicd
voltage by 907, Show that the power wave fluctuates with double the
frequency and that the average power absorbed is zero in such a circuin,
13. What is meant by:
{a) inductive reactance,
(b} capacitive reactance,
() impedance.
Specify the unit of each one of them. Also express them in their
symbolic form.
14. Calculate the reactance of a condenser of capacitance 100 u#” and
inducing coil of 20 m/A at (1) 25 c/s. (b 50 ¢/s and {€) 100 ¢/s
[(a} 63.6C2, 63,14 C2(b) 31862, 6.28 €2 (¢} 15902, 12.56 2]
15. A sctof 200 V lamps take 2 4. Find inductance of a choke coil to be
connected in series with them so that they may work satisfactorily on a
2300V, 50 c¥ele supply mains. Draw veetor disgram, [0.235 )]
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A current of 10 A flows in a cireuit lagging behind the applicd voltage
of 100V by 307, Determine the resistance, reactance and impedance of
the circuit. [8.6690, 502 & 104)]

. A mon-inductive resistance in series with an ideal inductor is conneeted

looa 125 W, 50 ¢/s supply. The current in the circuit is 2.2 A and the
power loss in the resistor is 96.8 W calculate the resistance and the
inductance, Draw the vector diagram for the ¢ircuit

[20 €2, 60 uF]

. A circuit consists of resistance of 20 £2, an induct are of 0.1 /f and a

capacitance of 250 uF, all connected in series. The combination is
connected across 200 V, 50 ¢/s mains. Caleulate (2) Current (b) p.1. (c)
power, (d] voltapes across the conl and condenser, Draw vector disgram,

[{a) 7.32 A, (b) 0.73 lagging. (¢) 1070, () 273V &£ 932 V]

. State the condition of resonance in a series B-L-C circuit. Define

resonanee frequeney and express it in terms of £ and C.

. Analternating voltage ol | volt having a frequency of 100 kilo-cycles is

applied across the combination of a coil and a condenser in series. The
coil has a resistance of 250 €2 and inductance of 12,5 m#. Determine the

P of a cond which will prod Find also the
power dissipated in the cireuit and the vollage across the coil. Draw the
vector diagram. (206 10 s pF 0004 W 314 V)

. Define conductance, susceptonce and admirtance, and express them m

terms of &, Xand Z.

A coil ol resistance 15 Q and inductance 0,03 /7 is connected in parallel
with a non-inductance resistor of 20 £2. Find (a) the current in cach
branch circuit (b) the total current supplicd and (¢} the phase angle of
combination when a voltage of 200 V at 50 ¢/s is applied. Draw the
veelor diagram. [{a) 9.2 A, T0 A () 17.6 A, (c) 227 lagging]

2. Two cirewnts, the impedances of which are given by £, = 10+ 15 €2 and

Z, =6 — f B L2 are connected in parallel, If the total current supplied is
15 A, what is the power taken b¥ cach branch. Draw vector diagram.
(737 W, 1400 W]

. Acsmall | - phase 2400V induction motor is tested in parallel with a

160 €2 resistor. The motor takes 2.0 A and the total current is 3 A, Find
the power and power factor of (a) the whale circuit (b) the motor, Draw
vector diagram. [(a) 58O W, 0.807 lag (b) 220 W, (.46 lag ]

. Find the wotal current taken and the power factor of the circwit given in

Fig. 1178, Draw also the vector diagram,
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20ir  200RF
A

.
Ay
- 2000 o -
B0
Fig. 1.78
[3.85 .1, 0.95 lagging]
25, Explain the pl of “Parallel R

[X]
>

=
=

A coil of resistance 15 £2 and inductance of 0.5 F is connected in series
with a condenser, On applying a sinwsoidal voltage the current is
maximum when the frequency is 50 /s, A second condenser is
connected in parallel with the circuit. What capacitance it must have so
that the combination acts like a non-inductive circuit at 100 ¢/s?
Caleulate also the total current supplied in cach case if the applicd
voltage is 240 V. [6.74 uF, 16 A & 00648 A]
Define effective, equivalent or dynamic impedance of 2 rejecter circuit,
Find the current in a parallel circuit st resonance aller making prac
assumptions.

. Define (-factor and determine its value in:

(a) Series resonant cireuil
(b} Parallel resonant circuit



Magnetic Circuits

21 MAGNETIC CIRCUIT

The path followed by a magaetic line of force is called magnetic circuit, Every
line of foree follows a closed path i.e., it comes back to the originating point. A
simple magnetic circuil is shown in 2.1. Consider a ring-shaped specimen
of'iron wound with a suttable aumber of wirns of insulated wire. When a current
flows through the coil, lines of force are produced in the specimen. In this case,
the magnetic circuits are circular paths of lines of force as shown by dotted
lines.

Fig. 21

Let A = Number of turns wound over the ring.
1= Current in amperes,
I = Length of the mean path of lings of foree,
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Ficld intensity f at the centre of the solenoid is given by,

r
u-M
]

11 is the permeability of the ring material, then flux density B in the ring
is given by,

NI ,
B=H = op, - webinet

1F 4 is the area of cross-section of the iron ring in meter, then flux
produced is given by,
o=HA4
NI A

= — A2
HolH, 7 (2.1}

Here, Nf is called magnetomotive foree of magnetic cireuit, g p, A is
called reluctance.

4= NI mmf
Fug, 4 Reluctance
Thus. 6= MAF. 22
Reluctance

This is sometimes called “Ohm's law™ of magnetic circnir. 1t resembles the
expression for electric circuit,

EME.

Current [ =

Resistance

2.2 CIRCUITAL LAWS
There are two circuital laws of the magnetic field.

First law—(Ampere’s law) states that the total magnetomotive Torce acting
round a closed magnetic circuit is equal to the algebraic sum of currents
enclosed by the path.

So, MMFE =Ef LA24)
Where, LI = Nin M.K.S. rationalised system

0.4n NI Gilberts in ¢.p.5. s¥stem.

Second law—({Faraday's laws of electromagnetic induction) states that the
em{ induced around a closed path is equal to the negative rate of change of the
magnetic flux linkages,
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d
S0, e=nE 0 vos. A28
ot
where, N = number of turns of the coil
@ = interlinking flux in lines.

2.3 DEFINITIONS
2.3.1 Magnetic Flux (o)
It is defined as the total number of lines of force cmitted from a source.

In c.g.s. &¥stem, its unit is Maxwell or lines and in MLK.S, s¥stem, its unit
is Weber. (1 weber = 10% lines),

2.3.2 Magnetomotive Force (M.M.F.)
It 15 the force which drives the magnetie flux through a magnelie circuit.
1t 45 alse defined as the work done in carr¥ing a unit magnetic pole once
round o closed path of lines of force.
Inc.g.s. s¥stem, MOMLUE = 0.4 N gilberts A2
In MLK.S. rationalized system M.MLF, = A Amp. Turns,
In MLE.S. unrationalized system MMLE = 4 N/
Ampere Turns, L(2.8)
I may be expressed as 4,
N ma¥ be expressed as T.
Then, NI = AT Le., Amp. Tums. LA2.9)

2.33 Reluctance (R)

It iz the obstruction offered bY the magnetic circuit to the flow of magnetic
flux, 1t is analogous 1o resistance in an cleetric eircuit:
!

I3 i L210)

Inc.g.s s¥stem:
lisinem, a is in em”, andp = 1
If, I=1¢cm
=1 in vacummn in ¢.g.5. units
a=1em?
Thus, the unit reluctance is the reluctance of a centimetre cube in vacuum,
In c.g.s. s¥stem no name is given to this unit.
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Tn m.k.s. s¥stem:

Hs inometre, a s in metres” and p@o= pg .

The value of p, = 4m = 10 in rm.k.s units and 10 Tin mks.
unrationalized and the unit of reluctance 1s hen

2.3.4 Permeance (P)

It is the reciprocal of reluetance and is analogous to conductance in an electric
cireuit.

Pe— —A42.01)
Permeance may be defined as the property with which magnetic flux can

flow in a magnetic circuit.
I m.k.s. system, its wnit is henry,

2.3.5 Reluctivity

The reciprocal of permeability is called reluctivity and is usually denoted by v

1
p=— af2.12)
n
Reluctance £ i
Maar a

The reluctivity corresponds to resistivity in an electric cireuil.

2.4 SIMILARITY OF MAGNETIC & ELECTRIC CIRCUITS

)
v
Aa "
M
vz
IS v
| MMF EME
() Magnetic dreull {b) Eleetrle cireuil

Fig. 2.2
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Magnctic Circuit Electric Circuit
(i) Flux Corresponds to Current
(i1} M.MLE. E.MLF,
it} Reluctance - Resistance

(iv) Permeans

{v) Flux dens
(lines/sg. em®)

(vi} Permeability (uy "

(vil) Reluctivity iv) "

Conductance
Current density
[Amp\\"mn::
Conductivity (o)
Resistivity (p)

2.5 DISSIMILARITY BETWEEN MAGNETIC & ELECTRIC

CIRCUITS

{i} Flux—No flow of flux in a magnetic
circuil,

Current—It actually Nows in an electhic
circuit.

{1} Permeability—{a) It depends upon
the fotal fAux. (b) 1t does not vary oo
much and so no malerial could be

said as insulalor Lo magnebic lux,

Conductivity—{a} It does nol depend
upan the current strength. (b) It vares
wilhin very large limits and so materials
are temmed as condugions or insulatars,

in
Tar

(i) Energy—l  is
astablishing  fux

maintaming il

but  not

2.6 RELUCTANCES IN SERIES

A composite magnetie circuit is said 1o

Eneray—It is
i)
current ows.

50 long as the

have reluctances in series, if the same

fux passes through the different branches.

Letd .l and { be the lengths. a . ap

and @, be the cross-sectional greas and

My Wy, and p, be the permeabilities of the limbs 4, # and O, respectivel¥ as

shown in Fig. 2.3,
PR, Ry and & _ore the reluctances of the three mbs,
Then,
I}
R, <
Wy,
Ry = I
My el
I
and, R, .
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Fig. 2.3

I£ M8, My, and M be the M.ME.s of the three branches and ¢ be the flux
passing through them, then from egn. {2.4)

M, =0.R =0. e +{2.13)
By,
b
M= 0.R,= 6. (2.14)
Mty

M= R, g — (215
W,

M {216)

Tolal M.MLF. = Af, +
If the equivalent reluctance is R, then
Total M.MF. =0 R L4207
Comparing eqns. (2.17) and (2.18)
GR = 0.k, 1+ OR, + BR,
or, R=R,+R, =R, A28
P S La(2019)
na, Wy Heea

Thus, when the reluctances are connected in series, the cquivalent
reluctanee is the sum of the reluctances of individual branches,
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My My M
- Total MMF. -
Fig. 2.4

S0 the circwit of Fig. 2.3, ma¥ be represented by an equivalent circuit off
Fig. 2.4,
S0 the total flux is given by
_ MMF
R+ R+ R,

~ MMF.
R.

Ine.g.s, system, Tux will be
4= O.4m NT
¥ )
W

2.7 OHM'S LAW OF MAGNETIC CIRCUIT
271 In C.G.S. System

M.MUF = D VT gilbert,
where, & = No. of tumns,

1= Current in amps.

1
R= .
war
where, /= length in em.
a = area in em’,
H= gl
Hg = | = Absolute permeability of free space in c.g.5 unit.

u, = Relative permeability of the material,
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Thus, M=, N egs. s
& = flux in lines,

4= Odm NI

e

NI = AT = Ampere Turns.
0dmAT
M

-

wa

So, ar- L2
04n pa
=0.796 H.1. ..(2.22)
Thus, ampere-turns required.

= 0.796 » Magnetising force ¢ length of magnetic path.

2.7.2 In M.K.S. Rationalised System

M.M.F. = Nf ampere-turns
Where, N = No. of turns.
{= Current in ampere.

R=

henry.
JLE)
2.8 RELUCTANCES IN PARALLEL

When the flux established in a single coil passes through several parallel
branches of magnetic circuit, the reluetances are said to be in parallel.

In a simple magnetic cireuit of Fig. 2.5(a}, the flux ¢ divides into two
parallel branches, so
O=q 40, L.{2.24)
Let M = MM.F. of the coil on central limb between the points 4 and 8.
R, = Reluctance of the cireuit 1
Ry = Reluctance of the cireuit 2.
I = Equivalent reluctance of both the paths, then
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LT @ 2
1 L)
- = - MMF *
*
B
(a) (k)
Fig. 2.5
oo MMF. M
R R
b M
TR
M
L R
Substituting the value of ¢, ¢, and 4 in equation a(2.25)
M_M M
R R R
or. .r,r (226
R OR R

Hence. in general if Ry, s, Ry ..o are the reluetances in paraflel, then total
equivalent reluctance & is given by,
= — s — 227
Thus, reluctances in parallel ma¥ be represented bY an equivalent electric
circuit shown in Fig. 2.5(b).
If P is the total permeance of the circwit and P, £y, Fu. ... be the
permeances of the parallel branches, so that
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1 1 1
P=—=, P=—=, Py= —,
RVORTTOR,

Then, P=Pi+Py+ Pyt

131

(2.28)

Hence, the permeances in parallel are added up to obtain the total

permeance.

2.9 ELECTRIC CKT CORRESPONDS TO MAGNETIC CIRCUIT

(SERIES AND PARALLEL)

Equivalon electre CKT
Fig. 2.6

Ry = reluctance for path (1w (3) =1, su, 1 A
R.._. = reluctance for path (1) = (2) = {4)

Ry = reluctance for iron path (1) = (2) = (3
£

. = reluctance for air gap

Net minf required 10 establish a Mux ¢ is

{mmf) = ¢[net reluctance]

2 R Ry o+ R
)
oA R +R +R,

=

iRy
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Example 1: A magnetic CKT shown in fig having a cross-section side of
square cross-section of 3 cm side, Each air gap is 2 mm wide. Each of the coil
ts wound with [000 tweas and exeiting current is 1.0 A, The relative
permeability of pan A4 and part B ma¥ be taken as 1000 and 1200, respectively,
Find

(i) Reluctance of part A and &
(i} Reluctance of two air gaps
(iii} Total reluciancs of the complete circuit
{iv) MMF
(¥) Total Mux
{vil Flux density

Par-A

— 10em
Part-B

20em

Fig. 2.7

Solution:

Reluctance R, =

Mokt <
(i} Forpart A

¥ em

Fig. 2.8

{, = mean length of core

fL=20-(1.5+15)=17cm
H=01Tm
W = 10 7
p.= 1000, 4 = Area of cross-section = 3 x 3 » 10 fm?

17 % 107%

= = 503x 1Y ATIwh
' Ao 10 2 1000 x 9= 10

R
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For part B

Fig. 2.9

length iy = mean length of core
=AB+BC+CD
== LA+ 20 - 3+ (10 - 1.5)
“ B3+ 1T+ R5=3dem
R - 1y 3kl ?
e Mot A 4mx 107 x 1200 9 10
= 2504 % 10" AT/wh
i
B
forairgap={,=2+2=4dmm=4x 10 ¥ metre

(i1} Reluctanee for air gap R, = {1, =1 for zir gap length of mean path
Area of air gap through which flux passes = 9 x 10 Tm?

R, 4% 107

- = 3535 R 107 AT/
©o4mx 107 k9= 10

(31} Electric circuit corrésponds to magnetic CRT is

Flg. 210
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Total reluctance Ry=R,+
Ry=(15.03 + 25.04 + 353.5) = 10°
Ry= 39357 % 10° AT/wb

{iv) Exciting current is 1,0 A and number of turns is &' = 1000,
mmi = N = 1000 = 1.0 = 1000 AT

mmf 1000

v) Total flux ¢ = =
™ T v Reluctance 39357 x10°

B =5.08x 107" weber.

Flux  5.08x107°

ivi) Flux density B = —
Area LR

0.564 whim®.

Example2: A steel ring of 25 cin mean diameter and ol circular section 3 cm
i dizmeter has an air gap of 1.3 mm length. 1is wound uniformly with 700
s of wire carrYing & current of 2 A, Caleulate (i) mmil (i) flux density
of airgap (iii) magnetic flux (iv) rel (v} relative p bility of steel
ring {vi) Reluctance of steel assume mmf taken by iron path is 35% ol total
mmf.

Solution:

2R,

une L mmf = §IR, * Ry}

Fig. 2.1 Fig. 212

Mean diameter = 25 em
Number of turns N = 700
Currentimacoil 7 =2 A
(ip mmf = NI
= TiHh x 2 = 1400 AT
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¥

Had

(i} reluctance of air gap is &, =

b= LEmm = 1.5x 10 ¥ metre,

mmf across air gap = ¢ £, 19= 8.4}
(mmf), = 8,4, 8,

{Total mmf— 35% of total mmi) = #

My
(1400 - 0.35 5> 1400} = 8,1/,
910 4rx 107 %810 ]
g o PO Amxd0 X 2w

“ I, 1.5x107

(iii} magnetic flux o = 8,4

Diameter of circular scetion ring = 3 cm
Arca of cross-section = nr

3 N
=rc[;] =707 x 10 m’

flux ¢ = 0.762 % 7.07 3 10~
= 0.538 m Weber
(iv) Toetal mmf= 1400 AT
total flux = 0.538 % 10" weher

mmf 1400
total reluctange = —— = ————

= — = 2.6% 10" AT/wl
flox 0538107 " e
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{v) Let relative permeability of steel ring is u,

!
R- =
Hal, A

_ 1L5x107t _ s’
Am o 1077 % 7,07 1 * 88.79

R_{ = 0LO6ED llJ‘i = .69 % [0°
Reluctance of steel core = £, - R,
= (2.6~ 1.69) % 10°
=091 10" AT/wb
Example 3:  Magnetic CKT shown has cast steel core with dimension.
Mean length from 4 to # through outer limb = 0.3 m
Mean length from A to 8 through central limb = 0.2 m

L] o L] Axtom

' + SR IR
002 em’ 02 em} i — b02sem

Fig. 2.14

In the magnetic CK'T shown it is required to establish a flux of .75 mwh in
the air gap of the central limb. Determine the mmf of the eaciting coil if for the
core material (a) W, = == {b) p, = 5000

{@) p, = o= there are no mml drop in magnetic core.

Fig. 2.15
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025 1077
L p . 0025X107 oo
Ut Dodrx 10T = = 107
3 -2
L L1 L TR
T dpx 107 %1210
7 5 102
R 0.02x10 = 0,796 % 10

Lm0 x (1 )10

Ni=o[R, +(R, &)
Ni =075 % 100,796 + 844) x 10°
= 1260 AT
(b} p, = 5000

This means that the reluctance of magnetic core must be taken into
consideration.

1 af ]
R SRy 2R
Ry - = Ry

Nt
Fig. 216
I 05

R o =
Topgde dms T < 5000 (1x )= 107

= R =079 % 10°

0.2

R, = T = 0.1596 x 10°
T M S000 = (2 D 10T )

B =108, + ROI(R, + BOITCR, + R

=224 % 108
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mmf= @R (VIR ]

=0.75% 107" %224 % 10°

mm AR0 AT

Example 4t An iron ring 10 cm means dinmeter is made of round iron rod
1.5 cm in diameter of relative permeability 900 and has an air gap 3 mm in
tength. It has a winding of 400 wens. 1f the current through the winding 15 3.4
amps, Determing (2) MMF (b)Y total reluctance of the eircuit (¢} Aux in the
ring (d}) flux density in the ring. Neglect leakage.

Solution: The magnetic circuit is drawn in Fig. 2,17 below.,

,u=800

— .

Flg. 247

Length of air gap—{, = 0.5 em.
Length of iron path—4, = (= 10— 0.5} = 309 ¢m

Area of eross-section, a = % =1.77 em’.

Ni
{a) MMF = dn Nt

gilberts

o 00x 34 X
= T = 1710 gilberts.

1
(b} Total reluctanee = ——
a
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_ 309 0s
177%900 1771
=0.0194 +0.272= 02914

{cl ©- —M-M-I" - —]-”D = SHT0 maxwells
Reluctance 02914
3870
(y &= L =220 L33 20ass  Ans,
a 1.77
Example 5:  In Fig. a ring of composite material is shown. The length of the

magnetic | and cross-sectional arens in iron, cast steel and aiv gap are
100 ¢, 200 cm and | cm and 20 cm®, 10 em® and 20 em®, respectively. The
length of path in iron is divided into two equal halves of 30 cm cach, If the
relative permeability of iron and cast steel are 300 and 900, respectively, find
the current through a coil of 170 twms to produce a useful flux of 9000 lines in
the air gap. Take leakage coefficient as 1.2,

W em’

170 turs

Casl sleel-—

Solution:  (Tn RMK.S. Units)
MMEF for air gup (Mg.)

M.M.F. for ai M,
Flux in air gap = or dir gap (Mg.)
Reluctance
Mg, = Flux in gap x Reluctance of air gap

g N length of the path in gap in m

Reluctance = — =
W1, * area of gap in m”

.
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_ 1%107°
A 1077 % 1% 20% 107

Mg = 9000 10 %% #
A= 107 % 20 10
= 3138 Amp-turns,
MMF for lron path (Mi).
AMi = Towl flux in iron x Reluctance of iron paths.
Total flux in iron = Leakage cocflicient = Flux in gap
= 1.2:9000 % 10°F = 10800 % 105 wh,
M= 108005 10 % J00XI0T
A 107 % 300 20 10
=143 Amp-lurns.
MMF for cast steel path (We).
Me = Total flux in cast steel x Reluctanee of steel paths.
= 10800 10 ¥ % ;unx—m’
Amx 1077 % 900 10x 107
= 191 Amp-iurns.
= Total MMF requared.
= Mg+ Mi+ Mec.
=358+ 143+ 191 =692 AT,
Hence, current through the coil = w
Na.of turns in coil
642
T

Aliter {in c.g.5. s¥stem)

=4.06 Amp  Ans,

Amp-turns for the gap.
From eqn. {5.23)
ATg = 1,796 Hg Jg.

Flux in gap

where, Hg = —————
u, xarea of gap
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_ 9000
120

=450

Te=1cm
ATg=0.796 2430 % |
= 358 Amp-turns.
Amp-turns for the iron.
ATi = 0796 Hifi.
Flux in iron
o area of

Hi=

Flux in iron = Leakage coefficient x Flux in gap.
1.2 5 9000 = [0500 lines.

1= 300
i 10800 o
300 20
S0 ATE= 10,796 % 18 = 100

143 Amp-turns.
Amp-turns lor cast steel,
ATe =0.796 Hele,

He= Flux in cast steel
B ®a,
10800 12

D00 10

ATe=0.796 x 1.2 = 200

=191 Amp-turns,
So, total ampere-turns required

= ATy + ATi + ATe

=358 £ 143 = 191 = 692
Henee, current through the coil,

_. Total ampere-lums required

No.of s in the coil
[

= I?ﬂ. =406 Amps  Ans.



Magunetic Circuils 143

EXERCISE
L. Explain the terms:
(i) M.MF (iiy Flux (i} Flux density
{iv) Reluctance (v} Permeability ivit Perm
(vii} Fringing {viii} Coercivity (ix) Retentivity

2. Find the relation berween MOMUE, reluctance and Mus for a cireular ring
having a relative permeabelity p_area of cross-section is A.

3. What are the simileritics and disimilaritics of magnetic circuits and
elecirical circuits?

4. Draw & magnetization curve and define the hysterisis and eddy curremt
losses.

5. Explain the effect of AC excitation on magnetic circuits, (Hint:
Transformers and ac machines ore excited from ac source)

6. A 0.5 m Jong wire moves at right angles to its Jength al 40 m/s in
uniform magnetic field of 1 Whim®, Calculaie the em{ induced in the
conductor when the dircction of motion is (i) Perpendicular to field
(i1} inclined at 30° to the direction of field, [Ans: 20V, 10 V]

7. Aniron ring has 2 mean circumferential length of 60 cm with an air gap
of 1 mm and a uniform winding of 300 s, when a current of 1 A
flows through the coil, find the Nux density. The relative permeability
af won is 300, [Ans: 01256 T]

8. For the AC excited magnetic circuit given below, calculate the
excitation current and induced emf ol the coil to produce a core flux of
(106 sin 314 1) mwhb.

-1, = 3775
-

+
1.5 mm

« Ix3om’

Fig. 2.19
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9.

16,

Buasic af Elecirical Engineering

A coil of insulated wire of 500 turns and of resistance 4 £2 is closely
wound on iron ring. The ring has a mean diameter of 0.25 m and a
uniform cross-sectional area of 700 mm®, Celeulate the total flux in the
ring when a DC supply of 6 V is applied to the ends of the winding.
Assume relative permeability of 550, JU.RT.U. 2002]
|Ans: 0,462 mWh)]

Aniron nng of mean length 30 em and relative permeability 300 has an
air gap of | mm. IFthe ring is provided with a winding of 200 wens and
acurrent of 1 A s allowed to flow through. Find the flux density across
the air gap. [URT.LU. June-2001]
[Ans, 0.0942 T]

. A coil of 1000 turas 15 wound on a laminated core of steel having a

crossesection of 5 em”, The core has an air gap of 2 mm cut at right
angle. What value of current is required to have an air gap flux density
of 0.5 T? Permeability of steel may be taken as infinity. Determine the

coil inductance [f. = ﬂ ] [URT.U, 2005-2004]
i

[Ans. 0.314 H]



D.C. Network Analysis

3.1 INTRODUCTION

I this chapter we analyse the linear network for Direct-voltage and Direci-
current.

Tor analysing these networks, we inttoduce two different laws KVL, KCL
and different theorems.

3.2 CHARGE

The basic unit of charge is the charge of the electron, when electrons are
removed from o substance. that substance becomes positively charged.
A substance with an excess of electron is negatively charged.

The electron has a charge of 16021 < 10 " coulomb and represented by @
oF 4.

3.3 ELECTRIC CURRENT

The phenomenon of transferring charge from one pointin a circuit to another is
deseribed by the term electric current. It may be defined as the rate of flow
clectric charge across a oo clional boundary. A random motion of electron
in a metal does not constitute a current unless there is a net transfer of charge
with time.

. dg
P

dt
3.4 AMPERES

If the charge ¢ is given in coulombs and the time 7 is 10 sec, then the current 15
measured in ampere,
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1 1
| ampere correspends o the motion of ————F = 6.24 = [0
r r Lex10™

past any cross-section of path in one second,

3.5 VOLTAGE

Once the bettery circuit is closed by an external connection. the chemical
energy (energy in chemical reaction) is expended as work, The energd per unit

. ‘ . w
charge or work per unit charge is given the name voltage {:- = _J .
q

A volage can exist between a pair of electrical terminals whether a current
is flowing or not. (According to principle of conservation of energy, the energy
that is expended in forcing charge through the element must sppear
somewhere) else.

3.6 VOLTAGE SOURCE
Volwge source 15 assumed to deliver energy with a specified terminal voltage,
vid), and may or may not be dependent of the current from the source.

Vaoltage source is said (o be ideal if the voltage does not depend on current.

a a Va
+
W
a ¢ "l
{Symbal for tims Symbat for time (1) graph for
wvargng voltage source} invariant voliage soumce ideal vollage source
e Ve idal
- practical

Practcal source

3.7 CURRENT SOURCE

The current source is assumed to deliver energy with with @ specified current
through the terminals /(1) and may or may not be dependent on terminal
vollage.
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A current source is said to be ideal if it is independent of voltage.
Transistors. vacuum tubes and photo clectric cells make use of current

source 1 their mode! representation,

Va Y
i4} (Y - =
o . : a oy
Il source {1 does not depend on v) Practical cumen sousce
3.8 POWER

Power is the rate at which enerey is expended, and shall represent ithy P or /7,

1M one joule of energy is expended in tansferring one coulomb ol charge
through the device, then the rate of energ¥ expenditure in transferring one
coulomb of charge per second through the device is one wal

This absorbed power must be proportional both to the number of coulombs
trapsferred per second or current and to the energy needed to transfer one
coulomb through the clement or voltage,

Joule Coulomb
Pevis ——— w0 ————— = Joule/fsee (walt)
Coulomb See

=» [f'a positive current entering at a -ive terminal, then energy is being supplied
1o the element. Otherwise, the element is delivering energ¥ 10 seme external
device.

i 1A
o +0 o
A
1 Element
W (A} v A v
[ B -
> o » o
(8] Powst P = vi ls absorbed (BIP =y i-i=vi )P = (vh=1}=—¥i
by the slement i abmar b by sloment i ahaarbad By clomant
{Tormiral A s +ve tha wel, orviis delverod by elemont
o terminal B)

= So, if one terminal of the element is v volts positive with respect to other
terminal and if a currenti is entering the element through the +ve terminal, then
the power P = vi is being delivered to the clement or absorbed by the element.
3.9 SOME BASIC DEFINITIONS

Some desirable definitions before going o further discussion.
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3.9.1 Passive Network
A network comtaining circuit elements without energy sources, then the
network 18 called the passive element and the elements of the network are
passive elements.

Elements, which cannot generate energy but can di
are known as passive elements, for example, resistor,

Ipale or store encrgy
nductor, capacitor.

3.9.2 Active Network
A network is said to be active iF it contains energd sources wgether with other
passive elements.

An getive clement generally supplies electrical encrzy o the network, for
example, battery, generator.

3.9.3 Lumped Network

Physically separate resistors, capacitors and inductors are called lumped
parameters. These elements will be connected together by wires (leads) having
practically zero resistance, then the network with number of lumped elemems
and a set of connecting leads, is called a lumped-parameter network. In sucha
circuit KYL and KCL holds good.

3.9.4 Distributed Network

A network is smd 1o be distribmed if the network elemems (&, £, C) cannot be
clectrically separated and individually isolated as separate elements.
Examples: Transmisston lines, winding, of transformers and generators. If the
length of transm n line increases or decreases, value of effective (£, L. C)
changes and cannot be separated physically.

3.9.5 Bilateral
The elements to be considered for eleetric networks are assumed to be bilateral

when the voltage and current relations are same irrespective of direction of
flow of cumrent Ex- R, L, C, ete. However, for unilateral elements the voliage
and eurrent relation are different for two possible dircction of Now of currents
Example: diodes.

3.9.6 Time Invariant
A s¥stem or network in which the parameters do not change with time is called
a tune-invariant system or time-invariant network.

Thus, in a time-invariant system the relation between its response and
excitation always remain the same, regardless at the time of application of the
input. Time invariant s¥stems are also called constant-parameter s¥stems.
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A network is called rime varying if it contains one or more time-var¥ing
elements,
3.9.7 Network/Circuit

An electrical network is an interconnection of active and passive elements
such as resistance, inductance, capacitance and sources,

An electrical eirewit 1s a network that has a closed loop, giving a return
path for the current. A network is a connection of two or more components and
may not necessarily be a circuit,

3.9.8 Circuit Parameters
Constant of a circwit are parameters and characterizes bY the relationship
between lwo variable (vollage, current).

A circuil element is ideal, when its voltage and current are related by

» Constant of proportionality ar

= A difierential or integral relationship

These relationships can be shown to be linear which means that an ideal
circuit element has lincar behaviour. Most practical cireuits can be modelled
bY suitable interconnection of these elements like resistance, capacitance,
inductance wnd sources,

3.9.9 Branch

A line segment representing a circuit ¢lement is called 2 branch or number of
clements connected between two nodes constitute 2 branch,

3.9.10 Node

End point of a branch is called a node or node is a junction when two or more
than two branches meet. Fundamental node (junction) is one where more than
twao branches meet (e.p. (4) and {1, 7, 8),

3.9.11 Path

The movement through elements from one node to another node without
repeating any node is called a path.

3.9.12 Mesh and Loop
A setof branches forming a closed path is colled a loop and a loop that does not
contain any loop within it is called a mesh

Ciiven network having a 7 branches b=7

Given network having a 6 nodes n = 6 {1, 7, 8 are same node so treated as
a one ninle},
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op)
i
c =
|8
. ‘ Fg
Meshor,
Loop T
w(2) /
Only loop fot mesh

Above network having a 2 meshes or 2 loops = 1 loop {a ive o a) {which is
not a mesh because this loop contains an another loop (1) and (2)).
3.10 SOURCE TRANSFORMATIONS

Voltage souree having a series resistance may be ransformed into a current
(1} Source having a parallel resistance and vice versa,

e ] o

o —_ Vy =

[EY = O =Ry
v, . ", L

Transform
{Voltage source having »  Current source (ViR Jand a
B series resistanca)) parallel resistance R
ZR,
[ :, > |
” (2IV=1R,
) Transform inio &

Current saurce having & *  (Vollage seurce (IR} having
paraliel reziatance B,

A salies resistance)

{2} Vol ources cannot be connected in paralle] unless the two sources
have identieal voltages and similarly the current seurces cannot be
connected in series unless identical, The puralleling of voltage sources
with non-similar voltage, results in heavy currents and damage
equipment.
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1]

Vilz
- =
A FEIRSTARYA
Wy
a o
o] —0

] o
o] ——O
v(®)  Er < (B
O O
(A resistor in paraliel with a voltage source.
may be ig i irely om nasworky
O Ea—]
LA (e, oo CIEIRT N
o] 0
—]
Iy
e G ly=ly
I
O o

Urheberrechtlich geschiitztes Maleria
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3.11 VOLTAGE DIVISION RULE

Consider n resistors that are connected in series. The voltage ¥, across any
resistor R, is

R,
IR = i v
! [R, + 8, +k=+..,+R“]
here, Fis total applied veluge.
342 CURRENT DIVISION RULE

Consider i resistors that are connected in parallel. Then, current J; through any
resistor R (i = 1,2 .. n) is

Listhe total curvent (f = [y + L+ L+ o+ 0
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3.3 KIRCHHOFF'S LAWS

There are two KirchhofT's laws, which have an efficient method for calculating
the currents in the branches of & nerwork of conductors, These laws are given
below,

3.13.1 Law 1 (Point Law or Current Law)

The algebraic swm of the currents at any node or junction in & network is zero,
Let {5 and I; be the currents flowing towards the junction and £ and /4
be the currents flowing awa from the junction as shown in Fig. 3.1,

Fig. 3.1

IT currents flowing towards the junction are assigned positive signs and
those flowing away from the junction at negative signs, then

fittyedy=dy=tds =0 W31

or, oalyedy =Ig+ 0 (3.2)

Thus, the currents leaving a junction are equal to the currents entering the
junction,

3.13.2 Law 2 (Mesh Law or Voltage Law)

Inany closed loop of petwork having active and passive elements the algebraic
sum of the potential drops of passive and active clements around the loop or
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mesh is zero. 1f we consider that the drops in register in the direction of current
is positive and take voltage source with sign (+ve or —ve) occur in the way,

Let us travel from A 10 8 o Cto 210 4 in clockwise direction then,
LR~ E + BBy + E = By LRy~ R, =D

LR 1R, — IR, - IR, =L ~E — E

3.14 MAXWELL'S MESH OR LOOP METHOD

In this method any network is divided o meshes and in each mesh a separate
current is assumed to circulate. The direction of all the mesh current can be
taken cither as clockwise or anti-clockwise, the solution becomes more
s¥stematic if the directions of all currents are assumed to be the same,
Method for finding the mesh currents

= Above network can be divided into 3 meshes
= Let cach mesh have a currents 1), £y and fy

Mash 1
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For systematic solution take all the currents in one direction clockwise,
1st taking a Mesh ~ | and apply KFL. Branch Ry is common with mesh 3
anil branch £ is common with mesh 2
Eyt IR+ IRy - )Ry - £, =0

LR+ Rot Ry)— R~ IR, = E, + E, 1)

We are going in the direction of f,.
Now take mesh 2 and apply KFL in the direction of mesh currents.,

Mesh 2
Appl¥ KVL in the direetion of
Ey+ W=y o+ (L-0R LR+ E=0

drogin the direwtion af 1y drapin he diceation of 1,

1R+ (R, + R+ R) - LRy =—E, - E] (2)

Now take mesh 3 and apply £¥L in the direction of mesh-current.

Mesh 3

Apply KVL in the direction of /5.
(= IRy =y~ LRy + LRy~ £, =0

[~1R, = LR+ L (R, + R+ R )= E, (3

Solving (11(2) and eq. (3) we can Tind the mesh currents,
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315 METHOD FOR WRITING THE MESH EQUATION IN MATRIX
FORM
(i} Let ckr be divided into @ number of meshes,
(i1} Number of mesh eurrents (1, 7, -1/} is same as the number of mesh.
Assume all mesh currents are in same direction,
(i} Let £, E, ... E,, are the algebraic sum voltage sources of cach mesh.
= 5o the gencralized matrix with m-number of meshes.

Ry Ry Reoee Ry ([ E
Ry Ry Ry - R, 1 £,
Ry Ry Ry - Ry || £

Ry Ry Ry o RollL] |E

(B Mawi = [l
——
eh resistnce matny WS LTI VETION  inet volige veeme

= If onl¥ voltage sources and resistors are present, then
(iv) Al the resistances through which the loop current J; (current of ™ loop)
flows in the )7 Toop (= 1, 2,3 ..o m) are summed and the sum is denoted
by Ry Ry Rygy By 00 Byp). Then the coefficientof 1 is R/, is taken with
pasitive sign. B;; is ealled self resistance ol',r'"’ loop or mesh.

i) All the resistances through which the loop current /, {current of " loop)
and loop current [ (current of & " loop) flows are summed up and
denoted by R, (Rp By oo 8 1y By 0 o ) then the sign of By is
negative.

Ry is called mutual resistances (common resistance) beween the ¢ ™ and £
meshes.
(vi) Let £f be the effective voliage in the j"' loop through which the loop
current £; flows. The sign of the term £ is positive if the dircction of £;
is same as that of /, (o1 current /f enters (0 a —ve terminal of E ).

(vii} For networks having only passive elements and without any dependent
source, the resistance matrix becomes symmetric (R, = R;).
(viii} Number of mesh equations arem =6 0+ s :
h — number of branches
#n = number of nodes
& — number of separaie parts
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Example:  Write the mesh equation in matrix form for the

‘en Fig,

Re
Ry
. ARy .
R IR,
. |I\ .
Py
L - -
Total no. of brnches b=10

Nondes =8
=1
Number of mesh equation m=10-8+1=3

Resistance matrix is form of 3% 3.
RI 1 Rl? RI 3 ;I E:

Ry Ry Ry |[ 4] = |ES
Ry Ry Ry

Ry = self resistance of loop (1) having current f; = Ry =~ R. + Ry
Ry, = mutual resistance having currents /, and /,
= (Ry)= Ry
Ryy = Ry = = (R )~ common resistanee between mesh (1) and mesh (3)
Ry = fy+ Ryt Ry
fqy = Ry+ R+ B+ By (otal resistance of loop — 3 having curreat {;)
ftyy = By = AR5
1 = effective voltage of loop - 1
=—f -,

H; = effective voltage of loop - 2

= E,-E,

EY = effcctive voltage of loop - 3

=0 no source
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So matrix is

(R 4Ry + Ry -R —R, i
-R. (R, + Ry + k) Ry 1.
-R, - R, (R, +R +R +R|| 1,
—(E, + Ey)

=| E,-£, Ans

3.16 NODAL ANALYSIS
Mesh analysis is used w find out unknown currents in the mesh. Nodal analysis
is used to find the vnknown voltage at different nodes.
Steps for Nodal analysis
(i} Select a datum node or reference node and assume its potential to be
Zero.

(i} Now seleet different suitable nodes and assign them o voltage with
respect to a datum node.

(i} All branch current is assigned outward from a node at which a nodal
analysis have to applied and assume that nede should be at higher
potential.

{iv) Apply KCL a1 cach node of unknown voltage and write down the
equation in terms of node pair voltage and circuit parameter.

= Letus consider a general branch having a current 7 outwards from node 4.
¥, and ¥y, are node voltage

R,
T e eV
h E, E;
Fig=Vy-Vy=tR -E + 1Ry + E;+ 1\ Ry
. I Vi=i=£)=(E)-V; __ Voliage between node A and 5
! R+R 4R, Total resistance between nodes A, &

= [, is omward from node 4. Node 4 will be at higher potential, so we will
subtract afl the voltages from 7.
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Now consider a circult

b
SR =
£ P
i )
1,4 [E
e
%)
e, i
L]
' ||

(i} First, select suitable nodes, We will select a node where more than two
branches are incident. Select one node as a datum node.

(H} Assign a node voliage to all the selected nodes. Let the node voliages be
o, Fy with respect to detom node Fy = O voll

(1ii} Now assign the dircction of current at the node at which we have o
apply nodal analysis.

Nodal analysis at npode [

{a) We will assume that all the branch currents are onfward from this
particular node.

(b} We will assume that this particular node at which we have to apply
nodal analysis should be at higher potential,

{¢) Apply KCL at node |

V- ¥,
| 5=z
R!
L Vim0
: R
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Nodal apalysis at node 2
{a) We will assume that all the branch currents are outward at this particular
ninle,
(b} This particular node should be at higher potential,
{e] 4 branches are connected to node 2.

Vie PRS-
el Tl
=g,
E,l2
- - -
Apply KCL at node 2 I =
fale 1, =0 1
L
Iy= —4—
1
Iy=+1,

347 CHOICE OF METHOD MESH OR NODAL

(1} The number of voltage variables equals the number of fundamental
nodes ar junction minus one. Nodal equation = (s 1) and every voltage
souree connected 1o reference node reduces the number of unknown by
ane.

(2} The number of eurrent vanables equals the number of meshes. Every
current source in a mesh reduces the number of unknowns by one.
NMumber of mesh equation = —w + 1.

(3

Mesh analysis only applies 1 planar circuit {circuit that can be drawn
using only two dimensions).
{4) Nodal analysis con be applied 1o both planar and non-planar eircmits.
The method with the least unknown to solve is selected. For circuits that
are non-planar and cannot be redrawn in a planar form, then nodal analvsis is
only the choice.
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3.18 WHEAT STONE BRIDGE

Wheat stone bridge consists of four ratio arms 48, 8C, €D and DA and two
conjugate arms AC and £19 as shown in fgure,

Conjugale arms are those anms for which the condition remains unchanged
by interchanging thair pesitions.

When the bridge is balanced, no current flows through the galvanometer
and hence # and £ are ar the same potential.

Vig = Vip AV, = V= ¥y = Vpand ¥y =V}

From {1} and (2)

I the value of ® and ratio PAQ are known, then unknown resistance § can
be calculated.

3.19 DELTA-STAR TRANSFORMATION

A transformation in which delta-connected resistance can be replaced by an
cquivalent star, so that the resistance measured between any two terminals s
unchanged, is known as delta-star transformation.

When A is opened, the resistance between the terminals 8 and C of
circuin (o)
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-

A S 4

- - L ¥ ™
c E
- -
B al ) ©

And the resistance between terminals 8 and C of circuit (),
htrn
If the circuits (@) and (5) of figure ere identical, then the resistance
between any pair of lines will be the same when the third line is opened. Hence,
ralr, + iyl

When A is opened,  ry +ry = S A1
fa b +hy

s 1
When 8 is opened,  ry+r, = Iulrs 0] (2)
s+ Hy H Ry

fars +
When Cis opened, r +ry = LS i3
Ha ki iy
Adding egns. {1}, (2) and (3) together and dividing both the sides by 2. we
obtain,

LS R TR U

Pk dd
b it th :
Subtractng eqns. (1), (2} and (3) respectively from egn. (4), we get.
= izt (5)
hxtrtn,
nyhs
Py = — e B)
T
T34y
and, pyw —2LIL A7)

fz ity
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3,20 STAR-DELTA TRANSFORMATION
From eqns. (5), (6) and (7}, we obtain

rylrp+ratry)=rym,

rylr sHryl=v

Filrz et eyl =y
Dividing eqn. (107 by eqn. (8)

n r
i'l b
n
or, = =
fi

Dividing eqn. (%) by ega. (11)

or,
r
==
" !
Substituting the values roy and rq in egn. (8)
]"l: RETLN S
rEAnE+RE
or, ry = ——r

I

ilarly.

EREEE LR

nntnn

h

163

A8
9]
10)

(11

.(12)

13)

(14)

18
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3.21 THEVNIN'S THEOREM

Thevnin's theorem states that any two terminal linear network containing
cnergy sources (voltage or current) and impedances or resistances can be
replaced with an equivalent circuit con 1g of a voltage source (F ) and a
series resistance or impedance {#y or Z,) conpected to load.

o
Ay network ', .l
having linear R

alamenis, R Load . b

anergy soures L L - . B

(Depersdenl or | Load =R,
indapendant) “b

Vi(2)

43

ap
Thevan equivalint of network o

Thevnin's theorem is especially useful in anal¥zing power s¥stems and
other circuits where foad is subject to change and recalculation of the circuit is
necessary with each trial value of load resistance, Lo determine voltage across it
and current through it

S0, Thevnins theorem is a way o reduce a network 10 an equivalent circuit
composed nf a single voltage source, series resistance and a series load,

3.22 STEPS TO FOLLOW FOR THE THEVNIN'S THEOREM

(1} Find the Thevain source voltage (Fy) by removin
from the original circuit and celeulnte the voltage across the open
conngetion point where the load resistor used to be,

the load resistor

- o .
Linmar 1 y Linear
actia R _ RCiva
nitvark I etk
after
b remaving °
o

(2} Find the Thevnin resistance (£} by removing all power sources in the
ariginal circuit (voltage sources shorted and current sources open) and
then caleulate total resistance between the open connection points.
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Linear - 2 )
netwark L N 'I::N'
hEving IR _ m‘i‘ng""‘ Ry =R
ey womova | BaS0ce
[ load and
dpactivate
the sources

(3} Draw the Thevnin equivalent cireuit, with the 17, in serics with £, The
load resistor reattaches between the two open points of the equivalent
cireuit.

3.23 NORTON'S THEOREM

Norton's theorem states that any two terminal linear networks containing
energy sources and resi or i d can be replaced by an equivalent
circwit having a current source [r\) and parallel rezistance or impedance
conneeted to a load.

Matwork (A4} o |
containing insar vl
alamants and
energy sOurces Load =R,
(dapendent or T
independent) o vl

So, Norton's theorem is o way to reduce a network (o an equivalent gircuit
composed of a single current source, parallel resistance (R, ) and parallel load.

/= R_] i
Ry + Ry

3.24 STEPS TO FOLLOW FOR NORTON'S THEOREM

(1} Find the Noros source current (1) bY removing the Toad resistor from
the original circuit and sianing the open terminal. This short circuit
current is fy,.

Metwork (&) t a after ramoving ™
conlaining the load

inoar alements - - .

and energy sources Load . oe Th
[depandent or

dependent) . and shon ab !



166 Basics of Electrical Engineering

(2} Find the Norton resistance (£, = £} by removing all energy sources
{independent voltage sources shorted and independemt current source
open) and caleulate total resistance between the open connection point
after removing load.

A
Metwark (A)
conainng . .
linesr elements R, =R, [Abistheapen teminal
butne independant g after remaving load)
sources

b

(3} Draw the Norton's equivalent cirewit with the Norton's current source in
parallel with the Norton's resistance. The load resistor reattaches
between the two open points of equivalent circuit.

a
Iy~ IR, IR
ol
b

3.25 MAXIMUM POWER TRANSFER THEOREM

This theorem states that the maximum amount of power will be dissipated by a
toad resistance when that load resistance is cqual to Thevnin/Norton resistance
of the Network suppl¥ing the power, If the load resistance is lower or higher
than the Ry, or R, its dissipated power will be less than maximum.

Application

Practical applications of this might include stereo amplifier design {secking to
maximum power delivercd to speakers) or electric vehicle design (seeking 10
maximum power delivered to drive motor). In stereo system design speaker
“impedance™ is matehed w amplifier “impedance”™ for maximum sound power
output.

Prool:  Fora DU Network I,
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Power delivered to load Ry is Py
PL=1i R,
Vi R,
(R, + /)
To find the value of &, that absorbs a maximum power from the given

practical source, we differentiate with respect 1o £,

AP (Ry +R)VE -ViR ()R, +R,)

ity (R, + R

Equate derivative Lo zero.
= 2Ry (R + R = (Ry+ RyY

=

= A network delivers the maximum power to a load resistance £, when &, is
equal to the Thevnin equivalent (or source) resistance of the network,

3.26 MAXIMUM POWER TRANSFER THEOREM FOR
AC NETWORK*

The power transferred from an active network 10 a load depends on load,

Natwork (R, L. G}
Sources e e

E]

If {1) Load is a pure resistance.
(i1} Load resistance and load reactance are independently variable.
(i) Load has a vaniable impedance but a constant power factor.

"Moot for LPTL TEE H017207) siusen
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We have to find the value of Z; which receives or absorbs maximum power
from the network.
et A
Zy+Z, Ry +R)+ (N + X))

v

= —>»~~——
JIR TR (X, + )

Average power ransferred 10 load is £,

P =0iR= 3 T
T R+ R (X XL

For maximumn power transfer theorem Ry and X, will be wvaried
independently.

Tut L/ and dh =1

dr, dy,
(i} Let us consider varying ¥, and keeping R, constant

dP
dx,

=0

O-2FTR (X, +X,) 0
IRy + B ) + X, + XY

. dF,
iih Now, X, =— X and —% =0
i L i dR,

¥:
X T
(Ry+ R\
By
dR,
dP
L -0

aRr,
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IR =R R,
Ry =Ry,

So, for absorbing maximum power by load Z,, £, must be equal w0
Ry=iXy =2,

Z; = Conjugate of Z,,

Henee, maximum power is transferred from an AC network 10 @ load il the
foad impedance is equal to the complex conjugate of Thevoin cquivalent
impedance.

Z= E
Case2:  Consider B and X are not independently varied but only magnitude
(Z ) of Toad is varied for constant power factor [L‘mao= i—:]
Vi Ry
(Ra+ R+ (X + X))
Ry=Z, cosgand X, = Z, sin ¢

2y

P vl 7, e05d _ l
bRy +Z, cos 0 + (X, +Z, sin o)
Vst d iz -0
4z, ] dz, Tt 7
o d
——{Z)=Z.——(D
dzlt =4 o‘z,_‘ y

D=2 2Ry = £ cospyeos g+ 20X, + 2, sin @) sin @]
D=2Z [(Rycosfp+ X, sing)+ 2]
Ri+ 73 cos’ 6+ IR, Zrei® e X} + Zisint p+ 2N, i)
= 27 Rpeos® ¢ 27, Nosing 4273
R+ X3y =25
|Zel = 17|

5o, when itude of load impedance is varied but the power factor
(cos ¢} remains constant maximum power is wansferred when |2, | = | £,
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In transformer 1o achieve maximum power transfer, where Z, ¢an be
adjusted but ¢ cannot be.
In AC network when |£;] = &, for unity power factor. Load absorbs

maximum power when |B, = /85 + X3 |.

3.27 SUPERPOSITION THEOREM

This theorem states that in a lincar network, containing more than one
independent enerpy source, then the complete response {voltage or current} in
any branch of network is egual to the sum of the response due to each
mdependent source acting one at a time with all other ideal independent
sources are made wactive (short the voltage source and open the current
SOUrce).

3.28 STEPS FOR ANALYSING A CIRCUIT

(1} Take an¥ one independent source in the cireuit.

(2} Make all other independent sources inactive.

{3} Dependent sources will not be disturbed.

{4y Determine the magnitude and direction of response (voltage or current)
int the desired branch by a single source selected.

{5} Mow take another independent source and ealeulate the response in a
desired branch vsing step | 0 4.

(6) Add all the component of responses in the desired branch. Algebraic
addition is to be done for DU networks and phasor addition for AC
network.

Limitations

(1} Superposition theorem cannot he applied for caleulation of power.

(2} Superpesition is the combined properties of additvity and homogeneity
of linear netwark. If an¥ one property is violated then principle of
superposition is not valid.

(3} Applicable only for linear networks.

(4} Properties of additivity and 1 iy are I o
superposition principle.

{5} There should be more than one source,

Additivity
I1£.X) is the ex:
by ¥, = C.

tion (cawse) and ¥, is the response of o given network, related
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Similarly for an excitation X, response 1, = CA,
If the network is lincar, then for excitation (X} + X,) the response will be
(¥, + 15

(¥, +¥

If the excitstion and response are related by the lincar equation
. = CX, +d). The network i3 not linear as for double the excitation response
will not double.

Homogene It all the sources are multiplied bY a constant, the response is

multiplicd by the same constamt,

If, ¥ =CX, Let excitation be muliplied
by m become mx,).

Then response = Clmxy) = m¥,

SOLVED PROBLEMS
Points to be remembered

(1) Find V5 = ¥, - ¥ = Potential difference between A and B.

v

R,
Ao eB

tart from one

ing the potential difference between two poin
point and reach to another point by any path.
(2} O going from A o 8, add all the voltage drop {1R) and source voluges

(Ve Vel
(3} I we are going in the direction of currenl take drop positive otherwise
segative,
A 0B ¥y =R} e Inthe directon of cument from Alo B
R .
e A 0B Vi = =R}k Inthe opposite drection of curnent
1 from A
A cB My ™ Vil F Ongoing from Ato b + Sign occurs on
the way
v,
A = OB [Meg @ =V} —+ On puing Fem Ala B = Ve Sign oceurs

onway
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Vig =¥V = V= IR 4= # IRy IRy + (V3 + IRy
Vg = 1Ry = Vi o+ 1y + [Ry + Vy+ IR,
(4} If we know the node voltage ¥, and ¥V or ¥, we can find the branch
current J.

R, 'R
At

{is the current going out from node (4).

) 1= ¥ Total potential difference between A and B
R Total resistance for path 4 10 &

For finding I start from node f and subtract all the voltages from ¥ with
sign.
P
R+ R, +R+R,

®) R Va=V,
Avr iy .8 = s SalSE
i V=V, =V,
Aw i -8 = =z A% 7%
R
R ¥ ¥
P e e

Esample 1:  How many independent loop equations are there in the given
network shown?
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Solution: Total number of independent loop cquations arc m
me=hent|

Since, there are 14 branches and 8 nodes, branch (it 15 2 part of between
two nodes).

o 14— B 1= T equation

Example 2:  Solve the given cireuit by mesh analysis and determine the
current drawn from voltage source ¥,

15t
el
A o
20 120
(1) >
UEF T it
Solution: 18
- L4
Wosay [ za I
-
Total number of nodes = 4
Total branches b = &
Total number of mesh equations =6 -4+ 1 =3
Total number of node cquations =n — 1 =4- | =3

In mesh 1:

1
20y~ 1)+ 5=y =4=0

=26~ <1 =4 1)
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In mesh 3:

L=-2Amp (2
In mesh 2:

1
b )bt 3= 1) =0 (3)

—21, 4 )

Solving for (1) (2) and (4) we get
'Fl
Current from source Vg isf; =2 Amp  Ans.

=2Amp,l,=1Amp, [;=-2 Amp

Example 3:  Using source transformations,
(1) Volage source having a resistance in se
parallel resistance.

implify the given network into o
s (i1} Current source having a

Solution:

Conven all the vollage sources
o a cuirent surce,

i i}

T4 i

187 A
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Example 4:  After converting the current source find £ in 262 resistor by

using mesh analysis,
11
A
1v
A !
J v
Solution:
10
e
T2
28 (% A
3:. Wi =20
| 2v vl
py

Apply mesh analysis in mesh 1
Li2s 140 - =2

Mesh 2
(h=d) 1+ 20, -2 -1+1,2=0

From equations (1) and (2)

A1)

(2
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wfe B
- 3l
Example 5:  Find the equivalent input resistance of the bridge circuit shown
i figure.

Solution:  Redrawing the figure

1
12
2e
Covering the delta to star, 1
L3
2=l 1
&= -3
b 3
1=
3
7-24 1
- [ 2 zi
2x3
L= —=1
e
5
R L2 1 s 1w
w3 S+2 i 9 3 9
2 2
3+10 13
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Example 6:  Find the cumrent through resistor B, = 4€2, by using
(6) Nodal analysis
(7) Mesh analysis . i
(8} Superposition theorem

(9} Thevnin theorem oV 7
(10} Norton theorem T ‘

Solution:
(6) Using Nodal analysis:

{a) First select a datem or ground node.

{b)y Mow select o voltage of node (1) 15 I

{e} Number of branches conneet from node (1) 15 4.
(dy Assume all the curremts from node are outward,

(e} Total sum of current at node is zero

L+L+L+1=0
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V=¥ r
L,
2 2

F-20+2V+=V=-20=0

40
¥= 5 = § Volt
Vollage at node (1) s 17 =8 Volt
. . v 8
Current through Ry is [y = — = — =2 Amp  |Ans =2 Amp|
: R, 4

(7) Using mesh analysis:

(i} Assume a loop or mesh current in each loop.

(i} Apply KVL in each loop

20
Sy

ey

Loop (1)

Loop (2)
2L, -1)+4(,-k)=0

—10+ 2, 42, -y =0

Applying mesh analvsis loop — 1
10420+ 2(1, 1) =0
41, - 24, =10 A1)
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Appl¥ing mesh analysis in loop - 2
2= ) A=) =0
We can't apply mesh analysis in loop {3) because there is a current
source. But £, = 5 Amp
6= 20, +20=0

I+ 60, == A2

1
Afier solving (1) and (2) we get,
fp=—1, L, ==3 Amp

I=2Amp|  Ans.

(8) Using superposition theorem:

20
St

vz

Case— 1t Taking a voltage source of 10V and deactivate other sources here
current source. So open the current source, and find /.

20 ¥

20 b
1 20z Zan
0Vie)

i
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Using nodal analysis —

Sr=210
I"= 4 Volt
[
o= b 1 Amp L down
Case - 2t

Taking another source (current source) and deactivate the other
sources here it is a voltage source. So, short the voltage source or replaced by
its internal impedance,

21
s

(25 amp
sc

T
Using nodal analysis — /, = — Amp.

I = rin 1 Amp L downward
Now according to superposition principle net current through R, is .
I=1+1
=1+1
=2 Amp

{9} Using Thevnin's theorem:

I= F'r.

Ry + Ry
So, find / we have to find Vg and £,
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zn
A

20 E:-;

S

Ry =j4 02 Vg A
10v{t) r
B

" epen the terminal across which we have to find [ or have 10

Thevrin equivakent B

(i} For findi
draw thevnin eq

24k ¥ A
“MNy e i
wv(E ) 2el L *isa
4 i
() B

Now, ¥y can be found by both meesh or nodal

(i} by mesh 1. =-5 Amp
and, —10+21,+2(1, 1) =0
4104 10 =0
Vig = 2Uh — 12
=2(0+ 3) = 10 Volt
0, 0Vaolt

LA U
(ii} by nodal — 3 i=0

V=F,,=10Vol| is ¥,
For finding R,

(i} Open the terminal across which we have 1o find the thevain eg

(i} Mow deactivate the independent sources
(a) Current source will be open.
(b} Voltage source will be short or replaced by its internal resistance,
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(iii) Now find the equivalent resistance between open terminal 4 5.

A
zaz l_ Rp=Ry=2]2
sC ' 2x
> 2
] Ry=35=10
3
Saf= —F— = EUN =2Amp Ans.
Bat Ry 144
(10) Using Norton's theorem:
A
2u . a ) -“
- Tl
20z IR :
n =
. 'Ill
10V ()
= 4 |
. | | L | 0
I; Nortar's equivalkent

So for finding 7 we have w find Ry and 7,
iy Ry will be same s R/,
{1i} 4, is nothing, it is the short cki current so short the terminal 4 8 and find
the current across short lerminal.

20

L
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I;=-5 Amp
inloop 2 2, =IO, = 1) =0
L=1
in lnop | 2420 1= 10
f=5Amp=1/,
So, Iy=l—h=I+35
Iy=10 Amp|
S f\=l><11]=2.-\mp Ans.
Ry+Ry "5

Example 11: Find ¥, across the resistance #5 = 1 €2, using
(11} Mesh analysis
(12) Nodal analysis
(13} Superposition
(14} Thevnin theorem

(15} Norton's theorem

Solution:

{11} Mesh analysis:

We can'tapply a mesh anal¥sis in loop T and loop 3 because there is a current
source. We will take a mesh combining these two foops called super mesh.




184 Basics of Electrical Engineering

STl =Sl e =0
Mesh 1 Mesh 3

Combinad

EE R T A AT A A T A
L -4l 4, =7 (1)

Apply mesh analysis in loop 2
(=0 20+ 3tk =T =0

—1 #6031 =1 (2)

Finally, the independent-source current is related to the assumed mesh
currents

(3)

Solving (L), (2) and (3) we get
I, =9Amp, I,=25Amp, I;=2A

-+
AN 0B
Rs

So = -V, =5,
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{12) Nodal Analysis:
Let the node voltages are Iy, Vg, Vpand ¥,
when ¥, = 0 {ground)
V=7
= V=7 Valt

0%

“a

3 branches are at node 8. Assume all the currents at node # is outwards,

L+L+1=0
Wabo) , Gl 47

A1

Nodal analysis at node C:
3-branches connect at node C

L+L+1=0
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Vgo

—20, + 1, =21 {2

Solving {1y and (2) Ve =2Volt Vo ‘IEE
¥ =—Vo=-2Volt Ans.
(13) Using superposition theorem:

In superposition theorem we will take one source at a time and rest of the
sources will be deactivated.

Case 1:  Take a voltage source and deactivate the current soerce.

apply nodal anal¥sis at node C
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TV
1122 20
T oA
WIA 30 T
\_\"..
I

Case~2:  Taking {7.4) current source and deactivate voltage source,

0 Vit

at node — 4 —

iy

at node — &

Fy— V¥, ¥y ,
3 +T—I,.,.—0

V-2V +3V,+ b6l =0

- L1
1r, =2v, lr' =5V

11
Put Vy=—Vyineg-(1)
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p=—1Volt
Vy==¥y=1 Volt

Now according (o superposition principle net

xl

For finding
(1) Open the terminal A8, then find I, that ¥, is V', {vpen okt voltage)
Now I, can be found by Mesh or Nodal analysis.

{a} First by Mesh
Mesh 2is open so f, =0

fy—1, =7 Amp
50 = I, =7 Amp
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Inmesh 3 = {l, -1+ 3L+26,=0

Gl ~fi=0 = (I :_‘Amp

Vg = Start from A reach w & by and path and add all the
draps of that path with sign.

Vyg=-2L+7

2%

- Ex; +7 | 3Tk
J FEATREY] &
N A

(k) By nodal —

atnode - C —

at node — 4 —
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For fi

ng the R ,:
Short the voltage source, open the current source, then find the equivalent
resistance between the open terminal.

E30] taq

air

|
i fz20 < R,

<8

Rog=(3+1))2

4x2 4

—m =)
[ 3
43ns

1aaE .l

Thewnin aquivaient

14
= _JT =2 Amp
|4
3
Vo=—R=-2x1

Fo=<2%olt Ans.
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(15) Using Norton's theorem:

(%

LE)

For finding /. short the terminal A8 and find the {,; or £y short ¢kt
current.

B
Iy =1y
I=1y=1 ()
Apply¥ combined mesh anal¥sis in foop — 1 and 2.
=T =) 3 - ) =0
d-4f+3, =T k)

Apply mesh anal¥sis in loop - 2
(= 1)+ 30— £ + 20, =0

61,—4,-31,=0 (3)
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Put I =14y = Tin{2)and (3)
Lt T -4+ 3 =T=in(2)

Sfrom - 3

Ry is same a5 Ry,

1=7iz (4 Sa

4
7
j= 3L
4 -
S+
J
4
S VA
I sz 2 Amp
3
V,=-IR
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PART-B
Example 16:  Find [ nsing—
56 A
(1) Norton's theorem i
{17y Thevnin's theorem )
(18} Mesh analysis | oo B >l
20A(4)
(19) Nodal analysis T
(20 Superposition Ftev Fav ll
4
Solution: B
(16) (i) Norton"s theorem:
&
p—
¥l
(3 E: R, 120
.
B

For finding { or for drawing Norton's equivalent ckt. We have to find (i) &,
(iih 1y
For finding Rz

{a} Deactivate all the sources, short the voltage source and open the currem
source.

(h)y Now find the equivalent resistance between the open terminals (48)
across which we have to draw the Norton's equivalent,
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10
A A
: a0 Zan E Ry
=8
Ry (84514
1324
N 17

For finding I or Iy
1y is nothing but a short CKT current.

So, short the terminals (across which the short CKT current have to find)
and Tind current Fy using Mesh or Nodal analysis,

Mesh Nodal
Y 2
¥ e
o
™ -
LE 40V
| 4
B B
I, =20 Amp, by = I = AB is shorted hence V, = 0 Voit
in foop-2 s0 apply nodal at node-1
170 -8, -4l +40+10=0 -
; ~ 81y -4y m‘s10+tf,5vt=2u
171, - 41, =110 A1)
but V, = 0
in loop-3 13V, = 750
aly - dly = 40
A2
Put-2 into-{1} Al node-2
170y~ 170 - 44 = 110 A
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131y = 280, Iy = Iy v

I, = 2B0113] 5004

s

I= H—‘_;
R+ Ry
5217 280

T
17

I=4.375 amp
Now same has to be done by Thevain theorem.

(17} Thevnin theorem oA
<R, vl
o Ve 1 -
"= R, s 12 s

(Thewnin aquivatent)
(a) For finding Ry,
Ry, is found same as &,
(b)y For finding ¥y,
¥y is nothing it is the open CKT valtage across the ierminal across
which ¥ou have to find Thevnin equivalent CKT.
So open the terminal A8 and then find ¥ = V4 = Iy bY Mesh or Nodal
analysis,
W &

Zen
A, 7 1Y
20404} 20

(F 10V () 40w



196

Basics of Electrieal Engineering

Using Mesh Using Nodal
50 A v, 0w, A
A o < “Ah—ods- a
Zan Zan Zsn San
20404 14 20a0)
Foov * sav 0V
@
! L !
Vi, = ¥ag for finding Vg you have o reach | V5 = oper CKT voltage hance
Afo B by any path. Vo= Vg = Ve
V,, =4l + 40 for finding 1 - "’-_;10__“" ;"’1 =20
apply mesh analysis i
Y lysis in mesh 2 T3V, — 8V, =750 i
1714 40 + 10 - 160 =0 _—
V-V, W -d0
10 = TgmeTg— =0
T
G, — 4V, = 200 A2}
Vis= V= dx 10 L ug
A8 T 1 Put v, = Ve =200
4
v_,—'::o—ﬁs.a\(ons = 13.@ - 8v, =750

v 1:§D
V= % Valt
_ Li2on7
- fi +12
Ans.

Same problem is now done by Mesh and Nodal analysis.
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(18) Mesh {19) Nodal
50 5
M hSn % 4

v @ | Bl 124
R oy 20404}
> Y
=iy gl L
s
B 8
I=I =71 =20 Amp Al node-1
Apply Loop analysis in (2) V-V, V410 20
Bl =)+ 5l +4{L - L)+ 40 + 10 =0 5 8
17l — 4l — Bl +50 =10 17V, - 8V, = 750
171, - 41, - 160+ 50 =0 Al node-2
170, — 4l = 110 T V-V W -40 VoL
5 4 12

Mest analysis in Loop {3)

=32V, + 92V, = 1600

—4l, + 161, = 40 (B}
8V, + 21, = 400
1, +4f, = 10
from (A) and (B) v, = 21V - 400
f,=4.375=/ Ans. ) &
Putin{1)

21, - 400
1?“""*‘fJ -8V, =750

- = % =4375Amp  Ans.

(20} Same prablem is by Superposition Thearem.

=
o

San iz

I aav vl

B

There are three sources hence, current /s the sum of current by individual
sources by deactivating other sources (short voltage source and open current

souree).

o aep v fovan
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Case 1: Taking 20 Amp source and short other voltage source.

542
b A
SBG Zan 12a
0
20 Amp+
5C. ) sc. AT~
B

4

by current divider rule s ——
P41

8

and 1= —
B+ R

and R=53+(4]12) =802

B
I=—— x20=10Am
818 v

L =25 A downward (4 1o B)

Case 2: Taking 10V battery source

50y A
AT
}:au 'g":-iu _\: 124
oc”
3
, se They
i
fow = E
Apply nodal at node 1
Pl Vo
—+—=0

+—+
13 4 12
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ABF #1561+ 521 = 480
480

¥ =-— Vol
2536

"

o
— 480 -5

how= W = = Amp by 5= 156 A (downwards)
o

Case 3: Taking 40 V voltage sour
the other voltage source.

nd open the current source and short

581 A
S o0 Zan
(£j0v o
FooV-40 ¥
= — =1
13 4 12
6240
= "= —— Vol
256

i
16
5

Ty = ﬂ = 6 =203 A (downwards)
128 12

|J— 25156+ 2,03 =4.375 Amp  Ans.
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Example 21:

Find [ using

(21} Mesh analysis
(22} Nodal analysis

(2

3} Thevnin theorem

(24} Norton's theorem

(25} Superposition analysis

Solution:

2

1} BY Mesh analysis

Basics of Electrieal Engineering

00 )
e

Zau 0T e)tev

[Ans: I Amp]

In mest-1 4, = 5 Amp

In mesh-2

104, + 100+ 20(, - 1} = 0
SO0, + 100 - 200, = 0

Put !, = SAmp

300, + 100-20x5=0

I =1=0Amp

100V

=

=

In mesh-1, I, =5 Amp

In mesh-2
20k, — i,} + 100 + 200k, - L) =0

=200, + 500, - 20k, =0
In mesh-3

2000, - I} + 100 =0
L-h=5

Putl, = & Amp in egn. (2)

501, - 201, = 100

Futdy = I, — 5 from (2) eqn. {4)
S0f, - 20{1; = 5) = 100

L =0Ampand ), = -5 Amp
=1, = 0 Amp

nav

A1)

(2)

- A3)

)
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Voo )V
T ANy
sal%) 200 0, F ._"5;100\-'
‘ ——_
3LV

=L
T Amp

201

Let the node voltages ol node -1, 2, 3 be l'l, V: and I'j,ifnmi: =3 is dawm

node V5 = 0, then F, = 130 Volt
Apply nodal anal¥sis at node-1
%

(Pl )
an 10

Py 100 426, 2K, =0 Put 1, = 100 Volt
3P, 200 - 100 =0

V=100V,

100 100
= = —— = ——— =0 Amp Ans.
1]
{23} BY Thevnin theorem
a  WR b
L -
| | By 2
sal) S 03 [
Lo}
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For finding the ¥y, open the terminal ab then find the open CKT voliage.

@ ]

San e :« O 1

0violt

!-Il = Vlr"z IJJ_ r.‘
Appl¥ nodal analysis at node g
Posoo - 100vel
0 " w1 alt

¥, = 100 Valt
= Fuy = 100 100 = 0 Vult

For finding R, — open the current source, short the voltage source, then
find the equivalent Resistance berween the open terminal,

ar-d

200 Ve
T 500

= ———=—— =0Amp Ans

{24} By Norton’s theorem

a e 1 b
O

AL )
=104
SA(H) 208 ggp% ey > (D)
Iy ¥l
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R
==,
Ry +10
So for finding ! by Norton's theorem first we have to draw Norton s
egnivalent.
Iy is finding bY short the terminal ab then find the short CKT cerrent

Appl¥ nodal anal¥sis at node-a

Vv
L f-5=0
w

fwhen C is grounded then V= 100 Volt}

L]
W0 O Amp{a and b is shorted so V, = ¥, = 100 Volt}

1
.P_\ =5-
R 18 same as §, = 2002

Ry

Current through 104345 J = ——— [
R, +10

I= % {0 Amp) =0 Amp

(25) BY superposition theorem
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Case I: Taking § Amp current source and deactivate other source (shert the
vollage source), Let the current through 10 €2 is /",

a e
e

B¥ current divider rule 3 A is divided into 20 £2 and 10 €2,

20 “s o A f ad
. YR R w :
0510 3 Ampa ay from node ¢

Caxe 20 Taking 100V voltage source and find /™. Open the current source.

=100 -10 -
= —— Amp away from a
204103

According o superposition principle net current through ab is
I=pr+J
010

= —=—=0Amp fromatoh
773 P
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Example 26:  First transform ail the current sources to a voltage source then
by using mesh and nodal analysis, find /| and /,. For the given figure below,

0, 1

P -

= (%
Tipn Y

Solution:

—

254
o
Sourca
pa transtformation -
208 (5 ! S
(tlaov
] =]
Now the equivalent CKT after source transformation is
10 i, i
A -
< an zzn
Doov
ovEioa 7

'/£, Jan -
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Mesh analysis Nodal Analysis
el oV, [ v
1w l, 1a | 030 18 b :
e N 1
g0 -Izn__: z1en
< kg h

"
108V

= h=land b=y
in mesh-1
A+ 100+ 20, — 1) + 40 - 100 =0
161, - 2l = 60
Bl — gy = 30 L1y
in mesh-2
40+ Al = ly)+ g+ 20 =0
=21y + 35 =20 .42)
from (1) + eqn. (2} = 4
1y = 110

I, =10 Amp)

from egqn. {1}
81y - 10=130

7, =5 Amp

sa hy =5 Amp
by =10 Amp

Let V5 is a datum or ground then V; = 0,
V= 20 Volt becausa W - V; = 20 Volt

At node-1
¥, =100 , V. =40 . W, =20 —o
14 2 1
V) = 100 + TV, - 280 + 14V, - 280 =0
22V, = 660

V; = 30 Vol

Example 27:

Using delta w stor transformation for the given CKT below

find equivalent resistance between termmal A8
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Solution:
There is a delta cde
Comnvert this delta into a star

6x 6 { o
e ——=20 ¢ =
b+6+6
P10
=20

_.5 4t gl_lz b 24 50
?H‘#Itlli!
=140 120
OB
Ryp=(14) | [(12424) + 6]
14= 14
=14} (14 = x4 =702 Ans

Example 28:  Determine the corrent § through 1 € resistor using
(28) Mesh analysis

(291 Nodal analysis

(30) Superposition
(31} Thevnin theorem

(32} Norton's (heorem
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(28) Mesh Analysis

40

Iy X 10

;:_269; s :I
1Ay mevs S8

40

Without converting the current source into | After converting a vollage sourca into &
a vollage source. current source,

Applying mesh analysis in Mesh-1 Apphang mesh analysis in mesh-1
Mesh-1 Gl +4{h - 4)+ 10-80=0

B(fy— L+ 4l -L)+10=0 10/, - 41, = 50 1)

101, = 44, - 6 + 10=0 Mesh-2
butl, = ¢ Amp Al —h)+ 4k —h)+ =0
" ’:;' 4y = 50 AU ey =0 42

a5,
A=) A=) 4 =0 Mesh:3
: N : Ay =y Al -10=0

~41 4 QL -4l =0 A2y 4t -8l =10 )
Mesh-3 - °

A, L)+ 4L -10=0

—4l, + 8l = 10 -A3)

Solving (1), (2) and (3) we get
4y = 4.63 Amp
Henee, current (lowing through resistor 1 £2 is /= 4.63 Amp
(29} Nadal Analysis

-

P
AT

We will consider the node where the more than two branches meels,
10 ¥, s grounded or datum node, then, ¥, =0 Volt
Vi-¥F,=10
¥y =10 Volt
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Applving sodal analysiv af Node |

i an
* A D
W e sin
ey SEn 1l
Tioa
3 o]
i v

=K -0 (-1

10=0
4 6 1
G-10) K Wby 4o
4 & 4
177, = 126, = 150 ()

Node 2

4+ 61, =10 (2
170, - 128, = 150 1)
-2, 437, =5

e (¥ x4+ (1) =17V -8, =170

70
I 18,888 Vol
9

¥
Now put ¥, in eqn. (1)

¥, = 42977

¥y = 14259
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Now current [rom 1 £ is7 = = IR.888 — 14250

1

I=4.628 Amp

(30} BY superposition theorem
According 1o this theorem, we will take one source ata one time and deactivate
other sources.
Case 13 Taking [0 Ampere current source and short the voliage source. Let
the current through 1 L2 is /7

10A%E)

11 F, is grounded. then 1y s also zero {shorted)

At Node 1:

10=0

Wil

At Node 2:

wi2)

3
Put ¥, = 3 ¥y ineqn. (1)

u

Vo= 127, =120

12|
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and

v 1333888

1 =4.444 L Amp

Case 2:  Taking 10 Volt battery source and deactivate (open) current source,
and curren

Sin
9
v
At Node 1:
V10 RV
] 1
17F, - 12, =30 A1)
At Node 2:
F, ¥,—-10 =T
-2 + =0
4 4 1
—ary+ ek, =10 12)
From (1) and (2)
50 3222
Fy=—=555F="- =5370
9 ° 4]

e V-V, 555-53T0
1 1
Now according o superposition theorem § = ' + [

[=4.444 +0.19 = 4.63 Amp

0.19 Amp L down
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(31} By Thevnin theorem

At iR
441 s 1
(¢ s it s
as -

1WA T s Yia

10V |
-

o
Al

For finding / bY using Thevnin theorem first we have to draw thevnin
cquivalent CKT across | L2 resistance in which we have to find current £,

For finding 1y, we will open the wrminal across which we have find to /
and find the open CKT voltage.

A
.;\
0A
8
At node | At node-2
V. ¥ =10 I, —10
Loh 2
— e — 0 =1 = e =)
6 4 4 4

¥, =30 valt =

A = 3 Vol
P =¥ = Vy=30-5=25Volt
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For finding R, — Short the voltage source and open the current source, then
find the equivalent resistance across the terminals across which we have 1o
draw thevain cquivalent CKT.

i

= Rap = Ry

Ryp=(6]14)+ (3 4)=24+2=440=R

¥, 5
w o 2 =4.628 Amp
R, +1 44+1

I=

{32} By using Norton’s theorem
First we have to draw the Norton's equivalent across the terminal 48,

~A
— "
a0 — 4
> y > AL -
64
T vl |
v
e 2B CB
40

R,
=X,
1+ R,

For finding £y short the terminal A8, then find [ ; which is Jy.

A
-/I.'-
NS 11
W04 "
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¥, =V, (shorted terminal)
At node-1

L =10
— Wt iy=0
3 j

5K, =150 - 124,

12
Wo=3- =1, Al
1 5 N )

Apply nodal analysis at node-2

¥, 1
&3 —dy=0bwm 1, =T
3 N ut By =1y
2P, =4y 10 -(2)
From {1} and {2}
30 124y T+ 10 ! -5 2 i
3 —T—l4_\-v[}5=[ —.l—?_\-

and fy is same as By, which is 4.4 2

= Ry Ay
Ry +1
0z
I= 4.4 XI__)
44+1 22
4, 5
—4'><i 4.628 Amp  Ans.
54 12

Example 33:  Calculale the ¥, bY using {i} Thevoin®s theorem (i) Norton's
theorem for the given Network below:
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Solution:
(i) Using Thevnin theorem
First draw the Thevnin equivalent CKT of above given network,
08
: LY

1i

oy
Vo=Si=. ¥
! R, +5
For finding ¥y open the terminal ab, then find open CKT vollage
V= Va
80 vy Bt
vy A A e
s
e .
aoviE) B z8a
[ZEV— -
¥y 40 I

Let ¥y = Datum node 1, = 0 volt. There is no current from 6 €2 (becanse
it is open CKT) 0 Amp current so

Flg= ¥ = V= 6x 0= 0volt W= 1l
Vlb - ...:. =1 a F’J‘-_' V] -0= ]’l

At node-1

I, - 20, = 90 1)

At node-2

R AL I AT
8 4 5

2, 4V, = - 90 A2)
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From (17 and (23 == (1) % 2 + ¢qn. (2}
6y, - 28, =90
90
— =
4

For finding Ry
Shaort all the independent veltage sowrces and open all the independent
current sources, then find the equivalent resistance between ab.

LR L:14)
AN pene

o

_ R, =R,
p

4L

Ry, = {[(BIIB) + 4] 1/} + &

=4+ 8]+ 6=100

" 90/ 4 a0 §
Va=|—t—|50= 5= =175 Volt
. [Rm+ka.] 10+5X Ax Mg !

3

(i1} By Norton § theorem

Ba
sov(e Ui Teq =50
A

\—{I
Wy———0
40 b

Merlons eguivalant

Far finding fy or f,

short the terminal @b, then find the current
theough ah.
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B vy Gil
A o AAAy
-
e
guv'_-_:-_'l :m/_.;" E?an "
s 41
« A T
A\
J’ ¥ =V,
= S Bk
Y e
At node 1
L L e R Ve P
8 8 8 6
= 268 - 141, = 540
13F, - 70, =270 il
Al nide 2
I A N
V 42 LR LY
4 & 6
6V, + 30, = 3, LAV, 48 =0
131, =71, (2)
13, .
Put V= Fyinegn. (1)
7
9y,
ié—' 270
7
yy= 20XT_63 oy
- 124 4
From egn. (2)
4
913
= ¥ = ljxg= il Valt
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_|[9x13_§]
6

4 4

Lsq 24
——x = Amp
ﬁxd 4 e

Ry =100

= Ry is same as

w

T.5 Volt Ans.

|

Example 34: Find the Thevnin and Norton equivalent circuit for a given

figure.

Solution:
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Let F; be a datum node.
At Node 1

At Node 4

At Node B

F, -3
+-E e = Py =2 Volt
1 2

= V=V, ~Vy=1-2=-1Volt

Alternative method for finding ¥,

o 2n

2 Amp current is divide in path CAD and CB both paths having equal
resistance of (2 + 1) = 3 £1. So, current in cach path is 1 Amp,

¥y = Total drop from A to & (by path ADE or ACH)

=1xl+2i=1=—1 Vol
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Ry, — for finding &, open the current source, then find & 5.

. 3
Ryg=(2+1)Wi2+1)= 3 =150

A

Thevnin cquivalent across 48— 7
(2} w1 vor

OB

For drawing Norten’s equivalent we have to find £y or £, short CKT
current and &y, £y is same as B so R, = 1,542

oA

T

“; My S OB
= W e

Let Fyisa datum node g = 0, then I, is also 0 Volt.
At node A
0-k  0-H

ry | Ty

So for finding / we have to find Iy and V',
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At Node |

Hoo th=-0)

R
2 N 2'—0-—=!|—'E\«'u|.1

At Node 2

v, - =
Ei+¥ +2=0=V,= ;\’nll

Morton's equivalent

Example 35:  Using star-delta transformation caleulate the current / for the
circuit shown in Figure. The value of cach resistor is 2 ohms,

4 L L
v Rz IR

Solution:  Converting delta to star, as all resistances are equal.

Redrawing,
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RAa R

SR

(2+dridn)ir-r
] 3

e

= lohm

2
+ZR=R||R=
3 Il

]

=2A

el T ]

Example 36:  Find the currents flowing in the branches and the total current.

Solution:
follows:
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Node A, I=h+h+5 (1)
Node B, Loed=d 2)
Node C, L=1L+3+1 A3
Node 0, Li+5+4=0 )

As there are five unknowns we should have at lcast § equations.

Megleeting the current source loops, we choose voltage source [oops for
KVL. They are ACEFA and ABDCEFA.

10/, ~10-20 -0 wd 5}
104, = 30
L=3A (]
S+ +5L- 00 -20=0 AT

S04 108 - 104, = 20
S0+ 1075 - 101, = 20

From (4) T+ 100 = -50
Sf,+ 200 = -30
From (2) Sly-5;=-15
25 =-15
15 3
Li==-2==-2A
s os
I =-3 1— 18 = 3% A
5 5 3
3 22
=s-(-2)--Za
* 5/ 5
2
J=-3Z +3+58=4
S A

Example 37:

2
5 Re 3 (2 1
Wi L e . WA
A 8
R
v 22 2z 2z
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Obtain the Thevnin equivalent for cirevits to the left of 4 and right of 8, Hence,

when ff = = ohms is connected aeross AR, find the current flowing in il

|

Solution:  Voltage across AN = T, (open circuit)
Potential division of F; = 6, gives ¥,
Sinc

2= 1. resistance across V', = 5 4 |
. ! .
Vy=6= r IV

To find &, the voltage source 1, is shorted

ey
5x1
R Ry, =
- 5+1
=§uhl'n

6
Voand B give the Thevain equivalent to Teft of AN,
s found by current division method.

Voltage across SN = Iy (open eircuit

Current in 3 ohms =1 =

Voltage Vg=13x

Vg and R, give Thevnin equivalent to right of BN

=5 -2
R,=20 R=%0 s
N e o e e
+
My = AV T W = 4 Vot

ze
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N
The Thevnia equivalent cireuits are shown and £ = 3 now connected,

Current through & from right 1o left = L =1A

5+2+
6 3

(=

Example 38:  For the given figure, find the value of K using (i) Thevnin
theorem (i) nodal analysis.

414

YT

: 5n Vosa
Fig. 1
Solution:
Thevnins theorem,
A B0
4 R
: v 05
A B
Open 44"
b 2
1 Ry ==, Vy=10% =
{ W g s
A R B
LA O
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Add and open a1 B85

8
[n”‘)]z 16 +12R
) R
2+ R+ ==
6
.20 2 0x1 40
Vip= —x -

[ 2+R+§ 20458 20+68

_ 16+ 12R
R= 20+ 6R
Py
Zon
@ :
+6R
208 Y5

1

R, +2

(3 J=05=

Jopso 40 56+24R
W+ 6k 20460

40
She 24K
128 =12
R=18
Alternate method
4n v, R W, 241
—Hn—3 A Ty
0 Zau s2q 1054

Tiov ‘
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. I
Given Tz =05A
¥y =1 Vaolt
At node |

3V R-10R+aV, —4=4

. _10R+4 i
"R +4 "
At nade 2
=9 L os=-o
rRo2
1oV =R=0
Fi=14R A2)
From {1} and {2}
f=14

Example 39: Apply the superposition theorem to the network of Figure to
determine the vollage V¥,

) L .

Solution:  Opening ont the 1wo current sources, the cirenit is open with no
current. Shorting the veltage and opening one current source,
4 1

[
I=dx—=__=04714A
34 34
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Shorting 2 V and opening out 4 A

24
Fg=2x—=141A

Total current through A8 = 1.41 + 0,471 = 1L.BE1 A
Vip=1881x10= 1881V

Example 400 Find the resistance between A and B for the given cireuit
shown.

.C
N i :\tﬁ e}
.
“w
=]
11
74
S +8

Solution:
Changing - ACD into cquivalent delta,
AR AR I

Fig. (1) Fig. (2}

where,
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= —————— =3 =8670
Ll X d gty
fg= —
T
26
-l e
2

26
o= T =562

So the circoit of Fig. (3) reduces to circuit of Fig. (4).

40 3060
o 44 b G
-, At e
1o e
Zen £ 3060 260

e “B A e -8

Tu 74

Fig. (3} Fig. (4)

Equivalent resistacne between the terminals

5% 6.5
5+6.5

A& D= Q

Equivalent resistance berween terminals
cap=13% 5050
13+4

Resistance 2.82 £2 and 3,006 €2 are now in series, so the cirewit of Fig, (4)
reduces to circuit of Fig. (3)
The resistances 5.88 £ and 8.76 €2 are now in parallel, so their equivalent
resistance
867 x 5.88

= ——— =330
14.55
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*C
- .
- = fr

-« =60
A A 1]
T
Fig. {5)

Basics of Electrieal Engineering

The final circuit simplifics the cirewit shown in Fig. (7) & Fig. (8)

Fig. (7)

So, the resistance between the points 4 & #=4.03 Q

Example 41:
—h
L
TRz
.
&
Flo. {1}
Selution:

Transforming A COFE into equivalent delta,

+B
70
Fig. (6)
4030
AN ]
Fig. (8)

Ans.

Find the resistance between AB in given circuit below.
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*m

4
aq 7i
¢ o oY
ia) (0}
Fig.
T s,
Vog= ———
.
where, roe 3
ry= 74
r=s50
IT+Tx5+5=3 Tl
pa=— TP -
o 3 5
ru=—=2367Q

71
3
n

f = =103 82
t 7

=14240Q

Fig. (2)
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/ A A
B ¢ 3120 2
Flg. (3}
A A E
460
7.8 ‘ 4 d?“%‘? ; 795
B c
Fig. (4}
A 4612 E
. vk
S160 28603
s €
Fig. {5}
7460
Avw -5

760

Flg. {6}
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e
Fig. (7}

Example 42:  For the given ckt below, find & . R, and 8.

_2;2 e A0 d T a
Ay - Ay -

o A .
0z B
.
o
Solution:
For finding R;.
20 40 Tk -
o S P
me o3
-
&l b

Ry [EI{H 2l 3|+l4+5lfllﬁ}+ ik

3
=L+ 45y ]16)+ 7Y 8

= {I10.5) ]| 6]+ TH| 8
U et e

A

42
—[E+?]||S

¥6.55
1882

(10.818) ]| & 2598 0
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(ii} For finding &_,

6 A d a

L T 3EF 0 30F B0 E 1803
i

b
b L]

Ry = 0L+ 20 3]+ 5+ [16) (7 + 8073 )| 4
SISy e 15]] 4

30
SR Y iy
(I.. +5+ 5 ) |14

= (10,786} || (4)
3,

- 844 =242 o0hm  Ans.
14.786

(ni} For finding R,

20k ag
R Rt s
- . - —_ -
W W= LIS =8I
s 5 5 z
N
B b

Ry = AL+ 2 G+ ()£ (5N 1(6) (15

184

(10.5) ][ (0} | 15

- (%] 115 = (3821 15
5727

= =3.043 ohm Ans.
1582
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Example 43:  Tind
(i) &,
[T

R ={2+4) 212+ 8) =62 10

12
10
|2] g < 120
=== = —— ohm
(a ls-”" 92

(i) Ry
= 2 and 4 €2 are neither parallel nor in series.

= Convert (abe) delta into a ster.

o
“d
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=+ Mow equivalent ckt after conversion

s

—
"
e

o e

d

-

Ryg=ry = [y = 631 {r; + 8]

+ 16y (2 +8))

s

2o
2@l

(™

2.
37

N 2
_ M40 244 =4.78 ohm

Example 44:  Determine the voltage which will be required to pass a current
of 40 A through a resistence of 5 ohms.

Solution:
BY Ohm’s Law,
F=1ig
=40 x 5= 200 volis Ans.
Example 45:  Calenlate the value of resistance of the coil of a heater, which
consumes 3§ kilowatts neross a 200 volts mains.

Solution:

Let # = Resistance of coil in ohms
I = Current flowing in amps.
1= Applied voltage in volis.
W = Power consumed i walls.
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Power consumed by coil W= [ R,

Since, [ = r
#

Pt
Tower consumed, W
R
[yl
or, f=—
W

Given, I'= 200 valts, W =5 1000 walis

200200
51000

Bohms.  Ans.

Example 46: Find the resistance of a metal filament lamp consuming
60 watts on a 240 volts supply. Also state which shall have greater resistance:
a6 W lamp ora 100 W lamp.

Solution:

From eqn.

W
Resistance of metal filament Jamp

40 = 24
= ﬂ =496l ohms  Ans.

ITraed vollage is same, resistance is inversely proportional o the waltage,
Hence, 60 W lamp will have a greater resistance than 100 W lamp.
Example 47:  Which has the greater resistanee, a copper wire 20 metre long
0.015 em in diameter or a platinum silver wire 15 metre long 0015 cm in
diameter m 0°C,

(5p. resistance for copper and platinum silver alloy are 1.7 and 2.43
microhms-cm, respectively)
Solution:
Copper Wire!

Area,§ = E[o_mslf

=1.77% 10 % sq. em.
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!

R=pv=1Tx100% 20x100
§ 1L77=007*

=19.2 ohms
Platinum sibver wire:

! 6

R=pr w2430ty 15%100
§ 1775 107%

= 2006 ohms.
So, platinum silver wire has greater resistance.  Ans.
Example 48:  Two cells are connected in parallel and supply a current in a
circuit of | ohm. The emis of the cells are 2.05 and 2.1 5 volts and their imternal
resistances are 0,05 and 0.04 ohms, respectively, Caleulate the current of each
cell and the potential difference across AC.

Solution:
. 208 volt
PRSI
A c
- .
00411

o 9'2.1:.

1
A
=}
Let 1) and I, be the currents flowing from the cells 8, and B, towards
junction 4 and J the current Mowing away from A.
By Kirchhaff's first law:
L+, =1 A1
Comsidering the loop AB,CDA and applying KirchhotT's second law, we
have
w05+ w1 =205
or. £ 005+ [f) + 1] % 1= 2.08

or, LO5 £+ 1, =205
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Now applying Kirchhoft™s second law 1o leop 48,004 we have,
L 004+ 1, + ] % 1 =215
or, £+ 104 0,=215
Solving equation (3.3) and (3.6}, we get
1 =—0.196 A
I= 2256 A
Substituting these values in eqn. (1}
I 0196 + 2.256
=206 A
Terminal P.D. = 2.06 % | = 2.06 volis
Resulr:
Current of cell By = - 0,196 A,
Current of cell B, = 2.256 A,
Terminal I = 206 Volts,  Ans.

Example 49:  What values must, ; and &, have in circuil of figure given
below when,

(a) /=4 A, and [; =6 A both charging,

(b 7, =2 A discharging and [, = 200 A charging and

{€) Under what conditions is [, Zero?

2 ¥ 8 ¢
.3
el L
> el -
L
.
1av =k
v
= aw
r -
b4
F E o

Solution:
{a) When currents through both the batteries are charging, the directions of
currents are as shown by full armows,
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Appl¥ing Kirchhoff's second Jaw to the loops ABEF and ACDF we have,

[y # ]2+ 4 x Ry = 110 - 80 (1)
and, [+ 1] %2+ L Ry = 110 - 50 w2
Sinee, /=4 A, [, =6 A so from eqn. (1)
20+ 4R =30
=R,250Q

From egn. {2)
20+ 6 Ry =60
Ry =6670 Anps.

(b} When 7 = 2 A discharging and /; = 20 A charging. the directions of
currents are shown by dotted arrows;

Again applyving Kirchhoff’s second law 10 the loops ABEF and
ACDF we have

[L-f1=2 QR =110-80 A3
and, [P =2+ 1R, = 110 - 50 (d)
s0 from eqn. (3)
[20-2] %242 R =30
R=30
From egn. (4)
[20-2] %2+ 20 &, = 60

Ry=120Q
{e) When !, = Zero, then by Kirchhofi"s second law, we have
2+ OR) = 110 - 80 ()
and, [2+ /] =110-50
and from eqn. (5) L,=15A
Substituting in eqn. (6) the value of /,, we have
R,=20

Resuls:
{a) 2582 6,670
(by 2043, 1242
{c) 2402 Ans.
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Example 50:  Find out the currents § and ¢, by loop method.

A 20 8 3] =
. Sres - .
el i S
500 |
.
F E o

Solution:
Let iy and {, be the loop currents in the clockwise direction in the given circuit
of above figure.

Applying Kirchhofi™s second law to loop 1, we obtain

23y + 3y - dg] = 50 - 40
or, SH-3,=10
Now applying Kirchhoff's law to loop 2, we get
13iy+ 30 % is + 3iy— i) =40

or, =3t 3, =40

Solving equations {3.26) and {2,27), we oblain

i =286 A
and =143 A
Current in EF48 =i =286 A
Correntin B8 =f, - =- 143 A
and Curent in BCDE =i, =143 A Ans.

This problem can also be warked out by appl¥ing Kirchholt's JTaws or
theorem of superposition.
Example 513 Find out the currents in 31l the branches of the gireuit shown in
given figure bY loop method,
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A

a0
8 Priw c

aw T

Solution:
Let#, iy and 7y be the loop currents in the clockwise directions as shown in
figure.
Applying Kirchhe{l"s second law to loop - 1
1oy # 5[y = fa] + 3[; + ] = 10-3
or, 9 - 5i -3, =5 A1

Fram faap - 2

S[is= i)+ 24 Vst [fy — iy = 5
or, SitRiy—iy=3 (2}
From lonp -3

M-+ U [fy iy + 28 =13

or. T A TR (3)
Multiplying cgn. (2) througheut by 3 and subtracting from cgn. (1)
244, =290, =10 wld)
Multiplying eqn. (1) throughout by 2 and adding with egn. (3}
15—~ 1liy= 13 A5
Solving eqn. (4) and (5), we obtain
i =285 A

iy =2.705 A
Substituting these values in eqn. (2) and simplifying, we obtain
o230 A
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Example 52:
confirm the result by Norton's theorem,

B

12V
20
L 24
sat
3
{CES
Solution:
B
Atte— + o o
12 A
v | |
. s2 S0
5%

1
Ry=8+(52)=8+ = =9.4200

243

Find the current 10 £ resistance by thevnin theorem and

1981}

I 40
Voltage across 2 €2 = 20 % TT Voo by voltage divide rule)
aup 12 A
ey | e
10
74
4, a0
-7
L]

1 40
l’”—{—]2+8xu+—xu+—
7 7

40
Vig=—-12+ - =—629 1
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V== 6291, Ry, = 94290

C 0Qa 6.29 0.324
“urrent in | = =-0.324 A
) 19.429
- - 6.29
£, from thevain circuit = 9439 —0.667 AL
Norton’s Theorem
an
e -
120 B
V=
.* 2 100

Tip = 2, =20

Zig+ 106, =12
Eliminating ¢, 66i; = 44
a4

=

= = 0667 A,
2" 56 0.667 A

Ty = =iy =—0.667 A
Norton equivalent

0,667 A (L)

9,
Current in 10 £2 = —0.667 x 429
19,429

=-0324 A
same as in Thevnin cirewit.
Example 53:  [n the circuit given, determine the Thevnin equivalent cireuit
with respect to terminals 4, B and hence current flowing through 10 £2 resistor,
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. AR o R -
0y A on B v
20 San aqn ‘ ;.",1 0
[CES
Solution:
+ I s +
fov A 104 B TN
20 in a: 1o
L
M
3
Fu= 0% 2 =6V, Fy=—dx = =-3V
! 4
Ix2 ' Ixl 3
Ry = S Ry —— =2
AN 5 ax 4
Equivalent circuit 8 3
5% oA B 1%
e
8Y () av
Vg™ gxol 6V 3V 1xtl—'}\-’
’ 5 4
‘..”J - "{I‘I =9V

245

1988]

Example 54:  Find using Thevnin's theorem the current in the 5 €2 resistor

connected across AR in the network shown below:

o, 12
5V () ss0 Sin 104

B ' [CES - 1992]
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Solution: By superposition

5
I1=- A
3
5
Drop across | £ = 3 Ay
5
Fp=3i-<=—
AR 3 3
For the current source
1 ]
L=10x—=—A
< 3 £
10 10
Drop across 1 £ = ¥y xl=—=V
10 10 20
Flg=—+—==1YV
S T T
Thevnin resistance
i A
o
2
Ra=1|{l+1)= - £
w =11l 3
A
a

Looking im0 A8, Ry, =

Basics of Electrieal Engineering

3
5

3
4

B

24415

20

E
20

1
2
L
“
T,
]
> (a110A
A
.
.%5!!
2
= L1& Amp
=20
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Thevnin equivalent circuit

100

me

9 3
Current through 1001 = — = — A,
124

Example 55:  [n the network shown in Figure using nodal apalysis find the
voltage between 4 and &,

504 5
; N
.
50V
- 00 o0 100
:muv
°
A
Solutiol Fep=350V
s0a B
- + e
.
S0V =
- anir 2041 1012
— v
o A

Hence, applying Kirchhofl"s current Taw at node P, we have

V=50 F+100 ¥,
30 ] 10

Vo= A0 sy

or, _
T
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Hengce. Vo= Vot 100=-23.53 + 100 = 7647V

Example 56: Three resistances are connected in star. Find the dela
cquivalent.

Solution:

2r, dr connected i star:

Example 57;

24
Ay

+ vl

Using superposition theorem, find [
Solution:
Case | = taking 20 A source and short the voltage source.
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20z Zan Zan

P [_an]ll
3)4

= 2]—0 L downward.

Caxe 2 — Taking 10V voliage source and open the current source. Let current
be i

24 W
° .
R Zan Zan
vt
e v
°
e ¥
=T
4
J Foor-an
+ =0
44 4
10
= I'= — waolt
3
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10

"= —

YT

Now according 1o superposition principle net current /= "+ [

5
% Amp 4+ downward

- Amp L down
3 ] [

I=-5833 Amp J downward

Example 58:

Sk
B
L

000

B
Thevnin or Norton find V.
Solution:
(i} By Thevain thearem —
Thevnin equivalent berween A8 is
® A
R.Z
4
vodn
vl
*g
LN
Ry +4
Ve ar

So for finding F, we have to find ¥ and £,
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{a) For finding & ; open the terminal 48 and deactivate all the independent
sources.

21 A 1€
Ay = L

4]
U
10042 and 04 gre in paralel

Ry=202=10

(b} For finding 1", open the terminal A, then find the open CKT voltage,

W 20 A 10
2 e 3 e

o
B

Let # is the dataum node, Fy is voltage at node 4.

Va=Vig=¥;

V=200V, +5
"T_'_'T.—.u

15
=+— =T75volt
2

= 1.5 Amp
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F=47=6volt Ans
Using Norion theorem —

Morton’s equivalent across A is

oA
L
[NY. 3 VT
]
i
“B
R
— N .f\
4+ R,
=41

Ry is same as By, = 14

For finding I, short the terminal A& then find short ckt current [,

20 241 A 182
wns (g0 Iy
B
Let Fy is datum node or @1 ground, then ¥, = 0 Vol
P, =20 ¥V, +5
] 4 . ;
e 7 Iy=0 V=0
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7.5
4+1]

=

# 1= 1.5 Amp

P=15x4=06volt

Example 59:  Using mesh analysis find /| and /.

2n
AN

21 E

60V (L)

In loop 1 and loop 2 there is @ current source. So we will take a combined
loop - {1 = 2} shown by dotied ling

60+ 41, + 41, - 20 = 0
41+ 4, =80

L+ L=20 A1)
Net current through 50 €2 is {f, — 1) = 50
L+t =10 (2
adding [(1)+ (21]
21, =30

and,
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EXERCISE

L. For the shown circnit, find £, 1) and 175,

av
T - W
v [ Ry
‘ 3
P 1"
Y
W o

[Ans: £=— 16 volt]

2. Find the value of & {in ohms) required for maximum power transfer fo
netwark shown helow,

45.;‘1 440
25v(%) waz OE in
[Ans: B =8 €1]

3. A resistive network with voltege and current sources shown in fig
below. Find currents /) and /, by using mesh anal¥sis.

wa L

[Ans: £, = 0.37 Amp
I, = - 1.85 Amp]
4. Using superposition theorem, find 7, for the figure of Question (3).
[Ans: £, =~ 185 Amp]
5. Using Thevoin theorem, find £, for the figure of problem — 3.
[Ans: ;= 0.37 Amp]
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6. Determine the resistance between the terminals @ and b,

“3n 60
Fan “60
E b

[Ans: 4.44 Q]
7. A DC circunt comprises two resistors 4 of value 23 £ and £ ol unknown
vitlue, connected in parallel together with a third resistor C of value 5
ohms connected i series with the parallel group. The potential
dilference acress C is found to 90 V. I he total power in circuit is 4320
Wate, calenlate:
(a) Value of resistor 8.
(b) Voltage applied to the end of whole circuit,
{c) The current in each resistors,
[Ans: 12,5, 240V, J =6 A, [, =12 A]
The resistance in the three arms of the wheat stones bridge are 10,100
and 600 ohms. Find the resistance of the fourth arm. If'the voltage of the
cell connected 1o the bridge be 1.5 voly, lind branch current in each arm.
[Ans: 69 olun, 0.0136 A, 0.00227 A
. With the help of given data in Fig, 1, 2 and 3, find
(i} The value of load R, such that o 10 Ampere of current flow
from f;.
(i) The value of load R, for maximum power transfer.

=

° o
Network Metwork
Ty Ve = 200VOR |y Mo=200Amp | Mex

1 Fig. 2 Fig. 3

10, (a) Derive relations to show equivalent transformation form delta to
star and from star o delta,

(b} Inthe cireuit shown in fgure, determine the resistance between the

terminals x and y. 12.96 ohms.|
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@  (WIQuantbasin OHWS) o
[Ans: 2.96 Q]

11, (a}) What is Thevain theore

(b} Find current through a resistance of 50 ohms connected between
frand o bY Thevnin's theorem in the network shown in figure,

[0.0316 A
12, Find the current in 10 £2 resistance in the network shown in igure by
(a} Star-Delia conversion
(b} Thevnin's (Helmoha's) theorem,
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a1k EEEH) 304 B
° A ° AN . N .
- 2 -~
=80 =304 -{1?11
X} Ay AR ° °
121 124 130
vla 180V v
[4 Amp]
13, Find out the current in the various branches of the eircuit shown in
figure,
150 10
L s
§ v =i
. -,
o 1 I
L & < -
S S0 Swao Tosv
203 s
A Ay
150 14 1=

¥
a5k
-
5 [
B0V o 3t
il
150V
S2Kn
< -«

[ij = 69.5 mA, i=17.5mA]
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258

15, Determine the following in the netwaork of figure:
{a) Current iy given by the battery of 240 V:
(b)Y P, across ¢ and o,

() magnitude and direction of current in ae.

a 5000 £ B
.. fevs

1zov
50003

¢ 15000 £ ¢

[2235mA, 1635V, 655 mA, fromato¢]

16, Find the resistance across terminals 85, 8Y, #Y

g

Zs04

[Ans: RE=2750
BY=30.170
RY =33.67 Q]
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17. Power in the 16 ohm resistor is 4 W, Find £.

4

160

75v(E)

[Ans: R =268 Q]

18, Twelve wires, cach of 2 £ resistance, are joined to a cubical frame-

work. Caleulate the resistance between (o) two opposite corners of the
cube (b} two adjacent corners (¢) lwo opposite cormers of one face,

[A 3 Q TQ J!l 1
msy | =0}, — ), =
36 2
19, Apply superposition to the given cirewit to find i
304 ann

al,

fsn (Bov  Zen (EDeov

[Ans: 0.75 A]
20, Find the value of £, such that it absorbs maximum power and find the
value of that power,

2n R, 541
APy A AN
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21. Find the Thevnin equivalent of the network in given figure below when
viewed from terminals (a)x and x” (b) v and 3

104 x 200 ¥

byl - v .
S50 Zann (Vg
L 2 L]
o ¥

[Ans: (a) 693V, 7320

{b) 595V, 16.59 (2]

22. Find the Norton equivalent aeross the terminal (i) ab {ii) be for the given
helow network.

ia

ob
P ce
s\

23, Use superposition theorem to find 4, in the circuit shown below and
calculate the power absorbed by cach of five circuit elements.

100

il =z = 1
1AL LN a0l (yins5A

[Ans: [L3 A, 60W, 1RW, =130 W, 32 W, 20 W]
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24, Use superpasition theorem to find the value of F_in the circuit,

1001 2010 4501
B
L A
®l2a zsen (z)4av

206 oy 1080
AN *=) Wi
Ss00
5A04) Sma  (F5v

27. State and prove meximum power transfer theorem lor a DC network,
I8, Derive the relation between star to delta and delia o star transformation
prove if all the three resistances are equal in /. and A then

Rt = 3 8. sy
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29, In the network shown in figere determine the current flowing in the
palvanometer, [2.38 A]

300 {ap What is the principle of superposition theorem? Write the
limitations also,
(b} Inthe network shown in figure determine the currents §)
[, = 0576 A, i, =035 A, i;= 0926 A]

and ;.

i aov
B
A 20
L] " A -
-
iy
22v

31. Three resistances of 90 €2, 60 £2 and 36 £ are connected in parallel.
Determine their equivalent resistance graphically and verify the result
analytically. |18 £2]
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34,

35,

. The body of a synchronous moter is connected to three earthing plates

having resistances to earth of 5 €2, 10 £2 and 15 £, respectively. Due w
fault the body becomes alive. Determimne the proportion of total fault
energy which is dissipated at each earth connection

[54.5%, 27.3%, 18.2%]

. A constant voltage £ is applics to N groups of rheostats in series, where

egch group has A identical theostats in parallel. One rheostat hums out
in one group. Find the percentage increase of current in cach rheostat of
the faulty group and the percentage decrease of current in each rheostat

10048 ~ 1) | 100
MN =N 417 MN =N +1

of the sound groups

In the network shown in figure, determine the cquivalent resistance
hetween the points X and Y. I an emfof 20V is applied across X what
would be the total curvent drawn from the supply and what would be the
power dissipated in the circuit, [4.91 €1, 406 A, §1.2W]

x ¥

Determine the resistance between any two terminals of the network
shown in figure. |5 €]

LA 2e 3
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36. Estimate the current in cach branch of the network shown in figure 3.70,

i, 4V 50
- 1 Ay
i 1040
- - e -
i, 7BV
- - t -
iy
¥l o
12y nan
[[ =815 Az iy =243 A; i, = 21T A: i, = 3.55 A

37, Two resistors of value 1000 £ and 4040 €2 are connected in series
across a constant voltage supply of 200 volts. Determine (a) Potential
difference across 4000 £ resistor, (h) The change in supply current and
the reading on a voltmeter of 12,000 £2 resistance when it is ¢ |
acrass the 4000 £2 resistor.

[t60Y, 1DmA, 150 V]

irchiofl™s laws:

the values of curtents flowing in each branch of the
circuit shown in figure and the direction of the current in the
branch bd.

wony
265 A, fy= 0.036 A, iy, = 3214 A]

e

[i = 2614 A, iy=3.25 A, 1,
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39, Two batterics of emf 50 V and 40 V are in parallel across an external
resistance of 10 ohms, The internal resistances of batteries are 2.5 £2
and 2 €2, respectively. Find the current in batteries and the external
TesISIon

[4 A Charging, Zero A discharging: 4 A]

40, Determinge the eurrents and their correct dircetions in all the branches of

the circuit shown in figere bY superposition thearem. The internal

resistances of the butteries are neglipible.
Yosn
i ™
% alz
S 100 FAN
. »
i &i
N /
+ D
gy 20 i

[ip = 0.292 A, iy = 0277 A, iy = -0.015 A)

41. Determine the value of resistance R in the circuit of figure, when no
current is Aowing through galvanometer G Find also the magnitudes
and the directions of the currents in all branches.

i
il AP
120

Fig.

[=068, J=277A, [, =184T A, L=913A)



Electrical Measuring
Instruments and
Measurements

4.1 DIFFERENT TYPES OF MEASURING INSTRUMENTS
For measuring various electrical guantities. different t¥pes of measuring
mstruments are used. More common of them may be summarised helow;
(1} Galvanoscope-Tt is used o detect the presence and the direction of an
electric current.

(2} Galvanomaeter-Itis used not only 1o indicate the presence of an electric
current but to measure its strength also. Galvanometers are also of many
types e.g.. Tangent galvanometer, Sine golvanometer, Helmholtz
galvanometer, Kelvin's galvanometer, Moving coil galvanometer,
Moving iron galvanometer, ete.

(3

Ammreter or Ampere-meter—ILis used w measure the strength of current
in an eleetric circuit and for measurement of week current a milli-
ammeter is used.

(4} Foltmeter—They are used 10 measure the potential difference or voltage.
(5} Wagtmeter—1tis used 10 measure the power or the rate al which energy is
ed in a circuit,

(0} Ewergymeter—1s used to measure the quantity of electricity consumed
in a given time in a circuit. Thus, an energ¥meter does not merely
indicate the rate of supply of energy but also takes into account the time
for which the power is supplicd. It ma¥ also be termed as supply meter.
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(7} Qippmeter-Itis used to measere the resistance of a circuit directiy.

(8) Megger-It is used to measure very high resistance of the order of
megohms i.e., measurement of insulation resistance of cables, ele,

(9} Avameter (Ampere Volt and Qlanmerer)=1t is a commercial instrument
combining an ammeter, voltmeter and Ohmmeter in one instrument,
henee, the name avometer. It is classified under the heading
“Multimeters”,

(10} Maximum Demand Tndicator-1t indicates the maximum current or
power supplied in a given duration in a circuit. [t s reguired where the
tariff on elecirical energy is charged according to maximum demand.

{11} Power fuctor mefer=Itis used o measure the power factor of load in an
AC ciremt.

(12} Frequency meter-1t is used to indicate the frequency in an AC eircuit.

(13} Oseillagraph-It 15 used 1o observe and measure the transient
phenomena in an electric eircuit,

4.2 CLASSIFICATION OF MEASURING INSTRUMENTS
(1} According to use-As discussed in § 4.1,
(2} According o characteristios—
(a) Absolute instruments.
(b} Secondary instruments.
(3) dccording to the effects of Electric Current or Voltage - As will be
discussed in § 4.5,

4.3 ABSOLUTE INSTRUMENTS

They give the value of quantity to be measured in terms of the constants of the
instruments and their deflection only e.g., tangent galvanometer, etc.

4.4 SECONDARY INSTRUMENTS

They are calibrated instruments and diveetly give the value of quaniity o be
measured i.e., current, voltage, power, ete,
The secondary instrument are further classified into:
(1} Indica
(2} Recording Instruments.

(3) Integrating Instruments.

[nstruments.
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4,41 Indicating Instruments

They are fitted with a pointer which moves over a calibrated scale and
indicates the electrical quantity 1o be measured directly on the scale.
Ammeters, voltmeters, wattmeters and chmmeters, ete., refer o this category.

442 Recording Instruments

They record the electrical quantity to be measured on @ graph paper for a
desired peried. The moving s¥stem of the instrument carries an inked pen
which rests gently over the graph paper and moves at a low and uniforn speed
mn a direction perpendicnlar to that of the movement of the pen. The recording
struments arc often used in the power stations for recording the variation of
power factor and frequency, el

4.4.3 Integrating Instruments

They measurc the total quantiy of electricity consumed in a circuit ina given
time, Ampere-hour meters, walt-hour meters and kilo-watt-hour meters refer to
this category.

4.5 EFFECTS USED IN MEASURING INSTRUMENTS
The follewing effects of an electric cwrent or voltage are used in secondary
mstruments:
(1) Magnetic Efject-Used in ters, vol w integrating
meters, e,

(2} Elecirodvnamic Effecs—Used in ammeters, vollmeters and watt-meters.

(3) Electromagnetic Induetion Effect-Used in AC ammeters, voltmeters
and walt-meters and integrating meters,

(4} Electrostaric Effec~Used in voltmeters,

(5} Chemical Effece—Used in DC ampere hour meters.

(6} Heating Effect-Used in ammeters and voltmeters.

Based upon the above effects, the important 1¥pes of instruments called by
their commercial names are summed up in Table 4.1, 10 will be seen from 1he
table that moving coil permanent magnel 1¥pe mstruments arce suitable on DC
only and induction t¥pe on AC only. All the wpe of instruments can be
used on either AC or DC.

4.6 WORKING OF INDICATING INSTRUMENTS

As explained in § 4.4.1, the indicating instruments are fied with a pointer
which moves over o calibrated scale and indicates the electnical guantity to be
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measured direetly on the scale. The moving s¥stem to which the pointer is
attached is subjected 1o the under-noted three torques.

(i} Deflecting (operating) torque

(i} Controlling (restoring) torgue.

Damping lorgue.

4.7 DEFLECTING TORQUE

The deflecting torque is produced on the moving s¥siem by one of the effects
cxplained in § 4.5. Under the action of the deflecting torgue the moving system
of the instrument moves the pointer from its initial position. The movement of
the pointer of course depends upon the magnitude of the deflecting torgue
which in turn depends upon the magnitude of the electrical quantity 10 be
measured ie., current, voltage, power, cte. the production of the deficcting
torque will be discussed in detal in articles to be discussed subseguently.

4.8 CONTROLLING TORQUE

The movement of the movieg system under the action of the deflecting torgue
would be indefinite, if not controlled bY means of a controlling force. The
controlling torque opposes the deflecting torque and so the pointer is brﬂu;.lu
to rest at a position where these two torques balance each other. As stated in §
4.7 the dellection of the p should depend upon the clectrical quantity lo
be measured. But without a controbling force, the pointer will jump over to the
position of the maximum deflection wrespective of the size of the electrical
quantity, Further, the pointer will not return 1o the initial position on
disconnecting the supply. Hence, no indicating instrument can function
properly in the absence of controlling force.

The contralling or restoring torque is produced by the following two
devices:

(i} Gravity control

4.8.1 Spring Control
In Fig
s¥stem is anached to the spindle. A phosphor bronze hair spring is also
attached to the spindle. When the spindle turns under the action of the
deflecting torque, the phosphor bronze control spring pets twisted and henee
develops a restoring torque. The restoring torque (7,) proportional w the angle
of deflection (8) of the moving s¥stem and if the deflecting 1orque (T)
proportional to the current passing through the instrument, then

4.1, a spindle free to turn between two pivots is shown. The moving
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Fivot

Control spring

[+ Spindle to which
maving system is

attached
Flg. 4.1
T, 41
and, Tyecd L A42)
The pointer comes to a position of rest, when
T,=T, 43
Qo f 44

Sinee, the deflection is directly proportional 1o the current hence the spring
controlled instruments have o uniform scale over their entire range.
4.8.2 Properties of Material used for Spring

{a) It should be non-magnetic.

(b It should not develop appreciable fatigue.
If the spring is elso used as a lead to the moving s¥stem the spring material
should also have the following additional properties:
(ip It should have low resistance,
(i} The temperature coefficient should also be Jow,

4.8.3 Gravity Control

The nstruments having gravity control should be kept vertical for taking the
reading. The spindle § to which the moving s¥stem 15 attached should be
horizontal. The gravity control is obtained by attaching adjustable control and
balance weights to the spindle § as shown in Fig. 4.2(a).
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Gontrel weight =~ 1 Woon @
{a)

Fig. 4

When the spindle S wurns under the action of the control weight the control
and balance weight occupy positions shown dotted. Hence, due to gravity a
restoring torgue is exerted on the moving svstem. I H is the control weight, the

restoring torque (7, is proportional to W sin ¢,

Toee Wam 0

Again the deflecting torque,
Tyet

The moving s¥stem will occup¥ a position of rest, when
r,=T.

oo Wsin )

o,

or, Ie=sint

(45)

{4.6)

AT

In this case we find that | s proportional 1o sin 8 and not 8. Henee, in
gravity comrolled instruments the scale is nat usiform. [Lis cramped for the

lower readings,
Advantages of gravity control are:
(i} Itis cheap.
(i} It is not affected by change:
it It docs not deteriorate with time.

in temperature,

{iv) It is not subject to fatigue.
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Disadvantages of gravity control are:
(i) The surfece must be level.
(i1} The instrument has to be kept vertical.

(iii} The scale is cramped.

4.9 DAMPING TORQUE

We have already seen that the moving s¥stem of the instrument will tend to
move under the acthon of the deflecting torque. But on account of the control
torgue it will iy o oceupy a position of rest where the two torques are equal.
Due to mertia of the moving s¥stem, the pointer will not come to rest
immediately but oscillate about its final deflected position as shown in Fig.
4.3

- Unger-gampad
- )

g
: 1 _:__ — i
s
&

| Over-demped

{ )

TN Final defiected

Critically damped vak
Y
Timo *

Fig. 4.3

When a damping deviee is used pointer moves somewhat slowly and
reaches the final deflected position without overshooting. There ma¥ be two
cases:

(i} Crivically damped-1t the pointer moves quickly 1o s final deflecied
value, the instrument is called “eritically damped” or “dead beat” as
shown by curve C is Fig. 4.3,

(i} Over damped-Tn this case the pointer moves slowly as shown by curve
A,

To obtain best results, the instrument is slightly under-damped.

The damping wrgue is produced by the following methods.

(i} Air friction damping,
(i} Fluid friction damping.
(ii} Eddy current damping.
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4.9.1 Air Friction Damping

ght aluminium piston is astached to the moving s¥stem of the instrument
ch is allowed to travel in a fixed air chamber closed at one end as shown in
Fig. 4.4, The clearance between the piston head and the air chamber is very
small. The damping is effected by compression end suction of the air

Flg. 4.4

4.9.2 Fluid Friction Damping
In this case the piston moves in a fluid chamber in place of air chamber. Due 10
wreater viscosity of Muid, the damping is more efTective.
Disadvantages:
(i} Unsuitable for use in portable instruments.
(i} Instrumenis are always required to be placed in upright position.

4.9.3 Eddy Current Damping
It is the most efficient 1ype of damping and is very commenly used in modern
mstruments, Two ways of achieving this type of damping are discussed below,
{a} Mounting a Thin Dis

A thin disc of condecting but non-magnetic material like copper or
aluminium 1s mounted on the spindle to which the moving s¥stem and

the pointer of the instrument is attached as shown in Fig. 4.5,

When the disc rotates it cuts lines of force between the pole of o
permanent magnet. Due to motion, eddy currents are induced in the dise
which produce a damping torgque in a direction opposite to the motion of
the dise. Henee, the eddy currents tend to retand the motion of the dise
and make the instrument *dead beat’ t¥pe.
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\
'
Diraction - Dlreﬂc.mn I
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o \_) damping
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Fig. 4.5

(b} Mounting coil om a Thin Aluminium Former:
In permanent magnet moving coil instruments, the moving coil is
wound on a thin light aluminivm former in which eddy currents arce
produced when the coil moves in the field of the permanent magnet. The
edd¥ currents produce a damping torque which opposes motion.

4.10 MOVING IRON INSTRUMENTS

As pointed out in Table 4.1, moving iron instruments are suitable to measure
current and voltage in an AC or DC cireuit. Such instruments arc of two (¥pes:
(1) Artraction type
(1} Repulsion type

4.10.1 Attraction Type

A sectional view of an attraction type of instrument is shown in Fig. 4.6, The
working of the mstrument depends on atraction of an clliptic dise



Electrical Measnring Tostraments and Mensunments 275

Air damping
chamber

Balance
weight

Fig. 4.6

eccentrically pivoted inlo a magnetic field. The magnetic field is produced by
the current following through a coil wound over a solenmid. In case of
voltmeter the current through the magne ¢ coil is proportional (o the
voltage 10 the measured.

The instrument has a few turns of thick wire in case of ammeter and many
turns of fine wire in that of voltmeter.

When current flows through the coil, a magnetic field is produced alor
axis and the moving won dise gets magnetised in such a way that it will be
attracled into the centre of the coil. The movement of the dise will of course
depend upon the corrent streagth. 11 a pointer is fixed to the spindle carr¥ing
the iron disc, the pointer will read the current or voltage on a calibrated scale.

It should be neted that the iron dise will always be attracted inwards,
whatever may be the direction o the current through the coil so the instrument
is ealled attraction type and is suitable on both DC and AC,

As shown in Fig, 14.6 air friction damping is provided. Now, deflecting
tarque (T} = force with which the disc is attracted.

or, o field strength (#) of the coil x pole strength of disc.
But, pole strength of the dise = H
and, o = il
i
Tdec Hx H oo i
_ LA 8)
Controlling torque T e A4.9)

where, 8 = angle of deflection,
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When the peinter comes to the position of rest, the two torgues should be
equal,

ey
Bo
Thus, deflection is proportional to the
and hence the seale is cramped for the in
are used for both AC and DC.

quare of the current at any instant
| readings and these instruments

4.10.2 Repulsion Type
(i} In the repulsion t¥pe there are two rods or pieces of tron inside the coil
ane fixed and other movable, These are similarly magnetised when the
current flows through the coil, and repulsion of the moving iron from
the lixed one takes place. The force of repulsion is obviously
propertional 1o the square of current in the coil,

Control weight =

Damping chambar

Fig. &7

(i} Whatever be the direction of the current in the coil of the instrument, the
magnetization of the moving iron is such that the repulsion always takes
place,

(iii} In this wpe fixed ion consists of a wongue shaped picee of sheet iron
hent inte a ¢¥lindrical form, the moving iron consists of another picce of
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sheet iron bent and mounted so as to move parallel to the fixed iron and
towards its narrower end. [t is found that these shapes of the iron give a
more uniform scale than is obtained with plain rods.

(i) The scales of these instruments are uneven being ver¥ crowded near the
zero, Readings below 1710 of the maximum are therefore unreliable.
According to specification of the Enginecring Standards Committee,
the useful range commences at 1/4 of the maximum,

4.10.3 Control

In moving iron instruments usually gravity control is used. But in modemn
instruments spring contral is also being used.

4.10.4 Damping

In moving iron instruments air damping is common. However, (Turd damping
can also be vsed, But eddy current damping is not possible becanse the
presence of a permanent magnet will affect the deflection of the moving
s¥stem and hence the reading of the instruments will be incorrect.

4.10.5 Errors in Moving Iron Instruments with both DC & AC
They are liable to errors due 1o three dilferent canses:

{a) Hysteresis

(b} Stray magnetic field.

{e) Change in resistance of the coil due 1o temperature changes.

(1) Husteresis-The effeet of bysteresis is 1o make the readings with fzlling
current higher than with nsing current, and also to produce a small
deflection when the current is again zero because of residual
l“lll_!ﬂL‘[l!il’l\.

The error 15 reduced by choosing a low value of flux density in the
iron so that the h¥vsteresis effect in the iron is small.
(b} Stray Magnetic Fields-Errors that are caused due o the magnetie or
elecirostatic fields existing around apparatus,

Errors due to this canse may be serious, il not guarded against owing
to the weakness of the operating magnetic field.

Such errors are minimised by ing of the working part
of the instrument by an iron case or a thin iron shield,
{c) Temperamre change To minimise the errors duc 1o temperature the coil
is made of material having low temperature coefficient of resistances.
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With AC Only:

The above threc kinds of errors take place both on AC and DC. But on AC
changes of frequency may produce ermors due 1o change of reactance of the
waorking coil.

4.10.6 Advantages of Moving Iron Instruments
(i} The¥ are cheap and robust,
(i} They can be used both on AC and DC.
(i1i} They can withstand overloads momentarily.
{ivl Since. the deflecting torgue is proportional to current square, hence,
they have high operating torque.

4.10.7 Disadvantages

(i} Stray magnetic fields affect the readings, so the instrument should be
properly shielded,
(i1} The scale is not uniform. 11 is cramped for the initial readings,

When used on AC appreciable error is introduced due to changes in
frequency.

(iv) Due to hysteresis the readings for increasing values of current and
voltage are lower than for decreasing valucs.

4.11 MOVING COIL PERMANENT MAGNET INSTRUMENT

of a permanent magnet with soft iron pole pieces between
which a c¥lindrical iron core is mounted.

(n} A rectangular coil of fine wire is pivoted so that it can rotate in the air
pap between the pole pieces and the core, and current is led into and out

Pole piece A

\ = =] .~ Pola pieca
b} 1 i

IE.‘m
: -.l_-. e Hai speing —
I

) ]

Fig. 4.8
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of the coil through two phosphor bronze hair springs, as shown in
Fig. 4.8(a) and (b).
(i} These springs @lso provide the controlling torque.
(iv) When the coil carries current a deflecting torque is set up, proportional
to the product of the current and the strength of the magnetic field in the
4ir gap.
In ordinary instruments the total deflection is only about 60% so that the
m i field of uniform strength,

(v

coil sides may always |

{(vi) The restoring torgue due 1o the springs is proportional to the deflection,
so that the deflection is proportional to the current in the coil. Henee, the
scale is uniform.

(vii} Damping is provided by winding the coil on a copper or aluminium
frame.

(viti} When used as a voltmeter the instrument is connected in series with a
high series resistance, but when used ps an ammeter it is connected
acToss a low resistance shunt,

4.11.1  Working of a Moving Coil Permanent Magnet Instrument
(i} The air zap between the magnet poles and iron core is small {about |
mm ) and the flux density is uniform and radial in direction.
(i) If a current 1 flows downwards in the lefi hand side conductor and
upwards in the right hand side conductor of the moving coil, forces F
and F will act on the two sides of the coil as shown in Fig, 4.9,

._, Painter

i} The torque causing the coil to rotate is thus F = 2r where, r is the mean
distance of the conductor from the axis of rotation.

(vi) Ifthere are & turns in the coil and # is the flux density in wh'y

the active length in meter then lorce F for the given current [ is
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given by
F=8n
for ¥ turns of coil
F=NBH Newton ENEN
(v) Since, the ficld is radial. the deflecting lorque (7,,) is constant for all

position of the moving coil, provided its sides are with in the pole area
of the magnel.

DeMecting torque (7,0= Force x Perpendicular distance
= ANBI) % (20)
= NBI( % 2

NBIA 1A = face area of the coil}
T, = Niil4 Ll 12)
is & is constant then
Tye 1
T,=Ki AL

Kk is constant for a given mstrument.
(vi) Such instrument are invariably spring controlled so controlling torque
T =8

L4404y 18 = angular deflection’}
(vii} For steady state

T=T, 6= i.l‘ FREREY] {c = spring constant}
-

Beef L(415)

Note: Moving coil permanent magnet instruments can be used only for direct
current measurements, because deflection 8 is proportional to current (8 o ().

4.11.2 Advantages of Moving Coil Instruments
(i} Low power consumption,

(i} High torgue weight ratio.

(1i} Uniformity of scale and the possibility of a very long scale.

{iv) The possibility of a single instrument being used. with shunt and series
Tesistanees, 10 cover 3 wide range of both curremts and voltages.

(v) Freedom from hysteresis errors due 10 stray magnetic fields

{vit Perfect damping is obtained simply by edd¥ currents induced in the
metal former of the moving coil.
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4.11.3 Disadvantages of Moving Coil Instrument

(i} Friction and heating errors are present,

(i1} The weakening of the permanent magnet with the passage of lime may
introduce a considerable error unless the magnet is carefully aged
during manufaciure.

(iii} Thermoelectric emls may introduce errors when these instruments are
used shunted for current measurements, but with a well designed shunt
such errors should be small.

(iv) Can be vsed on DC only.

412 DYNAMOMETER TYPE AMMETER AND VOLTMETER

The permanent magnet moving coil instrumenis are only suitable on DC, With
an AC supply the deflecting torque produced will be of alternating nature.
Owing 1o the inertia of the moving s¥stem, (he instrument will not be able o
mdicate an¥ reading @ nature so that its
direction is also reversed in the moving coil. Then the deflecting torque
produced would act in one direction only and will cause the moving s¥stem to
deflect, This principle is emploved in d¥namometer 1(¥pe of instruments
thereby making them switable on both AC and DC.

The e

o, But if the field s also of alterna

I feature of a d¥namometer type of instrument is that the
permanent magnet is replaced by a fixed coil. Tn Fig. 4.10 two air cored fixed
coils #) and F, and a moving coil A are shown. A pointer is attached to the
moving coil amp the controlling torgue is obtained bY a hair spring,

Scale

D

Field due o current
I resving ool M

Fiakd dus to curent
in finedoods Fy & F,

Fig. 410
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When 2 current lows threugh the fixed coils, 2 magnetie ficld is produced
along A8 as shown in Fig. 4.10. Also due to passage of current through the
moving coil another field is set up along CD.

Thus, a deflection torque is produced in the elockwise dircetion which
shall deflect the pointer on a calibrated scale.

When the instrument is used as ammeter and voltmeter, the fixed coils and
maving coil are connected in series as shown m Fag, 4.10(a) and (b),
respectively.

Phaze

Phaso 2 I z

T ™ W | |8
Supply Lead  Supply N

X - x
Hautral Hautral
{8} Conrection for dynamomater (1) Cennaction lar dynamamater
tppe amneter Lypeis voibmaster
Fig. 4.11

Deflecting torque (1) = H, = H, A6

wherg, H = Field strength due to fixed coils.

H, = Field strength due to moving coil.

T case of amymeter same current is passi
moving coil.

2 through the fixed coils and the

Hyoo
andl, Hyel
where, I = Current through the fixed and moving coils

Deflecting Torque = P LT
Controlling torgue = @ LA418)
Fef (4.19)
or, e A0 (420
In case of volimeter, 1= —
z
X ‘J 2
Deflecting lorgue o 7 L4210
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where, £ is the total impedanee of the voltmeter,

or, Deflecting torque o 7 R Febed]
and, Conrrolling torque == 6

P8 L 4.23)
or, Ve o L(4.23)

Hence, the readings of current and voltage as given by this type of
instrument will be proportional to the square root of the deflection. So, the
scale is cramped near the zero.

4121 Control

A phosphor bronze hair spri

s used to produce the restoring torgue,

4.12.2 Damping

Air or fluid damping 15 used. Due to weck operating ficlds, eddy current
damping is not suitable,

4123 Advantages

(i} The¥ can be used on both DC and AC.
(ii} The¥ are not subject o hysteresis and eddy current errors.

4.12.4 Disadvantagpes
(i} They have low torgue/weight ratio and so a poor sensitivity.
(i1} Costlier than moving iron and moving coil t¥pes of instruments.
(hi} The moving s¥stem is heavier and so the frictional losses are more.
(tv] On DC they are expensive and inferior to moving coil permanent
magnet instruments,

4.13 DYNAMOMETER TYPE WATTMETER

The average power in an AC cireuit is given by
P=V¥icoso

where, F= RMS value of voltage
{ = RMS value of current.

cos ¢ = power factor.
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Since, the term power factor is also invelved in the expression of powerin
an AC circuit, hence power cannot be measured by merely an ammeter and
voltmeter. A power factor meter will also be needed. However. if o wattmeter
15 wsed, it will take into account the power factor of the cireuit and by a single
instrument it would be possible to measure the power,

Thus, the more important application of d¥samometer type of instruments
15 in waltmeters. Though power can be measured by this (¥pe of watimeter in
DC circuits also, but it s not so important as the product of ammeter and
voltmeter readings will directly give the power.

The wattmeter has two coils, current coil and pressure coil as shown in
Fig. 4.12, This current coil is the fixed coil and carries load current, while the
pressure coil is the moving coil as shown in Fig, 4.10 and carries a currem
propartional to the voltage. The deflection of the moving coil depends upon the
currents in these two coils and upon power factor.

Current ol

Supply  Pressune coll | Load
Saries resstance <
Flg. 412

A high non-inductive resistance 1s connected in series with the pressure
coil 1o make the resist ol the whole p coil large in comparison with
its reaetance and also it helps in reducing the current through the pressure coil.

Pressura ool

wF,
Y Sanes

\ ! resistance
—Current —'
il

Load

Fig. 413
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As explained above the two fixed ceils F) and 7 will be connected in
series with the load as shown in Fig. 4.13. The moving coil with a series
resistance is connected across the supply and taken a current proportional
the supply voltage,

Let ¢, = instantancous value of the current through the current coil.

instantaneous value of current through the pressure coil.
+ instantaneous value of supply voltage.
£ = total impedance of the pressure coil circuit.

Then, ==

fyee v L 4.25)

Since, the coils are air cored, the freld strenpth produced is divectly
proportional to the currents through them.
2 Instantaneous value of dellecting torque

o i\ L (4.26)

o dyy (427

Average value of deflection torque T is proportional to the average value
of {jv over the whole c¥ele.

L(4.28)

=1 sin(8-¢)

where, ¢ = lagging power factor angle of the load.

ra
:tl_
A,

%

T, = ¥, sin B 1, sin( b0

It W (26 —

. :;, J‘cuﬂ) cn:_\( 7] o’d’ﬂ
o 2
Vi, [Bmm_sin[ﬂ)-r}] o
4m ' 2

VoI
e 2 3 cos O
4
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v
o =t 3 i
N cos g 429
o Vfcosd L (4.30)
e TUE pOwer L4300

where, ¥ and f are RMS values of voltage and current. Since, the deflection is
proportional 10 the average power, hence the seale of a d¥namometer
wattmeter is uniform.
Control—Spring control.
Damping—Air friction damping.
Advantages:
(i} Can be used on both AC and DC with an equal degree of accuracy.
i} Secale is uniform.

Disadvantages:
(i} Error is caused by change in frequency.
(i} Due to inductance of pressure ceil errors are introduced at Jow p.f.
unless suitably designed.

4.14 |INDUCTION WATTMETER
Induction wattmeters can only be used on altermating current cireuits.

(i} These instruments have two laminated clectromagnets as shown in
Fig. 4,14, one s exvited by the load corrent and the other by a current
propoertional to the voltage of the circuit in which the power is 10 be
measured.

Frassure coll

Seriog magnat -~

Filg. 4.14
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{ii} A thin aluminium disc is mounted so that it is cut bY the fux from both
of these magnet,

(it A deflecting torque is produced by the intersction of these Muxes and
the eddy currents which they induce in the disc,

(v} One or more copper shading bands are fitted on onc limb of the shumt
magnet in order to cause the resultant flux in the magnet to lag in phase
by exactly 90° behind the applicd volage.

{v) The two pressure coils, connected in series, are wound in such a manner
that the¥ both send the flux through the centre Timb.

{vi) The serics magnet in the instrument cerries two small current cails in
series, these being wound so that they both magnetise the core upon
which the¥ are wound. int the same direction,

(vii} The position of the copper shading bands 15 adjustable so that the
correct phase displacement between the shunt and scrics magnet fluxes
may he obtained,

Let V= supply voltage
I = load current
cosd = p.Loof load
@, = flux through shunt magnet lagging %0° with respect
to F. This angle ol lag is achieved by the adjustment
of shading bands.
t,. = flux through the series magnet. This Nox will be mn
phase with 1if core losses are negligible.

The vector diagram of the wattmeter is shown in Fig. 4.15,

The Mux 6, and 6, will induce emfs £, and £, in aluminium dise lagging
90° behind their respective fluxes. Let £, and £, be the eddy current produced
in the disc by these emfs. If inductance of the eddy current path is assumed
negligible | [ and £ will be in phase with their respective emfs.

There are two torques produced:

(i} by interaction of & and £, and

(i} by interaction of ¢
These two torques will act in opposite directions, Hence, mean deflecting
torque acting on the dise will be given by:
Ty= kg iy cos = b, cos(180 - §)]
= ko, cos 0+, d, 008 ] L M437)
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Fig. 4.15

Since, [
Joeed
o=
o=V
Tyoc k[l cos o+ [V cos 8] L4353
= IR Vlcos @
= eos g - (4.34)

= power in the circuit

Advantages

(i} Damping is efficient,

{11} Not much affected by stray fields,
it Long open scale.

Disadvantages
(i} Can be used on AC only.
(i1} Cost is high.
(i} Power consumption is more.

415 METHOD OF CONNECTING THE
WATTMETER IN THE CIRCUIT

I the load carrent is small, the voltage drop m the current coil 15 small, so the
method of connection shown in Fig, 19.16(2) introduces a very small error.
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Supply

Serles resistance

i)
Fig. 4.16

On the other hand, if the load current is larze, the watts lost in the pressure
coil will be small compared with the watts lost in the current coil and so the
method of connection shown in Fig, 4.16(b} is preferable.

416 HOT WIRE INSTRUMENTS

The heating effect of current is wiilized in hot wire imstruments. Hence, they
can work both on AC and DC.
1ot wire instruments are vsually of two (ypes:
(i} Single sag tvpe.
(11} Double sag tvpe.

4.16.1 Single Sag Type Hot Wire Instrument

It consists of a fine platinum wire stretched between two points 4 and 8.
Another wire is attached to the mid-point of A8 and which passes around an
axle © as shown in Fig. 4.17. This wire is kept stretched by a spring D and if
there is any sag in 48 the spring takes it up. The axle carries a pointer which
moves over a graduated scale. Now, when current passes through the wire A8 it
is heated up. Due to which it gets elongated, The elongation causes a sag in i
which is ot ence taken up by spring D). This causes the rotation of the asle €.
When the axle rotates the pointer moves over the graduated scale.

417 ENERGY METERS

The measurement of energy is essentially the same process as the measurement
of power, except that the instrument used must not merely indicate the power
or rate of supply of encrgy, but must take into scconnt also the length of tme
for which this rate of supply is continued.

Type of energy or supply
There arc three general t¥pes of cnerg or supply meters.

Crs:
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Fig. 417

(1) Electrol¥tic meters—can be used on DC only

(b} Motor meters

{e) Clock meters

(b} and (¢} can be used on either DC or AC according to their construction,
Only motor meters will be discussed here.

418 MOTOR METERS

Ia this class of meters the moving s¥stem is allowed to revolve continuous|y,
The speed of revolution is proportional to the current in the cirewit in the case
of an ampere hour meter and to the power in the circuit n the case of a wati-
hour meter.

The number of revolution made by the meter is recorded bY a counting
mechanism consisting of a train of wheels, 1o which the spindle of the rotating
s¥stem is geared.

The control of speed is brought about by a permanent magnet (brake
magnet), so that it induces currents in some part of the rotating system, these
currents producing a retarding torque proportional to their magnitude and
consequently proportional to the speed of the rotating s¥stem,

4.18.1 Ferranti DC Ampere Hour Meter

(i} The armature consists of a thin metal disc rotating in a bath of mercury,
this mercury being used to lead the current into and out of the dise as
shown in Fig. 4.15.

{11} In this meter there are two permanent magnets, ong for driving purpose
and the other for braking. These magnets have mild steel pole pieces.
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~ Direcuon of rotation
-
Direction of *
braking torque

Currant |
out

i
Copper disc

Fig. 4.18

The space inside the chamber in which the dise is placed is filled with
mercury, which exerts a considerable up thrust on the dise and reduces
the pressure on the bearings,

(iv} The disc is mounted at the base of spindle, pivoted and working in
Jjewelled cup bearings. upper part of the bearing kas a worm cut on it
engaged in the gear wheels of the recording train,

(v) The current is led into the dise, through the mercury, at its
circumference on the right hand side and flows radially to the centre
where it passes out through the spindle.

(vi) A torque is produced owing to the presence of this current in the field of
the driving magnet and the dise rotates as shown in Fig. 4,19,

(vii) In its rotation the disc cuts the field of the brake magnet and an eddy

current 1s mduced in it which results in a braking torque as shown, this

torgue controls the speed of rotation of the dise.

ince, the driving lorque (T, is proportional w the load current 1,
Tyet 441
Let i = speed of the meter.
& = flux of the brake magnet.
andl, e~ eddy emfinduced in the disc.
Then, e o i X
The eddy current induced in the disc,
Ieg

=B B X X3
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Braking torque,

Ty e (449
o i hit
o . [(4.45)

(Since, ¢ is constant)
When steady running speed of the disc is attained, the braking torgue
becomes equal w the driving torgue.

=T, (4.46)
From proportional eqns. (4.41) and {4.43)
ne [ 44T

So, the speed of the disc is proportional to the load cucrent and hence the
number of revolutions on a calibrated counting mechantsm give the quantity of
clectricity passed through the meter in a given time,

Advantages:
(i) Fri

is small due to up thrust of mercury.

(11} Construction is simple.

(iii} Large current carcying capacity without shunting.

(iv) Construction is simple.

Disadvantages:
(i} Suitable on DC only,

(11} The tTuid friction increases as the square of the veloeity, To compensate
this, two iron bars are placed. one above and the other below the
mercury chamber. The lower bar carries a small compensating coil of
few turns through which the load current passes,

This coil sets up a local magnetic ficld, which helps the driving
magnet field and weakens the braking magnet field.

This results in compensation of fluid friction.

The accuracy is affected. il the murcury becomes dirty.

4.18.2 ElihuTh C \

Friciion Compensation-The two shading bands embrace the flux contained in
the two outer limbs of the shunt magnet and thus the eddy currents are induged
i them which cause a phase displacement between the enclosed flux and the
main gap-Mux. As a result a small driving torque is exerted on the disc 0
compensate for friction torgue in the mst nt. The friction torque can be
adjusted by var¥ing the positions of these bands,

th Meter
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Creep-In some meters 2 slow but continuous motion is obtained when pressure
coils are excited with no load current. This may be due to the incorrect friction
compensation or the voltage of supply may be in excess of the normal. To
prevent such creeping two holes or cut in the dise on opposite sides of the
spindle. The dise tends to remain stationary when one of the holes comes under
one of the poles of the shunt magnet,

4.18.3 Polyphase Induction Type Watt Hour Meter
(i} The energy supplied to a three-phase cirewit may be measured by a
double element meter of the induction t¥pe, each element being similar
in construction to the single phase meter.

There are two discs mounted on the same spindle and two separate

brake magnets,

The spindle drives a single counting train.

{iv) In addition to the phase adjustment and friction compensating
each element, one of the elements has an adjustable magnetic shunt

s torgue for the same walts

evice in

across its shunt magnet, so that the drivis
may he made same in the two instraments.

(v) In cart¥ing out this adjustment, the two curreni coils of the meter are
connected in series and the two pressure coils in parallel, the polarities
being such that the 1wo driving torques are in opposition,

continued until the meter

(vi) Adjustment of the magnetic shunt bein
ceases (o rotate with full rated watts supplied to both elements,
Advantages
(i} [t is cheap.
i} Robust.

(1} Damping is efficicnt,
(iv] No maintenance needed,
Disadvantages
(i} Used only on AC.

419 OHMMETER*®

It is a direct reading instrument and straightaway gives the resistance of o
circwit, In its simplest form an ohmmeter s nothing but a calibrated
galvanometer having its scale marked in ohms as shown in Fig. 4,19,

“Mot for LR T.U. (TEE-101/201) Students
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™ Galvanomelsr
calibrated in chms

Resistance loba ¥
measured (R) gy

Fig. 4.19

B represents a dry cell, R, is a fixed re nee of about 2500 ohms and &,
is a variable resistance. The terminals x and y are short ¢ircuited initially. The
value of resistance £ 15 so adjusted that the reading 1s zero on the calibrated
scale, On epening the terminals & and » the pointer jumps (o the position
marked ‘e=", Thus, the pointer will move from right to left as the resistance to
be measured varies from zero @ infinity. BY putting known standard
resistances across x and y, the mstrument 1s calibrated. Obviously the seale 15

N P . 1
not uniform, as the deflection is proportional E

P, i tAT ris an instrument for measuring an unknown
emf or polential dll'rcn_nu by balancing it by a known potential difference
produced by the flow of currents in conductor of known constant,
Let v=voltage across the standard resistance as measured by the
potentiomeier.
r = value of the standard resistance in ohms.
Hence, the reading of the current is,
= (4.45)
R

The given ammeler can now be calibrated.

4.20 EXTENSION OF INSTRUMENT RANGES
4.20.1 Ammeters

Their range can be increased by putting shunts in parallel with the ammeter
terminals as shown in Fig. 4,20,
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—{a)
Ammeter

v
1 . -

Shunt

Fig. 4.20

Let i, = maximum permissible current through ammeter.

¥y = Tesist of including comnecting leads,
{= maximum current 1o be measured,
The current through shunt will be given by,
Ly=1-i, (4.49)
The voltage drop across the ammeter and the shunt will be same.

- =iy Ry (4.50)
where B, = Resistance of the shunt,
Ry= J
I L5

is called the muluplying power of the shunt.

The ratio
i

The shunts have low resistance and are made of copper, nickel alloy
termed as Eneraka Manganin, ete,
Euneraka or Constantan—Copper 33-60%, Nicke] 40-45%.
ickel 4

Mapganin-Copper 84%, Mangancse 12°

4.20.2 Voltmeter

The range of a volimeter can be inereased by putting a high resistance in series
with it as shown in Fig. 4.21.
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g
. v .
i
- u - V-u -
- W N

Fig. 4.21

a5 the voltmeter

Let v=muximum voltage which can be applied ¢

nee of the voltmeter,

nee to be put in series,

Permissible current through vollm

tance R, should be such that the

To measure the vollage 1, the series re:
voltage drop across it = F - v,

-

Note: (i) Since, an ammeter is placed in series with a load, so its resistance
should be very small to have a negligible drop across it.

(i1} Since, a volumeter is placed across the load, so s resistunce
should be very high to permit a negligible current 1o pass through
it.

An ideal ammeter should have a zero resistance and an ideal voltmeter an
infinite resistance which is of course not possible in proctice, The good quality
voltmeters have a resistance of about L1000 ohms per volt of their range.

Example 1: A moving coil permanent magnet ammeter consists o 10 turns
wound on a rectangular former so that the active length of the conductors is
05 meter. Caleulate the deflecting torgue exerted on the coil when it carries
current of 3 A and the flux density in the gap is 500 weber/m”.

Area of the coil is 15 10 meter’,
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Solution:  From eq. (4,12}, the deflecting torque is given by,

N=10
B =500 web/m?
A
A=15%10" met®

Ty= Nil4

Ty=10%500x%5x15% 10"
= 37.5 Newton meter
Esample 2:  Calewlate current through a galvanometer of resistance 10 ohms
shunted bY o resistance of | ohm, when the combination forms the part of the
circuit whose total resistance is 12 ohms and a cell of emf'2 volts is sending the
current.

Solution:
—av -
Flo. 4.22
Taotal resistance of the circuit = 12 ohms.
. - 21
Current in the eircuit, f= — = amps.
12 6
Current passing through galvanometer is given by (f }';]w = IHG
<
I = ® [
SR
1 1 1
= ®—=—amps. Ans.
I+10 6 66

Example 3:  Whal resistance should a wire have which when connected
. . . 1
across the terminals of a galvanometer of 2970 ohms resistance could let ﬁ|h

of the current to pass through the galvanometer?
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Electri

Solution:  Current through galvanometer is given bY cqo. 4,24
5

=%
J“ G+5 .
lere oA ganem
cre, &= Jou" 2970,
So, J__5
100 2970+ 5
1005 = 2970 + 5§
or. 908 = 2970 or, § - 30 ohms  Ans.

Example 4: A moving corl instrument has a coil resistance of 10 ohms and
requires a current of 15 millizmperes for full scale deflection. Caleulate the
resistances necessary to enable it 1o be used 1o read (a) Current upto [ID amps,
(b} Voltages upto 500 voles,

Solution:

pesA 0y
_ou15A (1081 .
* S [

e e
100 Aemp
50085 A
. "] .

Fig. 4.23

Either the instrument is used as an ammeter or voltmeter it must be
arranged so that pot more than 15 milliamps passes through the instrument
itself.

{a) T vead 0-700 amps.
The instrument must be shunted with a resistance & which will earry
99,985 amps. at full scale, leaving 0.015 amps. to flow through the
meter as shown in Fig. 4.23,
The potential difference across the meter is the same as that across the
shunt.

Henee,  99URS X R=0015x10
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_0015% 10
99985

ar, = 0.001501 olins

Coil must be shunted with resistance of 0.001501 ohms,

(b} To rvad 0-500) volts,
The meter must be connected in series with a resistance R as shown in
Fig. 4.24 which will raise the tolal resistance 1o such a value that only
15 milliamps flow when the instrument is connected acress 500 valts.

- 500V -
Flg. 4.24
300 Volts
Tuolal stance reguired = ————
0.015 amp

=33.333.3 ohms
hence the added resistance in series = 33.333.3 - 10
= 333233 ohms
Example 5: A single phasc energy meter has a registration constant of
100 revkwh. ITthe meter is connected to a load carrying 20 A at 230 V and 0.8
power fuctor for an hour, find the number of revolutions made by iv [f 1
actually makes 360 revolutions, find the percentage error
Fleose
1000
230 =20 %03
C 1000
=368 kWh
Now the numbers of revolution for frue energy = meter constant x 3 .68
368

Solution:  Epergy consumed in [ hour = kWh

Actual revolutions — Revolutions for true energy
Yalrror =

Revol

ions for true energy
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_ 60— 368
368
=-2.174%
=» —ve sign shows that meter will run slow.
Example 6: A movi
when a potential difference of 50 mv is applied. Caleulate the series resistance
to measure 300 Y on full-scale, (2004-03)

r coil instrument gives a full-scale deflection of 20 mA

Solution:

_s0x107
20107

=250

"

Series resisiance of the meter to measure 500V

500 .
— =13
20x 1077
= 25000 - 2.5
R, =249975 0
Example 7:  An energy meter revolves [00 revolutions of dise for one unit of
energ. Find the number ol revolutions made by it during an hour when
conneeted across load which takes 20 A at 210V and 0.8 Power factor leading.
If energy meter revolves 330 revolutions, find the percentage error. (2004-05)
Solation:  Encrgy consumed bY load = ¥/ cos 6
energy consumed in one hour = 210 % 202 0.8 x 1 Wh
=200 %2008 % 1% 107 kWh
= 3.36 unit
Number of revolution = 3.36 % 100

= 336 (True revolution)
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Actual — True revolution
Sherror = ———— T 100
True revelution

350 - 336 1400
U =———— x|l —— =4.17%
error T 3%

es full-scale deflection with

Example 8: A moving coil mstrument gi
15 mA. The resistance of coil is 5 L2, Tt is desired to correct this instrument into
an ammeter to read upte 2 A, How to achieve it? Further, how to make this
instrument to read upto 30 volis. (2005-06)
Solation:  Moving coil instrument gives scale deflection when current
through it is 15 mA.

Instrument coil resistance has 5 42:

(i} When works as an ammeter
We can read upte 2 A by connecting (£,,) in shunt as in Fig. 4,235,

24 ) 15mA 58
—
2-1510 }A
Fig. 4.25
= IR =(I-FLIR,
T
= 155107 =
- 5 i_n R, if s §
Then, 1510 —--X? iRy ==
155 107" 3
Sa, Ry = X xd
5

Ry, = 003750
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(i) When works as an veltmeter

R

15 mA

. v -
Fig. 4.26
We can read upto 30V bY connecting Resistance R, in series as in Fig.
4.26.
BY using formula
LRt R =V

le=
30
So. 153107 =
R+5
R, - 3_”J
15310
30% 107
= _5
Ry= =g
R, = 20000 -5
R, = 19995 Q)

Example9: A S0 A, 230V meter on full load test makes 61 revolutions in 37
sceonds. If the normal dise speed is 500 revolwtions per kWh, find the

percentage error, (2003-06)
Solution:
. Ficosd
Energy consumed in 37 seconds = ———— w0t kwh
- 1000
N 230 x50 x cosd « 37 KWh
1 CHHD 6 60

= 011819 xcos &
For purely resistive load cos 0 = | (assumed)
So energy consumed in 37 sec. =(L11819 =1
=0.11819 kWh
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Energy consumption registered by the meter
a1 s . - [’,]
_ no.of revolutions made _ — 137 kWh
meter const 500
Percentzge error
0% (actual registralion = true energy consumption)

1
True energy consumption

herror = {0022 - 011819} % 100
011819

=3.22%

Example T0: Two vollmeters one with a Tull-scale reading of 100V and
another with a full-scale reaching of 200 V are connected in serics across a
100V supply, The internal resistance of both meters is same. What arg the
readings? |U.P. Technical Univ. Tutorial Question Bank|
Soluti The internal resistance of each meter be of & ohms, Now the two
meters are comnected in series across 100V supply, the vollage drop across
each meter is 50V, as in Fig. 4,27, S0 each meter will read 50 V.

sV 5OV
5 av o

Flg. 4.27

Example 11:  Two voluneters have the same range 0-400 V. The nit]
impedances are 30,000 £ and 20,000 £2. If theY are connected in series and
600 V be applied across them, what will be their readings?
[U.P. Technical Univ. Model Question Paper]
v, v,
0000 2 2000012
y \

360V 240V
3 soov >

Fig.4.28
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Solution:  When two volimeters of resistances 30,000 €2 and 20,000 £ are
connected in series across 600 YV supply, voltage drop across them would be

30,000 20,000 . ,
= # 600 and — = 600 valts i.e., 360 V and 240,
30,000 + 20,000 30,000+ 20,000
s shown in Fig 4.2% so the reading of veltmeters ¥, and I, would

be 360V, and 240V, respectively,

Example 12:  Two ammeters one with full-scale current of | mA and internal
resistance of 100 £, and the other with a full-scale current of 10 mA and
mternal resistance of 25 £ are in parallel. What is the total current these two
meters can carry without any¥ meter reading getting out of seale?

[U.P. Technical Univ. Tutorial Question Bank]

Solution: Let the total current be of [ amperes that these two meiers con
carry without any meter reading getting out of scale. The current distribution
amoeng the two meters will be in inverse proportion to their respective
resistances. Thus,

I, A,
! * -
ST
Iy fesan Ay
. b )
Flg. 4.29
C t flowing th i ter A fy=1x 23 0.21
LTI W 1] HEh A = e me Wi
urrent flowing throwgh ammeter 4. f, 100123
1 100
Current flowing through ammeter Ay, 1, = ———— = 087
ST 100+ 25
Since. full-scale current of ammeter 4, s 1 mA 2o total current 7 comes o
ImA
be 0 SmA  Ans.
02

Current through ammeter A, = 0.8 3 = 4 mA
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EXERCISE

. Name different t¥pes of important measuring instruments. Deseribe one

12

o =

=

3

o

1

. Compare g

of them in detail and stote briefly the use of cach one of them.
Distinguish among indicating, recording and inteprating instruments,
Give at least one example of each t¥pe.

) e

inte between and secondary instruments and explain,
which one of them has a wider pr: pplication,

What effects of an electric current are used in secondary instruments?
Based on the above effects. give a table of commercial ype of
instruments indicating their important features

Explain the necessity of deflecting, controlling and damping torgues in
an indicating instrument. How the instrument would behave 1f an¥ one
af the twrgues is abs

hanl

ity control with spring control. State their relative merits

and demerits,

. What are three different 1ypes of dampings provided in electrical

measuring instruments, whicl one of them is considered most efficient
and why? Can it be provided with all types of instruments?

. What is understood, when it is said that the moving system is over,

. Explain why a moving iron

ertical or under damped? What is the state of damping in a dead beat
instrument’!

strument is called either an altraction (¥pe
or repulsion t¥pe. Describe the principle of working of one of them,

Deseribe the working of moving coil instrument. Explain why it is
stitable on DC only.
A moving coil of o voltmeter consists of 1000 turns wound on a square
former of side 3 cm each and the Mux devisity in the air gap is 500 Tin

i

Calculate the deflecting torque on the moving s¥stem, when

ng a current of 10 mA. [4.58 gm-cm]

carrd

. Differentiate between a dypamometer (¥pe instrument and a moving

coil permanent magnet instrument, Explain why a dynamo meter type of
instrument is suitable both on DC and AC.

. Give the construction and prineiple of operztion of a dynamometer type

. Deseribe in detail the working of a double sag (vpe hot w

of wattmeter, What are the two different methods of connec
wattmeter in the circuit?

JO]

Deseribe working of an induction wattmeter. State its advantages and
disadvantages,

instrument.
Can it be used on both AC and DC? If 5o why?
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15, What arc different t¥pes of energymeters? Describe the working of
Ferranti DC Ampere hour meter.

16, How would You measure power of a single phase load by 3 ammeter
method?

17. Describe a single phase induction type waithour meter. Why they are so
invidely used on AC?



Transformer

5.1 INTRODUCTION

A tramsformer is a static device, which transfers electrical energ¥ from one parg
of a magaetic circuit to another part of a magaetic CKT by mutual mduction.
During this transformation, freguency is constant, 1t also steps up and steps
down the input voltage.

5.2 CLASSIFICATION OF TRANSFORMER

(i} According to construction
(a) Core t¥pe
(b} Shell type
{c) Berry type
(11} According to use
(a) Power transformer: For HY transmission (15,000 KVA and
above), for LV transmission (2000 o 15,000 KVA}
(b} Distribution transformers
(¢} Instrument transformers
(iii} According 1o winding
{a) Single phase transformer
(b} Three-phase transformer
{e) Auto transformer
(iv) According to wpe of cooling
{a) Natural cooled: Natural air cooled and oil immersed natural
cooled,
(b} Forced air cooled: Air blast cooled and oil immersed air blast
cooled,

reular-shell)
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(¢} Water cooled: Oil immersed water cooled.

Advantages:

(i} [Uis economical to ransmit the energy at high voliages,

(i} For distribution purpose.

(iii} Efficiency of transformers is very high.

(iv) Tt matches the impedance of a s ind its load for maximam power
transfer in electironic and control circuits.

(v) Isolates the DT from AC while permitting the flow of AC between two
cireuits.

(vi) Isalates one circuit from another,

Construction:
There are two basic parts of & transFormer.
(i} Magnetic core
(i} Windings
Various types of transformer stampings and laminations are used for
making a core of a transionmer.
Generally, 1 shaped and L shaped lam
Laminations are of high grade silicon steel stampurgs (0.3 to 0.5 mm
thick) and are responsible for reduction in hysterer s lasses in the core,

tions are used.

L - Shape |- Shape E - Shaga

Fig. 5.1

amelled

These laminations are isolated from each other through ¢
Varmal for reducing the eddy current losses.

Laminations are overlapped to avoid the air gap at the joints and joints
may be staggered otherwise core will have less mechanical strength.

In a transformer there is only HY and LV winding. Winding, which is
connecied to load is sccondary (either HV or LV) and the other
connected 1o input is primary,
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5.21 Core Type

+ It has a single magnetic circuit.
Core is rectangular in shape ol uniform cross-section, I consists of two

vertical limbs and the horizontal Yokes connecting two limbs,

Coils used are c¥lindrical t¥pe.

Coils are wound in helical lavers with different layers insulated from
cuch other on two limbs,

Low voltage coil 15 placed inside near the core while HV coil surrounds
the LV cail.

Windings are uniformly distributed over the two limbs so natural
cooling is more effecuve.

In order 1o minimize leakage flux, hali the primary and half the
secondary are placed concentrically on cach limb,

HY Insulalion Limbs Yc;«rs
HY winding .f" Py,
»

L Winging |

resentati
Represcatation LV Insulation Construction

5.2.2 Shell Type

+ Magnetic eireuit is divided, in two or more parts,
+ Core has three limbs.
* Both (HV, LV} windings are placed on cemral limb.

+ Coils used are multilaver disc tvpe or sandwich type.

* HV coils are placed between LV coils.

* LV coils are near to top and bottom of Yokes.

+ For low cepacity shell type transformer is prefered.

+ Windings are swrrounded by the core so natural cooling does not exist.
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i

+ Ceniral Limt

Repesentabon ¥ 1
Insulaten

Fig. 5.3

5.2.3 Berry Type
+ Distributed magnetic circuit
+ Core construction is like spokes of & wheel.
* This type of transformer gives d construction and provides better
cooling.

5.3 IDEAL TRANSFORMER
A transformer is suid to be ideal if it satisfies the following properties,
(1} It has no core losses (hysteresis and eddy current loss).
(11} Its winding resistance is zero,
(1ii} No leakage Mux in Primary and Secondary
(iv) Permeability of core is high so negligible current is required 1o setup a
flux.
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5.4 WORKING PRINCIPLE OF TRANSFORMER (1 - 0)

Fig. 5.3

(1} When the primar¥ winding is exerted by an allernating voliage V.
(i1} This voltage circulates alternating current.
(iii} This alternating current provides an alternating mmf (N1).
(iv) Due to this alternating mmf an alternating flux will be set up in
magnetic core given by
G =0, sin o
(v) Due o this time varving feld or Mux an emfwill be induced in primary
and secondary winding, having N, and N, twins respectrely

e == 'd—f =y =M, i'—f
= ¢ = =N d, cos wf
AA)
¢, = IRfN.Q, sinf{iaf —m/2) B
= £ = R0 = g,
VInf e,

-\ = a {transformer fums ratio}

= Instantanzeus Mux
@, = Maximum Tux
N = Number of primary winding rns
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N, = Number of sccondar¥ winding turns
f'= Frequency of the supply voltage
£y = RMLS, value of primary induced emf
£y = RM.5, value of secondary induced emf
From the equations 4 and &, it is elear that induced emf lags the flux by
w2
Induced emf in primary winding opposes the input voltage V) and
h=-k
Hence. this emi £, is also called back em!” becausce it limits the input
current.
In case of DC (applied voltage) no sell induce eml will generate w
oppose the applied voliage, hence very high current will flow into the
transformer and shall burm its winding.

55 PHASOR DIAGRAM OF 1 -9 TRANSFORMER

5.5.1 No Load Condition (Secondary Open)

(i} fdeal Case (R =0, X, = 0, no core loss)
£ = Winding resistance
X} = Leakage reactance
Part ol the primary flux as well as the secondary flux complete the ]
path through air and links with respective winding only, Such flux
is called leakage Mux.

Due 1o these leakage fluxes there will be a leakage reactance Vin
each wilg.

WV, = —E,
v, Al . .
|= ‘1
o
<,
TELV;
I A1)

E, E, lapso by 2 .i2)
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E =T (3
I, =0 ()

1, = Iy (no load current) is in phase with 9 due 1o no core loss,

Case 1-Winding resistance included:

a
VE. =V,
il
v

Z

Fig. 5.7
K =-E+ LR, (1)
E,. E lagsoby m'2 (2)
3
I, =0 {no load) (4)

}_', = Ta {no load or exciting current or magnetizing current) is in phase with ¢

because no core loss,

= Core losscs are neglig renifing that exciting current is in phase with
fux &, There is no core loss component of the exciti

= Core losses are governed by the arca of B-1 curve
the core loss.

hicher the area higher

(i} [Fcore loss

5 (hysteresis + edd¥ current) are negligible means Avea =0,
f o Hor g e i means ¢ and no load current are in same phase.

(i} I core losses are present then the 8-/ curve is non-linear and the no
load or exeiting current leads the flux ¢, as it may have two components.
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+Bore

I =Beu
HE
s L
-H, ! . Het
P Horl,
Fig. 5.8

— une is in Phase with ¢ known a5 magnetizing component {1,)
with £, known as core loss component (£}
s f.=0 b= -ve
I =+ve o=02{0M
(ni} So exciting current leads the fux ¢ bY some small angle (0 o 107)
known as hysiertic angle (8).
Case 2-Core loss included: (No-load or [, = 1)
Now Iy is not in phase with ¢ it leads the flux .

=+ ofher is in Phase

' T
o
TEu M
Fig. 5.9
=3
F| - ‘Tnl
— Mow /, having & two components
=1+ N = By cos By 0=y sin B}

= [ is in phase with ¥, hence responsible for core loss (P.).
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Po=V 1 cosB,=IPR
¥y = no load input voltage
R, = h¥phothetical resistance to account for core loss,

I, is in phase with flux ¢, Hence, responsible for magnetizing the core so
called magnetization current.

Case 3-At no load (/, = 0), winding resistance, reactance and core loss
included

i L,
1 .\
B
Wim,
"
b7, .
I 9
L} EI
B, V.

Example 1 The no load current of a transformer is 100 A at a power factor of
0.25 lagging. When connected 1o 400 V 50 Hz supply. Calcalate
{a) Magnetizing component of no load current
(b Iron loss
{c) Max. value of flux in core, V.
Solution:
Avnefoad [y = 0, 8 X = negligible

500,

Vy=E, =400V, I, =10 A, cos 8,=0.25

- . WV, =-,
{2) Magnctizing component is [,

1y, = Iy sin 8,

= 10 % 968 = 968 Amp [ I, s

(b} Iron loss £ = ¥ 0 = ¥ I cos B,
EpV;

Fig. 5.10
from this we can also caleulate &, and X, (magnetizing reactance}

Poo= a0 = 100 25 = 1000 W
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{c)

5.5.2

P.=1'R =R, 000 g
' 25%23
X, = 0 _asa
968
V= Eys NI,

E 4

- .——' == Wh = 360 mWh
B VInfN, Arxs0xspd

Transformer on Load

Case 1-(R |, Ky, Xo Xy are negligible, no core losses, secondary connected
to lagzing load):

Fig. 5,11

When secondary 1s open then 1, = 0.
ary side an alternating current J_'z

As we connect a load on secon:
circulates through N tums.

Due 1o this .f_2 ammf Auf; will be produced in secondary winding.
Due to this mmf (N4} a flux d, is induced in secondary winding,
Acecording to Lenz's law the direction of &, is such that it opposes the
cpuse, hence the direetion of 0, is such that it opposes the main flux ¢.
[f o reduces then £ and ¥, will reduce.

Since ¥, (applied voltage) is constant so main flux & has to be remain is
constant so mmf V,f; have to be compensate from somewhere ¢lse.

For compensating mmf (/. ) we are requiring extre mmf from primary
side hence evira curvent Iy draws from supply. This current [% is the
major part of the primary current to counter the secondary mmf (N.4))
Mow L=1-+1

1, = Primary supply current

Iy = No load or exciting cumrent
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17 = Load component of input current which compensates load current

1.
N E = Nolyof 1
= T, is negligible (2 to 5%) of rated current so I = T,

- Nl = Nofy

5.6 PHASOR DIAGRAM ON LOAD
Case 1-(Ideal transformer on different load):

N=CE. =5 L =L+ h=5L%

T, is in phase with & because of no core loss. So, ideally T, = £,

M, Y= E, i
|

- [ - .
‘ ® [
A 1l
T Eiy
SEL W +EL W
ia) (b} iz
Fig. 612

Phasor diagram of ideal transformer

{a) Lagping load (/, lags 15}
in phase with Fy)

{e) Leading load (f, leads 1)

Case 2-Conditions:
(2) Winding resistances are negligible.
(b} Noleakage flux.
{e) Only core losses (now Tc leads Mux ¢ by small angle).
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A @ &
A
“ E.E.V. \
Iy BBV, v N ELE, ELE Vot bl
Lagging load Resistive losd Leading kad
Fig. 513

Case 3-Conditions:
{a) Winding resistances are neghigible.
(B} There is leakage flux in both primary and secondary,
{©) There is core losses in core,
Due 1o the leakage flux ¢y and ¢, hyphothetical leakage reactances X
and X, comes into the winding,

W
R

-

» For drawing l_, =— —,r'!?,,!', we have to add to veclors —f, and (74

J 1, is the vector perpendicular to I} in cow direction.

Fig. 515
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TE, E,
1% -
i

[(Lagping load) {Resistance load)

=4

AgaBE

{Capacitive load)

Fig. 516
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Transformer

Case 3-Practical Transformer: (R . Ry: X, Xj; Cove loss included)

o, e Iy [
- T R
it
¥, [ vy 12
A ‘ " ‘ .
V= (0B, + 1R, ) EL =W+ 1R, » o)
LIS V;=lz,
L=+ [angle betwesn V, and |,
cepends on load)
T E, - e
CaE, . .
X g
(Lagging losd) (Resistve load)

Fig. 5.17(Conta.)
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R
{Capacitive load)

Fig. 517

= XKVA, V7P, Volt, 50 Hz 1-Phase 7 indicates that
+ We can apply a Y-KVA Joad &t either side of transformer,
+ Rated voltage at primary side = 1
+ Rated voltage at secondary side = 1,

X
+ Rated eurrent al primary side is f, = v K Amp
1

o X
« Rated current at secondary side is £, = v K Amp

Example 2: A 4007200 YV transformer takes | Amp at power factor of 0.4 on
no load. If the secondary supplies a load current of 30 A at 0.8 lagging power
factor, caleulate the primary current,

Primary current J'_, - ,T" N f_:

cos gy =04 = y, = 66,427

coso = 08 = [+
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5.7 EQUIVALENT CIRCUIT OF A TRANSFORMER

V, = (=B, + (R, +X,) |
ly=ly+ 1y
=1+,

ideal wanstormear

Fig. 519 Equivalond CKT

— Equivalent CKT for an electrical engg. device can be drawn if the
equations deseribing its behaviour are known.

= If an¥ electrical device is to be anal¥sed and investigated further, then
equivalent CRT is necessary.

— Equivalent CKT can, therefore, be analysed and studied easily by the
eleciric CRT theory.

— For further simplification, we have to transfer all the elements and
sources either primary side or secondary side.

LR,

Fig. 5.20 Rafermed ta primary
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&, = Resistance of the primary winding

A, ~Leakage reactance of primary side

¥y = Applicd voltage

£, = Induced emf at primary side

1, = Primar¥ current

R’y = Resistance of secondary side refer to primary
A%, = Reactance of secondary side refer 10 primary
= Load voltage refer to primary

5 = Load component of the current at primary side

1 LN
=3 = 12
’1
El N ) E.N,
= 2 = | I r! (= E|] P Al |
E, M, N,
P, S
[ filie
Lt iy
[ &
- L -
[ R.T e, 1
2 t 1 i
Equivalent CKT refer Equivolent CKT rofier
to primany to secondary
r alfter ppproximstion after approximation
P L

Approximate equivalent Approvimats equivaisnt
CKT refas 1o primary CKT refer bo sacondary

Flg. 5.29
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Ry=R ARy X =X VX' W Ro= R+ Ry Key = X7+ X,
Rey = Equivalent resistance refer to primary
R, = Resisunce of primary side
R’y = Resistance of sccondary side refer to primary
&', = Resistance of primary side refer wo secondary
Ae, = Equivalent reactance refer to primary
Xes = Equivalent reactance refer to secondary

A, = Leakage reactance sefer to primary.
Let the resistance of secondary side be &, and when it refers 1o primary its
value becomes

= Then, . =drop in &, at secondary side = /R,

. = drop in &', at primary side = I/,

1 N,
= We know, and L = —L
5N,
=
=

R . .
= — reactance of Primary side refer to

secondary

B . . .
] = —L reactance of Primary side refer to
at

secondary
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Power input = Power output + Losses
=Vayeos B+ Por Py
1, = load current

cos B, = Load power factor

Vil cos 8.

"7V cos, + P -

P
TF 1y is the full Toad or rated current, then the efficiency is full load
eificiency.
Efficiency at full load
Vo, cos 0, _ (KVA), cos0,
Vol cosB, + 24 Py (KVA) +P+ P,

(M) =

* If the load becomes half means load current becomes half (1/2), 1f the
load becomes x fraction of rated load means the new current becomes x
time of rated current.

(4, at x fraction load = x /, rated

. . AV 0, peosh,
(efficiency at fraction x load) 1, *(';".
MVl yeosh, + P +x R,
= For all t¥pes of lead power factor efficiency formula does not change.
\ V.1, cosd,
o V1, cos@, + I+ P,

Efficiency is a function of load or load eurrent assuming cos 8, is constant.

RS xcosH, + P +x

P P

© ks

For fix to be maximum | 14 ————+
Bcost, xBcosd,

Should be minimum
£ xP,

fet Pl ——4
xBcosb.  Hrosh,
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_ o r Pu  _,
dy xBcosf, Ooosh;
P
= = =Py
x*
I
= - P.m
x°
L&
T Py
= at full load (r = 1) efficiency is maximum
load at maximum efficiency is O,
Ouimsn = Loy
= =0
So at maximum efficiency P =P,
Load current at max v is [, =
2bnax 0 =
Falshas n = Faldahaa W
Vil asn Wl | B
1000 1000 Y (P D
. ; E
(KVA) i = (KVA),
wharedl
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is per unit regulation,

Ey = V4 L(Ra+jN ) A1
at lapging load /; lags by 1, by angle 8,
W =04+ AB+BC
Vot LR cos B, LY,

(s — Fa) = IaR,a cos By + LA, sin 0,

L=, PLL A
2mh) DR o B

2 sin iy

in 8,

,cos0, +e, sind,

LR, .
£, = % 3 100 = % resistance drop

L% 100 = % reactance drop

or simple

So, [V.R.% ={e, cosh, £ &, sinf, )00

4 sign is for lagging load,
sign is Tor leading load,

For lagging PT and unity PF (£, = 15}

As load becomes capacitive. (leading) ¥, starts increasing as load
increases. At a eertain leading power factor £; = I, and regulation becomes
zero. 1 the load is increased further £ < V', and voltage regulation becomes
—ve.

£ cos B, + g sinf, =0

tan B, =




Transformer

b Ra  Ka
E; Vs
Fig. 525

Voltage regulation is zero at a power factor of cns[!an '[

So, voltage regulation is z

Ty 4 LR N )
for lagging load I, = 1e-8,

at leading power factor.

Ey = Vyt B2 By(R oy + X 5

Ey =¥yt Iy (cos By — jsin 0.0(R, + JA4)

{Ey—F.) =1 (cosB, — jsin, (R, + X,

Voluge drop
So, for leading load T, = 1,20,
S0, we can caleulate voliage drop by CKT also,
5.10.1 Power Factor for Zero Regulation

The % regulation will be zero when

FoCosg, < £ sing, =0

or. tan g, =

The ~ve sign shows that the p.f will be leading for rero regulation.

(R e By 4 X o sin 830+ i cos Oy

335
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510.2 Power Factor for Maximum Regulation and M

Value of Percentage Regulation
The % regulation is given by,
Ro=g, cosdat v, sinds

For maximum value of R, % =1,

L
dR
— =g sindy + e, co5dy, =0
i, : h
€
or, tan g, = =
E,
LS
/.
.
Ak
fa
Fig. 5.26

This shows that the maximum regulation oceurs at a lagging p.f

From Fig 5.26,

Sin gy
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Substituting in eqn. (3.3}, the maximum % regulation,

£, £,
elvel (el
Jei el A5.6)
=1, \(.R--'z XS %00 LA5T)
E,

511 TESTING OF A 1 - ¢ TRANSFORMER
For caleulating the parameters, efficiency and regulation ol a transformer at
any Joad and at any power factor we do some tests, They are

(i) Dircct loading test.

(1) Indirect loading test.
Difficulties, which do not permit the testing of large transformers by divecs
foad 1est arc:

amount of energ¥ has 1o be wasted in cach loadi

(i} Itis difficult to arrange a large load for very big transformer.
(11} Appropriate meters (voltmeter, ammeters and wattmeters) are difficult
1o make available at normal sites,

P'erformance can be determined by conducting simple tests involving very
fittle power construction, called non-loading in direct tests. In these tests the
power consumplion is simply that which is needed to supply the losses. The
two non-loading tests are open CKT and short CKT test,

5.12 OPEN CIRCUIT TEST

The purpoese of this test is to determine the (i) Shunt branch parameters

(R...X,) (i) No load power factor and (iii) Core losses of a transformer.
Waltmetas
Toe

1-¢ L
AC supply(—

LW sida HV sida

Fig. 5.27
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* Sccondary side is open CKT, that is why the Ammeter (A) reads a no
load current /;, which is usually 2 o 6% of the rated current,
« Wasttmener reads & total loss of a transformer at no load,
W=P .t Pu
=Pt AR
Ty is very low hence J',:,R_.I'P,m.] is further low and negligible in comparison o
core 1088 (£ )y, wea = (.04 10 .36)% of rated copper loss hence the wattmeter
indicates practically only core loss at no load.
+ At ne load wattmeter indicates only core loss (P, + P ) and the core loss
depends on the Folrage if the frequency is constant,
+ 5o for getting rated or complete core loss we have to apply a rared
voltage.
+ Hence, open CKT test periorm on rated voliage.
+ We will perform the 0.C. 1est at LV side because at LV side apparatus of
low voltage rating {voltmeter) is casily available ond availability of
supply essily made available,

Reading of ammeter

ks
W
Reading of ¥ i,
weltmeter
N .o
Fig. 5.28
= V= 1R, 0o X,
= W= ¥i =Vlcostdy, |W=reading of wattmeter}
W . . .
cos 6, 7 (V= reading of voltmeter, [, = reading of Ammeier.
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From this, we caleulate [ and [,

Ny, My  Shar CKT

Fig., 5.29

+ As secondary is shored, it may draw a very large current at rated
voltage and transformer may burn out. So, this test is nof performed at
rated voltage,

For getting full load or rated ohmic loss, this test is perfommed at rated
current,

Rated current ma¥ be drawn at only 2 w0 10% of the rated voltage. So,
reading of the voltmeter is 2 to 10% of rated voltage.

It is convenient to comnmect high valtage side to supply rtio current at
LV
HV side (1—\?) 1% low, so we can solve our purpose with low rating

Awmieter:

Example:  For a 200 kVA, 440/6600 V transtorm, perform short-cut not at
3% of ratio 1o be

LV side Rated voltage = 440 Vol

5
Short CKT V.~ 440 100 22 Volt

Rated current = 200 » [H00/440 = 445 Amp

HV side ¥, = 6600 x |3’D =330V, rated current = 30 A
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S0 LV side high current is needed for conducting 5C test,

While conducting the SC test. the supply voltage is gradually raised from
Lero o il the transformer draws fil! oad or rated current,
Voltmeter reads shont CKT voltage ¥ (2 to 10%) of rated volinge.

Ammeter reads the rated current.

Wattmeter reads the core foss and ofnic loss but this test is performed
at a shert CKT voltage which is 2 1o 10% of rated voltage. Hence, the
core Josy 15 neghigible in comparison to copper or chmic losses,

So wattmeter reads only ohnotic foss.

Fig. 5.30
= Z.= \l'Rf, + X7 (1)
W=tk (from this we calculate &}

(from this we caleulate X}

V.1, cosB,
+ %an on full load = #
Fify cosl, + P+ P,
P_= reading of wattmeter at no load

reading of wattmeter at rated load current.

reading of ammeter (rated current)
rated valtage

cos 8 = load power factor given
* S0 we can caloulare v from OC SC test
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* R and X, can be calculated by short CKT test.
« f, is rated current.

+ We can also draw the equivalent CKT from OC and SC test.

e I I".
4 il
v, R [J v;
Flg. 531

R_and X, calculate from OC test.
R,y and X, calculate from SC test,

Polarity test:
IT the primary winding of & transformer is excited with an alternating voltage
then emf gers induced in both the winding.

Similar polarny ends of the two windings of a transformer are those ends
that acguire simultancously positive or negative polarity of emi™s induced in
them,

In determining the relative polarity of the two windings ol a transfonmer,
the two windings are connected m series across a veltmerer, while one of the
windings is excited from a suitable voltage source,

. .
a4 Ay
Vi
at %
)
Fig. 5.32

« If the voltmeter indicates £, -~ £, then the ends a., 4, arc
simultaneously positive or segaive and the polarities are called
subrractive in nature.
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* If the valtmeter indicates £, + £, This confirms that a,. A, arc
simultaneously opposite polarity and the polarities are called additive,
Now the polarity marking one of the winding must be interchang

5.14 SUMPNER'S’ (BACK TO BACK) TEST

This test is performed on two identical transformers 1o determing their:

(a} Regulation {b) Efficiency and (c) Temperature rise.

The regulation and efficiency can be determined conveniemly with open
circuit and short circuit test. For determining the temperature rise of the
transformer, it would be essential 1 fully load it. Smaller transformers may be
loaded while testing b¥ means of water loads or lamp loads. But for large rating
ma¥ be very difficult to arange suitable loads for fully loading
it. Further, there is tremendous wastage of the electrical energy. BY this test the
two transformers may be loaded fully while the power needed from the supply
has to feed only iron and copper losses.

The connection diagram to perform Sumpner’s (back to hack) test is
shown in Fig. 3.33,

I-phase st:poly

Reduzad voltage

Auta-fransforme:

Fig. 5.33

“Net far LR ATEE 100/200 suders
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The abeve connections to cenduct the test are made in twe stages.

Stage 1:
‘The primary sides of the two transformers are connected in parallel across a
single phase supply with a voltmeter ¥, w r W) and Ay nthe

cireuit keeping the secondary sides open eircuited. Now seconda are
required to be connected in opposition. AnY¥ two terminels of the sccondarics
are first connected together and the voltage measured between the other
remaining two terminals bY a volumeter ¥, 11 this voliage is double that of
secondary voltage of one transformer. it shows that two transformers are
copnected in series helping and not in opposition. BY interchanging the
connections, the two transformers will be in opposition and under tha

condition the voltmeter V', will measure zero voltage. Suppase, when the
transformers are in oppesition terminals 2 and 3 are connected together and the
voltmeter J; indicates zero valtage between | and 4.

Stage 2:

After achieving the condition of opposition, a reduced voltage which is
obtained through an auto-transformetr is applied across terminals 1 and 4 after
conneeting a voltmeter Vs, wattmeter W5 and ammeter A in the circuit on the
secondary side.

When transformers are connected in opposition, no current flows in their
secondaries due to primary voltage. Hence, the transformers act as if their
secondaries are open cireuited. The watimeter B, measures the iron losses of
the two transformers.

Now the two transformers are loaded fully bY applying a reduced voltage
from the auto-ransformer. The secondary current will cause i current o
circulote in the two primaries having a path as shown dotied in the Fig. 5.34,
The arrows show instantancous direction of current in primaries due 10 the
secondary current. Since, the directions of current are in opposition in the two
primaries, hence the reading wattmeter V) will nol be afTected although the
primaries and secondaries of the two transformers are loaded fully. The
waltmeter 1, therefore gives (he full load copper losses of the wo
transformers,

Now, 1) = 20, = lrom losses of both the transtormers

W, = 2 W, = Full load coppers of both the transformers,

¥, = Redueed voliage measured by voliage I,

1, = Full load dary current d by
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If Z, is the total equivalent impedance referred to the secondary of one
transformer,

¥,

Then, 2Z,= =

i

_ v,

- 2,
Also,

The efficiency and regulation can now be calculated ¢a

Tor determining the temperature rise, the twoe transformers afier loading
fully in the manner deseribed above are left for few hours 6l final steady
temperature is reached.

5,15 HARMONIES IN TRANSFORMERS

Sinusoidal lux density
|

Magnetizng current
3 e H)

i R
1 I i, T 4

(Time) A mole. -

(a) Hystorasis loop {b) Magnetzing current wave farm
Fig. 5.34

The use of high flux densitics in the core of transformers results in
reduction of weight and therefore in cost. But this introduces serious troubles
due to saturation of the magnetic circuit of the transformer which subsequently
results in production of harmonies,

"N far URTULATEE 1000200 studes
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‘516 AUTO-TRANSFORMER

Auto-transformer has one winding only, wound over a closed magnetic circuit
of low permeability as shown 2. 5.35{a). The electrical representation ol'a
single phase aute-transformer is shown in Fig. 5.35(b). A part of winding is
common to both primary and ondary. In theor¥ and operation, an auto-
transformer is similar to g two-winding transformer,

i
[ R L o

(a) (b}
Flg. 535

Let the number of turns in primary winding 4% be N and in secondary 80
be Ny, Let {) and 7, be the primary input and secondary output currents.
oring no load current and iren losses, the transformation ratio @ is

related as

io and rating, an aute-transformer reguires less
required by an ordinary transformer.

For the same voltage
weight of copper than what
Now, weight of copper in a winding
= Volume of copper
th of conductor x cross-section

=c Len

e No. of turns x current carned,

(Sine -section of conductor depends upon the current carried by i)

Ordinary-transform
Weight of copper in primary
oo No. of primary turns % current carried
o Nyl

“Nea far VBT UL {TEE 100200} sudemn
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Weight of copper in secondary « N.f,
2 Total weight of copper s=(N /) + Noh)
Auto-transformer:
From Fig. 3.35(b), current in section AC having (N - N,y tums s |-
-~ Weight of copper in section AC == (N - Na)l|

The current in section BC having N5 wens is (F, — ;) since the currents in
primary and secondary arz in opposition.
3l - 1))
o Total weight of copper in auto-transfonmer

oo [N, = NoW, + Nyl — 1))

Nl

.~ Weight of copper in section #C o

o (N — 2N, 4

tof copper in auto-transtormer

Weight of copper in ordinary transformer

LN 2N, + N
N+ NI,

Dividing numerator and denominator by A/,

N, _als 1,

N, i ta-2)+a
N,
P
Neooh

Ratio of weight of copper =

e is large i.e., one side is at a very high veltage compared with the other

I

1
then [[ ——] is approximately equal w I, =0 the weight of copper in auto-
a

transformer will be nearly equal to the weight in ordinary transformer. Hence,
in such a case 1t is preferable o use an ondinary two winding transformers,

11 the ransformation ratio o is nearly unity then [l - —J will be quite
a

small and so there will be sufficient saving of copper in an auto-transformer,
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.
Bus bars
-
RT.
Sec
o
" Waltmeter
Fig. 537

small, so power handled by voltmeter is also guile ill. Though a BT, is
similar to a two winding transformers, but it is designed for very low output
power. So, the size of instrument transformers is quite small.

'5.18.2 Current Transformer {C.T.}

A current transformer shown in Fig. 53¥% consists of one or few turns in
primary of heavy cross-sectional area and a large number of turns in secondary
of small cross-sectional area. Thus, a high current in a line can be reduced 10
such current like 5 10 10 A which may be measured easily by a normal
ammeler.

Line

=]

®

Ammeter

Fig. 538

For measurement of very high currents without disturbing the running line,
a split core t¥pe current transformer as shown in Fig. 5.39 is used. The running
fine acts as @ primary and an ammeter is connected W the seeondary. A flux is
produced around the line proportional to the line current which induces an emf
in the secondary. Hence, the deflection of the ammeter depends upon ihe
current in the line.

Precaution:

Sinee, the secondary of the C.T. is connected acress an ammeter which has a
verY small resistance, so the voltage across the secondary terminals is
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-\\49

oI

Fig. 539

practically equal to zero volt, 1T at an¥ time the secondary is open circuited, a

very high voltage = \_' ¥ {since, is very large) will be induced in the
M

N,
N,
secondary. This may puneiure the insulation of the C.T. core or winding.
Henee, to sateguard agamst such a risk a shunt is vsed with the ammeter which
short cirenits the secondary terminals permanently, Further, whenever, the
ammeter is removed from the circuil, the secondary terminals are properly
short-cireuited.

'5.18.3 Application of C.T. and P.T.

The power in a circuit having high voltage and current can be measured casily
by using C.T, and P.T. as shown in Fig, 5,39, Let the line voltage be 1100V and
line current by 50 A BY using a PT. of 1100/110 V and a C.T. of 50/3 A, we can
measure power bY @ wattmeter whose pressure coil is rated for 110V and
current coil for 3 A only.

i

Note: The secondary of a C.T. cannot be allowed 1o be open circuiled as it
would cause the whole of the primary current to act 25 a magnetizing current
resulting in extreme magnetization of the core and toally damaging the same.

SOLVED PROBLEMS

Example 4: 10 kVA tansformer having 30 number of tums on primary and
10 number of turns on secondary is connected 10 440 V, 50 Hz supply.
Caleulate:
{a) Secondary voliage on
() Full load primary and secondary currents

e Toad

(e} Maximum value of the flux, in the core.
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Solution:  The given values are,
Ny = 500N, =10, ¥ =440V, /= 50 Hz
{a) According to voltage transformation ratio,

N, ¥
2wl ey
N7

w_¥o
50 440 5

Onno load, £,= ¥, =88 V
(b} Now, kVA rating = 10

EVA 21000 10 1000

(FF.L. 7 o

27272 A
KVA < 1000 _ 10 1000
v, 88

while, (kL. 1136363 A

{c) According to the emf equation,
Ey=44410, N,
88 = 4.44 % 503 g, % 10
0, = 30.6396 mWb
This is the maximum value of the fTux in the core.
Example3: A single phase transtormer has 350 primary and 1050 secondary
turns, The primary is connected o 400 V, 50 Hz supply. If the net cross-
sectional ares of the core is 50 em®, caleulale (i} The maximum value of the
flux densit¥ in the core (ii) The induced emf in the secondary winding.
Solution:  The given values are,
Ny = 350 turns, Ny = 1050 trns
V=400V, 4 = 50 em’ = 50% 107 m?
The emf of the transformer is,
E =da4f, N
E =4448_ArN ast, = 8,4
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. £
Flux density 8, = —
4HALN,
440 P
- assume L, =
444 % 505 107 % 50 350 v
= 1.0296 Wh/m®
Now, N, 105
N, 35D
and,

Ey=3xE =3x400= 1200V

Example 6:  (a) A 22000220 Y, 50 Hz single phase transformer has exciting
current of 0.6 A and a core loss of 361 watts when its H.V. side is energised at
rated voltage, Caleulate the two components of the exiting current, (k) If the
transformer of part {a), supplies o load current of 60 A at 0.8 p.f lag on its 1v.
side, then calewlate the primary current and its power factor. Ignore leakage
unpedance drops.

Solution:  (a) Exciting current /= 6 A

Supply current V', = 2200 V; core loss P, =361 W

r 361
v 2200

=14, 164 A from egn.

2 Core loss components { =

Magneting component /= :j - .f.:

= JI0.60y - (0.164

(b) The primary current component /| required to neutralise the effect of
secondary current £, = 60 A is given by

N, ¥,
e (- (2):
1

220
or, re= mtﬁu]‘ﬁﬂi\

0,577 A
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Expressing I in terms of [, gives.

L e

)
Tirg

={5r.
Thus, the wial ohmic loss in a ransformer = (Equivalent resistance
referred to either side). (Square of the current on that side).

Example 8 A 23 kVA, 23000230V, 60 He, step down transformer has the
following resistances and leakege reactance values B, = 4 £ 7, = 0.04 £,
X =120, X, =012 Q. Transformer is operating at 75% of its rated load. 1f the
power factor of the load is 0.866 leading, determine the efficiency of the
transformer. Make suitable assumptions.

Solution: Core loss resistance R, and magnetizing reactance X, can be
negligible (not given).

R, Ry Iy I
A - Ly [0 —
[
v, Vil 12,
- —
Fig. 5.41
Let the veltage across the load be 230 V (assume)
V= LRy + fX g0+ 1y
i 230 Y
Ra=R')4 R:_4[23tlt]] 0,04 = 0.08 0
o 230 Y
o= Xyt Xy = 11[—) £0.12-0.240
2300

(0.08 €2 +0.24) £ = 0.2529 £71.565°
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{c) Equivatlent resistance and reactance of primary referred to secondary,
(d) Total resistance and reactance referred to secondary.

{e) Total copper loss,

Solution:  Given,

Ry=20, X,=350
Ry=0020 X, =0.0450Q
v, 00

N,

N, 10

Rating = 22 KVA

N,

(a) {—J Ry=107%0.02=20 Ans.
N,
= ]A'?-10-‘x0.045-4.sn Ans.
by Ry=R+R,=2+2=40 Ans.
X=X+ X =5145-050 Ans
Y 1
{w) Ry=|2| B=—5 x2=002Q Ans.
N, 10
A% L
w= M)y =L cs-nosa ans
N, 10°
() Ro=Ry ¢ R, =0024002=0040Q Ans.
Yo = Xy b XY = 0.045 + 0.05 - 0,095 Ans,
. 2% 10
{¢) Primary current = ——— =20 A
oo
22 ¥
Secondary current [, = % =20 A

Total copper loss W, = 1Tk, + J’gk:

=207 % 24 2000 0,02 = 1600 W Ans.
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The total loss can also be found,
W= 1R, =207 x 4= 1600 W

or =R, =2007 % 0.04= 1600 W Ans.
Example 15: A 20 kVA single phase translormer designed for 2000/200 v
has the following constant; &, = 2.3 Q, X, =80, R, =0.04 Qand X, =0.07 4,
Caleulate the approximate value of the secondary terminal voltage and
% regulation ar full load and 0.8 p.f. lagging when primary applied voltage is
2000V,

Solution:  From the given data, we have

- 20 1000 100 A
: 200

N, 201

N, 2000 10

Total equivalent resistance and reactance referred Lo the secondary side are
given by:

0.07 - L 0156
100

Approximate value of ¥y is given by eqn. (5.14).

oty Racos 0, +1, X,

Vo= By~ (R pco50,+1, )
= 200 - (100 = 0,065 = 0.8 + 100 = 0,15 = 0.6)
=200~ (5.2+9)= 1858V Ans.

E. -V,
%a Regulation = ———= x 100
£
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_'|
= — x 100
200

=T1% Ans.

Example 16:  In cxample 15 determine the p.ls. at which the regulation will
be zero and maximum, Find also the maximum value of % regulation,

Solution:  Power factor angle at which the regulation is zero, is given by

tan gy, = —
0.065
0.433
015
B, =—23.4°
cos b, = cos 23.4°

= 0918 leading  Ans
From egn. 5.16, the p.langle at which the regulation is maximum is given
by,

tan d,

sin &,

Maximum value of% regulation

IR cosd, + 1,4

o

100 % 0.065 % 0.397 + 100 < 0.15 2 0.918 “
200

100

25841377
ST 200
=8.18% Ans.

* [
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Maximum® regulation can also be formed from eqn. which is

":V'erz_"' X % 100

100 JU.[J!\P +0.15°
-— x 100
200
= 8.18%  Ans.
Example 17: A 200 kVA. single phase transformer has 1000 W iron loss
2000 W copper loss at full load, calculate:
{a) Its efficiency at full load and 0.8 p.f. laggzing.
(b} Its efficiency at half load and (L8 p.f. lagging.
{¢) Load at which its efficiency is maximum and the maximum efficiency at
0.8 p.L legging.

Solution:

{a) Full load output at 0.8 p.@ lagging = 200 % 0.8

= 160 kW
Iron loss at full load w, = 1000 W
=1 kW
Copper loss at full load  w, = 2000 W
=2kW
Total losses = |+ 2= 3 kW
Total input = output + losses

160+ 3 = 163

(LTS

1 at full load = [l—l " ] w100

3
= []——] » 10
163

= 98.16%  Ans.
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Transformer
(b} Output at half load and 0.8 p.f. lagging
LI
= —x 2 x 0.8
2

= R kw,
Iron loss = 1 kw

{Since, it is independent of output)
: Ly
Copper loss at balf load = 3 W,

= [l] x2I=05kW
3

& Total Tosses at half Toad = 1 = 0.5 = 1.5 kW
Input at hall load = 80 + 1.5 = 1.5 kW

5
1 at half load = [I—j—] w 100
1.5

=08.16% Ans.
{e) Let x be the fraction of the full load for which the cfficiency is
maximum

copper loss = x*,w.
= +7(2000) W.
For maximum 1) this loss will be equal to the iron loss.

F200) = 1000

or, X
ar, T0.7% of full load ~ Ans.
Output at this load and 0.8 p.f = 0.707 x 2000 = 0.8

= 1132 kW,
Trom loss = 1 kKW
Copper loss = 1 kW
Total losses = 2 kW
Input at this load = 1132+ 2 = 1134 kW
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2
n (I——] x 100
1134

=98.24% Ans.

Example 18: A 400 kVA distribution transformer was loaded as under
during a day.

Time Duration in hours Load in kVA Fower factor
00-06 hrs G 1} -
0612 hrs B 100 08
12-17 hrs 5 400 0.8
17-20 hrs 3 300 o7
20-24 hrs 4 200 0.85

The full load copper loss and iron [oss of the transformer are 4 kW and
1.5 kW, respectively, Caleulate its all day efficiency.
Solution:

Lnergy loss in the core for 24 hours = 1.5 % 24 = 36 kWh

EV A output

Energy loss at any load =
kVA rated

} » Full load copper loss.

Energy losses may be caleulated as under:
(i} Energy loss for first 6 hours = 6 2 0 = 0 kWh

. i 100 Y ,
(ii} Energy loss for next 6 hows = 6 x (mJ #4=15kWh
. . 400y’
(i} Energy loss for next 3 hours = 5x | — | x4 = 20 kWh
400
BT w0y }
(1v) Encrg¥ loss for next 3 hours = 3 x 08 x4 =6.75kWh
2007
(v) Energy loss for next 4 hours = 4 x (m x4 =4 kWh

o Total energy loss in 24 hours = 32.25 kWh
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Total encrgy output in 24 hours
=HR D+ 6w 100 =08+ 530008+ 3 =300 = 0.7+ %200 < 085
=0+ 480 + 1600 + 630 + 680 kKWh
= 3390 kWh
Total encrgy input in 24 hours = 3390 + 36 + 32.25
= 345824 kWh
kWh output in 24 hours

oAl day efficiency = - .
kWh input in 24 hours

3300
345825
=9H.03%  Ans.

» 100

Example 19:  The open circvit and short circnit test on a 10 kVA, 500/250 ¥,
30 cvele, | — phase transformer gave the following results:
Open circuit 300V, 2 A, 100 W (HLT. side)
Short circuir 2 23V, 20 A, 90 W (HLT. side)
Compute : (2) Components of no-load current.
(b} Approximate equivalent circuit referred to the primary,
(¢} (1) Regulation (i) Efficiency at full load snd 0.8 p.f,
lagging.
Solution:
{a) From open eircuil test.
F=5000, f=2A, 0= 100W

1
From cqn. cos fy, = —-
K i,
_ 100 _
5002
1= 1y cos iy

=1x00=02A Ans

L= =17 =202 =1.99A  Ans.

V 500
Ry=— = = 2500 2
1, 0.2
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Farm shoert circuit test

V=25 1,=10A I =00W
From egns, cos 6,
¥,
== 0o 018
Vol, 25x20
25
R,y="x018=0225
20
25
Zy= » =125
&, = 1250 - 027
1.230
The approximate equivalent cireuit referred to the primary is shown in

figure.

aFIE0 1230
A i -

500V

o | la
8= Hg
L o

* -

Flg. 5.43
o 3
(e} (i) Full load current 1) ! ;;:J 20 A cosdy =08
sosin sy = 0.6

LR, cosd, +1,X,, Sing,
% Regulation: —#-+% ¢'F FLERLLY x 100



Transfories 367

Referred 1o the primary,

% Regulation
§ R, coso, + 1.4, sin0, % 100

E

20x0.225x0.84+20x1.23x 0.6
= 100
500

=367% Ans.

(i} Full load output at 0.8 p.@ = 10 < 0.8 = § kW

Iron loss ¥, = 100, H =01 kW,
Copper loss at full load I¥_= 90, B = 004 kW
Total loss = 0.1 + 0.09 = 0,19 kW,

Total input =& + 0,19 = §.19 KW,

Y = [I— ]‘”““J %100

nput

019
- — | 2 [N
(1-53) <10

=97.68% Ans.
A 4 kVA, 200400 V, 50 He, single phase transformer has

Example 2:
equivalent resistance referred to primary as 0,13 £2. Calculate:

(i} The total copper losses on full load.
(i} The eMiciency while suppl¥ing full load at 0.9 p.f.1
(iii} The efficiency while supplying half load a1 0.8 p.t. leading.

Assume total iron losses equal to 60 W,

Solution:  The given values are,
P, =200V, ¥, =400V, 5= 4KVA, R, = 0150,

Po=s0 W
200

L 400

N
o[,
=1 % 0.5

0.6 £1
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4x10°

£rated = 20 g amp
200
410"
1. rated a0 10 Amp
: 400

(i} Total copper losses on full load,
(PLFL = (L) FLL K= (10) % 0.6 = 60 W
(i} cos ¢ = 0.9 lagging and full load
_ ¥ rating cos &
VAratingeos g+ £ + (P )F.L

%N ® 100
4x10° x 0.9
ne 2 ERT 100 = 96.77%
4107 0.9+ 6l + 60
(i} cos =08 leading hall load
As half load, w = 0.5
(P WL =0 % (P EL = (057 % 60 = 15 W
73 (VA rating ) cos &
n ¥ (FAmating) cos @ + £ + (2 )L

Y = = 100

0.5% 4% 107 % 0.8

= I0=9552%
05x4x10" x08+60+15

Example 21: A 250/125 V, 3 kVA single phase transformer has primary
resistanee of 0.2 £2 and reactance ol 0,75 £ The secondary resistance is 0.05
and reactznee of 0, 2 42,
(i} Determine its regulation while suppl¥ing full load on 0.8 leading p.[.
(i} The secondary terminal vollage on full load and 0.8 leading p.f.

Solut

The given values are,
By=029Q, X =0750, B,=0050. X,=020Q,
cos =03 leading

N, 1
—_— 0.3
N, 2
' 5 1
() EL -~ KA X100 .. full load
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R=R, l] =001 [@] =272250
RN, 400
Ry=R o+ RL=25+27225=5225 2

It can be observed that primary is high voliage hence high resistance side
s0 while transferring £, from low voltage 1o 85 on high veltage, its value
mereases.

To find total equivalent resi referred to
Ry = KRy = (0.0606)° % 2.5 = 0.00918 0
Ra= Ry +R]=0.01 + 0.00918 = 0.01918 Q

, first caleulate R,

Example 23: A 33 kKVA, 22007220 V, 50 Hz single phase transformer has the
following parameters,

Primary winding (h.v. side): resistance vy = 2.4 £1, leakage reactance
® = 6004,

Secondary winding (l.v. side): resistance », = 0.03 42, leakage reactance
¥ = 0076

(a} Find the primary resi and leakage referred to secondary,
{b} Find the secondary resi and leakage referred to primary,
{e) Find the cquivalentr and eq lent leakage v referred

1o (i} Primary and (i} Secondary,

(d} Caleulate the total ohmic loss at full load.

{e) Caleulate the voltege to be applied to the hov. side, in order to obtain a
short circuit current of 160 A in the Lv. winding. Under these
conditions, {ind the power input also.

Solution:

{a) Primary resistance referred 1w secondary

A 22
Ep— [_J _2_4( il ] “0.024Q
N, 3200

Primary leakage reactance referred to secondary

MY :
ST - Y )
N, 2200

(b} Secondary resistance referred 1o primary

v Y 2200
=rh=r| | =003 = | =300
& ’-[MJ [zzn] o
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Secondary leakuge reactance referred to primary
a

] = 007010y = 7.00 @

{c) (i} Equivalent resistance referred to primary
=rg=rtra=24+300=540
Equivalent leskage reactance referred 1o primary
=X, =x HEy =600+ 7.00=130
(i} Equivelent resistance referred to secondary
=py b= 0,03+ 0,024 = 0.054 Q2
Equivalent leaekage reactance referred to secondary

= 00T 006 =013 0

33600
(dp Primary full load current [, = -:{Jﬁ- =15A
gy
Secondary full load current 1, = ,:—Hﬂﬁ =150 A

2220

mic loss at full load = £{r, = (157 % 5.4 = 1216 watls.

ar, “ 13r,y = (1500 % 0.054 = 1216 waits,
. MRS o
s410
v yiBA
Flg. .44

(e) A current of 160 A in the Lv. winding is equivalent to 16 A in the hv.
winding. The equivalent circwit of the transformer, referred 10 hov. side
is illustrated in Fig. 543, from which equivalent leakage impedance
referred to hov, side is = 2, =54+ 713

or, Zy = A H(13) - 14080
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<. The voltage to be applied to the by, side. 1= (161 (2, ) = (16} {1 4.08)
= 225,28 volis, power input = !"J-d =(16) % 5.4 = 1382.4 watts,

or,  power input = 1.l cos =

528 %16 = ﬂ- = 1382.4 watts.
14.08

Example24: A 10KVA, 23000250 V, single phase transfonmer has resistance
and leakage reaciance as follows:
ro=48Q, o =00480,
=120 =012
Subscripts 1 and 2 denote high voltage and low voliage windings
respectively with primary supply voltage held constant at 2500 V. Calculate
the secondary terminal voltage when

{a) The Lv. winding is ¢ d to a load imped of 547350
(b} The transformer delivers its rated current ot 008 p.f lagging on the Lv,
side.
Solution:

{a) All the gquantities may be referred to either the hov. side or the Lv. side. In
his question, winding is the secondary winding since load is
conn it, with all the quantities referred 1o the Ly, side, the
eyuivalent circuit of Fig, 5.45(a) is obtained, where

cted acro

r‘z=r:+r|{£..‘_] =0.045 +4 5[%] = 0.006 £

N
L 32 :
and, MY —onzena[ L) co2ea
m 0
1
ta oomEn 020
+g T——  +g A g
L | 04
o L
s o
E, =230V v, = v A N
s o
- | A x
@) k)

Fig. 545
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The transformer leakage impedance r,; + § x_; and the load impedance
are in series, Therefore, the wtal impedance in the secondary circuit is

Z=5096+73724=631 £36,2°
250
Hengce, the load current, [, = —— = 39.65 A
- oad
The secondary terminal voltage V, =1, 7,

= (19.&5;[\,'(5}: + {3.5}=J = (39.65)(6.1) =242 V.,
(b} The equivalent circuit with all the quantities referred to Lv. side is given
in Fig, 5.45¢h} The rated current on the Ly, side is
10,0040
1= =4t A
- 250
The phasor diagram for Fig. 5.45(b) is illustrated in Fig. 546,

Fig. 546

{¢) From the geometry of this diagram OB =047+ 48

or, (250} = J(F’, cos B+ L (VL sin®, + Ly, )

250 = \J(8V, + 3.84) + (0.6F, +8.96)°

{230)" = I+ 1690 ¥y + 9355
l"f #1090V, - 62404 =0




374 Basics of Electrical Engineering

» —16.90+:!286+249,ﬁ|6
Yy =

E)

¥V, = 24155V
Alternatively, the secondary terminal voltage I5 can be oblained as
follows:
From the phasor diagram, itinay be seen that @D is ppproximately equal
1o = 250 volis,
& V=00 - CD=213 -0
Mow, CD - CE+ED
Iary cos By fax,, sin B
=(3.84) (0.8) + (8.96) {(L.6) = E448 = £ 45 volis,
= Secondary terminal voltage,
Vy =250 - 845 = 24135 V.
The magnitude of the secondary voltage Fy turns out to be same in both
the methods. However, the computational labour in the second method
is less than in the first method, therefore, the second method should be
preferred.
Example 25: A 15 VA, 22000110 WV trensformer has /) = 1.75 0, R
0.0043 €2, The leakage reactances are X, = 2.6 £ and X, = 0.0073 £2. Caleulate:
{a) Equivalent resistance referred to primary
(b} Equivalent resistance referred 1o secondary
{¢) Equivalent reactance referred o primary
{d) Equivalent reactance referred to secondary
{g) Equivalent impedance referred to primary
(f Equivelent impedance referred to secondary
{g) Total copper loss
Solution:  The given values are,
f,=1.750Q, #,=000450, X, =260, X, =000750Q

o 1
T 2 M

. R, 5 .

() R,y =R FR=R = 2 = 175+ 2003 a6
- K (0.05)°

(B} Ro= Ryt Rj= Ry + KR = 0.0045 + (D.05) x 1.75 = 0.00887 ©2



Transfories 375

X,
D X, =X F X =N = =26+
O fa == s (0.05)°
() Xy = X5+ X=X+ KX = 00075 + (0.05) % 2.6 = 0.014 0

(€) 12~ By + X, ~3554j560

= b.6304 {1

(6] Zya= Ry i X,y = 000887 +70.004 Q2

= JIO.008RTY +(0.14)" = 0.01657 Q

() To find full Joad copper loss, caleulate full load current,

v 5
() F.L. = M L 251000 11.3636 A

<. otal copper loss = [(/, ) FL.J R, = (11.3636) x 3.55 = 458,410 W
This can be cross-checked as,
; 5
(W EL. = kVA >< [0o0 _ 25 % 1000 —237977 A
- ¥, 1o
2. total copper loss = 1] B, + I3 R,
=(11.3636)7 % 1.75 = (227.272) % 0.0045
= 22598 + 2324365 = 458419 W

This is same as caleulated above.
Example 260 The open circwit and short circwil test on a 10 kVA,
F00/250 W, 50 c¥ele, 1~ phase transtformer gave the following results:

Open eircuin @ 300V, 2A, 100W (HL.T. side)
Short cirenit + 23V, 20 A, 90 W {H.T. side)
Compure © (a) Components or no-load current.
(b) Approximate equivalent cireuit referred to the primary,
(e} (i) Regulation (i) Efficiency at full load and 0.8 p.f.
lagging
Solution:
(@) From open circuit test.
P=500V, ;=2 A, W = 100 W

Vi,

cos gy =
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S S00w2

100

I =1,cos 9,
200 =02A Ans.

Bo= o ii=gf = 2 -02 = 1994 Ans.

(b} From eqns (5.50) and (5.51)

"

N
I

X, =

0.1

¥oo500
1,02
v

= 2500 Q

5
yo_s0 2510
1.99

o
23520
25 .
2—0 »x 018 =0.225
25
55 =1

\J'I.Eﬁz —02¥

1230
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=204, W =050W

The approximate equivalent circuit referred 1o the primary is shown in

Fig. 5.47

(i} Full load current [y =

% Regulation:

LR, cosd, + 1Y,

10x 1Y

S04
=08

£y

=20 A, cos g,

.= 06

sin &,

w100
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02250 1334

@ T i gl .

Fig. 5.47

Example 27: A 200 kKVA, 1100/400 V, delia-star distribution transformer
pave the following test resulls:

Open cireuit test: 400V, 9 A, 150 KW,

Short circuit test: 350V, rated current, 2.1 KW,

Caleulate the equivalent circuit parameters referred to the hov. side and it
efficiency at half full load of unity power factor,

Solution:  Problems relating 1o 3¢ balanced system are solved by reducing
all the quantities to per phase valoes and so is done he

COpen chrewir test: This circuit is performed on the Ly, side, since the applied
voltage for this test 1s equal to the rated voliage on the Lv. side, which 1s star
conneeied.

Per phase applied voliege V= — =231V

Per phase exciting current /=9 A

1500 o
PPer phase core loss P = 5 = 500 W,
Now, Ff cos, =P,

P 500

Core loss current = [.cos 8, =/, = —= = —— = 1165 A
Vo223

Magnetizing current £, = JI* =17 = \,l'u:—tz.ms}’ =873 A

I 231
Ry=-L= 106.8 0
Uy 2068

Har

I
~=

231
=— =16470Q.
8.73
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But voltage regulation is
S={rp o8 0+ x o sin 0) = (1933 % 0.8 + 3, % 0.6)
or, Xy = 5.756%

1933 (1000y

2 i s = — X .09
r.ainohms 00 200,000 09665 €3
and, inohms = (L2878

00y

Core loss resistance, K, = (1000) =d431.13 6L
23195

Exciting current
fam B o B9 g
© FycosB,  1000x0.25

And core Toss current, f, = % =23195 A

° (U]

Magnetizing current [, = /9.278° 23195 = KOEILA

1000
. Magnetizing reactance, X, = ———— = 111.32 {2
gnetizing reactance, X, 30834
The approximate equivalent circuit referred to Lv, side is shown in

Fig. 5.48.

Q.287TE L Q09665 (1

—— AN

1000 v

Fig. 5.48

Example 30: A 6600/440 V, single phase transformer has an equivalent
resistance of 0,02 pau. and an equivalent reactance of 0,05 pou. Find the full-
load voltage regulation at 0.8 p.f. log, if the primary veltage is 6600 V. Find
also the secondary terminal volape at full load.
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Solution:  P.UL voliage regelation
=g, cos 0+ g sinf,
= (0.02)(0.8) + (D.0O510.6) = 0,046

For a primary velage of 6600 V, the secondary no-load voliage I, is
440V,
. The change in the secondary terminal voltage
Ey = ¥y = 440(0.046) = 2025 V.
and, secondary terminal voltage
¥, =440 -2025=419.75 V.
Example 31: A single phase transformer has 400 primary and 1,000
secondary turns, The net cross-sectional area of the core is 60 em”, 1T the
primar¥ winding is to be connected to a 50 ¢fs supply at 500 V, caleulate the
value of maximum flux density in the core and the eml induced in the
secondary winding,
Solution:  The number of secondary s, No= 1000
The number of primary wrms, &) = 400
¥y =500V
Vi =E; =444 ¢, N, fvolis
500 = 4.44 % 0, = 400 50
6, = 0.563 % 107 Wh

Cross-section of the core = 60 em®

. 0.563> 1077 x 107"
o The Mux density {max) = §#,,= 'b—" o Mabax Il T
a 1]

= 9,383 lines/em’

00
Voltage per turn = —— = 1.23
BEPETII = g

Secondary vohage = 1000 x 1,25 = (250 V.
Example 32: A 50 kVA, 4400220 F trunsformer has o, = 345 €2
r, = 0,009 L2, The values of reactances are vy = 5.2 0 and x, = 0.015 2,
Calculate for the transformet.
(i)} Equivalent resistance as referred 1o primary
(11} Equivalent resistance as referred to secondary
(i) Equivilent reactance 1o both primary and secondary
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(iv} Equivalent reactanee to both primary and secondary
(v} Total copper loss.

Solution:
50,000 . e
Primary full-load current 7 1136 A [asseming [00% eficiency]
4,400
500,000
Secondary full-load current J/, = ——— = 22T A
. 220
20
Turns ratio, K = 22 !
4,400 0
: 0.009
(i) Ry =+ 3 =345+ =55 <7052
20
. . Ly
R =ra+ ko) = 0009 + % 345=0.0176
(1] 2T " [20] 176 £2

Also, R, = KR, = [ 11[]] % 7.05 = 0.0176 € {check)

(iii) Xymae S =s2e 200 o120

) 5.2
Xa=x+kx=0015+ =0.028 Q
cT 20

1.2

Also = K = == = 0.028 2 (check)

D= Jinosy sy =130

(iv) Z, =R}

Zow o JRI+ X1 < 00176 + (0.028F - 0.0331 02
Also,  Z,,= K7, = 13.23/400 = 0.0331 £ (check)

(v} Total copper Toss = [1r, + 13y
= (11.36) % 3,45 + (227§ » 0,009 = 009 W
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Also copper loss = ITR,, = (11.36)° % 7.05 = 910 W
=R, = (2277 % 00176 = 910 W
Example 33: A 5 KVA, 4007200 V, 30 ¢/s I-phasc transformer gave the
following resulis:
No-load @ 400 V. 1 AL 30 W (HV. side)
Short cireuit @ 12V, 10 A, 40 W (TLV. side)
Calculate (i) The components of the no-load current (ii) The cfliciency
and regalations at full-load and Tactor of (L8 lagging,
Solution:

-0 0.125 A

iy Leosg, =1 =
(1 , €05 400

I, = 1 A (given)

15 the magnetizing component =
Hence, the core loss component of current, £, = 0,125 A and the
magnetizing component of current [, = 0,992 A,

(1} The measurements are made on the primary side again duning the shon
cireuit test:

5
Z, = 12 s Rag= 401 ~040Q
10 10°
4 = 1130

The full-load current on the primary side,
S000

'oao0

Henee, at full-load and (L8 lagging power facter,

I (R, cos i+ X, sin@)

125 A

%% Regulation = v w100
1
12.5(0.4 0.8+ 1.13x0.6) 12.5 = 100
= w = =3,13%
400 100 713

Example 34: A 50 kVA ansformer has 5:1 ratio of wms, The secondary
full-load current is 200 A. The primar¥ and secondary resistances are
respectively 0,35 £ and 0,023 €. If the transformer is designed for maximum
efficiency at 2/3 of full-load. find its efficiency when delivering full-load at 0.8
power factor,
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Total energy input = 1880 + 38,4 + 24.7 = 1943.1 kWh

Energy outpui per day in kWh _ 1880

# 100
Total encrgy input in kWh 1943.1

The all-day efficiency =

= 96.8%

Example 36: A 100 kVA, 50 Hz, 440 V/11,000 V, single phase transformer
has an eMeiency of 98.5% when suppl¥ing fuil-load current at 0.8 p.f. and an
efficiency of 99% when supplying half full-load current at unuy p.f. Find the
iron losses and the copper losses corresponding 1o full-load current. At whan
value of load current will the maximuem efficiency be attained? (USE)
Solution:

Let the copper loss at full-load = kW

and the iron loss at full-load = ¥, kKW

100 = 0.8
- — .985
Then, 100X 0.8 1 5 W, 0,985 (1)
and, B =099 A2

soxre L ew
2

Rearranging equations (1) and (2), we get
0985 W + D985 W = 1.2 LA43)
0.09 ¥+ 3.96 ,=2 (4)
Solving equations (3) and (4) we get,
W= (L9510 kW = 951 watts and
W= 02673 kW = 267.3 watls

Let the maximum efficiency oceurr at a fraction of *x' times the full-load.

Then, (K= W,
¥ % 951 = 267.3
» 2673
- = 02810
951

x= (.53

The maximum efficiency occurced at a load of (0.53 x 100) = 33 kKVA
" . 100 1000

The full-load current on the primary side = ———— = 227 A

440
Hence, the current at maximum efficiency = 227 x 0,53 = 120 A,
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Example 37:  The maximum efficiency of a 300 KVA, 3,300 V/500 V, 50 Hz
single phase transformer is 97 per cent and occurs at 344 full-load, unity power
factor. If the impedance is 10%. caleulate the regulation a1 full-load. power

factor (L% lagging. {CSE)
Solution:
300 ¢ 1000
The full-load current referred to primary [, = 2 C1s1saA
3,300
S0 = 0.75 %1 375

The efficiency = 097

S00%0T5%1+(P.+P) 3T5+(P+F)
Solving the above we get,

o+ P o= 11598 kW
The efficiency is maximum if £, = P, and hence P, = £,

11.398
lT 3799 kW
1
P for full-load = % 5799 = 10309 W
(3/4)°
The value of Ry = 10303 - 10309 = (1449 L1

(151.5° 2295225

Given that the percentage impedance is 10%,

3,300%0.1

=21780Q
151.5

Hence, Z

X, = 27 = RP = (21785 - (0.449)°

= ,]'4.?4}6—0.205 = /43421
=2130
The regulation at full-load 0.8 p.f lagging is.
IR cos@+ 1 X, sinf « 100
3,300
15150449 0.8+ 51,5 213 % 0.6
= x

3,300 100

54 3. 248,035
L BAAISE+193.617 o 2480358

» 100 = 7.516%
3,300 3,300
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E E
o — 5 Hoe —
f I

So, here the frequency is halved, also voltage is halved, so § is constant.
We know hystercsis losses W, = B fand eddy current losses W, = B2 1.
Since, £, is constant here, let us take
Wy =Axf
Wy =Bwf?
Here, 4 and & constants.

¥, _ 1% output,

A= =
I 50
= ¥, 1Maoutput,
(505
For 25 Hz,
W, - Ya :J_ulpull w25 1% output,
50 2
W, = l‘.‘.’>.nul:3ul, X (25) = 1% output,
(30 4
1% output, = 2
W, = Dooulputy %2 e, autput,
El 2
[ L
W, - 1% output, %2= 1% oulput,

4 2

The pereentage of Cu losses at 110V, 25 Hz = 2% output

The percentage of h¥steresis losses = 1% output

The percentage of eddy current losses = 0.5% output
Example 40: A trunsformer on no-load has a core loss of 50 W. It draws a
current of 2 A (RMS) and has an induced emf ol 220 V (RMS). Determine the
no-load power factor, core loss and magnenizing components of the no-load
current. Negleet winding resistance and leakage flux. Draw the phasor diagram
depicting the phasor relationships of induced emf, flux and current.  (GATE)
Solution:  On no-load, core loss of transformer = 50 wilts

No-load current T=2A
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Induced cmf = £,= 220V
Neglecting winding resistance then Vi, = £,
We know from no-load test IFy = Fgx [y 2 cos @,
cos ¢ = No-load power factor
W, 5

- = oy
V,  1x220

sin g = sin cos '(0.1137) = 0.9935
Core-loss component £, = [, cos &y,
=2x0.0137=02274 A
Magnetizing component £y = J; sin ¢y,
=2x% 09935 = L.98T A
The phasor diagram is shown in Fig. 5.4%.

" -E,
.
s o
o - -
[ - .
[a
* E(
+E,

Fig. 5.49

Example 41: A threc-phase 550/440 V star-connccted auto-transformer
supplies a load of 400 kW at 0.8 p.f. lapging. lgnoring magnetizing current,
voltage drops and all loss

i in the transformer, detenmine:

{a} Current flowing in various sections of the auto-transformer.
(b} Power transferred by transfommer action.
{e} Power conducted directly,
Solution:
{a} Let {; and [, be the currents on primary and secondmry sides of

transformer, then

LW o
L kW output % 1000
In ¥, ®cosd,

R
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Ln

2L

. Parameters of & 123000230 V, 50 Hy transformer are gi

. Explain with cireuit diagram, how open cire
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Equivalent resistance refer ta Primary £, = 0,15 €2, X, = 0.37 41, core
loss resistance R, = 600, magnetizing reactance = 300£2,

When a transformer is supplying a load of 10 A at o PF of 0.8 lag,
caleulute primary cerrent and secondary terminal voltage.
[Ans: 1 = 20668 A, 0.75 lag ', = 306,32 V)

. A transformer has a reactance drop of 5% and a resistance drop of 2.5%,

Find the lagging I'F gt which voliage regulation is zero and maximum
and the value of this repulation, [Ans: 5,585, 0.45 lag]

Ry = 02860, #,= 03196, B, =250 0

X = 0TIQK, =073 R4, = 12500

Secondary load impedance Z; - 0387 + 0.29. Find:
1. Primary current
2. No load current
. Efficiency
4. Voltage regulation
MNormal voltage applied across the primary,

LA 2N EVA 2300/230 V. 60 He step down transformer has the following

resistance and leakage reactance values: ) =4 Q, B, = 0.04 £, X, =
1262, X5 = 0,12 63, transfonmer is operating at 75% of its rated road. I
the p.f. of the load is 0.866 leading, determine the efficiency of the
iransformer. [Ans: 97.1%]

. Expluin:

{a) Why the rating of the wansformer is in kVA?

ib) OC and SC 1est, why these test are generally performed at LV and
VY side?

{¢) Losses in a transformer.

(d} Vollage Regulation at leading PF is negative,

nd short eireuit 1ests are
performed. Show that the wansformer input in open circuit test gives
iron losses and the short circuit test copper losses,
AS . SOV2S0 V, 50 cyele, 1-phase transformer gave the following
reading on high voltage side.
Open circuit test: 500V, 1 A, 50W
Short cireuit test: 15V, 6 A 216 W
Determine; (a) the efficiency for full-load at 0.8 p.f. lagging (b) the
secondary terminal voltage ot full-load and 0.8 p.f. lagging and (¢) the
load for maximum eMiciency at uniy p.f.

[Ans: (a) 97.3% (b) 240.35 V (¢) 9.13 KVA]
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21. Describe Sumpper's back to back test. Why this method is preferred
most for determining the temperature rise?
23, What are the four common wa¥s of connecting the three-phase
transformers. Discuss their relative merits pnd demerits.
24. What is understood by tertiary winding? State its utility and Geld of
application.




Polyphase Circuit

6.1 POLYPHASE CIRCUIT

So far we have discussed single phase circuits. A pol¥phase circuit is thm
which has two or more cirenits or windings., In a mr-phase cireuit, the electrical
displacement between adjacent phases is 360/m, except that in case of 2-phase
circuits where the phase displacement is 90° electrical,

6.2 GENERATION OF THREE-PHASE VOLTAGES

In AC circuits, 3-phase s¥stems are most common, In Fig. 6.1, a simple 2 pole
AC generator 15 shown. In stator slots 3 coils, aa’, b6" and o’ displaced from
cach other by 1207 in clockwise direction, are housed. Let the rotor be
revalving in the clockwise dircetion. When the axis of rotor N-$ is along aa’,
the emT induced in this coil is masimum, When the rotor tuns by 1207, the N-
5 axis 15 along b and the induced eml is maximum in this coil. Similarly,
when the rotor further turns by 1207, the N-5 axis is along cc” and the indoeed
emf is therefore maximum in this coil.
Henee, three emf's are induced in the three coils oo’ 867, co” which are
similar in all respeets but displaced in time phase by 120°, If cach voltage wave
is assumed to be sinusoidal having the maximum value £, then the three emf's
so generated can be represented in space and time in Fig, 6.2, In practice, in an
actual winding each phase consists of a number of coils connected in series,

Let £, E, and £ be the effective values of voltages induced in the three
coils. Since, the emf’s are displaced 120°, so the¥ may be represented by the
phasor diagram of Fig, 6.3,

The instantancous values of three emit™s may be expressed by:

e, =Eosino =, 20=F,



Fla. 6.1 Fig. 6.2

1207 ’ L120°

P 1207

n.n
e

Fig. 6.3
ey = B S 120°) = £, £-120°=E,,| -5 —

1
e, Ey sin{o-2407) = F 22400 E.-.[_:"'f

Resultant of these emf's at an any instant
=, te,te, wdf1)
= L sin e+ B sin (or-1207) + £ sin (oor-240%)
= E_ [sinet+ 2 sin (@i-180) cos (607)]

_ }:m[.‘.inmr = Zsingy ® (%H

-0 . (6.2)
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Henee, the sum of the three phase emf at any instant in a balanced 3-phase
s¥stem are z2ro, The same is also verified by phasor sum of three emf in
Fig. 6.3 as well as by wave ferms of Fig. 6.2,

6.3 PHASE SEQUENCE

The order in which the three phases attain their maximum vilues is known as
phase sequence. In Fig. 6.1-6.3, the direction of rotation of ficld was assumed
clockwise, As such the maximum emf ol coil 55 was [20° behind that of aa”
and ef coil ce’ 1207 that of b or 2407 that of aa”. Hence, the phase sequence of
the three-phase vollage is £ -£,-£, as indicated by phasor diagram of Fig. 6.3
and so phase sequence is (a-

If the direction of rotation of the field 1s reversed. the three-phase would
attain their maximum voltages in the order £ -E-E, as shown by phasor
diagram of Fig. 6.4.

120°¢

200

-
fuls

Flg. 6.4

Ton techanican’s language, the three phases are eoloured red, Yellow and
blue and are called by their respective colours.

6.4 ADVANTAGES OF THREE-PHASE SYSTEMS
The factors making three-phase s¥stems most common in practice are
summarised below:
(i} Three-phase machines are smaller in size [or same output as compared
1o single pl

(i} There is saving in material.
(1} Efficiency is better.
{iv) PF. is high.
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{¥) The power in 3-phase circuit is constant at every instant whereas the
same has a constant term superimposed twice freq ¥ pulsating in
I-phase circuits,

{vi) Single phase motors have no starling torque, whereas three-phese
motors are seli-starting.

{vii} The perfonmance of three-phase machines is much better than those of
single phase ones,

Three-phase system of energy ransmission is economical than single
phase one.

(vii

6.5 STAR AND DELTA CONNECTIONS

The three-phase s¥stem may be connected in the following two ways:-
{a) Star {4) or Wye,
(b Delta (A or Mesh.

o Fig. 6.5, three single phase windings are shown. These windings may be
connected in either of the two ways shown in Figs. 6.6(a) and 6.7(a). In the
former case the connection is 4 and in latter A. Star and delta connections may
also be represented as shown in Figs. 6.6(h) and 6.7(h}.

1 2 3

L]
w

{ah ()

Fig. 6.8 Star Connpction
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(a) it
Fig. 6.7 Delta Cornecion
The commaon point in star-connections of which either the starting or the

finishing ends are joined together is called neutral or star peint. There are two
ways of connection in star sy¥stem:

{a) I-wire system

The above 1wo systems are shown in Fig, 6.8, In 4-wire s¥stem there are 3-
phases or line wires and 1 neutral wire.

Line or phase wire Line or phase wire

Star or neutral
paint ™

Mautzal Wire

{ah 3-wire star systom {b} 4-wire sior systam

Flg. 6.8

6.6 VOLTAGE AND CURRENT RELATIONS IN .-{STAR) SYSTEM

In Fig 6.9(a), a 3-phase star circuit is shown, The voltage phasor diagram is

shown i Fig. 6.9(b). The phase sequence 1s abe, The three-phase voltage are
Ep=Ey=Eg E,—-.\ {magnitude)

E £

E_ Z-120°
o= B, £=240°




Faly)

Fig. 6.3

Let £, E, ad £ be the three line voltages, then

Ep=Eu+En=E,-E, ~(6.3)
rT"‘. = b, tE, =B, -F, LAB4)
E,=E,+E,=F, —E, L {6.5)

In Fig. 6.9{b) the three phasers £ . E,, and £_, are drawn equal in
magnitude and 1207 displaced from coch other. The line voltage E, is the
veetor sum of £ .o T he phasors representing the line voltage
and E, can therefore be drawn. These phasors are equal in magnitude and are
displaced from one another by 1207,

£, =E, =E, =20M
2E,, cos 30°

.V
5

i Exe

=BE,

Henee, time voltage = NG phase voltage. If line voltage be represented by
£, then,

=Tk, A6.6)
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Mathematically
Ey=E,+Ey,=E,-E,
Ep = By 20 -, £-120°

1. A3
eal1+30)

r,,r,[1+;—) 3E, élun'J—%
=i

{Line voliage) = 3 time Phase voltage and leads the phase
voltage by 30°. The line voltages are also equal
in magnitude (\ﬁft},,\] and displaced by 120
w.r. to each other.

£30°

e

Flg. 6.10

Current Relation:
Ina three-phase balanced star connected system, no current flows in the neutral
wire. Obviously, the currents in lines and phases are equal. Let £, [y, and £
be the three-phase currents, then,

e = L=

o =4 =1 A6.7)
where, [ is the line current,
Hence, Line current = Phase current

=1, (68)
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= Iy, =1, =1, (current in phase A of alternator)
Iyg = 1y=lby
Iye=lc=lyu

Thus, the currents MTowing (hrough the vollage sources {low through the
line conductors and through the load. Hence, the line current is same as phase
current both in magnitude and phase.

Line current uﬁu I—"_ﬁ—nb
Py
1 3
—A 120 :EL—IZU—QI
P Fi

, I T
Yo JVre= 240 Ve, o4n-g
F 20 Fi
Magnitude of each line current is V72 and the line currents are displaced
b¥ 1207 phase angle from cach other.

Fla. 618 Phasoar dagram

For a balanced load T, + 7y = Ip =0s50{,=0

The neutral wire can be omitted without atfecting the s¥stem.
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6.12 BALANCED DELTA-CONNECTED LOAD

o %
P
\ le s
Ven S V1200 -
A = | c
e =
c,'\.-', 240° Vo "
) .
] | la
Fig. 617

Let the source is star-connested and the load is delta connected.
Source phase voltages are ¥V 07 1y ZI20° apd Vo, £-240° 17,
=Vl = Ve

For delta phase voltage = line voltage = ¥

P

v,

w= Vo=V = o

e

rnﬁ _ rf.éun. i-.'
z Zs4 2

L=t e Vad

i _i=_l‘,4—120°=i£_1,0_¢
Mz Tz 4 Z

C r o b
Vo _V£=240" ¥, o
7 7 ‘o z

The line current £, fy and - can be found by applying KCL at e, b and ¢,

‘I‘\‘_ '{h I
To=1, -1,

In delta connect line current (/) is /3 times of phase currents and lags the
corresponding (reference) phase current by 30°.
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Fig. 6.18
- "
= fy= 3, £-300 =J§-[7ﬂ]£—'ﬂ-é—m°
ViU £-307 -0
= L= 3, £-30° = 31, 2-150°- ¢
= To= J31,£-30° = 31, 2-0°=270°

6.13 UNBALANCED DELTA-CONNECTED LOAD
The above delta-load of Fig. 6.19 is unabalanced if £, = £, £, £, =
Ly L0y, Z,, " T3 £

4
y
-,

2N,
Fhasor diagram

Fig. 619
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Phase currents
¥ N ¥, £07 . ¥,

= &
La £H44 7,

~0, {F, =¥, indelta)

e N £-120F
£,40,
V., V,.Z£-240
7|« N ZSL‘FJ
Line currents
:.i - jrJ." Ina
_w - ’_«. 'r_r..'
Te=Tu-Ty

6.14 MEASUREMENT OF POWER IN 3-PHASE CIRCUITS

We can measure the power with the help of watmeter.

(i} One wattmeter method — For balanced load

i} Two wattmeter method — For both balanced and unbalanced load.
(31} Three wattmeter method — for both balanced and unhalanced load.

6.14.1 One Wattmeter Method

The wattmeter las current coil and pressure coil. Current coil is connected on
one phase and the pressure coil is connected between the same phase and star
point {neutral). The reading on the wattmeter gives the power per phase and
total load power is the 3 times the phase power (Fig. 6.20).

11 the newtral point is not available an artificil neutral point has © be
created bY connecting twao resistors or through double throw knife switch.

(a) e
No——— oM
- o N
o oy
™,
fe) o // ™,
()«

Fig. 620 Power measuremant whon Neutral is avalable
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AT
Gt

Fig. 6.21 Pawer moasuremenl whar Neulral is nol available

6.14.2 Three Watimeter Method
Irn this method three wattmeters are connected to cach phase, if the newtral is
available then the pressure coil terminates to the neutral of the load otherwise
they fonm an artificial neutral as shown in Fig. 6.22,

The arrows i the diagram show the direction of current and voltage and
considered positive.

Instantaneous power = i) + iy + eyl
ef) F eafy b eydy s the total instantancous power measured bY three wattmeters
and the sum of the readings of the wattmeter will give the mean value of the
total power,

Flg. 6.22
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6.14.3 Measurement of Power in 3-phase Load by
Two Wattmeter Method

The connections [or measurement of power for three-phase load by tweo
wattmeter method are shown in Fig, 6.23.

Fig. 6.23

The current coils of the two wattmeters are connected in lines 1 and 2 and
their pressure coils across the lines | and 3 and 2 & 3, respectively.

Letvy, vy and v, bethe i values of voltages and 4, iy and 7y be

the instantaneous values of currents, respectivel¥ in the three-phases
instant, Their directions at that instant are as shown in the figure,

Instantaneous value of power
=i + valy + vy B4
By KirchhedTs first law,
it iy e iy=0
or. f=—i—i AB15)
Power = wi| + vaiy T vy {=iy = iy)
=iy v vy cv)
=ity B16)
= Reading of wattmeter ) + reading of ¥, L A6.17)

So, the wtal power at any instant is given by the sum of the two wattmeter
readings (general statement appreciable for both uabalanced and balanced
loads).
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The phaser diagram for the load circuit for a balanced load is drown in
Fig. 6.24. Let ¥, J', and I, be the RMS values of phase voltages and /, /, and
15 be line currents. Let @ be the lagging power factor angle of the load. Since,
we have assumed a balanced load, so /), £, and {; will lag ¥, ¥, and ¥y,
respectively by an angle o as shown in Fig. 6.24.

Vs AV

s
i
-
I/
4
v,
Fig. 6.24
Voltage across W= V==
Vaoltage across Wy=¥y=VF,-F;
. Reading of Wy =¥l ensa LB R
and, Reading of Wy= ¥y hLoos 619

£ between Fyand =15 is equal to 607
o = angle between /) and ¥,
=(30 )
i = angle between £ and ¥y,
=30 +¢
1F ¥ is the phase voltoge and 7 is the phase current, then,
V===
L=1

o

and, Fiy =
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I, = 30 cos (30 - ) (620
Wy = 34,50, cos (304 ) (621

Power in the circuit
P=i, =1,
= 3V, 1, [cos (30 - a) + cos (30 + )]
=30, 2c0s 30° cos 0
JI'N,,IJ,.._. cos L6220

This indicates that sum of fwo wattmeter readings give total 3-phase
power.

6.15 POWER FACTOR

From the readings of the two wattmeters, the power factor of the load can also
be determined in the following way:
From eqns. (6.20) and (6.21)

Wy Wy = 31,4 [cos (30 - 6) — cos(30 + 6]
N3V, 1,2 5in 30 sin 9]
=3V lgsing L(6.23)

Dividing values (6.23) by values of {6.22), we obiain

Wo—iF, 1
= = —fand
[ N )
W, - ¥,
ang=43. 1" 2 L (6.24
tan g =+ W, (6.24)

Henee, @ and cos ¢ can be determined.
Tmportant Situations:
(ib At =0, tan & = 0 or when pft = cos & = | {unity)
From egn. (0.24}

W, =
ang =43, 2
W, 43,

W, = W,

Hence, at unity p.f. the two wattmeters will record the same reading.
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(i} At =60 or cos g = 3
From eqn. (6.204, W, = V3¥ireos(G07 - 607)
=15¥F

From egn. (6.21), W, 3 ¥icas(30° 4+ 60%) = 0
S0, one of the wattmeters reading 15 zero at 0.5
(iii} For g = 607
The reading ol v IV, will be negative. so. the pressure coil or
current coil terminals of this wattmeter should be reversed to obtain a
forward reading. In this case, the total power in the eircuit be equal o
W)+ (= W)= ¥, — W,
{iv) From eqn. (6.17) 1 is ¢lear that 2 watimeter method is switable for
measuring power of unbalanced loads also.

Example 13 Three identical impedances, each consisting of a resistance of
15 £2 in series with a capacitive reactance of 10 £ are conneeted in star. A
J-phase 400 V, 50 cyele supply is applied o the circuit. Caleulate:

(i} Pl
(i} Line current.
(i} Phase current
{iv) PF of circuit.

€ valtage,

{v) Total power absorhed.
{vi) Total VA and VAR in the circuit.

Solution:
i Line volt
(i Phase volage = —s YOIIEE
J3
400
- =231V Ans.
Nl
E
(1} Line current { = _J‘"
~ i
Zy,= {15 +10° —18020
23]
! —128A Ans.

T sz
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400 R
Eyn= = = 231V
+3
Iy =1=30A
Impedance of each phase,
£ 231
L= 2= oy e
1y 30

Power absorbed £ = \f3 Ficos ¢
P

cos 6 =
RiTE

o]
=_ 12000 _ 0.577

3 % 400 % 30
From Fig. 6.23
Resistance Ry = 2, cos

=T77%0577=4450

Reactance X, = JJ:M - .Rj.

445 =6250 Ans.

Example 3:  Three similar coils cach of resistance 30 £ and inductance
0.07 H are connected in delta to a 3-phase 400 V. 30 cyele supply. Caleulate:
{a) Phase current.
(b} Line current.
{e) Power factor of the circuit.
(d) Power absorbed.
Dreaw the vector diagram.
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{d}) Power absorbed = Js Elcosd

= J3 %400 % 18.6 % 0,805

10,4080 W Ans.
The vector diagram is shown in Fig. 6.27,

Flg. 6.27

Example 4: A balepced thiee-phase 866 WV, 60 Hz ¥ connected source feeds
a balanced, A-connected load having impedance in each phase is (177
F246) L2 via 0 100 km long three wire line, Impedance of cach wire of the line
151 +72) £2. 1f the phase seq is positive, d ine the ling and the phase
currents, power absorbed bY the load, and the power dissipated by line.

Solution:

=R60 Y, I E = 300 Vol

phase =

Vie
Assuming phasc-a as the reference.

a 1

AfA
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One of the c

(%)

est approach is that first convert &, into a star load,

177 = j246
z,- 1T7=J246

=50 - j82
3 1
e oA
|Z4a
iz
g
Yy o~
1 iz
Fig. 6.29
- 300207
i =

= ——————————=545313 A
M1+ j2+59- 82

Fig. 6.30 Par phasa equivalant CKT
TM., = 34 -120453.13=52-668T° tlags a by 1207}
I, = 52=2404 5313 =52 =18687

Now, the '!;‘, Y In are the line currents for A connection,

= \."3 1, £=307 {Line currents lags the phase current by 30°}
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The reading of one wattmeter is 5000 watts and the other reads backwards. On
inter-changing the potential terminals the second wattmeter reads 1000 warts,
Calculate:

{a) Total power.
(b} PF of load.
Solution:
1) = 3000 W

Since, the second wantmeter reads backwards, hence its reading is
nagative,

¥y = 1000 W
{a) Total power in the circuit
=W, + ¥,
= 5000 < 10060 = 4000 W
(b} From equation {6.20) the power factor of load is given by,

W W
tano= 3.2
SR T

S000 - {1000}
3000 - 1000

N L
4000

LR A
cos & = cos 68,9% = 0,36 Ans.
Example 6: A 3-phase, & connected 3300 V synchronous alternator suj phu.
power to a L300 hop. (metric), F-conmected induction motor, The ¢

and p.f. of motor are 0,85 and 0.81, respectively. Caleulate:
{a) Motor input.

(b} Phase and line current of the alternator.,
() Phase and line current of the motor,

Solutio
Fig. .31,

The alternator and the induction meter are as connected in
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3300V

Fig. 6.31
{m) Motor output = 15300 = 7355 W
(b= T35.5
Metor input = M = 1,300,000 W
085
ar, Motor input = 1300 kW Ans.

{b) Now, 3 Fleos 6= 1,300,000

_ 1.300,000
/3 3300 % 0.81

Line, current of alternator = 281 A Ans.

=281 A Ans.

{e) Line current of motor = 281 A

o
V3

= 1624 A Ans.

Phase current of motor

Example 73 A 3-phase star-connected s¥stem with 200 V between each
phase and neutral has non-inductive resistances of 5, § and 10 £2 in the
3-phases. Determine the current in each phase and the newtral current. Alse
calculate the power consumed in cach phase and the total power consumed.

Solution:

¥
X . DA,
200V
200W
’ ¥

Fig. 6,32 Fig. 833
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E, =200V

Current in 5 £2 resistor = ? =40 A

0

Current in % £2 resistor = =25A

Current in 10 £2 resistor = % =204 Ans.

Since. the circuit 15 purely resisuve, so currents in respective phases will
be in phase with their phase voltages. In a 3-phase circuit phase voltages are
displaced 1207 fram cach other and hence the three currents will also be
displaced by 1207 from cach othe shown in phasor diagram of Fig. 6.33,
The neutral current [ 1s the vector sum of these three currents which could be
determined vectorially or by resolving them in two perpendicular coordinate
axes,

1, cos @ = X-components of the three currents
= 40cos 90 + 25¢cos 30 - 20cos 307
0+ (25 -20)0.866 =433 A
I, sin 8 = Y-components of the three currents
= 40sim 90 ~ 25sin 30 - 20sin 307
=40-225=175A
L= JA3F #1755 =18 A
Power consumed in first phase = 200 x 40
= BOOG W
Power consumed in second phase = 200 x 25
= 5000 W
Power consumed in third phase = 200 x 20
= 4000 W
Total power consumed = 2000 W + 5000 W + 4000 W
= 17,000 W
Example 8: A balance delta connected load of (8 + j6) £ per phase is

connected to a 3-phase 230 V supply, Find the line current, power factor,
power, reactive power, and wial volt amperes.
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Solution:  Phase current in delta

230 L0° .
= = 30 £ =368 in phase A

Z B4 jb
Iy = 23 £-368" phoase current lags the phase voltage by 36,87

-\

Flg. 6.34

So, p.f = cos 36.8° = 0.8

Line current = (31, = 323 =308 A

Power= 3V, 1 cos ¢
J3 230 % 39.8 % 0.8 = 12,696 W
Reactive Power = 3 1, T, sing
= 3 % 230%398 %06
= 89513 K VAR
Total kVA = (51,7,
= 3 %230 398

= L5855 kVA  Ans.

Example 9: A 400 V, 50 Hz 3-phase supply has 100 €2 between AB, /100 £2
between & and C and — 7100 £ between CA. Find: (2) Line currents for phase
sequence ABC (b)Y The star i bal T resist s for o ing the
same power as in delta
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:‘II: V}
P, = Power consumed = =" = "L

If one of the resistances is removed

72
a resistor)

Henee, the reduction in load or power is 30%,

(b} For delta-connected load

Flg. 8.37

Let the resistance be &
HASINCY PR )

Power consumed P, = 3, {eos @ = 1 for resistor load}
= _\_i = _3 V"-:
R R

When one resistance is removed

YL




430 Basics of Electrical Engineering

A
Power consumed £, = ¥ = =t
) R s
R-P (3=
=R G0 - 66.0%

Met reduction in power =

Example 113 A balanced load of 20 kVA is connected to a three-phase three-
wire system. Two wattmeters are connected in the usual manner. Determine the
readings of the two wattmeters if the power factor of the load is (a) unity
(b) 0.866 Tagging (c) 0.5 leading (dy Zero lageing, What is the meximum
possible reading of either wattmeter?

Solution:  The total power consumed bY the load = kKVA. cos &
=20 cos o KW
Py Py=10cos o

tané = —ﬁlp_"_;&)
1T
iR -
lnnﬂ—m
20
Py -Py= —=sing
1 Jg

{a) Whencosg=1,0=0sinp=10

20
P-Py= Ssing=0
E

Po=Pyand P+ Py= 20 cos =20
P =Py= 10KW
(bt cos @ = L8606 {lagging), ¢ = 30 lag
Pt Py=20ces &= 200 0.866 = 17.32
LI 0 .
N sin = Ne wsin 30 = 5773
Py 11346 kW, P~ 5775 kW

P-Py=
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{c) cos ¢ = 0.5 leading (¢ = 60 leading)
Pi+Py=20cosd=20x05=10kW
20 20
P —P= Esino = Tsin{ 60y = 10 kW (for leading)

Po=0, Py 10EW
(d} For zero lagging (& = 90"} cos ¢ = 0, sing = 1
Pt Py =20cos0=0
P 20 547
- P = Z=sind=11.54
1 i J::
Py =5T773kW, P=-57730kW 1Py == Py

The maximum reading on either wattmeter oceurs when the current
hrough the current coil of the wattmeter is in phase with voliage across
the voltage coil. This eecurs for JF) at a phase angle of 307 lagging and
tor I, at a phase angle of 30° leading in either case the maximum
reading is 11,5346 kW as in (h).

Example 12:  Threa identical impedances each having a resistance & and a
capacitance C are connected in star across a 3-phase 400V, 50 He supply. The
power input to the load is measured by the 2-wattmeter method, The readings
of the two wattmeters are 800 W and 2000 W, Determine:

{a) The power factor of the circuit,

(b} The line current and

{c) The resistance and capacitance of each phase.

Solution:  Since, each phase has a resistance and capacitance, the power
factor will be leading,
J'_ {greater — smaller) reading

For leading power factor tan 0 = /3 T
sum of two reading

2000 — RO
N { )

tang= 2000 + B00
=10.723
G = 36.59°
[a} —gos 9 = 08029 (leading)

Py Py = K00+ 2000 = 2800 Want

P = N3 Fplpcase
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P
(b) Io=1 = =2 cos o
i,

[

2800

J3
503
v

w400 x 0.802G

Amp

(c} 7 ==

[

",

TR

= 45886 £
R, = Z,cos 6 = 45,886 % 5029 = 36,84 0

e = Xp= J.T - &
= Jias886) - (36.84)"
-27.350

1
2735% 314
= 11638 = 107" Farad

EXERCISE

. Deerive the relation between voltages (line voltage and phase voliage)

and currents {line current and phase current) with the help of suitable
veetor diagram for a balanced

(i) Star-connection

(i) Delta-connection

. What arc the advantages of star and delta s¥stems?
. Two watimeters gre used 1o measure power in 3-phase balance load,

prove that the total power measured is f3 ¥, 7, cos @ for
(i) Star-conmection (leading load power factor cos )
(i} Delta-connection {[agging load power factor cos §)
Explain with the help of suitable vector disgram,
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4. Three identical coils, cach having a resistance of 10 £2 and reactance of
10 L2 are connected in (i) Star (i) Delta, across 400 V, 3-phase supply.
Find in cach case the line current and the readings on cach of the rwo
wattmeters connected 1o measure & power,

() = 1633 A, B = 16905 W, I, = 63095 W
(i) 1, = 4898 A, 0 = SOT0.5 W, 5, = 189245 W
. Threc 40 2 inductiv i ted (1) Delta (if) Star,
/ wer taken from the mains

3 sconnected what would

be the power taken from the mains? [Ans: Delta 1200 W, 8004 W]

. A balanced three-phase, 866 V, 60 HZ, star-connecied source feeds a
balanced delta connected load via a long three-wire line. The
impedance of ¢ach wire of the line is (7 + j2) £2. The per phase
impedance of the load is (177 - j246) €. [{ the phase sequence is
positive, determine the line and phase currents, power absorbed by the
load and power dissipated by line.

[Ans: Line currents as 3 253.03%A, 5 266877 A, 5 Z173.13° 4]

L

o=

Phase currents: 2 887 £83.13°, 2HET £ - 36877
| = 4425.75 Wait, Py, = 75 Watt

-~

. Provet @ power in a 3-phase cireait is \,"5 E{ cos ¢, where £ and [
are line voltage and line current, respectively irespective of the fact
whether the cireuil is star or del connecied.

8. A 3-phase, 400 V supply is given 1o an induction motor. The motor

draws a line current of 20 A, The efficiency and operating power factor

of the motor are 0,85 and 0,87, respectively. Estimate the power output
of the motor, [Ans: 139 hp metric]

el

. Three impedances, each of (5 — j8.66) £ are connected in (a) Star, (b)
Delta across a 3-phase ZUUﬁ\-’ supply. In each case caleulate the
phase and the line currents and draw the veetor disgrams showing these
currents in relation to supply voltages. Draw vector diagrams.
[Ans: (@) £, = 1= 20 A, (b) [, = 2043 and /= 60 4]
A F-phase star-connected system with 230V between each phase and
the neutral has resistances of 4.5 and 6 £, respectively in three phases.
Determine the currents flowing in each phase and the newtral current,
Find the wotal power absorbed and draw the complete vector diagram.
[Ans: 575 A 46 A 383 A, 16T A, 3262 kW]

10



Direct-Current Machines

7.1 INTRODUCTION

Electromechanical energy conversion device is that device which convens
electrical encrgy into mechanical energy or mechamcal energ into electrical
energy. The structure of these devices may vary depending upon the function
they perform. These devices maY be categorised as under:
(i} Devices used for continuous enerp¥ conversion like motors and
gencrators,

(11} Devices used to produce translational forces or torques with limited
mechan motion ke electromagnets, rela¥s, moving iron and
moving-coil instruments.

Devices invelving small motion, producing low-cnergy signals, like
lelephone receivers, loudspeakers, microphones, gramophones and low
signal transducers.

Coupling between the electrical energ¥ and mechanical energ¥ is through
magnetic ficld or cleetric field. The energy storing capacity of magnetic field is
much grester than that of electric field,

7.2 PRINCIPLE OF ENERGY CONVERSION
It is based on law of energy conservation e the energy can peither be
destroved nor be created, it can only be converted from one fonmn 1o another
form. In electromechanical emergy conversion device, encrgy¥ balance
eyualions are:
Total electrical input energy (Pei)

= Mechanical energy output (£} + Stored energy (P, + P,

+ Energy dissipated or losses, ..(1)
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Total mechanical input energy = Output clectrice] coergy + Stored encrgy
+ Energy dissipated  ..(2)

Stored energy = Energy stored in magnetic field (F,,)
+ Energy stored in mechanical svstem (P, )

=

Dissipated energy = Ohmic losses
+ Core losses (hysteresis + eddy current loss)
+ Energy dissipated in mechanical system
(Triction and windage loss).

+ losses like ohmic (7°R) losses, coupling field and friction and windage
losses are irreversible and these are therefore dissipated as heat.

+ magnetic field stored energy in single-phase AC machines does not
remain constant because these machines do not have constant air-gap

flux.
Heal dua to
cauplng fisid
Heal cre to loze
ohmic lossns +
T . | .
P | Electrical Caupling Mechanical
} 1 | 1 } meal] F
" eystem . Fiakd b system *Fa
v
Presioca Heatdugto  Potunia

friction and
windage logses

Fig. 7.1 Electromechanical enargy conversion device
PPt Pragt Prey
Fi=Pot Praat [Prineios P grechenicat tosy * Pie tetectricat lown]

P = Py = (P, T Prd + (Ppaa * Pid

Fiscevicat = Fracermaicn + Frica

=B+ P,

I d P, electrical energy flows i o time interval w the coupling feld,
then dP be the energy supplied to lield and dF,, be the energy converted
1o mechanical.

) P+ dP
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dP,

cles

=dP,

elecmcal input ~

=V, idt - Prds

P ccrrical lasses thmic Lo

=V, i)t

dP, =eidt

eidt=dP,

meih

+dF

DC MACHINE
7.3 INTRODUCTION

The word machine is commonly used to explain features that are common 1o
both the generator and motor,

In the rotating ¢lectrical machines an electromechanical energy conversion
takes place. There are two types of rotating electric encrgy conversion
machines.

(i} Dircet current (DC) machine

(i} Alternating current (AC) machine

All DC machines ¢an be operated as either a motor or a generator
without making an¥ modifications.

machine converting
is called maoror.

ctrical energy inlo mechanical eoerg,

+ A rotating machine converting mechanical energy into electrical engrgy,
is called generator

7.4 GENERAL CONSTRUCTION OF ROTATING MACHINE
Whenever there is a relative motion between a conductor and the flux, the em{
15 induced in the conductor governed by FRI Rule.

Whenever a current carr¥ing conductor is placed in o magnetic field i
experiences a mechanical force governed by FLH Rule. Hence, every rotating
machine must possess the following parts.

(i} Stador: a stationary member

(i} Rovor: a rotating member
Shafis

(iv) Slip ring, brush assembly
(v} Bea
(vi) Field winding or exeiting winding: An arrangement of winding which is
used as a primary source of flux when current is passed through it It
always DC.

produces & working flux. Current in this windin,
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(viih Armadure winding: An arrangement of conductors in a particular
fashion is called armature winding. It works with the working flux
produced by field winding and emf is induced in this winding. [t always
deals with AC.

The Tollowing general terms are used in connection with the winding,

i

(i} Conduetor: Each individual length of wire Iying within the magne
field is called conductor and 1t may be made of one, two or more parallel
strands,

(1) Turn: A turn consi
connections.

ts of two conductors connected in series by end

(i} Coil: A coil consists of one or more turms connected in &

(ivh Cond group: A coil group ma¥ have ane or more single c

(v) Winding: It consists of a number of ceils arranged in coil groups.

tvi) Pole pitch: The number of coil sides per pole is ealled pole pitch, If 2’
is the number of coil sides and p the number of poles, then pole

- Z

pitch = 7

{viiy Front pitch: The distance in terms of number of coil sides spanned by o
coil on the commutator end of the armature 15 called front pitch and is
denoted by v

(viti) Buck pirch: The distance in terms of number of coil sides between the
two sides of the eoil on the back of the armature is called back pitch and
15 denoted bY 3, It is also called coil spread or coil span.

(ix}) Resultant pitch: The distance in terms of number of coil sides between
the beginning of one coil and the beginning of the next coil w which itis
conneeted is called resultant pitch and is denoted by vy,

and is express

{

-

Average pitch: 1Uis denoted by *

Mt ¥y
]

(xi} Commutator piceh: 1t is the distance measured m terms of commutator
sepments 1o which the two ends of a coil are commected and is denoted by

_l"
» Current flowing through the field winding o produce main flux is
called megnetizing, exciting or field current.
+ Corrent flowing, through the armature winding varies as the load
on the machine {(mechanical or electrical) varies. So it is called
load current or armature current.
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+ Generally, it is required to feed in or ke out power from the rotor,
Thus, a communication between a rotor and the stationary outside
device 1s achieved by using slip rings and brash assembly.

+ Slip rings are connected to the rotor winding and rotate along with
rotor and bebave as o rotating winding terminals,

« Brushes are restings against slip rings and stationary terminal of
rotating winding.

7.5 CONSTRUCTION OF A DC MACHINE

“foke
Interpolar
axia
Field wi
Teld wirsding Flux produced
Commutater Fele shaa
(eopper) ]
Potsr or feld axis ~ | Pole core:
| Armatura
Armature — winding
core - Armature
slot
Armature -
ool
Shafi ———— Brush
{carbon)

Fig. 7.2 Cross-section of lypical DG machine
A DC machine consists of the following parts:

7.5.1 Yoke
(a) Functions:
1. [t serves the purpose of owtermost cover of the DC machine, so that the

insulating materials get protected from harmful atmospheric elements
like moisture, dust and various gases like S0y, acidic lomes, ete.

2. Tt provides mechanical support 1o the poles,
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3. It forms a part of the magnetic cirewit. It provides a path of low
reluctance for magnetic flux, The low reluctance path is important 1o
aveid wastage of power o provide same flux. Large current and hence
the power is necessary if the path has bigh reluctance, to produce the
same flux.

7.52 Poles
Each pole is divided into two parts namely, (1) Pole core and (2) Pole shoe,
This is shown in Fig. 7.3,

Fig. 7.3 Pole struciure

(u} Fun is of pole core and pole shoe:

. Pole core basically carries a field winding which is necessary to

produce the flux.

It directs the flux produced through air gap to armature core, to the

next pole.

3. Pole shoe enlarges the area of armatere core to come across the
Mux, prod ¢ better induced emf shape. To achieve this, pole
shoe has been given a particular shape.

(by Choiee of material: 1t is made up of magnetic material like cast iron
or cast steel. As it reguires & definite shape and size, laminated
construction is used, The laminations of required size and shape are
stamped together to get o pole which is then bolted to the Yoke.

=

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

(#) Functions:  Field winding carry a [.C. current due o which a
ionary poletes and necessary flux are preduced.
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Toath

Alr
duct

Slat

Shafl-

Fig. 7.4 Single eicular leninaten of anmatune core

2. Armature winding carry the supplied current by source in case
of motor and drawn out current in case of generator.
3. To do the useful work in the external circuit,
{b) Choice of material:  As armature winding carrics entire current
which depends on external Toad, it has to be made up of conducting
material, which s copper.

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

7.5.5 Commutator
We have seen eerlier that the basic nature of em( induced in the armature
conductors 15 alternating. This peeds reetification in case of DC generator,
which is possible b¥ a device called commutator,
{a) Function
1. To facilitate the collection of curreat from the armature
conductors,
2. To change internally developed alternating cml o unidirectional
(DCy emt,
3. To produce unidireetional torque in case of moters,
(by Choice of material:  As it collects currents from armature, it is also
made up of copper segments.

It is c¥lindrical in shape and 15 made vp of wedge-shaped segments of

Tard drawn, high conductivity copper. These segments are insulated
from each other by thin layers of mica. Each commutator segment is
connected 10 the armature conductor by means of copper lug or strip.

This connection is shown in Fig. 7.5,
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Fnsulated
commutastor
segment

Shaft-._ @
T <
i —

-

Connection betwaen
conductor and commutator

(Two sagments)

Flg. 7.5 Commutator

7.5.6 Brushes and Brush Gear

Hrushes are stationary and resting on the surface of the commutator,
Torcolleet eurrent from commutator and make it available
mar¥ external circuit.

(b) Chuice of material:  HBrushes are normally made up of soft materials
like
Brushes are rectongular in shape. They are housed w brush holders,
which are usually of box type. The brushes are made to press on the
commutator surface bY means of a spring, whase tension can be adjusted
with the help ol a lever. A flexible copper mnduum called pig tail is
used to connect the brush o the external circuit. To avoid wear and tear
of the commutator, the broshes are made up of soft materials ke
carbon,

7.5.7 Bearings

s are usually wsed as they are more reli
oller bearmgs are preferred.

ble, For heavy duty

7.6 TYPES OF ARMATURE WINDING

We have seen that there are number of armature conductors, which are
conneeted in specific manner as per the requirement, which is called armature
winding. According 1o the way of connecting the conductors, armature
winding has basically two t¥pes, namely, a) Lap winding b} Wave winding,

7.6.1 Lap Winding

is case, if connection is started from conductor in slot |
overlap cach other as winding proceeds. till sta

In then connections
ing point is reeched again,
Developed view of par of the armature winding in lap fashion is shown in
7.6.

As seen from Fig. 7.6

there is overlapping of coils while proceeding.
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N
’ ’»'\< S
1[ “ 2 87
|* roror
A2k PR

Fig. 7.6 Lap winding

Noter  fw lap winding, the tetal number of conductors divided into 47
miemher of parallel paths and thevefore A = number of pofes fn the machine.

Lamze number of paralle] paths indicate high current capacity of machine
henee lap winding is preferred for high current rating machines.

7.6.2 Wave Winding

In this connection, winding glwa¥s travels al
travels like a progre

cad avoiding overlapping. It
sive wave, hence called wave winding.

Fio. 7.7 Wave winding

Both eoils start

i from slot | and slot 2 are progressing in wave fashion,

Note: i this npe of connection, the total number of conductors are always
divided in two parallel paths, irespeciive of number of poles of the machine,
A = 2.1t ix preferable for low curvent, high voltage capacity machines.

The number of parallel paths in which armature conductors are divided in
Fap or wave fashion of connection is denoted as 4, 8o 4 = P for lap connection
and A = I for wave connection.
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7.6.3 Comparison of Lap and Wave Type Winding

Lap winding Wave winding
{1} Number of paraliel paths (4) = {1) Number of paralle! paths (A} = 2
poles (F) (Ahways)
{2) Numbar of brush sets required is {2y Mumbar of bresh sets required is
equal o the number of poles atways equal to two.
{3) Mermally used for generalor of {3} Preferred for generator of
capacily more than 500 Amp. capacity less than 500 Amp

7.7 WORKING PRINCIPLE OF DC MACHINES
{a) Generator
(b} Motor
Magnetic fields is the medium of energy conversion,

7.7.1 Generator

(i} When the rotor or coil is run bY a prime-mover {(suppl¥ing mechanical
energ¥) then conductor cuts the magnene field and emfis induced in the
conductor

(1i} Direction of an induced emf is governed by FRH rule.

(it} Induced eml produced in a conductor is alternating.

(iv] This alternating emf becomes unidirectional by a commurtator {reverse
the connections of a coil in the external ekt in every half eyele).

{v] Mow the DC current from commutator is collected bY o stationary brush.

I metion 5
Fid T
o
%, Fight hand
- r
a L
amf {middia fingar)
.

Fig. 7.8
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{ -
-1 [+ | n ) g M
s
a o
|
b d
] + Ome tem ol ooil consiats of o corductors—ab and cd
a, e
Fig. 7.10

Let the coil abed move with a speed ¥ rpan, then the conductors @ and ¢
cuts the flux produced by the poles.

1t 1 sec is the time taken bY a conductor & 1o complete one revolution then

the Mux cut by conductor is

db

Henee. average emf induced in the conductor is e, = —

di
=

1 = total time required for one revolution.
60
= — see
N

-z

P oNP

e 2
o 60
1T Z number of conducters are arranged in A number of parallel paths.
Z
Conductors per parallel path = ]
All conductors per parallel path are in series.
Total induced el in armature is £, = e, . —

g o zNp
604 |

a
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A =2 for wave winding
A= I"for LAP winding
. . . N
if speed is in revolution per sec w = 2 rry
R
&l n
_ 0dPw
" amd
8
Kk, = constant Pz
2n

* S0 ina DC generator when a motor is rotated bY prime mover then the
conductor cuts the flux and emf, £, = & dw, is induced. I there is o load
connected at output a current flows through the conductor. This current
carrying conductor in generator is produces the counter torque fo
appose the prime mover torgue.,

« In DC motor when a current carrying conductor is placed in a magnetic
field it experiences a force and it starts Lo rotate in 4 magnetic feld.

Now when this current carrying conductor rotates in a magnetic field it
cuts the magnetic field and an emf is induced in a current carr¥ing
conductor now aeeording to Lenz’s law the direction of the induced emf
is such that it opposes the couse (current in conductor).

Henee, this induced emf have a tendency to reduce the initial current,
That is why, it s called a buck emy.

7.9 TORQUE IN A DC MOTOR

£

2
N Y

L [a

'\ .

' [3

F

Asig ol rolation

Flg. 7.11



448 Basics of Electrical Engineering

Let the current carr¥ing conductor ab be placed in 2 magnetic ficld. It
experiences a force and begins to rotate about the axis and produces a torque.

Let  twtal number of armature conductors = 7

total number of poles =p

flux'pole =g wh

number of parallel path =4

current in 4 armasre 1, Amp
4

4. be current in a conductor -
£ be magnetic Aux density due 1o pole in which conductor of length 11
placed

Force experienced by a conductor is F

F=Bll A1)
Torque developed by the conductor = F x r {N-m)
T8l A2

Total torque produced by Z conductors, T= &1 .IrZ
flux(total)  Po |
Area 2l

here Area = Area of c¥lindrical surface of armature (21mrf)

Torque T=BlIZ [f‘. L
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rez

nd

a

PE .
where k, = —— same as for
o O 1, (N-m) 2ra

generated emf expressi

7.10 CKT MODEL OF DC MACHINES
In o DC machine all parallel paths in armature are sVmmetrical.
Each path has & generated emf £, and a resistance ¢, {net armature

) 7
resistance r, = 4

. 1 = number of parallel path).
L

S )

Terminal vollage | -
=r

.

W, L

L1 1
o
—Jg Armature Gkl

Fig. 712 Equivalent Cki for DC machine

DU machines are classified according to the method of connection of field
winding. So the field winding of a DC machine must also be represented in the
cireuir model.

fa
° iy
[
=1 - ¥, fsupply)
[

Fig. 7.13  CKT model for ganeralor Fig. 7.14 CKT model for matar
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7.10.1 Generating Mode

(i} When armature cuerent /, is in the direction of generated emf £, DC
machine operates in the generating mode.

(1} For a generator, ¢lectromagnetic torque {7 is opposite to the rotor
rotation (T, opposes the prime mover torque) This is ess
conversion of energ¥ from mechanical to electrical.

ial for the

This torque ¥, may¥ therefore be called counter forque for a DC
b3 alor.
(iv) K= £, ~dr

o " dala

brush drop

7.10.2 Motoring Mode
(i} When armature current f,, flows in opposition o generated emf £
(ealled counter or back emf), DC machine operates in motoring mode.
(i} Generated emf that opposes the armature cureent 1s called back emf and
the electromagnetic torgue 7 is in the direction of rotation

V= B+ I, + brush drop

7.11 TYPES OF DC MACHINES

A DC machine can work as an electromechanical energy converter only when
its field winding is excited with divect current. Hence, DC ma
classified according to methods of excitation.

nes are

There are, in general, two methods of exciting the field winding, and
accordingly DC machines are of two types;
(1} Separately excited DC machine
{2} Selfeexcited DC machines:
{a) Series excited DC MIC
(b} Shunt excited DC M/C

Generator Motor
I
s AN T
¥ r [
A
= foutput v, W, gt
T supply) supplyt
o ] o o=
-V e
E, = Vy+ i,r, + brush drop E, = V,— I,r, - brush drop
E, = Kow E, = Kaw
=l
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{c) Compound excited DC M/C
(1) Long shum
(iiy Short shum

7.11.1 Separately Excited DC Machine
+ Separately exeited field winding consists of several hundred twms of
fine wire,
+ Field winding is connected 1o a separate or external DC source,
+ External DO source hes no relation with armature voltage.

7.11.2 Self-Excited DC Machine
* When the field winding is excited bY its own armature, the maching is
said 1o be self-excited DC machine,
+ Field poles must have a residual magnetism.
+ A self-excited DC machme can be subdivided as—
{a) Series excitation
b} Shunt exeitation
(¢) Compound excitation
(i) Long shunt
(1i) Short shum

7.11.2.1 Series {excited) DC machine
+ Field winding consists of few furns of thick wire.
« Field winding is connected in series with armature so a series Geld may
be called a current operated ficld.
+ Series field winding are characterized by low resistance,

Generator Motor
oo
‘ i
R,
v, Load Wy gt
supply)
| } |
o= o=
l hay = , =4 =

1,

Iy = field current = f,
£y =W+l lry + ;) + BD
fiedd varies with armature current
E, =K, b1, =K, I
fighd 6 o 1,)

Lok,
E =V~

Torque = K, ipl,
= Ki} (unsaturated field ¢« 1)

{r * )~ BD
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7.11.2.2 Shunt excited DC machine
+ Field winding consists of a large number of turns of fine wire.
+ Field winding is connected in parallel with the armature.

+ Voltage across the armature terminal (F,) and shunt Geld is
called voliage-operated field.

= Shunt field windi

e are charactenized by high resistance.

Generator Motor
[
‘L
W, (input
SuppHy)
v
-
L=k o+ L=t =1
Vi=hn V=i,
{as V, changes /| changes and ¢ will | {as V changes | changes)
change} E =V,~lLr, -BD

E =V +ir+BD

7.11.23 Comyg 1 ited) DC hi

+ This maching has both series and shunt winding
= If the series Meld Mux aids the shum-Aeld fux, M/C is called
| L|I|' ¢ '] DC hi
« If the seres ficld flux opposes the shunt flux, the maching is called a
differemially componsd.
(i) long shunt
(i} sheort shunt
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Ganerator

Mator

(i} Long shunt

V=1
ETRY
E =Vt +r,)+80

{i1) Short shunt

e
v,
I ¥
ho=d o+l
Vsl r,thn,

E, =l n 1 .+ V + Brush drop

(i) Long shunt

I
+—
i

isupply v,
ol

-
TR
V=i,
E =V =1 {r + .- B0 (Bush
Drop)
1) Shart shunt
Il
i * 9+
v 3
2l
l
T i ¥ {input W,
[=1 supply)
T I_
h=i-1
V=ir, +Ir,

E =Vi— L, — &1, —Brush droop

7.12 POWER S5TAGES IN DC GENERATORS

P,

Prsctonal sl wincnpa Pamy
* ¥

L 3 "
Ingut
[mechanical v
pavery Preagnets
(Mo W) | (iron and mechanice
loases)

I, R,
a
Electrical power Elecinical
developed in oulput
amiature 5| Tor L
P=E, I, Copper | (Y00
kassas
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E,=V, 1y,
= E i, = V4, +17r, {power equation of gencrator)

= {Gross mechanical input to armature equivalent to £ f) = Electrical
output + Copper losses

7.13 POWER STAGES IN DC MOTORS

‘armsnre kases
=r,R, T P:‘"' P:" mechanical
+ Machanical
power developed

o e inarmatureis e
Ewctrical  Cogper Py

input losses P 2B,

Wik} ’ ) Pragmate e

{Iron and machanical
losses)
= Ey I, (in motoer)
Vi, = ¥ !fr_, (power equation of motor)

{net clectrical power input to armature) = (Electrical cquivalent of gross

mechanical power developed P = £, 7.} + armature copper [oss.

7.14 LOSSES AND EFFICIENCY OF DC MACHINES
Luosses in o DC machine can be classified as under.
(i} No-load Retational loss:
{a) Iron loss at working flux and speed.
(b) Mechanical losses {friction and windage losses at the operating
speed) is 10 1o 20 of full load losses.
(i} Copper or I°R toss: .
(a) Armature cke loss fr,
where, v, = Armature resistance + brush contact resistance
+ interpole and winding resi c
(b) Field ohmic loss ¥ /.. This
ulso. (In series machine, field oh
circuit loss).
(iii) Seray load losses: These are produced by
(a1 The distortion of the air gap due 10 armature reaction,

includes the fi
loss forms o part of anmature

loss d-rhenstat loss

(b} Current in the commutated coil.
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1 Losscs
[nput
Pr+Vod,+w,
M —
" [
. . B dn,, .
Efficiency is max =0ar o =0| when variable armature ckt

i
loss = constant loss.

ffr,, = (¥ d-+ No load rotational Joss)

!;‘r,? P, (constant losses) = P,

Armature current at max efficiency =

7.16 CHARACTERISTICS OF DC GENERATORS
The behaviours of various types of DO generators ¢an be studied by their
characteristics:

(i} Magnetization Characteristic: E, =f [f_r} speed for a fixed. This
characteristic is also called no foad, satwration, or apen civenit
characteristic.

(i} Load or External Characteristic: V, = j'tly} with both £, and speed arc
kept constant,

7.16.1 Separately ited 1

These generators are used for wide range of output voltage.

7.16.1.1 Noload or ization ch (i
This characteristic gives the variation of armature generated emf (£,) with
field current £, for zero armature current (no load) for a fixed speed.
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E,=kbw, ¢ = [ atno load 5,, 5, is open [, = 0, w is constant
== Ay
0.4 = residual voltage

Armature is driven at rated speed bY prime mover and switch 15 kept
alwa¥s open.

Though the ficld winding is not energised, the voltmeter indicates a
amall voltage (2 1o 6 volts), due 10 the presence of residual flux in the
main poles.

Residual flux voltage is shown by €.4.

The field winding is now energised and /; increases in steps.

Field current I is increased till £, is about 1.1 to 1.25 times the rated
voltage.

After certain time, [, core gets samrated and flux (@) also remains
constant, though 7, increases.

3] . B "
Fig. 716  Magnatization chamaclenstic
* Hence, afler saturztion, voltage £, does not change linearly with [,

« If the ficld current is now decreased from O8, £ versus J, plot will not
original curve. 1t will lie above it due to hysteresis.

7.16.1.2 External characteristic

This characteristic gives the variation of armature terminal volage (V) with
load current {{;) for constant speed and fixed field current.

Eenerator is run at rated speed

its field winding is excited to give rated terminal voltage at no Joad

now close the switches and vary load resistance in steps.

VR E, T,

when I or fy is zemo, V= E|

as we increase o, then drop in V= (A8) + (BC) where

Af = drop in E, due w armature reaclion or armature reaction drop.
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BC =1 r, drop

{As [, increases then at cach point £, decreases duc to armature
reaction}

E, = I, (s0 ¥, alse drops due to /_r, drop)

A-R droj
- "

{Intarmal charactaristic)
)

7.16.2 Shunt Generator

These generators are frequently employed because no separate source for
excilation is required. However, the load current must be well below the
maximum current for avoiding large dips in terminal voltage.

(arma’ Food
e, M el
. Nl
8,0
e
Fig. 7.18
7.16.2.1 Noload or izati h istic

If the field winding ckt of the shunt generator is disconaccted from the
armature okt and separately excited, then the no load charactenstic with
separate excitation will not differ from that obtained with shunt exciation.

This is due to the fact that small amount of current (1 to 4% of rated)
flowing in armature has negligible effect on the main {lux.
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+ For drawing OCC for shunt generator, it is convenient to run it as a
separately excited generator.

+ Run the anmature at constant speed,

+ Now increase the field current £ in steps

Fatw (W is constant)

So, E el
E, ot eongtant
+ __ speed
W
!
/
AL
a 5 .

Flg. 7.19

7.16.2.2 External characteristic

+ Run the armature ot rated speed.

= Adjust the field current to give rated voliage at no load.

+ Now close the switch and increase load gradually {from Fig. 7.18).
for shunt generator equations are

c =R L and o= Ao

Gy wtl, =0erl =0, ¥,=F
(i} as [y or I increases then due to armature reaction £, will decrease.
Hence terminal voltage (¥, will decrease. (BC = AR drop)
(i} As/, increases then due to [ r, drop I further decreases (BA=1,r,
drop)

+ Due 1o two drops (AR drop and [, r, drop) the terminal veolage ¥, will
drop and ¥, = 1R, s0 f; will decrease due o drop in ¥, hence £,
(generated emf) will further decrease,

+ Drop in generated emf in shunt generator i more than separately
excited gencrator, in shumt generator drop in £, = B0 = BC + CD

DC = drop due to R,
BC = drop due to armature reaction

+ Hence, drop in terminal voltage is more in shunt generator (/, 8, + AR +
I,r,) than in separately excited (AR + [ r,) generator.
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}E OH = Load currant dua to
/ wollage gereraled by
e seaidual flux
- -
o »
o H b e L
Fig. 7.20

As the load resistance decreases. load current inereases and terminal
voltage drops until pont £ is reached. If the load resistance further
decreases then the current increases momentarily. This momentarily
increase i load current, produces more armature reaction thus causing
a reduction in terminal voltage and the field current. The net reduction
in terminal voltage is so large, then the load current decreases and
extermal characteristic turns hack.

In case, machine is shorteircuited, the curve terminates at point /. Here
O is the load current due to voltage generated by residual flux.,

7.16.2.3 Voltage build up in shunt generator
In o separately excited generator when armature is driven it cuts the figld flux
(b¥ separately excited winding) end generate a voltage.
In a shunt generator when the armature is driven at a speed for which
magnetization curve is given.
(1} The residual pole flux generates a small voltage oc, with zero field
current,

(2} Due o this small residual voltage oc produces a small field current od,

(3) Which in turn raises the generated voltage to de.

(4} Thas generated voltage de raises the field current w of.

(5} Further raises the gencrated voltage 1o fg.

(6} This happens until point @ is reached. The point @ is known as stable
point,

(7} Stable point @ is determined by the intersection of field resistance line
ap and the magnetization or saturation curve.
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(8} Bevond the point a, the generated emf given bY magnetization curve is
less than that required to maintain the corresponding field current (GE).

E i
" -
E,
T Fiekd
resistance
ling
(E)
Tk
B

&, B, C ara three field resistances

Fig. 7.22

(i} For magnetization curve atspeed (w) for this if the feld r
then voltage build upto ox, fis the stable point.
» Now if field resistance mncreases to 8, then the stable point is at o,
voltage is upto og. Bevond this field resistance no voltage will be
built up so 8 is known as the eritieal field resistance at speed w,
+ So eritical field resistance is the maximum resistance bevond
which no voltage will build up.
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If we decrease the specd of a DC shunt gencrator than that minimem

speed after which ao veltage will be built up, is known as eritical

speed.

7.16.2.4 Failure to voliage build up
The eauses of failure, the method of detection and the corresponding remedy

for the self excited generators are giv

7.16.3 Series Generator

These generators

neairalise the effect of line elmic drop.

7.16.3.1 No-load characteristic

+ In @ serics generator armi
resistance are connected in series, therefore the /=1, = {
load. so no lead magnetization curve can be obtained

field from its low volta

always zero. So same okt and characier

exeiting

generator

Tabla 7.1

Cause

sure winding,

soure

Method of detection

in Table 7.1

re used mainly as series boosters connected in the line o

Neld winding and load
= al no-

arately
so that arma

istic as separately excited

Remedy

. Absence of residual
magnatism  due  to
ageing

Zero raading on voltmeter
after rolating armatura,

Operate the generator as
separately excilad first and
then as a seff-axcited,

[

. Wrong field winding
connections. Due to
1his, flux gets produced
in opposite direction to
residual - flux.,  So
residual flux cancels
the main fiu,

Voltmater reading dec-
reases  rather  than
increasing s genarator is
staried,

Interchange  tha fisld

connections.

=

Figld resistance |s
mere than the critical
resislance.

Reduce the resistance of
feld clrcuil using proper
figid diverter.

4. Generalor is driven in
opposite direction.

Volimeler shows  zero
reading.
This wipes cul the residual

flux and fails 1o excite.

Drive the generator in
proper direction.

5. Speed less than the
critical speed.

Drive the generator at
more than critical speed,
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7.16.3.2 External characteristic or load character

] B—g
o Laad
o) Y .
Vi=E ~Ir.
In series motor =, = [,
At no load =00, =0,1,=0

{=0 s0 E, should be zero bul due o residual

magnetism there is some residual voltage (OC).
i) boel= =0V E
(1} Mow if 1, =1, = I increas

vesidual
s then
¥, =&, - {r, (increases from residual voltage to ')

0 wnal resistance drop /e, is added to the ordinates of corve C, the

internal characteristic shown by curve # is obtained,

NCTEASES,

No load
A charactedstc
= Intemal
- ohursctenistc

g o Lem
charactarisiic

AB —» Armature rescticn drop
BC -+ I,r, drop

o "l

Fig. 7.23
« It 1= obvious from the shape of the external characteristic that a series
eenerator is a variable voltage generator. It is therefore never used as a
veltage sowee,
7.16.4 Compound Generator

Cumulativel¥ compounded generators are more common because these can
furnish almost constant voltage from no load 10 full load.
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* Degree of compeunding can be controlled bY connecting a suitable low
resistance called diverter in parallel with the series field winding.

Applications of various t¥pes of Zeneralors

(i

(i

v

} Separately excited generators:
As a separate supply is required o excite field, the use is restricted 1o
some special applications like electroplating, electrorefining of
materials, ere,

b Shuni generalors:

Commonly used in battery charging and ordinary lighting purposes,

Series generators.

Commonly used as boosters on DC Teeders, as 2 constant current

penerators for welding generators and arc lamps.

) Cumufasively compound generators:

These are used for domestic lighting purposes and 1o transmit energy

over long distance.

Differential compound generators:

‘The use of this type of penerators is ver¥ rare and it is used for special

applications like electric arc welding.

7.17 OPERATING CHARACTERISTICS OF ADC MOTOR

In a DC motor emd () generated in the armature is ealled counter or
back emf.

For DC motors, the supply voltage is usually constent. The following
are the impoertant characteristics of DO motors:

(i} Speed-armature current characteristic
(i} Torgue-armature current characleristic.
(iii) Speed-torque characteristic.

7.17.1 DC Shunt Motor

+ ¥, terminal voltage 1s constant so flux ¢ is constant,

E, = kv,
£

W, = —=—
k0

E =¥ -1r

W AT
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w,, = —==| h¥perbolic equation

7.17.3 Compound Motor

+ A DC eompound motor has both the series and shunt windings.
S0 compound motor characteristic depends on the fact whether the
motor is cumulatively compound or differential compound.

Cumulative compound motor is capable of developing large amount of
torque al low speeds just like series motor. However, it is not having
disadvantage of series motor even at light or no load.
Differential compound motor, as two fuses oppose each other, the
resultant flux decreases as lond 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 ¥ to run with dengerously high speed. So
differemtiol compound meter s generally not used.

Vo= E vl e, v r)

Ey=da @ # 0 ) Wy

1
"
k(0 +1,)

L=hatout dal

"

V= Lo (ra t 1]

Fig. 7.31  Cumulatves

Torgue Spead Speed
Ditferantal Diflarential
T4 Series N - mt: -
[ C_umulali;: Canstant
o -7 Shunt . Shurt
Cumulalve . Cumulative
Series Serias
» [
[N T
(@} Twsl, [CILETIN (C)NwsT

Fig. 7.32  Charactenstcs of compound mokor
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7.18 APPLICATIONS OF DC MOTORS

Instead of just stating the applications, the behaviour of the various
characteristics like speed. starting torque, ete., which makes the motor more
suitable for the applications, s also stated in the Table 7.2

Table 7.2

Type of motor Characteristics Applications

Shunt Speed is fairly conslanl and medium 1) Blowers and fans
starting tongue. 2} Centrilugal and
reciprocating pumps
3) Lathe machines
4) Maching tools
§) Milling machines
6) Drilling machines
Sariss High starting torque. No load condiion | 1) Cranes
is dangerous. Vanable speed, 2} Hoists, elevatars
3) Troleys
4) Convayors
5} Electric locomolives

Cumulative High stating torque. Mo load condition 1) Rolling mills
compound is allowed, 2) Punches
3) Shears
4) Heavy planars
5) Elavators

Differential Speed increases as lad increases. Mol suitabe for any
compound praclical applications

7.19 SIGNIFICANCE OF BACK EMF

According to Lenz law induced emf opposes the main terminal voltage. so it is
referred to as counter or back emi £,
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The rotating armature generating the back emf is like a battery of emf E,

put actoss a supply mains of Fvolts, Power required to overcome this is £,/
V-E, ZN P
], = . E=¥
R, 60 A

11 speed is high, £, is high then 7, is small,

So F; avts like a governor (it makes a motor self-regulating, so thatit draws
as much current as 15 necessary).

7.20 SPEED CONTROL OF DC MOTORS
The speed of a DC motor is given by,
Wil

where, K, =a constant

F;, = back eml

=V,-IR,

& = flux per pole

¥, = applied voltage or terminal voliage

1, = armature current

R, = armature cireuit resistanee

N=w i LR

Thus the speed of a DC motor can be varied by varying the:
(i) Armature eircuit resistance 8, (known as rheostatic control ).
(11} Flux o (known as field control)
(i} Applied voltage 1.
The speed control of shunt and series motor will be discussed separately
by the above methods.

7.20.1 Speed Control of Shunt Motors
{a) Rheostatic control,
(B Fiell contral,
{¢) Variation of applied voltage.
(i} Ward-Leonard control.
(i) Modified Ward-Leonard control.
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7.20.1.1 Rheostatic control of shunt motors
Let f be the adjustable resistance placed in series with the armature as shown

3(a), then back emfis given by
E,=¥,~1,(R,+ Rl

where, I, = Armature current.

in Fig.

Fo=1R +R)

W=, A
L
L
External Resletanca Naf.
F .
& A ) T . » With Resistance R,
P ; \ " H ~ (R, =R, +R)
Laa Y .
T .
A s
— s k| Stalling current =
aQ Amature Current b,
[a) ib)
Flg. 7.33

Let ¥, be the motor speed at no load. At no load armature current 7, would
be quite small and if £ is assumed w0 be zero, then back emf would be
approximatel¥ equal to the epplicd voltage ¥,

w, =kt 2)
4]
From equation | and 2
W _Vi-L(R,+R) &
w, "
or, W= - R, +R -,
P, '_
Putting. R.+R=R,



Electomechanteal Energy Conversion 473

This shows that the speed of the motor drops linearly with the armature
current [, for a given resistance £, as shown in Fig, 7.33(h) The drop in speed

depends upon the value of &, and hence wpon the external resistance £,
There will be a load current /; for which the motor speed will be zero. This
current is known as stalling cuerent and is given by

0-::*,,[|—R—;'-1.}
L r’r

From Fig. 7.33(b) it is obvious that as the load on the motor increases the
speed drops from M, to zero in o lincor way for a given external resistance A
Power wasted in controller for load of constant torque: Smee. the external
resistanee is in series with the ammature, so full armature current flows through
it. This will result in heavy power loss in the controlling resistance.

Power input to the armature circwit = V.0,
Power converled inte the mechanical power = E,f,
= (- LR,
where, H =R +&

Power ¢ i into mech Lpower _ (V= RM,
Power input to the armature circuit F1,
%

W Lo
— [B¥ equation (3)]
w,
Assuming power loss in the armature is negligible,
Power wasted in controller = power input - power converted
Power unit

= power input [I ~ Power converled J

— i
= power inpu —-—
power inp “.J
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S
= power inpt ————
powe U I

Change of speed

= power input =
P P w,

Hence, the power wasted in controller is directly proportional to the
change in speed. If the speed N is zero, power wasted in controller would be
equal to power input as shown in Fig, 7.34.

M|
£ h With extemal resistance:
= - Raand I, remaining constant
i -
Z % .
a Speed-—» N,
Fig. 7.34

*Power wasted in controller when load connected to motor is such that the
torque varies as the square of the speed: In case of fans and centrifugal
pumps, ete., the torque varies as the square of the speed, 1e.,
Te W
T a shunt metor
Tosl,
I e W2
Let Wy be the ne load speed and T, be the maximum torgue at this speed
and the motor current at this instant be £ then

e W5

W 2
T
W,

Mo S LT (Tew- 1802003 Student
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Also, speed at no load W, = 17,
und., speed at any load M == ;.

£ _W
I i,
W
or, E,=V, —
W,
Vultage drop in the controller
V,-E,
W
=¥V,-V.—
e

Power wasted in the controller

P, = Voluge drop = Current in controller.

When, W=

Hence, the power wasted i the controller is zero, both when spead 15
cither zero or maximuwm.

i) ()]

Putting, ~=p

Po=Vor, (- - B
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For P_to be maximum

&,
dp
d s 1
. F-pr=0
or. B B -
o, -3pt=0
2
o, i 3
3
xa .
HEy
o 213N
Flg. 7.35
or,
hl
or, W= =,
B

Basics of Electrieal Engineering

N
Na
Speed -

P 2 4 3
Maximum loss in controller = VJ"'|:L§] —[?) J

= 0148077,

Hence, the maximum power loss in controller is 148 per cent of the motor
intake. The curve of power wasted is shown in Fig. 7.35. S0 when the load
connected to the motor is such that the torque varics as the squarc of the speed,
this method of controlling the speed s not very expensive.

Demerits of rheostatic method of speed control: The rheostatic method of
speed control suffers from the following demerits:
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{i} The speed of the motor changes with the change of load current, 1f the
speed of the motor is © be maintained constant when the load is
variable, the value of the extra resistance R has to be adjusted
accordingly,

(i} Speeds above normal cannot be obtained, only speed below normal are

possible,

Considerable amount of power is wasted in the controller, which lowers

the efficiency of the motor,

(iv) Costly controller with proper arrang t for heat dissipation is
required.

7.20.2 Field Control of Shunt Motors

liven by = h‘,,ﬂ.
L

The speed is

The speed is inversely proportional o the fux, 17 an extemnal resistance is
mserted in the field circwit as shown in Fig. 7,36, the field current will decrease
and so the flux will also decrease. This will result in an increase in speed of the
motor and decrease in developed torque.

BY this method, speeds above normal are obtained. This method of speed

control is very commonly used and the external resistance & is called shum

regulator,

"

[

Advantages:
(i} This is an casy and convenient methed.
(1} Itis an inexpensive method since ver¥ little power 1s wasted in the shunt
field rheostat due to relatively small field current.
{ifit The speed control By this method is independent of Toad on the machine.
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Disadvantages:

(i) Only specds higher than the normal speed can be obtained since the
total field circuil resistance cannot be decreased bevond shunt field
winding resistance.

(11} There is a limit to the maximum speed obtamable by this method.

(iii} Shunt field cannot be opened because its speed will increase 1o an
extremely high value.

7.20.3 Speed Control by Variation of Applied Voltages
The speed is given by,
- LR,
L

It an external resistance & be inserted i the suppl¥ line of the motor as
shown in Fig. 7.37 and 7 be the motor input current, then

Extemal
L resistancy
- - M

Tl [

jm| [
Ra

L, AN, v
R, |_ T

- T

Fig. 7.37

Applied voltage across motor = F - [R,

Hence, b¥ increasing R, the applied voltage across the motor would
decrease, which would resull in decrease of speed. The disadvantages of this
method are:

(i} Heavy power loss in the extemal re:

(i} Speeds above normal cannol be obtained.

ance.

The variable voltage which is fed 10 the shunt motor can also be obrained
from a separate DC generator as it would be discussed i the next chapter. This
method of speed control is ver¥ popular and is known as Ward-Leonard system
of speed control,

7.20.3.1 Ward-Leonard system of speed control of shunt motor

In this system the variable voltage for the motor M whose speed is (o be
controlled, is obtained by means of a separate generator G driven by a motor
M’ The connection diggram is shown is Fig.
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-
. .
DG Supply
+ Re‘\ne.'s‘;rg'
3 Swien |3
Starter
LeFeasl
=
2 4 \
3 | ! | =T
@ e g
4 LU | Generator T Field of Motor
= Field af M*
g v 1 - r
[ * Mator - Generator Set Matar whase
Speed is o be
Controlled

Fig. 7.38

The desired volizge across the terminals of the motor 3 can be obtained by
ingz the ficld of the generaor & The field of the motor M is cxeited by the
supply mains which remains constant. BY this s¥stem the speed of the motor
can also be controlled in reverse direction. Since, for reversing the speed of the
maotor either the field or the supply voliage across armature of the motor should
be reversed. Tn this svstem, freld remains unchanged. The supply voltage
across the motor armature terminals can be reversed by means of the reversing
switch 5. The motor will now run in the reverse direction and by adjusting the
generator field desired motor speed ean be obtained, The driving motor M ean
as well be an induction or a synchronous moter. In that ¢ase only a small DC
power is required for the field excitation of generator G and motor M.

vark

Advantages:

(i) Very fine speed control over the whole range from zero to full speed in
both dircetions is obtained.

(11} Uniform acceleration can be obtained.
(ni} Speed regulation is good.
Disadvantages:

(1} Low overall effi

ncy

(1} Costly arrangement, since two extra machines are required.
Applications: This system is commonly used in:

(i} Colliery winders.

(1} Elevators,
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shortcircuited according to the requirement, The specd of the motor is
minimum when full field is in the circuit, The speed can be increased in steps
by shorteireniting some of the series wms. method 1s usually employed
electric traction.

3 o
field
P v, v,
e Ta_
Fig. 742 Tapping of field Flo. 7.43  Field divartor

By Ficld Divertor: This method of speed control is most common, A varizhle
ance & known as divertor is placed in parallel across the series field. By
adjusting the divertor resistance any desired value of current can be passed
through it and thus the corrent through i and thos the current throwgh the ser
field ma¥ be reduced. Henee, the field flux would decrease which will result in
an increase of motor speed. BY reducing the divertor resistance the speed will
increase and vice versa. This method is wsed to give speeds above the normal.

resi

BY Armature Divertor: A variable resistance is conneeted across the
armature which is known as armature divertor as shown in Fig, 7.44, 1T the
motor is drving a constant load torque device, an¥ reduction in armature
current due w the divertor will tend o decrease the torque. Since Te 0.7, so
§ must increase 1o maintain the torque constant. Th

would result to an
increase in current form the supply which in turn would increase . Since speed

o 1 , 50 the speed will decrease. The speed can be controlled by var¥ing the
@

divertor resistance,

- - ] "
g%
: v
H Sories fiei
£
L -
L - -

Fig. 7.44 Armalure tiverior
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This method is used for obtaining specds lower than the normal speeds.

Series and parallel control of series motors: This method requires two series
motors mechanically coupled together. Consider two serics motors connected
in series as shown in Fig. 7.45

I
+
- “+ -y

e v,
-
" viz T viz "
T
Fig. 745 Series conlrol
Let ¥, = Supply voliage
I = Input current
Back emf
Then, speed e Zack emt
Flux
Since, Back emf = applied emf
and, Tlux == T
Speed (F ) o
[
T
and, Torgue (T} e 6.0
o [
o I

Series motor starter resistance: In case of & series motor the flux does not
remain constant but depends upon the motor current. Tn Fig. below the
magnetization characteristic of a series motor be shown. Let /) and 7, be the
maximum and minimum currents. Let 0, be the flux corresponding to the
current [y and @, be the flux corresponding o the current £, as shown in
Figure below.
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LY
L
"
- s
2 /
3 p
[ /
/
I i,
Currenl *

gineering

Consider two series motors connected in parallel us shown i Figure below

assuming that the supply voltage and input current remains the s
Let ¥, = Supply voltage

I = Input eurrent

|4
.
W
vl
2
I .l
r—— .-

Parallal control

]

I
1"

Now, speed W, e -

me.
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and, Torgue (7} = flux % current

Speed (V) _

Speed (1)
Henee, the speed of the set, when the two se
series is one-fourth of the speed when the motors are in parallel.

mutors are connected in

Torque(T,} I '
Torque(T,) P4
When the two series motors are in series then the torque produced is 4
times the torque produced by the motors in parallel.

*7.21 STARTING OF DC MOTORS

Need of Starter

Althe time of starting, the motor anmature is at rest and so there is no back emf.
When a full supply voltage is applied a very heavy current flows through the
armature 2t the instant of starting and the armuture windings may burn out.

R, -050 R,=060 e
v Ty b
o o —(
L
D Tl A . 220V -
(a) (b}
Flg. 7.46

Consider a § hp 220 V DC motor having an armature circuit resistance of
0.5 ohm.
57355
Full load current of the motor £, = ————
! 220

“Startinggs we nat for U R T (TEE-101 2461 ) Smdeat
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(Assuming 100% efficiency)
=16.75 A
Since, there is no back emf at the time of starting, so starting current is
given by Fig. T.46(a),

I 220
= =440 A
0

Thus, the starting current is ver¥ heavy as compared with the full load
current and hence if the protective devices fail to operate the armature is fikely
to burn and there would be pitting on the commutator sectors. Henee, the DC
motors must not be switched on to supply directly.

11 & resistance of sa¥ 10 ohms is conneeted in series with the armature m
the time of starting as shown in Fig. 7.46(h) the new starting current would be,

IH
. 20
10.5

Thus, by punting a resistance in series with the ermature, the starting

2 A

current can be limited 1o a desired value, The value of the series resistance is so
adjusted that starting current is 1.5 to 2 times the full lead current to develop
sufficient starting torque,

For tractional horsepower motors such as DC fans, additional series
resistance ma¥ not be necessary, when they are switched on. Because they have
quite large armature resistance which limits the starting current. Also their
moment of inertia is small so they readily pick vp the speed,

The starters may be classified in two categories:

(@) Manual starters.
(b} Awtomatic staricrs,

7.21.1 Manual Starters

In manual starters there is an external resistance which is inserted in series with
the armature at the time of starting which is cut-off step by step bY hand as the
mator gains speed. The use of manual stariers is limited 1o motors upto 50 hp,

7.21.2 Automatic Starters

In automatic starters, the successive sections of the slarling resistance are cut-
off by means of contactors which are actuated by electromagnets. The number
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of sections of the starting resist starters as ¢
with the manual starters, The present trend is towards increased use of
automatic starters.

Simple shunt motor starter

In Fig. 7.47, the simplest t¥pe of DC shunt motor starter is shown. [t consists of
tance which is divided into several sections and connected 10 1he
brass studs. There is a brass arc which is connected to the shunt field as shown.
To start the motor the DC supply is switched on. The handle is moved, as soon
as it comes in contael with stud |, the entire resistance is inserted in the

Handle  Stating Resstinos
/

St

+a e
D supply

Flg. 7.47

armature cireuit. The motor speeds up and this resistance is completely eut-ofl’
m steps, Such a starter 4 quite alright from the viewpoint of starting, but the
use:

following are the chief ohjections for
{a) If the supply breaks when the motor is running, the motor will come to
rest and the handle will remain in its on position, 17 the supply is
restored again, the full voltage will be applicd across the armature
terminals which will result in burning of the armature winding.

(b} There is ne protective device fitted on the starter 1o break the circuit of
the motor at the time of overlead. This may also result in the burning of
armature.

Three-point shunt motor starier with no-voll and overload protections

In Fig. 7.48, a three-point shunt motoer starter with no volt and overload coils is
shown,
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mator is running, The electromagnet of the overload release is designed in such
away that it cannot attract the soft iron piece M upto its full load curremt. When
the motor is overloaded. the input current becomes preater than the full load
current and M gets attracted and shorteircnits the no-volt coil. This is achieved
b¥ connecting the ends of the coil of the no-velt release to two brass terminals
1 and 2 as shown by dotted ling in the Fig. 7.48. As soon as M is attracied, the
terminals 1 and 2 get electrically connected and the field current does not pass
through the no-volt coil, but completes its path through the shorted studs, The
clectromagnet of the no-volt release gets demagnetized and hence the arm
returns o the off-position. Thus, the motor is automatically safe-
agamst the overload current. In some starters, the setting of the sofi iron prece
M is adjustable Tor two or three values of overload currents. In that case, the
soft iron picee M may be set according to the requirement.

Precantion: The hendle should be moved slowly so as to enable the motor to
gain speed. IF the handle is suddenly moved from off to on position, the
armature of the motor is likely to be bumnt,

Four-point shunt motor starter

For & variable speed motor, # three-point stzrier is oot suitable because in that
case the ficld current will var¥ sufficiently. The no-volt coil may be strongly
magnetized at higher values of the feld current and weakly magnetized an the
lower values. In some cases the handle may jump back to *off” position during
normal running due fo weak magnetization of the no-volt coil. To overcome
this difficulty. a four-point starter is used as shown in Fig. 7.49.

This starter is similar o a 3-point starter in construction, except that the
no-volt coil has high resistance and is conneeted directly across the line, When
the supply fails, the no-valt conl demagnetizes and permits the arm to return
back to *ofl” position.

Disadvantage:
The advantage of "No-field release” is saerificed in a four-point starter.

Starter 5 and 6 i shorteircuited and finally when the contraller is atsiud 35,
the entire starting resistance is shorteircuned. Thus, for controlling the speed
of the motor the controller may be kept on any of the studs. Similarly, when the
contect is with stud 1 on the left, the direction of current through the armature
will reverse, whereas the direction of current remains same in the field. As a
result of this, the motor will run in the reverse direction. The speed of the
motor will be maximum when the controller is a1 swd 5 ie., when entire
starting resistance is shortcireuited,
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> Stanting resistancs
% —

+ -
DT supply

Fig. 7.50

.~ Slarting resistarce

on
-
Na load .
. relonse O,
§ - ;’")"-
N 7
W — -
.. .
DC Supply
Flg. 7.51

*7.22 BRAKING OF DC MOTORS

The following three methods are employed for quickly stopping of DC motors.,
{a) Dynamic braking.
(b} Regenerative braking,
{¢) Plugging braking.

7.22.1 Dynamic Braking

In case of electric mams, rolling mills, hoists, etc., the inertia of the moving
foad ma¥ be utilized v driving the motor as a generator during the retarding

Mo dor LT Ter 1000281 Stuident
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period. A resistor is connected across the armature which dissipates the cnerg¥
30 produced and automatically puts braking action, The controlling switches
should be so arranged that when the braking resistor is connected across the
armature the field winding gets sufficient current to maintain the field at its full
or even somewhat greater strength, In case of a shumt motor there is no
diliculty and it would act as a generator without an¥ change in the connections
of the field winding with the supply. But in case of a series motor with current
fimiting resistor across the supply during the braking period as shown in
Fig. 7.54. This mcthod of quickly stopping the DC motors is called dynamic
braking.

4
- Sores fiald !
A .
Currant irmiling
- resistor
-
2
+ N Braking reslstor
.
1

Fig. 7.54

Conteets 1 and 4 are closed and 2 and 3 are opened during the normal
running of the motors, When the metor has to be quickly stopped contacts 1
and 4 arc opened and 2 and 3 sre closed as shown in Fig. 7.54. The series ficld
of the metor, thus, gets power for its excilation from the supply mains and also
from the generated emf of the machine as it is being driven in the same
direction bY its inertia during braking, The generated energ is dissipated in the
braking resistor.

7.22.2 Regenerative Braking

This is a modified form of dynamic braking in which the energy stored in the
maoving s¥stem is delivered back to the supply circuit instead of being
consumed in a resistor. Thus, it would relieve a part of power from the syst
load. This may be used when electrie treins moving down the slope.

7.22.3 Plugging

When the power is applied in the reverse direction before a motor has fully
stopped is called plugging, This is used when a motor has to be stopped quick]y
and then immediately reversed as in case of rolling mill service.
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Field current fp=1.64 Amp
Rottional fosses = 540 W
Armature resistance r, = (L1535 £}

(i} Armature induced emf
E,=V,+1r,
E, =250+ (I + D,
10,000

= 1 350 A Amp, [, 164 Amp

£ = 2500+ (40 = Ledpils
E, =256, 25 volt

(i} Torgue is developed from the electromagnetic power (£,1),

EJ, =T, m
r= EJ, _ 25625x41.64
« P 71 o
=
1]
10670

= ———— = 1118 Nm
1K( 1004 )
L en
Output
Input

Efficiency n =

Output = 10 kW
Input = Qutput + Losses
b Armature Tosses + Field losses
1+ V1 =540+ (41.64) % 0,15+ 250 x 164

Losses = Fioiona
= Frotational ~

=540 =260 +410= 1210 W
Input = 10,000 + 1210 = [1,210 Wan

_ 10,000

——— =892
11.210

n=-89.2%/
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Example 41 The full load current of a 240 V shunt generater is 200 A. The
resistance of the shunt field is 60 ohms and its Tull load efficiency is 90%. The
stra¥ losses are 800 W. Find (a) armature resistance, (b) load current
corresponding 10 maximum efficiency,

Solution:

(a) Output = 240 % 200
= 48,000 W

Output

Efficiency = nu

nput

44, 000

Input = = 53330 W
e

Total loss = 33,330 - 48,000 = 3,330 W
240
&= Shumt field current = w0 -4 A

A, 200+ 4 - 204 A
Shunt copper loss frzj'l. =4% w60

=960 W

Stray losses = 800 W {lron + friction losses)

Constant losses = 960 + 800 = 1760 W
Armature copper loss = 5,330 — 1760 = 3,570 W
IR, = 3570 W

_ 3570

. — = {L0R58 ohm
o2

(b} For maximum efficiency
.f,f.R,r = Constant losses = 1760 W

=1432 A

Example 5: A 200 V shunt generator delivers a current of 504, The
armature and shunt field resistances are 0.1 ohm and 100 ohms, respectively,
The core and friction losses sre 500 W, Find:

{a) Induced emf



Electomechanteal Energy Conversion

(b} BILE of the prime mover
{c} Commercial, electrical and mechanicel efficiencies.

Solution:
{a) Shunt feld current I |2:fr; 2A
Armature current l=1,+f
=2+50=32A
Induced emf =V, +L.R,

=200+ 52 x40.1
= 205.2 volts  Ans.
(b} Armature copper loss =I12R,= 5% 0.0 =270 W
Shunt ficld copper loss = J'\i R = 20 100 = 400 W
Stray losses = 500 W
Toeial losses = 270+ 400 + 500 = 1170 W
Output = 200 » 30 = 10,000 W
[nput = 10,000 + 1,170 = 11,170 W

1L170

B.H.P. of the prime mover = —— = 15.2 H.P. {metric)
735.5
. . Output
i€ Commercial efficiency el
Input
10,000 =100 = §9.5%,
1,170

Electrical power developed = E T, = 205.2 % 52 = 10670.4 wa

Mechanical efficiency =

1
II?'G 0 w L00 = 95.5%

70

10,
Electrical efficiency = |

497



500 Basics of Electrical Engineering

Pl = 2240 want
Py = 14920 + 2240 = 17,160 watt
14,920
n=
17,160

= 0869 = §6.9%

= 124 Nem

. Shalt power 14920
(v) Shaft torque - - - —

W 120

S0 the difTerence between shaft torque and electromagnetic torgue is the
amount needed to overcome the rotational losses.
Example 7:  For the above problem, if the shaft lead or lead wrque remains
fixed and field flux 15 reduced to 30% of it value bY means of the field
rheostat. Find the new operaling speed.
Solution:  New flux = 0.8, =0.8¢ (il =)

Load torque 1s consiant = o[, = const

Oadir = i dy

of, _ 10
__Fo”
086 8

1]
f2= ]8 %73 =913 Amp.

E,=xdw

Ey = 2163 volt, Ny = 1150 rpm
Ep=V,=lgr,

=230 - 9L.3{0.150) = 2128 volt

—] L1530 = 1414 rpm
0.8
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Example 8: A 250 W, DC shunt machine has armature and shunt ficld
resistances of 0.1 ohm and 125 ohms, respectively. As a generator, it delivers
20 Kw at 230 V when running a1 1000 rpm.
Calculate:
{a) The speed of the same machine when running as a shunt motor and
taking 20 Kw at 250 V.
{b) The internal power developed when working as a:
(1) generator delivering 20 KW,
(i) motor taking 20 kW,

Solutior As Generator

COutpul current

.
L= 2000 ga
T

5
Ly= o2 =24

Induged emf

E,=V,+ IR,
=250 + 82 = 0.1
= 2582V
|
< - S
lag " 4L
-
-
i 50V 250V
125
\".
T x
As generator As meter
As motor
20 10°
i= —l =80 A

250
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=Bl
2422x78

= e T W
1000 ,

=189 kW

walls,

Example 91 A 4 pole 230 V lap wound shunt motor takes a current of 32 A
from the supply mains, The total number of conductors in armature is 600 and
shunt field resistance 15 115 ohms. The airgap diameter is 30 cm ond effective
fength ol pole is 20 cm, and the average Mux density in the airgap is 4100 guass.
Determine the torque developed in the motor.

Solution:  Given

=4
¥,= 230V
5= 51A
Z =600
R,=1150Q
Adrgap dia. d=30em=03m {1 guss = 10 whim®)

Effective leagth of pole /, = 20 em = 0.3 m
B = 4100 guass = 4100 10 whim® = 0/41 whim’

230
Shunt field current [, = — =2/
: 1135
2 Armature current,
I=1-1,
=52-2
04

wd
Tole area = - x I
n

= %30 x20= Ol)-‘ﬂ w
Flux per pole = Pole area = average flux density
006w
T
=(0.0193 wh

Al
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$0Z1,
nd

Form eqn. torque developed, 7= Nemo (P = A lap widg)

[E]

00193 3 600 x 50
N 2n

Ixl93 579
= — = MNem
In 6.28

=42 Nw-m Ans.
Example 10: A 6 pole DC machine has 400 conductors and each conductor
is capable of carr¥ing BOA. Flux/pole is 0.020 Wb and the machine is driven at
LR00 rpm. Caleulate:
(i} Total curremt
(i} emf
{iii} Power developed in armature and electromagnetic torque if conductors
are:
() Wave connected
(b) Lap connected

Solution:  Given data

Pole =6
Tolal conductors  Z = 400
Flux per pole G = 0020 Wh
Speed N= 1800 rpm

{a) For wave connected
A = parallel paths = 2
Total current I, = Current per conductor = A
=80x 2= 160 Amp

. . ANFP
emf S e
60 A4
720V
Power developed in armature = £ 4, = 720 % 160 = 1152 Kw

115,200
T
]

=611.46 Nm
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(b} For lap connected
A=r
Total current £, =80 % 6 =480 Amp
_QENP

Emf E, =
bt A

0jo20 xdj}o’xj.;:wxﬁ
P
Power developed in armature = £/,
= 480 = 240

=240 Vol

= 1152 Kw (same as before)

=611.46 N-m

= DU machine rating in terms of electromagnetic power and internal
torque remains unaltered whether the armature winding is lap or wave
connected.
Example 11: A 20 kW compound generator works on full load with a
terminal voltage of 250 voles, The armature, series and shunt windings have
resistances of 0L05, 0.025 and 100 ohms, respectively, Calculate the total em{
generated in the armature when the machine is connected as short shunt.

Solution:

< Load
= rasistance

ER,=1000

Ly L]
0055

5= 20 1000 — 30 A
250
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Voltage drep in serics winding = 802 0,025 =2V

Voltage across the shunt field winding = 250+ 2 =252V

Shunt field current £, = —— =252 A

L=l + =252 + B0 =8252 A
Armature resistance drop
I,r,=82.52%0.05
- 4126V

=¥+l thr,

E,

=250 +4.126+2
256.126 Volis

The generated emf

Example 12: A 4-pole, wave wound, 750 rpm, shunt generator has armature
and eld nees of 0.4 £ and 200 Q, respectively. The armature has 720
conductors and the flux per pole 18 2.895 mega lines. 1F load resistance 1s 10 €3,
determine the terminal voltage of the machine.

T,
- - e
L L
=1 - £
00 00
sV “
{ 10 20
4,020
| i ]
Solution:
Giiven, P=4
A=2
Z="T20

N=750rpm

& =2.895 % 10" lines
= 2895 % 10 % 10°F Wh
=2.895 % 10 Wh
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The armature voltage drop, [/, =44 x 0.1 =44V

Brushdrop=2x1=2V

The total emf, generated = 22 + 4.4 + 2 = 2264 volis
Example 14: A shunt gencrator has a [ull load current of 196 A at 220 V. The
stral¥ losses are 720 watts and the shunt field coil resistance is 55 42, 1t has a full
foad efficiency of 88%, find the armature resistance. Also find the load current
corresponding to maximum efficiency.

Output = 220 196 = 43,120 waus (V1)

Solution:

output 43,120
efliciency 0.88
The total lesses = 49,000 — 43,120 = 5880 W

Electrical input = = 40,000 W

{,= Shunt field current = =4 A

Armature current £, = 196 + 4 = 220 A

Shunt field copper loss = 220 x4 = 880 W

Stray losses = 720 W

The conatant losses = RRO -+ 720 = 1600 W

Armature copper loss = S8R0 — 1600 = 4280 W
I1R, = 4280

=107 £2

_ 4280
(2005

For maximum efficiency f..: R, = Constant losses = 1600 watls

=112.3 A

Example 15: A 230V, DC shunt motor takes an armature current of 3.33 A
at rated voltage and at a no-load speed of 1000 mpm. The resistance of the
armature circuit and ficld eirewit are respectively 0.3 £ and 160 £ The line
current at full load and rated voltage is 40 A, Calculate the full load speed if the
armature reaction weakens the no-load Mux by 4%,

Solution: Al no-load, the counter emf'is,
E Voo By vy

=230-333x05=220V
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230
Field current, I= % =144 A

At full load, la=1, ~[=40 - 1,44 = 3856 A
Counter emf at full load = £, = 230 - 3562 0.3 = 21843V
At full load the field flux, ¢, = 0.96 ¢, (given)

Ly _ oM
£,
Ny= oy %N
PR T
L L U TR

229 0.96¢,
W, =994 rpm

Example 16: A 250V, 4 pole, shunt motor has two circuit armature windings
with 500 conductors. The armature circuit resistance is 0,23 £, field resistance
ts 123 Qand the flux per pole is 0.02 Wh. Armature reaction is neglected. if the
motor draws 14 A from the mains, then compute,

(i} Speed and the internal (Lotal or gross) torque developed

{ii} The shaft power, shaft torgque and efficiency with rotational losses equal

1o 300 wants,

Solution: P =4, Z=500, 5, = 02500 r= 125 Qand /= 0,02 Wh: 4 = 2

. - 250
Constant shunt field current =
125
(i} The armature current f=14-2=124
Counter eml, E=V,-Lr

=230-12x025=247V

Using the relation,

247 % 2 60

= =T =74l rpm
S00x4x0.02
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Electromagnetic power Po=E L =247x12
= 1064 walls

P 2
Internal torque developed = —= 2964 _
2aN/60
N
= 264560 _ 35 197N
2w 741
(i1} Shaft power, P =P - Rowtionl losses

= 2964 — 300 = 2664 walls

.
Shaft worque — 268460 3433 Nm
Imx 741

e Output at the shafl
Efficiency = m
1
20664
250 =14

w100 = Th.1%

Example 17: A 200 V DC shunt motor takes 22 A at rated voltage and runs
at 1000 rpm. Bis feld resistance s 100 £ and armature eircuit resistance
{including brushes) s 0.1 £, Compute the value of edditional resistance
required in the armature circuit to reduce the speed w 80 rpm when
(i} the load wique is independent speed (as in a reciprocating pump)

(i} the load torgue is proportional to speed

{ai} the load torque varies as square of the speed (as i a fan motor)

(iv) the load wrque increases as the cube of speed

Selution:  Constant field current,

200
- =2 A

1

Armature current, [, =222 =20 A

The speed is te be controlled from 1000 1o 800 rpm bY armature resistance
control method.

(i} Since, load torque is independent of speed, the torque is constant at both

speeds,

Tty £y o 0a ),
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Byl =l
or, Iy =12 = 20 A (since. dy = )
AU 1000 rpm, the counteremf=£_, =¥, -1, r,
=200 - 20(0.1)= 198 V

At 800 rpm, the counter emf E = 1, - 20 (0.1 + R,) where, £, is the
additional resistance mserted.

E, . N, N,
Now, —i - E_\‘ -

L

R00 200 - 20¢01+ R )
ar, -

10HH) IR
Solving the above equation

R,=1980

{Loss in &/, = (20)° x 1,98 = 792 watts)
(1} Here, load torque 7, = N
But the electromagnetic torque T, = k &1,

gyl =N,
Kty = Ny
I, N
e e =
T Ny
ar, 1.=20 [ S0 ] 16 A
- 1000
Now, E,= 20016001+ R )oand £, = 198V
E,, _ 200-16{0.1+R) _ 800
E, 198 L]

Solving the above we pet,
R,=250
{Loss in &, = (167 {2.5) = 640 watis)
{iii} The load torque in this case, T, = N7 = of,
Using similar approach, the value #_ is found 1o be 3.15 O
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The equation {4) will be

238 1,
M8-057, 30

TI40= 2481, — 0517

496 f, + 14280 =0

] 496 £ ({496 4% 142800

or,

30,7 or 4653

Sinee, 4653 A is too high as this makes £, very very small, not scceptable

of increase is special

1, =307 A
From equation (1}

9 _

LI P

20
= —— 0, =0.6517 ¢,
T o

iy % 100

The flux to be reduced w

= 34.8% of main flux.
Example 21: A 10 kW, & pole DC generator develops an emf of 200 V a1
1300 rpm. The armature bas a fap connected winding, The average fux density
over a pole pitch is 009 tesla, The length and diameter of the armature are
0.25 m and 0.2 m, respectively, Caleulate:
{a) the flux per pole,
(b} the total number of sctive conductors in the armature and

{e) the torque developed by the machine when armature supplies a current
of 50A. |GATE]
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Solution:  Rating of DC geperator = 10 kW
Mool poles = 6
Induced emf £, =200V
RPM = 1500
Generator is lap connected.
Average flux density over a pole pitch = 0.9 tesla = (.9 Whim®
Length of armature = 0.25 m
Duameter of armature = 0.2 m

Tole pitch is defined as the periphery of the armature divided by the
number of poles or the area of armature between two adjacent poles,

Area of armature = 2rr x|

0.2
—zxnxTxtLES

0157w’

Flux per pole
Area of armature between two poles

Flux density over one pole priich =

{a) . Flux per pole = Flux density = Area of armature
=09 %0157
={L1413 Wh

FAY P

(b} Induced emf = ¢ﬁ_ﬂ x ]

SN

a0

Since, it is lap conneeted £,
d=r

C6xE, 60200
oxN 01413 1500

=56

Total number of active conductors = 56

() Armature current =50 A
E, =200V
Power developed = %,

200 30 = 10 kW
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- Power
s, Torgue developed = T here, A is in rpm.

6l

LEILE

1500
lamx

= 63.60 Nm

Example 22: A shunt wound motor runs at 600 rpm from a 230V supply
when taking a line current of 54 A lts armature and field resistances are 0.4 02
104.5 €3, respectively. Neglecting the effects of armature reaction and allowing
2V brush drop, calenlate (i) The no-load speed if no-load line current is § A
(ii) The resistance 1o be placed in the armature eircuit in order to reduce the
speed to 300 rpm when the motor is taking a line current of 50 A,
(iif) Percentage reduction of flux/pole in order tht the speed may be 750 rpm
when the armature current is 30 A with no added resistance in the armature
circuit, [CSE]

Solution:  Here, N, =600 rpm V =230V, [, =50 A
R, =040, 8= 10450, Brush drop =2V,
(i} No-load line current 7, =5 A
From the disgram [, = {; —

@

%

=50- ﬂ =478 A
104.5
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£, = V-1, R, brush drop
=230 - (478 x04) -2
20888 V

£y, = V-1, R, - brush drop

230
230—|:5 ] w4 -2

T 1045

=226.88 V
E. N,
E,
E,

Ny =
E,
22

2. Speed at no-load = 22688 * 600
208.88

= 6517 rpm
As may be expeeted from a shunt motor’s speed current curve no-load
speed is slightly higher than loaded speed.

{ii} Ny = 500 1pm, 7, = 50 A

We know E, - 20888 V.

¥
E, =V ‘ 1, - 2 :| ® (R, = K.}~ brush drop
L ¥

E, =230 SU—& (a+& ) 2
o as| e T

E, =228 - 47804 + R, )

N, .
Also, E = —xFk
b N, H

_ 500

— x ZOREE = 7407V
600 !
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04+ R 5=174.07
“ 47.8
=1.128
Additional resistance = R, = 1,128 - 0.4
=0.728 {2

(i} Ny =750rpm, /=30 A

-

=208.88 V
EJ\-_ =230 (30 =04y -2
=216V
206 600
, = H— %
9= Sosss ¥ 0 <M
s = 0,827

1-0.827
% reduction = ;ql, x 100
°_|
17.3%

Example 23: A 230V DC shunt motor has an armature circuit resistance (r,)
of 0.4 £ and Oeld ce (r) of 115 L. The motor drives a constant load
torque and takes an armature current of 20 A at 800 rpm. £ the motor speed is
to be raised from 800 10 1000 rpm, find the resistance that must be inserted in
field circuit for increasing the speed

Solution:  Let the back em@at 800 rpm be £, and at 1000 rpm be £,

By koN i
B, kO, N,
E,=V,-1r,
| N,
. L 4N, o

Vi=ln, N
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Example 24: A 250 V DC shunt motor has an armature resistance of 0,5 £
and a field resistance of 250 £2 when driving a constant load torque at 600 rpm
the motor draws 21 A, What will be the rew speed of the motor if an addiional
250 £2 resistance is inserted in the field eireuit? (GATE-1988)

Solution:

g, F-ln

=-— A1)
R
Given, 1, =250V, v, =050 r=2500
5= ﬁ =1 Amp at 600 rpm
I, =1~ 1y =21 -1 = 20 amp at 600 rpm
Let the armature current al speed N is £, for constant load torque
[T A
1
L= =300
) L1 500
= = =—=3
[ PR 230
= jr||. =
from equation (1}
LAl 1 o _,
koyN,  V-l.r, 0,

2600 250 - 20 x0.5

Ny 250 - 40 x 0.5

N, = zx:ﬁ‘% S0 rpm Ans.
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SOLVED PROBLEMS ON DC SERIES MACHINE

Example 26:  What is a booster?

Solution: 1015 5 series generator and is vsed to inject its voltage into a circuit
to compensate for a drop of voltage in the eireuit. There is a drop of feeder due
to its resistance. Since this voltage drop in a feeder is proportional to the
current so the voltage which is injected by the booster should also be
proportional 10 1he current booster is driven at a constant speed by shunt motor,

Example 27t A 200 V DC motor has an armature resistance of 0.06 €2 and
series field resistance of 0.04 L2 IF the motor input is 20 kW, find (a) connter
emf of motor {b) Power developed in armature.

r, = 004103
2+
Ly
0.060
W,
+)E,
Solution:
20,000
I = = 10D Amp
200
{a) Ey= V= LR, = 1)
2000 100 (0.06 + 0,04)

= 190 Vol
(b} Power developed in armature £, = F, /,
Fo= 190 % 100 watts
£ =1%kw

Example 28:  The induced emf in the linear region of a series generator is
given £, = 120 Volt, Generator has £, = 0.03 €2 and R, = (.02 €2, 1t is used as
a boaster between a 240V station bus-bar and a feeder of 0,25 €2 resistance,
Calculate the voltage between the far end of the feeder and the bus-bar at a
current of 300 AL

Solution:  Voltage drop across R . &, and feeder is
V=300 (0.02 + 0.03 4 0.25) =00 V
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Henee, the voltage between far end and the bus bar is
Vo= 240+ 120 - 90 = 270 Volis

The net increase of 30V may be beyond the desired limit the placement of
field diverter resistance may be necessary to regulate the far-end terminal
vollage.
Example 29: A DC series motor having a resistance of 1 €2 between
terrinals runs at a speed of 800 rpm at 200V with a current of' | ind the
speed at which it will run when conneeted in series with a 3 € resistance taking
the same current at the same supply voltage.
Sal Given &, =10, N=800rpm, [, =15 Amp

E, =backemf=V, - [ R,

£, =200 - 151 = 185 valt
When § L2 resistance (B,) is inserted, then K, be the back emf.
E, =V~ I, (R, +R)

=200 - 15(5+ 1)= 110 Voht
Sinee, the field current is same in both the cases, so we have ¢ = 9,

E,
= L
E,,
E,
= Ny = — LN
E,
110

= —— KO = 476 rpm
15 w

Example 30: A serics motor develops 5 hp (metric) at 100 rpm. when taking
a current of 300 A, Find the starting torque in nw-metres, if the starting current
is limited o 45 A, Assume that the flux is propertional 1o the current and
neglect the armature reaction.

IRNT

Solation:  HP developed in watts = o0
il

Where, &= speed in rpm.
T = torque in nw-metrcs.
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Fe hp i Watts) = 60
In=N
4 S T35S x60
or, ="

2w 1000

= 35.1 nw-metres,

Larue = f__?

Starting torgue T, (Starting current)
T I?
or, T =3521x (ﬂ]
30

=792 nw-m Ans.

525

Example 31: A series motor whose combined resistance of armature and

field eircuit 15 (L1 ohm is connected across

230V supply mains, The armature

takes 100 A and its speed is 1000 rpm. Find the speed when the armature takes

200 A and flux being increased by 20%,

Solution:
E, =0 N
(V= 1, R e 0y N,
and, (V= 1, B ety
V-l R,
o =1L R

Vo=l fy 0N,

Here, V, = 2300V, 1, = 100 A, £, =200 A, V)= 1000,
R,=00Qand g, = 1.2 ¢,

23010001 _ ¢, * 1000
230 =200 = 0.1 1.2, % N,
o 1000 210
Na e
- 1.2 20

795 rpm Ans.
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Example 32: A 250 V series motor takes 20 A and runs at 1000 rpm. The
maotor has 4 poles and the resistance of the field coil on each pole is 0,05 ohn
and the armature has a resistance of 0.2 ohun. Find the speed at which the motor
runs while developing the same torque with:

{a) 10 ohms rezistance parallel with the armature

(b} 0.5 ohm divertor resistance in parallel with the series feld
Assume unsaturated magnetic circuit.

Solution:
Armature resistance R, = 0.2 42

Series field resistance A, =4 2 0,05 (as all field corls placed on poles
are connected in series)
=028
Resistance of the mowr - =8, + &,
=0.2+02
=040

Back emi of the motor while taking 20 A current,
E, =250-20x04
=242V
Torque, Tye= @, =,

Since, the magnetic circuit of the motor is unsaturated, fex would be
directly proportional 1o the field current.

¥y e 200% 20,
1’ :
vl
00 s /0
T

{a) 10 ohms resistance in parnllel with the armature
Let § be the input current. Drop in series held = 0.2 7
Voltage across the armature terminals = 230 - 0.2

250=-027
1

2o Current in 10 £2 resistance =
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Armaturc current

[ g 2002
“ 10
_ 1027 -250
10
Torque developed,
Ty,
0.2/ - 250
w p 1021250
10
Since, the torque developed in two cases 1s equal,
=1
0.2/ 250
ar I 10.27 =250 400

10

or L0 257 4000

25~ 625 - 1632
2.04

ar I=-

25-47.6
204
=353 A
The other value of f being negative has been ignored.
, _ 102x353-250
y 10
=11 A
Back emf developed

E,, =200 11 x0.2

=24TRV
Again. Ey =030,

e 353N,
and, Ey om0 N

oe 200 1044



528

Basics of Electrieal Engineering
E, _ 353w,
Ey, 201000

TR 353N,
242 20 1000

o M7E 20x1000
Ny = ¥ —
T4z 353
=580 rpm  Ans,

(b} 0.5 ohm diverter resisiance:
Let Ibe the input current in this case
Current in field winding

_ s /
0.5+0.2

5
==
7
+
+a
28
A
a5 L 250 v
22 0z N
T
¥
- Torque Tye g,
5
< — 1.1
"7
5
s
"7
Since, Ty=T

5.
or, = 7 =400
7



Electromechanical Evergy Conversion 529

7 X400
ar, I=

Y s
=238 A

£y, =250 -236%02
= 24528

also, Ey e 04N

w169 N,
and, £y e 200 1000
E, _ 169N,
£ 201000
24528 169N,
42 202 1000
Ny = 1200 tpin

Example 33: A 230 V DC series motor develops its rated output at 1500 rpm
while taking 20 A. Armature and serics field resistances are 0.3 Q and 0.2 02
respectively. Determine the resistance that must be added to obtain rated
targue:

() atstarting

() at 1000 pm
Solution:  For scrics motor ¢ e [,
50 T, e 0}
rated armature current J, = 20 A

{a) atstasting £; = Oand V=1, (r,+r =R}
Vo= dgfn +r) _ 230-20%05 _ 220

! 20 20

al

R =

e

R =1Q
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(b} for developing rated torque at 1000 rpm
Lo =1,y =20 amp
B _
E,

N, 1000
o N, 1500

)

1000 F =1 (r, +r,+R,)

1500 ¥l +r,)

NI

=1, (rated wrgue)

230-20x(0.5) xR,
230 - 20 {0.5) 220

=3.667

COMPOUND MACHINE

Example 34t The armature series feld and shunt Held resistances are 0.06,
0.04 and 25 €2, respectively of a 110V compound generator. The generator
supplies a load current of 100 A, Find the totzl emf and armature current when
the machine is connected as:

{a) long shunt compound generator

(b} short shunt compound generator

Solution:
Long shunt Short shunt
“+ - =
W r, 0040 || =100A + W, MwSDDAGR ) 21004

BT = .
Fr=0080 -
. qi i

| =10

V=10V (R
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Example 36:  The full load sutput of a 250V long shunt compeund generator
i5 150 A The core loss at full load is [200W, and mechanical losses are 800 W,
The resistance of various windings of the machine are armature including
brush comtact 0.08 £, shumt field 62,5 €2; seres field 0.03 £2 and imterpole
field 0.02 . Caleulate:

{a) Constant losses

(b} Full load efticiency of the machine

Solution:
{a) Output = 250 % 150 = 37,500 W
- 250
Shunt ficld current 1, = -4
. 62.5
Armature current I=150+4 =134 A,

Total armature circuit resistonce
008+ 0.03 +0.02=0.13 0
Armature cireuit copper loss = {154)° % 0.13

= 3080 W
Shunt ficld copper loss = 250% 4 = 1,000 W
Core loss 1,200 W
Mechanical Tosses = B0 W
Constant losses = 1000+ 1200 + 500 = 3000 W Ans.

(b} Total losses = 3080 + 3000 = 6080 W
Tnput =37,500 + 6080 = 43 580 W
37.500
0= 3,550 x [0M) = 86%  Ans.

Example 372 The wtal core loss ina 50 kW, 230 V DC machine al its rated
speed and ¢ ion is 3000 W, 1f the excitation remains the same but the
speed is reduced to half rated speed. the total core loss is 2000 W, Caleulate the
hyster and eddy current losses at (a) full speed {b) 123% of the full speed.

Solution:  Since, the exeitation remuins unchanged so the flux density
remains the same, so

hysteresis loss Wy e N

and eddy current loss e o= A°
or, Wy = AN
and, W, = BN

where 4 and & are constant.
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Total core loss at rated speed and exeitation would be,
W=+,
or 5000 = 4N+ AN A1)
When the speed is reduced to half rated speed, then
2000 = A4(0.5 N} + B{0.5 NY
or 2000 = 0.5 AN + 0.25 8N° i)
Multipl¥ing {i) by 0.5
2500 = 0.5 AN +0.5 882 . if)
Subtracting (i1} from {iii)
500 = 0.25 By°
S(H

NT =
i 0.25

= 2000 W,

From {i)
AN = 5000 - BN?
= SO0 — 2000 = 3000 W
{2) Hence, at full speed
¥, = 3000 W
and, I, = 2000 W
(b Ar 123% of full speed
Wy =A(1.23 M)
= 1.25 % 3000 = 3750 W
and, W, = B(1.25 Ny
= 1.25% % 2000 = 3125 W

Example 38 A 215V DC machine has an armature resistance of 0.4 £2. 10is
suppl¥ing 5 kW as a generator when run at 100 rpm and 15 excited to give a
terminal voltage of 215 volts. At what speed would it run as a moto fed
the same terminal voltage draws the same armature current but the flux/pole is
increased by 10%,7

Solation: A5 generator

_ Sxlo00
ol 215
E, =215+ 04 %2326 =243V

“ay

1

b

326 A
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As @ motar

12

w

al

wn

-1

o

. State the principle of conversion of energ¥ and appl

. How the magnetic characte

LT

=215-04x2326=205TV

BupNon

: iy, = 1.1, ziven)
[T L

1000 2243
e =

1
11 . 2057
N, 8Mrpm  Ans.

EXERCISE

it 1o an electrical
.

motor as an ¢lectromechanical energy conversion de

. What is magnetic characteristic of a DC machine? How it can be

expressed in terms of field current and induced emf? Why then
magnetic characteristic [or decreasing field current lies sbove than that
tor inereasing field? Explain fully,

stic of a separately excited generator are
determined experimentally? What would be the effect of speed on the

magnetic charcteristic?

Explain in detail how o DC shunt generator builds up a vollage. What
limits the voltage 1o which the machine can build up?

A shunt generator, when driven at its normal speed fails 1o self excite.
Discuss the reason for this and state how will You rectify the fault.

. Explain why does the terminal voltage rise in a series generator with the

increasing load. How this characteristic is utilized 1o boost the feeder
voleage?

Giive three reasons why the voliage of a shunt generator dropr when load
is applicd. Why the three effeets are comulative? 1f the load goes on
increasing, why does the load characieristic tums over? Why there are
two values of critical resistance for a shunt gencrator?

What s the effect of saturation on the load characteristic of a shunt
penerator? Explain why saturation is essential for the stable operation of
u shunt generator.
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. Enumerate the losses oceurring in a DC machin
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. Explain that for a DC motor the armature circuit method of speed

contral is called a constant torque drive while field-flux method is
called a constam power deive.

Which of these losses
1

are (i) Constant (i} Proportional to current (i) Proportional to cur
squared.

. Discuss how power input and motor torque get adjusted automatical ly

as load on the shalt of the shunt series and cummulative compound
motor verges,

. A DC shunt motor is running at a certain speed. Discuss the effect on the

speed of this motor if its:
(i) line voltage is reduced to half,

(i) armature terminal voltage is reduced to half but its field current is
kept constant; and

(iii) Field current is reduced to half but its armature terminal voltage is
fixed.

Deseribe with cirenit diagram the working of an automatic starter. How

}

is it

What are the factors which control the speed of a DC motor? Compare
amd contrast them,

over a hand o | starter?

. Explain how the speed of a shumt motor may be varied both below and

above the normal speed.

What is meant by ‘Rheostatic control” and “Flux contral® Methods?
Compare and contrast their merits and demerits.

Derive expressions of the power wasted in controller when the load is of
() Constant torgue (b) Torgue varying as the square of the speed. State
the inference derived from the above expressions.

. Describe Ward-Leonard system of speed control of shunt motor. What

are its chief advontages and disadvaniage? Where is this system
commonly employed?

. What special advantage is obtained in medified Ward-Leonard control

over the normal Ward-Leonard control”? Compare the two.

[hscuss field control method for var¥ing the speed of a serics motor.
What will happen, if a DC motor is switched on to supply directly a1 the
time of starting?

What 13 a starter and whY a starter is necessary for a motor?

In case of a shunt motor in what circuit 15 the sturting rheostat
connected? What will happen, if it is connected in line”
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38, Give a sketch of a 3-point shunt motor starter with no-valt and overload
coils and explain the function of each component,

39, Sketeh a d-peint DT shunt motor starter and state in what way it is
superior te a J-peint starter. With what chief disadvantage does a
4-point starter suffer?

40, How would ¥ou caleulate the resistance between the suceessive studs of
a shunt motor starter”
A 10 hp 230V shunt motor with an armature of 0.2 ohm resistance has
an efficiency of 3% at full load. If the maximum permissible current at
starting is the full load current and if the current is allowed to fall 10 75%
of its full value before altering the resistance, find the resistance
necessary in the first three steps of the starter. Verify the resules
graphically. [5.8302,4320,3.320)

. What t¥pe of starter is used with a series motor? Sketch the connections
of a drum conteoller, What additional function it can perform?

42, What is a fuce-plate type of starter and in what wa does it differ from a
drum controller.
A 20 hp 300V series motor has | ohm as confined resistance of
armature and field circuit. The maximum and minimum values of
current during starting are, respectively 2 and 1.5 times the full load
current. The full load efficiency of the motor 1s 80% The flux increases
by 10% as the current changes from 1.3 times to 2 times full load
current, Find the number of sections and the resistance of cach section
of the starter used with the above motor.
[4; 1,85, 1.52 1.27 and 1.05 ohms|

NUMERICAL PROBLEMS

DC Shunt Machine

1. Caleulate the emf generated by a 4 pole wave wound armature with 45
slots with [8 conductors per slot when driven at 1000 rpm the flux/pole
is 0.02 Wb, [Ans: 540 V]

. Determine the power output of a DC armature having 1,152 lap-
connected conductors carrying 150 A and rotating at 300 rpm ina 12
pole field the flux/pole is 60 m Wh, [Ans: 31.84 kW]

3. A 20 kw, 220 V DC shunt generator has an anmature resistance of 0.07

£ and a shunt Geld resistance of 200 8. Determine the power developed
in armature when it delivers rated output. [Ansz 20,835 kW)

ta

. A 2 pole lap wound DC shunt motor with 360 conductors operates at a
constant flux level of 30 mWh. The motor armature has a resistance of
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0,12 €2 and is designed 1o operate at 240V taking a current of 60 A a1

full load.

(i} Determine the value of external resistance 10 be inserted in the
armature circuit so that armature current does not exceed twice its
Tull-load value at starting, [Ans: 188 0]

. A belt driven 60 ¥W shunt wound gencrator running at 500 rpm is

suppl¥ing full load to a bus bar at 200V, At what speed will it run if the
belt breaks and the machine continues to run taking 5 KW from the bus,
bar and the armature and field resistances are 0.1 £2 and 100 {2
respectivel¥. Brush contact drop may be taken as 2 V.

[Ans: 421,404 rpm]

. A DC shunt motor runs at 750 rpm from 230 V supply and 1s taking a

full Toad line current of 60 amp it armature and feld resistances are 0.4
L2 and |25 €3, respectively.
Assuming 2V brush drop and neg
culculute.

ble armature reaction effect,

(1) no load speed for a no-load line current of & amp
(i) resistance to be added in series with the armature circunt 1o reduce
the full load speed 1o 600 rpm, [A 52107

- A DC shunt motor takes an armature current of 50 A at its rated voltage

of 240 V. [ts armature-circuit resistance is 0.2 L1 If an external
resistance of 1 £ is inserted in series with the anmature and the field-
flux remains unchanged. Calculate

{a} Percentage decrease or increase in speed of the same load torque.
(b} Percentage decrease or increase in speed for half 1o the load torgue

[Ans: 21.73%% decrease B.7% decrease]

. The emf developed in the armature of & shunt generator at 1155 rpm is

240 volts for o field current of 4.5 amperes and 255 volis for a field
current of 5 amperes. The generator is now used as a motor on a 260 V
supply and takes an armature current of 735 amper
speed when the ficld current is adjusted to 4.8 A, Armature resistance is
012142 [Ans: 11643 rpm]

Find the motor

. A200 ¥ DC shunt moter takes 27 Amp at rated voltage and runs at 200

rpm. lts field resistonce is 100 €2 If an additional resistance 20 £2
inserted in the armature circuit, compute the motor speed and the line
current i case load torque varies as the square of the speed.

[Ans: 370.66 rpm, 7.367 Amp]

. A 240 V shunt motor takes a eurrent of 3.5 A on no load, The armature

circuit resistance is 0.5 £ and the shunt field winding resistance is



Synchronous Machine

8.1 INTRODUCTION

(i} Like a DC machine. Syn machine is also a doubly excited M/C.

(i} There are two windings {a) Armature winding is placed on stationary
member, called stator, (b} Field winding is placed on rotating member
called rotor

(1ii} In case of Moror Stator winding is fed from 3-phase AC Supply while
rotor winding is supplied with DC through two slip rings by a scparate
DO source,

(iv) In case of Afierpator 3-Fhase AC supply is taken from stator while rotor
winding is supplied with DC and a mechanical power is given to rotor
by apr move.

8.2 CONSTRUCTION—ALTERNATOR AND MOTOR

The basic construction of a s¥nchronous generater and a s¥nchronous motor is
the same. Main parts of a machine are:

8.2.1 Stator

(i) It is a stationary part of @ machine

wnd 35 made up of sheet-sheet £3 - g Supper

laminations having slots on its inner
periphery, Stator
(it A three-phase winding is placed in 3- g Winding

slots on stator and serves as
armature winding,
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8.2.2 Rolor
(i} Rotor carries a field winding which is supplied with direct curremt
through two slip rings by a DC source.

(i1} T¥pe of rotor construction depends upon the t¥pe of prime movers used
to drive the synchronous gencrator,

(a) Salient {or projecting) pole type (for low speed).
(b} Non-salient {or c¥lindrical} pole wpe (for high speed).
(a) Salient Pole Type
(i} In this 1¥pe, salient or projecting poles are mownted on a large circular
steel frame which is fixed o the shaft.

{ii} The individual ficld pole windings are connected in series in such a way
that when the field winding is encrgized by the DC exciter adjac
poles have opposite polartics.

(1ii} Low and medium speed alternators (120-600) have salient pole tvpe
rotor. They are driven by hydrolic (water) wenibes and 1.C. engines in
case of disel generators,

(iv} Salient-pole t¥pe have large dia and short axial length,

————Field winding

- Salient Pole

- -
r \
{ AY
\ M H
\ !
#
" 0C Supply
.
Slip rings

(b} C¥lindrical Pole Type
(i} In this trpe, the retor is made of smooth solid forged steel radial
c¥linder having 2 number of slots along the outer periphery.
(i} Field windings are embedded in these slots and are connected in series
to slip rings through which they are energized by the DC exciter,
(1ii} For forming the poles some portion left unslotted.
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(iv) High speed alternators ( L5040 or 3000 rpm) are driven by steam turbines
are used e¥lindrical rotor,

_'_— Nor-Saliani Pola

- - Flakd winding

TTToe DG Supply

T slip ring

{Non-Salient Retar)

8.3 SYNCHRONOUS GENERATOR OR ALTERNATOR
(a2) Working Principle

Elamentary-2-Poia Syn MIC Stator have & three-phasa winding A, B, ©

(i) Leta rotor is excited by a DC supply.
(it North and south (stationary) poles produced in a rotor.
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Rotor is rotated by some prime mover then rotor pofes will move means

field due 1o a North and South Pole will rotate.

(ivh Asthe rotor rolates, the fux wave form sweeps the coil sides (AA", BB,
[

(v) BY Farada¥*s law, a voltage is induced in the stator cotls. Direction of
the induced emi can by found by FRI rele and frequney of induced emf

NP

20

(vi} Ifthe stator coil is short circuited the induced em{would cause a current

1o flow in the direction that would oppose any change in he fux linkage

in stator coil.

is given by /=

{vii} This stator current will also produce a rotating field which reacts on the
rotor field.

(viti} The common flux is responsible for generating the induced emf,
{ix} The stator and rotor field must be stationary w.rt. 10 each other so the
stator should have a same number of poles as rotor.
S0, the frequeney of induced emf (c¥ele'sec) is same as rofor speed
{revisec).
So, the electric frequency is synchronized with the mechanical (rotor)
speed, That is why, it is called a synchronous generator,

8.4 EMF EQUATION

Let = he the number of tums in coils connected in serics in each phase
b= flux per pule in webers
= number of poles
N =the r p m of rotor
* Magnetic flux cut by a conductor of stator in one revelution of the rotor
poles = Ph weber.
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; Lo 60
+ Time taken by the rotor poles (o make one revolution is 1= N sec.

. "]
+ Flux owt per second by a conductor of stator = whisec.

+ Average emf in conductor = flux cut per sec

PoN
= —— Volt
1]
* Tis total number of turn in cach phase so total number of anmature

conductor is

Oz ool lern having two conduclors AB and CO

» Average emf induced/phase =

PNOZ

= —— volis
60

+ For a sinusoidal distributed flux the wave shape of the induced emf{ will
be sinusoidal. So, we will take RMS value instead of average value.
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For a sinusoidal wave form factor = 1,11 =

PNOZ ..\;— 120 f

Fomy = LILE, =111 o0 T

— = frequency of induced emf
}l’ﬁf 2T P=number of poles
B = LILF.
O ud —zZ=2r

=d4.440/T

Above equation is same as transformer, emf equation,

Number of coils per pole per phase is usually refered 1o as a phase gronp
or phase belt.

When the stator of a three-phase, 4 pole synchronous generator bas

24 slots, the number of coils in cach phase group is ( 3?:4] two. There
are 12 phase groups {poles % phased. All eoils in & phase group are
connected in series,

Each coil in a phase group can be wound as a full pich coil (coil span 15
1507 electrical}

I the coil span differs from 1807, then it is a fractional pitch coil and in
a fractional pitch coil the induced emfin 1t 15 smaller than in a full pitch
coil. The reason is that flux linking the fractional piteh coil is smaller
than that of full pitch coil.

Ratio of Muy linking the fractional pitch coil to the Qux that would link
i a full pitch coil is called the piteh factor (k)

In order to make the induced em{ approach a sinusoddal function, there
are always more than one coil in a phase group, and the coils are not
concentrated in a single slot, but distributed uniformly along the air gap
periphery,

Since, the coils ere distributed spatially w.r.t. cach other, so the induced
emfs in these coils are not in phase, If all the coils are placed in a same
slot {not distributed) then induced emfs are in phese so due w s
distribuition comes into picture

o Phasor sum of coils emfs

distribution factor by = —————————
Arithmetic sum of coil emfs

The distribution factor s unity (phasor sum = arithmetic sum ol emfy)

when all the coils are placed in same s
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+ Fora given altemator or all rotating AC machines the product K K, is
constant and is refereed to as the winding factor bw = K K, This value
is elways less than unity.

- Sa E,. =4349/Tk k,

. IHP and & are not given, then tzke it unity,

8.5 FREQUENCY OF INDUCED EMF

amd

) ]

200 w0 o,

. /
~ -

(11,2103} ()} 5) ara rotor H-Pole Poaition

For a 2-Pole generator
(i} Consider 2 conductor 44" when rotor is at position {1) indeced emf( in
Ad” is zevo, Tolor rotales with a speed w, rad/sec.

(1} When rotor rotates and comes 1 position (2) emfin (44)7 i max.
(iii} At position (3) again induced emfis zero.
(iv) At position (4} induced emfin coil is minimuam (—vel.

For a two pole machine when rotor rotates 360 (0, ). then one cyele
= 360%) of induced emfis pencrated,

o

e

@, = 0, foratwo pale.
For a 4-pole generator

(1} Consider a 4-pole rotor. When rotor is at position (1) induced emin coil
is zero and at position (2) it is max.
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{ii} When rotor rotates one revolution (6, = 3607), then two e¥eles of em{

are generated (8, = 720%)

elex T T Ve

@0, P db

F odby,
i 2t
h"...l. = E “'"“.‘.h

‘mee = Speed of rotor or speed of rotating field in mech rad/sec,

Wy, = eleetrical raudisec = 2

= % Winech

— —P'r i

W

N
revimin  or  f P— {Hz)
. 120

S0, the speed of rotor or rotating field which generates o frequency fof
induced emFat stator is N rpm, and in order to fixe frequency the speed
N, (fixed) and is called s¥nchronous speed.

Rating of Alternators
(1} Rating of AC machinery, such as allernators, transformers is given by
their heating losses in them.
(2} Losses in these machines are ohmic (2 B losses, core losses and some
small amount of friction and windage los
(3) R losses depends on current and core losses on voltage.

(4) S0, these losses arc almost unaffected by the load power foctor,
(3} Hence rating of AC machiner¥ to supply a given load is found by volr-
ampere of that load and not by the load power alone,
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B.6 ADVANTAGES OF FIELD WINDING ON ROTOR AND
STATIONARY ARMATURE WINDING

In DC M/C the field system is stationary and the armature winding is rotating.
s same arrangement can be done in g synm/e, but due to a number of reasons
field s¥stem is mede rotating and armature winding is placed on stator slots,
Particularly for high capacity (high voltage and higher current) s¥nchronous
machines.

{i} Ease of construction:
(a} For lange three phase s¥n m/c. armature winding is more complex than
the field winding so it is eas¥ to place on a stationar¥ part.
(b} Coil and phase connection including bracing of the winding can be done
more casily on a stationary structure.
(i) Number of slip ring required:
{a) When armature winding is made rotating at least three slip rings are
necded to receive the gencrated power for the outpul circuit.
(b} For large s¥n M/C (MVA's) transferring power through brush and slip
Ting may canse some problems only o slip ring required for DC.
(e It is also difficult w insulate the slip ring from the rotating shaft for high
voltage.

iy Tony | Ventilation arr
(a2} Arrangement for forced-air cooling or hvd ceoling for large m/'c can
easily made on a stationary armature.

8.7 SYNCHRONOUS MOTOR
(it A s¥nchronous motor runs at synchronous speed only, Is speed is

120 ¢

constant at all load and is given by N,

(i) BY adjustment of field excitation, o s¥n-motor cea be made to operate
over 4 wide range of power factors {lagging, uniy or leading}

(iii} S¥n-motors are generally of the salient pole type.

{iv) A s¥n-motor is not self-starting and an avxiliary means has to be used
for starting i1,

8.8 OPERATING PRINCIPLE (SYNCHRONOUS MOTOR IS NOT A
SELF-STARTING MOTOR)

The fact that a synchronous motor has no starting torque can be easily
cxplained.
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{i} Let a 3-phasc voltage is fed to stator winding, then stator winding
produces & rotating field (stator poles rotates) which revolves round the
) 120 7 . .
slator at a s¥nchronous speed | N, =———|. I the rotor is having two
2
poles than stator is also having o two poles,
{ii} The dircet curre 1 to rokor a ficld winding which set up a two
stationary poles (Vg — 5,0 an the rotor.

(i3i} Now we are having a two rotating poles (N, — §,) on stator and two

stationary poles on rolor.

#-Phasa -
Supply

[0 (W)

{iv} Let at any instant, stator Ns poeles is at position 4 rotor N pole is at
position (1) and stator 8¢ and rotor 5, pole is at position & and {2), as
shown in Fig. (i). It3s clear stator Vg poles repel rotor S pole and rotor
have a tendency to move anticlockwise direction.

(v) Due o inertia rotor can’t move instantl¥, as rotor begsn o move, stator
south pole (5) comes at position 4 and attract the rotor Ny, pole, so rotor
tends 1o move in clockwise direction.

(vil Since, the stator peles change their pelarities rapidly, they tend 1o pull

the rotor first in one direction and then after a half cyele [ZJ in other

direction.
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h inertia of rotor, the rotor practicall¥ remains at standstill,

Due to
Hence, a synchronons moror has no selfstarting torque i
synehronons motor cannol start by itself.

o

8.9 HOW TO GET CONTINUOUS UNIDIRECTIONAL TORQUE?

For getting continuous wnidirectional torque we have to rotate rotor poles by
some external means at a speed such that they interchange their positions
alongwith the stator poles,
(i} It means that when stator Ny pole comes to position 4 then at the same
instant rotor Sy pole comes Lo position (1), shown in Fig. (i) below,
poles comes 1o

{ii} Now when stator pole changes wsition {stator
P £ P 5
position 4 ) then rotor pole also have to change its position [rofor N pole

should come at position (1}] as shown in Fig. {ii) given below,

A
IPhase Ik
Supply BT -
S T
s
! o 4
i ) ]
| |
W I
\ /
B B
i Ly

I, rotor will continue

(ifi} if now the prime mover deving the rotor is remove,

to rotate at s¥nchronous speed in the direction of rotating magnetic.

8.10 MAKING SYNCHRONOUS MOTOR SELF-STARTING

A s¥nchronous motor cannot start by itself. In order 10 make the motor self-
starting, a squirrel cage winding (also called damper winding) is provided on

ruteled bY an external mcans ut stch o speed that they interchange thcis

e, e ratar poles aie ba
positams alomg witl the stator poles,
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the rator (same as 3-phase induction moter). The damper winding consists of
copper bars embedded in the pole faces of the salient poles of the rotor as
shown in Fig. below. The bars are skort-circurted o1 the ends 1o form in effecta
partial squirrel cage winding.

- Darnper winding

Uses to start the motor
(i} To start with, 3-phose supply is given to the stator winding while the
rotor field winding is energized. The rotating stawor field induces
currents in the domper or squirrel cage winding and rotor starts as an
induction molor,

(1} As the motor approaches the s¥nchronous speed. the rotor is exeited
with direct current. Now the resulting poles on the rotor face poles of
apposite polarity on the stator and @ strong magnetic ineraction is set up
between them, The rotor poles lock in with the poles of rotating flux,
Consequentl¥, the rotor revolves al the same speed as the stetor field e,
at synehronous speed,

{iiit Because the bars of squirrel cage portion of the rotor now rotate at the
same speed as the rotating stator tield, these bars do not cut any flux and,
therefore, have no induced currents in them. Hence, squirrel cage
portion of the rotor is, in effect, removed from the ope
motar,

wom of the

(iv) It may be emphasized here that due to magnetic interlocking between
the stator and retor poles, a synchronous motor can only run m
s¥ynchronous speed, At any other speed, this magnetic interlocking of
rotor poles facing opposite polarily stator poles) ceases and the average
torque becomes rere. Consequentl¥, motor comes o a halt with a severe
disturbance on the line,

(v) ILis important 1o excite the rotor with direet current @ the right moment.
For example, if the DC excitotion is applied when N-pole of the stator
faces N-pole of the rotor, the resulting magnetic repulsion will ¢
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8.13 V-CURVE

V-curves show the relation between the armature current (f,) and field curremt
with constant shaft load and for constant terminal voliage.

Mechanical load as well as speed is constant so power input to motar is
constant. Fis constant

P=Vi cos®=const = [ cos=constant
If1, increases cos Gor power factor decreases.

v v v
. 7 . i 1
T
i, £, K i
< Y A ey
A e~
o E ol A E
* a0
s
L/ v [ v
g 5 g g 5 P
E.=V E.>V E>V [
(Nomal excitation) Unity PF {ovar exciaton) {under oxcitation)
tagging kead lagging power factor lagging lead

Armature eurrent is minimum ar unity power factor

(1) When excitation is such that £, = ¥ (normal excitation) moter
works at lagging load armature current lags the ¥

As we increase the excitation (48 = V) £, increases hence £,
rotates clockwise hence [, rotates anticlockwise so value of J§,
deercases and comes in phase with F (Power factor becomes
fagging 1o unity).

=

s

Further increase in the excitmtion E, again rotates anticlockwise
and {, imereases and power factor becomes leading from unity.

4 Powar factor
1.0

. .
Leading pf Lagging pf Leading p!

. - L >
150 200 250 Freld currart L —*
Fleld current (%) —» Inverted v-curve

100
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(i) Muximum value of resultant flux is cqual to 1.5 times the
maximum flux produced by one phase of stator winding.

(i} Resoltant flux is rotating &t the constant angular velocity, w2z /).

{ifi) Ficld produced by the resultant mmf rotates at synchronous speed,

o a,

", A P

80% N

S ra,

g

// /’..U .
. LS
¥

Let the resultant flux be ¢,

Oy = 0, = 1y, ~ 4,) cos 60°

@, =, sinwi - $T" [sin {wr — 1207) + sin (wr + 1207)]

@, = 0, cos 2 — ¢, cos 307

=0, [sin (we + [207) - sin (wr - 1207)] cos 307

3
0. =0, ”IT |2 cos wi ain 1205

Tra T . T
0.= \Jo; +0] = ‘j[; o, sin u'r) ' [:om cos u-rJ
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and B=tan ' &
o,
3
N i, cos wi
f=tan' T
20,“ suLwd
o= tan ' cotwr

T
tan & = tan [—— u'r)
2

+ Resultant &, is independent of time, so it is a constant flux of magnitude
squal 1o 3
eual 1w 5 [

+ As wi (time) varies B {position of resultant Nux) changes.

-
atwl= -z

S0, resultant flux is rotating in nature with 2 constant angular velocity

120

+ Direction of rotating flux depends upon the phase sequence.

w=2nfand =

Graphical method
b, =0, sin i %
by, = 0, sin (e — 120%)
@, = @, sin {wl - 2407 * 0

= ar instant (1) wi =t

, = 0 and the resultant Ous is due to only 4
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3 S 2
O = - and p. = ——0, &,
2 2
P PO ' ’ -3
0, 07 +0] +20,0,cos 60° o 2 tpn 0
\ y
360 38 23
G, = L + LS +a0, - = éo.,
Vs 3 22
*af fnstant {2) — when wt = 60°
insant (21 — when w e o0
V3
&, = Td' / L
4 -
sorresultant flux is due 1o @, and iy, /
",
0,

0,= 02 + 4 +20,0, cos 60°
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= af instant (3) - when we = 1207

3 -3 «
4, = £¢ =005 — =0, \

so resultant flux is due to dy, and ¢

0, = 02 + 47 +20,6, cos 60°

9, = 2 0.
=l fnsfant (4}~ when we = 1807 o 3 4
o 5

V3 V3

b, =0,0,= TO”,.ih.: -
)
so resultant flux is due to gy, and 4. )
0, b} + 0] +20,, cos 60°
e
s af fnstant (5) — when wi = 240° P
; 7 /
5y ey ST /
3 -3 ; /
0,70,0,7 = 0.7 20,

so resultant Mux is due o gy and ¢,

0, i +0] 20,0, cos 6 = éo.ﬂ
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st instani (6 — when we = 3007

-3 V3

0= = 0w 0= 0.0,

So, due 1o three Nuxes having a phase difference of 1207, the resulting fux

15 rotating in nature aud having a constant magnitude of magnitude 3 [

8.15 CHARACTERISTIC FEATURES, ADVANTAGES AND
DISADVANTAGES

The following characteristic features of s¥nchronous motor are worth noting:

LAt runs either ar synehronons speed o wot gt ol The speed can be

. . - C_ 12007
changed by changing the frequency only | since, N, = TJ

~

L Atis mor inkerently self-storting: 10 has 1o be run up o s¥achronous or
Y Sy, g
speed by some means betore it can be s¥ochronized 1o

near synchronows
the supply.
A, 0t can aperate under a wide range of power fuctors both lagging and
leading.
. O no-load the motor draws very Bile corrent from the supply to meet
the imternal losses: With fixed excitation the input current increases

e
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with the increase in load. Afier the input current reaches maximum ne
further increase in load is possible, If the moter s further loaded, the
motor will stop.

Advantages:  Synchronouws motors entail the following advantages:

1. These motors can be used for power foctar corection in addition 1o

[E]

L

supplying torque to drive loads,

. The¥ are more efficient (when operated at unity power factor) than

induction motors of corresponding ouiput (kW) and vollages rating.

. The field pole rotors of s¥nchronous motors can permit the use of wider

4.
5. Electromagnetic power varics linearly with the voltage.

Disadvantag

air-gaps than the squirrel cage designs used on induction metors,
requiring less bearing tolerance and permitting greater bearing wear.
They give constant speed from no-load to full-load.

The disadvantages ol synchronous motors are:

. They require DC excitation which must be supplied from external

source.

2. TheY¥ have a tendency 1o hunt.

u

PR BV S

. They cannot be used for variable speed jobs as speed adjustment cannot

be done.

. The¥ reguire cellector rings and brushes.

. The¥ cannot be started under load. Their starting torque is zero,

They may fall out of synchronism and stop when overloaded.
They are costly as compared to equivalent sige of 3-phase induction
motor.

8.16 APPLICATIONS

The s¥nchronous motors have the following fields of application:

ta

w

2

. Power houses and sub-stations: 1

ed in power houses and sub-
stations in perallel to the bus-bars to improve the power factor.

. Factories:  Used in factories having large number of induction motors

or other power apparates, operating at lagging power [actor, to improve
the power factor.

. Mills-industries, ete; Used in textile mills, rubber mills, mining and

other bi

industries, cement factories for power applications.

. Constant speed equipment:  Used to drive continuously operating and

(S

tant speed equipment such as:
« Fans
« Blowers.



Polyphase Induction Motor

9.1 INTRODUCTION
(i} Pol¥phase induction M/C is a single-excited {only stator or rotor
winding will excite),
(i} Normally stator wound of 3-phase winding is directly connected wa 3-
phase AC source.
(i} [ts rotor winding receives energy from stator by means of induction
{transformer aciion)

. 120
(iv) Induction motor can’t run at synchronons specd {n. =_f]
P
(v) Induction motors ere of two types on the basis of rotor construetion:
(a) Squirrel cage rotor
(b) Slip ring or wound rotor  {used high starting torgue and wide
speed contraly

9.2 CONSTRUCTION
(i} An induction motor consists of mamly two parts:
{a) Stator
(b} Rotor

9.2.1 Stator
(i} Stator core is made of laminated steel stamplings and has slots and teeth
on its inner periphery 10 house sinor windings.
(i} Stator carries a 3-phase winding having space displacement of 1207
electrical.



566 Basics of Flectrical E

gineering

The 3-phase winding is cither star or delta connected and is fed from
3-phase supply.

(iv) The radial ventilating ducts are provided along the length of the stator
core.

('\\ Lifting Eya

Slater s'ols
for windirg

Stalor stamping

9.2.2 Rotor
{

Rotor comprises a c¥lindrical laminated iron core, with slots on outer
periphery,

(i} Like stator, rotor laminations are punched in one piece for small M/C.
(isip In larger M/C the laminations are segmented,

(iv}y Ifthere are v ating ducts on the stator core, an equal number of such
ducts is provided on rotor core.
According 1o windings rotor are of two 1ypes:
{1} Squirrel cage rotor
(b} Slip ring or wound rotor

(1) Squirrel Cage Rotor:
(i} This rotor consists of 2 c¥lindrical laminated core with parallel slots,

(11} Rotor slots are usually not quite parallel to the shaft but for reducing the

magnetic hum and focking tendency roor slots are siight skew,

Raotor alots

Copper Dars {Snon circuiied)
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in roter slots heavy copper, aluminium or alloy bars are housed.
{iv} Rotor bars ere permanently short circuited at the ends. This lims that no
external resistance insertion is possible.
(2) Slip Ring or Wound Rotor:
(i} The rotor is wound for the same number of poles and number of phase as
that of stator.
(3i) Rotor winding is either star or delta but star connection is preferred.
scted to three brass slip rings mounted

it The three star lenminals are co
on rotor shaft.
(iv} These slip rings are insulated from rotor shafi,
{v) Slip rings connected with brushes and three brushes can further be
connected externally to 3-variable rehostats.
{vi} This makes possible introduction to additional resistance in the rotor
circuil during starting period.

@ AC Supply

_Slpring

Rolor

& = Starting resislance
= = (Rhecstet)

(Slip ring Industion Mator)

Rotor winding
{Wand Rator)
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9.3 COMPARISON OF SQUIRREL CAGE AND SLIP RING

INDUCTION MOTOR

Table clearly indicates the advantage and disadvantages of two types of

induction motor,

Comparison of Squirrel Cage and Slip Ring Induction Motor

Squirral cage Induchon motor

Ship ring Induction motor

Advantages
(i) Rugged in construckion

{ii) No shp nngs, brush gears, etc.
{iii) Minimum maintenance
{iw) Trouble-free performance

{v) Chaaper

(vi} Comparatively higher efficiancy
(vit) Possible to obtain medium starting
tomue by using double cage rotor or
deap bar rofor
{wiii} y betber cooling
(i} Comparatively better pull aul forgue
and overload capacity.
Disadvantages
(i) Low starting lorgue
{ii) Higher starting current (5 to 6 times
the full load current)
{lii}) No speed control
{iv) Meads a starter

(v} Cannot be used for loads demanding
high starting torque
9.4 PRINCIPLE OF OPERATION

(1) Why a 3-b 1M s seli-starting?
(2) How does the rotor rotates?

Advantages
{1y Mueh higher starling lorgque (by
inserting resistances in rator tircuit)
{ii) Comparatively lesser starting eurrent
{210 3 times tha ful lnad currant)
(il) Capable of starting with load
demanding high starting torgue

{iv) Spead confrol (by varying resistance
in the rotor clrcuit)

(v} Can be started direclly on lines,
{resistance in the rotor circuit acts
like a starter and reduces the starting
current)

Disadvantages
{i} Higher Cost
{ii) Comparatively lower afficiency

{iii) Higher degree of mainlenance

{iv) Exlra losses in axlemal rasistances
specially when operated at reduced
spaed

(¥) Exlra shp ring, brush gears, etc,

(3) Why 3-0 I'M do aot run at syn-speed?
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Fs
_-Shalt

- Blator

-
s
inl g

( 6_ i, 3;‘5 —f——Airaap

o Y

\ i —
N ‘&.‘;é y Fo ~~Shart circuited rotor
o e T ;
ey i
ar -

3 Induction moter (shored rotor) (e pole)

(i} When a 3-¢ stater winding having a space displacement of 1207
electrical 1s energized from a 3-¢ supply having 120° ime displacement
2 rofating magnetic field is set up in stato.

(ii) Thix rotating magnetic field rotates with synchronous  speed

[nJ = 120 f ] with respeet 1o stationary stator in the air gap.
14
(iti} This rotating field passes through the air gap and cors the stationary
sertar conducte
(iv} Due to the relative speed between the rotting flux and the stationary
rotor EMFEs are induced in the rotor conductors,

N

() 10 the rotor conductors are short circwited, currenss stard flowing in the
rator conductor.
(vi} According to Lenz ¥ Law the dircetion of the induced current is such that
it opposes the canse,
{vii} Cause is the relative speed between rotating ficld and stationar¥ rotor.

Henee, & rotor has a tendency (o redeuee the relative speed.

{1x} So rotor begins 10 move in the direction of rotsting field and continues
towards s¥nchronous speed and the machine runs at a speed near but
below synchronous speed depending upon load on shaft.

As the speed of rotor reaches to synehronous speed (speed of field)
relative speed is zero. Hence no emf, no curvent and therefore no torgue
at synchronous speed. Hence rotor never reaches to synchronous speed.

(%

(xi} Atsynspeed current is zero in rotor conductor hence no force aciing on
rator conductor and rotor stip back, somewhat less speed than syn,
speed.
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9.5 INDUCTION MOTOR AS A TRANSFORMER

(i} Stator winding and rotor winding are analogous to primary and
secondary winding of a transformer.

(51 A i -

Slator Rotor

(1) Rotor winding are assumed open, so current in rotor s zero and no
electromagnetic lorque.

(iv} Three phase-balance voliage at line frequency j) given to stator winding
causes the production of rotating feld.

(v} This rotating flux cuts both the stationary stator and rotor winding

(vi} EMF at line frequency 7, is induced in bath of them when rotwr is
stationary.
= Tan kN e Ey=J2nf ko Nao
Ny and N, are stator and rotor series wurns per phase.

Comparison:

Tnduction Motor Transformer

(i) One {rotor) winding is rotating
{ii} Lower cificiency as no load of

losses are more due to large number

load or magnetizing current

Lo BN, N
(iii) E‘-z \'_‘ {for moving rotor)

(iv) On loading. the rator mmf affects

stator winding current.
(v} Very high magnetizing current.

9.6 SLIP SPEED

Both the winding are stationary
Higher efficiency as no load
losses are very small due to

small no load current (no air gap)
and no mechanical loss

: M
On loading, mmf of secondary
affects primary current.

Very low magnetizing current.

The relative speed between the rotating magnetic ficld (a,) and rowr (#,) is

called ship speed.

Slipspeed =u, —n,| rps
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Slip:  Percentage change in slip speed is slip.

= n.=a{l-5)

(1) When rotor is stationary (n, = 0), ¥ = 1 or 100%

9.7 FREQUENCY OF ROTOR EMFICURRENT

(i) When the rotor 1s slationar¥ rotor em{ having same frequency as stator

emf.
E,=NZrfvio  E=NInfne
(ii) Frequeney = Poles x relative speed or slip speed
120

Pla, =) (n, —n)
—_— g —r

Freguency of rotor induced emff A
120 n

(iii} As rotor picks up speed hence rotor current frequency decreases.
(iv} When rotor is rolating

Fau = N2ZRAN 0K, and f =51,

E VIrfN 0k,

“ralar
= [E.=5E]

9.8 POWER FLOW DIAGRAM

Stater U Care Rotor CU Frictian and
foss lass toas Wendage
. + * +
Po L Py . ! . Fa | Pau
L s Stater s Rator > Shaft i 3
Alr gap Mechanical
power pewer

Powar Flaw Diagram



572 Basics of Electrical Engineering

9.9 ROTOR E.M.F CURRENT AND POWER

(i} Let the rotor resistance/phase be r, and stand still reactance/phase be .
{ii} When rotor rotates

{4) Resistance is constant

(h} Reactance (2mfL) becomes sx, [2n (s} L]

(¢} EMF will become s

{dy Frequency f = sf’

__ sk E
Ty r.
o+ e, > 4 Jv.
§ :
5%,
|
o, = E. SE

(iv} Per phase power input to rotor is £,

Po=Esdcos {mse:

LZ1,
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9.10 TORQUE-SLIP CHARACTERISTICS

(Equivalent Ckiiphase)

3
k —
T.= W,
: v
T 3B, 3P(1-3)
w, w, (1 -5}
T, A1) ip
T=—*
w,

+ If the rotor resistance is high than starting torque (s = 1) is high.
2 = induced emfat totor

F=supply voliage

Eye ¥

S0, Torque = {Supply \b]ingc::

+ So. torque is very sensitive to supply voltage

The variation of torque with shp, or speed. of an induction motor can be
plotted from eguation (1) for different values of slip s and with the motor
conneeted to constant frequency voltage source,

Shape of the torgue-speed or tonpue-slip curve depends upon the value of
slip and induction motor can have the following operating regions.

(a) Motoring mode:

(1) Slip on motoring mode 15 0< 5 < | and rotor revolves in the direction of
rolating magnetic field.
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(1)

Mow if the per phase starting current from line is [, start. Then,
[

From 1

S0 with auto-transformer, starting current (/4 start} from mains and
starling torque are reduced to x times their corresponding values with
O,
Advantages
(i} Ttrequires enly three terminals for connee
(i} It can be used for the motor designed on the basis of star-della mode
{StaTters) operation,
(iitk [ provides variable torque,

ien.

Disadvaniages
{i} Costlicr

{1} It reduces the power fuctor.

9.12.4 Star-Delta Starting

An induction motor (designed with delta run) with six terminals of the stator
winding e.g.. START terminals 4, 8 and C connected to 3-phase power supply
through switch and ether FINISH terminals 4”7, 8 and C connectad to the two-
way switch, are shown in Figure as a star-delta starter.

The stator windings are first connected in star mode bY wming the two-
way switch to the left side. This position is known as ‘START” position. The
moment sicady state is reached, two-way switch is turned to the right hand side
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|
we have, [y = NG Iy
The current [ is also the starting current for star-delia starter.

Starting current (ling) for star-delta siarter
Starting current {line) with direct switching (Delta mode)

(o)

i.e., with star-delta starter, the starting current scales down to one-third of the
current when connected in delta mode (direct switching). Simalarly, the torques

concerned are proportional 10 the square of the voliages i.c.,

Starting wrque with star-delia starter
Starting torque with direct switching to supply (A mode)

V3

[

RANO.

3

L., with star-deltn starter, the starting torque also scales down to one-third of
mode {direet switehing).

the torgue when connected in del

In case of auto-transformer starter, with value of £ = ]’\E the starting

. Both starting current and torgue

T .
current [* = E and the starting torque T, =

seale down to one-third of their respective values at direet switching in delm
mode.
We can sa¥ logically, that auto-transformer starter is analogous to star-delta
1

starter us far as working is concerned, with k= —— .
3

Advantages

Star-delta starler has the following advantages:

1. It is cheaper in making,
2, M requires least maintenance.
3, It can improve the efficiency of the motor under low load conditions.
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advantages
(i} For applications requiring starting torque not exceeding about 0% of
rated torque, it is a suitable method.

(i} For line voltage 3.3 KV star-delta starler is not used because then stator
winding in delta requires large turns making the motor becomes
cxpensive.

9.12.5 Starting of Slip Ring Motors

Slip-ring motors are invariably started bY rotor resistance starting. In this
methad, a variable star-connected rheostat is connected in the rofer circuit
through slip rings and full voliage is applied 1o the stator winding as shown in
Figure.

Supely

(i At starting, the handle of rheostat is set in the OFF position so that
muximum resistance 1s placed in cach phese of the rotor circuit. This
reduces the starting current and at the same time starting torque is

increased.

(11} As the motor picks up speed, the handle of rheostat is gradually moved
in clockwise direction and cuts oul the external resistance in cach phase
of the rotor cireuil. When the motor attains normal speed, the change-
aver swilch is in the ON position and the whole external resistance is cut
out from the rotor circuin.

9.13 APPLICATION OF 3-0 INDUCTION MOTOR

(i} For constant speeds and low starting lorques, squirrel cage induction
motor 15 a good choice. So squirre] eage induction motor with low rotor
resistance are used for fans, centrifugal pumps, most machine tools,
wood working toals, ete.

Squirrel eage induction motor with high rotor res ce (full-load slip
3 to 7% are used for compressors, crushers, reciprocating pumps,
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. . 1-3
(ix} Equivalent load resistance, r, = r':[ ]
¥

(x} Powerinput, F, = 3V, 1| cos &, = stator copper loss = stator core loss +
air-pap power (P
(i} Adr-gap power, o= Mechanical power developed (P,) + Rotor copper
I £
losses {/5r;)
(xii} Mechanical power develops, P, =
Rotational losses

(siii) PP P li{l=s)is

eful mechanical vwput (7)) +

(xiv} Mechanical wrque developed, 7,

(xv) Starting torque, 7,

SOLVED EXAMPLES

Example 1: A 3-phase induction motor is sometimes called a generalized
transformer, Discuss how a 3-0 induction motor operates under the following
conditions if

(a} Rotor frequency (f,) = stator frequency (1)

(b) £ < 1,

(e) =1,

(d) Rotor generated voltage and rotor current maximum

(e} Rotor emf E, and rotor current are zero,
() Both £, and _are minimum
(g) Both £, and §_ are negative.

. B P . -
Solution:  Frequency of stator induced emf = 0 (speed af rotating lield
W.LL Stator)

A1)
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{vii} If the applicd voltage per phase is 230V, find the rotor induced emf at
stand still and at 10% slip, with stator to rotor ium ratio of 1:0.3,

Solution:  Given speed of induction motor at full load 15 1140 rpm so speed

of rotating ficld or s¥nchronous speed with respect 1o stator is more than

{round about 1140 tpm) 1140 rpm.

_ 120/ _ 120 60
r P

_120x p0”
,_M (approx equal to s¥n speed)

(it ",

Sa, number of poles is whole number either 6 or 7 but poles or even

1204 120560

i, 1200 rpm.
) f
(ii} Full-load speed N,= 1140 rpm
. - N 1200 - 1140
% slip at full-load = 100 = = 100
1200

(i1} Freq. of rotor voltage f = S/,

5x 60

(iv} Rotating magnetic field produced by rotor currents is rotor field with
Tespeet W rolor.

. . . . 120 7
=2 Speed of rotor field with respect 1o rotar = -
120%3
6
ar = 60 rpm

Same rotating field is cut by the stator and rotor, The speed of rotating
ficld on rotor is #, and speed of rotor is n, then
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Solution:
r .z
T 5 . S
5,
0.2
5, = slip at max torque = - - 0.1
{a) Direct on line starting
Atstarting s =1
r:.ue.ulim( . 2 0198
T 1 . 0.1

0 1

T,=0.1987,,,

Given

T = 10198 = )T,
=0.396T,,
() When star-delta starter is used, the starting torque 15 {1/3) of starting
torque with DOL.

1
T= ;lﬂ._\?(\]?};

T, =0.1327,
(¢} When auto-transformer with 70% tapping,
T ={0.7)2 Tz (on DOL)
= (0.7)2 % 3.96T,
01947,
Example 5: A 12-pole, 3 phase alternator driven a1 a speed of 500 rpm

supplies a power Lo an § pole, 3-phase induction motor, 17 the slip of the motor
15 (.03 Pu, calculate its speed.

Solution:  Alternator rotates at s¥n speed »n, = 500 rpm
F=pole of allernator = 12

F== freq. of supply generated by alternator and fed o
induction moetor.
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Slip of I'M = 0.03 P1I
Speed of rotating magnetic field on § pole Induction motor due to a 3¢
supply of 50 Hz,

06 ¢ 5
"= 120f _ —LZUIX v = 750 rpm
P
speed of motor fn.=n (1-4)
n = 750 (1 - 0.03)
n,= 750 = 0.97

Example 6: In a J-phase, slip ring 4-pole induction motor, the rotor
frequency is found to be 2.0 Hz while connected to a 400 V. 3 phase star-
connected supply, determine motor speed, if the stator 1o rotor turn ratio is 1:0.5
find the rotor induced emf at above frequency 2.0 Hz, Assume rotor is also star-
connected,

Solution:
Rotor freq,
Supply freq.

2
—— == =008 =8§%

Sli
v T

th

Speed of rotor i, = 0, (1 - 5)
- 120 f _ 1200 50
‘ P n
u, = 1500 (1 - 0.08)
= 1500 (0.52)

3 = 1500 rpm

JE0 rpm

- 400 -
Stator emf per phase =« —= = —= volt = £
N

Erior

al o freg of 2.0 He and slip at this freq = 0.08
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E e _ TOtOrtum

Eoter a1 standstill = folar arm
Eppe  Stator turm
400 035 00

E ooy 8t stand still = x = -

=

NE)
Rotor induced emf at 2.0 Hz is £
E, =5 £, at standstill

200
=008 % T~ =9.237 volt
J3

Example 73 A 4-pole, 3-phase, 50 Hz induction motor has a star-connected
rotor, the rotor has a resistance of 0.1 Q/phase and standstill reactance of
2 ¥phase. Induced emf between the slip ring is 100 V. [ the tull-load speed 15
1460 r.p.m., calculate
(i} Slip also the slip at which max torque oceurs

(i} EMF induced in rotor/phase

(iii} Rotor reactance/phase

{iv} Rotor current

{v) Rotor power factor.

Solution:
20
o Lol
P=4,0=50Hz.
LUy full lnad spesd = 1460 rpm
= a1 stand stid
. " = i3
(i) 5= =
LA
120/ 1200 50
n, = = —— = | 500 mpm
P 4 "
1500 — 1460 40
- - - - = 2.66%

f 1500 1500
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{a) Rotor standstill voltage is £,

Statar voltage, E, = 3000/v/3

N
E, N,
- Ee 2000 1 125 volt
R “3e
E,

Rotor current {, = = 2 oo dut starting}
Jr; +X;

Lo 481125 48112S
CoJonteaazy 113=Z

I, =424.1 Amp

. ) I, 424
Starting currentin ., 36 16

Do =1174 Amip

I

Tstaning =
3L (481125 %00 Z 513 Nm
104.7 T
113
(b} Starting eurrent £, =30 A,

e = 30 % 3.6 = 108 Amp

Let the rotor resistance for limiting the current J, = 108 Amp is .

481,125

108 =

597

lh'_. =Imx % = 104.7 rad/sec
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. output power
Maotor efliciency n= &
mput power

41.75
n= w100 = §7%
48

Example 11: A four pole induction motor, runring with 5% slip, is supplied
by a 60 Hz syachronous generator. {a) Calculate the speed of the motor.
(B) What is the generater speed if it has 6 poles?

Solution:
(a} Speed of motora, = {1 -4}
3
", % {15}

120 60
= {1 -005
3 { )

= 1710 rpm

{h) generator rolates a1 synchronous speed ns.
"=—= — 1200 spm.

Example 12: A three-phase 440 V distribution circuit is designed to supply
not more than 1200 smperes, Assuming (hat a three-phase squirrel cage
mduction motor has a full-load eHiciency of (L83 and a full load power factor
of 0.8 and that starting current af rated voltage is 5 times the rated full-load
current. What is the maximum permissible kW rating of the motor.

(a) If it is to be started at full voltage?

(b)) Ifitis to be started using an auio transformer stepping down the voltage

to B0%47
(e} I is designed for use with o star-delta starter? (LE.S, 1974
Solution:

(a} Maximum permissible line current that the three phase induction metor
can take from the distribution circwit is 1200 A at the time of starting. It
is given that the starting current at the rated voltage is 5 times the rated
current of the induetion motor. Therefore the rated line current of three-
phase induction motor with full veltage is 1/5 of steady current is
120005 = 240 A, Thus, the max, permissible induction motor rating
when started a1 full voltage.
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=3 Foly eosap) % Efficiency

= 3 (440) (240) (11.8) (1L.85) watts

= 124371 kW,
(b} Maximum permissible starting current from supply mains
Loy =5 L,

Lpgy = 1200 = ¥* I = ¥ (5 1)
1200 = (0.8 (51,

)
iy= & =375 AL
0.8 x5

- Maximum permissible induction motor rating

= 53 (440 (375) (0.8) (0.85) watts
= 19433 kW
{1 A star-delir stanter is equivalent 1o auto transformer starter with 37.8%
1apping.

1200 = (0.578)° (54, [«;5] (51,

fp= 7200 A,
Maximum permissible induction motor rating
= 3 (440 (720) (0.8) (0.85) = 373113 KW,
Example 13: A X-phase. 30 Hz induction motor has a full-load speed of 1440
r.p.n. For this motor, caleulate the following:
{a} Number of poles.
(b) Full-load slip and rotor frequency.
(e} Speed of stator field with respect to
{i} stator strucmre and
(i} rotor structure,
(d) Speed of rotor field with respect to
(i) rotor structune
(i} stator structure and
(iii} stator field,
for part ‘¢’ and *d" answer should be given in the rpm and rad/sce.
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Solution:
@ N 120 ¢ - 12050
P P
tor P=4, n,=1500rpm

=6, = 1000 rpm
an, = 3000 rpm

Spead of rotating magnetic field in induction motor should be somewhar more
than the Tull load motor speed (1140 rpm}, So, permissible speed of rolating
magnetie field is 1500 rpm. [t is possible when the number of poles is 4. 50

£ =4 Poles

(h) S¥nchromous speed,

;= 120230 1500

= m
2 e

N, =N, 15001440

Sl 5= =
P N, 1500

= .04

Rator frequency f; =sf =004 x 50 =2 Hz

(¢} {i) Speed of stator ficld with respect to stator structure = N, = 1500

rp.am.
nN, 2w = 1500
w, = L= IR = 150,08 radisee.
6l (2
(i) Speed of stator field wort revolving rotor structure

w60

2
= 1500 - 1440 = 60 r.p.m =
60

= 6.283 rad/sec.

(d) (i) Speed of rotor field w.et rotor structure

_ 120 (rotor frequency) _ 12002
Poles 4
(it} Speed of rotor field w.rt staler structure

=6l cp.m = 6,283 rad/see.

= (Mechanical speed of rotor) + (speed of rotor field w.rt rotor
structure) = 1440 + 60 = 1500 r.p.m = 150.0.8 rad/sce.

{(1ii} Since, both the stator and rotor fields are rotating at s¥nehronous
speed of 1500 rp.m, with respect to stator structure, speed rotor
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field with respect to stator ficld is zere. Thus, the stator and rotor
fields are stationary with respect 1o each other.
Example 14: A 10 KW. 400 ¥, 34, 4 pole, 30 Hz delta connected induction
motor is running st no load with a line current of 8 A and an input power of
660 warts, At full load, the line current is 18 A and the input power is [1.20 KW,
stator elfective resistance per phase 15 1.2 £ and friction, winding loss i
420 watts for negligible rotor ohmic losses at no load, calculate,
{a) Stator core loss,
(b} Total rotor losses at full-load.
{e) Total rotor ahmie losses at full load,
(d} Full load speed.
{e) Imternal torque, shaft torgue and motor el

ney.
Solution:
{a) At no load, tetal power input is equal 1o the sum of stator core loss,
friction and windage loss, stator no-road £ R loss and negligible rotor
core loss

. Stator core loss

. - . v
= Power input a1 no load - friction and windage loss — stator /7R loss at
no load

= 660 — 420 — .\[iJ (1.2)= 1632 W,

N

(b} Air gap power at full-load,
P, = stator input at full load — stator core loss — stator full load ohmic
loss.

18y
= 11200 - 163.2 J[E] (1.2) = 10,648 watts.

. Total rotor loss = rotor input power, P, - shaft power
= 10,648 — 10,000 = 648 wans.

{¢) Total rotor loss consists of rotor chmic loss and friction, windage loss,

o

*. Rotor ohmic loss = 3}5" #y = BAR - 420 = 228 walts

2

3

() Mow,
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. A d-phase, 4 pole, 50 Hz, 208 V induction motor has 2 sta

. A 3ephs
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- A 3-8, 6 pole, 400V, 50 Hz induction motor develops maximum torque

at a speed of 792 rpm. The rotor resistance is 0.2 ¥phase. Find rotor
reactance per phase at standsiill. [Ans: 09615 (2]

. A 3-phase, 50 Hz star copneeted, 208 V induction motor has an

effective stator 1o rotor e ratio of 3:1. 1t requires 32 V 1o produce
rated stator line current at standstill. The rotor resistance and standstill
reactance per phase are 0.1 £ and 0.5 L. Find rotor current with rotor
blocked and at slip.
[Ans: 19.62 A, 19.43 4]

. A Jephase, 6 pole, 60 Hz induction motor has a no-load speed of 1196

pm and full-load speed of 1150 rpm. At standstill-rotor induced emf!
phase is 55 Volt. Find (a) slip at no loed and full-load (b) rotor induced
emfat no load and full load.  [Ans: 0.33%, 4.16% (b} |83 V, 2.2 V]

rting line
current of 700 A and a starting torque of 225 N-m, If & reduced volage
of 120V is applied to stator 4t the vime of starting, find starting torgue
and starting line current. |Ans: 75 N-m, 403 A]
¢, 60 Hz, 10 pole induction motor has a full-load speed of 690
rpim, the rotor resistance and standstill reactance per phose are .3 £ and
1.1 L2, respectively. Find {n) Speed at full-load torque (b) additional
rotor resistance per phase to obtain maximum tergue at starting {¢) Full-
load speed with added rotor resistance,

[Ans: (2) 523.64 rpm (b} 0.8 £2 (c) 610 rpm]

. Explain the terms air gap power P, internal mechanical power

developed and shafl power P, Show that
P rotor ohmic loss : P = 1isi(1-s5)

. A depole, 3 phaze, 50 Hz, s¥nehronous machine has its rotor directly

coupled to that of a 3-¢ slip ring induction motor. Stators of both
machines are connected to the same 3-, 30 He supply. 11 is desired w
use such as arrangement o gencrate 130 Hz across the rotor terminals of
the induction motor. Determine the number of poles for which the
induction machine should be wound,

[Ans: & or 16 poles]

. A 3-phase, 50 Hz induction molor has a starting torque which is 1.25

times full-load torque and a maximum forque which is 2.5 times full-
load torque. Neglecting stator resistance and rotational losses and
assuming constant rotor resistance. find
{i} The slip at full-load
(i) 8
(iii} The rotor current at starting in per unit of full-load rotor current,
[Ans: (a) 25 Hz or 125 Hz (b) 0.056, 0.268, 4.722]

ip almax lorgue



Single-Phase I/Motor

10,1 CONSTRUCTION
(i} 1 - & induction motor physically loeks similar to that of 2 3 - &
induction motor,
(i} Its stator is provided with a | — @ winding.
(iii} Rotor construction is identical to that of 3 — & induction motor (sgedrrel
cage tvpe)
(iv) Rotor of any | — @ /M is interchangeable with that of a 3 - @ I'M
{induction motor).
{v) A simple 1 - @ winding would produce ne rorating magnetic field and
ne starting torgue. Hence, 1 — @ M is not self-starting.
{vi) For making it self-start the stator winding is split into two windings
{2} starting (auxibary) winding (b} main (running) winding.
(viip 1 — @ maotors are built with two-phase windings having space
displacement of M electrical.
(viii} Time phase shift is achieved bY connecling resistance, nductance or
capacitance in series with staring winding and such arcangement is
connected in parallel to main winding and then to 1-phase AC supply.

- Man winding

|ﬂ3 —- Ailiary winding

Squarel cage rotor
‘e

Stator
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10.2 TYPES
Single-Phase (1 — @) induction motors are named according to the starting
micthods.
(i} Split phase methad
- Split phase resistance start
acitor start

capacilor starl capacitor run motor
(ii} Shaded pole wvpe
(iii} Reluctance starnt

10.3 WORKING PRINCIPLE
(i} Whena di
(31} An alternating (pul=ating) ficld is produced along one space axis only.

ributed stator winding is fed from a single-phase supply.

& aft)

Due to this alternating, pulsating or time var¥ing flux. An alternating
EMF hence alternating current is induced in the rotor conductor,

{iv} Now these cur carr¥ing conductors experience a force (when a
cirrent carrying conductor is placed in magnenic field it experiences a
Jorce),

(v1 But after each half = {after T/2 see) evele the direction of the induced
current is changed. Hence, the direetion of foree or torque is changed
after cach evele,

(vi} So pulsating flux acting on @ stationary squirrel-cage rotor cannos
prodiice mtation and therefore 1 - @ induction motor is not self-start.

(vii} However, if the sotor of such a M/C is given initial start by hand or
otherwise in either direction, then immediately a torque arises and motor
accelerates in that direction.

The above peculiar behaviour can be explained by
(i} Double-field revolving theory
{1i} Cross-field theory,
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10.4 DOUBLE-FIELD REVOLVING THEORY
According to this theory, an alternating sinusoidal flux can be represented by
two revolving flux.

+ Each flux equal to half the value of alternating flux.
1207 e dirceti
> in apposite direction.

(i) Let the aliernating flux be 2 maximum value of &,

+ Each fTux rotmting s¥nchronously l.’\'_;

(i) Now, let us have two fluxes ({ZJ_,=QJ,=97"] rolating in
opposite direction s¥nchronously.

{iii) Atinstant (a) resultant flux & =@,

tivy Atinstant (b) &, =@ cost

(v} Atinstam (¢) ©.=10

(vi} Atinstant (d) &, = - &

{vil} Atinstant(e) &, =0
(viii) Atinstant{f) &, ~ @,

- -~
>,
o {
A e,
\ widly \
\
. ¥ .
-

ie)
A - h ™,
o v
@ e o
T FEEAY
a, 4 - 9
dh a=x (=)
i §=3m2 Bo g
< - =0 m
(@), oif)
@ .|':

o = 3
tepy / (O]
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Henee, a two revolving field in oppoesite direction with half magnitude of
@, can be represented by a pulsating Aux of @ magnilude.
With the help of double field revolving theory prove that 1 - &[4 is not
sell starting.
(i} According to Double field revolving theory rotor is influenced under
two rotating fluxes &, (forward) and &, (backward)

(11} So two torques (T, T;) are acting on the cenductor (1)-(1).
T=KEriS, T,=KErs,

(iii} So net or resultant torque in the rotor [T, =T, =T,

(iv) 16T, > Ty then rotor rotates in forward direction,
if speed of rotor in forward direction is M rpm
{a) Slip with respect to forward rotating flux is 5 =8

{_ Slip speed

Ns
by Ship with respect to backward rotating flux is 5,

Ne=(=N)  (Np= Ng)+2N;
Ny Mo

() At the starting .S_'_,— S=1,5=1-8=1
(vil So T = 7= T, = 0. Hence, 1 — @ induction motor is not sell starting.
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(vi) Becausce of different resistance 1o reactance ratio the two winding
currents J,and / or fluxes 2 and 3 are out of phase approximate 50°,

(i Current £, in auxiliary winding reaches it peak value earlier than current
I in main winding so torque
=K1,

(vili} Direction of rolation depends on space sogle of magnetic field from
auxiliar¥ winding 15 90° ahead or behind the angle of main winding,
auxiliory winding direction of

8

(ix} S0 by reversing the connection of
ralation can be reversed.

[Main winding
}

L Low B, High
T
i
L
A-paHOnR o« i .
Low L =t 1
Sasiliary =5 1o - a
winding Vi .
o ~0 h
[ — wa, M
' @ 11} 1, 15 in dows 1 and high L winding
) o |t lags approwimata B5° from W
(1)1, s in Bigh R end law | winding
=0 it lags approx 207 from \,
Torqua foth winding
300% . Break fown lorgua
e
200% | .
- L
-~ \g
100% : . % Operatng Point
.
L e
n =0 - no=n,
=1 Spead s=0
]

Fig. 10.1 Schomatic representation of {a} Split phase motor (b) Phasor diagram
(c) Torgue-spead characters
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Torgue
.
Bolh windi
olh win |ng. P
300% o
200% +
100% +
nE0 -
g=1 Speod

10.6.3 Capacitor Start Capacitor Run Motor

(i} This motor has two capacitors in the auxiliary winding. Both the
eapacitors ©, and C, are in the circuit during starting,

{H} After the motor has picked up the speed the cent il switch opens
and disconnects the capacitor C; (low value electrolylic capacitor and
short duty chele).

(i) Auxiliary winding and ' (large value AC oil t¥pe capacitor long duty
¢¥ele) remnins in the circuit during running condition too,

(1) Thus. the motor works actually as a two-phase motor.

(v) Use of eapacitor £ during running condition is to improve the power
factor.
(vi} Thus the efficiency of a single-phase induction motor can be improved
by employing another capacitor,
(vii} There are two capacitor start and run 50 it is also known as two value
capacitor motor.

 Torgue Both Capacior
! P

o - !
T iy 400+
- ) ! 300 |
ve wen 2 3 Auxifary [
Sundy winding '— = winding 200 |
100+

x

10.6.4 Paer t Split Capacitor Motor

(i} In application where motor starts at zero load, it is possible o avoid the
expense of centrifugal switch as well s starting capacitor.
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{ii} Same capacitor is used for starting and running so capacitor permanem
in auxiliary winding.

(11} Sinee, capacitor O is small, the current in the :
during starling torque

xiliary winding circuit
small and starting torque is low.

4 Torque
M, indi
o et 200%
200%| -
i 100% -
\
L 1 i
25 50 7500
5 Speed .

10.6.5 Shaded pole Single-phase M
(1) Necessary phase-splitting is produced by induction.
(2} These motors have salient poles on the stator and a squirrel cage type
rotor,

(3} The laminated pole has a slot cut across the lamination called shaded
part and a short cirewited copper coil on it i called shading cail.

Squirrel

cage rator

Unshaded
partion

Shading Voo
coil R

S Field winding or
- main winding

(4) The two salient poles are excited by 1-phase AC current.
(5} Each pole includes a small portion that has a short circuited winding.
Thas part of the pole is called the shaded pole.



Appendix 1

Solved Question Papers of
Previous Years

FIRST/ISECOND SEMESTER EXAMINATION, 2001-2002
Note:  Answer all the Five questions,
1. Answer any Three parts ol the following:
{a) Fig. Al-1 shows one node of an electric cirewit. Find ¥y using KCL.
[Given: Vy = 5¢7 2, Fy= 2672, i) = 26

Fig. A1

(b} The veltage and current through a circuit element are:
F=100sin (3147 + 45%) volt
£ 10 sin (3147 + 3157) ampere

(i) Identify the circuit clement.
(i} Find its value,
{iii) Obtain the expression for power.



622 Basics of Electrical Engineering

{c) A coil of resistance 12 £ and inductance (L0535 H, 2 non-inductive
resistor of 2002 resistance and a loss-free 40 pF capacitor are connected
actoss o 240 volt. 50 Hz sinusoidal supply. Caleulate:

(i) The current and
(i) The power factor of the circuit.
(dp A series RLC circuit has £ = 10 £2, L = 0.1 H, and C = § pF, Determine
(i) The resonant frequency,
fiiy -fuctor of the circuit at resonance, and
(i) The half power frequencies.
2. Answer any Tiree parls of the following:

{a) With the help of star'delta transformation, obtain the value of current

supplied by the battery in the eircuit shown in Fig, A1-2.

Fig. Al1-2

(b} Find the value of # in the ciccuit of Fig. A1-3 such that the maximum
power transfer lakes place.

28 20
.
BV ;{'H! :-;;2!1 -‘;Rl]
&Y
gt
Fig. A1-3

{e1 In the cirenit of Fig. Al-4, find the branch current [, which flows
through &, when &, has the following values:
540 1534 and 500
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Ry = 700
Ay 1

E =85V

Fig. A1

(d} For the circuit of Fig. A1-3, find f using Superposition Theorem.

ip g A
S
v .
75 2007 S1za B4V
Fig. A1.5

3, Answer any Two of the following:

{u) Describe the operating principle of measunng instruments. What are
the various lorgues acting on the moving mechanism of the
instruments? How are these obtained and what are their roles in the
operation of the instruments?

(b} Describe a PMMC instrument in detail. Also discuss its advantages and
disadvaniages.

(¢ Atempt the following:

(i) In the two-wattmeter method of power measurement in a Lhree-
phase cirewt, the readings of the wattmeters are 1000 W and 350
W.What is the power factor of the load?

(i} A single-phase encrgymeter has & constant speed of 1300
revolutions /kWh. The dise revolves at 3.5 RPM when a load of
150 W is connected to it. If the lond is on for 11 hours, how many
units are recorded as error? What is the percentage ermor?

4. Answer any Twa parts out of the following:
(a} For e AC excited magnetic circuit of Fig. Al-6, calculate the
excitation current and induced emf of the coil to produce a core flux of
0.6 sin 3141 mWh.
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=775
_3x3cm v
i .
25em *
W L
v v
-7 1.5mm
n
! 35em -
v
Fig. A16

(b} Attempt the following:

(i) Develop the equivalent circuit of a single-phase transformer,
Mention the physical significance of all its parameters.

(i) A 200/ 10 volt. 30 Hz transformer has an impedance of 0.3 + 0.8
3 in the 200 volt winding and an impedance of (001 + 0,252 in the
100 volt winding. What are the currents on the high and low sides,
ifa short cirenit oceurs on the 100 volt side with 200 volt applied o
the high side?

{€) Why is three-phase s¥stem popular over single-phase s¥stem” What do
vou understand by Single Line Diagram of 2 power s¥siem? Draw and
explain the various components for a simple power s¥stem having one
transmission line and two bus bars connected to a generator at one cnd,
and two rotating loads and one static load at the other.

5. Answer any Three parts out of the following:
(a} Attempt the following:
{i} Explain the motor and the generator actions of a DC machine.

(i) Whet are the various losses occurring in rotating machines?
Mention the methods to reduce them.

(b Describe the open cirewil characieristics of DO geperators, How do You
abtain the internal characteristics using external characteristics of'a DC
shunt generator?

(¢} Compare a three-phase Induction motor with a single-phase Induction
motor on the basis of the following points:

{i) Starting torque

i) Slip tergue characteristics
(i) Magnetic field
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{iv} Power factor and efficiency
(v) Applications
(dy A 27 hp, 230 valt, 1200 rpm shunt moter has four poles, four parallel
armature paths, and B68 armature conductors. The armature ¢ircuit
resistance is 018 £2. Atrated speed and rated output the armature current
is 70 ampere and the field current is 1.5 ampere.
Caleulate:
(1) The clectromagnetic torque.
(i) The flux per pole.
{iii} The rotational losses, and
{iv) The efficiency.
(¢) Explain a s¥nchronous machine on the basis of the following poi

(i} Construction,
(ii) Operation os 2 motor and 43 a gencratoe,
(i) Application for power factor control,
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FIRST SEMESTER EXAMINATION, 2002-2003
L. Answer any Four of the following:

{a) Show that the average power demand, in a purely inductive AC circuit,
is zeto.

(b} Inan AC circuit, the corrent is given by
T
§e 22 sin (3“! - E] AL T the voltage of the circuit is the reference

quantiy, detenmine:

{i} Power factor, (it) rms value of the current,
(1ii} Freguency of the current.
ch A resistance and an inductance are connected in series across a voltage:
E

v = 238 sin 314r. The current expression is found to be 4 sin
T . . .
(3 141 - I } . Find the values of resistance. inductance and power factor.

(d) Two impedances, z) = {10+ j15) £ and =
parallel. The total current supplied is
cech impedance?

e} A 20 L2 resistor is connected in serics with an inductor and a capacitor,
across a variable frequency 25V supply. When the frequency is 400 Hz,
the current 1s at 1 i calue of 0.5 A and the potential diiference
across the cap alculate the resistance and inductance of
the inductar,

2= (6 —8) 2 are connected in
A. What is the power laken by

(f} An inductor of resistance & ohms and induetance of L henries is
connected in parallel with & capacitor of C farads. Derive an expression
for resonant frequency,

Lo

Answer an¥ Four of the following:

(a} Three resistances r, 2r and 3 are connected in delta. Determine the
resistances for an cquivalent star connection.

(bj Caleulate current through the galvanometer i the following bridge:

1o | 2a

Glau

Fio A2 |, 30
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{e) Using *Superposition Thearem” or ‘Norton's Theorem”, find the curremt
Tin the following:

60
A

24V - ‘

Fig. A1-13

(ad} Using Thevnins Theorem, find the current in the following:

0V
Fig. A1-14

{e) State and prove maximum power transfer thearem,
(f) Using Loop curvent method, find the currents /y and £, in the following:

20 ETY
Ay ¥ AN
N - N ™ .
I L
10V v . 5| v
- ¥ ey ¥
i T osn
Fig. A1-15

3. Answer an¥ Twa of the following:
{a) Explain the principle and construction of atiraction (¥pe moving iron
instruments. Discuss their merits and demerits.
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(b} With appropriate mathematical derivations, explain the principle of
electrodynamic wattmeter.
{v) Three identice] resistors of 20 £2 cach are connected in star o a 415V,
50 Hz, three-phase supply. Caleulate:
(i} The total power consumed,
{ii} The total power consumed, if they are connected in delia,
{iii} The power consumed, it one of the resistors is opened.

4. Answer any¥ Two of the following:

{2) Derive the el equation of a single-phase transformer.

(b} The following results were obtained on a 50 kVA, 24007120 V single-
phase transformer:

(1000 test on the Ly, side 396 W, 9.65 A, 120 V.
(2) 5.C. test on the hov side 810 W, 208 A 92V,
Caleulate:
{i) The equivalent circuit parameters,
{ii) Efficiency at full-load, 0.8 power factor lagging

(c} Using Double-revolving Field Theory. explain the principle of
operation of a single-phase motor,

{d) What are the couses of low power factor in a supply s¥stem? Discuss its
harming effect. How can the power factor be improved?

Answer an¥ Fouwr of the following:

(@) A DC generator has an armature e, § of 100V when the useful flux
per pole is 20 mWb, and the speed is 800 rpm. Calculate the generated
el

(1) with the same flux and a speed of 1000 rpm.
(i) with a flux per pole of 24 mWb and 2 speed of 900 rpm.

(b} Draw and explain the load charactenstics of:

(i} Shunt generator,
{1y Compound generator,
(iii) Series generator.

{¢) Derive efficiency eguation of & DC motor.

(d} A 250 V DC shunt motor having an armature resistance of (.23 0
carries an armature current of 30 A and runs at 750 rp.m. 11 the flux is
reduced by [0%, find the speed. Assume that the torque remains the
same.

o

() Describe the principle of operation of three-phase induction motor,
(N Why are the s¥nchronous motors not self-starting? Explain the various
methods of starting these motors,
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(d} For the two circuits given below, caleulate the current A.

50 B0 511

ez

285v

U] (i)
Fig. A1-17

What theorem does the two results signi

{e) Describe the following in case of meas
{i} Deflecting torque (ii) Controlling torque (iii) Damping torgue,

(A Two ammeters, one with a current scale of 100 A and resistance of 0,01
ahm and the other with a current scale of 15 A and resistance of 0,003
ohm are connected in parallel. What can be the maximum current
carricd by this paralle] combination so that no meter reading goes out of
the scale?

3 Answer an¥ Two parts of the following:

(a) A balanced star-connected load of (8 +j6) £2 per phase is connected to a
three-phase 400 V suppl¥, Find the line current, power factor and three-
phase volt-amperes,

ing instruments:

(b) Describe the pewer losses that take place in a transformer. On what
factors and how do each of these losses depend?
11000
20

(¢} Following results were obtained on a 100 kVA, V single-phase

transformer:
(i) 0.0 Test LV, side) 220V, 45 A, 2 kW
i}y 5.C. test (H V. side) 500V, 9.09 A, 3 KW
Determine equivalent circuil parameters of the trenstormer referred 10
low -voltage side.
4. Answer any¥ Three parts of the following:

(a} Derive an equation for EMF ina DC machine.,

(b} Enumerate all the parts of a DC machme. State the material and function
af each part.

{e) A d-pole DO shunt motor working on 220 ¥V DC supply takes a line
current of 3 A at no-load while running a1 1500 rpm. Determine, of
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SECOND SEMESTER EXAMINATION, 2003-2004

L. Answer any Three pans of the following:
(&) Two AC voltages sre represented by—
vyle) = 30 sin (314 + 457
¥o() 60 sin (314¢+ 60°)
Calculate the resultant voltage vir) and express in the form

vir) = v, sin {3141 + o)
(b) Caleulate the average value, effective value and form factor of the
output veltage wave of a half wave rectifier as shown in Fig. A1-18,
.
/ Y /
/ \ ! \ /
0 w2 m 2t 3n 4n ot
Fig. A1-18

(¢} The voltage applied to & cireuit is v = 100 sin (o + 307) and the current
flowing in the eirewit is /= 15 sin (o7 + 60°), Determine the impedanee,
resistance, reactance, power and the power factor of the cireuwit.

{d} [f'the bandwidth of a resonant circuit is 10 kHz and the lower helf power
frequency is 120 kHyz, find out the value of the upper hall” power
frequency and the quality factor of the circuit.

(e} Differentiate between
{i) Statically and D¥aamicaily induced emf
(i} Electric and magnetic circnits,

Answer an¥ Three pants of following:

o

(a} Derive the expression for torgue produced in a moving coil type of
instrument and explain, briefly, its working,

(h) A 40 amperes, 230 volts energ¥meter on full-load test makes 60
revolutions in 46 sceonds. 1f the normal disc speed 1s 500 revolutions
per kWh, [ind the percentage error with proper sign by assuming the
load to be purely resistive.

(¢} Forthe cirewit shown in Fig, Al-19, find voltages of nodes 8 and C, and
determine current in 8 £ resistor.

(d) Draw the Norton's cquivalent circuit across 48, and determine current
flowing through 12 €2 resistor for the network shown in Fig. A1-20
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1441
s A
in
0y av
Fig. A1-13
50
ALy " A
ant
" S T
204 % T T
‘ 40y
1 8
Fig. A1-20
G0
av
z150 fJ i :; R
BV
Fig. A1-21

{e) Find the value of resistance *R 1o have maximum power transfer in the
circuit as shown in Fig. A1-21. Also obtain the amount of maximum
power,

X Answer any Two pans of the following:

(a) A balanced 3-phase star-conpected Toad of 120 kKW akes a leading
current of ¥5 amp. when connected across a 3-phase 1100 volis, 30 Hz
sepply. Obtain the values of the resistance, impedance and capacitance
of the load per phase and also ealeulate the power factor of the load.

250 . .
(h) A % vorlis, single-phase transformer gave the following test results:

Short circuit lest : 20 volis, 12 A, 100 wants

L.

" short eircuited)
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Dpen circuit test o 250 volts, 1 A, 80 waits

{Low voltage side)

Determine the efficiency of the transformer when the output is 12 Amp,
500 volts ar 085 power factor lagging.




Chuestions Fjers of Previows Years 639

FIRST SEMESTER EXAMINATION, 2004-2005

Answer an¥ Four of the following:

{a) Inapurely inductive eircuit, prove from first principles, that the curremt
lags behind applied voltage by quarter of a c¥ele and also show that the
average power demand, is zero,

(b} An aliemeting current is given by @ = 20 sin 6007 amperes. Find the
(i} frequency, (i) peak value of current and (1) the time taken from (=0
for the current to reach a value of 100 AL

(e} For a LCR serics circuit derive an expression for resonant frequency.
bhandwidih and quality factor,

(d)y Two impedances £, = (10 + j5) and £, = (8 + j6) are connected in
parallel across a vo
power factor and reactive power.

age of 7= 200 —_ftl_. Caleulate the eiremt current,

(e} Analternating current of 1.5 A flows in a circuit when applied voltage is
300 V. The power consumed is 225 W, Find resistance and reactance of
circuit.

(0 A 100V, B0 W lamp is to be operated on 230 V, 50 Hz AC Calculate the
inductance o be connected in series with the lamp, Lamp can be 1aken
a5 u pure resistance,

b

«Answer any Four of the following:
fa} Out of Mesh and MNodal analysis, which method will require least
number of eguations o solve the network in Fig. AT-22. Wrile the
equations in mairix form following the method requiring least effort.

s g 2V s
¥y YRy u.,. e
20—~ Z30 0% v g
B, 3
B.sv g 5V
Fig. A1-22

(b} BY Superposition Theorem Tind the current in £,

{c) State Thevnin theorem. For the circuit shown in Fig. A1-24, find the
Thevnin's equivalent voltage source. Alse give the value of Joad
resistance 10 be connected peross terminals 4 and B 1o get maximum
power delivered to it
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4.

o

3300

{e) Ina S0 KVA, L.pha

W, transformer, the iron losses and Tull-load

230
copper losses were found to be as 500 W and 650 W, respectively.
Caleulate efficiency at half load and 0.6 power factor. Determine
maximum efficiency and cormresponding load,
(dy I ina transformer core, the hysteresis and eddy current losses are B0 W
and 50 W at normal voltage and frequency. caleulate the losses when
voltage and frequency are increased by 20%.

Amswer any Fouwr ol the following

{a) The ammature of a DC separate]ly excited machine has a resistance of
0, 1€} and is connected to a 2300V supply. Caleulate the generated emf
when it is running (i) As a generator giving 80 A, (i) As a motor taking
6l AL

(b Discuss in detail the oad characteristics of

(i) shunt generator (i) series generator

() Derive an expression for torque of & DC motor, Alse draw torque 1)
speed characteristics for DC shunt and series motor.

(d} What are the various methods of speed control of DC shunt motor?
Explein them in briel with relative advantages and disadvantages.

(e} Discuss the advantages and disadvantages of s¥nchronous motors,

Answer any Four of the following:

(a} Miferentiate the constructional detsils of squirrel cage and slip ning
{wound rotor) 3-phase induction motor end also give their relative
merits or demerits,

(h) A 3-phase, 4-pole induction motor is supplied from diesel-generator set
running at 600 rpm. The generator has 10 poles. Find the s¥nchronous
speed of the induction motor and also the actual speed for a slip of 4%,

(¢} Draw (vpical speed-torgue characteristics of 3-phase squirrel cage
induction motor, mark the starting torque, maximum torque and normal
aperating region.

Explain why do pure, 1-phase induction moters have no starting torque.
What modifications are being done to have starting torque in normal
1-phase fan motors? Give briel cxplanations.

Discuss in detail the advantages and disadvantages of star-delta starter,
alter giving due importance for the need of starter in 3-phase indoction
maotor.

(d

(e
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FIRST SEMESTER EXAMINATION, 2004-2005

L. Attempt any Fowr parts of the following:

{a) Derive an expression for the instantancous current deawn by a pure
inductive cireuit on application of a sinusoidal voltage and show that the
current lags behind applied voltage by quarer of a cyvcle.

(b} Discuss the effects of varying the fregue
the power factor in a RLC series circuit, A series RLC circuit with
R= 1062 L=062H,C=2uF is connceted 1o 100 V variable frequency
source. Find the frequency for which the current is maximum,

{e) A coil connected to 100V DO supply draws 10 Amp and the same coil
when connected 100V, AC voltage of frequency 50 Hz draws 5 Amp.
Caleulate the parameters of the coil and power factor,

(d) For the circuit shown in Fig. A1-26, find the current and power drawn
from the source,

c¥ upon the curremt drawn and

< 230V, 50 Hz *
Fig. A1-26
(e} Define bandwidth and quality factor of a parallel resonance circuit,

Derive the expression of resonance frequency of the eirewit shown in
Fig. A1-27,

Fig. A1-27

(f) Compare clectric and magnetic cireuits for similarities  and
dissimilarities, Also give the relation between mmf, Muex and reluctance,
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2. Atiempt any Four part of the following:
{a) Distinguish the following terms:
(i) Active and passive clements
(1) Linearn¥ and non-linearity
(i) Unilateral and hilateral elements,
(b) Give the basis of star-delta ransformation.,
For the cireuit given in Fig. A1-28, find current drawn from the source,

50
.y AN
* J 100

Fig. A1-28

{e) Using nodal analysis, find the current [ through 10 W resistor in
Fig. Al-29.

44
- EErR
LR 51t \
ELT)
- - -

Fig.A1-29

(d) State and explain Thevain’s theorem. Find Thevain’s equivalent of the
cireuil shown in Fig. A1-30,

(¢} Explain the principle of operation of attraction 1¥pe of moving iron
intruments and explain how the “controlling’ and “damping” forces are

obtained.

{f} A moving coil mstrument pives a full-scale defection of 20 mA when a
potential difference of 50 mvy is applied. Caleulate the series resistance
to measure 500V on full scale.
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502 100
s Sy
Z50
6O W
3V
.

Fig. A1-30

3. Auempt any Two pans of the following:
(@) Explain why the hysteresis and eddy current loss oceur in @ transformer.
On what factor do they depend for a fixed frequency supply? A 25 kVA,

3300
—— W, 50 Hz, )-phase transformer draws no load current of 15 A

when exeited on low-voltage side and consumes 350 waus. Caleulate
two components of current.

Define the effi y of a transformer. Obtain the expression of
efficiencey in terms of s VA mating, miven power factor, iron Josses and
full load copper losses for a given fraction *x" of the load. Also deduce
the condition for maximum efficiency.

(b

(e} (i} ‘shnw that power in ‘-])haqL balanced system is constant at every
tand is given by 3 Folp cos d where Fp, Tp and cos ¢, are
values of voltages and currents and power factor,

ph
(it} Derive the relation between phase and line voltage and currems for
u balaneed 3-phase star-connected s¥stem.

4. Anempt any Pwo parts of the following:

{a) Demve the expression for the penerated emt in a DC machin plain
the term back emf{ when applied to DC motor. Briefly explain the role
back emf plays in starting and running of the motor.

(b} (i) Give the various methods of speed control of DC shunt motor, Give

merits and demerits of them.

(i} A 200V, 8-pole, lap-connected DC shunt generator supplies sixty,
40 W, 200 V Jamips, Tt has armature and field circuit resistances of
0.2 €2 and 200 £ respectively. Caleulate the generated emf,
armature current and current in each armature conductor.

(¢} State the advantages of having retating field s¥stem rather than a
rotating armature sysiem in s¥nchroncus machine, What is the effect of
change of excitation of a s¥nchronous motor on its power factor for
different loads?
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104 a 54

Al =

(*15A

10V_

Fig. A1-32

(d) Using mesh equation method find the current in resistance &) of
network given below,

S50
Yy e
WD Zs50 R, =100 Ciov
Fig. A1-33

{e) An energ¥meter revelves 10 revolutions of dise for one unit of energy.
Find the number of revolutions made by it during an hour when
connected across load which tekes 20 A at 210V and 0.8 power factor
leading. 1T energymeter revolves 350 revolutions, find the percen
error.

3. Antempt any two pants of the following:

{a) Calculate the reading of each wattmeter in the circuil shown below
{Fig. A1-34). The load impedance = = 40£-30° 2

(b} Anopen circuit (OC) test and short cirenit (SC) test are performed on a
single phase transformer in standard manner with results in table.
Quantities not measured are noted as “NM™.

oc oc sC
Quantity Side 1 Side 2 Side 3
Woltage, ¥ 7500 220 240
Currant, | NM 300 2
Power, W NM 250 200

{1) What is volizge rating of transformer?
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- - - 1
a A
* - 1
[~} 24020 z
—— :
240120
() 240,01 20° z
o
.
<

Fig  A1-34

(11} What is transformer’s apparent power rating?
(i) Draw an equivalent eircuit referred to the HY side with impedance.
{iv) Find the magnet

ing current, il excited from HV side.

{c) Explain the terms: Magnetomotive force (mmf), Intensity of
magnetisation, reluctance and susceptibility in magnetie circuit.
A wronght iron bar 30 em long and 2 cm in diameter is beat into o
circular shape as given in Fig, A1-35(¢). 1018 then wound with 500 turms
of wire, Caleulate the ewrrent reguired to produce a flux of 0.5 mWh in

air gap of | mm: p, (iron) = 4000 (assume

A is the area of
erpss-section of core

Flg. A1-35
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4. Attempt an¥ two parts of the following:

(@) A 10 KW, 200 V. 1200 rpm series DC penerator has armature resistance
of 0.1 €2, field winding resistance of 0.3 £, The frictional and windage
loss of the machine is 200 W and brush contact drop is | volt per brush.
Find the efficiency of the machine and the load current at which this
machine has maxunum efficiency.

(h) Give the constructional details of salient pole s¥nchronous machine,
Explain *F* curve give the applications of synchronous motor,

() Explain the following:
{i) S¥nchronous motor alwa¥s runs at s¥nchrenous speed.

(it} Field winding of s¥nchronou:

S, Anempt any Fheee pants of the followin

nerators i placed on rotor.

(a} Induction motor cannot operate between slip 1 and slip at max torque,
Explain it

(b) Single phase induction motor is not a self-starting. Explain it

{c) What is the use of starter? Explain various methods of starting of 3-
phase induction motor.

(d) A 3-phasc. 440 V, 50 hp. 50 Hz induction motor runs at 1450 rpm when
it delivers rated output power. Determine:

(i} Number of pales in the maching
(1) Speed ol rotating air gap field
(iii) Rotor induced voltage if stator to rotor turns rotio is 1 : 0.80,
Assume the winding factors are the same,

(iv) Frequency of rotor current.
(e} Discuss various methods of stating of single-phase induction motors,
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FIRST SEMESTER EXAMINATION, 2005-2006

Attempt an¥ Fowr of the following questions:

{a) An AC Voltage () = 1414 «in 120¢ is applicd 1o a series R-C circuit.
The current through the circuit is obtained as f{r) = 14.14 sin 1201+ 7.07
cos (1200 + 30)

Determine: (i} Values of resistance and capacitance
{11} Power factor
(1) Power delivered bY the source

(h) A non-inductive resistance of 10 ohms is connected in series with an
inductive coil across 200°¥, 30z AC supply. The current drawn by the
series combination is 10 amperes. The resistance of the cotl is 2 ohms.
Determine
{i} Inductance of the coil (ii) Power Factor (iii) Voltage across the coil.

(¢} The following Fig, shows a series-parallel cirenit. Find

{i} Admittance of each parallel branch
(i} Total circuit impedance
(Hi} Supply current and power factor
fivy Total power supplicd by the source.

410
L 160 Jr2on
e
10 v, Yy 14
ﬁ:;y (34 -0
N
Fig. A1-36

(d} Discuss why?
(i) At
i

esomance the current is meximum in a series cireuit and
um in a parallel circuit.

(i} In a series RLC circuit, the voltages scross [ oand O at resonance
may exceed even the supply voltage,
{1ii} The shape of resonance curve depends on ¢ of the coil.
(e} Forthe current shown below, determine
(i) Resonant frequency
(ii) Total impedance of the eircuil al resonance
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(iii) Bandwidh
{ivy Quality factor.

Fip. A1-37

([} What is hysteresis loop and what infermation is obtained from this
loop? Draw hysieresis loop for
{i) Permanent magnet
i) Transformer core
(iii} Ferrile
2. Attempt an¥ Four of the following questions:
(a} Using mesh current method, determine current /, in the following
cireuit:

30 20
Hv e

Fig. A1-38

(b} Using Superposition theorem, determine currents in all the resistances
of the following network:

50 +

2aY Zsn

B
Fig. A1-39
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SECOND SEMESTER EXAMINATION, 2005-2006
1. Attempt any Fowe parts of the following:

{a) The equation of an altemating current is i = 42,42 sin 6281,

Determine

(i) Its maximum value

(i1} Frequency

fiii} rms value

{ivi Average value

v} Form factor

(b} Draw a phasor diagram showing the following volages:

¥, = 100 sin 5001, F = 200 sin ( S00¢ +£]
3) | Find RMS value of
resultant vollage.

Py = <50 cos 300, ¥V = 150 sin (SIJDI - %J

(ch A 120V, 60 W lamp is to be operated on 220V, 50 Hz supply mains. In
order that lamp should operate on correct voltage. Caleulate value of—
{i) Non-inductive resistance
(i1} P'ure inductance
(d} A series AC circuit has a resistance of 13 £ and inductive reactance of
1022, Caleulate the value of o capacitor which is connected across this
series combination so that system has unity power factor. The frequency
of AC supply is 50 He.
{e) A series RLC circuit has & < 100, L ~ 0.1 Hand C~ 8 ul
Detenmine
(i} Resonant frequency
{iij (-factor of the circuit at resonance
(iii) The half power frequencies
(17 Explain parallel resonance. Why is parallel resonance called the curremt
7 Show the graphical representation of current in parallel
resonance,

Lol

Antempt any Four parts of the following:

(a} Using loop current method. find the current /) and f,. shown in
Fig, Al.41.

(b Use nedal analysis o find the currents in various resistors of the cireuit
shown (Fig. A1-42).
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214 31
Wy Ay
Zen \
- |
10y . 2]
- * gv "
Fio. A1-41

Fig. A142
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{c) Find Thevnin's equivalent circuit across A B shown in Fig. A1-43,

Fig. A1-43

{d} Find the resistance between A B of the circuit showr

F-A {star-delia) rans formarion.

Fig. Al-14 use

{e) A S0 A, 230V meter on full-load test makes 61 revolutions in
37 seconds. If the normal dise speed is 300 revolutions per kWh, find

te percentage error.

{f} Explain the working principle of induction t¥ pe wattmeter with the help

of a diagram,
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Fig. A1-50

() Dilferentiate amongst indicating, recording and integrating ype of
instruments giving examples of cach (ype.

(0 Bricfly discuss the working of o d¥namometer-1ype wattmeter with the
help of a neat diagram.

3. Answer any Two of the following:

(a} Two waltmeters are used (o measure power supplied (o a balanced
Jephase load and each of them are indicating 60 kW, If the power factor
of the Toad is changed w 0.8666 (leading), determine the readings of the
two wattmeters with the total power still remaining the same. Draw the
phasor diagram for the second condition of the load.

(B) (i) From first principle, derive the EMF cquation of a single-phasc

transformer.
(i) Derive the condition for the maximum efficiency of a single-phase
transformer.

230

460
of 0.2 £ and reactance of 0.5 Q. The corresponding values for the
secondary winding are .75 £3 and 1.8 £, respectively. Find the
secondary terminal voltage while supplying 10 A load current at 0.8 p.f.
lagging.

Answer an¥ Fwa of the following

{a) Discuss methods by which the speed of a DC shunt motor can be
controlled. State the merits and demerits of cach method.

(b} A4 pole DC generator has 364 conductors on its armature and is driven
at 8OO rprm. The Nux per pole being 20 milli-webers and carrent per
parallel path is 60 amp®. Caleulate the total armature current, emf
induced and power generated in the armature when the armature is
{1} wave-wound (i1} lap-wound.

(e} Explain the working principle of 2 s¥achronous motor and enlist st least
02 of its applications,

(e A volts, single-phase transformer has primary winding resistance

=
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5, Answer any Two of the following:

{a) Draw and explain the wrque-slip characteristics of a 3-phase induction
motar showing clearly the starting torgue, maximum torgue and normal
aperating region.

(b) {i) Explain why an induction motor cannot run at s¥nchronous speed.
(ii} A 3-phase, 6-pole, 50 Hz, induction motor has a slip of 1% at no-

load and 3% ot full-load. Determine (a) s¥ynchronous speed (b)
no-load speed (¢) change in speed from no-load to full-load.

(e} Why are single-phase indoction motors not self-starting? Discoss any
two methods of its starting.
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{c) Classify moving iron instruments. Explain working principle of
electrodynamameler instruments.

b A moving coil instrument gives full-scale deflection wtih 15 mA. The
resistanee of coil is 542, 1vis desired to convert this instrument into an
ammeter to read upto 2 A, How to achieve it? Further how to make this
instrument to read upto 30 volts.

A constant voltage E is applicd 10 N groups of rheostats in series, where
euch group has M identical theostats in parallel. Ifone rheestat bumns ow
in one group, find the percentage increase of current in each rheostat of
e fauly group and percentage decrease of current in cach rheostat of
the sound group,

(fF A 20V battery with an internal resistance of 5 € is conneeted 1o a
resistor of x £1. If an additional 6 L2 resistance is connected across the
barery terminals, find the value of v so that external power supplied by
the battery remains the same.

3. Answer any Two parts of the following:

(a} Three inductive coils each with a resistance of 10 £2 and an induetance
of 0.04 H are connected (i) in star, (i) in delta to a 3-phase 400V, 50 He
supply. Caleulate for esch of the above ease (i) phase current and line
current and (3i) total power absorbed.

(«

()

(b) (i) Deduce the relationship between the phase and line volteges in o
three-phase star-connected circuit,

(i) Show that the power intake b¥ a three-phase circuit can be
measured bY two wattmeters connected properly in the circuwit,

(e} A 40 kVA transformer has iron loss of 300 watts and full load copper-
loss of 300 watts, [ the pewer factor of the load is 0.0 lagging, calculate
(i) full-load efficiency (ii) the load at which maximum efficiency occurs
and (iii) the maximum elficiency.

4. Answer any Two parts of the following:
(a} (i} Explain with suitable diagrams circuit resistance of the field circuit
of DT shunt generator and eritical speed of generator,
(i) List various conditions for the build-up of veltage in a DC shum
generator,

(b A 500V DO shunt motor running at 750 mpm takes an armature current
of 30 AL Effective annature reststance is 0.5 £2. What resistance must be
placed in series with the armature to reduce the speed to 700 epm, the
torque remaining constant?

(¢} Derive an expression for veltage induced in an alternator phase
consisting of a number of full pitch coils joined in series, Assume the air
gap flux to have sinusoidal distribution.
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5. Answer any Two parts of the following:
{a} Explain with the help of diagrams how a rotating magnetic field is

produced in the air gap of & 3-phas

s induction metor. Describe concept

of ship and expression for rotor frequency.

(b) Draw a neat diagram showing the connections of a 3-phase induction
motor with star-delta starter. Explain how the above starter reduces the
starling current.

(eh (i)

(i)

v at no load, When
e in speed of the

A d-pole, 30 Hz induction motor has a slip of 2%
ut full load the slip increases to 3%. Find the chang

motor from no load to full-lead,

There are number of applications of induction motors of two
ditferent kinds, these kinds arc squirrel cage induction motor and
ship ring motors, Give name where these are speeifically vsed,
Mame the induction motors typically used for the following:

(1) Lathe

(2) Cranes

(3) ConveYors

{4) Agriculural and industrial pumps

{5) Drilling machines

{6) Comprossors

{7) Industrial drive

(%) Lifts
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CARRY OVER PAPER EXAMINATION, 2006
L. Answer any Four parts of the following:

(&) Two sinusoidal phasers have the form ol A sin (e + @), Their addition
is T2 sin (wr = 45°) and difference is 2 sin (we - 43°). Determine
hoth the phasers.

(b} An inductive coil is connected 10 a single-phase sinusoidal AC supply,
Derive an expression for instantancous current, average power drawn by
e coil.

(e} A gencrator supplics power to an electric heater, an inductor and o
capacitor as shown in the Fig. A1-53,

4
12over 5
Z 641 X

X=-i24 0

Fig. A1-53

(i) Determine real and reactive power for cach load.
(i) Total real and reactive power supplicd bY the gencrator.
(i} Draw the power triangle for combined loads and determine total
apparent power.

{iv) Ge
(d) Inthe parallel circuit shown in Fig. Al-54, the effective value of

the voltage across the parallel part of the circuit is 100 volts. Determine

the magnitude of the supply voltage V', and the real power supplied by iL.
(e} A coil of resistance 10 ohm and inductance 10 mH is connected in

parallel with a 25 uF capacitor. Caleulate frequency at resonance and

effective impedance of the cirewit,

ritor supply current and power factor.

W Zs zn

Flg. A1-54
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(f) Aniron ring of mean dipmeter 15 em is uniform]y wound with 430 turns
of wire. A current of 2 amperes when passed through the coil,

establishes a flux density of 1.2 wh/m™ in the iron ring. Determine the
relative permeability of iron.
2. Answer an¥ Four parts of the following
(a} Determine voltages 1V, ¥y and P in the Fig. A1-55 shown below:
20
Vi .
i i . Y
fa 1o B Tew_ € | ¢
b
1, 10 F2u
Fig. A1-55
(b} Determine current in 4 ohm resistance in the following Fig. Al-56,

using Morton's theorem,
6n an
AN MAA,
* A L o
12yl ) Tan LAy

Fin. A1.56
{e) In the nevwork shown in Fig. A1-37.

arr 14

ey . e ca

21
Fig. A1.57
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(i} Determine the value of the load resistance for maximum power
transfer.
(1) Find the power delivered o the load,

(d} Show that in delta 1o star conversion the each element of star netwaork is
the product of the adjacent two elements of the delta network divided by
the sum of all the three clements of the deha network,

() Explain how following torques are produced in permanent magnet
meving coil instrument and attracted 1¥pe moving iron instrument:

(i} Deflecting torque
(i) Control torgue
(i) Damping torgue

{f} Explgin in brief why encrg¥meter reads encrgy while wattmeter does
not.

Anenergymeter has a registration constant of 100 rew/KWh, 1T the meter
15 connected 10 a load drawmg 20 amperes at 230 volt and 0.8 power
factor for 5 hours, find the number of revelutions should be made by it
If it actually makes 1500 revolutions, find the percentage crror and
explain it from the consumer's point of view,

3 Answer an¥ Two parts of the following:

{a) A 3-phase, 440 V, 50 Hz supply is d to a star-co d
halanced load, Each phase of the load consisis of series connected
resistance and capacitonce. The readings of two wattmeters connected to
measure the total power supplied are 810 W oand 2100 W, Caleulate (1)
power factor of the cirenit (i} line current {in} values of resistance and
capacitance,

(h) Describe open citeuit and short circuit fests on a single-phase
transformer. Explain how the equivalent circuit can be derived from
these two tests.

2

The following readings were obtained from OC and SC tests on 8 kKVA

% V. 50 Hz rransformer.

OC test (LM sade) @ [20V, 4 A, 75 W

SCrest BV, side) 0 95NV 2004, 100 W

Caleulate voliage regulation and efficiency at full load and 0.8 power
factor logging.
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FIRST SEMESTER EXAMINATION, 2006-2007
1. Attempt any Fowr parts of the following:
{a) An alternating voltage is given by v = 141.4 sin 3144, Find
(i} Freguency
(i) s, value
(iii} Average value
(iv) The instantaneous value of voltage when ' is 3 m sec.
(v} The time taken for the voltage to reach 100V for the
passing through zero value.

(b} A single-phasc sinuseidal AC voltage supply is fed to a series £-C
cireuit, Determine

irsi time after

(i) The instantaneous expression of cwrrent fowing in the circuit
(ii} The impedance
(i1i} The power factor,
{iv} The power consumed

{v) The reactive volt-ampere,

{e) The parallel circuit shown in Fig. AL-58 is connected across a single-

phase 100V, 50 Hz AC supply. Caleulate:

{i} The branch currents

(11} The total eurrent
{iii) The supply power factor
(iv) The active and reactive power supplied by the supply.

B JB L
e R
Iy
Jo0v By -Jaq
50 He A |
=¥
Fig. A1-58

(d) Derive an expression for parallel resonance and mention its salient
features.
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B

s in

Fig. A1-61

{e) Explain the construction and principle of operation o d¥namometer

instrument, Why s this instrument suitable for both DO and AC
measurements?

{f} Why shunt is usually usced i voltmeter and ammerer?

A moving coil instrument has a resistance of 3 ohm and gives a full-
seale deflection of 100 mV, Show how the instrument may be used 0
measure:

{1} voltage upto 50V
(i) currents upto 10 A,

X Apempt any Two parts of the following:
(a) Derive the relationship between the line and phase voltages of an

(b

(e

alternator,

Three similar coilz cach having a resistance of § olin and an inductance
of 00191 H in series in cach phase is connected across a 400V, three-
phase, 50 Hz supply, Caleulate the line current, power input kVA and
KVAR taken by the load.

Draw exact equivalent circuit and comesponding phasor diagram of a
single-phase transformer on load and explain them. WhY no load currem
is kept small and how it is reduced?

List vartous losses oceurring in a transformer and mention the condition
for the maximum elficiency,

= 2000 V . 4 ;
Ina25 kVA, S0V transfonner the iron and copper losses are 200 W
and 400 W, respectively. Caleulate the efficiency at half load and 0.8
power factor lagging. Determine also the maximum efficiency and the
corresponding load.
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Objective Questions for
Practical Quiz

1. In the circuit shown in Fig, A2-1, the current *7* marked is given by
() 1/3 (b L5 (e) 1 (d) 5/3

=

Tespectively are:

{a) -2,2 (hy 2,-2 (c) 2,2 (dy -2, -2
3. The voluge labelled Fin Fig. A2-3 is given by
fa) 2 (b 0 e} 9 ()3
LT L
8V awv IEV av =6 : a
3 =3 . A B |
i £3 ze
Fig. A2-3

Fig. AZ-4
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. The Thevnin's equivalent across point A in Fig. A2-4 is given by F

and Ry, Their values are:
(a) V=30, =4 (b) ¥,=-3R,=4
(€ Vy=-3R,=45 () Fy=6R,=4

. The Norton’s equivalent across A8 in Fig. A2-5 is given hy:

() I.=V,13R, =32 (b} 1= VJ6 R, =32

(eh I =V 4R, =6 (d) f.=VJ 2R, =23

P A 200 cos 5001, £, = 250 war, power factor = (L7 lagging. The
reactive power is given by

{a) 250 VAR by VAR (e} 500 VAR (dy 175 VAR

. The dimension of L/CR is

(3} Volt/Amp (b} Amp/Voll Sec’

(¢} Secs (d) None of these
. The Thevnin's equivalent across A4 in the Fig. A2-6 is given by

{ay —16, 103 (by 12,10 (c) 4, 16/5 () 4, 1073

2
<A
2

Fig. AZ-5 Fig. A25

. In Electronics the term 1C denotes:

{a) Industrial control th) Integrated circuits
(¢} Internal combustion (d) Indian caleulations

. The ferbidden energy gap in semiconduciors:

{a} Lies just below the valance band
(b} 1s the same as the valance band
(€} Lics just above the conduction band

{d} Lies between the valance band and the conduction band

. A zener diode has 2

(a) High forward voltage rating
(b} Negative resistance
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w

w

. When a reverse bin

{c) High amplification
{d) Sharp breakdown voltage ar low reverse volinge
s applied across a eryswl diode, it

(a) Raises of potential barrio
(b} Lowers the potential barrio
(¢} Increases the majority-carrier current greatly

. Under normal operating voltage, the reverse current in a silicon diode is

about
(a) 10mA (b} IpA
(e 1000 pA (d) None of these

. In o single phase AC motor, condenser uses

(a) For splinting the phase
{b) Minimizing the radio interference
(e} Minimizing the losses

{d) Minimizing the eurrent

. What is called the electromotive force (emf) of a valtage source?

{a} Terminal voltage when load is applied

(b3 Intemal voltage when no load is applied.
(€} Product of internal resi
() Electrie pressure provided to the load.

ance and lead current

. The condition in ahm's law 15 that

(a) The temperature should remain constant
(b} The ratio of V/1 should be consiant

(¢} The temperature should vary

{d) Current should be proportional 1o voltage.

. Conductance is analogous o

{a) Flux (b} Reluctance

() Permeance (d) None of these

. With the increase of frequency, the capacitive reactance or the circuit

(aj Decreases (b} Increases

(¢} Remains same (d) None of these

. The form factor is

(1) The ratio of rms value o average value.
(b} The ratio of peak value to rms value.

() The ratio of average value 1o rms value.
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The maximum and minimum value of power factor can be
{a) land O (by #land -1 (¢) +land-3 (d) +35ond-35

irewit is fed from 230 volis vanable frequency supply. If
the frequency is adjusted 1o create resonance, the voltage across the
resistance 1s

faj 230V (b} Less than 230V

ey OV () Greater than 230V

A series circuit has & = 10 ohms, L= 0.00 Hand © = 10 pF, the Q-lactor
is

(a) 100 (hy L0 (e} 115 {dy 10,1

Ina RLC cireuit, the current at resonance is

{a} Maximum in seri irenit and minimum in parallel cireuit

(b Maximum in parallel circuit and minimum in series eireunt

(e) Maximum in both the circuits

{d) Minimum in both the circuits

The star transformation of the following circvit shown in Fig. A2-7 is
(@) 1,2,3 (b) 172, I/6, 1/3

fey 300, VI, 21 (dy 1, 13,12

Fig. AZ-T

I the speed of the DC generator is increased, the generated emf will

(a4} Increase (b} Decrease

{c) Remain constant (d) Decrease and then incrense
. Ina DC motor the iron losses oceur in

(a) The yoke (b) The armature

(¢} The field (d} None of these

If the current in the armature of a DC series motor is reduced by 5%, the
torgue of the motor will become

(a) 50% of the previous value {b) 25% of the previous value

(e} 150% of the previous value  (d) 125% of the previous value
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The srmature of DC motor is laminated

{a) To reduce the bysteresis losses

{b}) To reduce the eddy current losses

(e} Toreduce the inductivity of the armature

(i} To reduce the mass of the armature

What happens if the feld winding of & running shunt motor suddenly
breaks open’?

(a) Its speed slow down

(B) Its speed becomes dangerously high

() 1t gives out spark {d) Tt stops al once
A synchronous motor can mn at 2

(a) Leading power factor

(b} Unity power factor

(¢} Lagging or leading or unity power {actor

(d) Zero power factor

. The power fector of the input power (o a s¥nchronous motor is adjusted

by var¥ing

{4} Number of poles

(b) Magnitude of excitation

e} Magnitude of armature reaction
{d} Mone of these

. IFa synchronous motor is switched onto 3-phase supply with its rotor

winding short circusted, it will

{a) Start (b} Not start
(e} Start and continue to run as induction motor
(4} Start and continue to run as s¥nehronous motor
Allernator gencrates

(a) DT (b} AC

(¢} DC and AC both (d) Pulsating DC

The rotor of the aliernator requires

(a) DU (b} AC

{¢) Pulsating DC (d) None of the above

. The rotor of the allernator has

{a) 4 slip rings (h) 3 slip rings
(¢} 2 slip rings (d) Mo slip rings
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The efficiency in a transformer is maximem at
{a) Full-load {b) Half the full load
(¢} One-third the full load (d) No-load

. The primary reason why open circuit test 15 performed on the low-

voltage winding of the ransformer is that it

(1) Draws sufficientl¥ large no-load eurrent for convenient reading
{b) Requires least voltage Lo perform the test
(¢} Meeds minimum power input

(d) Has become a universal cusiom

During short circuit test, the iron-loss of a transformer is negligibl

hecause

(a) The entire input is just sufficient to meet copper losses only

(b) Voltage applied across the h.v. side is a small [raction of the rated
veltage and so is the fux

{c) lron core becomes fully saturated

{d) Supply frequency is held constant

‘The main purpose of using core in a transformer is to

{4} Decrease iron-loss

(by Prevent eddy curment loss

{eh Eliminate magnetic hysteresis

{d) Decrease reluctance of the common magnetic lux path

A wansformer has a percentage resistance of 1% and percentage

reactance of 4%, Iis regulation of power factor 0.8 lagging and 0.8
wely

leading are respe

(a) 3.2% & ~1.6% (b 6% & 4%

(c) 4.8% & -3.2% (d) None of these
51, Eddy current loss in a transformer depends upon

() BOth voltage and frequency  (b) Voltage alone

(e) Load current alone (d) Thickness of core
52 Hy: s loss in a transformer depends upon

{a}) Freguency (B) Supply volage

(¢} Square of frequency alone (d) Square of the voltage alone
53, Theiron losses ina 10 kVA, 240/ 100V single-phase transformer are 100

watts. The maximum efficiency occurs at full-load. When the secondary
current is S0A, the copper losses in the transformer will be
(a) 100 W (b)y S0W (e 25 W () 10w
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During a short circuit test, the iron losses are negligible because
{a) The mumual flux is small (b) The power Factor is low
(¢) The current is high (d} None of these

IFDC supply is given o a transformer, it will

{4} Work th) Not work

(¢} Give lower voltage than the rated voltage on secondary side.
{d) Burn the winding

. A synchronous can run at

(3} A leading power factor (b} Unity power factor
(¢) Lagging or leading or unity power factor
{d} Zero power factor

. An induction metor is coupled o a synchronous motor. In order 1 bring

up the s¥nck mator to s¥nch speed at starting, the pair of
pole of induction moetor should be

(a) Less than thal of synchronaus motor

() Tqual to that of s¥pehronous motor

(e} Greater than that of s¥nchronous motor

(d) None of these

38. A 10 pole, 25 Hz aliernator is directly coupled to, and is driven by a 60

Hz synchronous motor than the number of poles in a synchronous motor
ane

(a) 4% poles (h) 12 poles

(e} 24 poles (d) None of these

In a synchronous generator

fa) The field mmf lags the air gap flux end the air gap flux lags the
armature mmf,

(b) The Neld mmf leads the air gap Mux and the air gap Mux leads the
armature mml

(¢} The field mmf leads the air gap flux logs the armature mmf

(d) The field mm¥ lags the air gap flux and the air gap flux leads the
armalture mmf,

The synchronous motor runs at

(2} Less than s¥nchronous speed (b) Synchronous specd

{¢) More than synchronous speed (d} None of the above

. The construction of s¥nchronous motor is similar to

{a) DC compound motor {b) Slip ring induction motor
(e} DO shunt generator (d} Alternator
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The s¥nchroneus motor runs on

{a) 3-phase AC supply (b) 3-phase AC and DC Supply
(¢) DO Supply only

(d) 3-phase AC and single-phase AC.

I & s¥nchronows motor is switch on 3-phase suppl¥ with s roter
winding short cireuited, it will

fa) Start (b} Not start

(e} Start and continue to run as induction motor

(d) Start and continue 1o run as s¥nchronous motor

The magniwde of the EMF induced in the stator due to revolving fux
depends upon the

(a) Speed of the motor (b) DC Excitation current

(¢} Load on the motor (d) Speed and rotor fMux

Under no-load running condition, the angle between the induced
voltage and supply voltage will be

(a) 180 degree (b) 90 degree
(c) Between B0 degree and 180 degree
() Zero

Under running condition on load, the angle between the induced voltage
and supply voltage will be

(a) Zero () 180 degree
(€} 90 degree (dy Nome of these

7. Ifthe field of s¥nchronous motor under excited, the power factor will be
() More than unity (h) Unity
(e} Lagging (d} Leading
When the s¥nchronous motor is started, the ficld winding is initially
(2} Short circuited (b} Open eireuited

() Excited b¥ a DC source (d} None of these

Vegurve of a synchronous motor show the relation between

(ay Armature current and feld current

{b) Applicd voltage and field current

(e} Applied voltage and anmature current

{d) None of these

Far a given load, the armature current of o s¥nchronous motor is
minimum when the power factor is

(a) Unity

(b} Lightl¥ Jess than unity and lagging
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[f the speed of @ induction motor be s¥nchronous speed, then the relative
speed hetween the rotating fux and the rotor will be

{4} Maximum and henee, torgue will be maximum

by Maximum and henee, torque will be zero

(€} Zero and henee, torque will be maximum

{dy Zero and henee, torque will be zero

If the rotor winding of 2 wound rotor 3-phase induction motor 1
connected o balance 3-phase supply and the stator winding is short
cireuited, then the rotor will

(a) Mot run at all

(b} Run at sub-synchronous spead in the direction of rotating flux

(¢} Run at sub-s¥achronous speed against the direction of rotating flux
{d) Run synchronously with rotating flux

- In terms of air gap power p_ the rotor copper loss and the mechanicsl

power developed are given by
() apy, and (fs) o, (bh (f-5) Py and SP,
(e) pyand p iy (dy pis and p, (-5}

. In & 3-phase induction motor, internal developed torgue, T, in terms of

supply voltage, ¥ is proportional to:

(ay 7, [LIBNGA
© Ve {d} none of these

- Ina 3-phasc induction motor, slip for maximum torque, in terms of rotor

resistance o
(a) Independent of #, () Directly proportional o ry
(e) Inversely proportional 1o/, (d) None of these

. In a 3-phase induction motor, the current is produced in the rotor

conductors by

(a} Giving AC supply () Giving DC supply

(e} Induction effect (d) Pulsating DC supply

The direction of rotation of 3-phase revolving field can changed by
interchanging

{a} Rand ¥ phase only () & and ¥ phase only

(e} Rand B phase only (d} An¥ two phases

Different 1¥pes of 3-phase induction motors are

(1) Squirrel cage (b} Slip ring

(¢} Commutator (d) All ot these
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{c) Supply voltage

{d) Supply voltage and line current both
Megger is used for measuring

{a) Low resistance

{e) Medium resistance

Sensitivity of a volumeter is expressed as
(a) Volt/ohms
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30,

37,
63,
649,

#1.
§7.
93,
a9,

() High resistance
tb Very low resistance

{€) whms volt
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Appendix 3

Electromagnetism

1. BRIEF HISTORY

Ocrsted discovered in 1819 that whenever an eleetric current flows through a
conductor, a magnetic field is ereated in the space around the conductor. This
was explained by saving that the flow of current through a conductor causes
mavement of the electrons. The motion of the electrons produces magnetic
field. The research was curried out to find out the converse e, if conductor is
brought in a magaetic field does an emf induce or movement of electrons ake
place. Thus, the work advanced in the direction of conversion of magnetism
into electricity. In 1831, Michael Faraday discoverad thatifa elosed conductor
15 moved in o mognetic ficld in a certain manner there will be an induced
current in the moving conductor. This phenomenon is known  as
electromagnetic induction. Further, Faraday enunciated the basic laws' of
electromagnetic induction upon which is based the working of most of the
commercial apparatus like motors, generators and transformers, ete. This was
proved experimemally and then anal¥tically that when a magnetic feld linking
with a closed conductor moves relative 1o the conductor, it produces a flow of
clectrons, The fow of electrons induees a cument in the conductor and henee
the conversion of clectricity into magnetism and vice verse was fully
established.

2. MAGNETIC LINES OF FORCE

The magnetic field of a magnet is the entire space around the magnet in
which magnetic foree is felt. A magnetic line of foree is a line along which an
isolated north pole would travel if free to move in the magnetic field, and a
tangent wany point on the line gives the direction of the resultant loree at tha
point.

The lines of force due to a bar magnet are shown i Fig. A3-1.
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Fig. A1

3. LINES OF INDUCTION

The lines of force are external to the magnet and they pass from north pole
through the field to the south pole. But the lines within the magnetic material
are called a5 lines of induction as shown m Fig. A3-2{a).

fa) (&)
Fig. A3-2

3.1 Tubes of Force

If the field intensity al a point is #f Ampere twms/metere’, then there are [
bes of force per square metar of cross-section taken at right angles to the
direction of the field.

Consider a point pole of strength m wnits in free space, then a unit posi

o . - 1
pole at £, r meter from m will experience a foree of — Newton.
wre

I
— (since, p = 1 lor air).

. Field intensity at PH=—
=
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This ficld intensity will be same in magnitede at all points of the surface of

the sphere of radius r meztere as shown in Fig. A3-2{b} and hence i wbes of
force will cross each square metere of the surface of the sphere.

g i Nomal

Fig. A3-3

4. GUASS THEOREM
Guass showed that the wtal number of lines of induction that emanate from a
pole are mdependent of shape or size of the surface enclosing it

Consider & point pole of sirength m units at 4. Let ds be an elementary
surfuce and B be the angle between the normal end the line 4 ds as shown in
Fig. A3-3.

1fr 35 the distance of ds from A, then,

Flux density over the elementary area =

Flux normal te elementary surface ds

m
= — dscos @
I

Total flux = jl oy cos &
pE

’ J‘ dycosf
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5. RULES FOR FINDING POLARITY

When a current flows through a conductor, a magnetic field is produced around
it. The polerity or the direction of the flux can be found out by the following
rules:

51 Ampere’s Rule

This rule gives the relationship between the direction of the deflection of a
magnelic needle and the direction of current passing through a wire placed
above or below it, parallel to the axis of the ncedle.

Direection of swimming

Fig. A34

Consider a wire A8 placed over a pivoted magnetic needle parallel to its
axis, When a current passes through it in the direction from A (o § shown in
Fig. A3-4, the needle is found wo deflect in the direction represented by arrow
head. Tf the direction of the current through the wire be reversed, the needle is
found to deflect in the opposite direction, Thus Ampere Law may be stated as
fullows:

Tmagine a man swimming in the divection of the current with fis fac
tewanals the weedle, then the worth pole of the needte will e deflecied
towarnds his fefi hand,

5.2 Right Hand Rule

Hold the wire or conductor i the right hand with the thumb pointing in the
direction of the current. The lingers then encirele the conductor in the direction
of the magnetic field as shown in Fig. A3-5.
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a
Direction I
of flux

Direstion
of current

Direction
of flux

.

Fig. A3-5

5.3 Maxwell's Corkscrew rule

Imagine a ripht-handed corkscrew to be along the conductor and pointing in the
direction of eurrent. Then the direetion of the magnetic lines of force will be the
sume 25 that in which the corkscrew has got to be rotated to cause it to advance
in the direction of the current.

5.4 Magnetic Fields due to Straight Current Carrying Conductors
Ifa magnetic needle is brought near a current canrying conductor it never points
towards the ductor indicating that the 4 itselt does not become
magnetized but is surrounded by magnetic lines of foree which are circular in
nature and can be traced by passing the conductor through a cardboard and
plotting the field with the help of a magnetic compass. The direction of the
magnetic field is shown in Fig. A3.6 when the current flowing through a
conductor is downward in (a) and upward in (b},
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Fig. A3-13

151 Mutually Induced emf

Consider two perallel conductors 4 and 8 [¥ing close to cach other. Let
conductor 4 be connected 1o a battery through a key & and a volimeter is
connceted across .

At the instance of opening or closing, there is & momentary deflection in
the volumeter. This is due 1o the production of mutuelly indueed emfin f.

15.2 Self-Induced emf

It is the emt induced in a coil due to the change of its own flux linked with it 1f
a current through coil A changes direction, then the Aux linked with its own
wrns will also change and will produce a self-induced emf,

The dircetion of this induced emf would be such as to oppose an¥ change
of flux which is, in fact, the very cause of its production. ence, it is also
known as the opposing or counter emf of self-induction.

A
-

Fig. A3-12

al
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The ratio

is called the coefficient of coupling and ma¥ be denoted
1™
by K. so
A

K-t
f1,1,
Close coupled: |1f the coefficient of coupling is nearly umty, the circuits said
side to be close coupled.
Loosely coupled: 11 the coefficient of coupling is sufficiently less than unity,

the circuits are said  be loosely coupled.
19. MUTUAL INDUCTANCE OF CONCENTRIC SOLENOIDS

Consider two concentric solenods as shown in Fig. A317.

Fig. A3.16

Let ¥y be the number of turns, {) be the lenath and &) be the cross-sectional
area of A, [Fa current /; amperes lows through it then the fux through 4, will
be:
0ARN, |,

- i
by = paty————
1

If the number of turns on the inner solenoid be A, and it lies wholly within
the outer solenoid. then it would lie in a uniform field,

Let ay be the area of cross-section of £,

Q)
- Flux passing through  #= L iy
a

04N, 1,
U—d;
[
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Flux linkage with the coil B
04T NI
= u.% 1Ny

1
Mutual inductance of the two coils

= Flux linkages of B due 1o per unit current in 4.

0ARN
1

M= Loty

20. SELF-INDUCTANCES IN SERIES

(a) Cumuiative

ik} Oppositen
Fig. AJAT  Seflindustance in series

Let L) = Seli“inductance of coil A4
Ly

M = Mumal inductance between coils 4 and 8.

Self-inductance of coil #

Let twa coils 4 and & be connected in series in such a way, that the flux
produced by coil 8, links with the coil 4 in the same direction as shown i Fig.
A3-17(a).

Then, effective self-nductance of coil

A=L+ M
And,

effective self-inductance of coil & =L, + A
Total self-inductance of the circuat
L=L)+Ly+20

The value of leskage cocflicient in electrical machines usually varies from
1.1 1.25.
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21. METHODS OF MINIMISING LEAKAGE

The magnetic leakage can be minimised in the following two ways:-

(i} BY placing the magnetisting eoils as closely as possible to the air gap or
too the place in the magnetic eireuit where flux is required for the useful
purposes as shown in Fig., A3-18{a).

(i} BY placing the copper bands around the air gap or at the place in the
magmetic cirenit where flux is required as shown in Fig. A3-18(b).

- ™ Leskage Sux | E

B_ | f 2=

BT, d ; 8
. A Cogper Ban

£ N . Fringing flux er Bands |

-~ Use fd flx

Fig. A3.18

22. FRINGING

From the Fig. A3-19, it may also be scen that the
force at the edges of air gap. This is known as fringing and due 1o it, the
effective area of the air gap increases,

s spreading of the lines of

Fig. A313

The phenomenon of fringing ma¥ be illustrated by the diagram of
Fig. A3-19. Duc to the cffect of fringing the arca oceupied bY the flux in the air
gap is more than in iron at tooth,

Cast steel, wrought iron, dynamo sheet steel and good lorged steel are
shown in Fig. A3-19(b} and for cast iron and d¥namo sheet steel are shown in
Fig. A3-19.
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24, ATOM-DOMAIN THEORY OF MAGNETISATION

The metals are composed of ervstals or grains which are so small that they can
hardly be seen by the naked c¥e, The domains are small local regions which
are magnensed to saturation and have a tendency o group themselves into the
als or grains. These domains align themselves in any one of the six
equivalent directions of the cr¥sial axes,

In Fig. A3-21(a). a portion of a cr¥stal is shown and the domains are
represented by small cubes, The dircetion of magnetisation of the domains is
represented bY the ammows. A, represents the direction of magnetisation
upwards and a + represents downwards.

> -
v v ¥ v
N . . R -t
DIE e SRR
s - . L e e
(&) Demagnetised
Mo mag i — Boundary despliacemant
force. . x
- e | » WWaoak mag forca

(b} Magnelsation by boundary displacemeant

Fig. A3-21

The probability of doemain orientation is same in all the six equival
directions of the erystal axes. Under these conditions, the er¥stal as a whole
will be unmagnetised. As a small magnetising foree is applied. the erystal
begins to indicate a week magnetic orientation. This initial effect is due to
slight boundary displacement between two domains as shown in Fig. A3.21(h).

H-Increasing:

In Fig. A3-22, the flux density & is plotted against mugnetising foree /. The
Towest part 4 of the magnetisation curve is due 10 the boundary displacement
and is slightly concave upwards.

When the magnetising force is further increased the domains become
progressively aligned in the direction of i and the rate of this alignment is
almost uniform. So, the portion B of the magnetisation curve 18 nearly linear
and is said to be due 1o sudden change in orientation,

When the magnetising force becomes sufficient]y strong, the direction of
origntation of all the domains become in the direction of the magnetising lorce.,
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e
b é"' P C) Slow change in orlentaton
! & m

#(B} Budden changa in anentstian

(A1 Boundary dispacemant

n o H >
Thras regions of Magnetsation
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Thus, when all the domains are oriented in the same direction each crystal or
prain acts like one very large domain. This state is represented by the ‘kuee” of
the curve and the iron is near saluration.

When the magnetising foree 15 further increased and becomes very strong,
the magnetisation is very slow and wakes place due 1o clectron spins. During
electron spins the domains tend to rotate out of their stable direction along the
direction of the magnetising force. The iron is now fully saturated and this
process is called the “rotation of domain’ and the portion O of the
Lion curve is obtained.

magne
Thus. the normal seturation curve omn is obtained.

H-Decreasing:

If the magnetising force is decreased from the point *a° the curve shall not
retrace aleng the normal saturation curve. This curve will follow a path np
I¥ing above the normal curve. This happens because orientation of domains
tends to persist along the direction of their last orientation. Thus, when
reaches zero, there exists a flux density op due to the above reasons, The flux
density s called remanence and the amount of magnetism existing is called
residual

1 at this instant the magnetising foree is reversed in direction, the curve
follows the path pg. The partion g corresponds to the knee.

When there is further negative increase in the magnetising force H, the
flux density drops rapidly and the portion gr of the curve is obtained. This
rapid drop in flux density 15 due to the domains in the crystals which become
progressivel¥ deoriented. The magnetising force or al which the flux density
becomes zero is called coercive force.
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