UNIT 1

Poly-Phase Induction
Machines




Construction

* Aninduction motor has two main parts

* stator
 consisting of a steel frame that supports a hollow, cylin

 core, constructed from stacked laminations (why?), havi
number of evenly spaced slots, providing the space for th
winding
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Rotor

® composed of punched laminations, stacked to create a
rotor slots, providing space for the rotor winding

® one of two types of rotor windings

® conventional 3-phase windings made of insulated wire (w
rotor) » similar to the winding on the stator

® aluminum bus bars shorted together at the ends by two alu
rings, forming a squirrel-cage shaped circuit (squirrel-cage

@ Two basic design types depending on the rotor design
® squirrel-cage: conducting bars laid into slots and shorted at both e
shorting rings.

® wound-rotor: complete set of three-phase windings exactly as t
Usually Y-connected, the ends of the three rotor wires are c
3 slip rings on the rotor shaft. In this way, the rotor circuiti







Cage and Wound rotor

/ Squirrel cage rotor

Wound rotor

Notice
slip rings




Principle of operation

@ This rotating magnetic field cuts the rotor windings and produ
induced voltage in the rotor windings

@ Due to the fact that the rotor windings are short circuited, for b
squirrel cage and wound-rotor, and induced current flows in the
windings

@ The rotor current produces another magnetic field

@ A torque is produced as a result of the interaction of those two ma
fields

T..q = KBg x B,

here 1,,, is the induced torque and B and B; are the magnetic flux
densities of the rotor and the stator respectively




Induction motor speed

* At what speed will the IM run?

» Canthe IM run at the synchronous speed, why?

» If rotor runs at the synchronous speed, which is the same speed
rotating magnetic field, then the rotor will appear stationary to th
magnetic field and the rotating magnetic field will not cut the roto
induced current will flow in the rotor and no rotor magnetic flux
produced so no torque is generated and the rotor speed will fall belo

synchronous speed

When the speed falls, the rotating magnetic field will cut the rot

and a torque is produced
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* So, the IM will always run at a speed lower than the syn
speed

* The difference between the motor speed and the synchr
is called the Slip

Niip = Msyne — ﬁm;‘

Where n;,= slip speed
Nync= speed of the magnetic field

n,, = mechanical shaft speed of the motor




Slip

Where s is the slip
Notice that : if the rotor runs at synchronous speed
s=0
if the rotor is stationary

s=1

Slip may be expressed as a percentage by multiplying the above e
notice that the slip is a ratio and doesn’t have units



Rotor Frequency

 The frequency of the voltage induced in the rotor is given by

£ Pxn
" 120

Where f, = the rotor frequency (Hz)
P = number of stator poles
n = slip speed (rpm)

f — Px(ns_nm)
r 120
P x sng

= = sf,
120
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What would be the frequency of the rotor’s induced voltag
n.,?

i

ed

s 1,

When the rotor is blocked (s=1) , the frequency of the induced vo
equal to the supply frequency

On the other hand, if the rotor runs at synchronous speed (s = 0), t
frequency will be zero



Equivalent Circuit

* The induction motor is similar to the transformer with the ex

its secondary windings are free to rotate

o—
|
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When the rotor is locked (or blocked), i.e. s =1, the largest volt
frequency are induced in the rotor, Why?
On the other side, if the rotor rotates at synchronous speed, i.e

induced voltage and frequency in the rotor will be equal to zerc

By =SBy

Where Eg, is the largest value of the rotor’s induced voltage obta

1(locked rotor)
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* The same is true for the frequency, i.e.

Fr=%J

It is known that

So, as the frequency of the induced voltage in the rotor changes, t
reactance of the rotor circuit also changes

Where X,, is the rotor reactance at the supply frequency (at blocke

ll
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e

>
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* Then, we can draw the rotor equivalent circuit as follows

Iz JXg = JjsXgo
—_ A
Egp=sEgg Ry

Where E; is the induced voltage in the rotor and Ry is th
rotor resistance
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* Now we can calculate the rotor current as

I = E
" (Rr + JXg)
SE r o

(Rr + JsX ry)

Dividing both the numerator and denominator by s so nothing c
we get z

Iy, = =

Where Eg, is the induced voltage and X;, is the rotor reactance at
blocked rotor condition (s = 1)
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* Now we can have the rotor equivalent circuit

Now as we managed to solve the induced voltage and different
frequency problems, we can combine the stator and rotor circuits
one equivalent circuit







Numerical Problems

1. The EMF in the stator of an 8 pole induction motor has
frequency of 50 Hz and that in the rotoris 1.5Hz. At what

the motor is running and what I the slip?

2. In case of an 8-pole induction motor the supply frequency
Hz and the shaft speed was 735 rpm. Compute (i) Synchrono

speed (ii) Slip speed per unit slip (iii) Percentage slip.
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3. An 8 pole, 3phase alternator is coupled to a prime mover ru
rom. It supplies an induction motor which has a full load speed

Find the number of poles of induction motor and slip.

4. The frequency of stator EMF is 50 Hz for an 8-pole induction motc

rotor frequency is 2.5 Hz, calculate the slip and the actual speed @




UNIT 2

Characteristics of Induction
Machines




Power losses

* Copper losses
* Copperlossin the stator (Ps) = 1,2R;
* Copper lossin the rotor (P ) = 1,2R,

* Coreloss (Pye)

Mechanical power loss due to friction and windage

How this power flow in the motor?

Pln= ﬁ VTIL cos 6

ol Piiray
p PreL m (;’m,)
P . Roer
loss)




Power relations

P, =~/3V_ I _cosO =3V, cosO

P =3I°R
1 1

SCL
I:)AG — I:)in o (PSCL + I:)core)

P

conv

— PAG - PRCL
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P, =<3V, cos =3V, cosO

ph ™ ph

P =3I°R
SCL 1 1
PAG - Ph B (PSCL T PCOFG) = I:)conv + I:)RCL = 3|22 & = PRCL
S
P =3I°R
RCL 2 2
Frov = Pag = FPre =312 R, (1) — PreL 1-5)
2 S A
I:)conv — (1_5) PAG
1-5s)P
Pout = PconV —(Pf w T Pstray) T, = I:)conv — ( ) AG

©® (1-9)o,

m




Numerical problems

1. The power input to a 500V, 50Hz, 6-pole, 3-phase induction motor
running at 975 rpm is 40 KW. The stator losses are 1KW and the fricti
and wind age losses total to 2KW, Calculate i) The slip ii) Rotor copper

loss iii) Shaft power.

2. A4 pole, 400 V, 3phase IM has a standstill rotor EMF of 100 V per phase.
The rotor has resistance of 50 QQ/ph and standstill reactance of 0.5 Q/ph.
Calculate the maximum torque & slip at which it occurs. Neglect stator

impedance.
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3. An 8-pole, 50 Hz, 3 phase slip ring IM has effective resistance of 0.08

/phase the speed corresponding to maximum torque is 650 rpm. Wh
the value of resistance to be inserted in rotor circuit to obtain maxim

torque at starting?

4. 500HP, 30, 440V, 50Hz induction motor has a speed of 950 rpm on full loa

The machine has 6 poles. Calculate
a) Slip and Speed of rotor field with respect to rotor.

b) Speed of rotor field with respect to stator

c)Complete alternations of rotor voltage per minute.

Relative speed between stator field with respect to rotors



Torque, power and Thevenin’s
Theorem

> Thevenin’s theorem can be used to transform the network to t

of points ‘@’ and ‘b’ into an equivalent voltage source V;4in s

with equivalent resistance

I, R, X, L X

—_— a ——
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jXM XM

V. Vo, HV, |
T R (X X, )

=V
PR (X + X,,)
Ron + X = (Ro+ JX) /Xy,




* Since X,,>>X; and X,,>>R,

| X,
V; My
"VW% ’ Xy + Xy,

Because X,,>>X; and X,,#+X;>>R;

o\
X,
Ry # R
) (Xﬁxwﬂ

X = X,




Then the power converted to mechanical (P.,,,)

R,(1-5)
_np2 Ry
I:)conv B 3'2
S
And the internal mechanical torque (T_,,,)
312 R
T = —Peeﬁ+ :—Peeﬁv— . S _ I:)AG
ind o
®, (@-Ss)o, O, O,







Torque-speed characteristics

500%

400%

300%

200%

100%

Pullout torque \

—————————————————————————————

Mechanical speed
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The induced torque is zero at synchronous speed. Discussed earlier.

The curve is nearly linear between no-load and full load. In this rang
rotor resistance is much greater than the reactance, so the rotor cur
torque increase linearly with the slip.

There is a maximum possible torque that can’t be exceeded. This torque
called pullout torque and is 2 to 3 times the rated full-load torque.

The starting torque of the motor is slightly higher than its full-load torque,
so the motor will start carrying any load it can supply at full load.

The torque of the motor for a given slip varies as the square of the applie
voltage.

If the rotor is driven faster than synchronous speed it will run as
generator, converting mechanical power to electric power.



Torque- Speed Characteristics

T §g
PO Pr Pm
stator rotor
S . . N / g ” N ] g 7 i 2 P A . I z‘n’
Pis I_Df Pir P, 3
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Rl <R2<R3<R4<R5<R6
800

Induced torque, N * m

| |
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Numerical Problems on Torque

1. A 25 hp, 6 poles, 50 Hz, 3-phase induction motor has stator/ rotor ratio of 6/
The stator and rotor impedances per phase are (0.25+ j0.75) ohms and

(0.173+j0.52) ohms respectively. Find the starting torque exerted by the motor

when an external resistance of 1 ohm is inserted in each phase, the motor being

started directly on the 400 V supply system. Assume star connection

2. A 40 kw, 3-phase slip-ring induction motor of negligible stator impedance runs at
a speed of 0.96 time’s synchronous speed at rated torque. The slip at maximum
torque is 4 times the full load value. If the rotor resistance of the motor is
increased by 5 times, determine: a) the speed, power output and rotor copper

loss at rated torque b) The speed corresponding o maximum torque
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3. The power input to a 6-pole, 50 Hz, 3-phase induction motoris 700
load and 10 kw at full load. The no load copper loss may be assumed
negligible whiles the full load stator and rotor copper losses are 295 W
310 W respectively. Find the full load speed, shaft torque and efficiency c

the motor assuming rotational and core losses to be equal.




No-load test

No load

re—— @

1. The motor is allowed to spin freely

2. Theonlyload on the motor is the friction and windage losses,
so all P, is consumed by mechanical losses

3. Theslipis very small
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4. At this smallslip
R,(1-5) . n 2 R,(1-5) , «

S : S :

The equivalent circuit reduces to...




2.4
v, R;: JAM

v, JXm
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6. Atthe no-load conditions, the input power meas
by meters must equal the losses in the motor.

7. The Py is negligible because 1, is extremely small
because R,(1-s)/s is very large.

8. The input power equals

F?ﬁ: = Pm.+PQQfFe+?%&WV

=31R, + P,

I:)rot = I:)core + I:)F &W
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9. The equivalent input impedance is thus approximately

If X; can be found, in some other fashion, the magnetizing
impedance X,, will be known




Blocked rotor test

* |n this test, the rotoris locked or blocked so that it cannot move, a v
is applied to the motor, and the resulting voltage, current and power

measured.

O_MA,___NW\ =
| R
Yl Rc? i Xag 2=k,
XM >> 'Rz +jX2|

|
\ ' I Re >> IRy + jX,
o So neglect R~ and X,

LT iXi L iX
|
|
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 The AC voltage applied to the stator is adjusted so that the current
approximately full-load value.

 The locked-rotor power factor can be found as

PF =cost)= i

>

The magnitude of the total impedance

Yo

Z . |=




Where X’; and X’, are the stator and rotor reactances at the
test frequency respectively

Rz — RLR — Rl

1:rae '
X, =—ae X' =X +X,

LR f

test




Numerical Problems on Circle diagram

1. Draw the circle diagram of a 20 hp, 400V, 50 Hz, 3- phase star- conne

induction motor from the following test data (line values)

Blocked rotor 200V Pf0.4

(i

From the circle diagram find (i) line current and power factor at full load

Maximum power output
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2. Draw the circle diagram fora 5 hp, 200V, 50 Hz, 4 pole, 3 — phase, star

connected induction motor from the following data: (i) 200V, 5A, 350
(ii)) 100V, 26 A, 1700 W (iii) Rotor copper loss at standstill = half of the

total copper loss. Estimate there from the full load current, power factor,

speed and torque.

3. A400V, 3-Phase, 50 Hz, star connected induction motor has the following

e I I A

Blocked rotor 180V 5799 W
test

Calculate the line current and power factor when operating at 4%
slip. The stator resistance per phase is 0.5 Q



Numerical problems on circle

dl)agfﬁamle diagram of a 100 hp, 400 V, 50 Hz, 3- phase star-
connected induction motor from the following test data (line values)

Blocked rotor 200V 100A Pf0.45
test

From the circle diagram find (i) line current and power factor at full load
(ii)Maximum power output

2. Draw the circle diagram for a 20 hp, 200 V, 50 Hz, 4 pole, 3 — phase, star
connected induction motor from the following data: (i) 200 V, 9A, 425 W
(ii) 100 V, 59 A, 2100 W  (iii) Rotor copper loss at standstill = Quarter of
the total copper loss. Estimate there from the full load current, power
factor, speed and torque
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3.A 400V, 3-Phase, 50 Hz, star connected induction motor has th

following test results:

Blocked rotor 195V 6899 W
test

Calculate the line current and power factor when operating at 5% slip.

The stator resistance per phase is 0.5 Q




Starting methods

Full Voltage Starting Method for Squirrel Cage Induction Motor:

Direct on Line Starting Method

This method is also known as the DOL method for starting the three
phase squirrel cage induction motor. In this method we directly switch the
stator of the three phase squirrel cage induction motor on to the supply
mains. The motor at the time of starting draws very high starting current
(about 5 to 7 times the full load current) for the very short duration. The
amount of current drawn by the motor depends upon its design and size.
But such a high value of current does not harm the motor because of

rugged construction of the squirrel cage induction motor.
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Reduced voltage method for starting squirrel cage induction mo

In reduced voltage method we have three different type of starting meth

and these are written below:
» Stator resistor starting method
» Auto transformer staring method
» Star delta starting method
» Now let us discuss each of these methods in detail.

» Stator Resistor Starting Method




Stator resistor starting method




Auto Transformer Starting Method

_—

»- >

Pertaining to Auto-Transfer Starting




Star-Delta Starting
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Addition of External Resistances in Rotor

C‘ﬁﬁ%ﬁl decrease the starting current, increases the starting torque a
also improves the power factor. The circuit diagram is shown below: In
circuit diagram, the three slip rings shown are connected to the rotor
terminals of the wound rotor motor. At the time of starting of the motor,
the entire external resistance is added in the rotor circuit. Then the external
rotor resistance is decreased in steps as the rotor speeds up, however the
motor torque remain maximum during the acceleration period of the

motor.

Induction motor always operates at lagging power factor while the

synchronous motor can operate at both lagging and leading power fac



Contd..

In an induction motor the value of maximum torque is directly proportio
the square of the supply voltage while in case of synchronous machine the

maximum torque is directly proportional to the supply voltage.

In an induction motor we can easily control speed while with synchronous m
in normal condition we cannot control speed of the motor. (d) Induction moto
has inherent self starting torque while the synchronous motor has no inherent
self starting torque

We cannot use induction motor to improve the power factor of the

supply system while with the use of synchronous motor we can improve

the power factor of the supply system.
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It is a singly excited machine means there is no requirement of dc ex
while the synchronous motor is doubly excited motor means there is

requirement of separate dc excitation.

In case of induction motor on increasing the load the speed of the moto

decreases while with the speed of the synchronous motor remains

constant.



Induction Generator

» Induction machine is sometimes used as a generator. It is also called
Asynchronous Generator. What are the conditions when the poly phas
(here three phase) induction machine will behave as an induction
generator? The following are conditions when the induction machine wil
behave as an induction generator are written below:

» Slip becomes negative due to this the rotor current and rotor emf attains
negative value.

» The prime mover torque becomes opposite to electric torque. Now let us
discuss how we can achieve these conditions. Suppose that an induction
machine is coupled with the prime mover whose speed can be controlled.
If the speed of the prime mover is increased such that the slip becomes
negative (i.e. speed of the prime mover becomes greater than the
synchronous speed).




Isolated Induction Generator

P e
3 Phase b ¢
Prime Induction
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» This type of generator is also known as self excited generator. N
why it is called self excited? It is because it uses capacitor bank w

is connected across its stator terminals

» The function of the capacitor bank is to provide the lagging reactive

power to the induction generator as well as load.

» The cumulative process of voltage generation continues till the
saturation curve of the induction generator cuts the capacitor load

line at some point. This pointis marked as f in the given curve.
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iii) Number of stator slots and conductors per slot
Considering the guide lines for selection of number of slots
Selecting the number of slots/pole/phase = 3
Total number of slots =3 x 12 x 3 =108
Slot pitch = nD/S
=1t x 132/ 108
= 2.84 cm (quite satisfactory)
Number of conductors per slot = 2472/108 = 24
Hence total number of conductors = 24 x 108 = 2592
Turns per phase = 2592/6 = 432

* Slot loading:

Full load current =500 x 103 / (V3 x 6600) = 43.7 amps
Slot loading = current per conductor x number of conductors/ slot
. =43.7x 24
= 1048.8 ( satisfactory)
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» Speed control by changing applied voltage

Speed control of Induction Machines

From the torque equation of the induction machine given in eqn.17, w
see that the torque depends on the square of the applied voltage. The
variation of speed torque curves with respect to the applied voltage is
shown in fig. 18. These curves show that the slip at maximum torque s~
remains same, while the value of stall torque comes down with decrease i
applied voltage. The speed range for stable operation remains the same.

Rotor resistance control

For all its advantages, the scheme has two serious drawbacks. Firstly, in
order to vary the rotor resistance, it is necessary to connect external
variable resistors (winding resistance itself cannot be changed). This
therefore necessitates a slip-ring machine, since only in that case rotor
terminals are available outside. For cage rotor machines, there are no rot
terminals. Secondly, the method is not very efficient since the additio
resistance and operation at high slips entails dissipation.



> Cascade control
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The power drawn from the rotor terminals could be spent more usefu
Apart from using the heat generated in meaning full ways, the slip ring
output could be connected to another induction machine. The stator of
second machine would carry slip frequency currents of the first machine
which would generate some useful mechanical power. A still better option
would be to mechanically couple the shafts of the two machines together.

This sort of a connectionis called cascade connection



» Pole changing schemes
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Sometimes induction machines have a special stator winding capable
being externally connected to form two different number of pole num
Since the synchronous speed of the induction machine is given by n, =
(in rev./s) where p is the number of pole pairs, this would correspond to
changing the synchronous speed. With the slip now corresponding to the

new synchronous speed, the operating speed is changed



UNIT 3

Synchronous Machines




Types of synchronous machines

According to the arrangement of armature and field winding, the
synchronous machines are classified as rotating armature type or rotati

field type.

In rotating armature type the armature winding is on the rotor and the
field winding is on the stator. The generated emf or current is brought to
the load via the slip rings. These type of generators are built only in small

units.

In case of rotating field type generators field windings are on the rotor
and the armature windings are on the stator. Here the field current is
supplied through a pair of slip rings and the induced emf or current is

supplied to the load via the stationary terminals.
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Based on the type of the prime movers employed the synchron
generators are classified as

Hydro generators : The generators which are driven by hydraulic
turbines are called hydro generators. These are run at lower speeds
less than 1000 rpm.

Turbo generators: These are the generators driven by steam
turbines. These generators are run at very high speed of 1500rpm or
above.

Engine driven Generators: These are driven by IC engines. These are

run at a speed less than 1500 rpm.



Construction of synchronous
machines

« Salient pole Machines:

These type of machines have salient pole or projecting poles wit
concentrated field windings. This type of construction is for the

machines which are driven by hydraulic turbines or Diesel engines

* Non salient pole or cylindrical rotor or Round rotor Machines:
These machines are having cylindrical smooth rotor construction wit
distributed field winding in slots. This type of rotor construction is

employed for the machine driven by steam turbines
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Operation of Alternators

Similar to the case of DC generator, the behavior of a Synchronous
generator connected to an external load is different than that at no-loa
order to understand the performance of the Synchronous generator whe
is loaded, consider the flux distributions in the machine when the armatu
also carries a current. Unlike in the DC machine in alternators the emf peak
and the current peak will not occur in the same coil due to the effect of the

power factor of the load

The current and the induced emf will be at their peaks in the same coil onl
for UPF loads. For zero power factor lagging loads, the current reaches its
peak in a coil which falls behind that coil wherein the induced emf is at it

peak by 90 electrical degrees or half a pole-pitch.
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Likewise for zero power factor leading loads, the current reaches its p

a coil which is ahead of that coil wherein the induced emf is at its peak
90 electrical degrees or half a pole-pitch. For simplicity, assume the

resistance and leakage reactance of the stator windings to be negligible.

Also assume the magnetic circuit to be linear i.e. the flux in the magnetic
circuitis deemed to be proportional to the resultant ampere-turns - in other
words the machine is operating in the linear portion of the magnetization
characteristics. Thus the emf induced is the same as the terminal voltage,
and the phase-angle between current and emf is determined only by the
power factor (P.f) of the external load connected to the synchronous

generator.



Armature windings

Windings in Alternators:

In case of three phase alternators the following types of windings are
employed.

* Lap winding,

 wave winding and

 Mush winding.

Based on pitch of the coil

e full pitched

* short pitched windings

Based on number of layers

* Single layer

 Double layer
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Double layer winding
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EMF Equation

Consider the following

e O =flux per pole in wb

P =Number of poles

* N, =Synchronous speed in rpm

 f=frequency of induced EMF in Hz

e Z=total number of stator conductors

* Z,,=conductors per phase connected in series

* T, =Number of turns per phase

 Assuming concentrated winding, considering one conductor placed in a slot
According to Faradays Law electromagnetic induction,

* The average value of EMF induced per conductor in one revolution

* e,,=d/dte,,=Change of Fluxin one revolution/ Time taken for one
revolution

e Change of Flux in one revolution=P

* Time taken for one revolution = 60/N, seconds
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* Hencee,,=(p)/(60/N;)=PN;/ 60
*  Weknow f=PN,/120

* Hence PN, /60 = 2f

* Hencee,, =2fvolts

* Hence average EMF per turn = 2 x 2f volts = 4f volts

* Ifthere are T,, number of turns per phase connected in series, then average EMF induced in
turnsis
*  Ephavg = Ton X €, = 4 0T, volts
* Hence RMS value of EMFinduced E=1.11 X E, 5,
= 1.11 x4 f OT,, volts
=4.44 f OT,, volts
* Thisis the general EMF equation for the machine having concentrated and full pitched winding.
* In practice, alternators will have short pitched winding and hence coil span will not be 1809

one or two slots short than the full pitch.




Distribution and Pitch Factor

Pitch Factor:
* Pitch factor K,= EMF induced in a short pitched coil/ EMF induc

a full pitched coil = (2E cos a/2)/ 2E
* K,=cosa/2

* Where a is called chording angle.
Distribution Factor: Even though we assumed concentrated winding in

deriving EMF equation, in practice an attempt is made to distribute
the winding in all the slots coming under a pole. Such a winding is

called distributed winding.
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* In concentrated winding the EMF induced in all the coil sid
will be same in magnitude and in phase with each other. Inc
of distributed winding the magnitude of EMF will be same but
the EMF s induced in each coil side will not be in phase with
each other as they are distributed in the slots under a pole.

* Hence the total EMF will not be same as that in concentrated
winding but will be equal to the vector sum of the EMF s
induced. Hence it will be less than that in the concentrated

winding
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Distribution factor K;= EMF induced in a distributed winding/ E
induced in a concentrated winding = vector sum of the EMF /

arithmetic sum of the EMF

The EMF induced in concentrated winding with m slots per pole per

phase = mE volts.

Fig below shows the method of calculating the vector sum of the
voltages in a distributed winding having a mutual phase difference of

B. When m is large curve ACEN will form the arc of a circle of radiusr.

From the figure below AC = 2rsin B/2
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* Hence arithmetic sum = m2r sinf3/2

* Now the vector sum of the EMF s = 2rsin mB/2

* Hence the distribution factor K, = vector sum of the EMF /

arithmetic sum of the EMF = (2r sin mB/2) / (m x 2r sin B/2)

e Ky =(sinmpB/2)/(msinB/2)
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In practical machines the windings will be generally
pitched and distributed over the periphery of the mac
Hence in deducing the EMF equation both pitch factor a

distribution factor has to be considered.

Hence the general EMF equation including pitch factor and

distribution factor can be given as EMF induced per phase

4.44 T, x K Kq volts

En = 444 KK f Ty, violts

Hence the line Voltage E, = V3 x phase voltage = V



Harmonics

When the uniformly sinusoidal distributed air gap flux is cut by either
stationary or rotating armature sinusoidal EMF is induced in the altern
Hence the nature of the waveform of induced EMF and current is
sinusoidal. But when the alternator is loaded waveform will not continue
be sinusoidal or becomes non sinusoidal. Such non sinusoidal wave form is
called complex wave form. By using Fourier series representation it is
possible to represent complex non sinusoidal waveform in terms of series
sinusoidal components called harmonics, whose frequencies are integral
multiples of fundamental wave. The fundamental wave form is one which is

having the frequency same as that of complex wave.

The waveform which is of the frequency twice that of the fundamen

called second order harmonic.
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* These harmonic components can be represented as follow
Fundamental: e; = E,,; Sin (wt £ 6,)
2nd Harmonic e, = E_, Sin (2wt £ 6,)
3rd Harmonic e; = E, 5 Sin (3wt £ 6;)

5th Harmonic e = E. ¢ Sin (5wt + O:) etc.

In case of alternators as the field system and the stator coils are
symmetrical the induced EMF will also be symmetrical and
hence the generated EMF in an alternator will not contain any

even harmonics.




Slot Harmonics

» As the armature or stator of an alternator is slotted, some harmonics
induced into the EMF which is called slot harmonics. The presence of sl
the stator makes the air gap reluctance at the surface of the stator non
uniform. Since in case of alternators the poles are moving or there is a
relative motion between the stator and rotor, the slots and the teeth
alternately occupy any point in the air gap. Due to this the reluctance or the

air gap will be continuously varying.

» Due to this variation of reluctance ripples will be formed in the air gap

between the rotor and stator slots and teeth. This ripple formed in the air

gap will induce ripple EMF called slot harmonics.
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Minimization of Harmonics:

To minimize the harmonics in the induced waveforms following methods
employed:

e Distribution of stator winding.

e Short Chording

* Fractional slot winding

e Skewing

e Larger air gap length.
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Effect of Harmonics on induced EMF:

* The harmonics will affect both pitch factor and distribution
factor and hence the induced EMF. In a well designed alternat
the air gap flux density distribution will be symmetrical and

hence can be represented in Fourier series as follows.

* B=B,;Sihwt+B,3sin 3wt + B, Sin 5wt +...................
 The EMF induced by the above flux density distribution is given

by e=E. Sin wt + E. 5 sin 3wt + E Sin 5wt +...................




And line voltage E ;.. = V3 X E,

Effect of Harmonics of pitch and distribution Factor:

C

The RMS value of the resultant voltage induced can be given as

Eon =V *(Ey)? + (E5)? + (E5)? + e (E)2]

The pitch factor is given by K, = cos a/2, where a is the chording angle.
For any harmonic say nt harmonic the pitch factor is given by K, = cos a/

The distribution factor is given by K4 = (sin mB/2) / (m sin $/2)

For any harmonic say nt" harmonic the distribution factor is given by

Kq, = (sin m nB/2) / (m sin n/2)



Armature Reaction

* The useful flux which links with both windings is due to combin
MMF of the armature winding and field winding. When the arma
winding of an alternator carries current then an MMF sets in
armature. This armature MMF reacts with field MMF producing the

resultant flux, which differs from flux of field winding alone.

* The effect of armature reaction depends on nature of load (power
factor of load). At no load condition, the armature has no reaction
due to absence of armature flux. When armature delivers current at
unity power factor load, then the resultant flux is displaced along th

air gap towards the trailing pole tip.
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Under this condition, armature reaction has distorting effect on MM
as shown in Figure. At zero lagging power factor loads the armature cu

is lagging by 90° with armature voltage.

Under this condition, the position of armature conductor when inducing
maximum EMF is the centre line of field MMF. Since there is no distortion
but the two MMF are in opposition, the armature reaction is now purely

demagnetizing as shown in Figure. Now at zero power factors leading, the

armature current leads armature voltage by 90°.

Under this condition, the MMF of armature as well as the field winding is i

same phase and additive
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(a) Unity Power Factor

Flux prodacsd by
annatir= cwrrsat
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(b) Zero Power Factor Lagging
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(¢) Zero Power Factor Leading
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Phasor diagram

Unty powerfacter lead

Under unity power factor load: E, = (V + IR,) + (IX;)
E,n =V (V+IR,)? + (1Xs)?]
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Zero power factor lagging

Under zero power factor lagging: E;;, =V + (IR, +j IXs) =V +
I(R, +j X,)
The above expression can also be written as E, = V¥ (V cos

+1R,)2 + (V sin +1X)?]




Zero power factor leading




Numerical problems on windings

1. A 3Q, 50 Hz, star connected salient pole alternator has 216 slots with 5 conducto
slot. All the conductors of each phase are connected in series; the winding is
distributed and full pitched. The flux per pole is 30 mwb and the alternator runs at
250 rpm. Determine the phase and line voltages of EMF induced.

Slon: Ns = 250 rpm, f = 50 Hz,
P=120xf/Ns=120x50/250 = 24 poles
m = number of slots/pole/phase = 216/(24x 3) =3
B = 1800 / number of slots/pole = 1800 / (216/24) = 200 Hence distribution factor
Kd =(sin mB/2)/(m sin B/2)
=(sin3x20/2)/(3sin20/2)

=0.9597
Pitch factor Kp = 1 for full pitched winding. We have EMF induced per conductor
Tph=Zph/2 ; Zph=127/3

Z = conductor/ slot x number of slots Tph=27/6 =216 x5 /6 = 180
Therefore Eph =4.44 KpKd f 8 Tph vlolts

=4.44 x1x0.9597 x 50 x 30 x 10-3 x 180 = 1150.488 volts
Hence the line Voltage EL = V3 x phase voltage = V3 Eph = V3 x1150.488 = 1992.65 v
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* A3Q, 16 pole, star connected salient pole alternator has
slots with 10 conductors per slot. The alternator is run at 3
rom. The terminal voltage of the generator found to be 2.657
KV. Determine the frequency of the induced EMF and the flux

per pole

* A4 pole, 3 phase, 50 Hz, star connected alternator has 60 slots
with 4 conductors per slot. The coils are short pitched by 3 slots.
If the phase spread is 600, find the line voltage induced for a

flux per pole of 0.943 wb.




Numerical problems on Windings

1. In a 3 phase star connected alternator, there are 2 coil sides per slot a
16 turns per coil. The stator has 288 slots. When run at 250 rpm the lin
voltage is 6600 volts at 50 Hz. The coils are shot pitched by 2 slots.
Calculate the flux per pole.

Slon: Ns = 250 rpm, f = 50 Hz, slots = 288, E,= 6600 volts, 2 coil sides/slot,
* 16 turns /coil Short pitched by 2 slots

Number of poles = 120f/ Ns = 120 x 50/250 = 24

Number of slots /pole/phase m=288/(24x3)=4
 Number of slots /pole =288 /24 =12

* Slot angle B = 180/ number of slots per pole =180/ 12 = 150
 Distribution factor kd = (sin mB/2) / (m sinB/2)

e =sin(4x15/2)/4sin(15/2)

* =0.9576

* Coils are short chorded by 2 slots Slot angle = 15
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Therefore coil is short pitched by o = 2 x slot angle =2 x 15 = 300
Hence pitch factor Kp = cos a/2 = cos 30/2 = 0.9659

Two coil sides per slot and 16 turns per coil

Total number of conductors per slot = 2 x 16 = 32 turns Total conducto
32 x 288

Turns per phase =32 x 288 /6 =1536
Eph =6600/Vv3 =3810.51 volts,

We have EMF induced per phase Eph =4.44 kp kd f © Tph volts
3810.51=4.44x0.9659 x 0.9576 x 50 x O x 1536
® =0.02wb
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2. A 10 pole, 600 rpm, 50Hz, alternator has the following sinusoidal flux
density distribution. B = sin 8 + 0.4 sin 36 + 0.2 sin 56 wb/m2. The
alternator has 180 slots with 2 layer 3 turn coils with a coil span of 15 slo
The coils are connected in 600 groups. If the armature diameter is 1.2 m
and core length is 0.4 m, calculate (a) the expression for instantaneous
EMF/conductor (b) the expression for instantaneous EMF/coil (c) the phase

and line voltages if the machine is star connected.

3. A three phase 600 kVA, 400 volts, delta connected alternator is reconnected
in star. Calculate its new ratings in terms of voltage, current and volt-

ampere.




Voltage Regulation

* Voltage regulation of an alternator is defined as the change in terminal volt

from no load to full load expressed as a percentage of rated voltage when th

load at a given power factor is removed with out change in speed and excitati
% Regulation = (E,, =V, / V) X 100
where E, = induced EMF /phase, V,, = rated terminal voltage/phase

different methods used for predetermination of regulation of alternators.

* Direct loading method

e EMF method or Synchronous impedance method
e MMF method or Ampere turns method

* ASA modified MMF method

 ZPF method or Potier triangle method



EMF method

This method is also known as synchronous impedance method. Her
magnetic circuit is assumed to be unsaturated. In this method the M
(fluxes) produced by rotor and stator are replaced by their equivalent E

and hence called EMF method.

To predetermine the regulation by this method the following information
are to be determined. Armature resistance /phase of the alternator, open

circuit and short circuit characteristics of the alternator.



OC & SC test on alternator




Procedure to conduct OC test:
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Start the prime mover and adjust the speed to the synchron
speed of the alternator.

Keep the field circuit rheostat in cut in position and switch on
DC supply.

Keep the TPST switch of the stator circuit in open position.
Vary the field current from minimum in steps and take the
readings of field current and stator terminal voltage, till the

voltage read by the voltmeter reaches up to 110% of rated
voltage. Reduce the field current and stop the machine.

Plot of terminal voltage/ phase vs field current gives the OC
curve.



Short Circuit Characteristic (S.C.C.):

» The short-circuit characteristic, as its name implies, refers to the behav
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the alternator when its armature is short-circuited. In a single-phase
machine the armature terminals are short-circuited through an ammeter,
but in a three-phase machine all three phases must be short-circuited. An
ammeter is connected in series with each armature terminal, the three
remaining ammeter terminals being short-circuited. The machine is run at
rated speed and field current is increased gradually to I, till armature
current reaches rated value. The armature short-circuit current and the field

current are found to be proportional to each other over a wide range
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Air Gap line
/
v

SC Current —»

K
0

Voltage —»

Field current ——»

Short-Circuit Ratio:
The short-circuit ratio is defined as the ratio of the field current required t

produce rated volts on open circuit to field current required to circulate full-
load current with the armature short-circuited.

Short-circuit ratio = I/l




Determination of synchronous impeda

*Z.=V(R,)? + (Xc)2 and Synchronous reactance X, = V( Z,)?2 - (R,)?
Hence induced EMF per phase can be found as
Eon = V¥ (V cos +IR,)2 + (V sin + 1Xs)?]

where V = phase voltage per phase =V, , | = load current per phase

Synchronous impedance Z, = (open circuit voltage per phase)/(short cir

current per phase) ., cme s

Hence Z; = (Vo) / (Ise) forsame I

From figure 33 synchronous impedance Z, = V/I.
Armature resistance R, of the stator can be measured using Voltmeter —
Ammeter method. Using synchronous impedance and armature resistance

synchronous reactance and hence regulation can be calculated as follows usin
EMF method
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In the above expression in second term + sign is for lagging pwe
factor ans —sign is for leading power factor.

% Regulation = [(E,, =V, / Vi, )] x 100

Where E,;, = induced EMF /phase, V,, = rated terminal voltage/phase
Synchronous impedance method is easy but it gives approximate
results. This method gives the value of regulation which is greater
(poor) than the actual value and hence this method is called
pessimistic method. The complete phasor diagram for the EMF

method is shown in figure






Numerical Problems on EMF meth

1. 1A 1200 kVA, 3300 volts, 50 Hz, three phase star connected alternato
an armature resistance of 0.25 Q per phase. A field current of 40 Amp
produces a short circuit current of 200 Amps and an open circuit EMF o
1100 volts line to line. Find the % regulation at full load 0.8 PF lagging an
leading by using EMF method.

2. A 10 MVA 6.6 kV, 3phase star connected alternator gave open circuit and
short circuit data as follows.

Field curren
in amps:

OC voltage in 24

kV (L-L):

SC Current in 288 528 875
Amps:

Find the voltage regulation at full load 0.8 pf lagging by emf met
Armature resistance per phase =0.13 Q).



MMF Method

» For any synchronous generator i.e. alternator, it requires MMF
which is product of field current and turns of field winding for tw
separate purposes.

1. It must have an MMF necessary to induce the rated terminal
voltage on open circuit.

2. It must have an MMF equal and opposite to that of armature
reaction MMF

Note : In most of the cases as number of turns on the field winding is
not known, the MMF is calculate and expressed i terms of the field
current itself.

The field MMF required to induce the rated terminal voltage on open
circuit can be obtained from open circuit test results and open
circuit characteristics. This is denoted as F,.
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Under short circuit condition as resistance and leakage reactance of
armature do not play any significant role, the armature reaction reacta
is dominating and hence the power factor of such purely reactive circui
zero lagging. Hence F,rgives demagnetizing ampere turns. Thus the field
MMEF is entirely used to overcome the armature reaction which is wholly
demagnetizing in nature

The two components of total field MMF which are F; and F,z are indicated
in O.C.C. (open circuit characteristics) and S.C.C. (short circuit
characteristics) as shown in the Fig.36

occ

scCC

Field current

“
%
o

=
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* |f the alternator is supplying full load, then total field MMF is the vec
sum of its two components Fy and Fug. This depends on the power fac
the load which alternator is supplying. The resultant field MMF is denot

as Fg. Let us consider the various power factors and the resultant F;.

Zero lagging Pf: As long as power factor is zero lagging, the armature reaction
is completely demagnetizing. Hence the resultant Fyis the algebraic sum of
the two components F;and Fjz. Field MMF is not only required to produce

rated terminal voltage but also required to overcome completely
Fo Far
demagnetizing armature reaction effect. s ————s
OA=F,
AB = F,; demagnetizing
OB =Fp=Fg+ Fyq
Total field MMF is greater than F.
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Zero leading P.f: When the power factor is zero leading then the armatu
reaction is totally magnetizing and helps main flux to induce rated ter
voltage. Hence net field MMF required is less than that required to ind
rated voltage normally, as part of its function is done by magnetizing
armature reaction component. The net field MMF is the algebraic

difference between the two components F; and Fp.

OA =F, Fo
AB = F,; magnetizing 0 — B, .
OB =F, - Fpn = Fp Yoy

Total MMF is less than F,
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Unity P.f: Under unity power factor condition, the armature rea

is cross magnetizing and its effect is to distort the main flux

Thus and F are at right angles to each other and hence result

MMEF is the vector sum of F; and Fg.

OA=F,
AB = F,g cross magnetizing
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General Case: Now consider that the load power factor is cos @. In such cas
resultant MMF is to be determined by vector addition of Fyand Fyg.
Lagging P.f: When the load Pf. is cos® lagging, the phase current |, lags V,, b
angle ®. The component Fg is at right angles to V,, while Fyg is in phase with

current |,

This is because the armature current |,,, decides the armature reaction. The
armature reaction F,g due to current |, is to be overcome by field MMF. Hence

while finding resultant field MMF, - F,z should be added to vectorially.

This is because resultant field MMF tries to counterbalance armature reaction to

produce rated terminal voltage. The phasor diagram is shown in the Fig.
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From the phasor diagram the various magnitude are,
OA=F,, AB=F,:, OB=F;
Consider triangle OCB which is right angle triangle. The
is split into two parts as,
AC = F,r sin® and BC = F,z cos®

- (FR)2=(Fg+ Fp sin®@ )2+ (Fygcos®)2 ...,
From this relation (1), F; can be determined.




Numerical Problems ASA Method

1. The following data pertains to a 15000 KVA, 11KV ,3-phase,50

connected turbo-alternator.

Voc line
(KV) 49 8.4 10.1 115 12.8 13.3 13.65
10 18 24 30 40 45 50

I+ (A)

ZPF full load
line KV

0 = = = 102

Determine percentage regulation for full-load at 0.8 p.f. lagging by
method.
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2. A 1000kVA, 11kV, 3 phase Y connected alternator has an effective r
of 2 Q per phase. The OCC and ZPF lag characteristics for FL curr

given below. Pre-determine the FL voltage regulation at 0.8p.f lag b

method
-
oC Volt 6 7 12 13 14
(k)

V (KV) for ZPF 0 2 9 11 13



PARALLEL OPERATION OF
ALTERNATORS

he operation of connecting two alternators in parallel is known as

synchronizing. Certain conditions must be fulfilled before this can be

affected.
» Reasons for operating in parallel:
i) Handling larger loads.
ii) Maintenance can be done without power disruption.
iii) Increasing system reliability.

iv) Increased efficiency.
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» Conditions required for Paralleling:

i)RMS line voltages must be equal.

i) The generators to be paralleled must have the same phase sequence.
iii)The oncoming generator (the new generator) must have the same operating

frequency as compared to the system frequency.

» Advantages of Parallel Operating Alternators

i)When there is maintenance or an inspection, one machine can be taken out from

service and the other alternators can keep up for the continuity of supply.

ii)Load supply can be increased.
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iii) During light loads, more than one alternator can be shut down w

other will operate in nearly full load.
iv)High efficiency.

v)The operating cost is reduced
vi)Ensures the protection of supply and enables cost-effective generation.

vii) The generation cost is reduced.

viii)Break down of a generator does not cause any interruption in the
supply.

ix)Reliability of the whole power system increases.
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» General Procedure for Paralleling Generators:

Consider the figure shown below. Suppose that generator G2 is to be connected

running system as shown below:

1. Using Voltmeters, the field current of the oncoming generator should be adjust

until its terminal voltage is equal to the line voltage of the running system.
2. Check and verify phase sequence to be identical to the system phase sequence.
There are 2 methods to do this:
i)One way is using the 3 lamp method, where the lamps are stretched
across the open terminals of the switch connecting the generator to th
system (as shown in the figure below). As the phase changes between the 2
systems, the lamps first get bright (large phase difference) and then get

(small phase difference).
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ii)If all 3 lamps get bright and dark together, then the systems have th
phase sequence. If the lamps brighten in succession, then the systems

the opposite phase sequence, and one of the sequences must be revers

iii)Using a Synchroscope — a meter that measures the difference in pha

angles (it does not check phase sequences only phase angles).

3. Check and verify generator frequency is same as that of the syst
frequency. This is done by watching a frequency of brightening an
dimming of the lamps until the frequencies are close by making them t

change very slowly
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4. Once the frequencies are nearly equal, the voltages in the 2 systems
change phase with respect to each other very slowly. The phase chan
are observed, and when the phase angles are equal, the switch connec

the 2 systems is closed.




THREE DARK LAMPS METHOD

Fig. 3.8 Circuit for three dark lamps method
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The following describes the method of synchronizing two alternators

the three-dark method.

When both machines are operating, one of two effects will be observed:
1. The three lamps will light and go out in unison at a rate which depen

on the difference in frequency between the two alternators.

The three lamps will light and go out at a rate which depends on the
difference in frequency between the two machines, but not in unison. |
this case, the machines are not connected in the proper phase sequence
and are said to be out of phase. To correct this, it's necessary to intercha

any two leads to alternator G1.
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» The machines are not paralleled until all lamps light and go out in uniso

The lamp method is shown for greater simplicity of operation.

» By making slight adjustments in the speed of alternator G1 the frequency
the machines can be equalized so that the synchronizing lamps will light and g
out at the lowest possible rate. When the three lamps are out, the

instantaneous electrical polarity of the three leads from G1 is the same as that
of G2 At this instant, the voltage of G1 is equal to and in phase with that of G2
Now the paralleling switch can be closed so that both alternators supply power
to the load. The two alternators are in synchronism, according to the three

dark lamps method



Two Bright, One Dark Lamp Meth

Another method of synchronizing alternators is the two bright, one da
method. In this method, any two connections from the synchronizing
are crossed after the alternators are connected and tested for the prope
phase rotation. (The alternators are tested by the three dark method Fig
3.9(A) shows the connections for establishing the proper phase rotation &
the three dark method. Fig. 3.9(B) shows the lamp connections required to

synchronize the alternator by the two bright, one dark method.

womma i
3 Q) L) (L (L>
11 21 3 W 2] a

Fig. 3.9 (A) The Three-Dark Lamp Method; (B) Two-Bright, One-Dark
Lamp Method
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* When the alternators are synchronized, lamps 1 and 2 are
and lamp 3 is dark. Since two of the lamps are becoming
brighter as one is dimming, it's easier to determine the mo
when the paralleling switch can be closed. Furthermore, by
observing the sequence of lamp brightness, it's possible to tell
whether the speed of the alternator being synchronized is too

slow or too fast.




Synchronizing Power and Torque
Coefficient

» Definition: — Synchronizing Power is defined as the varying

synchronous power P on varying in the load angle 6. It is also c

Stiffness of Coupling, Stability or Rigidity factor. It i represented as P,

» The measure of effectiveness is given by Synchronizing Power Coefficien

dP
syn = E ______________ (1)

Power output per phase of the cylindrical rotor generator

P= [Ecos(B,-8) VcosB,] -——mmmmm- (2)

dP VE

Psyn = dﬁ = E Sln (ez) ---------------- (3)



Synchronizing Torque Coefficient

The synchronizing torque coefficient
qp 1 dP
=<7 TR - (4)

syn T gs 2mnsdd
VE

* Synchronizing Torque Coefficient gives rise to the synchronizing torque
coefficient at synchronous speed. That is, the Synchronizing Torque is
torque which at synchronous speed gives the synchronizing power. If Ty,
the synchronizing torque coefficient than the equation is given as show

below




dP_ P
Ton =¢.:5 m1s < 13% Nm/ Electrical radian ------------------- (6)
dP : :
Tyn= {,:S mIs Nm/ Electrical radian --------------- (7)
 Where,

m is the number of phases of the machine
W, =27 N,

n.is the synchronous speed in revolution per second




Load Sharing of Alternators

When several alternators are required to run in parallel, it probably
happens that their rated outputs differ. In such cases it is usual to divid
total load between them in such a way that each alternator takes the loac
in the same proportion of its rated load in total rated outputs. The total
load is not divided equally. Alternatively, it may be desired to run one larg

alternator permanently on full load, the fluctuations in load being borne b

one or more of the others.

If the alternators are sharing the load equally the power triangles are as

shown in figure below



Load KW

Load KVAR

Machine 2

Machine |

o

Figure: 3.12. Load sharing of alternators.

Load kW2

Load kW1
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Load KVARI Load kKVAR2




Load KVARI Load KVAR2

Load KW2

Load KW

Figure: 3.13. Load sharing of alternators.
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* Consider two alternators with identical speed load characterist

connected in parallel as shown in figure above.

* LetE,, E, be theinduced EMF per phase,

* Z,,Z, be the impedances per phase

* |, |, be the current supplied by each machine per phase
 Zbe the load impedance per phase,

* V be the terminal voltage per phase

* From the circuit we haveV=E, - 1;Z; = E, —|,Z, and hence
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BV L _E2-V

71 Z2

l

And alsoV =(l; + 1, ) Z = 1Z solving above equations

[(EI;ZEZ)+ E172]

- [2(Z1 + 72) + 7172

l

(E2 E ED) + E271]

T2zl + 72) + 7172

Then total current is given by
[E1Z2 + E271]

L, +1, =
1772 7 z(71 + 72) + 7172

l, [

And the circulating current or synchronizing current

_ [E1—E2]

I —
=1+ 22)




‘Numerical Problems on Load
sharin

1. Two aIterrgtors working in parallel supply following loads i) Lighting |
500 KW ii) 1000 KW at 0.9 p.f. lagging iii) 500 KW at 0.95 p.f. lead i
KW at 0.8 lagging. One alternator is supplying 1500 KW at 0.95 p.f. lag

Calculate the load on the other machine.

Sol: The KW and KVAR components of each load are as follows. For lagging
loads KVAR is considered positive whereas for leading loads KVAR is

considered negative

Load | KW cos tan KVAR =KW tan
1 500 1 0 0

2 1000 0.9lag 0.4843 1000.4843 484.30
3 500 0.9 lead 0.4843 500 0.4843 -242.15
4 800 0.8 lab 0.75 8000.75 600
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® Total KW =500 + 1000 + 500 + 800 = 2800

* Total KVAR =0 +484.30—-242.15+ 600 = 842.15

* If Oscis total p.f. angle of combined load

+ tan@sc= KvAR _ 84215
KW 280

* One alternator is supplying 1500 KW at 0.95 p.f. lagging
* cos®,=0.95 tan®,=0.3286
* Reactive component (KVAR) of machine 1 = KW tan ®,= 1500 0.3286

. =492.9 KVAR
Active component of machine 2 = Total KW component Active component
of machine 1 =2800 1500

= 1300 KW
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Reactive component of machine 2 = Total KVAR component Reactive

component of machine 1
=842.15 492.9
= 349.25 KVAR

The p.f. of machine 2 can be calculated as,
KVAR Component of machine 2

tan®, = KW Component of machine 2
®, =15.030

Power factor = cos @, =0.9657 lag
Output of machine 2 = 1300 KW

Power factor of machine 2 = 0.9657 lagging
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2. Two exactly similar turbo alternators are rated at 25 MW each. They ar
running in parallel. The speed load characteristics of the driving turbines
such that the frequency of alternator 1 drops uniformly from 50 Hz on no
load to 48 Hz on full load and that of alternator 2 from 50 Hz to 48.5 Hz.
How will they share a total load of 30 MW

3. Two identical 400 KVA alternators operate in parallel. The governor of the
prime mover of first machine is such that the frequency drops uniformly
from 50Hz on no load to 48 Hz on full load. The corresponding speed drop
of the second machine is 50 Hz to 47.5 Hz. Find i) how will the two
machines share a load of 6000 KW? ii) What is the maximum load of uni

power factor that can be delivered without overloading either machi




Numerical Problems on Load sharir

1. Two single phase alternators operating in parallel have induced EMF
open circuit of 220V and 220V and respective reactance’s of j3Q anc
Calculate i) Terminal voltage ii) Currents and iii) Power delivered by €

of the alternators to a load of resistance 66).
» Impedance of alternators 1, Z; = J3

* Sol: :
» Impedance of alternator 2, Z, = j4()

_ > oy
° El_
2200,
° E2=
2200
e Currentl,is given by

I1 (E1 —E2)Z + E1Z2
" Z(Z1 + 72) + 7172
(E2 — E1)Z + E271
l, = 7(Z1 + 72) + 7172

= 14.90,17.71
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|, =20.364£-7.230A
| =1+ 1,
=(14.19-j4.53) + (20.19- 2.56)
=35.10 £-11.650
Now Voltage V =1Z=(35.104£-11.659) (6 £09)
=210.64£-11.65°
P, =VI;Cos®,=210.6 14.90 cos 7.230

= 2989.22 Watts
P, =VI,Cos®, =210.620.36 cos 17.71° =4253.72 Watts
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2. Two alternators running in parallel supply lighting load of 2500
and a motor load of 5000 KW at 0.707 PF. one machine is loaded
4000 KW at a PF. of 0.8 lagging. What is the KW output and PF. of

other machine?

3.Two single phase alternators operate in parallel and supply a load
impedance of (3+ j4) Q. If the impedance of the machine is (0.2 +j2) and
EMFs are (220+j0) and (220+j0) volts respectively determine for each

machine. i) Terminal voltage i) Power factor and iii) Output



Numerical Problems on Load shari

1. Two single phase alternators operating in parallel have induced E
open circuit of ©V and 9V and respective reactance’s of j3Q an
Calculate i) Terminal voltage ii) Currents and iii) Power delivered by
of the alternators to a load of resistance 6Q.

* Sol: Impedance of alternators 1, Z; =j3Q
Impedance of alternator 2, Z, = j4Q
E,= OV
E,= 0V

Current |, is given by, |,
_ (E1—-E2)Z+E1Z2

 Z(Z1+Z2)+Z172

_ (220£0-2202£10)6+(220210)j4

A T, = 1490£17.71



, - (E2-E1)Z+E271 (220£10-220£0)6+(220£10);3

 Z(Z1472)+7172 - 6(j3+j4)+(j3)(j4)

2 T 90.36£-7.239A

|= 1+ 1,
= (14.19-j 4.53) + (20.19- j 2.56)
=35.10 £-11.65°

Now Voltage V =1Z = (35.102£-11.6594 , o)
=210.6£ -11.65°

P,=VI;Cos®,=210.6 14.90 cos 7.230

= 2989.22 Watts
P, = VI, Cos®, = 23 X cos17.710

6
=4253.72 Watts
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2. Two alternators running in parallel supply lighting load of 2
KW and a motor load of 5000 KW at 0.707 PF. one machine is
loaded to 4000 KW at a PF. of 0.8 lagging. What is the KW

output and PF. of the other machine?

3. Two single phase alternators operate in parallel and supply a

load impedance of (3+ j4) Q. If the impedance of the machine i
(0.2 +j2) and EMFs are (220+j0) and (220+j0) volts respectively
determine for each machine. i) Terminal voltage i) Power

factor and iii) Output



UNIT 4

Synchronous Motors




» The stator is wound for the similar number of poles as that of rotor,

Synchronous motor Principle of operat

fed with three phase AC supply. The 3 phase AC supply produces rota
magnetic field in stator. The rotor winding is fed with DC supply which

magnetizes the rotor.

Now, the stator poles are revolving with synchronous speed (let’s say
clockwise). If the rotor position is such that, N pole of the rotoris near the
N pole of the stator (as shown in first schematic of above figure), then the
poles of the stator and rotor will repel each other, and the torque

produced will be anticlockwise.



> The stator poles are rotating with synchronous speed, and t

» Hence, the rotor will undergo to a rapidly reversing torque, an

Contd..

rotate around very fast and interchange their position. But a
this very soon, rotor cannot rotate with the same angle (due t
inertia), and the next position will be likely the second
schematic in above figure. In this case, poles of the stator will
attract the poles of rotor, and the torque produced will be

clockwise.

the motor will not start.
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» But, if the rotor is rotated up to the synchronous speed of t
stator by means of an external force (in the direction of
revolving field of the stator), and the rotor field is excited nea
the synchronous speed, the poles of stator will keep attracting
the opposite poles of the rotor (as the rotor is also, now,
rotating with it and the position of the poles will be similar
throughout the cycle). Now, the rotor will undergo
unidirectional torque. The opposite poles of the stator and rotor
will get locked with each other, and the rotor will rotate at the

synchronous speed.




Characteristic features of a synchronous

motor _ .
» Synchronous motor will run either at synchronous speed

not run at all.

» The only way to change its speed is to change its supply
frequency. (As Ns = 120f / P)

» Synchronous motors are not self starting. They need some

external force to bring them near to the synchronous speed.

» They can operate under any power factor, lagging as well as
leading. Hence, synchronous motors can be used for power

factor improvement.



Synchronous motorstarting
m@ItOh@dﬁds to start the synchronous motor are,

1. Using pony motors
2. Using damper winding
3. As a slip ring induction motor

4. Using small DC. Machine coupled to it.

1. Using pony motors
In this method, the rotor is brought to the synchronous speed with the help of
some external device like small induction motor. Such an external device is called
'‘pony motor'.
Once the rotor attains the synchronous speed, the d.c. excitation to the rotor is

switched on. Once the synchronism is established pony motor is decoupled. The

motor then continues to rotate as synchronous motor.
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In a synchronous motor, in addition to the normal field winding, the

2. Using Damper Winding

additional winding consisting of copper bars placed in the slots in the p
faces. The bars are short circuited with the help of end rings. Such an

additional winding on the rotor is called damper winding. This winding as
short circuited, acts as a squirrel cage rotor winding of an induction moto
The schematic representation of such damper winding is shown in the

Fig.48.
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Once the rotor is excited by a three phase supply, the motors s
rotating as an induction motor at sub synchronous speed. Then
supply is given to the field winding. At a particular instant motor g
pulled into synchronism and starts rotating at a synchronous speed
As rotor rotates at synchronous speed, the relative motion between
damper winding and the rotating magnetic field is zero. Hence when

motor is running as synchronous motor, there cannot be any induced
EMF in the damper winding. So damper winding is active only at
start, to run the motor as an induction motor at start. Afterwards it is
out of the circuit. As damper winding is short circuited and motor
gets started as induction motor, it draws high current at start so
induction motor starters like star-delta, autotransformer etc. used t
start the synchronous motor as an induction motor.



Characteristic features of a synchronous
@otor

Synchronous motor will run either at synchronous speed or will not r
all.

» The only way to change its speed is to change its supply frequency. (As
120f/ P)

» Synchronous motors are not self starting. They need some external force

bring them near to the synchronous speed.

» They can operate under any power factor, lagging as well as leading. Hence,

synchronous motors can be used for power factor improvement.



3. As a Slip Ring Induction Motor
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The above method of starting synchronous motor as a squirrel cage induction mo
does not provide high starting torque. So to achieve this, instead of shorting the
damper winding, it is designed to a form a three phase star or delta connected windi
The three ends of this winding are brought out through slip rings. An external rheostat
then can be introduced in series with the rotor circuit. So when stator is excited, the
motor starts as a slip ring induction motor and due to resistance added in the rotor
provides high starting torque. The resistance is then gradually cut off, as motor gathers

speed. When motor attains speed near synchronous.

DC excitation is provided to the rotor, then motors gets pulled into synchronism and
starts rotating at synchronous speed. The damper winding is shorted by shorting th

slip rings.
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*The initial resistance added in the rotor not only provides hi
starting torque but also limits high inrush of starting current.
Hence it acts as a motor resistance starter.

*The synchronous motor started by this method is called a slip

ring induction motor is shown in the Fig.49.
Stator Rotor

1
\ vz B
e l —Slip rings
SUP& L‘ W:’Sﬂ.ﬂ
fl=—Brush
o
Starting
s it
s
a2 Gt
¥ Run '/ Stant
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4. Using Small D.C. Machine

Many a times a large synchronous motor is provided with a
coupled DC machine. This machine is used as a DC motor to
rotate the synchronous motor at a synchronous speed. Then the
excitation to the rotor is provided. Once motor starts running as
a synchronous motor, the same DC machine acts as a DC

generator called exciter. The field of the synchronous motor is

then excited by this exciter itself.




Effect of changes in load on, I, 6§, and
p. f. of synchronous motor

The effects of changes in mechanical or shaft load on armature current, po
angle, and power factor can be seen from the phasor diagram shown in Figur

below;

As already stated, the applied stator voltage, frequency, and field excitation are
assumed, constant. The initial load conditions are represented by the thick lines.
The effect of increasing the shaft load to twice its initial value is represented by

the light lines indicating the new steady state conditions.

While drawing the phasor diagrams to show new steady-state conditions, the

line of action of the new jI_X; phasor must be perpendicular to the new I, phasor.
Furthermore, as shown in figure if the excitation is not changed, increasing the
shaft load causes the locus of the E;phasor to follow a circular arc, thereby

increasing its phase angle with increasing shaft load.
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Figure: 50. Effect of changesin load on, I, §, and p. f




Effect of changes in excitation on the performance
synchronous

motor
* Increasing the strength of the magnets will increase the magnetic

attraction, and thereby cause the rotor magnets to have a closer alignm
with the corresponding opposite poles of the rotating magnetic poles of

stator. This will obviously result in a smaller power angle.

* This fact can also be seen from power angle equation. When the shaft load
is assumed to be constant, the steady-state value of E;sind must also be
constant. An increase in E;will cause a transient increase in E;sind, and the
rotor will accelerate. As the rotor changes its angular position, 6 decreases
until E;sin® has the same steady-state value as before, at which time the
rotor is again operating at synchronous speed, as it should run only at the

synchronous speed.
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This change in angular position of the rotor magnets relative to the poles of
rotating magnetic field of the stator occurs in a fraction of a second. The effec
changes in field excitation on armature current, power angle, and power factor
synchronous motor operating with a constant shaft load, from a constant voltage,

constant frequency supply, is illustrated in figure below
Ef1sin 6, =E;,sin02=E5sin6;=E;sind

This is shown in Figure below, where the locus of the tip of the Ef phasor is
a straight line parallel to the VT phasor. Similarly,

lal cos ®@;; = |,, cos Dy, = 1,5 c0s O;5 = la cos O,
This is also shown in Figure below, where the locus of the tip of the Ia

phasor is a line perpendicular to the phasor VT.
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Loowraan oo ~
1, phasor

~ - Locus of E, phasor

Figure: 51. Phasor diagram showing effect of changes in field excitation on armature current, power angle and
power factor of a synchronous motor




Constant-power Lines

In below fig, OA represents applied voltage / phase of the motor and

the back EMF./ phase, E,. OB is their resultant voltage ER. The
armature B current is O/ lagging behind ER by an angle q = ER or

vector OB represents (to some suitable scale) the main current /.

OY is drawn at an angle f with OB (or at an angle g with C A). BL is drawn
perpendicular to OX which is at right angles to O Y. Vector OB, when
referred to O Y, also represents, on a different scale, the current both in

magnitude and phase
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* AsVis constant, power input is dependent on B L. If motor is working with 3
constant intake, then locus of B is a straight line || to OX and » to OY i.e. line
which BL is constant. Hence, EF represents a constant-power input line fora g
voltage but varying excitation. Similarly, a series of such parallel lines can be dra
each representing a definite power intake of the motor. As regards these consta

power lines, it is to be noted that

1. For equal increase in intake, the power lines are parallel and equally-spaced
2. Zero power line runs along OX

3. The perpendicular distance from B to OX (or zero power line) represents the

motor intake
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If excitation is fixed i.e. AB is constant in length, then as the load on motor is
increased, increases. In other words, locus of B is a circle with radius = AB an
centre at A. With increasing load, B goes on to lines of higher power till point B
reached.

Any further increase in load on the motor will bring point B down to a lowe
line. It means that as load increases beyond the value corresponding to

point B1, the motor intake decreases which is impossible.

The area to the right of AY 1 represents unstable conditions. For a given
voltage and excitation, the maximum power the motor can develop, is
determined by the location of point B1 beyond which the motor pulls ou

synchronism.
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The circle represented by equation (1) has a centre at some point O’ on the line
circle drawn with centre as O’ and radius as O’B represents circle of constant pow
This is called Blondel diagram, shown in the Fig. 2.

Thus if excitation is varied while the power is kept constant, then working point B
move along the circle of constant power.

Let O’B =Radius of circle=r
OO’ = Distant d
Applying cosine rule to triangle OBO),

Now OB represents resultant ER  which is Ia Zs. Thus OB is proportional to current and
when referred to QY represents the current in both magnitude and phase.

OB =1Ila =1say
Substituting various values in equation (2) we get,
r2 =12 +d2-2dl cos?

P-2dlcosg+(d-r) =0 o (3)
Comparing equations (1) and (3) we get,
00 = d:%- )

IHIud uic :JUIIIL v 1D niucpeliuciitul puwer rm and is a constant for a give motor
operating at a fixed applied voltage V.
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* Thusthe point O’ is independent of power Pm and is a constant for
give motor operating at a fixed applied voltage V.

 Comparing last term of equations (1) and (3),

P,
S = .
d ~ R.
i a7
r = Jd’-—:’:

- J T B

‘,-2"‘ JVI_-3P.R, ]

The equation shows that as power Pm must be real, then 4Pm Ra ? V2. The maximum
possible power per phase is
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4(Pa)m R, = V2

V2
(P )mae = I‘ﬁ': ... (6)

And the radius of the circle for maximum power is zero. Thus at the time of
maximum power, the circles becomes a point O. While when the power Pm
thenr=V/2Ra =00’
This shows that the circle of zero power passes through the points O and A.
The radius for any power Pm is given by,

" v _4PmR.
£ 'z_n. ==
but (P ) = TRT substituting above
o e
2R, n)n
\Y
r = -——-,/
|
where m i -
We know, 00 = d-—!-

2R,

r= d‘}l -m o (7)




Power flow i synchronous motor




Where
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P., = Power input to the motor

P., = Power loss as stator copper loss P.,..= Power loss as core loss
P,.,= Power in the air gap
P:, = Power loss as field copper loss

P+~ Power loss as friction and windage loss Pg,,, = Power loss as stray
loss

P..« = Shaft output of the machine

Power input to a synchronous motor is given by P = 3V, |, ,cos® =

V3Vl cos®. In stator as per the diagram there will be core loss and
copper losses taking place. The remaining power will be converted to
gross mechanical power.

Hence P,= Power input to the motor — Total losses in stator.
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From the phasor diagram we can write Power input /phase P, = Vonlpncos®
Mechanical power developed by the motor P = E,l,cos L E, & |.= E,|,
cos(6 — @) Assuming iron losses as negligible stator cu losses =P, - P_
Power output /phase = P_ — (field cu loss + friction & windage loss +stray
loss)



Torque developed in
Motor

Mechanical power is given by P, = 2N T,/60 where Ns is the

synchronous speed and the Tgis the gross torque developed.
* P,=2nN,T,/60
* HenceT,=60 P, /21N
¢ T,=9.55P_,/N; N-m
» Shaft output torque Ty, = 60 x P,./21tN,

e T, =9.55P,,/N,N-m




Numerical problems

A 75 KW 3phase Y connected, 50 Hz, 440V cylindrical rotor synchrono
motor operates at rated condition with 0.8pf leading. The motor
efficiency excluding field and stator losses, is 95% and Xs=2.5Q) calculate
(i) mechanical power developed (ii) armature current (iii) back EMF (iv)
power angle and (v)max or pull out toque of the motor.

A 50 Hz, 6-pole, 3-®, and star-connected synchronous motor has a
synchronous reactance of 12.2Q/phase and negligible armature
resistance. The excitationis such as to give an open-circuit voltage of
13.4kv.the motor is connected to 11.9KV, 50 Hz supply. What maximum
load can the motor supply before losing synchronism? What is the

corresponding motor torque, line current and power factor?
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A 50 Hz, 8-pole, 3-®, and star-connected synchronous motor has a

synchronous reactance of 10Q/phase and negligible armature resistar
The excitation is such as to give an open-circuit voltage of 14 KV the motc
is connected to 12.5 KV, 50 Hz supply. What maximum load can the moto
supply before losing synchronism? What is the corresponding motor torq

line current and power factor?



V and inverted V curve of synchronous

mg&%@ of armature current vs. field current of synchronous motors are c
V curves and are shown in Figure below for typical values of synchronous
motor loads. The curves are related to the phasor diagram shown in figure
below, and illustrate the effect of the variation of field excitation on armatur
current and power factor. It can be easily noted from these curves that an
increase in shaft loads require an increase in field excitation in order to
maintain the power factor at unity.

 The points marked a, b, and ¢ on the upper curve corresponds to the
operating conditions of the phasor diagrams shown. Note that for P = 0, the
lagging power factor operation is electrically equivalent to an inductor and
the leading power factor operation is electrically equivalent to a capacitor.
Leading power factor operation with P = 0 is sometimes referred to as
synchronous condenser or synchronous capacitor operation. Typically, the
synchronous machine V-curves are provided by the manufacturer so that the
user can determine the resulting operation under a given set of conditions.
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Numerical
prﬁé)?blleevm 5415V, 3-phase, and mesh connected synchronous

motor is such that the induced EMF is520 V.the impedance per phase is
(0.5+4j4.0) Q. If the friction and iron losses are constant at 1000watts,
calculate the power output, line current, power factor and efficiency for

maximum power output?

The excitation of a 415V, 3-phase, and mesh connected synchronous
motor is such that the induced EMF is520V.the impedance per phase is
(0.5+j4.0) Q. If the friction and iron losses are constant at 1000watts,
calculate the power output, line current, power factor and efficiency for

maximum power output?
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* The excitation of a 415V, 3-phase, and mesh connected synchronous
is such that the induced EMF is520V.the impedance per phase is (0.85
Q. If the friction and iron losses are constant at 800 watts, calculate th
power output, line current, power factor and efficiency for maximum p

output?




Hunting

e Sudden changes of load on synchronous motors may sometime
up oscillations that are superimposed upon the normal rotation,
resulting in periodic variations of a very low frequency in speed.
This effect is known as hunting or phase-swinging. Occasionally, the
trouble is aggravated by the motor having a natural period of
oscillation approximately equal to the hunting period. When the
synchronous motor phase-swings into the unstable region, the

motor may fall out of synchronism




Damper winding

The tendency of hunting can be minimized by the use of a damper winding.
Damper windings are placed in the pole faces. No EMFs are induced in the da

bars and no current flows in the damper winding, which is not operative.

Whenever any irregularity takes place in the speed of rotation, however, the pola
flux moves from side to side of the pole, this movement causing the flux to move
backwards and forwards across the damper bars. EMFs are induced in the damper

bars forwards across the damper winding.

These tend to damp out the superimposed oscillatory motion by absorbing its
energy. The damper winding, thus, has no effect upon the normal average speed, it
merely tends to damp out the oscillations in the speed, acting as a kind of electrical
flywheel. In the case of a three-phase synchronous motor the stator currents set up
a rotating MMF rotating at uniform speed and if the rotor is rotating at uniform

speed, no EMFs are induced in the damper bars.



Synchronous condenser

An over excited synchronous motor operates at unity or leading pow
factor. Generally, in large industrial plants the load power factor will be
lagging. The specially designed synchronous motor running at zero load,
taking leading current, approximately equal to 90°. When it is connected i
parallel with inductive loads to improve power factor, it is known as

synchronous condenser. Compared to static capacitor the power factor can
improve easily by variation of field excitation of motor. Phasor diagram of a
synchronous condenser connected in parallel with an inductive load is given

below.
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Figure:53 Synchronous condenser and phasor diagram




Bolden's two reaction theory

» In case salient pole machines the air gap is non uniform and

smaller along pole axis and is larger along the inter polar axis.

» These axes are called direct axis or d-axis and quadrature axis
g-axis. Hence the effect of MMF when acting along direct axis
will be different than that when it is acting along quadrature

axis.

> Hence the reactance of the stator cannot be same when the

MMF is acting along d — axis and g- axis.
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» As the length of the air gap is small along direct axis reluctance
magnetic circuit is less and the air gap along the q — axis is large

hence the along the quadrature axis will be comparatively higher.

» Hence along d-axis more flux is produced than g-axis. Therefore th
reactance due to armature reaction will be different along d-axis an

g-axis. This reactance’s are

> X,q4 = direct axis reactance; X,, = quadrature axis reactance
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» Blondel’s two-reaction theory considers the effects of the quadrat

and direct-axis components of the armature reaction separately.

» Neglecting saturation, their different effects are considered by assigni
to each an appropriate value of armature-reaction “reactance,”

respectively X,, and X,,.

> The effects of armature resistance and true leakage reactance (X;) may
be treated separately, or may be added to the armature reaction
coefficients on the assumption that they are the same, for either the

direct-axis or quadrature-axis components of the armature current
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» Thus the combined reactance values can be expressed as:

Xsqg = Xoq + XL and X 4 = Xaq + X, for the direct- and cross-reaction a

respectively.

> In a salient-pole machine, X,,, the quadrature-axis reactance is smaller
than X,4, the direct-axis reactance, since the flux produced by a given
current component in that axis is smaller as the reluctance of the

magnetic path consists mostly of the inter polar spaces.

» |t is essential to clearly note the difference between the quadrature and
direct-axis components l,,, and |4 of the armature current la, and the

reactive and active components |, and L.




Phasor diagrams

(a) Components of |a

Ia
(b) Phasor addition of
component drops

Figure: 3.5. Phasor diagram of salient pole alternator




Slip test

Fiulg

Open

e Figure: 3.7 Slip test




UNIT 5

Single Phase & Special
Machines




Single phase induction motor Principle of

operation
» The single phase induction motor in its simplest form is structurally t

same as a poly- phase induction motor having a squirrel cage rotor, the
only difference is that the single phase induction motor has single
winding on the stator which produces MMF stationary in space but
alternating in time, a poly phase stator winding carrying balanced
currents produces MMF rotating in space around the air gap and constant
in time with respect to an observer moving with the MMF. The stator
winding of the single phase motor is disposed in slots around the inner

periphery of a laminated ring similar to the 3-phase motor.
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O
1-phase Squirrel o
supply ?2%? Stator winding
O

Figure: 54. Elementary single phase induction motor
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Suppose the rotor is at rest and 1-phase supply is given to stator winding. Th
current flowing in the stator winding gives rise to an MMF whose axis is along
winding and it is a pulsating MMF, stationary in space and varying in magnitude,
a function of time, varying from positive maxi- mum to zero to negative maximu
and this pulsating MMF induces currents in the short-circuited rotor of the motor
which gives rise to an MMF. The currents in the rotor are induced due to
transformer action and the direction of the currents is such that the MMF so
developed opposes the stator MMF. The axis of the rotor MMF is same as that of
the stator MMF. Since the torque developed is proportional to sine of the angle
between the two MMF and since the angle is zero, the net torque acting on the

rotor is zero and hence the rotor remains stationary.



Contd..

* For analytical purposes a pulsating field can be resolved into two rev
fields of constant magnitude and rotating in opposite directions as sh

Fig. 55 and each field has a magnitude equal to half the maximum leng

the original pulsating phasor.

Figure: 55. Representation of the pulsating field by space phasor
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* The resultant torque-speed characteristic which is the algebraic sum
two component curves shows that if the motor were started by auxili

means it would produce torque in what- ever direction it was started.

Figure: 56. Torque-speed characteristic of a 1-phase induction motor based on constant forward and backward flux w




SINGLE-PHASE INDUCTION MOTORS

4.1 INTRODUCTION:

There are two basic reasons for the use of single-phase motors rather than 3-phase motors.

1. For reason of economy, most houses, offices and also rural areas are supplied with
single phase a.c, as power requirements of individual load items are rather small.
2.Single phase motors are simple in construction, reliable, easy to repair and

comparatively cheaperin cost

Because of above reasons motors of comparatively small ratings (mostly in
fractional KW ratings) are manufactured in large number to operate on single phase ac at

standard frequencies.

TYPES OF SINGLE-PHASE MOTOR:

The Single phase motors may be of the following types:

1. single-phase Induction Motors:
A. Split-phase motors
(i)  Resistance-start motor
(ii)  Capacitor-start motor
(iii) Permanent-split (single-value) capacitor motor
(iv) Two-value capacitor motor.

B. Shaded-pole induction motor.




C. Reluctance-start induction motor.

D. Repulsion-start induction motor.

2. Commutator-Type, Single-Phase Motors:
A. Repulsion motor.
B. Repulsion-induction motor.
C. A.Cseries motor.
D. Universal motor.
3. Single-phase Synchronous Motors:
A. Reluctance motor.
B. Hysteresis motor.

C. Sub-synchronous motor.
SINGLE-PHASE INDUCTION MOTORS
Applications and Disadvantages:
Applications:
e Single phase induction motors are in very wide use in industry especially in

fractional horse-power field.
They are extensively used for electrical drive for low power constant speed
apparatus such as machine tools, domestic apparatus and agricultural
machinery in circumstances where a three-phase supply is not readily
available.

¢ Single phase induction motors sizes vary from 1/400 kw to 1/25 kw are used in
toys, hair dryers, vending machines etc.

e Find wide use in fans, refrigerators, vacuum cleaners, washing machines, other
kitchen equipment, tools, blowers, centrifugal pumps, small farming appliances
etc.

Disadvantages:
The main disadvantages of single-phase induction motors are:

1. Their output is only 50% of the three-phase motor, for a given frame size

and temperature rise.
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They have lower power factor.
Lower efficiency.

These motors do not have inherent starting torque.

More expensive than three-phase motors of the same output.

Low overload capacity.

4.2 CONSTRUCTION OF SINGLE PHASE INDUCTION MOTOR:

Single phase induction motor is very simple and robust in construction. The stator
carries a distributed winding in the slots cut around the inner periphery. The stator conductors
have low resistance and they are winding called Starting winding is also mounted on the stator.
This winding has high resistance and its embedded deep inside the stator slots. The rotor is
invariably of the squirrel cage type.. The auxiliary winding has a centrifugal switch in series with it.
The function of the switch is to cut off the starting winding, when the rotor has accelerated to
about 75% of its rated speed. In capacitor-start motors, an electrolytic capacitor of suitable

capacitance value is also incorporated in the starting winding circuit.

The main stator winding and auxiliary (or starting) winding are joined in parallel, and the
polarity of only the starting winding can be reversed. This is necessary for changing the direction of

rotation of the rotor.

Stator Slots

Stator Laminations
Shaft

Air Gap
Rotor Laminations

Rotor Slots

Fig: 1.41




A 1-phase induction motor is similar to a 3-phase squirrel cage induction motor in physical
appearance. The rotor is same as that employed in 3-phase squirrel cage induction motor. Thereis
uniform air gap between stator and rotor but no electrical

connectionbetweenthem.

Although single phase induction motor is more simple in constructionand is
cheaper than a 3-phase induction motor of the same frame size, it is less efficientand it operates at

lower power factor.

4.3WORKING OF SINGLE-PHASE INDUCTION MOTOR:

A single phase induction motor is inherently not self-staring.

Consider a single phase induction motor whose rotor is at rest. Let a single phase a.c. source be connected

to the stator winding. Let the stator be wound for two poles.

When power supply for the stator is switched on, an alternating current flows through the
stator winding. This sets up an alternating flux. This flux crosses the air gap and links with the rotor
conductors. By electromagnetic induction e.m.f.’s are induced in the rotor conductors. Since the rotor
forms a closed circuit, currents are induced in the rotor bars. Due to interaction between the rotor
induced currents and the stator flux, a
torque is produced. It is readily seen that upper half come under a stator N pole, lower half come under a
stator S pole. Hence the upper half of the rotor is subjected to a torque which tends to rotate it in one
direction and the lower half of the rotor is acted upon by an equal
torque which tends to rotate it in the opposite direction. The two equal and opposite torques cancel
out, with the result that the net driving torque is zero. Hence the rotor remains stationary. Thus the

single phase motor fails to develop starting torque.

If, however, the rotor is in motion in any direction when supply is switched on,
the rotor develops more torque in that direction. The net torque then would have non-zero value, and

under its impact the rotor would speed up in its direction.




The analysis of the single phase motor can be made on the basis of two theories:

i. Double revolving field theory, and
ii. Cross field theory.

Each of the two component fluxes, while revolving round the stator, cuts the rotor, induces an e.m.f. and this produces
its own torque. Obviously, the two torques
(called forward and backward torques ) are oppositely-directed, so that the net or resultant torques is equal to their

difference as shown in fig: (g)

Torque
Torque due to forward
o field, T
d X Resultant Torque, T
-Ns
Backward Speed ; e Forwil"ldeSpeed
+ve 4

Torquedueto  —=. Tt
backward field, Th .

Fig:g Torque-Speed characteristics

Fig: (g) shows both torques and the resultant torque for slips between zero and +2. At standstill, S=1 and (2-S) =1.
Hence, Tfand Tb are numerically equal but, being
oppositely directed, produce no resultant torque. That explains why there is no starting torque in a single-phase

induction motor.

However, if the rotor is started somehow, say, in the clockwise direction, the clockwise torque starts
increasing and, at the same time, the anticlockwise torque starts decreasing. Hence, there is a certain amount of net

torque in the clockwise direction which accelerates the motor to full speed.




4. .STARTING METHODS OF SINGLE-PHASE INDUCTION MOTORS:

A single-phase induction motor with main stator winding has no inherent
starting torque, since main winding introduces only stationary, pulsating air-gap flux
wave. For the development of starting torque, rotating air-gap field at starting must
be introduced. Several methods which have been developed for the starting of single-

phase induction motors may be classified as follows:

a) Split-phasestarting.
b) Shaded-pole starting.
c) Repulsion-motorstartingand

d) Reluctance starting.

A single-phase induction motor is commonly known by the method employed for its
starting. The selection of a suitable induction motor and choice of its starting

method, depend upon the following:

(i) Torque-speed characteristic of load from standstill to the normal operating speed.
(ii) The duty cycle and

(iii) The starting and running line-current limitations as imposed by the supply
authorities.

(a) SPLIT-PHASE STARTING:

In this type of Single-phase induction motors have two stator windings, a main
(or running) winding and an auxiliary (or starting) winding. Both these windings are
connected in parallel but displaced by 90° electrical.

Rotating magnetic field is produced by varying the impedance of these
windings, the currents may be made to differ in time phase, thereby producing a
rotating field. This is the principle of phase splitting. Split phase motors are of
following types.

1. Resistor-splitphase motors
2. Capacitor split-phase motors
3. Capacitor start and run motors

4. Capacitor-run motors




4.4.1 RESISTOR SPLIT-PHASE MOTORS:

The stator of a split-phase induction motor is provided with an auxiliary or
starting winding S in addition to the main or running winding M. The starting winding is
located 90° electrical from the main winding [See figure: 4.4.1(a)]. Among The two
windings , the starting winding S has a high resistance and relatively small reactance
while the main winding M has relatively low resistance and large reactance
Consequently, the currents flowing in the two windings have reasonable phase

difference (25° to 30°)

Operation

[0} When the windings are energized from a single-phase supply, the main
winding carries current Im while the starting winding carries current Is

(i) Since main winding is made highly inductive while the starting winding
highly resistive, the currents Im and |s have a reasonable phase angle a (25°
to 30°) Consequently, a weak revolving field produced which starts the
motor. The starting torque is given by;

Ts=kIm Issind

When the motor attains about 75% of synchronous speed, the centrifugal
switch disconnect the circuit of the starting winding. The motor then operates as a

single-phase induction motor and it reaches the normal speed.

Characteristics:

(i) due to theirlow cost, split-phase induction motors are most popular
(ii) The current density is high and the winding heats up quickly. so This motor is,

therefore, suitable where starting periods are not frequent.

(iif)  Animportant characteristic of these motors is essentially constant-speed motors.
The speed variation is 2-5% from no-load to full-load
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Applications:

These motors find the application where a moderate starting torque is required

a. Fans

b. washing machines




c. oil burners
d. Small machine tools etc.

The power rating of such motors lies between 60 W to 250 W.

2.  Capacitor split-phase motors (or) Capacitor start motors:

It is similar to a resistor split-.phase motor except that the starting winding has as many

turns as the main winding. Moreover, a capacitor C is connected in series with the

starting winding The value of capacitor is so chosen that Is leads Im by about
80°.Consequently, starting torque is much more than that of a split-phase motor . The
starting winding is opened by the centrifugal switch when the motor attains about 75%
of synchronous speed.
Characteristics
(i) Although starting characteristics of a capacitor-start motor are better than those
of a resistor split-phase motor, both machines possess the same running
characteristics because the main windings are identical.
(ii) The phase angle between the two currents is about 80° compared to about 25° in
a resistor split-phase motor.. Therefore, the starting winding of a capacitor start
motor heats up less quickly and is well suited to applications involving either

frequent or prolonged starting periods.

Starting
‘Winding s

Main Winding SqLinoI Cage Rotor
Fig: 4.4.2(a) Fig: 4.4.2(b)




% Full Load Torque

Capacitor Start

Applications:
These motors are used when high-starting torque is needed
a. Refrigerators
b. Air-conditioners
c. Compressors
d. Reciprocating pumps

The power rating of such motors lies between 120 W to 750W.

3. Capacitor-Startand Capacitor-Run motors:

This motor is identical to a capacitor-start motor except that starting winding is not
opened after starting. Two designs are generally used. In one design, a single capacitor C

is used for both starting and running as shown in fig: 4.4.3(a).This design improves the
power factor and efficiency of the motor. In the other design, two capacitors C1 and C2
are used in the starting winding as shown in fig: 4.4. (b) The smaller capacitor C1
permanently connected in series with the starting winding. The much larger capacitor C2
is connected in parallel with C1 for optimum starting and remains in the circuit during
starting. The starting capacitor C1 is disconnected when the motor reaches about 75% of

synchronous speed. The motor then runs as a single-phase induction motor.
Characteristics
(i) The motor then produces a constant torque and not a pulsating torque
(ii) Because of constant torque, the motor is free from vibration.
Applications:
a. Hospitals

b. Studiosand




c. Other places where noiseless operation is important.
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The power rating of such motors lies between 100 to 400 watts

4.4.4Capacitor-run motors:




This motor is also called permanent split capacitor motor. The same capacitor is
kept permanently in series with auxiliary winding both at starting and under running

conditions there is no centrifugal switch.
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Fig: 4.4.4 (a) Fig: 4.4.4 (b)

In these motors, the value of permanent capacitor is so chosen as to
obtain a compromise between the best starting and running conditions. A typical
torque-speed characteristic is shown in fig: 4.4.4 (b)

These motors are used where quiet operation is essential as in
Offices

- o®

Classrooms

Theaters

2 o

Ceiling fans, in which the value of capacitance varies from 2 to 3pF.

4.5. EQUIVALENT CIRCUIT OF SINGLE PHASE INDUCTION MOTOR:

EQUIVALENT CIRCUIT AT STAND STILL CONDITION:




The double revolving field theory can be effectively used to obtain the
equivalent circuit of a single phase induction motor

Stand still condition: (based oz DRF)

@ R, L L O

Running condition: (based on DRF without core loss)




Imagine that the single phase induction motor is made up of one
stator windings and two imaginary rotor windings. one rotor is rotating in
forward direction i.e.in the direction of rotating magnetic field with slip s
while other is rotating in backward direction i.e.in direction of oppositely
directed rotating magnetic field with slip 2-s.




Running condition: (based on DRF without core loss)

Performance analysis:
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Without core loss

let the stator impedance be Z Q)
Z=R1+jX1
Where R1 = stator resistance

X1 = stator reactance

and X2 =rotorreactance referred to stator

R2 =rotor resistance referred to stator

Hence the impedance of each rotor is r2 + j x2 where

X2= X2 /2




Running condition: (based on DRF without core loss)

Iy

Now the impedance of the forward field rotor is Zf which is
parallel combination of (0+j x0) and (r2/s) + jx2.

Zf =

While the impedance of the backward field rotor is Zb which is
parallel combination of (0+jx0) and [r2/2-s]+jx2.

Zb =

Under standstill condition, s=1 and 2 - s =1. Hence Zf =Zb and Vf = Vb. But
in the running condition, Vf becomes almost 90 to 95% of the applied voltage.

Zeq =71 + Zf +Zb = Equivalent impedance
Let I2f = Current through forward rotor referred to stator
And 12b = Current through backward rotor referred to stator
12f = where Vf=11X Zs

And l2o = where Vb = 11X Zp




Pf = Power input to forward field rotor = [r2/s] watts

Pb = Power input to backward field rotor = [r2/2-s] watts

Pm = (1-s) [Net power input] = (1-s) (Pf-Pb) watts

Pout = Pm - Mechanical loss - Core loss

Tf = Forward torque = N-m

Tb = Backward torque = N-m

T = Net torque =Tf-Tb
While Tsh = Shaft torque = N-m

%n = X100




Equivalent circuit running condition: (based on DRF with core loss)

WITH CORE LOSSES:
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Let Zof = Equivalent impedance of exciting branch in forward
rotor = roll(jxo)
and Zob = Equivalentimpedance of exciting branch

in backward rotor = rll(jxo)

Zi = Zot |l

All other expressions remain same as stated eatrlier in case of
equivalent circuit without core loss.




6. Testing of single phase induction motor

- NEED FOR ESTIMATING THE PERFORMANCE OF
THE MACHINE.

IT CAN BE DONE BY TWO METHODS
1. DIERECT METHOD (FOR SMALLER RATED MACHINE)
2. INDIRECT METHOD (HIGHER RATED MACHINE)

4.6.1 Direct method (LOAD TEST)
PROCEDURE:

The connections are made, as per the circuit diagram. With no
mechanical loading on the motor, it is started by using the starter provided.
The motor will be running with a small slip, very near to the synchronous
speed. The readings of the ammeter IL, line voltage applied V., speed "N" in
r.p.m., and power drawn from supply W, are noted. The belt is slowly
tightened against the brake drum. Now the readings of the spring balances,
S1 and S2 in kg, are noted, in addition to the readings mentioned earlier. The
loading is increased in convenient steps until 110% of rated current is
reached. The readings taken for each loading are tabulated. Gradually
decrease the load and after removing the entire load, stop the motor. The

effective radius “R” of the brake drum is measured.
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NO LOAD TEST:

e Connections are given as per circuit diagram.

e Dpst switch is closed and 1phase A.C supply is applied to the motor, through the

variac rated voltage is applied

e Note down the meter reading and tabulate it.

No load test :

Woc measured equal to iron losses

Voc Toc Woc Cos ¢ o




BLOCKED ROTOR TEST

Wse  =.Msg Isg Cos gsc
Cos @sg =..Wse / Vs Isg
I Zeq  =Vse/Isc
Reg  =MWsg/ (Isc?)
Reqg =Rl + R2
R2 =Reg —R1
=..rotor resistance referred to stator
¥Xeq  =-Zeg® —Reg?
Assuming X1 =.%2 we get

X2 = Xeq/ 2 = rotorreactance referedto statar

FROM NO LOAD TEST:

Now the voltage across X

sV
VM . v”- gjxl[ RI"; Joi(,\lo\:)
But Vas = by
v
MA . é!
ly
But % =2
2
v
o = g = Al

y
Thas magnetising reactance X, can be determined.
The no loxd power W, is nothing but the rotational kosses




EQUIVALENT CIRCUIT OF SINGLE PHASE INDUCTION MOTOR

]

5.POST MCQ

1. EQUIVALENT CIRCUIT OF INDUCTION MOTOR BASED ON

1. DRF THEORY. 2. CROSS FIELD THEORY . 3. NONE OF THE ABOVE

2. EQUIVALENT CIRCUIT IS NEED FOR

1. ESTIMATING EFFICIENCY. 2.POWER OUTPUT. 3.BOTH 1&2

3. NO LOAD TEST ESTIMATES

1. IRON LOSSES. 2.COPPER LOSS. 3.BOTH 1&2.

4. BLOCKED ROTOR TEST ESTIMATES

1. IRON LOSSES. 2. COPPER LOSS. 3. BOTH 1&2.

5. INDIRECT METHOD OF TESTING IS PREFERRED FOR




1. LOW CAPACITY MACHINE. 2. HIGH CAPCITY MACHINE
3.BOTH1&2

6. SINGLE PHASE MOTORS ARE NOT SELF STARTING BECAUSE
A) IT PRODUCES NO FLUX B) IT PRODUCES SINUSOIDAL FLUX
C) IT PRODUCE RMF D) NO WINDING ON ROTOR

7. TOPRODUCE TORQUE....... FLUX IS REQUIRED
A) PULSATING B) AXIAL C) CROSS D) STEADY

8. SPLIT PHASING PRODUCES

A) TWO FLUXES AT THE SAME PHASE B) TWO FLUXES AT THE PHASE DIFFERENT OF
90" (NEARER) C) TWO FLUXES AT THE PHASE DIFFERENT OF 120" (NEARER) D) TWO

FLUXES AT THE PHASE DIFFERENT OF 180" (NEARER)

9. IN A SPLIT PHASE 1PHASE MOTOR, THE RUNNING WINDING IS MADE OF

A) HIGH “R “ AND LOW “L” B) LOW “ R “ AND HIGH “L" C) LOW “R “ AND LOW D) HIGH “R
“" “AND HIGH “L”

10. IN CAPACITIVE START, THE SPLIT-PHASE ANGLE WILL
BE A)30° B)60° C) 90° D) 120°

11. IN CAPACITOR START, SINGLE PHASE MOTORS THE CURRENT IN STARTING
WINDING

A) LEADS APPLIED VOLTAGE B) LAGS APPLIED VOLTAGE  C) IN PHASE WITH
APPLIED VOLTAGE D) 90° LAGGING WITH VOLTAGE

12. WHICH TYPE OF MOTOR WILL BE GIVE, RELATIVELY HIGH STARTING TORQUE
A) CAPACITOR START B) RESISTOR START C) CAPACITOR RUN D) SHADED POLE

13. THE TYPE OF CAPACITOR USED FOR STARTING AND RUNNING
A) OILED FILLED PAPER B) ELECTROLYTIC C) CERAMIC D) POLISTER

14. THE FOLLOWING 1@ MOTOR WILL HAVE RELATIVELY HIGH P.F.
A) CAPACITOR START B) CAPACITOR RUN C) SHADED POLE D) RESISTIVE START.

15. A CENTRIFUGAL SWITCH IS PLACED IN 1@ MOTORS IN SERIES WITH

A) REGULATOR B) RUNNING WINDING C) STARTING D) LINE
WINDING




SPECIAL MACHINES

4.1. Shaded pole induction motor

This type of motor having projected pole on the stationary part. For forming
alternate pole, each pole is provided with exciting coil and connected in series. The
rotating part constructed with squirrel cage type construction. Approximately one
third distances a slot is cut across each pole. In small part of the pole short
circuited copper winding is placed and the left out portion of the pole is called
unshaded portion.

Shuded polo moter

Working

When an ac current is passed through the field winding, the magnetic axis of the
pole shifts from the unshaded portion to shaded portion.It is, equivalent to the
actual physical movement of the pole. Hence the rotor starts rotating in the
direction from unshaded portion to the shaded portion. .

When single phase supply is applied the excitng winding an alternating field is
generated. The flux created is sinusoidal and consider the three instances at time
11,t2,13.
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(i)when t = t1, the current in the coil and The flux is also increasing in positive
direction. The increase in flux will induce e.m.f. in the adding coil. As per lenz’s
law, the resultant flux below the shaded pole is reduced and hence the flux below
the unshaded pole is high. So the resultant flux axis will be at the centre of the
unshaded pole .

(ilWhen time t = t2, rate of change of flux in minimum. The induced e.m.f. in the
shading coil is very small; hence opposition of shading ring flux will be negligible.
The flux distribution is uniform and the magneticaxis is at the centre of the pole
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(i) When time t = t3, gradually current falls in the field winding and hence flux is
reduced. Hence the rate of change of flux is increasing and therefore emf induced
in the shading ring increases there is rate of change of flux,
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Hence the flux density will be more below the shaded part region. The magnetic
axis is therefore shifted to the centre of the shaded pole as shown in fig.

From the above discussion, it is clear that the magnetic axis gets continuously
altered from unshaded portion to shaded portion. This rotating magnetic field
creates a torque in the cage rotor.




Torqwe

The direction of rotation in shaded pole induction motor is fixed. For reversing
the direction of rotation two set of shading rings to be provided

Merits:
1. Simple in construction.
2. They are reliable
3. Cost is low
Demerits:

1. Very low starting torque.

2.Copper losses occur in the shading ring and hence the efficiency of the
operation is reduced.

Applications:

Low starting torque needed places like small fans, toys , hair driers, ventilators
and electric clock etc.




Advantages

1. The motor maintains a constant speed

2. It runs at perfectly constant speed.

3. Absence of brushes or slip - rings there is no sparking.
4. Also brush maintenance is eliminated. .

5. Absence of slip rings and brushes leads to Maintains of the motor is easier.

Applications

1. for maintaining precise speed to ensure a consistent product.

2. Used in digital clock.

3. PMAC motors are used where constant speeds are absolutely essential.




4.4 Single Phase Commutator Motors(AC SERIES MOTOR)

The d.c. motors having commutator . The a.c. motors having wound rotor with
brushes and commutator is called commutator motors. . The commutator
arrangement is similar to the armature of a d.c. motor. There are two types of
single phase commutator motors namely a.c. series motors and the universal
motor.

Single Phase A.C. Series Motor

When normal d.c. series motor is connected to an a.c. supply, both field and
armature current get reversed and unidirectional torque gets produced in the motor
hence motor can work on a.c. supply

But performance of motor is lag due to the following

(I) Eddy current losses in the yoke and field, which creates overheating
(i) Operating power factor is very low due to high reactance to a.c

(iii) The sparking at brushes is very high.

Some changes are required to have the satisfactory performance of d.c series
motor on a.c supply , when it is called a.c series motor.

The modifications are:

() Yoke and pole core construction is laminated

(i) The power factor can be improved by reducing the magnitudes of field and
armature reactance.

(IMField reactance can be decreased by reducing the number of turns. But this
reduces the field flux. To keep the torque same it is necessary to increase the
armature turns proportionately. This further increase the armature inductance.

Now to compensate for increased armature flux , it is necessary to use
compensating winding. The flux produced by this winding is effectively neutralizes
the armature reaction.

Depending upon the connection, the motor is conductively compensated
type(connected in series with armature)or inductively compensated(short circuit
itself).in inductively compensated winding act as secondary. The ampere turns
produced by compensating winding neutralize the armature ampere turns
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To reduce the induced e.m.f. due to transformer action in the armature coils, the
following measures are taken:

1) Number of poles are increased due to that flux per pole is reduced.
i) By reducing the frequency of supply

ii) By constructing single turn armature coils

A.C. serles motor

Normal d.c, series motor

il

=] — Torque

Speed-Torque characteristics of a.c.
and d.c. series motor

The characteristics of ac series motor are similar to that of d.c. series motor. (The
torque varies as square of the l» and speed varies inversely as the l,. Similar to dc
series motor, no load operation is restricted. Hence it is always started with some
load. Starting torque produced by the motor is 3 to 4 times the full load torque. .

Applications: high starting torque needed places like in electric traction, hoists,
locomotives etc.




