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OBJECTIVES:
To impart knowledge on the following Topics
- Construction and performance of salient and non — salient type synchronous
generators.

Principle of operation and performance of synchronous motor.
Construction, principle of operation and performance of induction machines.
Starting and speed control of three-phase induction motors.

Construction, principle of operation and performance of single phase induction
motors and special machines.

UNIT | SYNCHRONOUS GENERATOR 6+6
Constructional details — Types of rotors —winding factors- emf equation — Synchronous
reactance — Armature reaction — Phasor diagrams of non salient pole synchronous
generator connected to infinite bus--Synchronizing and parallel operation — Synchronizing
torque -Change of excitation and mechanical input- Voltage regulation — EMF, MMF, ZPF
and A.S.A methods — steady state power- angle characteristics— Two reaction theory —slip
test -short circuit transients - Capability Curves

UNIT Il SYNCHRONOUS MOTOR 6+6
Principle of operation — Torque equation — Operation on infinite bus bars - V and Inverted V
curves — Power input and power developed equations — Starting methods — Current loci for
constant power input, constant excitation and constant power developed-Hunting — natural
frequency of oscillations — damper windings- synchronous condenser.

UNIT Il THREE PHASE INDUCTION MOTOR 6+6
Constructional details — Types of rotors — Principle of operation — Slip —cogging and
crawling- Equivalent circuit — Torque-Slip characteristics - Condition for maximum torque —
Losses and efficiency — Load test - No load and blocked rotor tests - Circle diagram —
Separation of losses — Double cage induction motors —Induction generators — Synchronous
induction motor.

UNIT IV STARTING AND SPEED CONTROL OF THREE PHASE INDUCTION 6+6
MOTOR

Need for starting — Types of starters — DOL, Rotor resistance, Autotransformer and Star-

delta starters — Speed control — Voltage control, Frequency control and pole changing -

Cascaded connection-V/f control — Slip power recovery scheme-Braking of three phase

induction motor: Plugging, dynamic braking and regenerative braking.

UNIT V SINGLE PHASE INDUCTION MOTORS AND SPECIAL MACHINES 6+6
Constructional details of single phase induction motor — Double field revolving theory and
operation — Equivalent circuit — No load and blocked rotor test — Performance analysis —
Starting methods of single-phase induction motors — Capacitor-start capacitor run Induction
motor- Shaded pole induction motor - Linear induction motor — Repulsion motor -
Hysteresis motor - AC series motor- Servo motors- Stepper motors - introduction to
magnetic levitation systems.

TOTAL: 60 PERIODS
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TEXT
1.

OMES:

Ability to understand the construction and working principle of Synchronous
Generator

Ability to understand MMF curves and armature windings.

Ability to acquire knowledge on Synchronous motor.

Ability to understand the construction and working principle of Three phase Induction
Motor

Ability to understand the construction and working principle of Special Machines
Ability to predetermine the performance characteristics of Synchronous Machines.
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UNIT | SYNCHRONOUS GENERATOR

Constructional details — Types of rotors —winding factors- emf equation — Synchronous reactance — Armature
reaction — Phasor diagrams of non salient pole synchronous generator connected to infinite bus--Synchronizing and
parallel operation — Synchronizing torque -Change of excitation and mechanical input- VVoltage regulation —
EMF, MMF, ZPF and A.S.A methods — steady state power- angle characteristics— Two reaction theory —slip test -
short circuit transients - Capability Curves

Constructional Details

AC generators or alternators operate on the principle of electromagnetic induction.

The construction consists of armature winding mounted on a stationary element called stator and field windings on a
rotating element called rotor.

The stator consists of a cast-iron frame, which supports the 3 pliese gy DE sumty
armature core, having slots on its inner periphery for housing the [ ’
armature conductors.

The rotor is like a flywheel having alternate N and S poles fixed to
its outer rim.

The magnetic poles are excited (or magnetized) from direct
current supplied by a d.c. source at 125 to 600 volts.

Because the field magnets are rotating, this current is supplied
through two slip rings. :
As the exciting voltage is relatively small, the slip-rings and brush ﬁ:;::‘:i\;g;u
gear are of light construction. -
When the rotor rotates, the stator conductors (being stationary) are

cut by the magnetic flux, hence they have induced e.m.f. produced

in them.

Because the magnetic poles are alternately N and S, they induce an e.m.f. and hence current in armature
conductors, which first flows in one direction and then in the other.

Hence, an alternating e.m.f. is produced in the stator conductors (i) whose frequency depends on the number of N
and S poles moving past a conductor in one second and (ii) whose direction is given by Fleming's Right-hand rule.

Advantages of having stationary armature (and a rotating field system) are:

1. The output current can be led directly from fixed terminals on the stator (or armature windings) to the load circuit,
without having to pass it through brush-contacts.

2. ltiseasier to insulate stationary armature winding for high a.c. voltages, which may have as higha value as 30 kV or
more.

3. The sliding contacts i.e. slip-rings are transferred to the low-voltage, low-power d.c. field circuit which can,
therefore, be easily insulated.

4. The armature windings can be more easily braced to prevent any deformation, which could be produced by the
mechanical stresses set up asa result of short-circuit current and the high centrifugal forces broughtinto play.

Stator

() Stator Frame

It is used for holding the armature stampings and windings in
position.
Ventilation is maintained with the help of holes cast in the frame
itself.
The provision of radial ventilating spaces in the stampings
assists in cooling the machine. withan

.. insulation lining around
(i) Stator core
The armature core is supported by stator frame and is made up of laminations of special magnetic iron or steel
alloy.
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The core is laminated to minimize loss due to eddy currents.
The laminations are stamped out in complete rings (for smaller machine) or in segments (for larger machines).

The laminations are insulated from each other and have spaces between them for allowing the cooling air to pass
through.

The slots for housing the armature conductors lie along the inner periphery of the core and are stamped out at the

same time when laminations are formed. s s e

.-/"'x ; o :;:.-/-".- o .-/"'f /z" e,
Different shapes of the armature slots are shown in Fig. %/% %’{//////Z ///?/ﬁ%
The wide-open type slot has the advantage of permitting easy % % / % Zi %
installation of form-wound coils and their easy removal incase of % % % ﬁ % %
repair. But it has the disadvantage of distributing the air-gap flux % 77 % // é %
into bunches or tufts, that produce ripples in the wave of the f”%/ % %// % /%:;’{f///ﬁ

generated e.m.f.

The semi-closed type slots are better in this respect, but do not
allow the use of form-wound coils.

The wholly-closed type slots or tunnels do not disturb the air-gap flux but (i) they tend to increase the inductance
of the windings (ii) the armature conductors have to be threaded through, thereby increasing initial labour and cost
of winding and (iii) they present a complicated problem of end connections. Hence, they are rarely used.

Wide-Opsen s -0 s Closed

Rotor

(i) Salient (or projecting) Pole Type

Two types of rotors are used in alternators (i) salient-pole type and (ii) smooth-cylindrical type.

It is used in low-and medium-speed (engine driven) alternators.

It has a large number of projecting (salient) poles, having their
cores bolted or dovetailed onto a heavy magnetic wheel of cast-
iron, or steel of good magnetic quality.

Such generators are characterized by their large diameters and
short axial lengths.

The poles and pole-shoes are laminated to minimize heating due
to eddy currents.

(if) Smooth Cylindrical Type Rotor

Smooth Cylindrical Type Rotor is also called non-salient type or non-
projected pole type or round rotor construction.

The rotor consists of smooth solid steel cylinder, having number of slots =
to accommaodate the field coil. - Siot
The slots are covered at the top with the help of steel or manganese Fleid col
wedges. D Pole
The un-slotted portions of the cylinder itself act as the poles. Q;z

Shaft

The poles are not projecting out and the surface of the rotor is smooth
which maintains uniform air gap between stator and the rotor.

These rotors have small diameters and large axial lengths. This is to keep
peripheral speed within limits.

The main advantage of this type is that these are mechanically very
strong and thus preferred for high speed alternators ranging between 1500
to 3000r.p.m.

Such high speed alternators are called ‘turbo-alternators'.

The prime movers used to drive such type of rotors are generally steam turbines, electric motors.

The cylindrical rotor alternators are generally designed for 2-pole type giving very high speed of Ns = (120 x f)/P
= (120 x 50) / 2 = 3000 rpm.
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Frequency of Induced E.M.F.
P = Number of poles
N = Speed of the rotor in r.p.m.
and f = Frequency of the induced e.m.f.
One mechanical revolution of rotor = P/2 cycles of e.m.f. electrically
Thus there are P/2 cycles per revolution.
As speed is N r.p.m., in one second, rotor will complete (N/60) revolutions.
But cycles/sec. = Frequency = f
Frequency f = (No. of cycles per revolution) x (No. of revolutions per second)
f=(P/2) x (N/60) = (PN/120) Hz (cycles per sec).
So there exists a fixed relationship between three quantities, the number of poles P. the speed of the rotor N in
r.p.m. and f the frequency of an induced em.f. in Hz (Hertz).

Synchronous Speed N, = 120f/P rpm

Winding Terminologies

(i) Conductor: The part of the wire, which is under the influence of the magnetic field and responsible for the
induced e.m.f. is called active length of the conductor. The conductors are placed in the armature slots.

(i)  Turn: A conductor in one slot, when connected to a conductor in another slot forms a turn. So two conductors
constitute a turn.

(iii)  Coil: As there are number of turns, for
simplicity the number of turns are
grouped together to form a coil. Such
a coil is called multiturn coil. A coil
may consist of single turn called
single turn coil.

(iv) Coil Side: Coil consists of many turns.
Part of the coil in each slot is called

coil side of a coil as shown in the (a) Turn (b) Multiturn coil
Fig.

(v) Pole Pitch (n): It is center to center distance between the two adjacent poles.
Pole pitch = 180° electrical

= slots per pole (hnumber of slots / P) =n
(vi) Slot Angle (B) : The phase difference contributed by one slot in degrees electrical is called slot angle p.
As slots per pole contributes 180° electrical which is denoted as n,
80° 180°
orp=——mr
n

1 slot angle =

Types of Armature Windings
i) Single layer and double layer winding
ii) Full pitch and short pitch winding
iii) Concentrated and distributed winding.
Q) Single Layer and Double Layer Winding
If a slot consists of only one coil side, winding is said to

be single layer. While there are two coil sides per slot, Coll side - ~—Tums
one at the bottom and one at the top the winding is <— Slot Coil side 1——pe?

called double layer as shown in the Fig. A lot of space Coil side 2— «—Slot

gets wasted in single layer hence in practice generally  Conductors

double layer winding is preferred. (a) Single layer (b) Double layer

(i) Full Pitch and Short Pitch Winding
If coil side in one slot is connected to a coil side in
another slot which is one pole pitch distance way from first slot, the winding is said to be full pitch winding.
Coil span It is the distance on the periphery of the armature between two coil sides of a coil. It is usually expressed in
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terms of number of slots or degrees electrical. So if coil span is n slots or 180° electrical the coil is called full pitch
coil. This is shown in the Fig.

For full pitch

Coil span

per pole less than 180° ! |
] [ ] [ SING,

. , Slot Slot  Slot
Slot No. 1 Slot No.(n+1) No.1 No.9  No.10
: 180.0 |- Short

ﬁ——“electrlcal——-—j —>| 1b)I(t |-—
: slo

If coil span is slightly less than a pole pitch i.e. less than 180° electrical, the coils are called, short pitched coils or
fractional pitched coils. Generally coils are shorted by one or two slots.
Advantages of Short Pitch Coils
a) The length required for the end connections of coils is less i.e. inactive length a winding is less. So less copper is
required. Hence economical.
b) Short pitching eliminates high frequency harmonics which distort the sinusoidal nature of e.m.f. Hence waveform of
an induced e.m.f. is more sinusoidal due to short pitching.
c) As high frequency harmonics get eliminated, eddy current and hysteresis losses which depend on frequency also get
minimised. This increases the efficiency.
(ili)  Concentrated and Distributed Winding
If all conductors or coils belonging to a phase are placed in one slot under every pole, it is concentrated winding.
If ‘x” conductors per phase are distributed among the available slots per phase under every pole, the winding is called
distributed winding.
Winding Factors

Winding Factor (K,,) is defined as the product of Distribution factor (K4) and the coil span factor (Kc).
Pitch factor or Chording factor or Coil span factor:

The factor by which, induced emf gets reduced due to short pitching is called pitch factor or coil span factor
denoted by K.
Pitch factor or coil span factor K, or K is defined as

vector sum of the induced emfs per coil

" arithmetic sum of the induced emfs per coil
_ resultant emf when colil is short pitched

resultant emf when coil is full pitched
K. =cos(a/2) where o = angle of short pitch (the angle by which coils are short pitched)
o = 180° — actual coil span of the coils.
Distribution factor or Breadth factor or Winding factor or Spread factor (Kg)
The factor by which there is a reduction in the emf due to distribution of coils is called distribution

factor Kg.
emf with distributed winding

Kd =

emf with concentrated winding

sin mB/2
m sin /2
Where m = slots/pole/phase
B = slot angle = 180%n
n = slots/ pole
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Equation of Induced E.M.F.

Let 4 = No. of conductors or coil sides in series/phase
= 2T — where T is the No. of coils or turns per phase

P = No. of poles
f = frequency of induced e.m.f. in Hz
) = flux/pole in webers

L sin mf/2
Ky = distribution factor = ————

m sin /2
K. or K, = pitch factor or coil span factor = cos (0/2)

Ks = form factor = 1.11
N = rotor rpm

In one revolution of the rotor (i.e. in 60/N second) each stator conductor is cut by a flux of ®P webers.
d® = ®P and dt = 60/N
d® P  ONP

~ Average emf induced per conductor =—=——=——
dt 60/N 60
f=PN/120 or N = 120f/P
120 f

®
Average emf per conductor = w X - 2 f® volt

If there are Z conductors in series/phase, then average emf/phase = 2f®Z volt = 4fOT volt
RMS value of emf/phase = 1.11 x 4fOT = 4.44 {OT
Actual available voltage/phase = 4.44 K, K4 f®T volt.
=4 K, Ky K¢ fOT volt.
If alternator is star connected, then line voltage is v/3 times the phase voltage.
Effect of Harmonics on Pitch and Distribution Factors
() If the short-pitch angle or chording angle is o degrees (electrical) for the fundamental flux wave, then its values
for different harmonics are

pitch-factor, k. = cosal/2 —for fundamental
= cos3a/2 —for 3rd harmonic
= cos5a/2 @ —for 5th harmonic etc.

(b) Similarly, the distribution factor is also different for different harmonics. Its value becomes

_sinmB/2
“m sin B/2
where n is the order of the harmonic
i 2
for fundamental, n=1 kdl = M
m sin /2
. _ _ sin3mf/2
for 3rd harmonic, n=3 kd3 = msin3p/2
for 5th harmonic, n=>5 kd5 = M
msin53/2
(c) If fundamental frequency is 50 Hz. Then for 3" harmonic f; = 3 x 50 = 150 Hz, for 5™ harmonic, fs = 5 x 50 =

250 Hz.etc.

Alternator on Load
As the load on an alternator is varied, its terminal voltage is also found to vary as in d.c. generators.
This variation in terminal voltage V is due to the following reasons:

e voltage drop due to armature resistance R,

e voltage drop due to armature leakage reactance X_

e voltage drop due to armature reaction

5
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Armature Resistance
The armature resistance/phase R causes a voltage drop/phase of IR, which is in phase with the armature current 1.
However, this voltage drop is practically negligible.
Armature Leakage Reactance
e When current flows through the armature conductors, fluxes are set up which do not cross the air-gap, but take
different paths. Such fluxes are known as leakage fluxes. Various types of leakage fluxes are shown in Fig.

) [Leakage Flux

== Stator Conductor

—— Eb s

[ | L \ 3 ¥ e " / £
: -
| - | y » “ ¢ R
L sl -
et [L.eakage Flux

* The leakage flux is practically independent of saturation, but is dependent on | and its phase angle with
terminal voltage V.

e This leakage flux sets up an e.m.f. of self-inductance which is known as reactance e.m.f. and which is ahead of
| by 90°.

e Hence, armature winding is assumed to possess leakage reactance X, (also known as Potier rectance Xp) such
that voltage drop due to this equals IX,.

e A part of the generated e.m.f. is used up in overcoming this reactance e.m.f.

E=V+I(R+jX.)

Armature Reaction
® There are two fluxes present in the air gap,
e Due to armature current
e Due to current in field (main) winding
Armature reaction is the effect of armature flux on the main field flux.
® The effect of armature flux not only depends on the magnitude of the current flowing through the armature
winding but also depends on the nature of the power factor of the load connected to the alternator.
Consider three cases:
(i)  When load of p.f. is unity
(i)  when p.f. is zero lagging and
(ili) ~ When p.f. is zero leading.
Unity Power Factor Main Flux—

® In this case the armature flux is cross-magnetizing. > .-".rm::tur-:—n,t )

e The result is that the flux at the leading tips of the poles is - <. Flux )
reduced while it is increased at the trailing tips. e . - .
e However, these two effects nearly offset each other leaving the NY Ws% l'[P}';l}
average field strength constant. M Pty e
e Armature reaction for unity p.f. is distortional. T

Zero P.F. lagging _
e the armature flux (whose wave has moved backward by 90°) is 7 i,
in direct opposition to the main flux. ' .
e Hence, the main flux is decreased. Therefore, it is found that ¢ N A 7 s, ‘Pt
armature reaction, in this case, is wholly demagnetizing, with ", ! Lagging
the result, that due to weakening of the main flux, less e.m.f. is ~ s -
generated.



EE 8401 Electrical Machines Il

e To keep the value of generated e.m.f. the same, field excitation will have to be increased to compensate for this
weakening.

Zero P.F. leading
e armature flux wave has moved forward by 90° so that it is in phase =~ o
with the main flux wave. This results in added main flux. Hence, in 'y ° s 7)), LeoPk.
this case, armature reaction is wholly magnetising, which results in _h|-~'*""f-'
greater induced e.m.f.
e To keep the value of generated e.m.f. the same, field excitation will
have to be reduced somewhat.

e For intermediate power factor, the effect is partly distortional and partly /N 7.8/,  0IPE
demagpnetising (because p.f. is lagging). ' ’ _*I g

Synchronous Reactance

e For the same field excitation, terminal voltage is decreased from its no-load value E, to V (for a lagging power

factor). This is because of
e drop due to armature resistance, IR,
e drop due to leakage reactance, IX_
e Drop due to armature reaction.

e The drop in voltage due to armature reaction may be accounted for by assuming the presence of a fictitious
reactance X, in the armature winding. The value of X, is such that IX; represents the voltage drop due to
armature reaction.

* The leakage reactance X, and the armature reactance X, may be combined to give synchronous reactance Xs.

Hence Xs =X_+ X,
® Therefore, total voltage drop in an alternator under load is
= IRa + jIXs = I(Ra + jXs) = 1Z5
where Zs is known as synchronous impedance of the armature,
® Hence, the vector difference between no-load voltage E, and terminal voltage V is equal to 1Zs.
Voltage Equation of an Alternator
Eph = Vo + 1Ra + 12X,
Phasor or Vector Diagram of a Loaded Alternator
E, or Eph = No load emf - Voltage induced in armature in the absence of all voltage drops. Hence it represents the
maximum value of the induced emf.
E = load induced emf — it is the induced emf after allowing for armature reaction. E is vectorially less than E, by 1.Xa.
Vi = terminal voltage — it is vectorially less than E,y, by 1,Z;.
Where Z;=/R% — X2
| or I, = armature current / phase and ® = load p.f angle.

<l7 wi a 12— 4 "
"-H.‘ . 9y, ‘ E |.f ‘... L
: IX, .y A, /it SHEIN
1) [ = —y-r hy
c ME 7.7) £ 4 . W50
=% | | vl LT AN
* : oo
0 > - | ¥ Y '.‘I | 4 L - L4
| % (3 T ::- W
IR,
{a1) b (e}
(a) Unity p.f. (b) Lagging p.f (c) leading p.f.
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To find the value of induced emf.
Lagging power factor load.

The vector diagram can be redrawn and the value of induced emf can be
found.
From vector diagram, OD = V,cos®
AD = BE = Vsin @
DE = I,R,
From A OCE, OC? = OE? + EC?
: Epn2 = (OD + DE)2 + (EB + B()2
Ep2 = (Vph cosg + IaRa)? + (Vph sing + IaXs)?
Eph = 4/ (Vph cose + 1aRa)? + (Vph sing + 1aXs)?2
Where,
Vph — phase value of rated voltage
I, — phase value of current
Cos ¢ — p.f. of load
Similarly, the equation can be derived for other power factors.
In general,
No load induced e.m.f per phase,
Eph = 4/ (Vph cose + 1aRa)? + (Vph sing + 1aXs)?2
Where,
Vph — phase value of rated voltage
I, — phase value of current
Cos ¢ — p.f. of load
+ ve sign for lagging power factor
-ve sign for leading power factor
Voltage Regulation of an Alternator

The voltage regulation of an alternator is defined as the change in its terminal voltage when full load is removed,
keeping field excitation and speed constant, divided by the rated terminal voltage.

So if Vph = Rated terminal voltage and Eph = No load induced e.m.f.

then voltage regulation is defined as,

S

{ i
| Epp — V |
| % Regulation = —2___P" x 100 |

V 3
E ph s
L H

Methods of Determining the Regulation
A. Synchronous Impedance Method or E.M.F. Method

The method requires following data to calculate the regulation.

1. The armature resistance per phase (R,).
2. Open circuit characteristics - which is the graph of open circuit voltage against the field current. This is possible
by conducting open circuit test on the alternator.
3. Short circuit characteristics - which is the graph of short circuit current against field current. This is possible by
conducting short circuit test on the alternator.

The alternator is coupled to a prime mover capable of driving the alternator at its synchronous speed. The armature
is connected to the terminals of a switch. The other terminals of the switch are short circuited through an ammeter. The
voltmeter is connected across the lines to measure the open circuit voltage of the alternator.

8
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The field winding is connected to a suitable d.c. Star /“’STSW“C"
supply with rheostat connected in series. The field connected >
excitation i.e. field current can be varied with the help of ey
this rheostat. The circuit diagram is shown in the Fig. ' A) lse
0.C. Test: , o~ .
Procedure:
i) Start the prime mover and adjust the speed to the g4 o
synchronous speed of the alternator. winding 0 ~o—oI

i) Keeping rheostat in the field circuit maximum, switch o 'emator

on the d.c. supply.

iii) The T.P.S.T switch in the armature circuit is kept
open.

iv) With the help of rheostat, field current is varied from Supply
its minimum value to the rated value. Due to this, flux
increases, increasing the induced e.m.f. Hence
voltmeter reading, which is measuring line value of
open circuit voltage increases. For various values of

field current, voltmeter readings are observed.
Graph of (Vc)pn against I is plotted.

S.C.Test occ
___________ sSCC

8
g
z

After completing the open circuit test
observation, the field rheostat is brought to
maximum position, reducing field current to a
minimum value. The T.P.S.T switch is closed. As
ammeter has negligible resistance, the armature gets
short circuited. Then the field excitation is gradually
increased till full load current is obtained through
armature winding. This can be observed on the
ammeter connected in the armature circuit. The
graph of short circuit armature current against field Field Current (Iy ) in Amps
current is plotted from the observation table of short
circuit test. This graph is called short circuit characteristics, S.C.C.

tage (Vo ey in Volts

Short Circuit Current (Isc) in Amps

Open Circuit Vo

e The S.C.C. is a straight line graph passing through the origin while O.C.C. resembles
B-H curve of a magnetic material.
Determination of Impedance from O.C.C. and S.C.C.

The synchronous impedance of the alternator changes as load condition changes. O.C.C. and S.C.C. can be used to
determine Zfor any load and load p.f. conditions.

open circuit voltage ,E1(ph)

Synchronous impedance, Zs = (from graph)

short circuit current ,Isc

4. Requlation Calculations:
From O.C.C. and S.C.C., Zcan be determined for any load condition.

The armature resistance per phase (R,) can be measured by different methods. One of the method is applying d.c.
known voltage across the two terminals and measuring current. So value of R, per phase is known.

Synchronous reactance, Xs =,/ (Zs? — Ra?) Q/ph

So synchronous reactance per phase can be determined.


https://sohailansaari.files.wordpress.com/2013/11/9b92d-ccc1.jpeg
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No load induced e.m.f per phase,

Eph = +/(Vph cose + [aRa)? + (Vph sing + laXs)?
Where,
Von — phase value of rated voltage, I, — phase value of current, Cos ¢ — p.f. of load
+ ve sign for lagging power factor, -ve sign for leading power factor

Eph=VPh) s 100
Vph
5.Advantages and Limitations of Synchronous Impedance Method:
Advantage:
Synchronous impedance Zfor any load condition can be calculated. Hence regulation of the alternator at any load
condition and load power factor can be determined.
Limitation:
The main limitation of this method is that the method gives large values of synchronous reactance. This leads to high
values of percentage regulation than the actual results. Hence this method is called pessimistic method.

% regulation =

Short Circuit Ratio and Its Significance
The short circuit ratio is the ratio of the excitation required to produce open circuit voltage equal to the rated
voltage to the excitation required to produce rated full load current under short circuit.
If for rated open circuit voltage

SCR (short circuit ratio) = —
If for rated short circuit current

. . Voc (ph)
From open and short circuit test, Z; = ———= for same I; VI
lasc (ph) ,L a
= X, (neglecting R,) ‘
. . X
The per unit value of X; is, Xs pu = — b ocC.
Base impedance r
. rated voltage per phase Viated |- - - -
Base impedance = |
rated armature current per phase ! S.C.C.
. . \'% r I A
From fig. base impedance = —2°4 = 2= a rated ! ¥t
a rated st ' i
_Pr - A
But Xs = s at same Iz =op o $ S =1
pr
pPq st
“Xsgo=pr = oo

ot pq
If for rated open circuit voltage op

But SCR = =

If for rated short circuit current 0s

. . op _ Pq
Triangle opg and ost are similar, hence st

st
11
O XS (pu) = E —_— _SCR
st

Significance of SCR

e For low value of.SCR, the value of Xs is more hence the drop laXs is more. Hence the machine requires large
changes in the field current (excitation) for the small changes in the load, to keep terminal voltage constant.
A low value of SCR indicates smaller air gap and poor regulation due to large laXs drop.
The synchronous power is inversely proportional to Xs. This is the power which keeps alternators in synchronism
during parallel operation and maintains the stability. Any disturbances from equilibrium conditions are
compensated by synchronizing power. For low value of SCR, X is very large and synchronizing power is very low.

10
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As synchronizing power decreases, tendency of alternators to remain in synchronism decreases. This decreases the
stability. Thus low SCR puts the stability limit.

® The SCR can be increased by increasing the air gap but this needs more mmf to obtain same emf . Hence the pole
size increases which increases the overall size and cost of the machine.

e Practically the SCR value is selected between 0.5 to 1.2.

B. Rothert’s MMF or Ampere turn Method or MMF method

e The method is based on the results of open circuit test and short circuit test on an alternator.

o For any synchronous generator i.e. alternator, it requires m.m.f. which is product of field current and turns of field
winding for two separate purposes.
1. It must have an m.m.f. necessary to induce the rated terminal voltage on open circuit.
2. It must have an m.m.f. equal and opposite to that of armature reaction m.m.f.

e The field m.m.f. 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 Fo.
The synchronous impedance has two components, armature resistance and synchronous reactance.

e Synchronous reactance also has two components, armature leakage reactance and armature reaction reactance.
In short circuit test, field m.m.f. is necessary to overcome drop across armature resistance and leakage reactance
and also to overcome effect of armature reaction.

e But drop across armature resistance and leakage Open circuil voltage
reactance is very small and can be neglected. short circyit curent
e Thus in short circuit test, field m.m.f. circulates the full
load current balancing the armature reaction effect. Ratedterminal __ | ____________ 0.C.C

e The value of ampere-turns required to circulate full load voitage
current can be obtained from short circuit characteristics.
This is denoted as Fag.
e The armature reaction reactance is dominating and hence
the power factor of such purely reactive circuit is zero ¢ o0 | [
lagging. Hence Far gives demagnetizing ampere turns. circuit current
e The two components of total field m.m.f. which are
Foand Far are indicated in O.C.C. (open circuit Far  Fo Y
characteristics) and S.C.C. (short circuit characteristics)
as shown in the Fig.
o If the alternator is supplying full load, then total field m.m.f. is the vector sum of its two components Fo and Fag.
e This depends on the power factor of the load which alternator is supplying.
e The resultant field m.m.f. is denoted as Fr.
Zero lagging p.f. : As long as power factor is zero lagging, the armature reaction is completely demagnetising. Hence
the resultant Fgis the algebraic sum of the two components Foand Fag. Field m.m.f. is not only required to produce
rated terminal voltage but also required to overcome completely demagnetising armature reaction effect.

SCC

OA = Fo F E
AB =Far demagnetizing 2 R
OB = Fr=Fo + Fag s > >

Total field m.m.f. is greater than Fo.
Zero leading p.f.: When the power factor is zero leading then the armature reaction is totally magnetising and helps
main flux to induce rated terminal voltage. Hence net field m.m.f. required is less

than that required to induce rated voltage normally, as part of its function is done by Fo

magnetising armature reaction component. The net field m.m.f. is the algebraic O./_‘_/Eﬁ_:;\

difference between the two components Fo and Fag. -~
OA=Fo e
AB = Fag magnetizing Far

11
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OB:FO'FAR:FR
Total m.m.f. is less than Fg
Unity p.f. : Under unity power factor condition, the armature reaction is cross magnetising and its effect is to distort

the main flux. Thus and F are at right angles to each other and hence resultant m.m.f. is the vector sum of Fg and Fag.
OA = Fo

AB = Far cross magnetising Fr v
OB = Fg = Fo + Far (adding vectorially) AR
) \———V——JA
F

General Case: o

The resultant m.m.f. is to be determined by vector addition of Foand Fag.

cos®, lagging p.f. :

e When the load p.f. is cos® lagging, the phase current I, lags
Vn by angle ©.

e The component Fq is at right angles to V, while Fag is in phase
with the current l,n. This is because the armature current
l.pn decides the armature reaction.

e The armature reaction Far due to current I, is to be overcome
by field m.m.f.

o Hence while finding resultant field m.m.f., - Farshould be
added to vectorially. This is because resultant field m.m.f. tries
to counterbalance armature reaction to produce rated terminal agh
voltage. The phasor diagram is shown in the Fig.

From the phasor diagram the various magnitude are,
OA=Fy, AB=Fx, OB =Fy
Consider triangle OCB which is right angle triangle. The

Far is split into two parts as, o doulii c
AC = Fagsin® and BC = Fag cos® fa=Fo lag
(Fr)® = (Fo+ Farsin® )> + (Farcos®)’  ovveveeneee, (1) Fo 90 Fun Epn
From this relation (1), Fr can be determined.

cos®, leading p.f. : ¢

Von

e When the load p.f. is cos® leading, the phase current I, 90° v
leads V,, by ©. 0 ”
e The component Fo is at right angles to V,and Fag is in phase with .
e The resultant Fg can be obtained by adding - Far to Fo.
e The phasor diagram is shown in the Fig.
From the phasor diagram, various magnitudes are,
AC = Fag sin® and BC = Fag cos®
OA =Fo, AB=Furand OB = Fg
Consider triangle OCB which is right angles triangle.
(OB)* = (OC)* + (BCY’
(Fr)’ = (Fo- Fag sin® )? + (FARCOSD)  oovvverrrrennae. (2)
From the relation (2), Fr can be obtained.
Using relations (1) and (2), resultant field m.m.f. Fg for any
p.f. load condition can be obtained.
Once Fg is known, obtain corresponding voltage which is Far

volts

errTrrtt T

Mhecoowee

-
o]
el
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induced e.m.f. E,, required to get rated terminal voltage V. This is possible from open circuit characteristics drawn.
Once Ey, is known then the regulation can be obtained as,

(Eph —Vph)
———X

% regulation = 100

Note: This ampere-turn method gives the regulation of an alternator which is lower than actually observed. Hence the
method is called optimistic method.
e When the armature resistance is neglected then Fq is field m.m.f. required to produce rated Vy,at the output
terminals. But if the effective armature resistance is given then Fqis to be calculated from O.C.C. such that
Fo represents the excitation (field current) required a voltage of V, + lopn Rapn cos® where
Vpn = rated voltage per phase, I, = full load current per phase
R, = armature resistance per phase, cos® = power factor of the load
Fr can be obtained using the cosine rule to the triangle formed by Fo, Fag and Fg as shown in the Fig. 8.

B
90-¢

(4) Fo A 0 Fo A
(a) cos ¢ lagging (b) cos ¢ leading

Using cosine rule to triangle OAB,

FR2 = F02 + FAR2 -2 Fo Far COS (Fo AFAR)
Fo "Far =90 + @ if @ is lagging
=90 - @ if ® is leading

The angle between E,and V,, is denoted as 6 and is called power angle. Neglecting R, we can write,
I, Xs cos® = E, sind
Pd= Vph lacos® = internal power of machine
Vph Eo

Xs
C. Potier’s Triangle Method or Zero Power Factor (ZPF) Method
e This method is also called potier method.
In the operation of any alternator, the armature resistance drop and armature leakage reactance drop IX, are actually
e.m.f. quantities while the armature reaction is basically m.m.f. quantity.
¢ In the synchronous impedance all the quantities are treated as e.m.f. quantities as against this in M.M.F. method all
are treated as m.m.f. quantities. Hence in both the methods, we are away from reality.
e This method is based on the separation of armature leakage reactance and armature reaction effects.
e The armature leakage reactance X is called Potier reactance in this method; hence method is also called potier
reactance method.
To determine armature leakage reactance and armature reaction m.m.f. separately, two tests are performed on the
given alternator. The two tests are,
1. Open circuit test
2. Zero power factor test
1. Open Circuit Test
The experimental setup to perform this test is shown in the Fig.

d sin &

13


http://3.bp.blogspot.com/-w9NqrTlrF34/T2uCRCQ6HJI/AAAAAAAAD0A/ykbxWLFABg0/s1600/ccc19.jpeg

EE 8401 Electrical Machines Il

The steps to perform open circuit test are,
v' The switch S is kept open.

Polential

v" The alternator is driven by its prime mover at its synchronous speed and same is maintained constant throughout the

test.

v" The excitation is varied with the help of potential divider, from zero upto rated value in definite number of steps.
The open circuit e.m.f. is measured with the help of voltmeter. The readings are tabulated.
v A graph of I;and (V) i.e. field current and open circuit voltage per phase is plotted to some scale. This is open

circuit characteristics.
2. Zero Power Factor Test

v To conduct zero power factor test, the switch S is kept closed.

v" Due to this, a purely inductive load gets connected to an alternator through an ammeter. A purely inductive load has
power factor of cos90° i.e. zero lagging hence the test is called zero power factor test.

v" The machine speed is maintained constant at its synchronous value.

v’ The load current delivered by an alternator to purely inductive load is maintained constant at its rated full load value
by varying excitation and by adjusting variable inductance of the inductive load.

v" In this test, there is no need to obtain number of points to obtain the curve. Only two points are enough to construct

a curve called zero power factor saturation
curve.

v" This is the graph of terminal voltage against
excitation when delivering full load zero power
factor current.

v" One point for this curve is zero terminal voltage
(short circuit condition) and the field current
required to deliver the full load short circuit
armature current.

v While other point is the field current required to
obtain rated terminal voltage while delivering
rated full load armature current. With the help
of these two points the zero p.f. saturation curve
can be obtained as,

1. Plot open circuit characteristics on graph as

shown in the Fig.

Terminal
voltage
and Airling D.C.C.
induced \\’
e;:;i. / R ﬁpaﬂer triangle
phase / Full load zero p. I.
,f 1 saturation curve
tated V. I - T
Ly | R Q P
~
! "j ~
1 /! e
1! N
iy Qs
|
ocC A Iy

2. Plot the excitation corresponding to zero terminal voltage i.e. short circuit full load zero p.f. armature current. This
point is shown as A in the Fig. which is on the x-axis. Another point is the rated voltage when alternator is delivering
full load current at zero p.f. lagging. This point is P as shown in the Fig.
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3. Draw the tangent to O.C.C. through origin which is line OB as shown dotted in the Fig. This is called air line.
4. Draw the horizontal line PQ parallel and equal to OA.
5. From point Q draw the line parallel to the air line which intersects O.C.C. at point R. Join RQ and join PR. The
triangle PQR is called potier triangle.
6. From point R, drop a perpendicular on PQ to meet at point S.
7. The zero p.f. full load saturation curve is now be constructed by moving a triangle PQR so that R remains always on
0O.C.C. and line PQ always remains horizontal. The doted triangle is shown in the Fig. The potier triangle once
obtained is constant for a given armature current and hence can be transferred as it is.
8. Through point A, draw line parallel to PR meeting O.C.C. at point B. From B, draw perpendicular on OA to meet it
at point C. Triangles OAB and PQR are similar triangles.
9. The perpendicular RS gives the voltage drop due to the armature leakage reactance i.e. IX.
10. The length PS gives field current necessary to overcome demagnetising effect of armature reaction at full load.
11. The length SQ represents field current required to induce an e.m.f. for balancing leakage reactance drop RS.

These values can be obtained from any Potier triangle such as OAB, PQR and so on.

So armature leakage reactance can be obtained as,

L (RS) =1 (BC) = (Iaph)F.L X XL ph

X, "= L (RS)or I (BC)

(Iapn JF.L
This is nothing but the potier reactance.

1.3 Use of Potier Reactance to Determine Regulation
To determine regulation using Potier reactance, draw the phasor diagram using following procedure:

e Draw the rated terminal voltage Vp,as a reference phasor. Depending upon at which power factor (cos®) the
regulation is to be predicted, draw the current phasor I, lagging or leading V,, by angle ®.

e Draw I, Rypnvoltage drop to Vp,which is in phase with Iy, While the voltage drop I, Xipnis to be drawn
perpendicular to I, Rapn Vector but leading Iy, Rqpn at the extremely of V.

e The Rynis to be measured separately by passing a d.c. current and measuring voltage across armature winding.
While X is Potier reactance obtained by Potier method.
Phasor sum of Vyrated, Ipn Rapnand lpn Xipn gives the e.m.f. Eqpp.

El ph = Vph + Iph Ralph + Iph XLph

D
_ 7z
e Obtain the excitation corresponding to E;pfrom O.C.C. Pt
drawn. Let this excitation be F¢ ;. This is excitation required 2 e
to induce e.m.f. which does not consider the effect of Epn, ” / reaction drop

armature reaction.

e The field current required to balance armature reaction can be
obtained from Potier triangle, which is say Fag.
Far= 1 (PS)= I (AC) =.....

The total excitation required is the vector sum of the F¢;and
Far. This can be obtained exactly similar to the procedure used in
M.M.F. method.

Draw vector F¢;to some scale, leading E;p, by 90°. Add
Farto Fr by drawing vector Farin phase opposition to I, The
total excitation to be supplied by field is given by Fr.

The complete phasor diagram is shown in the Fig.

Once the total excitation is known which is Fg, the corresponding induced e.m.f. E,,can be obtained from O.C.C.
This Ep lags Fr by 90°. The length CD represents voltage drop due to the armature reaction. Drawing perpendicular
from A and B on current phasor meeting at points G and H respectively, we get triangle OHC as right angle triangle.
Hence E;p, can be determined analytically also.
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Once E,;, is known, the regulation of an alternator can be predicted as,

(Eph —Vph)
Vph X
This method takes into consideration the armature resistance and leakage reactance voltage drops as e.m.f.
quantities and the effect of armature reaction as m.m.f. quantity. This is reality hence the results obtained by this
method are nearer to the reality than those obtained by synchronous impedance method and ampere-turns method.
The only drawback of this method is that the separate curve for every load condition is necessary to plot if
potier triangles for various load conditions are required.

% regulation = 100

D. ASA Modification of MMF Method
o Neither of the two methods, M.M.F. method and E.M.F. method is capable of giving the reliable values of the

voltage regulation.

e The error in the results of these methods is mainly due to the two reasons,

1. In these methods, the magnetic circuit is assumed to be unsaturated. This assumption is unrealistic as in practice.
It is not possible to have completely unsaturated magnetic circuit.

2. In salient pole alternators, it is not correct to combine field ampere turns and armature ampere turns.

e This is because the field winding is always concentrated on a pole core while the armature winding is always
distributed.

o Similarly the field and armature m.m.f.s act on magnetic circuits having different reluctances in case of
salient pole machine hence phasor combination of field and armature
m.m.f. is not fully justified.

Inspite of these short comings, due to the simplicity of constructions the ASA
modified form of M.M.F. method is very commonly used for the calculation of
voltage regulation.

o Consider the phasor diagram according to the M.M.F. method as shown in the
Fig. for cos® lagging p.f. load.

o The Fgis resultant excitation of Foand FagrWhere Fois excitation required to
produce rated terminal voltage on open circuit while Far is m.m.f. required for
balancing armature reaction effect.

Thus OB = Fg = resultant m.m.f.

e The angle between Far and perpendicular to Fois @, where cos® is power factor of the load.

But OB = Fr = resultant is based on the assumption of unsaturated magnetic circuit which is not true in practice.

e Actually m.m.f. equal to BB' is additionally required to take into account the effect of partially saturated magnetic
field. Thus the total excitation required is OB' rather than OB.

Method of determining the additional excitation needed to take into account effect of partially saturated magnetic

circuit.

e Construct the no load saturation characteristics i.e. O.C.C. and zero power factor characteristics.

e Draw the potier triangle and determine the leakage reactance X, for the alternator.

e The excitation necessary to balance armature reaction can also be obtained from the potier triangle. The armature
resistance is known.

"'_FG_-

El ph = Vph + Iph Ra ph + Iph XL ph

e Construct ASA diagram, and draw phasor diagram related to the above equation.

e The ASA diagram has x-axis as field current and y-axis as the open circuit voltage.

e Draw O.C.C. on the ASA diagram. Then assuming x-axis as current phasor, draw V,,at angle ®, above the
horizontal. The Vs the rated terminal voltage.

e Add IR, in phase with I,i.e. horizontal and I, X, perpendicular to 1, R,to V. This gives the voltage E;pp.

e With O as a centre and radius E;,, draw an arc which will intersect y-axis at E;.

16
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° From E,, draw horizontal line intersecting both air Ooen choult
gap line and O.C.C. voltage in volts

e These points of intersection are say B and B'. The Fr'
distance between the points BB' corresponding to EP"_
the field current scale gives the additional =]
excitation required to take into account effect of
partially saturated field.

e Adding this to Fr we get the total excitation as Fg'.
From this Fg', the open circuit voltage E;p, can be
determined from O.C.C. using which the regulation
can be determined. The ASA diagram is shown in
the Fig. o . I, field current

OCcC

Fr' in amp
Total excitation

The resultant obtained by ASA method is reliable
for both salient as well as non salient pole machines.

THEORY OF CYLINDRICAL ROTOR MACHINES

Let us consider the Phasor diagram for alternator for lagging power factor.
Let E = E.M.F induced in each phase

V = Terminal voltage

® = Phase angle between voltage and current

& = Power angle

Ra = Resistance of armature

Xs = Synchronous reactance of alternator

Xs
Tan 6 - —
R

a

X
Therefore, 0 = tan? =

a

o=P+%
The voltage equation of alternator is given by
) E-V
E=V+I1Z i.e. | = 7
S
V=VLO0,E=ELS$,Z=2Z 0
EL8—VL 0O
Therefore | = —————
ZsL8
Electrical power output of alternator
o EL8—VLOY EV &
P=VI*=VL0) . —————*=— | (0-0)-— L6
ZsL0 Zs Zs

EV V2
Therefore, P = CR [cos(0-8) + j sin(0-5)] - 7 [cos 6 + ] sin 0]
S

S
Taking real part from above equation,
2

EV \%
P=—co0s(0-0) - — cos 0
Zs Zs

X
In case of large machines, X;>>R,, therefore § = tan™ R—S =90° (R, neglected)
a
Substituting 6 = 90°, the net electrical power output is given by
2

EV \
P=—c0s(90-9) - — cos 90
Xs Xs

17
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EV .
Therefore, P = ~ SIN 3

S
Maximum Power Output

dp
The condition for maximum power outputis— =0

dé
EV
Differentiating, we get o + ra [-sin(6-3)] =0
S
sin(8-8) =0 (6-6)=0 ie.0=35

Substituting the condition for maximum output, we get,
2

P = ot c05(6-6) - — cos 0
max = - COS(-)-Zs cos

. EV V2 0
=— -— oS8
max Z ZS

S
If R, is Neglected, Z = X and 6 = 90°

o EV & o0° = BV
-— - C0s90"=—
max XS s XS '

Power Angle Characteristics
EV .
P=—-SIN§
X

S F’ima)c
The relationship between P and 8 is known as power angle characteristics of the

machine.

The maximum power occurs at 6 = 90°. Beyond this point the machine

falls out of step and loses synchronism. The machine can be taken upto P
only by gradually increasing the load. This is known as the steady state stability 0 o 0§ —
limit of the machine. The machine is normally operated at 6 much less than 90°.

A\

OPERATION OF A SALIENT POLE SYNCHRONOUS MACHINE
e A multipolar machine with cylindrical rotor has a uniform air-gap, because of which its reactance remains the same,
irrespective of the spatial position of the rotor.

e Asynchronous machine with salient or projecting poles has non-uniformair-gap dueto  -yxis dl-uxis
which its reactance varies with the rotor position. N o o

e Consequently, a cylindrical rotor machine possesses one axis of symmetry (pole axis or i g s
direct axis) whereas salient-pole machine possesses two axes of geometric symmetry ,?*i{) 7 .

(i) field polesaxis, called direct axis or d-axisand ’ b

(if) axis passing through the centre of the interpolar space, called the quadrature axis or g- v %0

axis, as shown in Fig. N \‘\\

e two mmfs act on the d-axis of a salient-pole synchronous machine i.e. field m.m.f. e N

and armature m.m.f. whereas only one m.m.f., i.e. armature mmf acts on the g-axis,

because field mmf has no component in the g-axis.
e Themagnetic reluctance is low along the poles and high between the poles.
e Theabove facts formthe basis of the two-reaction theory proposed by Blondel.
Two Reaction theory
According to this theory
() armature current |5 canbe resolved into two components

i.e. Ig perpendicular to Eg and I along Ep.

(i) armature reactance has two components i.e. g-axis armature reactance Xgg associated with g and d-axis armature
reactance Xaq linked with Ig,

If the armature leakage reactance X| is included which is the same on both axes, we get
18
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Xd = Xad + X| and Xq = Xaq + X|
Since reluctance on the g-axis is higher, owing to the larger air-gap, hence,
Xaq < Xad or Xq < Xd or Xd > Xq
Phasor Diagram for a salient pole synchronous machine

e Theequivalentcircuit of a salient-pole synchronous generator is shown in Fig. (a). / -

e Thecomponent currents Iq and g provide component voltage drops jlg Xg and j _._n_ e
I Xg asshowninFig. (b) for a lagging load power factor. oo 4y [

e The armature current I3 has been resolved into its rectangular components with

respect to the axis for excitation voltage E. ~) E !

e Theangle y between Eqgand I is known as the internal power factor angle. l
e The vector for the armature resistance drop Iz Ry is drawn parallel to I5.
 Vector for the drop Ig X is drawn perpendicular to I whereas that for I Xg is fat)
drawn perpendicular to I.
e Theangle dbetween Egand V is called the power angle.

O . > n
Jﬂ',-" I & W 0
0| NG I, X
|
f |
de 4 / A >
I, iy I, X
() If Ra neglected

e From Phasor diagram,
Eg=V +1gRa +jlg Xd +j|q Xq and lg=1Ig + |q
If Ry is neglected the Phasor diagram becomes as shown in Fig. In this case,
Eg =V +jld Xd +jlg Xq
Calculations from Phasor Diagram

. . . R i-l._ Vi os 6 — m= - f‘,jkd_ II-i
e InFig., (_jotted line AC has been drawn perpendicular to Iz and CBis | | £,
perpendicular to the phasor for E. > ': )a Lo W
/ | 3y
e The angle ACB = y because angle between two lines is the same as 0 e ! : C/X
between their perpendiculars. T L
Ig =lgsiny;Ilg=Ilgcosvy; Y //9:_4/’ 8 |
Hence, |5 = 1g/cos v T\ ,fi T Lx, *
r &
/
In ] ABC, BC/AC =cos y or AC = BClcos y /
!
=lg Xq / cos y >
AC = |a Xq

From AODC, vy can be found by
AD+AC _ Vsind+laXq

OE+ED  Vcos ®+IaRa

tan y =

Then, 6=y — O
From the Phasor diagram, the excitation voltage is given by

19
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Eo =V cosd + Iy Ra + 14X4

If we neglect the armature resistance, then & can be found as below;

y=0+3
Ig = I sin (@ + 8); 1g =15 cos (O + d)
Vsin & = [(Xq = 1,X4 cos (@ + 3)
= 1,Xq (cos @ cos & — sin @ sin J)
V = ,X,cot & cos @ - [aXq sin @
[:Xqcot 6 cos @ =V + [, X, sin ©

V + laXq sin @ [aXq cos @
Coto= ——— or tano=—"—"—"—"
[aXq cos @ V + [aXq sin ®

If R, is neglected, Eg =V cosd + I3Xy
Determination of Xy and Xq using slip test

The method used to determine X,and X, the

direct and quadrature axis reactance is called slip Reducod voage

test. Armature

In the slip test, a three phase supply is applied to e R 0] o

the armature, having voltage must less than the / 3 phasol

rated voltage while the field winding circuit is kept g !

open. The circuit diagram is shown in the Fig. Auto :u';,",”
The alternator is run at a speed close to % v trans-

synchronous but little less than synchronous value. ’ omne¢

The three phase currents drawn by the armature 9, @ °

from a three phase supply produce a rotating flux. '.Sfc'
Thus the armature m.m.f. wave is rotating at synchronous speed as shown in the Fig.
The rotor is made to rotate at a speed little less than the synchronous speed.

Thus armature m.m.f. having synchronous speed, moves slowly past the field poles at a slip speed (ns -n) where n
is actual speed of rotor. This causes an e.m.f. to be induced in the
field circuit.

When the stator m.m.f. is aligned with the d-axis of field poles
then flux @4 per poles is set up and the effective reactance offered
by the alternator is Xg.

When the stator m.m.f. is aligned with the g-axis of field poles —
then flux @ per pole is set up and the effective reactance offered - ——o Supply
-3 p——Q

by the alternator is X.

As the air gap is non uniform, the reactance offered also varies
and hence current drawn the armature also varies cyclically at
twice the slip frequency.

The r.m.s. current is minimum when machine reactance is Xqand
it is maximum when machine reactance is X.

As the reactance offered varies due to non uniform air gap, the voltage drops also varies cyclically.

Hence the impedance of the alternator also varies cyclically. The terminal voltage also varies cyclically.

The voltage at terminals is maximum when current and various drops are minimum while voltage at terminals is
minimum when current and various drops are maximum.

When rotor field is aligned with the armature m.m.f., its flux linkages are maximum, but the rate of change of flux
is zero. Hence voltage induced in field goes through zero at this instant. This is the position where alternator offers
reactance Xg.

Stator
(armature)
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o While when rate of change of flux associated with rotor is maximum, voltage induced in field goes through its

maximum. This is the position where alternator offers reactance X.

The reactances can be calculated as

_ Maximum voltage _ (Vt)line (at minimum Ia)

~ Minimum current V3 1a (min)

_ Minimum voltage _ (Vt)line (at maximum Ia)
9”7 Maximum current V3 Ia (max)

Power developed by a Salient Pole Alternator (Reluctance
Power) /

If Ra is neglected, then copper loss is also negligible, then 0
the power developed (Py) by an alternator is equal to the power

output (Pou)- i
Hence per phase power output of an alternator is Vv

Pout = V I3 cos @ = power developed (Py) (1)

From fig., 14 Xq =V sin 9 .....(10) / A
lg Xa=Eg—V cos d .. (i)
lg = lasin (@ +9) Y] If Ra neglected
lq = la cos (@ + 0) . (v)

i

Substituting Eqn. (iv) and (v) in Eqn. (ii) and (iii) and solving for I, cos®, we get

Eo . v o v
Iacos(I)Z—0 sin 0 + —— sin 26 - —— sin 20
X4 2Xgq 2X4
Substituting the above equation in (i), we get
7
P = Elgnse Ly
X-cf =

VI(X,—-X)
RIS sin 2§ BV sind+ —— 4 "4% sino§
X:j X:f X(.I" R er X{,r

The total power developed is three times the above power.
The power developed consists of two components,
e The first term represents power due to field
excitation
e Second term gives the reluctance power i.e.
power due to saliency.
If X4 = Xq i.e. the machine has a cylindrical rotor, then the
second term is zero and the power is given by the first

term only. /_\\

/

\

P Resu ltant output power

sing

From the output power equation, the power against

Power Angle Characteristics of Salient Pole Alternator — _ ¢ o 0 v

load angle characteristics can be obtained as shown in the
figure.
Condition of & for maximum power can be obtained by

L
\

r_rl_

L
X,

equating dP/dd = 0 and solving for 9. :: Generator Action

Motor Action ¢
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Parallel Operation of Alternators
The operation of connecting an alternator in parallel with another alternator or with common bus-bars is known as
synchronizing.
Synchronization of alternator and methods of synchronization of alternator
What is meant by synchronization of alternator?
Connecting a group of alternators parallel to a bus bar and the alternators should have same voltage and
frequency as that of bus-bar. This is called synchronization of alternator.
There are some conditions to be satisfied by the alternators which are to be connected in parallel to bus-bar to
be in synchronization.
Conditions for synchronization of alternators:

1. The terminal voltage of incoming alternator must be equal to the bus bar voltage.

2. The frequency of voltage generated by incoming alternator must be equal to bus bar frequency.

3. The phase sequence of the three phases of the incoming alternator must be same as phase sequence of bus-bars.

4. The phase angle between the voltage generated by incoming alternator and voltage of bus-bar must be zero.

5. Always connect running alternator to bus-bar. If a stationary alternator is connected to bus-bar it will result in short
circuit of stator winding.

The above conditions are to be satisfied by alternators to satisfy synchronization.

Why synchronization of alternators is necessary?

1. An alternator cannot deliver power to electric power system until its voltage, frequency, phase sequence and other
parameters matches with the network to which the alternator is connected.

2. The case of synchronization arises because we are connecting many alternators in parallel to supply the demanded
load. So we need to match all the parameters of connected alternators with bus-bar to deliver power to load.

3. By synchronization we can match all the parameters of one alternator with the other alternator and also with the
bus-bar and deliver the required power to load.

4. Synchronization of alternator is also called as paralleling of alternators.

Advantages of paralleling of alternators:
Continuity of service:

In case of any damage to one of the alternators it can be removed. Supply to load is not interrupted because other
alternators can supply the required load. But if we use a larger single unit even a small damage causes the interruption

of supply.

Requirement of load:

As the load demanded is not same all the time, during light load periods we can run two or three alternators in parallel.
When the demand is high we can add the required amount of alternators in parallel to meet the load demanded.
Reliability:

Several single units connected in parallel is more reliable than single larger unit because if a single unit gets damaged
it can be removed and its work is compensated by other units which are running.

High efficiency:

An alternator runs efficiently when it is loaded at their rated value. By using required number of alternators for
required demand i.e, light load or peak load we can load an alternator efficiently.

Steps to connect alternators in parallel or synchronization of alternators:

1. Consider an alternator-1. It is supplying power to bus bar at rated voltage and frequency.

2. Now we need to connect another alternator let it be alternator-2 in parallel with the alternator-1. In order to match
the frequency of alternator-2 with the frequency of bus-bar or alternator-1 (since alternator-1 and bus-bar are already in
synchronism) we need to adjust the speed of alternator-2. Now the voltage of alternator-2 is to be matched with the
voltage of bus-bar or voltage of alternator-1 (since alternator-1 and bus-bar are already in synchronism). For this
purpose we need to vary the field rheostat until the voltage matches.
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3. The three phase voltages generated by alternator must be same PoWeF GOtpULts
as the three phase voltages of bus-bar or alternator-1(since e
alternator-1 and bus-bar are already in synchronism).This can be
achieved by matching the phase sequence and frequency of
alternator-2 with bus bar or alternator-1(since alternator-1 and bus-
bar are already in synchronism) phase sequence and frequency.

Methods for synchronization of alternators:

There are three methods for synchronization of alternators. These
methods check whether the above mentioned conditions
for synchronization of alternators are satisfied or not. The three
methods are. : 2

1. Three dark lamps method. Generator #1 Generator #2
2. Two bright, one dark method.

3. Synchroscope method.

Three dark lamps method for synchronization of alternators:
Procedure: Common bus-bars
1. Consider alternator-1 is supplying power to load at rated
voltage and rated frequency which means alternator-1 is
already in synchronism with bus-bar.

2. Now we need to connect alternator-2 in parallel with —@—
alternator-1.

3. Across the 3 switches of alternator-2 three lamps are \0 S‘J“‘['""“‘;“"g
connected as shown in the figure. 11 I C‘) .

4. To match the frequency of alternator-2 with the bus-bar
frequency we need to run the prime mover of alternator-2 at i '

Load

Synchronising
Switch

nearly synchronous speed which is decided by the frequency of |-
bus-bar and number poles present in alternator-2. @
5. To match the terminal voltage of alternator-2 with bus-bar

voltage we need to adjust the field current of alternator-2 until

terminal voltage of alternator-2 matches with the bus-bar voltage. The required value of voltage can be seen in the
voltmeter connected to bus-bar.

6. To know whether the phase sequence of alternator -2 matches with the bus-bar phase sequence we have a condition.
If all the three bulbs ON and OFF concurrently then we say the phase sequence of alternator-2 matches with the phase
sequence of bus-bar. If the bulbs ON and OFF one after the other then the phase sequence is mismatching.

7. To change the connections of any two leads during the mismatch of phase sequence first off the alternator and
change the connections.

8. ON and OFF rate of bulbs depends upon frequency difference of alternator-2 voltage and bus-bar voltage. Rate of
flickering of bulbs is reduced when we match the frequency of alternator-2 with bus-bar voltage by adjusting the speed
of prime mover of alternator-2.

9. If all the conditions required for synchronization are satisfied then the lamps will become dark.

10. Now close the switches of alternator -2 to synchronize with alternator-1.

11. Now the alternators are in synchronism.

Disadvantage of three dark lamps method for synchronization of alternators:

Flickering only says difference between frequency of voltages of alternator and bus bar but correct value of frequency
of voltage of alternator cannot be found.

For example, if the bus bar frequency of voltage is 50 Hz and difference in frequency of voltage of bus-bar and
alternator is 1 Hz the alternator frequency of voltage can be either 49 Hz or 51 Hz.
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Two bright and one dark lamp method for synchronization of alternators:

Procedure:
1. Consider alternator-1 is supplying power to load at rated Common bus-bars
voltage and rated frequency which means alternator-1 is already Load

in synchronism with bus-bar.

2. Now we need to connect alternator-2 in parallel with
alternator-1.

3. Here lamp L-2 is connected similar to the three dark lamp
method. I I i %g b\)

4. Lamps L-1 and L-3 are connected in different manner. One Q“ FLJ symxlf::f:m""
end of lamp L-1 is connected to one of the phases other that the 4

phase to which lamp L-2 is connected and the other end of lamp Syckiang
L-1 is connected to the phase to which lamp L-3 is connected. N | — Switch

than the phase to which lamp L-2 is connected and other end of

lamp L-3 is connected to the phase to which lamp L-1 is

connected as shown in the following circuit.

6. To match the terminal voltage of alternator-2 with bus-bar voltage we need to adjust the field current of alternator-2
until terminal voltage of alternator-2 matches with the bus-bar voltage. The required value of voltage can be seen in the
voltmeter connected to bus-bar.

7. Depending upon the sequence of lamps L1, L2, L3 becoming dark and bright we can decide whether the alternator-2
frequency of voltage is higher or lower than bus-bar frequency.

8. If the sequence of bright and dark of lamps is L1-L2-L3 then the frequency of voltage of alternator-2 is higher than
the bus-bar voltage. Now until the flickering reduces to a low value decreases the speed of prime mover of alternator-
2.

9. If the sequence of bright and dark of lamps is L1-L3-L2 then the frequency of voltage of alternator-2 is less than the
bus-bar voltage. Now until the flickering reduces to a low value increase the speed of prime mover of alternator-2.

10. When the L1 and L3 are equally bright and lamp L2 is dark then close the switches.

11. Now the alternators are in synchronism.

Disadvantage of two bright and one dark lamp method for synchronization of alternators:

Phase sequence of the alternator cannot be checked by this method.

Synchroscope method for synchronization of alternators:

Procedure:

5. Similarly one end of lamp L-3 is connected to a phase other @ G

Common bus-bars

1. A synchroscope is used to achieve synchronization
accurately. Load
2. It is similar totwo bright and one dark lamp e

method and tells whether the frequency of incoming (5 |
alternator is whether higher or lower than bus bar

frequency. G e
3. This contains two terminals they are a) existing terminal el 00

b) incoming terminal. I 1 I _’{J(‘/
4. Existing terminals are to be connected to bus-bar or
existing alternator here in the diagram it is alternator-1 and ' |
incoming terminals are connected to incoming alternator || @él =~ S csipe
which is alternator-2 according to the diagram which we :

have considered. @

5. Synchroscope has a circular dial inside which a pointer
is present and it can move both in clockwise and anti
clockwise direction.
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6. To match the terminal voltage of alternator-2 with bus-bar voltage we need to adjust the field current of alternator-2
until terminal voltage of alternator-2 matches with the bus-bar voltage. The required value of voltage can be seen in the
voltmeter connected to bus-bar.

7. Depending upon the rate at which the pointer is rotating the difference of frequency of voltage between incoming
alternator and bus-bar can be known.

8. And also if the pointer moves anti clockwise then the incoming alternator is running slower and has frequency less
than the bus bar or existing alternator frequency and if the pointer moves clock-wise then the incoming alternator is
running faster and has frequency greater than bus-bar or existing alternator frequency. So by adjusting the speed of
prime mover of incoming alternator we can match the frequency with bus bar or existing alternator frequency.
Frequency matches when the pointer is straight up-wards. At this point close the switch.

9. Now both the alternators are in synchronism.

So by these three methods synchronization of alternators is checked.

Synchronizing Current and Synchronizing power

e Once synchronized properly, two alternators continue to run in synchronism.

¢ Any tendency on the part of one to drop out of synchronism is immediately counteracted by the production of a
synchronizing torque, which brings it back to synchronism.

e When in exact synchronism, the two alternators have equal terminal p.d.’s and are in exact phase opposition. Hence,
there is no current circulating round the local circuit.

. E E
g O L A 5
=R — R F o« \\
- £ - o "r B ',._._HN‘D \
| E / ' o
- r'r'- f/r:‘__-‘ o™ W ,
-X\ xl\: l;, I5||| = ‘> ] I
| ) |
. ' Ja e |
e, T‘E" NTE: | | J 4
) > | ke E,
- o e v E, E, }

(1) (h) (c) ()

As shown in Fig. (b) e.m.f. E; of machine No. 1 is in exact phase opposition to the e.m.f. of machine No. 2 i.e. E,.
Hence, there is no resultant voltage.

Suppose due to change in the speed of the governor of second machine, E, falls back by a phase angle of a, as
shown in Fig. (¢) (E; = E,). They have a resultant voltage E,, which circulates a current known as synchronizing
current.

The value of this current is given by lsy = E, /Zs where Zs is the synchronous impedance of the phase windings of
both the machines (or of one machine only if it is connected to infinite bus- bars).

The current Isy lags behind E, by an angle 6 given by tan 6 = Xs / R, where Xs is the combined synchronous
reactance of the two machines and R, their armature resistance.

Since R, is negligibly small, 6 is almost 90 degrees. So lsy lags E; by 90° and is almost in phase with E;.

Isy is generating current with respect to machine No.1 and motoring current with respect to machine No. 2

This current Isy sets up a synchronizing torque, which tends to retard the generating machine (i.e. No. 1) and
accelerate the motoring machine (i.e. No. 2).

Similarly, if E, tends to advance in phase [Fig. (d)], then Isy, being generating current for machine No. 2, tends to
retard it and being motoring current for machine No. 1 tends to accelerate it.
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e Hence, any departure from synchronism results in the production of a synchronizing current Isy which sets up
synchronizing torque. This re-establishes synchronism between the two machines by retarding the leading
machine and by accelerating the lagging one.

o Consider Fig. (c) where machine No. 1 is generating and supplying the Synchronizing power,

Psy = Eilgy cos @1
=~ Eylsy (1 is small).
Since @ = (90° - 0), synchronizing power = E;lsy cos @1 = E;lsy cos (90°- 0) = E; Isysin 6 = E;lsy because 6 = 90°
so that sin 6 = 1.
e This power output from machine No. 1 goes to supply
(a) Power input to machine No. 2 (which is motoring) and
(b) The Cu losses in the local armature circuit of the two machines.
Power input to machine No. 2 is E; lsy cos ¢, which is approximately equal to E; Isy.
o By lgy = E; lgy + Cu losses
LetEl=E2=E
Then, E; =2 E cos [(180° - a)/2] = 2E c0s [90° - (0/2)] =2 E sin a/2 =2 E x o/2 = aE (* a is small)
Here, the angle a is in electrical radians.
E; E, _ aE
Now, lsy = - = = —
synchronous impedance , Zg; 2Xg 2X{
—if R, of both machines is negligible
Xs - synchronous reactance of one machine
Synchronizing power (supplied by machine No. 1) is
Psy = Eilsy cos @1 = E Isycos (90° - 0) = Elsy sin 6 = Elsy
Substituting the value of Iy from above,
Psy = E.0E/2 Zs = aE*/2Zs = aE?/2Xs —per phase
(more accurately, Psy = o E? sin 6/2Xs)
Total synchronizing power for three phases
= 3Psy = 3 aE?/2Xs (or 3 aE? sin 0/2Xs)
This is the value of the synchronizing power when two alternators are connected in parallel and are on
no-load.
Alternators Connected to Infinite Bus-bars
Consider the case of an alternator which is connected to infinite bus-bars.
The expression for Psy given above is still applicable but with one important difference i.e. impedance (or
reactance) of only that one alternator is considered (and not of two as done above).
Hence, expression for synchronizing power becomes
E,=aE
lsy = E/Zs = E\/Xs = aE/Xs —if Ra is negligible
= Synchronizing power Pgy = E lgy = E.0E/Zs = aE%/Zs = aE?/Xs — per phase
Now, E/Zs= E/Xs = S.C. current lsc
». Psy = aE?/Xs = aE.E/Xs= oE.lsc —per phase
(more accurately, Psy = aE? sin 6/Xs = oE.lsc.sin 0)
Total synchronizing power for three phases = 3 Psy
Synchronizing Torque Tsy
Let Tsy be the synchronizing torque per phase in newton-metre (N-m)
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(a) When there are two alternators in parallel

21 N P oE 12X
Ty Xx—5 = Py &~ Ty = e >

60 T2mNG/60 21 N /60
3Py _30ET/2X
2nN /60 2N /60

Total torque due to three phases. =

(b) Alternator connected to infinite bus-bars
2N P, oE X
8 i = < N-m

X — = = g =
Tgy 60 Pgy or Tg, 2N /60 2mN (/60

where N =synchronous speed inr.p.m. = 120//P

Again, torque due to 3 phase

Effect of Load on Synchronizing Power
In this case, instead of Py = a E%/Xs, the approximate value of synchronizing f
power would be = aEV/X S
where V is bus-bar voltage and E is the alternator induced e.m.f. per o -
phase. - "f
The value of E=V + 1Z; —q
As seen from Fig., for a lagging p.f., <0
E = (Vcos @+ IR,)" + (Vsin ¢ + 1Xg)*]*2 0~ '

Alternative Expression for Synchronizing Power
As shown in Fig., let V and E (or E) be the terminal voltage and induced e.m.f. per phase of the rotor.
Then, taking V =V £ 0°, the load current supplied by the alternator is

_E-V _Eza-vz0° - &
h ZS B ZSLG T - -
: oo
E v D @
=— s£0-0-—2-0 s e o
2, “0 oG v =Y
E \Y ® A
=—[cos (0-a)—jsin(0-a)]-—[cosO—sind -
- [608 (0. 0) —j 5in (0 - )] = [cos 0 sin 0] s

£ cos (0 - a) v 0 [ZE sin (6 - o) Vi e]
= — -0)- — COS — - -0)-—S1n
Zs Z, o2 Z,

These components represent the | cos ¢ and | sin ¢ respectively. The power P converted internally is given be the sum
of the product of corresponding components of the current with E cos o and E sin a.

P= FEcosu £c:mn{(:l—t;}t]—Lcusﬂ — FEsin o iﬁin(H—".x]—ib;inf:]
Zg Zg Zg Zg

E V E
=E [Z_ﬁ cos Hj| - Elz .cos (0 + (1]] = Z_‘. [E cos 8 — F(cos 6+ o)) —per phase

If angle o be changed to (a £ 3). Since V is held rigidly constant, due to displacement + §, an additional e.m.f. of
divergence i.e. lsy = 2E. Sin a/2 will be produced, which will set up an additional current Isy given by lsy = Esy/Zs.
The internal power will become
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E
P’ =7 [E cos 6 -V cos (0 + a £ 8)]
S
The difference between P’ and P gives the synchronizing power.

EV
Psy=P’ - =Z—[cos(9+a)—cos 6+ a=+9)]

S
EV
=7 [sin &. Sin (0 + &) £ 2 cos (0 + ) sin® /2]
S
If 3 is very small, then sin? 8/2 is zero, hence Psy per phase

EV . . :
Psy = 7 Sin@+a)sine . 6)]
S
Q) In large alternators, R, is negligible, hence tan 6 = X/ R, = o0, so that 0 = 90°.
Therefore, sin (0 + o) = cos a
EV
Psy = Z Cosasind ------ perphase (i1)
EV ,
=3 Cosasind --—---- per phase . (iii)

S
(i) Consider the case of synchronizing an unloaded machine on to a constant voltage bus bars. For proper
operation, o = 0 so that E coincides with V.
sin (6 + ) =sin 6

From (i), Psy = Ch sin 0 sin &
S
Since & is very small, sin 6 = 9

EV EV
Psy=—20sin0 =—34sin0
Zs Xs
. EV E
Usually sin 8 = 1, hence Psy = ~ 6=V. 7\ DbO=VlIged - per phase

S S
Parallel Operation of Two Alternators

Consider two alternators with identical speed/load characteristics connected in parallel as shown in Fig. The common
terminal voltage V is given by I i
V=E-hZi= =E-1,Z, i T
. Ei-E=1Z:- 122, ¥ .
Also I=li+LandV=1Z =
E=hZi+1Z=1,(Z+2Z) +1,Z '
E = LZ +1Z=1,Z+Z,)+1Z " :
(E,-E,)Z+EZ,
Z(L +Z)+LE,
(E,-E)Z+EZ I
2 Z(Z +Z)+ZZL,°
EZ +EZ
= Z2@ +2)+21,
__EZz,+EZ2,  _E-V  _E-V
Z, +Z,+(ZZJL)" " F R

The circulating current under no-load condition is 1. = (E, = E,)/(Z, + Z,).

v = IZ

Distribution of Load

The amount of load taken up by an alternator running, in parallel with other machines, is solely determined by
its driving torque i.e. by the power input to its prime mover (by giving it more or less steam, in the case of steam
drive). Any alternation in its excitation merely changes its kVA output, but not its KW output. In other words, it
merely changes the power factor at which the load is delivered.
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(a) Effect of Change in Excitation

Suppose the initial operating conditions of the two parallel alternators are identical i.e. each alternator supplies
one half of the active load (kW) and one-half of the reactive load (kVAR), the operating power factors thus being
equal to the load p.f.

In other words, both active and reactive powers are divided equally thereby giving equal apparent power triangles
for the two machines as shown in Fig. (b).

As shown in Fig. (a), each alternator supplies a load current | so that total output current is 21.

Now, let excitation of alternator No. 1 be increased, so that E; becomes greater than E,.

The difference between the two e.m.fs. sets up a circulating current Ic = lsy = (E; - E»)/2Zs which is confined to
the local path through the armatures and round the bus-bars.

This current is superimposed on the original current distribution.

As seen, Icis vectorially added to the load current of alternator No. 1and subtracted from that of No. 2.

The two machines now deliver load currents I, and I, at respective power factors of cos ®; and cos @,.

These changes in load currents lead to changes in power factors, such that cos ®; is reduced, whereas cos @, is
increased.

However, effect on the kW loading of the two alternators is negligible, but KVAR; supplied by alternator No. 1 is
increased, whereas kKVAR; supplied by alternator No. 2 is correspondingly decreased, as shown by the kVA
triangles of Fig. (c).

- - +— Load KVAR —» : kvhfz
e l—— ' M/C T M/C - /
L | » — n | £ e
' I ! " 2 KW, 4 [
| Id | . 2 A
I i : | L2 : Load ? |7
I | L, I le r
- /
Y Sy R S Ay M/C I MiCl
.............. s
" kWil ¢+ Kval
L
”
Mol No.2 8,
(@) (b ©

(b) Effect of Change in Steam Supply

e Suppose that excitations of the two alternators are kept the same but steam supply to alternator No. 1 is increased

i.e. power input to its prime mover is increased.

; : . I, kVAR,
e Since the speeds of the two machines are tied Ll m e
together by their synchronous bond, machine No. 1 B4, x|
: E 2 2 ALpyA,
cannot overrun machine No 2. E, E, 2T E, KVAR, ﬂf e
e Alternatively, it utilizes its increased power input Mic A,/
for carrying more load than No. 2. v 4 L4, _.':
e This can be made possible only when rotor No. 1 ] KWl
advances its angular position with respect to No. 2 o A
as shown in Fig. (b) where E; is shown advanced 0 ¢Ij”
ahead of E;, by an angle a. Equal Excitations Equal Excitations
: Equal Steam Supply Steam Supply-1=
o Consequently_, resul_tant voltage E, _(or_ Ey ) is Equal Speeds Steam Supply-2
produced which, acting on the local circuit, sets up Equal Speeds
a current Iy which lags by almost 90° behind E, but - ) ©
-

is almost in phase with E; (so long as angle a is
small).
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Hence, power per phase of No. 1 is increased by an amount = E; I, whereas that of No. 2 is decreased by the same
amount (assuming total load power demand to remain unchanged).

Since I, has no appreciable reactive (or quadrature) component, the increase in steam supply does not disturb the
division of reactive powers, but it increases the active power output of alternator No. 1 and decreases that of No. 2.
Load division, when steam supply to alternator No. 1 is increased, is shown in Fig. (c).

Points to remember:

1. The load taken up by an alternators directly depends upon its driving torque or in other words, upon the angular
advance of its rotor.

2. The excitation merely changes the p.f. at which the load is delivered without affecting the load so long as steam
supply remains unchanged.

3. If input to the prime mover of an alternator is kept constant, but its excitation is changed, then k\VA component of its
output is changed, not kW.

SHORT CIRCUIT TRANSIENTS

The alternator running with full excitation may undergo a sudden short circuit because of the abnormal conditions.
Due to sudden short circuit of alternator, large mechanical forces are developed which may not be sustained by the
alternator.

These forces are proportional to square of the current value, hence large pressure is built up between adjacent
stator conductors.

The short circuit transients in a synchronous machine is a complicated phenomenon due to number of circuits
coupled to each other are involved.

When a synchronous generator undergoes short circuit, it has a characteristic time varying behaviour.

During short circuit, flux pet pole dynamically changes. Thus the transients are seen in the field and damper
windings.

The alternator can be represented by an equivalent circuit wherein the reactance is seen to be changed from
subtransient reactance to final steady state synchronous reactance.

After the moment of short circuit, the time period followed by it can be divided into three periods.

The first one is very short period of one or two cycles the conditions of which are dependent on the flux linkages
between stator and rotor during short circuit.

The second interval is longer one which is nothing but transient decay of short circuit current which is affected by
damping and rise of armature reaction.

The final period is nothing but the steady state short circuit before which the generator is normally open circuited.

Constant Flux Linkage Theorem

If a closed circuit with resistance r and inductance L is considered without a source then the equation obtained
using KVL will be ri + L = 0.

If r is very very small then Ldi/dt = 0 or d(Li)/dt = 0.

This shows that the flux linkages Li remain constant.

In generator also the effective inductance of stator and rotor windings is large compared to the resistance which
can be neglected for first few cycles.

The rotor circuit is closed through exciter while stator is closed by short circuit. Thus the flux linkage with either
winding must remain constant irrespective of the rotation.

Short Circuit Phenomenon

Consider a two pole elementary single phase alternator with concentrated stator winding as shown in Fig.
The corresponding waveforms for stator and rotor currents are shown in the Fig.

Let short circuit occurs at position of rotor shown in Fig. 3.18.3 (a) when there are no stator linkages.
After ¥4 Rev as shown Fig. (b), it tends to establish full normal linkage in stator winding.

The stator opposes this by a current in the shown direction as to force the flux in the leakage path.

The rotor current must increase to maintain its flux constant.
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It reduces to normal

at position (c) where e
stator current is again ’ O T
reduces to zero. y

The waveform of ! ,f
stator current and o
field current shown W\
in the Fig. changes O
totally if the position
of rotor at the instant
of short circuit is
different.

Thus the short circuit current is a function of relative position of stator and rotor.
After the instant of short circuit the flux linking with the stator will

not change. f

A stationary image of main pole flux is produced in the stator. Thus a

d.c. component of current is carried by each phase. A;umrf;‘;';e
The magnitude of d.c. component of current is different for each i)
phase as the instant on the voltage wave at which short circuit occurs

is different for each phase.

The rotor tries to maintain its own poles. The rotor current is normal T
each time when rotor poles occupy the position same as that during Field
short circuit and the current in the stator will be zero if the machine is current
previously unloaded. 0 T wt
After one half cycle from this position the stator and rotor poles are (a,l (©)

again coincident but the poles are opposite

To maintain the flux linkages constant, the current in rotor reaches to its peak value.

The stationary field produced by poles on the stator induces a normal frequency emf in the rotor. Thus the rotor
current is fluctuating whose resultant a.c. component develops fundamental frequency flux which rotates and again
produces in the stator windings double frequency or second harmonic currents.

Thus the waveform of transient current consists of fundamental, a.c. and second harmonic components of currents.
Thus whenever short circuit occurs in three phase generator then the stator currents are distorted from pure sine
wave and are similar to those obtained when an alternating voltage is suddenly applied to series R-L circuit.

(a) Short circuit instant (b) ¥a Rev after short circuit (c) %z Rev after short circuit

ot

omla

—
—

Stator Currents during Short Circuit

If a generator having negligible resistance, excited and running on no load is suddenly undergoing short circuit at
its terminals, then the e.m.f. induced in the stator winding is used to circulate short circuit current through it.
Initially the reactance to be taken into consideration is not the synchronous reactance but only the leakage
reactance of the machine.

The effect of armature flux (reaction) is to reduce the main field flux.

But the flux linking with stator and rotor cannot change instantaneously because of the induction associated with
the windings.

Thus at the short circuit instant, the armature reaction is ineffective. It will not reduce the main flux.

Thus the synchronous reactance will not come into picture at the moment of short circuit.

The only limiting factor for short circuit current at this instant is the leakage reactance.

After some time from the instant of short circuit, the armature reaction slowly shows its effect and the alternator
then reaches to steady state. Thus the short circuit current reaches to high value for some time and then settles to
steady value.

31



EE 8401 Electrical Machines Il

Compounding curve for alternator
If synchronous generator is supplying power at constant frequency to
a load whose power factor is constant then curve showing variation of Zera lag

field current versus armature current when constant power factor load 0-8p.f. lag
is varied is called compounding curve for alternator. Unily p.f
0.8 p.f. lead

Field excitation
for constant terminal
voltage

CAPABILITY CURVES

e The ability of prime mover decides the active power output of the
alternator which is limited to a value within the apparent power
rating.

e The capability curve for synchronous generator specifies the
bounds within which it can operate safely.

o The loading on generator should not exceed the generator rating as it may lead to heating of stator.

e The turbine rating is the limiting factor for MW loading.

e The operation of generator should be away
from steady state stability limit (3= 90°).

e The field current should not exceed its
limiting value as it may cause rotor heating.

o All these considerations provide
performance curves which are important in
practical applications.

o A set of capability curves for an alternator
is shown in Fig.

e The effect of increased Hydrogen pressure
is shown which increases the cooling.

e When the active power and voltage are
fixed the allowable reactive power loading
is limited by either armature or field
winding heating.

e From the capability curve shown in Fig.,
the maximum reactive power loadings can
be obtained for different power loadings with the operation at rated voltage.

e From unity p.f. to rated p.f. (0.8 as shown in Fig.), the limiting factor is armature heating while for lower power
factors field heating is limiting factor.

This fact can be derived as follows

e If the alternator is operating at constant terminal voltage and armature current which the limiting value
corresponding to heating then the operation of alternator is at constant value of apparent power as the apparent
power is product of terminal voltage and current, both of which are constant.

e If P is per unit active power and Q is per unit reactive power then per unit apparent power is given by,

Apparent power = . P2 +Q?% = Vi,

Thus we have,

\P2+Q2 = Vt 'Ia

Squaring, P2+Q2% = (V,1,)?

Zero lead

Armature current (or load kVA)

Tlncreased pressure (Increased cooling)

Filed heating
fimited

power

1
—

Lagging reactive (p.u.)

Armature heating
limited

Active power (p.u.)

The above equation represents a circle with center at origin and radius equal to V; I,

o Similarly, considering the alternator to be operating at constant terminal voltage and field current (hence E) is
limited to a maximum value obtained by heating limits.

Thus induced voltage E is given by,
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E = Vi+I, (R, +jXs)
If R, is assumed to be zero then
E = Vi+jX 1,
The apparent power can be written as,
P-jQ = Vt 'ia
Substituting value of I,
P—j(Q%EJ - e

5 S

Field
heating

Rating of
machine

Taking magnitudes,

JP2+[Q+V"2 JZ - BV

X X
2
\Y 2 2
Squaring, P? +| Q+—1 | = EV,.
XS XS
L
This equation also represents a v
2
circle with centre at{ 0, —--t
. X

Active pow;r P—»

Armature
heating

These two circles are represented in the Fig. The field heating and armature heating limitations on machine operation
can be seen from this Fig. The rating of machine which consists of apparent power and power factor is specified as the
point of intersection of these circles as shown in the Fig. So that the machine operates safely.
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UNIT 11 SYNCHRONOUS MOTOR

Principle of operation — Torque equation — Operation on infinite bus bars - V and Inverted V curves — Power input
and power developed equations — Starting methods — Current loci for constant power input, constant excitation and
constant power developed-Hunting — natural frequency of oscillations — damper windings- synchronous condenser.

e If a three phase supply is given to the stator of a three phase alternator, it can work as a motor.

e Asitis driven at synchronous speed, it is called synchronous generator.

e So if alternator is run as a motor, it will rotate at a synchronous speed. Such a device which converts an electrical
energy into a mechanical energy running at synchronous speed is called synchronous motor.

e Synchronous motor works only at synchronous speed and cannot work at a speed other than the synchronous
speed.

PRINCIPLE OF OPERATION (Why Synchronous Motor is not self starting?)

e Synchronous motor works on the principle of the magnetic locking.

e  When a 3 phase winding is fed by a 3-phase supply, then a magnetic flux of constant magnitude but rotating at
synchronous speed is produced.

e Consider a two-pole stator of Fig., in which are shown two stator poles (marked Ns and Sg) rotating at synchronous
speed, say, in clockwise direction.

e With the rotor position as shown, suppose the stator poles are at that instant situated at points A and B. The two
similar poles, N (of rotor) and Ns (of stator) as well as S and Ss will repel each other, with the result that the rotor
tends to rotate in the anticlockwise direction.

e But half a period later, stator poles, having rotated around, interchange their positions i.e. Nsis at point B and Sg at
point A. Under these conditions, N attracts S and Sgattracts N. Hence, rotor tends to rotate clockwise (which is just
the reverse of the first direction).

e Hence, we find that due to continuous
and rapid rotation of stator poles, the m\ |
rotor is subjected to a torque which is s ™~
rapidly reversing i.e., in quick - N
succession, the rotor is subjected to | R

torque which tends to move it first in |

5

|

|

3 Supply

2w
i e

= _ N

]‘ N
|

A
one direction and then in the opposite - )
direction. B
e Owing to its large inertia, the rotor
cannot instantaneously respond to such .
quickly-reversing torque, with the o ""
result that it remains stationary.
e Now, consider the condition shown in Fig. (a). The stator and rotor poles are attracting each other.
e Suppose that the rotor is not stationary, but is rotating clockwise, with such a speed that it turns through one pole-
pitch by the time the stator poles interchange their positions, as shown in Fig. (b).
e Here, again the stator and rotor poles attract each other. It means that if the rotor poles also shift their positions
along with the stator poles, then they will continuously experience a unidirectional torque i.e., clockwise torque,

as shown in Fig.
Procedure to Start a Synchronous Motor

i
N
1
|

AT

N
: e

5

&

B

B

1. Give a three phase a.c. supply to a three phase winding. This will produce rotating magnetic field rotating at
synchronous speed N; r.p.m.
2. Then drive the rotor by some external means like diesel engine in the direction of rotating magnetic field, at a

speed very near or equal to synchronous speed.
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3. Switch on the d.c. supply given to the rotor which will produce rotor poles. Now there are two fields one is
rotating magnetic field produced by stator while the other is produced by rotor which is physically rotated almost at
the same speed as that of rotating magnetic field.

4, At a particular instant, both the fields get magnetically locked. The stator field pulls rotor field into

synchronism. Then the external device used to rotate rotor can be removed. But rotor will continue to rotate at the

same speed as that of rotating magnetic field i.e. N due to magnetic locking.

Methods of Starting Synchronous Motor

The various methods to start the synchronous motor are,

1. Using pony motors 2. Using damper winding. 3. as a slip ring induction motor 4. Using small d.c. machine

coupled to it.

1. Using Pony Motors

e 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 a synchronous motor.

. Using Damper Winding

e In a synchronous motor, in addition to the normal field winding, the additional winding consisting of copper bars
placed in the slots in the pole faces.

e The bars are short circuited with the help of end rings. Such an additional winding on the rotor is called damper
winding.

e This winding as short circuited, acts as a squirrel cage rotor winding of an induction motor.

e Once the stator is excited by a three phase supply, the motor starts rotating as an induction motor at sub
synchronous speed. Then d.c. supply is given to the field winding.

e At a particular instant motor gets pulled into synchronism and starts rotating at a synchronous speed.

e As rotor rotates at synchronous speed, the relative motion between damper winding and the rotating magnetic
field is zero.

e Hence when motor is running as synchronous motor, there cannot be any induced e.m.f. 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.

e 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 to start the synchronous motor as an induction
motor.

. As a Slip Ring Induction Motor
e The method of starting synchronous motor as a squirrel cage induction motor does not provide high starting

N

w

torque. - . -
. . . Stator
e So to achieve this, instead of Rotor

shorting the damper winding, it is - 7
designed to form a three phase star 3 phage é

or delta connected winding. The  surply

three ends of this winding are 7 & \?%L | B He—gnuen
brought out through slip rings. o

e An external rheostat then can be l '
introduced in series with the rotor _ S
circuit. D.C. °_L_—:

e So when stator is excited, the
motor starts as a slip ring induction
motor and due to resistance added TPDT switch
in the rotor provides high starting torque.

e The resistance is then gradually cut-off, as motor gathers speed.

Starting
i resistance

supply

* Run Start
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When motor attains speed near synchronous, d.c. excitation is provided to the rotor, then motor gets pulled into
synchronism and starts rotating at synchronous speed.

The damper winding is shorted by shorting the slip rings. The initial resistance added in the rotor not only
provides high starting torque but also limits high inrush of starting current. Hence it acts as a rotor resistance
starter.

Using Small D.C. Machine

Large synchronous motors are provided with a coupled d.c. machine.

This machine is used as a d.c. 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 d.c. machine acts as a d.c. generator called exciter.
The field of the synchronous motor is then excited by this exciter itself.

Behaviour of Synchronous Motor on Loading

When synchronous motor rotates at synchronous speed, the stationary stator (armature) conductors cut the flux
produced by rotor.
Due to this there is an induced e.m.f. in the stator which according to Lenz’s law opposes the supply voltage.
This induced e.m.f. is called back e.m.f. in case of synchronous motor.
It is denoted as Eyp 1.€. back e.m.f. per phase.
This gets generated as the principle of alternator and hence alternating in nature and its magnitude can be
calculated by the equation,
Ebph =4.44 KC Kd [} prh
or Eppn a0 ©
As speed is always synchronous, the frequency is constant and hence magnitude of such back e.m.f. can be
controlled by changing the flux (p produced by the rotor.
Voltage Equation of Synchronous motor is given by
Vph = Ebph + Iaph Zs
Where Z,=R,+j X Q/phase
V,n = supply voltage/Phase

Vph—Ebph
Therefore, Lpn = < U
Iaph
Ideal Condition on No Load
e  The ideal condition on no load can be assumed by neglecting various losses in the l=——— Matching of
L two axes
motor.

Von = Eopn
Under this condition, the magnetic locking between stator and rotor is in such a way
that the magnetic axes of both, coincide with each other as shown in the Fig.
As this is possible only under no losses condition, is said to be ideal in case of
synchronous motor.
As magnitude of Eypy and V,;, is same and E,p, opposes Vi, the phasor diagram for
this condition can be shown as in the Fig.

- —e — | gl = | Vppl
Epph o] ph
Von—E
_ Vph™Ebph
But, T, =~ —2
aph

But the vector difference V, — Eppn = 0 as seen from the phasor diagram. Hence I, = 0 under no losses condition.
In practice this is impossible. Motor has to supply mechanical losses and iron losses along with small copper
losses. To produce torque to overcome these losses, motor draws a current from the supply.
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Synchronous Motor on No Load (With Losses) e Ais ufigte;;olrd
. . . magnetic lie
e Due to the various losses practically present on no load, the magnetic Axisof gnetet
locking exists between stator and rotor but in such a way that there ;fl'fj' -

exists a small angle difference between the axes of two magnetic fields  gyeieg
as shown in the Fig. "2::

e So the rotor axis falls back with respect to stator axis by angle ‘6’ as
shown in Fig.

e This angle decides the amount of current required to produce the
torque to supply various losses. .

e Hence this angle is called load angle, power angle, coupling angle, ;-—/
torque angle or angle of retardation and denoted as . &

e The Phasor diagram for no load condition with losses is shown in fig.

e The resultant phasor is denoted as Egp, which is the product of
armature current per phase and armature impedance per phase.

ERph = Iaph Zs

e This resultant decides the amount of current I, to be drawn to
produce the torque which meets the various losses present in the
synchronous motor.

e Under no load condition, d is very small and hence Egpy, is also
very small.

Synchronous Motor on Load

e As the load on the synchronous motor increases, there is no change in its speed. But the load angle 6 i.e. the angle
by which rotor axis retards with respect to stator axis changes.

e Hence as load increases, 6 increases but speed remains synchronous.

e As d increases, though E,y, and V,,, magnitudes are same, displacement of Eyp, from its ideal position increases.
Hence the vector difference V,,;, — Eypn increases.

e As synchronous impedance is constant, the magnitude of I, drawn by the motor increases as load increases. This
current produces the necessary torque which satisfies the increased load demand. The magnetic locking still exists
between the rotor and stator.

o The phasor diagrams showing Egpy, increases as load increases are shown in Fig. (a) and (b).

ER1ph Eraph

Ebph
3o > 84

Eroph > ER1ph
Loz > Loy

(a) Light load (k) Heavy load

Constant Excitation Circle
e As Ey,, depends on flux, for constant excitation Ey, is constant.

Egn = Constant Constant excitation

. . . . . . - =" circle
e For constant excitation, if load is varied then 6 keeps on changing, iZs | g T
due to which Vi, - Eypp, = Egpn = LipnZs keeps on changing. X777 of1Z,
111 : : L. W . ( Circle of
e The locus of extremities of Egpn = IpnZs is a circle and as Z; is constant E, )

constant, represents current locus for the synchronous motor under
constant excitation and variable load conditions.

e AsJd increases, I,pn Z increases and motor draws more current.
As load decreases, 6 decreases hence I,y Z, decreases and motor )=
draws less current. Such a current locus is shown in the Fig. o J } A

4
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e The mechanical power developed by the synchronous motor is given by

Ep.Voh Ep?
P= L cos(0-9) - b cos 0
Zs Zs
Where E;, = Induced e.m.f. which is constant for constant excitation

® = Angle decided by Z, = tan™" gi

a
Now neglecting R, , 8 = 90° and using in equation (1),

EpxVon EvVpn .
m = PR cos (90-9) = ——>—(£— sind, |Zg| = [X{]
S S
EyV
b _ph sind
P, Xs
T = m o
Wg 27N
60

e As angle o increases, the magnetic flux lines producing the force of
attraction between the two get more and more stretched. This weakens the
force maintaining the magnetic locking, though torque produced by the
motor increases.

e As dreaches upto 90° electrical i.e. half a pole pitch, the stretched flux
lines get broken and hence magnetic locking between the stator and rotor
no longer exists. The motor comes out of synchronism.

e So torque produced at 5 equal to 90° electrical is the maximum torque, a
synchronous motor can produce, maintaining magnetic locking i.e.
synchronism. Such a torque is called pull out torque.

e The relationship between torque produced and load angle & is shown in
the Fig.

Synchronous Motor Connected to Infinite Bus Bar

Torque
produced

T

Pull out torque

\ Load
angle 3§

-

electrical

e The synchronous motor connected to an infinite bus bar behaves similarly for the changes in the load at constant

excitation.

o Asthe load increases, the load angle increases, current increases and power factor changes.
e The changes in the power factor depends on the excitation used for synchronous motor i.e. whether it is normally

excited (Eppn = V), over excited (Eppn > Vi) or under excited (Eppn < V).

e Thus effect of change in load on synchronous motor connected to an infinite bus bar can be summarized as,
1. Irrespective of excitation, as load increases, the load angle & and armature current I, increases.
2. When the motor is normally excited (Ey,n = Vph), then as load increases, the change in current is more
significant than the change in power factor. The power factor tends to become more and more lagging as the

load increases.

3. When the motor is over excited or under excited, the power factor changes are more significant than the

changes in the current as load changes.

4. 4. When the motor is over excited or under excited, the power factor tends to approach to unity as the load

increases.
Torgues in Synchronous Motor

1) Starting torque: This is the torque developed by the synchronous motor at start when rated voltage is applied to
the stator. It is also called breakaway torque. It is necessary to overcome friction and inertia.
2) Running torque: It is the torque developed by the motor under running conditions. It is decided by the output

rating of the motor and speed of the driven machine.

3) Pull in torque: Initially synchronous motor is rotated at a speed slightly less than the synchronous speed. When
speed is near to synchronous, excitation is switched on and motor gets pulled into synchronism and starts rotating at

5
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the synchronous speed. The amount of torque developed by the motor at the time of pulling into synchronism is called

pull in torque.

4) Pull out torque: When the synchronous motor is loaded, the rotor falls back with respect to stator by an angle

called load angle 5. As & increases, magnetic locking between stator and rotor decreases. At & = 90°, the torque

developed is maximum by the motor and magnetic locking is very weak. Any further increase in the load pulls motor
out of synchronism and motor stops. Thus the maximum torque developed by the synchronous motor without pulling
out of synchronism is called pull out torque.

OPERATION OF SYNCHRONOUS MOTOR AT CONSTANT LOAD VARIABLE EXCITATION

o If excitation i.e. field current is changed keeping load constant, the synchronous motor reacts by changing its
power factor of operation.

e Consider a synchronous motor operating at a certain load. The corresponding load angle is 3.

Normal Excitation

e E, = V ie. induced em.f. is equal to applied Constant
voltage. I, cos ¢ fine

Motor is drawing certain current I, from the supply

and power input to the motor is Py,. The power factor

of the motor is lagging in nature as shown in the Fig.

(a).

Now when excitation is changed, E, changes but there

is hardly any change in the losses of the motor. So the

power input also remains same for constant load
demanding same power output.

Pi, =3 VI cos @ =3 V,, [,y cos @

Most of the times, the voltage applied to the
motor is constant. Hence for constant power input as
Vyn 18 constant, Iy, cos @ remains constant.

So motor adjusts its cos @ i.e. p.f. nature and value so

that I, cos ® remains constant when excitation of the

motor is changed keeping load constant. This is the
reason why synchronous motor reacts by changing its
power factor to variable excitation conditions.

Under Excitation

e  When the excitation is adjusted in such a way that
the magnitude of induced e.m.f. is less than the
applied voltage (E, < V) the excitation is called
Under excitation.

e Due to this, Ex increases in magnitude. This
means for constant Zs, current drawn by the
motor increases.

e But Er phase shifts in such a way that, phasor I,
also shifts (as Eg * I, = 0) to keep I, cos ® component constant. This is shown in the Fig. (b).

e So in under excited condition, current drawn by the motor increases. The p.f. cos @ decreases and becomes more
and more lagging in nature.

Over Excitation

e The excitation to the field winding for which the induced e.m.f. becomes greater than applied voltage (E, > V), is

called over excitation.

Due to increased magnitude of Ey, Eg also increases in magnitude.

But the phase of Eg also changes. Now Er " I, = 0 is constant, hence I, also changes its phase.

So @ changes. The I, increases to keep I, cos @ constant as shown in Fig. (c).

The phase of Eg changes so that I, becomes leading with respect to Vj;, in over excited condition.

6

{a) Normal excitation
Ebph=vph
lagging p.f.

(b} Under excitation
Ebph <vph
More lagging p.f.
I, increases

Ebph
{c) Over excitation
Eppn™Von
leading p.f.
1, increases

{a) Critical excitation
Epon=Ven
unity p.f.
L, is minimum
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So power factor of the motor becomes leading in nature.

So overexcited synchronous motor works on leading power factor. So power factor decreases as over excitation
increases but it becomes more and more leading in nature.

Critical Excitation

When the excitation is changed, the power factor changes. The excitation for which the power factor of the motor
is unity (cos @ = 1) is called critical excitation.

Then L, is in phase with V.

Now I, cos ® must be constant, cos ® = 1 is at its maximum hence motor has to draw minimum current from
supply for unity power factor condition.

So for critical excitation, cos ® = 1 and current drawn by the motor is minimum compared to current drawn by the
motor for various excitation conditions. This is shown in the Fig. (d).

V-Curves and Inverted V-Curves

The value of excitation for which back e.m.f. Ey is equal (in magnitude) to applied voltage V is known as 100%
excitation.

Consider a synchronous motor in which the mechanical load is constant (and hence output is also constant if losses
are neglected). Fig. (2) shows the case for 100% excitation i.e., when E, =V .

The armature current | lags behind V by a small angle @ . Its angle 8 with Eris fixed by stator constants i.e.
tan® =X s/ Ry

>\ A’ AV AV
A | A F____.I'__A ______ B .
-=— =" A==/ T o IS -
r Eqp 3 g
Ex 8 3 Exw &
h [ = A
/-P- T E‘{/' rh
0 0
(8] (4] E#_‘ :
't‘.h Eﬁ Eh E.':-
> )
B » E =V ]3,'.b E,<V Ep =V B ExV
B’
{a) (b} (eh ()

In Fig. (b) excitation is less than 100% i.e., E, < V. Here, Egr is advanced clockwise and so is armature current
(because it lags behind Eg by fixed angle 0 ).

The magnitude of | is increased but its power factor is decreased (® has increased).

Because input as well as V are constant, hence the power component of | i.e., | cos ® remains the same as before,
but wattless component | sin @ is increased.

Hence, as excitation is decreased, | will increase but p.f. will decrease so that power component of | i.e., | cos ® =
OA will remain constant.

In fact, the locus of the extremity of current vector would be a straight horizontal line as shown.

Fig. (c) represents the condition for overexcited motor i.e. when E, >V .

Here, the resultant voltage vector Eg is pulled anticlockwise and so is I.

It is seen that now motor is drawing a leading current.

It may also happen for some value of excitation, that | may be in phase with V i.e., p.f. is unity [Fig. (d)]. At that
time, the current drawn by the motor would be minimum.
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Two important points stand out clearly from the above discussion: " I'P-E_AF;F- Unity

(1) The magnitude of armature current varies with excitation. = e o, PE Df Lol
The current has large value both for low and high values of 7 %‘5 \2, ﬂj’%;f’ P P
excitation (though it is lagging for low excitation and 2 & f‘\a‘ P
leading for higher excitation). In between, it has minimum £ ' ;'f S
value corresponding to a certain excitation. E .'f : fﬁ £
The variations of | with excitation are shown in Fig. (@) ; I f 1/ |
which are known as ‘V ’ curves because of their shape. = If_ / ,flfr_ |

(i) For the same input, armature current varies over a wide 5 . I"fff-l SR
range and so causes the power factor also to vary — PE—b— L PE
accordingly. L-H Il

i
B
e
2
(=%
]
.5_
a
=

When over-excited, motor runs with leading p.f. and with
lagging p.f. when under-excited. In between, the p.f. is

| |
unity. L2
The variations of p.f. with excitation are shown in Fig. (b). W ———- __"‘*_’IT;" ______
The curve for p.f. looks like inverted °V * curve. It would be A2 (A _“?w L.
noted that minimum armature current corresponds to 4 } iy e
unity power factor. B — L\ e
b} 2 ! | o,
!': | di*{r ~ .,
| G
L..'J]Egrgl,::lng : Lc;%ins
EXPRESSION FOR BACK E.M.F. OR INDUCED E.M.F. PER 0 —
PHASE IN SYNCHRONOUS MOTOR (Epph) DL i o
Case i] Under excitation, Ebph < Vph.
Z, = Ry+jX, =] Z | £ 0Q
= | Xs
0 tan (Ra ]
ERphA Lpn = 6,1, lags Eg always by angle 6.

Von = Phase voltage applied

Eypn = Back emuf. induced per phase

Eppn = laXZg V ) ' ... Per phase

X=0~-9

Let p.f. be cos ¢, lagging as under excited,
A
Vph Iaph =0
Phasor diagram is shown in the Fig.

Applying cosine rule to A OAB,

(Ebph)2 = (Vpn)? + (Erpn)® = 2 Vpn Egph X €08(Vpn” Eggn)
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but VPhAERph = X=9-¢

Applying sine rule to A OAB,

Epph _ Egph .
sin x sind

So once Ebph is calculated, load angle 8 can be determined by using sine rule.

Case ii] Over excitation, Ey, > Vo, Epph e = ===~ — =~ - F—"“‘Emh I

S

p-f. is leading in nature.
i T
ERph Iaph = 0 8) Vph A

o

It

A
A ph Iaph

&

The phasor diagram is shown in the Fig.
Applying cosine rule to A OAB,

2
(Bpp)” = (Vpn)? + (Egpn)® =2 Vpn Egph % c0s(V pp* Egpp)

VphAER‘ph = 'B'+¢'
e —

|r (Ebph

L

)2

H

(Von)? + (Egpn)? = 2 Vo Egpp cos(@+4)

et e e i - NSNS |

But 6 + ¢ is generally greater than 90°
. ¢os (8 + 0) becomes negative, hence for leading p f., Epph > Vph

Applying sine rule to A OAB,

Epph _ Egph

sin(E Rph A Vph) sind

Hence load angle 8, can be calculated once E,p, is known.
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Case iii] Critical excitation

1]

In this case Evph Vope but pf. of synchronous motor is unity.

cos ¢ 1 A q) = UD Ebph

ie. Vyp and L, are in phase.

and F‘Rph A Iaph = 8
Fhasor diagram is shown in the Fig.
Applying cosine rule to A OAB,

(Eb]:!h)2= (Vph)z + {,E Rph)z -2 VPh ERP]‘I cos O —_—_— 5

Applying sine rule to A OAB,

Eoph _ Erph

sinH sind

| Epop sin0 |

.L PO St Rph 6
| - Bbph

.Thus in general the induced e.m.f. can be obtained by,

2 i : I
(Bppr)” = (Vpr)? + (E[{ph)ﬁ-zvph E gph cos (0%0) - |

|
I
i
i + sign for leading p.f. while - sign for lagging p.f.
POWER FLOW IN SYNCHRONOUS MOTOR

Net input to the synchronous motor is the three phase input to the stator.
Therefore, Py =V3 Vi I cos ® W
where V| = Applied line voltage
I. = Line current drawn by the motor
Cos @ = Operating p.f. of synchronous motor

Pin =3 Vph Iph Cos ® W
Now in stator, due to its resistance Ra per phase there are stator copper losses.

Total stator copper losses = 3 x (Iaph)2 xR, W

The remaining power is converted to the mechanical power, called gross
mechanical power developed by the motor denoted as P, .

F
i

;Pm =P —‘_Si:ato"r copper losses 1
Now P =Tx®
P, = Tg X 2“61:5 as speed is always N
= = SN,

10
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This is the gross mechanical torque developed. In d.c. motor, electrical équivalent of
gross mechanical power developed is Ey, x I, similar in synchronous motor the electrical
equivalent of gross mechanical power developed is given by,

Pm = 3 Ebph X Iaph X COs (EbphA _Iaph)

i) For lagging p.f.,

ii) For lagging p.f.,

iii) For unity p.f.,

In general,

P = 3 Eppn Lapn cos (P + 3)

Positive sign for leading p.f. and Negative sign for lagging p.f.

Net output of the motor then can be obtained by subtracting friction and windage i.e. mechanical losses from
gross mechanical power developed.

Po =P - mech”anicél}fasses.% -
Topatt = ——P;l;;;m Nm
s

Il

where Ty, .4 Shaft torque available to load

P, = Power available to load
s v
e = ‘15_“‘?(,109 ... Overall efficiency
- i .

The power flow in synchronous motors can be summarized as shown in the fig.

T,= "
9 2nN
= 60
Pin Stator Mechanical power Friction
3 V| I, cos¢ copper developed in and
InputL ;  loss : /> armature Diron [
af Pm=3Epphlaph o (0 £ 8) . losses
aphFa +ve for leading

—ve forlagging

Equivalent Circuit of a Synchronous Motor
Fig. (a) Shows the equivalent
circuit model for one armature phase

—
____32
=

1 A 1
of a cylindrical rotor synchronous g a « t vr - 2l
motor. & % = 1-»3"* y
It is seen from Fig. (b) that the phase ' E TN =B . e e
applied voltage V is the vector sum of i - Source ‘} <
reversed back e.m.f. i.e., -E, and the > IR,

impedance drop I, Zs. () (b

11
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In other words, V = (-E;, + 1, Zs).
The angle 6 between the phasor for V and Ey is called the load angle or power angle of the synchronous motor.

Expression for Power Developed by a Synchronous Motor

Consider the phasor diagram of a synchronous motor running
on leading power factor cos ® as shown in the Fig.

The line CD is drawn at an angle 0 to AB.
The lines AC and DE are perpendicular to CD and AE.

OB = Erpn = LZ and £ OBD = v
and angle between AB = E, .}, and L, is also y.
The mechanical per phase power developed is given by,
P = Bppn Liph €08 Bppn N Lpn) (1)

E]—)nh I;mh Cos (W)

In triangle OBD,

BD = OB cosy =ILZ cosvy
OD = OBsiny =1, Z, siny
Now BD = CD -BC = AE - BC
AE = OA cos 8-9) = Vph cos0-6) ()
Substituting in equation 2
I,Zgcosy = Vo cos (0-8) —E, cos 0
[cosy = VE—TCDSfﬁ—a}—%fCGSH _____________ (3)
All values are per phase values
Substituting equation (3) in equation (1),
P, = E [\Zl cos (8-5)— E—:cos e]
--------------- )

This is the expression for the mechanical power developed interms of the load angle & and the internal
machine angle @, for constant voltage V,; and constant Ey, i.e. excitation.

12
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Gross torque ‘rg = 'EL_T o ‘_EF;:I \i
T 5
)

where N

s = Synchronous speed in r.pm

& 2n N, A S —— (5)

Condition for Maximum Power Developed
The value of 6 for which the mechanical power developed is maximum can be obtained as,

dP,,
TR
d 1EoVon oo 05 B 0| =0
E.V
bzph .sin ©-8)(-1) = 0 ie. sin(©-8)=0
S

The Value of Maximum Power Developed
The value of maximum power developed can be obtained by substituting 6 = § in the equation of Py,

2

v E
— _b'ph _"b
Pr)max = —5 cos 0) = 52 cos 6)
EpVy,  E2
- PA b
(Pm)max - Zs Zs cosd (7)
E,Vpy  EZ
(Pm)max - Zs - Zs cos 6 e (8)

When R, is negligible, 0 = 90° and cos (0) = 0 hence,

... when R, is negligible

We know that
Z, = R, +jX;=|Zs| £ 0
R, = Z,cosband X; = Z sin 6

Substituting cos 6 = R,/Z in equation (8) we get,

13
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The torque is given by P/® hence the maximum torque developed by a synchronous motor is,

max ms [ ans ]

60

Condition for Excitation When Motor Develops (Pm )max

The excitation controls E,. Hence the condition of excitation can be obtained as,

By _
dEb
d |EbVpn E?
d—Ez ZS COS(G*S)*ZCOSG - 0
Assume load constant hence § constant.
V .
ph _5) - 2Ep -
Z cos (6-9) Z. cos® = 0
but 0 =08 for P, = (Pun)max
\%
ph —ZEb cos® = 0
Z, Zy
- R,
Substitute cos = =2
ZS
Vph _2Bp Ry _ 0

This is the required condition of excitation.
The corresponding value of maximum power is,

14
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SALIENT POLE SYNCHRONOUS MOTOR (Two Reaction Theory for Synchronous Motor)

The two reactances according to this theory are direct axis reactance X4 and quadrature axis reactance Xg. The
motor armature current has two components I4 and Iq.
The phasor diagram for the synchronous motor with a
lagging power factor is shown in figure.

The phasor I,X, is such that I, lags I,X, by 90° e v

while the phasor [;X is such that 14 lags [;X4 by 90°. The %

angle between V and Ey, is 8, V and I, is 6 and Eb and I, N&o) Ll >
is y. The phasor diagram can be further modified as %
1t :

Ig Xy

4 «—1, R, (Parallel to T,)

shown in the Fig.

From the phasor diagram,

Ep, =OD-DL- AL =V cos 5= [,R, ~14Xq |

a

AG = IgX, = DK+K] = Vsind+I4R,

In ABHL £ HBI = y

cosy = B _AG _laXq

VT BT T B T B
From the triangle of I,,I4 and I,
I
cosy = I—:—

I I.X

Q9 _ 979 ; —

K = = ie. BI = I, X4

15
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v = BE _ EI-BI _ Vsin® -1, Xy
V' = OE " OF-EF = Vcos6-L,R,

. Vsme IXq E
e Vieos8 ~LR, §<Lag8m8 p£)

me_m;w ......................

£

P 5 = for’” i”eadmg p * hi

For the leading power factor,

}‘ - - Vsme IX -
a‘““. | W

The expression for the total power developed by a salient pole synchronous motor is given by,

For maximum power developed, load angle § can be obtained as ,

dPy . d|EyV . o V21 1 ). _
K—O ie. Egl:xd sm8+—2—ﬁx—dsm28—

2
EpV 54y (J__.L]zcosza
Xq

i
o

Xq 2 X4

i
o

\Y% 1 1
b §+V3 - 28
Xd C0SO + (Xq Xd ]COS

The expression of dPm / dd gives the rate of change of power with respect to load angle ¢ and is called stability factor,
rigidity factor or the stiffness of coupling.

Blondel Diagram [Constant Power Circle]
For a synchronous motor, the power input to the motor per phase is given by,

I;.‘L![‘I. = Vph Iaph Cos ¢ ... Per phase

The gross mechanical power developed per phase will be equal to the difference
between P;, per phase and the per phase copper losses of the winding.
Copper loss per phase = (Iaph] .
P Von Liph €08 ¢ = (Iy)* R, ... Per phase

m oo

16
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For mathematical convenience let Veh = Vand Ly, =1,

P, = Vlcos¢ -1?R,

m
IR, ~VIcoso+P, = 0

_ Vlcos¢ Py

[2
R. R,

The equation (1) represents polar equation to a circle. To obtain
this circle in a phasor diagram, draw a line OY at an angle 0
with respect to OA.

LYOA=80

LYOB=0

bph

The circle represented by equation (1) has a centre at
some point 0’ on the line OY. The circle drawn with centre as 0’
and radius as O’B represents circle of constant power. This is called Blondel
diagram, shown in the Fig.

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

Let O’B = Radius of circle =r

. Circle of
OO’ = Distant d _ - constant
Applying cosine rule to triangle OBO”’, power

> = (OB)’ + (00’)* - 2 (OB) (00’) cos (OB~ 00’)  ----- )
Now OB represents resultant Ex which is [,Z,. Thus OB is proportional to
current and when referred to OY represents the current in both magnitude
and phase.

OB =1,=1say
Substituting various values in equation (2) we get,

2

r

I + d® - 2dI cos ¢

Iz—2d1c05¢+(d2—r2) 0

Comparing equations (1) and (3) we get,

00’=d=V/2R, e 4
Thus the point O’ is independent of power P, and is a constant for a given motor operating at a fixed applied voltage
V. Comparing last term of equations (1) and (3),

Pm

R,

& -1

17



The equation shows that as power P,, must be real, then 4 PR, > V2. The maximum possible power per phase is,
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2
4 (Pp)max Ry = V

And the radius of the circle for maximum power is zero. Thus at the time of maximum power, the circle becomes a

point O’.

While when the power P, = 0, then
r=V/(2R,)
This shows that the circle of zero power passes through the points O and A.

The radius for any power P is given by,

Vv _4PuR,
r = IR, 1 V2
VZ
But  (Pp)max = ——— substituting above
4R,
\Y% P
r = 1- m
2R, (P ) max
Vv P
r = 1-m where =0
2R, (Pr) max
We know, OO’ = d = —
2R,
r =dyl-m

This is generalized expression for the radius for any power P .

HUNTING IN SYNCHRONOUS MOTOR

e When synchronous motor is on no load, the stator and rotor pole axes almost coincide with each other.

When motor is loaded, the rotor pole axis falls back with respect to stator. The angle by which rotor retards is
called load angle or angle of retardation 9.

If the load connected to the motor is suddenly changed by a large amount, then rotor tries to retard to take its new
equilibrium position.

But due to inertia of the rotor, it cannot achieve its final position instantaneously.

While achieving its new position due to inertia it passes beyond its final position corresponding to new load. This
will produce more torque than what is demanded. This will try to reduce the load angle and rotor swings in other
direction. So there is periodic swinging of the rotor on both sides of the new equilibrium position, corresponding to
the load.

Such oscillations of the rotor about its new equilibrium position, due to sudden application or removal of load is
called swinging or hunting in synchronous motor.

The main causes of hunting are,

1. Sudden change in the load.

2. Fault in the supply system.

3. Sudden change in the field current.

4. A load containing harmonic torque.

18
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Due to such hunting, the load angle 6 changes its value about its
final value.

AN
AY

\ Eppn 8= Equilibrium

As dchanges, for same excitation i.e. Eyp, the current drawn by the Egr —1 AL E N position
motor also changes. \\\bph .

Hence during hunting there are changes in the current drawn by the Eri— SsThehn N

motor which may cause problem to the other appliances connected PANT :\

to the same line. o 527(:1\\\

The change in armature current due to hunting is shown in the Fig. o] 1 = Von

If such oscillations continue for longer period, there are large
fluctuations in the current.

If such variations synchronise with the natural period of oscillation
of the rotor, the amplitude of the swing may become so great that
motor may come out of synchronism.

At this instant mechanical stresses on the rotor are severe and current drawn by the motor is also very large. So
motor gets subjected to large mechanical and electrical stresses.

The various undesirable effects of hunting are,

1. It may lead to loss of synchronism.

2. It produces large mechanical stress.

3. It causes increase in losses and increases temperature rise.
4. It causes large changes in current and power flow.

Use of Damper Winding to Prevent Hunting

When rotor starts oscillating i.e. when hunting starts a relative motion between damper winding and the rotating
magnetic field is created.

Due to this relative motion, e.m.f. gets induced in the damper winding.

According to Lenz’s law, the direction of induced e.m.f. is always so as to oppose the cause producing it.

The cause is the hunting. So such induced e.m.f. oppose the hunting.

The induced e.m.f. tries to damp the oscillations as quickly as possible.

Thus hunting is minimised due to damper Load
winding. angle 54
The time required by the rotor to take its final New equilibrium
equilibrium position after hunting is called as 3 N TR T T T position
setting time of the rotor. If the load angle 6 is ]
plotted against time, the schematic Setting time due to

. . : damper winding L
representation of hunting can be obtained as — Time

:«—Setting time, hunting period —

shown in the Fig. without damper winding

It is shown in the diagram that due to damper
winding the setting time of the rotor reduces considerably.

SYNCHRONOUS CONDENSERS

When synchronous motor is over excited it takes leading p.f. current. If synchronous motor is on no load, where
load angle is very small and it is over

excited (E, > V) then power factor angle I
increases almost upto 90°. And motor runs
with almost zero leading power factor Er
condition, This is shown in the phasor
diagram Fig.

This characteristics is similar to a normal
capacitor which always takes leading
power factor current.

Epph R 00°

19
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e Hence over excited synchronous motor operating on no load condition is called as synchronous condenser or
synchronous capacitor.
e This is the property due to which synchronous motor is used as a phase advancer or as power improvement device.

Disadvantages of Low Power Factor
The power is given by,

P
~ Vcos ¢

P =VIcos¢ ie 1

The high current due to low p.f. has following disadvantages
1. For higher current, conductor size required is more which increases the cost.
2. The p.f. is given by

Active power P in kW

cos ¢ = Apparent power  Si.e. kVA rating

Thus for fixed active power F, low p.f. demands large kVA rating alternators and transformers. This increases
the cost.
3. Large current means more copper losses and poor efficiency.
4. Large current causes large voltage drops in transmission lines, alternators and other equipments. This results
into poor regulation. To compensate such drop extra equipment is necessary which further increases the cost.
Use of Synchronous Condenser in Power Factor Improvement
e The low power factor increases the cost of generation, distribution and transmission of the electrical energy. Hence
such low power factor needs to be corrected. Such power factor correction is possible by connecting synchronous

motor across the supply and operating it on no load with over
I,{Due to synchronous motor)

excitation.
e Now let V,;, is the voltage applied and I, is the current lagging V,, by \\
angle @,. This power factor @, is very low, lagging. 5
e The synchronous motor acting as a synchronous condenser is now ¢ ‘\?2' ¢\\ Vo,

connected across the same supply. This draws a leading current of L,

e The total current drawn from the supply is now phasor of Iy, and .

e This total current It now lags Vy, by smaller angle ® due to which
effective power factor gets improved. This is shown in the Fig.

e This is how the synchronous motor as a synchronous condenser is used
to improve power factor of the combined load.

S I(Effective current)

I, (Without synchronous motor)

Features of Synchronous Motor

1. The synchronous motors run only at synchronous seed.

2. By varying its excitation, its power factor can be varied.

3. As it can be operated at leading power factor, it is used as a power factor correction device.
4. They are not self starting and requires an additional facility to make it self starting.

5. Under no load and over excited condition it can be used as a synchronous condenser.

Comparison Between Synchronous and Induction Motors

1. For a given frequency, the synchronous motor runs at a constant average speed whatever the load, while the speed of
an induction motor falls somewhat with increase in load.

2. The synchronous motor can be operated over a wide range of power factors, both lagging and leading, but induction
motor always runs with a lagging p.f. which may become very low at light loads.

3. A synchronous motor is inherently not self-starting.
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4. The changes in applied voltage do not affect synchronous motor torque as much as they affect the induction motor
torque. The breakdown torque of a synchronous motor varies approximately as the first power of applied voltage
whereas that of an induction motor depends on the square of this voltage.

5. A d.c. excitation is required by synchronous motor but not by induction motor.

6. Synchronous motors are usually more costly and complicated than induction motors, but they are particularly
attractive for low-speed drives (below 300 r.p.m.) because their power factor can always be adjusted to 1.0 and their
efficiency is high. However, induction motors are excellent for speeds above 600 r.p.m.

7. Synchronous motors can be run at ultra-low speeds by using high power electronic converters which generate very
low frequencies. Such motors of 10 MW range are used for driving crushers, rotary kilns and variable-speed ball mills
etc.

Synchronous Motor Applications

Synchronous motors find extensive application for the following classes of service:

1. Power factor correction

2. Constant-speed, constant-load drives

3. Voltage regulation

(a) Power factor correction

Overexcited synchronous motors having leading power factor are widely used for improving power factor of those
power systems which employ a large number of induction motors and other devices having lagging p.f. such as
welders and flourescent lights etc.

(b) Constant-speed applications

Because of their high efficiency and high-speed, synchronous motors (above 600 r.p.m.) are well-suited for loads
where constant speed is required such as centrifugal pumps, belt-driven reciprocating compressors, blowers, line
shafts, rubber and paper mills etc. Low-speed synchronous motors (below 600 r.p.m.) are used for drives such as
centrifugal and screw-type pumps, ball and tube mills, vacuum pumps, chippers and metal rolling mills etc.

(c) Voltage regulation

The voltage at the end of a long transmission line varies greatly especially when large inductive loads are present.
When an inductive load is disconnected suddenly, voltage tends to rise considerably above its normal value because of
the line capacitance. By installing a synchronous motor with a field regulator (for varying its excitation), this voltage
rise can be controlled. When line voltage decreases due to inductive load, motor excitation is increased, thereby raising
its p.f. which compensates for the line drop. If, on the other hand, line voltage rises due to line capacitive effect, motor
excitation is decreased, thereby making its p.f. lagging which helps to maintain the line voltage at its normal value.

21



EE 8401 Electrical Machines Il

UNIT 111

THREE PHASE INDUCTION MOTOR

Constructional details — Types of rotors — Principle of operation — Slip —cogging and crawling- Equivalent
circuit — Torque-Slip characteristics - Condition for maximum torque — Losses and efficiency — Load test -

No load and blocked rotor tests - Circle diagram — Separation of

Induction generators — Synchronous induction motor.

1. Explain how a three phase supply produces a rotating m
with vector diagrams.

losses — Double cage induction motors —

agnetic field of constant value at constant speed

The working principle of three phase induction motors is based on the production of rotating magnetic field. The
rotating magnetic field can be defined as the field or flux having constant amplitude but whose axis is continuously

rotating in a plane with a certain speed.

A three phase induction motor consists of three phase winding as its stationary part called stator. The three phase
stator winding is connected in star or delta. The three phase windings are displaced from each other by 120°. The

windings are supplied by a balanced three
phase a.c. supply.

Induction motor

The three phase currents flow _ R
simultaneously through the windings and are -
displaced from each other by 120° electrical. e v
Each alternating phase current produces its phase —2
own flux which is sinusoidal. So all three sfb‘ély
fluxes are sinusoidal and are separated from — B
each other by 120°. If the phase sequence of
the windings is R-Y-B, then mathematical
equations for the instantaneous values of the
three fluxes O @y and dg can be written as,

g = Dy sin (t) = Oy sin O (i) :
@y = ®,, sin (ot - 120%) = O, sin (6 — 120°) (ii)
g = Oy, sin (ot - 240°%) = dy, sin (0 - 240°) (iii)

Let ®g, ®v and ®g be the instantaneous values

Star or delta connected 3 phase winding

Phase R PhaseY PhaseB

of three fluxes. The resultant flux is the phasor addition
of all three.
Case 1: 0=0°

Substituting in equation (i), (ii) and (iii),

Or = Dp,sin O

Oy = dpysin (— 120° =-0.866 @,

g = Dy, sin (- 240%) = +0.866 O,

BD is drawn perpendicular from B on ®r. It bisects @+ .
OD =DA=®1/2
In triangle OBD, L BOD = 30°

o_ 0D _  ®@T/2
Cos 30° = 0B ~ 0.866 ®m

=2 x0.866 Oy, x cos 30° = 1.5 Dy,
So magnitude of @t is 1.5 @y, and its position is vertically upwards
at0=0°,

Case 2: =0 =60°
®g = @, Sin 60° = 0.866 D,

(a) Waveforms of three fluxes

A
0g = +0.866 ¢, B+ D 4 ¢,=-08660,

60°

/

Assumed positive
direction of ¢y

(a) Vector diagram for 6 = 0°

/
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Oy = Dy, sin (-60°) = -0.866 O,

®g = ®,,sin (-180°) =0
Doing the same construction, drawing perpendicular from B
on @t at D we get the same result as,

(DT =1.5 q)m
But it can be seen that though its magnitude is 1.5 @y, it has

c

~

agw 4
rotated through 60° in space, in clockwise direction, from its ~ Assumed positive yooee

previous position. of by

Case 3:=0=120°
@ = O, sin 120° = 0.866 O,
Oy =P,sin0=0
g = Oy, sin (-120°) = -0.866 Dy,

Doing the same construction, drawing perpendicular from B on ® at D we
get the same result as,

(DT =1.5 (Dm
But it can be seen that though its magnitude is 1.5 @, it has rotated
through 60° in space, in clockwise direction, from its previous position.
And from its position at § = 0° it has rotated through 120° in space, in
clockwise direction.
Case 3:=0=180°

®r = @y, 5in 180° =0

Oy = Dy, sin (60°) = 0.866 O,

g = Oy, sin (-60°%) = -0.866 O,

Doing the same construction, drawing perpendicular from B on ®r at D we

'
/

{b) Vector diagram for 6 = 60°

»
Assumed
positive
direction C
=+ 0.866 ¢
of g t oR Om
0g=—0866 ¢y Y --~-----~ A

(c) Vector diagram for 6 = 120°

Assumed positive ‘\\
direction of ¢y

120°

get the same result as, Oy =+08660g7----D X 05=-08660y
CDT =1.5 (Dm \ ,JI

But it can be seen that though its magnitude is 1.5 @, it has rotated through \/‘)/ /!

60° in space, in clockwise direction, from its previous position. LU P

And from its position at 8 = 0° it has rotated through 180° in space, in A

clockwise direction.

So for an electrical half cycle of 180°, the resultant ®7 has also

rotated through 180°.

(d) Vecter diagram for 6 = 180°

2. Describe the constructional features of squirrel cage and slip ring induction motors. Discuss the merits

of one over other.
The induction motor consists of two main parts,
1. The part i.e. three phase windings, which is stationary called stator.

2. The part which rotates and is connected to the mechanical load through shaft called rotor.
The conversion of electrical power to mechanical power takes place in a rotor.

Hence rotor develops a driving torque and rotates.
Stator

e The stator has a laminated type of construction made up of stampings which are

0.4 to 0.5 mm thick.

e The stampings are slotted on its periphery to carry the stator winding.
e The stampings are insulated from each other to keep the iron losses to a minimum

value.

e The number of stampings are stamped together to build the stator core.

2

Stator Lamination
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The built up core is then fitted in a casted or fabricated steel frame.
The choice of material for the stampings is generally silicon steel, which minimizes the hysteresis loss.
The slots on the periphery of the stator core carries a three phase winding, connected either in star or delta.
This three phase winding is called stator winding. It is wound for definite number of poles.
This winding when excited by a three phase supply produces a rotating magnetic field.
The choice of number of poles depends on the speed of the rotating magnetic field required.
e The radial ducts are provided for the cooling purpose.
Rotor

The two types of rotor constructions used for induction motors are,
1. Squirrel cage rotor and 2. Slip ring or wound rotor
Squirrel Cage Rotor

e The rotor core is cylindrical and slotted on its periphery.

e The rotor consists of uninsulated copper or aluminium bars called rotor conductors.

e The bars are placed in the slots. These bars are permanently shorted at each end with the help of conducting
copper ring called end ring. '

e The bars are usually brazed to the
end rings to provide good
mechanical strength.

e The entire structure looks like a
cage, forming a closed electrical
circuit. So the rotor is called
squirrel cage rotor.

e As the bars are permanently
shorted to each other through end
ring, the entire rotor resistance is (a) Cage type structure of rotor
very very small. Hence this rotor also called short circuited rotor.

e As rotor itself is short circuited, no external resistance can have any effect on the rotor resistance. Hence no
external resistance can be introduced in the rotor circuit. So slip ring and brush assembly is not required for
this rotor. Hence the construction of this rotor is very simple.

In this type of rotor, the slots are not arranged parallel to the shaft axis but
are skewed as shown in the Fig.. _ —
The advantages of skewing are, — Shaft
1. A magnetic hum i.e. noise gets reduced due to skewing hence skewing ]
makes the motor operation quieter.

2. It makes the motor operation smooth. Siots are
3. The stator and rotor teeth may get magnetically locked. Such a tendency skewed
of magnetic locking gets reduced due to skewing. Skewing in rotor construction
4. It increases the effective transformation ratio between stator and rotor.

Slip Ring Rotor or Wound Rotor

e In this type of construction, rotor winding is
exactly similar to the stator. 13~

e The rotor carries a three phase star or delta /
connected, distributed winding, wound for !
same number of poles as that of stator.

e The rotor construction is laminated and slotted.

e The slots contain the rotor winding. The three
ends of three phase winding, available after
connecting the winding in star or delta, are
permanently connected to the slip rings.

e The slip rings are mounted on the same shaft. ﬂ?ércﬁﬂﬁ?f;m fame

Copper or ]
aluminium bars End ring

(b) Symbolic representation

Slip rings
L

D

N
AY
A
A
\\
1
i
h ~—— Brush ,
) R Y B
Y’, /—\

"""" External star
| connected rheostat

Shaft

A
D

\| /e
S —
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In this type of rotor, the external resistances can be added with the help of brushes and slip ring arrangement,

in series with each phase of the rotor winding.

3. Compare squirrel cage and wound rotor constructions of induction motor.
S.No Wound or Slip ring rotor Squirrel cage rotor

1. Rotor consists of a three phase winding Rotor consists of bars, which are shorted at the ends
similar to the stator winding. with the help of end rings.

2. Construction is complicated. Construction is simple

3. Resistance can be added externally: As permanently shorted, external resistance cannot

be added

4. Slip rings and brushes are present to add Slip rings and brushes are absent
external resistance.

5. Frequent maintenance is necessary Maintenance free

6. Rotors are costly Rotors are cheap

7. High starting torque can be obtained Moderate starting torque

8. Rotor must be wound for same number of poles The rotor automatically adjusts itself for the same

number of poles as that of stator

9. Rotor resistance starter can be used Rotor resistance starter cannot be used

10. | Rotor copper losses are high hence efficiency is less | Rotor copper losses are less hence efficiency is high

11. | Speed control by rotor resistance is possible Speed control by rotor resistance is not possible

12. | Used for lifts, hoists, cranes, elevators, compressors | Used for lathes, drilling machines, fans, blowers,
etc. waterpumps, grinders, printing machines etc.

4. Describe the principle of operation of a 3 phase induction motor with a neat sketch. Explain why a rotor

Rotor conductors

So,

is forced to rotate in the direction of rotating magnetic field.

When a three phase supply is given to the three phase stator winding, a rotating magnetic field of constant
magnitude is produced. The speed of this rotating magnetic field is synchronous speed, N r.p.m. The R.M.F. gets cut
by rotor conductors as R.M.F. sweeps over rotor conductors. Whenever conductor cuts the flux, e.m.f. gets induced in
it according to Faraday’s Law of electro-magnetic induction. As rotor forms closed circuit, induced e.m.f. circulates
current through rotor called rotor current whose direction is given by Lenz’s law. According to Lenz’s law the
direction of induced current in the rotor is so as oppose the cause producing it. The cause of rotor current is the
induced e.m.f. which is induced because of relative motion present between the rotating magnetic field and the rotor
conductors. Hence to oppose the relative motion i.e. to reduce the relative speed, the rotor experiences a torque in the
same direction as that of R.M.F. and tries to catch up the speed of rotating magnetic field.

Direction of Direction of

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

Induced current in rotor conductor

Stator

» Cancellation
Addition Al of two fluxes
of fluxes [ (low flux area)

igh flux areeh\" ' i :
/\(r*% Mechanical
NN force
11
Y Y Y Rotor

Rotor conductor

[
Y

Ns - N = Relative speed between the two, rotating magnetic field and the rotor conductors.
Thus rotor always rotates in same direction as that of R.M.F.
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5. Define the term slip of an induction motor. Explain its significance.
Slip of the induction motor is defined as the difference between the synchronous speed (N;) and actual
speed of rotor i.e. motor (N) expressed as a fraction of the synchronous speed (Ns). This is also called absolute

slip or fractional slip and is denoted as s.
_ Ns—N

Ns
The percentage slip is expressed as,

%s:%xloo

In terms of slip, the actual speed of motor (N) can be expressed as,
N = N; (1-s)
At start, motor is at rest and hence its speed N is zero.
s =1 at start
This is maximum value of slip s possible for induction motor which occurs at start. While s = 0 gives us N =
Ns which is not possible for an induction motor. So slip of induction motor cannot be zero under any circumstances.
Practically motor operates in the slip range of 0.01 to 0.05 i.e. 1 % to 5 %. The slip corresponding to full load
speed of the motor is called full load slip.

6. Explain the effect of slip on the rotor parameters
(a) Effect on Rotor Frequency
The speed of rotating magnetic field is,
N, = 120f/P (i
where f = frequency of supply in Hz.

At start when N = 0, s = 1 and stationary rotor has maximum relative motion with respect to R.M.F. Hence
maximum e,m.f. gets induced in the rotor at start. The frequency of this induced e.m.f. at start is same as that of supply
frequency.

In running condition the magnitude of the induced emf decreases as its frequency.

(Ns—N) = 120f, /P (i)
Where, f, = frequency of rotor induced emf in running condition at slip speed (Ns — N)
Dividing equation (ii) by (i), we get
Ns—N _ 120 fr /P
Ns  120f/P
Therefore s=f,/f orf, =sf
Thus frequency of rotor induced e.m.f. in running condition (fr) is slip times the supply frequency ().
(b) Effect on Magnitude of Rotor Induced E.M.F.
E, = Rotor induced e.m.f. per phase on standstill condition
As rotor gains speed, the relative speed between rotor and rotating magnetic field decreases and hence induced
e.m.f. in rotor also decreases as it is proportional to the relative speed N; — N. Let
E, = Rotor induced e.m.f. per phase in running condition

E, o N and Ear o (Ns— N)
Ey  Ng-N N, - -
= but —2 = slip s
E; Ny N
EZr _
E, =8 Eo = sE;

The magnitude of the induced e.m.f. in the rotor also reduces by slip times the magnitude of induced e.m.f. at
standstill condition.

(c) Effect on Rotor Resistance and Reactance

R, = Rotor resistance per phase on standstill

X, = Rotor reactance per phase on standstill
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Now at standstill, f, = f hence if L2 is the inductance of rotor per phase,
X2 = 2.]'Ifr Lz =2nf Lz
While R, = Rotor resistance in Q /ph
Now in running condition, f, = sf hence
Xy =2nf, L, =2nsf L, =s. 2nf L,
Xax=8X,
Where X, = Rotor reactance in running condition
If Z, = Rotor impedance on standstill condition
= R2 +j X2 Q/ ph

Z, =+VR22 +X22 Q/ph
While Z,, = rotor impedance in running condition

= VR2% + (sX2)? Q/ph
(d) Effect on Rotor Power Factor
Cos ¢, = rotor power factor on standstill
_R2___ Rz
~ 22 VR2Z+Xx27
Cos @, = rotor power factor in running condition
_R2_ R
Z2r  JR2Z+(sX2)?
(e) Effect on Rotor Current
I, = Rotor current per phase on standstill condition
E2 per phase _ E2

= A
Z2 per phase  VR2Z+X22

I = Rotor current per phase in running condition.
E2r _ sE2

A
Z2r | JR2Z+(sX2)%
7. Derive the torque equation for a three phase induction motor.
The torque produced in the induction motor depends on the following factors.
1. The part of rotating magnetic field which reacts with rotor and is responsible to produce induced e.m.f. in
rotor.
2. The magnitude of rotor current in running condition.
3. The power factor of the rotor circuit in running condition.

T o @ I, cos O, (D)
Where @ = Flux responsible to produce induced e.m.f.
Iy, = Rotor running current

Cos Oy, Running p.f. of rotor
The flux ® produced by stator is proportional to E; i.e. stator voltage.

D a El (2)
While E; and E; are related to each other through ratio of stator turns to rotor turns i.e. K.

==K 3)
Using equation (3) in (2),

E,o® (4)
Thus in equation (1), ® can be replaced by E,

. E2r sE2
While |, = = A
Z2r  JR2%2+(sX2)2
R2 R2
And Cos @ ==— =

Z2r  JR22+(sX2)?
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sE2 R2
JR2Z+(sX2)Z " \/JR2Z+(sX2)2

Therefore, T a E..

sE22R2
*R2Z+ (sX2)2 N-m
ksE22R2 o
= R2Zrxzz VM where  k = constant of proportionality
= zfns [n, = synchronous speed in r.p.s = N/60]
3 sE22R2

= . N-m
2mns "R22+ (sX2)2

Starting torque
Starting torque is nothing but the torque produced by an induction motor at start. At start, N = 0 and slip s = 1.
So putting s = 1 in the torque equation, the starting torque,
_ 3 E2%R2
Ta= ons (R22+ X22) N-m
8. Derive the condition for the maximum torque in a three phase induction motors. Also obtain the
expression for the maximum torque.
For maximum torque,
Tt _
= 0
Where T = ksE2%R2
ere = R22+ (sX2)2
As load on motor changes, its speed changes and hence slip changes. This slip decides the torque produced
corresponding to the load demand.
ar _ 4 , ksE2%R2

ds ~ ds ‘R22+ (sx2)2)

d d
ksE2R,) — (R2+s2 X2)-(R% +s2 X3) — (ksE2R
(S 2 2) dS( 2+S 2) (2+S 2) dS( 5 2 2)=0

ar _
ds R3 +s? X3)*
ks E2 Ry [25 X2] - R2 + 8" X2) (K E2 Ry) = 0
w28 kX2 E2R,-R2ZKE2R,-ks*X2E2 R, = 0
ks? X3 B2 R, -RIKEJ R, = 0

sng - R% 0 Taking k E% R, common.

This is the slip at which the torque is maximum and is denoted by s,

_R2
o T X2
By substituting Sy = o) in the torque equation, maximum torque T, is

Sm

_ kspE22R2 kE2?2

T R224 (spX2)2 2X
From the expression of Tm, it can be observed that

m N-m
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1. It is inversely proportional to the rotor reactance.

2. Itis directly proportional to the square of the rotor induced e.m.f. at standstill.

3. The maximum torque is not dependent on the rotor resistance R,. But the slip at which it occurs i.e. speed at which it
occurs depends on the value of rotor resistance R,.

9. Draw and explain a typical torque-speed characteristic for a 3 phase induction motor. Explain the
relation between torque and slip before and after the maximum torque. Show the stable region in the
graph.

The curve obtained by plotting torque against slip from s = 1 (at start) to s =0 (at synchronous speed) is called
torque-slip characteristics of the induction motor.
sE22R2
*R2%+ (sX2)2
E, is also constant. Therefore,
sR2

—c
R22+ (sX2)2

N-m

i) Low slip region
In low slip region, ‘s’ is very very small. Due to this, the term (s X,)? is so small as compared to R,? that it can
be neglected.

SRZ2 .
Therefore T = R,z ¢S as R, is constant.
2

Hence in low slip region torque is directly proportional to slip. So as load increases, speed decreases,
increasing the slip. This increases the torque which satisfies the load demand.

Hence the graph is straight line in nature.

At N =N, s =0hence T =0. As no torque is generated at N = N, motor stops if it tries to achieve the
synchronous speed. Torque increases linearly in this region, of low slip values.

ii) High slip region

In this region, slip is high i.e. slip value is approaching to 1. Here it can be assumed that the term R,? is very

very small as compared to (s X,)2 Hence neglecting R, from the denominator, we get
sR2 1
* (sX2)2 *s

So in high slip region torque is inversely proportional to the slip. Hence its nature is like rectangular
hyperbola.

Now when load increases, load demand increases but speed decreases. As speed decreases, slip increases. In
high slip region as T a 1/s. torque decreases as slip increases. But torque must increase to satisfy the load demand. As
torque decreases, due to extra loading effect, speed further decreases and slip further increases. Hence speed further
drops. Eventually motor comes to standstill condition. The motor cannot continue to rotate at any point in this high slip
region. Hence this region is called unstable

Torque

region of operation. ‘
So torque - slip characteristics has two T bommmm e A.{_ Maximum torque
parts, _ - - AR \ Stableregion  OA= Stabie region
1. Straight line called stable region of “ AB = Unstable region
i T . Point A = Maximum torque
operatlon. * ~#+— Unstable region Point B = Starting torque
N

N Point C = Full load torque
~

2. Rectangular hyperbola called unstable
region of operation.

In low slip region, as load increases, slip
increases and torque also increases linearly. The
maximum torque, the motor can produce as load o 5
increases is T, which occurs at s = sy, So linear
behavior continues till s = s,

“
\‘\

é

——
—
-
2
T
]
]
O
| [ | (NN P
’
/

Slip

w
il
o
E]
_
(%]
THR 1N
o=
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If load is increased beyond this limit, motor slip acts dominantly pushing motor into high slip region. Due to
unstable conditions, motor comes to standstill condition at such a load. Hence T, i.e. maximum torque which motor
can produce is also called breakdown torque or pull out torque. So range s = 0 to s = s, is called low slip region,
known as stable region of operation. Motor always operates at a point in this region. And range s = s, to s = 1 is called
high slip region which is rectangular hyperbola, called unstable region of operation. Motor cannot continue to rotate at
any point in this region.

Ats=1,N=0i.e. at start, motor produces a torque called starting torque denoted as Ty.
10. Explain the Torque/speed Curve and discuss briefly the effect on the speed-torque characteristics of an
induction motor.
The torque developed by a 3-phase motor depends on its speed but the relation between the two cannot be
represented by a simple equation. It is easier to show the relationship in the form of a curve.

In this diagram, T represents the nominal full load 25T

torque of the motor. The starting torque (at N = 0) is \

1.5 T and the maximum torque (break down torque) is L ocked-Rotof y

2.5T. g o Torque ‘ Br{iﬁlr(d;’;m

At full-load, the motor runs at a speed of N. When g‘-5 1 a

mechanical load increases, the motor speed decreases & T PHHX

till the motor torque again becomes equal to the load T Tm&ﬁg . _ : Eulé

torque. As long as the two torques are in balance, the ' o4 1

motor will run at constant (but lower) speed. However 0 ‘ : !

If the load torque exceeds 2.5T, the motor will 0 20 & 40 A ?10(7 80 100

suddenly stop. otational Speed, % TT
N N

Shape of Torque/speed curve: -
For a squirrel-cage induction motor (SCIM) shape of its torque/speed curve depends on the voltage and
frequency applied to its stator.

If f is fixed, T o V2 G
z . 440V
Also synchronous < ! 0 H.; sy -
speed depends on _the supply = 150 _ / o 90 Hz
frequency. In practice, supply S . : N N
voltage and frequency are AT ~ Motor \  Generator _
varied in the same proportion s A L _
. o a Break 43.-
in order to maintain a constant Break | . e -1 C \
flux in the air-gap. For 900 450 0 450 900 1350180022502700 900 450 0 450 900 1350180022502700
example, if voltage is doubled, a5 *Speed(rp.m) | Speed (r.p.m.)!
then frequency is also doubled. § P 5 \ . /
Under these conditions, shape f AR
150] p- 150

of the torque/speed curve
remains the same but its (@) (b)

position along the X-axis

(speed axis) shifts with frequency. Since the shape of the torque/speed curve remains the same at all frequencies, it
follows that torque developed by a SCIM is the same whenever slip speed is the same.

11. Prove that to increase the starting torque an extra resistance must be added in the rotor circuit.
In slip ring induction motor, externally resistance can be added in the rotor.
R, = rotor resistance per phase
sE22R2
R22+ (sX2)?2
Externally resistance is added in each phase of rotor through slip rings
R,’ = new rotor resistance per phase

Torque T a
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SE22R,’
Ry 2+ (sX2)2
The starting torque at s = 1 R, and R,” are

Torque T” a

E22R, . E2%R;
S S — and T o —5—
Ro“+ X5 Ry “+ X5
. E22
Maximum torque Ty o ——

2X
R2 2 Tgr= Ty With Ry = X,
ForR,, Sm= o) where T,, occurs

!

1 T with R, >R,
! H '

1 TSf Wlth_Rz > Rz )
T with original R,

R2
For R,’, S = E where same T, occurs.

As R,” > Ry, the slip s> > sp,. the starting torque Ty’
for Ry’ is more than Ty for R,. Thus by controlling the
rotor resistance the starting torque can be controlled. If
resistance is further added to rotor, maximum torque is
constant but slip at which it occurs increases and so starting torque increases.

—=Siip

s=0 Sqm 8 s"

12. Discuss the different power stages of a 3 phase induction motor with losses with the help of a power flow
diagram.

Induction motor converts an electrical power supplied to it into mechanical power. The various stages in this
conversion is called power flow in an induction motor.

The three phase supply given to the stator is the net electrical input to the motor.

The net input electrical power supplied to the motor is,

Pi, = \3 VLI cos o

This is the stator input.

The part of this power is utilized to supply the losses in the stator which are stator core as well as copper losses.

The remaining power is delivered to the rotor Net electrical input  Pjn
magnetically through the air gap with the help of > o o
rotating magnetic field. This is called rotor input
denoted as P,.

P, = P, — Stator losses (core + copper)

The rotor is not able to convert its entire input

. . Stator output

to the mechanical as it has to supply rotor losses. = Input to rotor P,
The rotor losses are dominantly copper losses as

rotor iron losses are very small and hence generally ] (ngtsosrggon
neglected. So rotor losses are rotor copper losses e Hieglected)
denoted as Gross mechanical
P.=31, 2 R, power developed "~ M
c = r

Where I, = Rotor current per phase in running
condition

R, = Rotor resistance per phase
After supplying these losses, the remaining part of
P, is converted into mechanical which is called Useful power or P

. Shaft power out
gross mechanical power developed by the motor
denoted as P,
Pm=P,-P,

Part of P, is utilized to provide mechanical friction and windage. Finally the power is available to the load at the shaft.
This is called net output of the motor denoted as P,,. This is also called shaft power.

10



EE 8401 Electrical Machines Il

rotor output _ gross mechanical power developed Py,

Rotor efficiency = - X
rotor input rotor input P,

Net output at shaft Pout

Net motor efficiency = - - =
net electrical inp ut to motor Pin

13. Derive the relation between input, rotor copper losses and mechanical power developed in terms of a
slip of a three phase induction motor.
Let T = gross torque developed by motor in N-m
PowerP=Tx ®

21N i
Where ® = angular speed =——, N = speed inr.p.m

60
Input to the rotor P, is from stator side through rotating magnetic field which is at synchronous speed Ns.
2mNs
P, =T x ws, where ws = %0 rad /sec Q)
2T Ns L.
P,=Tx where Ngis inr.p.m
Rotor output is gross mechanical power developed P,,. rotor gives the output at speed n.
2nN
Pn=Tx ® where ® = =
60
Po=Tx @)
me 60
Rotor copper 10ss P = Py — P = Tx e - Tx 2N — 7% X (N—N)  (3)
PP cTrzmImT 60 60 60 °

Dividing equation (3) by (1),
P, Txgr(Ns-N) Ns—N

2mNs T Ns =S

P_
2 TX60

Rotor copper loss P, = s X rotor input P;,
Thus total rotor copper loss is slip times the rotor input.

P, P, =Py
Pz — SPZ = Pm
(1_8) P2 = I:’m

Thus gross mechanical power developed is (1 — s) times the rotor input.

The relationship can be expressed in the ratio form as,
P,: Pe: Pii 1:s: (1-9)

14. Develop an equivalent circuit of a 3 phase induction motor. What do the various parameters represent?
Represent the approximate equivalent circuit and state its significance.

The energy transfer from stator to rotor of the induction motor takes place entirely with the help of a flux mutually
linking the two. Thus stator acts as a primary while the rotor acts as a rotating secondary when induction motor is
treated as transformer.

If Stator
E; = Induced voltage in stator per phase
E, = Rotor induced e.m.f. per phase on standstill

Air gap

rotor turns _ E;

" stator turns Eq

E,r = Rotor induced e.m.f. in running condition per Rotating secondary
phase
R, = Rotor resistance per phase

11
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Xor = Rotor reactance per phase in running condition
R, = Stator resistance per phase
X, = Stator reactance per phase
When induction motor is on no load, it draws a current from the supply to produce the flux in air gap and to supply
iron losses.
This current Iy has two components.
1. I, = Active component which supplies no load losses
2. lm= Magnetising component which sets up flux in core and air gap
These two currents give us the elements of an exciting branch as,
R, = Representing no load losses = %

C
. \
X = representing flux set up = 1—1

m
The equivalent circuit of induction motor is given by,

I 1 M '
il sX,
Vv e fm
1 =
R Ey =sE )
i ’:V‘ ’ X° H ! : I2r
Stator AirLap Rotor All values per phase
I = Rotor current per phase in running condition.
E2r _ sE2
= = A
Z2r  JR2Z+4(sX2)2
E2

|E2y2+(x2)?

So it can be assumed that equivalent rotor circuit in the running condition has fixed reactance X5, fixed voltage E, but
a variable resistance Ry/s.

R; R
S S

Rz _ 1 v
?—R2+R2(S—'1)—R2+R2(1'S)/5

So the variable rotor resistance R,/s has two parts,
1. Rotor resistance R; itself which represents copper loss.

2. R, (1 — s)/s which represents load resistance R,. So it is electrical equivalent of mechanical load on the motor.
The rotor equivalent circuit is

f R, sXy
E2r
[
O—
(a)

Equivalent circuit referred to stator:

12
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E . .
K= E—Z = transformation ratio
1
E;
E, =—
2K
KsE 2
Rotor current referred to stator I, =K I, = ————
VJR22+4(sX2)2
X
Rotor reactance referred to stator X,” = —i
. R
Rotor resistance referred to stator R,’ = K—Z
] L. Ry 1l-s 1-s
Mechanical load referred to stator R’ = — = — — =R;’ —
K K S S

Equivalent circuit referred to stator is

24
—N
°—'—"\/VW—fm\—-1
P R4 X4
v, le
RO
‘c -—]1

Rie = equivalent resistance referred to stator = R; + R,’
X1e = Equivalent reactance referred to stator = X; + X3’

Rz X2
R19=R1+F anXme=X1+—2

13
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15. Derive the power equations from the equivalent circuit.

Pin= input power =3 Vy |; cos ¢
Where V, = stator voltage per phase
I, = current drawn by stator per phase
cos ¢ = power factor of stator
stator core loss = I,,2 R,
stator copper loss = 3 I,* R,
where Ry = stator resistance per phase !
313, "R, Iy

2(=2)

P, = rotor input =

P. = rotor copper loss = 3 I’2r2 R',

Thus P. =s P,
31 2p7
Gross mechanical power developed Py, = P, — P, = —2—2 3 I’2r2 R, =3 I’2r2 R’, (1-s) /s
P 31,2 R, (1—
Torque developed T = jm =2 Zié D/
60
Where N = speed of motor
N = N; (1-5)
3II rz RI 31! rle
Therefore 7= 2P _g55y ZN—Z/S N-m
60 S
! V1 1-s
[ where R’ =Ry’ —~

" (Rie + R’ )+ X1e

Vy

V(Rie +R'L)ZH(X1e)?
Maximum Power Output
In this circuit, the exciting current | is neglected. Therefore

! —
IZr_

=15,
Vq
VRie + R )2 +(X1e)?
Power supplied to the load
Pout = 3 |12 R

Therefore |, =

V2

p— >

3 - R
(Rie +R'1)2+(X1e)2 -

. . d Pout
To obtain maximum output power, T 0
L
2 ’
d 3 Vl_(RL)

dRL, |[Re +R1)2 +(X1)21]

[(Ryg + R + (X" T3 VI -3 VIRL) [2 Re + RL)] = 0
Ry + RL)? + (o -2 RL) Ry + RY) =0 ... Taking 3 V# common

’ ’ ’ Yarll 2_
R2 + (R)?+ 2Ry Ry + X2, -2 Ry RY - 2(RL)" =0
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2 2 _ r N2
RI::' + Xl‘e - (RL)
But Lo = af Rfe +X12e = leakage impedance referred to stator
’ 2
zi, = Ry)

Therefore R’ =74

Hence the power output is maximum when the equivalent load resistance is equal to the standstill leakage
impedance of the motor.
Corresponding Slip

, , 1-s
R’=2Z,=R; T
By solving we get
Slip at maximum output, s = —————
R 2+ Z1e
Corresponding maximum gross power output (P =3 vy’ Z
p- g g p p out) max — (Rle + Zle)2+(X1e)2 le
By solving
3V,
(Pout) max — — watts

2(Rle + Zle)

16. Explain briefly about crawling and cogging.
CRAWLING
Squirrel cage induction motors exhibit a tendency to run at very slow speeds (as low as one-seventh of their
synchronous speed). This phenomenon is called as crawling of an induction motor.
This action is due to the fact that, flux wave produced by a stator winding is not purely sine wave. Instead, it is a
complex wave consisting a fundamental wave and odd harmonics

like 3rd, 5th, 7th etc. The fundamental wave revolves synchronously sable  Je—

at synchronous speed Ns whereas 3rd, 5th, 7th harmonics may rotate :

in forward or backward direction at N¢/3, N5, N7 speeds |

respectively. |
Hence, harmonic torques are also developed in addition with T <ot

fundamental torque. 3rd harmonics are absent in a balanced 3-phase - - |

system. Hence 3rd harmonics do not produce rotating field and % | |

torque. B 4

The total motor torque now consist three components as: L—-11 J

(i) the fundamental torque with synchronous speed N, TR Vet o

(i) 5th harmonic torque with synchronous speed Ns/5, N\ ! - Comiling speed

(iii)  7th harmonic torque with synchronous speed Ns/7 (provided \ . - , "

that higher harmonics are neglected). 1.0 137 06 04 02 0
Now, 5th harmonic currents will have phase difference of ur g_'g 0_14 .;,L olg 1',0

5x120 = 600° =2 x 360 - 120 = -120°. Hence the revolving speed Syncronous speed Ns ———

set up will be in reverse direction with speed Ns/5. The small amount of 5th harmonic torque produces braking action
and can be neglected.

The 7th harmonic currents will have phase difference of 7 x 120 = 840° = 2 x 360 +120 = + 120°. Hence they will
set up rotating field in forward direction with synchronous speed equal to Ns/7. If we neglect all the higher harmonics,
the resultant torque will be equal to sum of fundamental torque and 7th harmonic torque. 7th harmonic torque reaches
its maximum positive value just beforel/7 th of Ns. If the mechanical load on the shaft involves constant load torque,
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the torque developed by the motor may fall below this load torque. In this case, motor will not accelerate upto its
normal speed, but it will run at a speed which is nearly 1/7th of its normal speed. This phenomenon is called
as crawling in induction motors.

COGGING

This characteristic of induction motor comes into picture when motor refuses to start at all. Sometimes it happens
because of low supply voltage. But the main reason for starting problem in the motor is because of cogging in which
the slots of the stator get locked up with the rotor slots.

When the slots of the rotor are equal in number with slots in the stator, they align themselves in such way that both
face to each other and at this stage the reluctance of the magnetic path is minimum and motor refuse to start.
This characteristic of the induction motor is called cogging.

Apart from this, there is one more reason for cogging. If the harmonic frequencies coincide with the slot frequency
due to the harmonics present in the supply voltage then it causes torque modulation. As a result, of it cogging occurs.
This characteristic is also known as magnetic teeth locking of the induction motor.

Methods to overcome cogging

e The number of slots in rotor should not be equal to the number of slots in the stator.
o Skewing of the rotor slots, that means the stack of the rotor is arranged in such a way that it angled with the axis of
the rotation.

17. Explain with necessary diagrams the principle of operation and characteristics of the double cage
induction motor.

Squirrel cage motors are the most commonly used induction motors, but the main drawback in them is their
poor starting torque due to low rotor resistance. (Starting torque is directly proportional to the rotor resistance). But
increasing the rotor resistance for improving starting torque is not advisory as it will reduce the efficiency of the
motor (due to more copper loss). External resistance for starting of purposes cannot be added; as the rotor bars are
permanently short circuited. These drawbacks are removed by a double squirrel cage motor, which has high
starting torque without sacrificing efficiency.

Construction Of Double Squirrel Cage Rotor

Rotor of a double squirrel cage motor has two independent cages on the same rotor. Bars of high resistance
and low reactance are placed in the outer cage, and bars of low resistance and high reactance are placed in the
inner cage. The outer cage has high 'reactance to resistance ratio' whereas, the inner cage has low 'reactance to
resistance ratio.

Outer cage
High R
Low X

) - High resistence bar —
? A /i

“-Low resistence bar /_

Top bar—"| ‘;':.7 i-::\

|
1A
ped

Bottom bar~/‘.,l‘:.‘ : /

e
High X
Working Of Double Squirrel Cage Motor

At starting of the motor, frequency of induced emf is high because of large slip (slip = frequency of rotor emf /
supply frequency). Hence the reactance of inner cage (2nfL.  where, f = frequency of rotor emf) will be very high,
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increasing its total impedance. Hence at starting most of the
current flows through outer cage despite its large resistance (as
total impedance is lower than the inner cage). This will not
affect the outer cage because of its low reactance. And because
of the large resistance of outer cage starting torque will be

Quter cage

the rotor frequency decreases. In this case, the reactance of
inner cage will be low, and most of the current will flow
through the inner cage which is having low resistance. Hence
giving a good efficiency.

When the double cage motor is running at normal speed,
frequency of the rotor emf is so low that the reactance of both
cages is negligible. The two cages being connected in parallel, 10 & Slip 0.0
the combined resistance is lower.

The torque speed characteristics of double squirrel cage motor for both the cages are shown in the figure.

large.
As speed of the motor increases, slip decreases, and hence
2
(=2
k=
=

Comparison between single cage and double cage motors:

1. A double cage rotor has low starting current and high starting torque. Therefore, it is more suitable for direct on
line starting.

2. Since effective rotor resistance of double cage motor is higher, there is larger rotor heating at the time of starting as
compared to that of single cage rotor.

3. The high resistance of the outer cage increases the resistance of double cage motor. So full load copper losses are
increased & efficiency is decreased.

4. The pull out torque of double cage motor is smaller than single cage motor.

5. The cost of double cage motor is about 20-30 % more than that of single cage motor of same rating.

Equivalent Circuit
The two cages are assumed to be parallel. -
I’,, and I’y are the currents in the
upper and lower cages respectively referred
to the stator.
R’,, and R’, are the resistances of vy R
upper and lower cages respectively referred 0
to the stator.
X’y and X', are the leakage
reactances of upper and lower cages
respectively referred to the stator. - I,

—
-

18. Write a brief note on induction generator.

If an AC supply is connected to the stator terminals of an induction machine a rotating magnetic field produced in
the stator which pulls the rotor to run behind it (the
machine is acting as a motor).

I the rotor is accelerated to the synchronous speed by
means of a prime mover, the slip will be zero and hence Prime
the net torque will be zero. The rotor current will become Mover
zero when the rotor is running at synchronous speed.

P (active power)

(e.g. petrol

If the rotor is made to rotate at a speed more than the engine)

synchronous speed, the slip becomes negative. A rotor Q (reactive power)

current is generated in the opposite direction, due to the Induction AC Supply
rotor conductors cutting stator magnetic field. Machine line

17
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This generated rotor current produces a rotating magnetic field in the rotor which pushes (forces in opposite
way) onto the stator field. This causes a stator voltage which pushes current flowing out of the stator winding against
the applied voltage. Thus, the machine is now working as an induction generator (asynchronous generator).

Induction generator is not a self-excited machine. Therefore, when running as a generator, the machine takes
reactive power from the AC power line and supplies active power back into the line. Reactive power is needed for
producing rotating magnetic field. The active power supplied back in the line is proportional to slip above the
synchronous speed.

Self-Excited Induction Generator

An induction machine needs reactive power for excitation, regardless whether it is operating as a generator or a
motor. When an induction generator is connected to
a grid, it takes reactive power from the grid.

A capacitor bank can be connected across — S
the stator terminals to supply reactive power to the T /- \
machine as well as to the load. When the rotor is
rotated at an enough speed, a small voltage is

RS —

®

|
!

generated across the stator terminals due to residual 0 Q \('\ ‘[ Q
magnetism. Due to this small generated voltage, Machice ‘/: ”/\
capacitor current is produced which provides further | g

reactive power for magnetization.
Applications of induction generators: Induction
generators produce useful power even at varying rotor speeds. Hence, they are suitable in wind turbines.

Advantages: Induction or asynchronous generators are more rugged and require no commutator and brush
arrangement (as it is needed in case of synchronous generators).

Disadvantage of induction generators is that they take quite large amount of reactive power.

The torque slip characteristic for motoring and generating action is shown in figure.

Ty 4
-
Torque
Slip —»
‘T Spead —»
| |y 's (Starting Torque) ”
LY 0 Ng 2
(s>1) s=1 s=0 $<0
- Breaking e Motosing 2 b Generating 2
Region Region Region

19. Write a brief note on synchronous induction motor.

In the applications where high starting torque and constant speed are desired then synchronous induction motors
can be used. It has the advantages of both synchronous and induction motors. The synchronous motor gives constant
speed whereas induction motors can be started against full load torque.

Consider a normal slip ring induction motor having 3 phase winding on the rotor as shown in fig. The motor is
connected to the exciter which gives d.c. supply to the motor through slip rings. One phase carries full d.c. current
while the other two carries half of the full d.c. current as they are in parallel. Due to this d.c. excitation, permanent
poles (N and S) are formed on the rotor.
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Initially it is run as a slip ring induction motor with the
help of starting resistances. When the resistance is cut out
the motor runs with a slip. Now the connections are
changed and the exciter is connected in series with the
rotor windings which will remain in the circuit Motor
permanently.

As the motor is running as induction motor initially
high starting torque (upto twice full load value) can be
developed. When d.c. excitation is provided it is pulled
into synchronism and starts running at constant speed. The
synchronous induction motor provides constant speed, ce
large starting torque, low starting current and power factor ~ .-
correction. Start

§

4 -

Performance Characteristics of Synchronous Induction Motors

In the performance characteristics of synchronous induction motor, three different types of torques are to be
considered. These are

o the starting torque which indicates capacity of motor to start against load,

e pullin torque which indicates the ability of the motor to maintain operation during change over from induction

motor to synchronous motor,

o pull out torque which represents the running of motor synchronously at peak load.
The first two torques are closely related with each other and are the characteristics of the machine running as induction
motor. The pull out torque is characteristics when it is running synchronously. The characteristics curves for
synchronous induction motor operating at full load unity p.f. and at 0.8 p.f. leading is shown in the Fig.

1| e

' Power

. factor 80
f. : :
g Stator -l
S } motor &
< : §
x ' <
¢ ! _ Reacti 2

: kVA ES

)
100 1
% s 00 % outpul —e
Unity p.f. 0.8 p.f. Leading

When the load exceeds the synchronous pull out torque, the machine looses synchronism and runs as an induction
motor with fluctuation in torque and slip due to d.c. excitation. With reduction in load torque the motor is
automatically resynchronized.

Advantages of Synchronism Induction Motor

i) The synchronous induction motor can start and synchronize against more than full load torque which
is not possible with salient pole synchronous motor which must be started against light load.
i) The exciter required for synchronous induction motor is of smaller capacity as the gap is not long as

compared to normal salient pole motor.
iii) The rotor winding in synchronous induction motor can function as providing excitation and required

damping. So no separate damper winding is required.
iv) No separate starting and control equipments are required.

Disadvantages of Synchronous Induction Motor
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i) As the gap is small as compared to normal salient pole synchronous motor it will not give large
overload capacity.
i) The variation of power factor is large as compared to normal synchronous motor.

iii) The speed variation is not possible for synchronous induction motor as it runs at constant motor.

Applications of Synchronous Induction Motor
e The applications where mechanical load is to be driven along with phase advancing properties of synchronous
motors are to be used then use of synchronous induction motor is better option.
o applications where in load torque is remaining nearly constant, this motor can be used

20. Which tests are required to be performed to obtain the data for the circle diagram? How these tests are
performed?
The data required to draw the circle diagram is obtained by conducting (i) no load or open circuit test and (ii)
blocked rotor test or short circuit test.
No Load Test
In this test, the motor is made to run without any load i.e. no load condition. The speed of the motor is very
close to the synchronous speed but less than the synchronous speed. The rated voltage is applied to the stator. The
input line current and total in put power is measured. The two wattmeter method is used to measure the total input
power. The circuit diagram for the test is shown in the Fig. 1.

No load
on motor

Fig. 1 No load test

The calculations are,
W,= \/3V0 I, cos®,
Wo
No load power factor, cos @, =
\/EVO Io

The parameters of the equivalent circuit can be obtained as,
I.= I, cos®, = Active component of no load current
Im = I, sin®, = Magnetising component of no load current
R, =V, (per phase) / I (per phase) = No load branch resistance
Xo =V, (per phase)/ |, (per phase) = No load branch resistance
The power input W, consists of following losses,
1. Stator copper loss i.e. 3 1,2 R;*>where |, is no load per phase current and Ry is stator resistance per phase.
2. Stator core loss i.e. iron loss.
3. Friction and windage loss.
Under no load condition, I, is also very small and in many practical cases it is also neglected. Thus W, consists of
stator iron loss and friction and windage loss which are consists for all load conditions. Hence W, is said to give fixed
losses of the motor.
W, = No load power input = Fixed loss
Blocked Rotor Test
In this test, the rotor is locked and it is not allowed to rotate. Thus the slip s =1 and R." = R," (1-S)/s is zero. If
the motor is slip ring induction motor then the windings are short circuited at the slip rings.
A reduced voltage (about 10 to 15 % of rated voltage) is applied such that stator carries rated current. Now the
applied voltage V., the input power Wy and a short circuit current I, are measured.
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As R_' = 0, the equivalent circuit is exactly similar to that of a transformer and hence the calculations are similar
to that of short circuit test on a transformer.
V. = Short circuit reduced voltage (line value)
Is. = Short circuit current (line value)
W, = Short circuit input power
Now  We=V3Vilecos®se v, Line values

Wsc
Short circuit power factor of a motor cos ®¢.= \/EV—I
SC ISC

WSC = 3 (ISC)2 Rle
where Is. = Per phase value
Wsc

Equivalent resistance referred to stator Ry, = m
SC

Equivalent impedance referred to stator, Z;. = V. (per phase)/ I (per phase)

Equivalent reactance referred to stator, X;, = Zlez - Rlez

During this test, the stator carries rated current hence the stator copper loss is also dominant. Similarly the rotor
also carries short circuit current to produce dominant rotor copper loss. As the voltage is reduced, the iron loss which is
proportional to voltage is negligibly small. The motor is at standstill hence mechanical loss i.e. friction and windage
loss is absent. Hence we can write,

W, = Stator copper loss + Rotor copper loss
But it is necessary to obtain short circuit current when normal voltage is applied to the motor. This is practically
not possible. But the reduced voltage test results can be used to find current Isy which is short circuit current if normal
voltage is applied.
If V| = Normal rated voltage (line value)
Vs = Reduced short circuit voltage (line voltage)

Then Ign = (VL / VSC) X ISC

where Is. = Short circuit current at reduced voltage
Thus, Isy = Short circuit current at normal voltage
Now power input is proportional to square of the current.
So Wosy = Short circuit input power at normal voltage
This can be obtained as,
WSN = (ISN / Isc)2 X Wsc
But at normal voltage core loss can not be negligible hence,
Wsy = Core loss + Stator and rotor copper loss

21. Explain the procedure of drawing circle diagram of an induction motor. What information can be
drawn from the circle diagram and how?
By using the data obtained from the no load test and the blocked rotor test, the circle diagram can be drawn
using the following steps:
Step 1: Take reference phasor V as vertical (Y-axis).
Step 2: Select suitable current scale such that diameter of circle is about 20 to 30 cm.
Step3: From no load test, I, and @, are obtained. Draw vector |,, lagging V by angle ®@,. This is the line OO’ as
shown in the Fig.
Step 4: Draw horizontal line through extremity of I, i.e. O, parallel to horizontal axis.
Step 5: Draw the current Igy calculated from I with the same scale, lagging V by angle @y, from the origin O.
This is phasor OA as shown in the Fig.
Step 6: Join O'A. the line O’A is called output line.
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Step 7: Draw a perpendicular bisector of O'A. Extend it to meet line O'B at point C. This is the centre of the
circle.
Step 8: Draw the circle, with C as a center and radius equal to O'C. This meets the horizontal line drawn from
O at B as shown in the Fig.
Step 9: Draw the perpendicular from point A on the horizontal axis, to meet O'B line at F and meet horizontal axis
atD.
Step 10: Torque line.

The torque line separates stator and rotor copper losses.

Thus the vertical distance AD represents power input at short circuit i.e. Wsy, which consists of core loss and
stator, rotor copper losses.

Now FD = O'G = Fixed loss

Where O'G is drawn perpendicular from O' on horizontal axis. This represents power input on no load i.e.
fixed loss.

Hence AF o Sum of stator and rotor copper losses

Then point E can be located as,
AE _ Rotor copper loss

EF ~ Stator copper loss
The line O'E under this condition is called torque line.

Voltage
MN = Maximum output

LL' = Maximum input
JK = Maximum lorque

Power scale: As AD represents Wgy i.e. power input on short circuit at normal voltage, the power scale can be

obtained as,
i Wi/cm
I(AD)
where I(AD) = Distance AD in cm
Location of Point E: In a slip ring induction motor, the stator resistance per phase R; and rotor resistance per
phase R, can be easily measured. Similarly by introducing ammeters in stator and rotor circuit, the currents I and
I, also can be measured.

Power scale =
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K = 1,/l, = Transformation ratio

AE  Rotor copper loss _ 122R2 _Ry R, 1
Now — = = — = —

EF  Stator copper loss 1;%R; R; | 11] " Ry K2
But  R,'= R,/K? = Rotor resistance referred to stator
AE/EF = R,'/R;
Thus point E can be obtained by dividing line AF in the ratio R, to R;.

In a squirrel cage motor, the stator resistance can be measured by conducting resistance test.
Stator copper loss = 3lsn® Ry where gy is phase value.
Neglecting core loss, Wsy = Stator Cu loss + Rotor Cu loss
Rotor copper loss = Wy - 3lsn® Ry
AE/EF = (Wgy - 3lsy” Ry) / (3lsn’ Ry)
Dividing line AF in this ratio, the point E can be obtained and hence O'E represents torque line.
Predicting Performance Form Circle Diagram
Let motor is running by taking a current OP as shown in the Fig. The various performance parameters can be
obtained from the circle diagram at that load condition.
Draw perpendicular from point P to meet output line at Q, torque line at R, the base line at S and horizontal
axisat T.
Using the power scale and various distances, the values of the performance parameters can be obtained as,
Total motor input = PT x Power scale
Fixed loss = ST x power scale
Stator copper loss = SR x power scale
Rotor copper loss = QR x power scale
Total loss = QT x power scale
Rotor output = PQ x power scale
Rotor input = PQ + QR = PR x power scale
Slip s = Rotor Cu loss = QR/PR
Power factor cos = PT/OP
Motor efficiency = Output / Input = PQ/PT
Rotor efficiency = Rotor output / Rotor input = PQ/PR
Rotor output / Rotor input = 1 - s = N/Ns = PQ/PR
The torque is the rotor input in synchronous watts.

Maximum Quantities
The maximum values of various parameters can also be obtained by using circle diagram.
1. Maximum Output: Draw a line parallel to O'A and is also tangent to the circle at point M. The point M can
also be obtained by extending the perpendicular drawn from C on O'A to meet the circle at M. Then the maximum
output is given by I(MN) at the power scale. This is shown in the Fig.
2. Maximum Input: It occurs at the highest point on the circle i.e. at point L. At this point, tangent to the circle is
horizontal. The maximum input given I(LL") at the power scale.
3. Maximum Torque: Draw a line parallel to the torque line and is also tangent to the circle at point J. The point J
can also be obtained by drawing perpendicular from C on torque line and extending it to meet circle at point J.
The 1(JK) represents maximum torque in synchronous watts at the power scale. This torque is also called stalling
torque or pull out torque.
4. Maximum Power Factor: Draw a line tangent to the circle from the origin O, meeting circle at point H. Draw a
perpendicular from H on horizontal axis till it meets it at point . Then angle OHI gives angle corresponding to
maximum power factor angle.
Maximum p.f. = cos {L_{OHI} = HI/OH
5. Starting Torque: The torque is proportional to the rotor input. At s = 1, rotor input is equal to rotor copper loss
i.e. | (AE).
: Teart = I(AE) X Power scale ..., in synchronous watts
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Full load Condition
The full load motor output is given on the name plates in watts or h.p. Calculate the distance corresponding to
the full load output using the power scale.
Then extend AD upwards from A onwards, equal to  Voltage 23,';‘1,’:,‘,‘;
the distance corresponding to full load output, say A'.
Draw parallel to the output line O'A from A’ to meet the
circle at point P'. This is the point corresponding to the
full load condition, as shown in the Fig.

Once point P'is known, the other performance
parameters can be obtained easily as discussed above.

0 -

(o] b DT T,

22. Obtain equivalent circuit parameters from the no load and blocked rotor test on induction motor.
NO LOAD TEST

1. No load power factor, cos g =Wy / Vg lg
V, — No load voltage per phase in volts

lo — No load current per phase in amps

W, — No load power per phase in watts

2. Active Component, ¢ = lggn) €0s (Pg

3. Magnetising Component, Iy, = lopny Sin Qg

4. No load resistance (Rq) = Vo /I, Q
5. No load reactance (Xo) = Vo /I, Q

BLOCKED ROTOR TEST

1. Equivalent impedance referred to stator, Zje ony = Vsc @n) / Iscipn) @

2. Equivalent resistance referred to stator, Rie oy = Wsc oy / [3 Izsc(ph)] Q

3. Equivalent reactance referred to stator, Xiepn = V[( Z1e ony)° — (Rae oy)°] ©
4. Rotor resistance referred to stator (R’; pn)) = Rie (pn) — R1Q

5. Rotor reactance referred to stator (X2 ) = Xiepny / 2 = X1 Q
Where R; - stator resistance per phase

X, — stator reactance per phase

Rl ' 4 R(ac) =16 R(dc)

6. Equivalent load resistance, R’ =R’; (1/s—1) Q

Where slip, s = (Ns— N) / N

N; — Synchronous speed in rpm

N — Speed of motor in rpm
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UNIT IV STARTING AND SPEED CONTROL OF THREE PHASE INDUCTION MOTOR
Need for starting — Types of starters — DOL, Rotor resistance, Autotransformer and Star-delta starters — Speed
control — Voltage control, Frequency control and pole changing — Cascaded connection-V/f control — Slip power
recovery scheme-Braking of three phase induction motor: Plugging, dynamic braking and regenerative braking.

NECESSITY OF ASTARTER IN A THREE PHASE INDUCTION MOTOR.

The three phase induction motors are self starting due to rotating magnetic field. But the motors have a tendency to
draw very high current at the time of starting. Such a current can be five to eight times the rated current and can
damage the motor winding. Hence a starter is used which can limit such high starting current.

In a three phase induction motor, the magnitude of an induced e.m.f. in the rotor circuit depends on the slip of the
induction motor. This induced e.m.f. effectively decides the magnitude of the rotor current. The rotor current in the
running condition is given by, sE,

12 = ——_————
.\/ii + (S Xz)z

At start, the speed of the motor is zero and slip is at its maximum i.e. unity. So magnitude of rotor induced e.m.f. is
very large at start. As rotor conductors are short circuited, the large induced e.m.f. circulates very high current through
rotor at start.

In a three phase induction motor, when rotor current is high, the stator draws a very high current from the supply.
This current can be of the order of 5 to 8 times the full load current, at start.

Due to such heavy inrush of current at start

e There is possibility of damage of the motor winding.

e Causes large line voltage drop.

e Other appliances connected to the same line may be subjected to voltage spikes which may affect their

working.

To avoid such effects, it is necessary to limit the current drawn by the motor at start. The starter is a device
which is basically used to limit high starting current by supplying reduced voltage to the motor at the time of starting.
Such a reduced voltage is applied only for short period and once rotor gets accelerated, full normal rated voltage is
applied.

Functions of a Starter:

limits the starting current

provides the protection against overloading

Provides the protection against low voltage situations.
provides protection against single phasing

I

WORKING OF DIRECT ON LINE STARTER

If large rating induction motors are connected directly to the supply, a heavy starting current can damage the motor
and also cause disturbance of voltage, i.e., voltage dip on mains supply. This can lead malfunctioning of other
equipments connected to the same supply.

Thus DOL starters are limited to small rating motors where distribution system (mains supply) can withstand high
starting currents without excessive voltage dips.

DOL starter consists of MCCB, contactor, and overload relay. It acts as a switch under normal working condition
by providing the means to switch ON and switch OFF the motor.

Construction or Parts of DOL Starter

It consists of two push buttons, one is a green button for starting the motor and the other is red for stopping the
motor. The switching of power supply is carried through an electromagnetic contactor which can be 3 or 4 pole
contactor. This electromagnetic contactor has three NO contacts that connect the motor to the supply line while fourth
contact (also called as an auxiliary contact) works as hold-on contact when the start button is released in order to
energize the contactor coil.

1
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This auxiliary contact (NO or NC) makes the contactor to be electrically latched while motor is operating and
these contacts are less power rated than three main NO contacts. If any reason, power supply fails or voltage drops
excessively, it releases the latch by de-energizing the coil and thus motor disconnected from the supply.

Components of DOL Starter

Contactor Main pole

terminals
3&S

Coil terminals / Auxiliary contact

termingl 13

Coil Main poles ~ Auxiliary
contact
Coil
OWhen coil is energised, it becomes a magnet
Pole contacts closes & Auxiliary contact also
closes
Main pole terminals 2. 4 & 6 Auxiliary contact

terminal 14
<
The contactor coil is connected in series with a start button, stop button and overload trip mechanism. This connection
is called control circuit which is generally energized from two lines of three phase supply via a step down transformer.

Overload Protection

DOL starter is also provided with overload relay to protect the motor from overloads. The overload relays are
provided with heating elements inside of which bimetallic strips are arranged. When excessive current flows through
the motor, overheating causes to damage the motor winding. The overload coil becomes hot when the over current
flows through the motor. This causes to expand bimetallic strip and thereby opens the trip contact.

Overload Unit (Thermal type)

Main pole terminals 1,3 &5

1 Reset
utton

E

N/O Auxiliary contacts also latch open and
Auxiliary when interlocked within control
contacts circuit prevents motor restarting by
97 & 98 itself when cool.

95 & 96

Red hbutt: b ed t t
Main pole terminals 2,4 & 6 Ll Ll S SR


http://www.electronicshub.org/wp-content/uploads/2015/12/Overload-unit-of-DOL-starter.jpg
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This overload mechanism should operate at 20 to 30% overload. When the overload coils trips, the current

through the contactor coil stops flowing and hence the contactor contacts come to the OFF position.Overload relays are
provided with current adjuster such that tripping coil current can be adjusted depending on the load protection
requirement.

Working of DOL Starter

The wiring connection of DOL starter with start and stop buttons is shown in figure below. The DOL starter

main terminals are connected between the mains supply terminals and motor terminals while the control circuit

is energized with two terminals of three

phase supply as illustrated in figure. E Y B Three phase

When the start button is pressed, current supply Remote  Remote

will flow through one phase to the :

control circuit and the contactor coil to hee

the other phase. This current energizes e Step | § J_

the contactor coil which makes to close _ _Cemtacter Y N e S ” —Q.I.Q—'-

the contacts thereby three phase supply is :

connected to the motor. Since the start j

button is of pushbutton, when it is :
)
|
}

released the control circuit still maintains
the supply through hold-on contact.

If the stop button is pressed or overload v

relay coil operate, the current path Hold-on

through contactor coil will break and i 72/ | Ovarload Eonttok
hence the contactor contacts drops out, : f I relay

thus breaking the supply to the motor. - o

Once the power supply is interrupted,
again the supply to the motor is —
established by pressing the start button. // \\
The thermal overload protection relay AC
operates depending on the heating effect

of the load current. When the load Motor
current heats the thermal coils, bimetallic
strip inside of it expands such that it trips
out the spring-loaded contact in the control circuit. The speed at which relay operates decided by the current
adjustment. Typically it will be four to five times the rated motor current.

DOL starter can be operated remotely for remote control switching of motor from any number of desired places.
For remote control switching one should remember that, all the remote ON push buttons must be connected in
parallel to ON pushbutton of the starter whereas all remote OFF push buttons must be connected in series with

OFF pushbutton of the starter. Connect the remote ON and OFF switches as shown in dotted line in the figure
for remote control operation.

Advantages of DOL Starter

It provides high starting torque.

Simple to use and most economical.

Control circuitry is simple to establish and troubleshoot.
Easy to find fault and make necessary connections.
More compact in size and thus occupies less space.

Disadvantages of DOL Starter

High starting current, typically in the range of 6 to 8 times the full load current
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e The inrush current of large motor may cause a big voltage dip or drop in electrical supply system which will
affect other electrical appliances connected to it.

e The unnecessary high starting torque required by the load may cause increasing mechanical stresses on motor
mechanical parts as well as the loads.

e Itis not feasible for high rating motors, typically above 10 KW

STARTING METHODS USED FOR THREE PHASE INDUCTION MOTOR

Methods for starting induction motors are:
Squirrel Cage Motor
a. Primary resistors (or reactors or rheostats) or stator resistance starter.
b. Autotransformer (or auto starter)
c. Star-delta starters
Slip ring Motors
a. Rotor rheostat or rotor resistance starter
Squirrel Cage Motor
a. Primary resistors
In order to apply the reduced voltage to the stator of the induction motor, three resistances are added in series with
each phase of the stator winding. Initially the resistances are kept maximum in the circuit. Due to this, large voltage
gets dropped across the resistances. Hence a reduced voltage gets applied to the stator which reduces the high starting
current. The schematic diagram showing stator resistances is shown in the Fig.
When the motor starts running, the resistances are gradually cut-off from the stator circuit. When the resistances
are entirely removed from the stator circuit i.e. rheostats in RUN position then rated voltage gets applied to the stator.
Motor runs with normal speed.

e The starter is simple in construction and cheap.
e It can be used for both star and delta connected o —0
stator. s
e Large power losses due to resistances. 3 F:gse o OOO
e The starting torque of the motor reduces due to  supply r— o 9
reduced voltage applied to the stator. i Squirrel
P,=Txwo 1 * ' cage

rotor
Where T = torque produced RUN T START Stator of
P, = rotor input at N; Starting induction motor
Ta P2 _ resistance
P
But P,=— where P, = total copper loss
S
315 %Ry
. S
I 2
2r
Therefore T o

S

But rotor current I, and stator current are related to each other through transformer action.
2

I
T oo — where |, = stator current
S

Atstart,s=1, T=Tgand |, = I
Ty ol 2 (1)

When stator resistance starter is used, the factor by which stator voltage reduces is say x< 1. The starting
current is proportional to this factor x. So if is the normal current drawn under full rated voltage condition at start then,

4
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Ist = X lsc (2
To = (X lsc)’ 3
E:
But TeL a S— where s = full load slip 4)
f

Taking ratio of (3) and (4),

st 2 [ sc ]
This method is useful for the smooth starting of small machines only.

b. Autotransformer (or auto starter) or compensators
A three phase star connected -

autotransformer can be used to reduce the Three phase star connected

voltage applied to the stator. Such a starter is

called an autotransformer starter. The schematic

diagram of autotransformer starter is shown in

the Fig.

It consists of a suitable change over switch, St — q ‘l
y 3% 44 5% 6

When the switch is in the start position, the / 7

1
stator winding is supplied with reduced voltage. Three ~—/ 3 41/ P
This can be controlled by tappings provided phase

Change over
switch Stator winding

supply o

with autotransformer. U U U

'I_'he reduction in app_lled voltage by the 0.3 Squirrel
fractional percentage tappings X, used for an OOOO ~— cage
autotransformer is shown in fig. rotor

When motor gathers 80 % of the normal
speed, the change over switch is thrown into run

1
-— Aulctransformer ——e-=— nduction motor  =———

1

position. | I (Motor)
Due to this, rated voltage gets applied to stator B o :
winding. The motor starts rotating with normal ¥ i
speed. Changing of switch is done automatically Vav, Vy !
by using relays. J l W !

e The power loss is much less in this type of L TN ]

starting. :
e It can be used for both star and delta connected B i
motors. 1 '

e But it is expensive than stator resistance starter.

Voltage across motor phase on direct switching is V/\3 and starting current is
lst = lsc

With auto starter, voltage across motor phase is KV/A3 and lsy = K Iy
2

I
Now, Tst 0 I_Zt (s=1) and Tr o ——
Sf
T I 2 T 2
L =[=]s or St—K2[ 1" s
TrL Ifp, Trr IEg,
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c. Star-delta starters

This is the cheapest starter of all and hence used very commonly for the induction motors. It uses Triple Pole
Double Throw (TPDT) switch. The switch connects the stator winding in star at start. Hence per phase voltage gets
reduced by the factor 1/4/3. Due to this reduced voltage,
the starting current is limited. 3 Phase supply

When the switch is thrown on other side, the 1] 2| 3|
winding gets connected in delta, across the supply. So it
gets normal rated voltage. The windings are connected ? S %
in delta when motor gathers sufficient speed. The ——
arrangement of star-delta starter is shown in the Fig. é

The operation of the switch can be automatic by
using relays which ensures that motor will not start with sl
the switch in Run position.
Advantages 3
e The cheapest of all and maintenance free 3
operation. 1] 24 3
Limitations R
e It is suitable for normal delta connected ‘ ‘
motors and the factor by which voltage 7

changes is 1 / V'3 which cannot be changed. 7o) TPDT __»
. . (o) switch
It is used for machine tools, pumps and motor o) Start
generators etc. o 9

Squirrel
cage rotor

1
I per phase = —

3
Teal? (s=1)

Is. per phase

Ipy, 2
and TeL a S
f
T_St_ IL‘E 2 _ Isc 2 _l Ii 2
Trr _[IFL] T [\/§1FL] ' _3[IFL] o

The star-delta switch is equivalent to an autotransformer of ratio 1/\/3 or 58% approximately.
Slip ring Motors
a. Rotor rheostat or rotor resistance starter

To limit the rotor current which consequently reduces the current drawn by the motor from the supply, the
resistance can be inserted in the rotor circuit at start. This addition of the resistance in rotor is in the form of 3 phase
star connected rheostat. The arrangement is shown in the Fig.

The external resistance is _
inserted in each phase of the 1 Slip ring

rotor winding through slip ring Ro

and brush assembly. Brush
Initially maximum Y Se— )
resistance is in the circuit. As Extormal
erna
motor  gathers speed, the B rheostat

resistance is gradually cutoff.
The operation may be manual Stator
or automatic.

The starting torque is proportional to the rotor resistance.

6

Slip ring rotor
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Advantage
e Not only the starting current is limited but starting torque of the motor also gets improved.
Limitation
e It can be used only for slip ring induction motors as in squirrel cage motors; the rotor is permanently short
circuited.
SPEED CONTROL OF INDUCTION MOTOR
1. Control from stator side
a. By changing the applied voltage
b. By changing the applied frequency
c. By changing the number of stator poles
2. Control from rotor side
d. Rotor rheostat control
e. By operating two motors in concatenation or cascade
f. By injecting an emf in the rotor circuit.
(a) By changing the applied voltage
sE22R2
T o7y (x2)2
Rotor induced emf at standstill, E, depends on the supply voltage V
EaV
For low slip region, (sX2)? << Rz, hence
sV2R2
R22
If supply voltage is reduced below rated value, as per above equation, torque produced also decreases. But to
supply the same load it is necessary to develop same torque hence value of slip increases so that torque produced
remains same.
Slip increases means motor reacts by running at lower speed, to decrease in supply voltage. So motor produces
the required load torque at a lower speed.
This method, though the cheapest and the easiest, is rarely used because
(1) A large change in voltage is required for a relatively small change in speed
(i) Due to reduction in voltage, current drawn by the motor increases. Due to increased current, the
motor may get overheated.
(iii) ~ This large change in voltage will result in a large change in the flux density thereby seriously
disturbing the magnetic conditions of the motor.
(b) By changing the applied frequency or supply frequency control or V/f control

Whenever three phase supply is given to three phase induction motor rotating magnetic field is produced which

120f
rotates at synchronous speed given by N = N

a a s V2 for constant R,

In three phase induction motor, emf is induced by induction similar to that of transformer which is given by

EorV=444OKTTf
\%

444 KTf

Where, K is the winding constant, T is the number of turns per phase and f is frequency. If we change frequency,
synchronous speed changes. But with decrease in frequency, flux will increase and this change in value of flux causes
saturation of rotor and stator cores which will further cause increase in no load current of the motor .

To maintain flux, ¢ constant, it is only possible if we change voltage. i.e if we decrease frequency, flux increases
but at the same time if we decrease voltage flux will also decease causing no change in flux and hence it remains
constant. So, here we are keeping the ratio of V/f as constant. Hence its name is V/ f method. For controlling the speed

o=


https://www.electrical4u.com/what-is-magnetic-field/
https://www.electrical4u.com/what-is-transformer-definition-working-principle-of-transformer/
https://www.electrical4u.com/what-is-flux-types-of-flux/
https://www.electrical4u.com/voltage-or-electric-potential-difference/
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of three phase induction motor by V/f method we have to supply variable voltage and frequency which is easily
obtained by using converter and inverter set.
The normal supply available is constant voltage constant frequency a.c. supply. The converter converts this supply
into a d.c. supply. This d.c. supply is then given to the
inverter. The inverter is a device which converts d.c. c Variable V
supply, to variable voltage variable frequency a.c. Input —  DC. ] variablef [*
supply which is required to keep V/f ratio constant. By constantV ™ " | Sonener = Inverer | AC.Supply \
selecting the proper frequency and maintaining V/f constantf
constant, smooth speed control of the induction motor is possible.
Disadvantages
e Used where the induction motor is the only load on the generators.
e Range over which the motor speed may be varied is limited.
e The supply cannot be used to supply other devices which require constant voltage.
(c) By changing the number of stator poles
The method is called Pole Changing method of controlling the speed. In this method, it is possible to have one, two
or four speeds in steps, by changing the number of stator poles. A continuous smooth speed control is not possible by
this method.
The stator poles can be changed by following methods
1. Consequent poles method
2. Multiple stator winding method
3. Pole amplitude modulation method.
Consequent Poles Method
In this method, connections of the stator winding are changed with the help of simple switching. Due to this, the
number of stator poles get changed in the ratio 2 1. Hence either of the two synchronous speeds can be selected.
Consider the pole formation due to single phase of a three phase winding, as shown in the Fig. There are three
tapping points to the stator winding. The supply is given to two of them and third is kept open.
The current in all the parts of

stator coil is flowing in one :
direction only. Due to this, 8 poles /\ /\
get formed as shown in the Fig. So

2 ospakiiky [{;-’.*fs';‘J_El sfabiksy bt
3

>
>

synchronous speed possible with spubiih] bobev] sPakiskiy Fofy
this arrangement with 50 Hz N N ! N
frequency is N = 750 r.p.m. \«—/ \4»—/ N N
If the two terminals to which ( (
supply was given earlier are joined Supply ‘ [

together and supply is given
between this common point and the open third terminal, the poles are formed as shown in the Fig.
The direction of current through

two coils is different than the
direction  of current through /\ /\
remaining two. Thus upward /\ /\ /\

direction is forming say S pole and
k] Ee el NTEE P S ] PN

downward say N. In this case only 4 sfii
synchronous speed possible is 1500 \f_/ \J_/ \_/ AN

poles are formed. So the
r.p.m. for 50 Hz frequency. L

A

S O TS

o

A

Disadvantage .

e The speed change is in step and  Supply -y fT
smooth speed control is not o
possible.

(o]
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e The method can be used only for the squirrel cage type motors as squirrel cage rotor adjusts itself to same number
of poles as stator which is not the case in slip ring induction motor.
Applications
Elevators, traction motors and small motors to drive machine tools.
Multiple stator winding method
In this method instead of one winding, two separate stator windings are placed in the stator core. The windings
are placed in the stator slots only but are electrically isolated from each other. Each winding is divided into coils to
which, pole changing with consequent poles, facility is provided.
Thus giving supply to one of the two windings and using switching arrangement, two speeds can be achieved. Same is
true for other stator winding. So in all four different speeds can be obtained.
Limitations
1. Can be applied to only squirrel cage motor.
2. Smooth speed control is not possible. Only step changes in speed are possible.
3. Two different stator windings are required to be wound which increases the cost of the motor.
4. Complicated from the design point of view.
Pole amplitude modulation method
In this method of speed control of three phase induction motor the original sinusoidal mmf wave is modulated by
another sinusoidal mmf wave having different number of poles.
Let
1(0) be the original mmf wave of induction motor whose speed is to be controlled.
f,(8) be the modulation mmf wave.
P, be the number of poles of induction motor whose speed is to be controlled.
P, be the number of poles of modulation wave.

P8
f1(8) = Fy siﬂ%

fa6) = Fasin 22

After modulation resultant mmf wave

P . Py
F,{8) = F,Fysin TlsmT”

X . A—B A+ B
Apply formula far?mnAmB:mﬂT—mﬂ 5

So we get, resultant mmf wave

P,—P,)8 P 4+P5)0
DB{IEE} _CDE{]';E}

2
Therefore the resultant mmf wave will have two different number of poles
P11 = Pl - P2 and P12 = Pl + P2

C
FT(E):FIF‘E

Therefore by changing the number of poles we can easily change the speed of three phase induction motor.
(d) Rotor rheostat control
sE22R2

g — R
R22+ (sX2)2
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For low slip region, (sX2)? << Rz, and can be neglected and for constant supply voltage E: is
also constant.

3-Phage O———— Starting Rheostat
Supply & Speed Controller

Thus if the rotor resistance is increased,
the torque produced decreases. But when the load oo =
on the motor is same, motor has to supply same
torque as load demands. So motor reacts by
increasing its slip to compensate decrease in T gg?g"s““’r
due to R2 and maintains the load torque constant. .

So due to additional rotor resistance R,
motor slip increases i.e. the speed of the motor decreases.

Advantage

e By increasing the rotor resistance R, speeds below normal value can be achieved.

e The starting torque of the motor increases proportional to rotor resistance.

Disadvantage

o The large speed changes are not possible. This is because for large speed change, large resistance is required to be
introduced in rotor which causes large rotor copper loss to reduce the efficiency.

The method cannot be used for the squirrel cage induction motors.

The speeds above the normal values cannot be obtained.

Large power losses occur due to large 1°R loss.

Sufficient cooling arrangements are required which make the external rheostats bulky and expensive.
Due to large power losses, efficiency is low.

Rotor

(e) By operating two motors in concatenation or cascade or Tandem operation

In this method, two induction motors are mounted on the same shaft. One of the two motors must be of slip ring
type which is called main motor. The second motor is called auxiliary motor. The arrangement is shown in the Fig.

Three phase

The auxiliary motor can be slip ring type B

or squirrel cage type.
The stator of the main motor is connected
to the three phase supply while the supply of _ /T
the auxiliary motor is derived at a slip
frequency from the slip rings of the main i N
motor. This is called cascading of the motors. ‘ _ Stator
If the torques produced by both act in the Main
same direction, cascading is called cumulative motor
cascading.
If torques produced are in opposite direction, cascading is called differential cascading.
Pa = Number of poles of main motor
Ps = Number of poles of auxiliary motor
f = Supply frequency
120 f

Auxiliary motor

Slip rings

/ Slip rings
.

u {/ Shaft

p— p—

SA =
Let N = actual speed of the concatenated set
Ngp —N
SA=——
"7 N _
fa = frequency of rotor induced emf of motor A

10
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fa=saf as fr = sf

The supply to motor B is at frequency fj, ie. fzg = fa
120 fg  120fy 120sp,f 120(Ngy—N)f
SB = = = =

Pg Pg Pg Pp x Nga
On no load, the speed of the rotor B i.e. N is almost equal to its synchronous speed Nsg.
Nsg =N
120(Ngp —N)f  120f N 120 f N
= = X[l' ]: X['120f]
PB X NSA PB NSA PB -
Pa
120 f NP,
TN
Pp 120f
Pa 120 f
N [1 +— ] =
Pp Pp
_120f
N Pp+Pp

If by interchanging any two terminals of motor B, the reversal of direction of rotating magnetic field of B is
achieved then the set runs as differentially cascaded set. And in such a case effective number of poles are P — Pg.

Thus in cascade control, four different speeds are possible as,
a. With respect to synchronous speed of A independently,

_120f
S— PA

b. With respect to synchronous speed of B independently with main motor is disconnected and B is directly connected
to supply,

N = 120 f
s = Pp
c. Running set as cumulatively cascaded with,
_120f
N Pa+Pp
d. Running set as differentially cascaded with,
120 f
N=
PAo—Pp

Disadvantages
1. It requires two motors which makes the set expensive.

2. Smooth speed control is not possible.
3. Operation is complicated.
4. The starting torque is not sufficient to start the set.
5. Set cannot be operated if P, = Pg.
(f) By injecting an emf in the rotor circuit.
In this method, a voltage is injected in the rotor circuit. The frequency of rotor circuit is a slip frequency and hence
the voltage to be injected must be at a slip frequency.
The injected voltage may oppose the rotor induced e.m.f. or may assist the rotor induced e.m.f.
e Ifitisin the phase opposition, effective rotor resistance increases.
e Ifitisin the phase of rotor induced e.m.f., effective rotor resistance decreases.
Thus by controlling the magnitude of the injected e.m.f., rotor resistance and effectively speed can be
controlled.
Practically two methods are available which use this principle. These methods are,
1. Kramer system 2. Scherbius system
Kramer system
» It consists of main induction motor M, the speed of which is to be controlled. The two additional equipments are,
d.c. motor and a rotary converter.

11
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YV V VYV

>VYVY VYV VY

The slip rings of the main motor are connected to the a.c. side of a rotary converter.

The d.c. side of rotary converter feeds a d.c. shunt motor commutator, which is directly connected to the shaft of
the main motor.

A separate d.c. supply is required to excite the field winding of d.c. motor and exciting winding of a rotary
converter.

The variable resistance is introduced in the field circuit of a d.c. motor which acts as a field regulator.

*- +
I L D.C. Supply
¥ 7

Mechanical < 0900

coupling \ Slip rings
 nnAr — ———— 0 ] [« onacside
- DC. - Rotary - - of rotary
Con -Motor  converter converter
Main

motor / T T

Slip

rings of M
The speed of the set is controlled by varying the field of the d.c. motor with the rheostat R.
When the field resistance is changed, the back e.m.f. of motor changes. Thus the d.c. voltage at the commutator
changes. This changes the d.c. voltage on the d.c. side of a rotary converter.
Now rotary converter has a fixed ratio between its a.c. side and d.c. side voltages. Thus voltage on its a.c. side also
changes.
This a.c. voltage is given to the slip rings of the main motor.
So the voltage injected in the rotor of main motor changes which produces the required speed control.

dvantages

smooth speed control is possible

wide range of speed control is possible

the design of a rotary converter is practically independent of the speed control required

if rotary converter is overexcited, it draws leading current and thus power factor improvement is also possible
along with the necessary speed control

Y VVY

Very large motors above 4000 kW such as steel rolling mills use such type of speed control.

Scherbius system

>
>

This method requires an auxiliary 3 phase or 6 phase a.c. commutator machine which is called Scherbius machine.
The  difference  between

Kramer system and this T \F:
system is that the Scherbius (L B
machine is not directly

connected to the main motor, Brushes Auxiliary
whose speed is to be a— 120° apart induction

4 machine

i

controlled.

The Scherbius machine is

excited at slip frequency from

the rotor of a main motor

through a regulating

transformer.

The taps on the regulating

transformer can be varied, this Requlati J - Starting
egulating resistance

changes the voltage developed

transformer
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in the rotor of Scherbius machine, which is injected into the rotor of main motor. This controls the speed of the
main motor.

» The Scherbius machine is connected directly to the induction motor supplied from main line so that its speed
deviates from a fixed value only to the extent of the slip of the auxiliary induction motor.

» For any given setting of the regulating transformer, the speed of the main motor remains substantially constant
irrespective of the load variations.

Similar to the Kramer system, this method is also used to control speed of large induction motors.
The only disadvantage is that these methods can be used only for slip ring induction motors.

SLIP POWER RECOVERY SCHEME

Static Kramer Drive

The static Kramer-drive is the method of controlling the speed of an induction motor by injecting the opposite-
phase voltage in the rotor circuit. The injected voltage increases the resistance of the rotor, thus controlled the speed of
the motor. By changing the injected voltage, the
resistance and speed of an induction motor are AC Supply
controlled. |

The static Kramer-drive converts the slip
power of an induction motor into AC power and
supply back to the line.

The slip power is the air gap power between
the stator and the rotor of an induction motor which
is not converted into mechanical power.

Thus, the power is getting wasted. The
static Kramer drives fed back the wasted power into
the main supply. This method is only applicable
when the speed of the drive is less than the
synchronous speed. Static Kramer Drive Circuit

Static Scherbius System

» Both the converters are controlled converter. Because of this the power flow in the rotor circuit becomes
bidirectional and the induction motor can be operated in sub synchronous as well as super synchronous region
of operation.

Sub synchronous mode

1 ehose — T I —1

o Power must be extracted from the rotor supply

e Therefore Bridge 1 act as rectifier ( o, < ° —I
90°)

e Bridge 2 act as inverter (a2 > 90°) to feed r |
the slip power (extracted from the rotor) | Transtormer
back to A.C. supply.

e The slip power flows from the rotor
circuit to bridgel, bridge2 and
transformer and to the supply.

e At subsynchronous speeds the slip power
sPn, is supplied to the rotor by the exciter
and so the remaining output power (1-s)

Pm is supplied to the shaft. aareshonnl
Ehp powentsP,
Super- synchronous mode
o Power must be supplied to the rotor Ehose controtied Bhose canlvolied

bridge 1 bridge 2
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Bridge ‘1’ act as the inverter ( a; > 90°)

Bridge ‘2’ operates as the rectifier ( a; < 90°)

The power flow is now from the supply to transformer, bridge2, bridgel and to the rotor circuit.

At supersynchronous speeds, the rotor output power flows in the opposite direction so that the total shaft
power increases to (1+s) Pm.

Table shows the summary of operation

Region of operation Bridge 1 Bridge2 Power flow
Subsynchronous (o < ®s ) Rectifier (o, <90°) Inverter (o, >90°) From Rotor to AC supply
Supersynchronous (o > ws) | Inverter (a; > 90°) Rectifier( o, <90°) From AC supply to rotor

» Rotor voltage and frequency vary linearly with deviation from synchronous speed. For example, if the shaft
speed varies in the range of 800-1600 rpm with 1200 rpm as the synchronous speed (s=+0.33) the range of slip
frequency will be 0->20Hz for a 60Hz supply frequency.

» Near synchronous speed, slip frequency emf’s are insufficient for natural commutation of thyristors. This
difficulty can be overcome by using forced commutation.

» Thus, the provision of both sub synchronous and super synchronous speed operation complicates the static
converter system and nullifies the advantages of simplicity and economy which are inherent in a purely sub
synchronous drive.

» In addition, static scherbius drive is expensive than static Kramer drive because six diodes are replaced by six
thyristors and their controlled circuitry.

Advantages

e The machine can be controlled continuously about 50% above and below the synchronous speed with a
converter rating of about 50% of the machine capacity
e The static Scherbius drive overcomes the forward motoring only limitation of the static Kramer drive

BRAKING OF THREE PHASE INDUCTION MOTOR.

The braking is the process of reducing the speed of an induction motor. In braking, the motor works as a generator
developing a negative torque which opposes the motion of a motor. The braking of an induction motor is mainly
classified into three types. They are

a. Regenerative Braking B ,T B j
b. Plugging or reverse voltage Y T) Sl‘ilnzps'y Y D ﬁ?ni@y
braking R R

c. Dynamic Braking Stator Stator

Dynamic or Rheostatic Braking

In rheostatic braking, one supply
line out of R, Y or B is disconnected from
the supply. Depending upon the condition
of this disconnected line, two types of
rheostatic braking can be achieved.

Rotor Rotor

Rheostat Rheostat

in rotor in rotor
1. Two lead connections: cireuit circuit
In this method, the disconnected
line is kept open. This is shown in the Fig.
(a) and is called two lead connections. (a) Two lead connections (b) Three lead connections

14
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2. Three lead connections:

In this method, the disconnected line is connected directly to the other line of the machine. This is shown in

Fig (b)

In both cases, a high resistance is inserted in the rotor circuit, with the help of rheostat.

Thus this method is effective only for slip ring or wound rotor induction motors

As one of the motor terminal is not connected to the supply, the motor continues to run as a single phase motor. In

this case the breakdown torque i.e.

maximum torque decreases to 40 % of its Torque

original value and motor develops no

starting torque at all. And due to high rotor T

resistance, the net torque produced becomes [~ 7T T T T T T T T T T T T T T T T T O AN T T T

negative and the braking operation is

obtained.

In two lead connections, the braking torque

is small while in three lead connections, the

braking torque is high at high speeds.

But in three lead connections there is

possibility of inequality between the contact

resistances in connections of two paralleled s

lines. This might reduce the braking torque N

and even may produce the motoring torque

again.

Hence inspite of low braking torque, two lead connections is preferred over three lead connections.
The torque-slip characteristic for motoring and braking operation is shown in the Fig.

st

|¢———— Braking ———m{«—+— Motoring

> Slip '

o
nou
]
o
Z 0

2 s =1
N, N=0

Plugging or Counter Current Braking

VY VYVYY

A\

The reversal of direction of rotation of motor is the main principle in plugging of motor.

In case of an induction motor, it can be quickly stopped by interchanging any two stator leads.
Due to this, the direction of rotating magnetic field gets reversed suddenly.

This produces a torque in the reverse

direction and the motor tries to rotate Both the powers
in opposite direction. get dissipated as heat
Effectively the brakes are applied to Interchanging
the motor. Thus during the plugging, of stator leads
the motor acts as a brake.

The method can be applied to both
squirrel cage as well as wound rotor
induction motors.

One important aspect about plugging
is production of very high heat in the
rotor. Stator

While plugging, the load keeps on revolving and rotor absorbs Kinetic energy from the revolving load, causing
speed to reduce.

The corresponding gross mechanical power Py, is entirely dissipated as heat in the rotor.

Similarly as stator is connected to supply, rotor continues to receive power P, from stator which also gets
dissipated as heat in the rotor.

Load

15
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>

The plugging should not be done frequently as due to high heat produced rotor may attain high temperature which
can melt the rotor bars and even may over heat the stator as well.

D.C. Dynamic Braking

>

YV V VYV V

A quick stopping of an induction motor and its high inertia load can be achieved by connecting stator terminals to
a d.c. supply.

Any two stator terminals can be connected to a d.c. supply and third terminal may be kept open or may be
connected directly to other stator terminal. This is called d.c. dynamic braking.

If third terminal is kept open it is called two lead connections while if it is shorted directly with other stator
terminal it is called three lead connections.

A diode bridge can be used to get d.c.

supply. R {T Supply

The Fig. shows two lead connections . . lines

with a diode bridge for a d.c. Vo | Input
dynamic braking of an induction transformer

motor.

for rectifier

When d.c. is supplied to the stator,
stationary poles N, S are produced in
stator.

The number of stationary poles is P
for which stator winding is wound.
As rotor is rotating, rotor cuts the
flux produced by the stationary poles.
Thus the a.c. voltage gets induced in
the rotor.

This voltage produces an a.c. current
in the rotor.

The motor works as a generator and the I R losses are dissipated at the expenditure of kinetic energy stored in the
rotating parts. Thus dynamic braking is achieved.

When all the kinetic energy gets dissipated as heat in the rotor, the induction motor comes to rest.
ADVANTAGES

1. The heat produced is less compared to the plugging.

2. The energy dissipated in the rotor is not dependent on the magnitude of the d.c. current.

3. The braking torque is proportional to the square of the d.c. current.

4. Quick stopping of the motor is possible.

5. The method can be used for wound rotor or squirrel cage rotor induction motors.

To d.c. supply

Bridge
rectifier

Regenerative Braking

The input power to a three phase induction motor is given by,
Pin = 3Vph Iph cos @

where @ = Angle between stator phase voltage and phase current
This @ is less than 90° for

. . R
the motoring action. Stator v Supply
If the rotor speed is increased O O O B lines
greater than the synchronous speed
with the help of external device, it = A
acts as an induction generator. — —
It converts the input mechanical Rotor
energy to an electrical energy which
is given back to supply. / \ Induction
motor A
Petrol engine running as to lines
( External device ) generator

Njgys
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YVVVYY

It delivers active power to the 3 phase line. The @ becomes greater than 90°.

The power flow reverses hence rotor induced e.m.f. and rotor current also reverse.

So rotor produces torgue in opposite direction to achieve the braking.

As the electrical energy is given back to the lines while braking, it is called regenerative braking.
The arrangement for regenerative braking is shown in the Fig.

The torque-slip characteristic for motoring and generating action is shown in the Fig.

Torque

f

Starting

torque
Slip
s=1 speed
N=0 —

1
1
I
I
l
I
i
I
1
1
i
1
I
I
1
T
1
1
I
I
I
I
i
I
r
1

Motoring
i 0=s<1 1
e '
! Generating !
s<0
Regenerative

braking region

Advantage
» The generated power can be used for useful purposes.

Disadvantage
» For fixed frequency supply it can be used only for speeds above synchronous speed.

QUESTION BANK

PART A
1. What is the effect of change in input voltage on starting torque of induction motor? (April 2017) (April 2016) (Nov
2015)
2. State any two advantages of speed control of induction motor by injecting an emf in the rotor circuit.

(April 2017)
3. What is the effect of increasing the rotor resistance on starting current and torque? (Nov 2016)
4. List out the methods of speed control of cage type 3 @ induction motor. (Nov 2016)
5. What are the different methods of speed control of three phase induction motor? (Nov 2015)
6. Why starter is necessary for the induction motor? (May / June 2012)
7. Mention the various methods of starting of a 3-phase induction motor (May / June 2009)
8. State the effect of rotor resistance on starting torque. (Nov / Dec 2011)
9. State the drawback of star-delta starter. (May / June 2011)
10. What are the advantages of rotor resistance speed control method? (May / June 2011)
11. What are the disadvantages of rotor rheostat speed control method?  (may 2010)
12. What is the function of rotary converter? Where it is used?
13. What are the advantages of Kramer system of speed control?
14. Write the expression for concatenated speed of the set.
15. What are the methods of speed control preferred for large motors?
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How is speed control achieved by changing the number of stator poles?

How can varying supply frequency control speed?

What is plugging? (May 2014)

What is dynamic braking?

What is DC dynamic braking?

What is regenerative braking?

What is slip power recovery scheme? (Dec 2013)

Point out the disadvantages of rotor rheostat control to obtain variable speed of induction motor. (Dec-2006)
Give the functions performed by induction motor starter. (May 2006)

A 3 phase squirrel cage induction motor should not be started directly from the main supply. State reasons. (May 2008)
Why is pole changing method of speed control not used with wound rotor motors? (may 2009)

Give the advantages of Rotor resistance starter. (Nov 2011)

What type of protection is provided in the starter meant for 3 phase induction motors? (Nov 2014)

While controlling the speed of an induction motor, how is super synchronous speed achieved? (Nov 2011)
Which is the cheapest method of starting a 3 phase induction motor?
PART B
Explain the speed control of a 3 phase induction motor with slip power recovery scheme. (16) (April 2017)
0] State the different methods of starting of 3 phase induction motor and discuss in detail any two
methods. 8
(ii) With aid of diagrams explain the principle of the following methods of speed control of a 3 phase
induction motor.
(1) variable Frequency (2) cascade connection 8) (Nov 2016)
(i Describe a starter suitable for a 3 phase slip ring induction motor. (6)
(ii) Determine approximately the starting torque of an induction, motor in terms of full load torque when.
started by

(1) Star—delta starter and
(2) Auto—starter with 50% tapping. The short circuit current of the motor at normal voltage is 5 times the full
load current and the full load slip is 4%. (10)(Nov 2016)

0] Explain in detail the speed control methods of induction motor. (8)

(i) Explain in detail the scherbius system of speed control. (8) (April 2016)

(M Describe a starter available for a 3-phase slip ring induction motor. (8)

(i) A small squirrel-cage induction motor has a starting current of six times the full load current and a full-load slip

of 0.05. Find in pu of full-load values, the current (line) and starting torque with the following methods of starting ((a) to

(d)).

(a) Direct switching, (b) Stator-resistance starting with motor current limited to 2 p.u, (c) auto-transformer
starting with motor current limited to 2 p.u, and (d) Y-delta starting. (¢) What auto transformer ratio would give 1 p.u
starting torque? (8) (April 2016)

Explain the various method of starting of three phase squirrel cage type Induction motor. (16) (Nov 2015)

Explain the different methods by which speed control of induction motor is achieved (16) (Nov 2015)

Why starters are necessary for starting 3-phase induction motors? What are the various types of starters? Explain any two
in detail.

Explain the speed control of 3-phase induction motor by slip power recovery scheme with neat sketches.

Explain plugging and regenerative braking in 3-phase induction motor.

Explain the speed control techniques of induction motor by varying the supply frequency and state the advantages of this
method. (May/ June 2011)

Explain the various schemes of starting squirrel cage induction motor. (16) (Dec 2006)

(i) The rotor of a 4 pole, 50 Hz slip ring induction motor has a resistance of 0.3 Q per phase and runs at 1440 rpm at
full load. Calculate the external resistance per phase which must be added to lower the speed to 1320 rpm, the torque
being the same. (6)

18
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(i) Explain the cascade operation of induction motors to obtain variable speed. (10) (Dec 2006)

(i) Is a 3 phase induction motor self starting? How are they started? Discuss the theory of star-delta starter. (8)

(i) Explain the speed control of 3 phase squirrel cage induction motor by pole changing. (8) (May 2006)

Explain with neat diagram the static Scherbius drive system of slip power recovery scheme. (16) (Dec 2007)

(i) With the aid of diagrams, explain the principle of the following methods of speed control of a 3 phase induction
motor (a) variable frequency (b) pole changing (10)

(i) Describe in detail the different types of electric braking used for 3 phase induction motors. (6) (may 2009)
Explain with neat sketches, the working of cascaded connection method and slip power recovery scheme of speed control
of induction motor. (16) (May 2009)

A 15 HP, three phase, 6 pole, 50 Hz, 400V, delta connected IM runs at 960 rpm on full load. If it takes 86.4 A on direct
starting, find the ratio of starting torque to full load torque with a star-delta starter. Full load efficiency and power factor
are 88% and 0.85 respectively. (6) (May 2011)

A 3 phase 440V distribution circuit is designed to supply not more than 1200 A. Assuming that a 3 phase squirrel cage
induction motor has full load efficiency of 0.85 and a full load power factor of 0.8 and that the starting current at rated
voltage is 5 times the rated full load current, what is the maximum permissible kW rating of the motor if it is to be started
using an auto transformer stepping down the voltage to 80%? (4) (Nov 2014)

A 3 phase induction motor takes a starting current which is 5 times full load current at normal voltage. Its full load slip is
4 %. What auto transformer ratio would enable the motor to be started with not more than twice the full load current
drawn from the supply? What would be the starting torque under this condition? (8) (May 2014)
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UNIT V SINGLE PHASE INDUCTION MOTORS AND SPECIAL MACHINES

Constructional details of single phase induction motor — Double field revolving theory and operation — Equivalent
circuit — No load and blocked rotor test — Performance analysis — Starting methods of single-phase induction
motors — Capacitor-start capacitor run Induction motor- Shaded pole induction motor - Linear induction motor —
Repulsion motor - Hysteresis motor - AC series motor- Servo motors- Stepper motors - introduction to magnetic

levitation systems.

CONSTRUCTIONAL DETAILS OF SINGLE PHASE INDUCTION MOTOR

Constructionally, single phase induction motor is similar to polyphase induction motor except that (i) its stator
is provided with a single phase winding and (ii) a centrifugal switch in order to cut out a winding used for starting
purposes. It has distributed stator winding and a squirrel cage rotor.

The constructional details of single phase induction motor are shown in figure.

1

2

. Stator of Single Phase Induction Motor

The single-phase motor stator has a
laminated iron core with two windings
arranged perpendicularly

One is the main and other is the auxiliary
winding or starting winding.

The stator has laminated construction,
made up of stampings. The stampings are
slotted on its periphery to carry the
winding called stator winding or main
winding.

This is excited by a single phase a.c.

Stator with lanunated

won core

|

Main winding |

\

Starting winding

Slot: wath winding

/ Rotor with

lamunated
iron core

"~ Ring to short
circuit the bars

supply. The laminated construction keeps iron losses to minimum, lie stampings are made up of material like
silicon steel which minimizes the hysteresis loss.
The stator winding is wound for certain definite number of poles means when excited by single phase a.c. supply,
stator produces the magnetic field which creates the effect of certain definite number of poles.

The number of poles for which stator winding is wound, decides the synchronous speed of the motor. The
synchronous speed is denoted as Nsand it has a fixed relation with supply frequency f and number of poles P. The

relation is given by, N = 120f/P.
. Rotor of Single Phase Induction Motor

The rotor of single phase induction

motor is shown in figure.
The construction of the rotor of the

single phase induction motor is
similar to the squirrel cage three
phase inductions motor.

The rotor is cylindrical in shape and
has slots all over its periphery.

The slots are not made parallel to
each other but are bit skewed as the

Copper or ]
aluminium bars End ring

(a) Cage type structure of rotor

(b) Symbolic representation
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skewing prevents magnetic locking of stator and rotor teeth and makes the working of induction motor more
smooth and quieter.

e The squirrel cage rotor consists of aluminium, brass or copper bars.
These aluminium or copper bars are called rotor conductors and are
placed in the slots on the periphery of the rotor.

e The rotor conductors are permanently shorted by the copper or
aluminium rings called the end rings.

e In order to provide mechanical strength these rotor conductor are
braced to the end ring and hence form a complete closed circuit
resembling like a cage and hence got its name as "squirrel cage
induction motor*.

o As the bars are permanently shorted by end rings, the rotor electrical resistance is very small and it is not possible
to add external resistance as the bars are permanently shorted.

e The absence of slip ring and brushes make the construction of single phase induction motor very simple and
robust.

Slots are
skewed

Skewing in rotor construction

DOUBLE FIELD REVOLVING THEORY

When fed from a single-phase supply, its stator winding produces a flux (or field) which is only alternating i.e. one
which alternates along one space axis only. It is a synchronously revolving (or rotating) flux, as in the case of a two- or
a three-phase stator winding, fed from a 2-or 3-phase supply. Now, alternating or pulsating flux acting on a stationary
squirrel-cage rotor cannot produce rotation (only a revolving flux can). That is why a single-phase motor is not self
starting.

However, if the rotor of such a machine is given an initial start by hand (or small motor) or otherwise, in either
direction, then immediately a torque arises and the motor accelerates to its final speed (unless the applied torque is too
high).

This peculiar behaviour of the motor can be explained in two ways (i) by two -field or double- field revolving
theory and (ii) by cross-field theory.

According to double field revolving Y <\ ' X
theory, an alternating uniaxial quantity can ‘ \_\ A 2 '
be represented by two oppositely rotating — " .o ‘A
vectors of half magnitude. Accordingly, an O‘ﬁﬁ__, o 0
alternating  sinusoidal  flux can  be . B=a,/2 K
represented by two revolving fluxes, each ‘.///
equal to half the value of the alternating flux Y{a)" Y ®

and each rotating synchronously (N; = _ _
120f/p) in opposite direction. o

As shown in fig. (a), let the alternating
flux have a maximum value of @ its
component fluxes A and B will each be
equal to @,,/2 revolving in anticlockwise and
clockwise direction respectively.

After some time, when A and B would
have rotated through angle +6 and —0 as in 2
fig (b), the resultant flux would be

d) (e
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@ 20
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Flux

After a quarter cycle of rotation, fluxes A and B will be oppositely directed as shown
in fig (c) so that the resultant flux would be zero.

\90" 270‘:/

0° 180° 360°

After half a cycle, fluxes A and B will have a resultant of — 2 x (DT"‘ =-Dp,.

—0

After three quarters of a cycle, again the resultant is zero as shown in fig. (e) and so
on.

If we plot the resultant flux against 6 between 6 = 0° and 360°, an alternating flux is obtained.
That is why alternating flux is considered to have two fluxes, each half the value and revolving synchronously in
opposite directions.

SINGLE PHASE INDUCTION MOTOR IS NOT SELF STARTING

o If the slip of rotor is s with respect to the forward rotating flux (i.e. one which rotates in the same direction as
rotor) then its slip with respect to the backward rotating flux is (2-s).
If N is the r.p.m. of the rotor, then its slip w.r.t forward rotating flux is

Ns—N

_ _ N N _
S= s =1 ~ orNS—l S

Backward rotating flux rotates opposite to the rotor, the rotor slip w.r.t this flux is

_Ns—(=N) _ N _ _
Sp = SNS =1+ -=1+(1-9=(2-9)

Each of the two component fluxes, while revolving round the stator, cuts the rotor, induces an emf and this

produces its own torque. The two torques, called forward and backward rotating torques are oppositely directed, so
that the resultant torque is equal to their

difference as shown in figure. ' : ol ST TN
. 1— = P
Power developed by a rotor is Pg = TS I22 R» g - ‘\
-
If N is the rotor r.p.s., then torque is given by i o
1 1-— T, =1 N
Ty=—. — IR L. 5>
972N s 22
N=Ns(1-5)
T — 1 I% R2 — k I% R2
g 2iNg ~ s "s
l% R2
Forward torque T¢= k. —=
12
Backward torque Tp, = - k. (;fj) S : :
2 2 < Anti Clockwise _Clockwisel

I I
Ti= % syn. Watt and Tp = - ——=2 syn. Watt

(2-s)
Total torque T = T + Ty,
The figure shows both the torques and resultant torque for slips between zero and +2.
At standstill condition, s = 1 and (2-s) = 1.hence T; and T, are numerically equal but being oppositely directed,
produce no resultant torque. That is why there is no starting torque in a single phase induction motor.
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MAKING SINGLE PHASE INDUCTION MOTOR SELF-STARTING

Main

A single phase induction motor is not self starting. To overcome this am
Winding

drawback and make the motor self starting, it is temporarily
converted into a two phase motor during starting period.

: . . . . Starting
For this purpose, the stator of a single phase motor is provided with Winding
an extra winding, known as starting or auxiliary winding, in addition
Stator

to the main or running winding.

The two windings are spaced 90° electrically apart and are connected
in parallel across the single phase supply.

It is so arranged that the phase difference between the currents in the
two stator windings is very large (ideal value is 90°).

Hence the motor behaves as a two phase motor. These two currents produce a revolving flux and hence make
the motor self starting.

Depending on the methods by which the necessary phase difference between the two currents can be created, the single
phase induction motors are classified as,

1. Split phase motor

2. Capacitor start induction run motors
3. Capacitor start and run motors

4. Shaded pole single phase motors\

1. Split Phase Motors (Resistance Start split phase induction motors)

In split phase machine, the main winding has low resistance but high reactance whereas the starting winding
has a high resistance but low reactance.

Hence the current I drawn by the starting winding lags behind the applied voltage V by a small angle whereas
current I, drawn by the main winding lags behind V by a very large angle.

400
Starting ' \ =
(\Winding Ay Main 2 00 ) ’
/S Jﬁrﬁm ) 73
- Windin E é ]
g ~ 200 / AN R
%
8
2 100
&
0
0 20 40 60 80 100

Per cent speed -

ecause the starting torque of a split phase motor is
proportional to sin a.

A centrifugal switch S is connected in series with the starting winding and located inside he motor.

Its function is to automatically disconnect the starting winding from the supply when the motor has reached 70
to 80 percent of its full load speed.

The starting torque is 150 to 200 percent of the full load torque.

Starting current is 6 to 8 times the full load current.

Applications

Fans, blowers, centrifugal pumps and separators, washing machines, small machine tools, duplicating
machines, domestic refrigerators, and oil burners etc.

Available sizes range from 1/20 to 1/3 h.p. (40 to 250 W) with speeds ranging from 3450 to 865 rpm.
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2. Capacitor Start Induction Run Motors
In this motor, the phase difference between Is and I, is produced by connecting a capacitor in series with the

starting winding.
5‘@,i_

e The capacitor is electrolytic type and is mounted outside the motor as a separate unit.

600

Lh
2
(=]

I, Main g e
o - GEIR— 2 400 |— 1
L Y Start =
3 300 —— |

g Py © © O 4[‘: ﬁ
o] g I N
S O @ 200 2
A 3 C\R g9 5 %
— % v & 300 |t ———

i _RS Rotor L___Ji r

o T < Y9 20 40 60 80 100

Per cent Speed

When the motor reaches about 75 percent of the full speed, the centrifugal switch S opens and cuts out both the
starting winding and capacitor from the supply, thus leaving only the running winding across the lines.
As shown in figure, current I, drawn by the main winding lags the supply voltage V by a large angle whereas I
leads V by a certain angle.
The two currents are out of phase with each other by about 80° as compared to nearly 30° for a split phase
motor.
Torque developed is proportional to sin o (angle between Is and I,), therefore starting torque is as high as 350 to
450 percent.
3. Capacitor Start and Run motor
This motor is similar to the capacitor start motor except that the starting winding and capacitor are connected
in the circuit at all times.
The advantages of leaving the capacitor permanently in the circuit are
o Improvement of overload capacity of the motor
o A higher power factor
o Higher efficiency
o Quieter running of the motor
Types
(@) Single value Capacitor Run motor — start and run with one value of capacitance in the circuit
(b) Two Value Capacitor Run motor — start with high value of capacitance but run
with low value of capacitance.

(a) Single value Capacitor Run motor o WRHH .
e It has one running winding and one starting winding in series with a capacitor. N I I,
e Since capacitor remains in the circuit permanently, this motor is referred to as E%ig Z \
permanent split capacitor run motor. 2 A\, 75
e Since the same capacitor is used for starting and running, neither optimum c Rotor
starting not optimum running performance can be obtained. oL
e Capacitors of 2 to 20 pF are used. 400
e The low value capacitor result in small starting torque which is about 50 to 5,
100 % of the rated torque. g \
. . . . . &= \
e This type of motor can be easily reversed by an external switch provided its 5200 7 \
running and starting windings are identical. %100 < \
Applications E ‘\
Fans, blowers, voltage regulators etc. 500 20 40 6 gy 100

Per cent Speed
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(b) Two Value Capacitor Run motor

This motor starts with a high capacitor in series with the starting winding so that the starting torque is high.
For running, a lower capacitor is substituted by the centrifugal switch.

Both the running and stating windings remain in the circuit. -’/\\A B, Z
The two values of capacitance can be obtained by using two capacitors in %\‘\r-— =
parallel at start and then switching out one for low value run. rml"—%f{—l«? ﬁ\
At start, when the centrifugal switch is closed, the two capacitors are put in ﬁ:’”‘ fal . g:‘% \
parallel, so that their combined capacitance is sum of their individual L [ §§ (6(;,”; i3 |
capacitances. = “"-“I w3 /
After the motor has reached 75% of full load speed, the switch opens and only - ""\‘\ T
capacitor A remains in the starting winding circuit. S~ (;

Thus both optimum starting and running performance is achieved.

Advantages

(1 Ability to start heavy loads

(i) Extremely quiet operation

(iii) Higher efficiency and power factor

(iv)  Ability to develop 25 percent overload capacity
Applications

Compressors, fire strokers etc.

4.

The production of rotating magnetic field is explained as follows:

Shaded pole Single Phase Motor
In such motors, the phase splitting is produced by induction.
These motors have salient poles on the stator and a squirrel cage type rotor.

Shading ——®77"7"7 75 | %‘L Field
Coil -

-] Winding

|
i
L

The figure shows a four pole motor with the field poles connected in series for alternate polarity.

The laminated pole has a slot cut across the laminations approximately one third distance from one edge.
Around the small part of the pole is placed a short circuited Cu coil known as shading coil. This part of the
pole is known as shaded part and the other as unshaded part.

When an alternating current is passed through the exciting (or field) winding surrounding the pole, the axis of
the pole shifts from the unshaded part a to the shade part b.

This shifting of magnetic axis is equivalent to the actual physical movement of the pole. Hence the motor
starts rotating in the direction of the shift i.e. from unshaded part to the shaded part.

Flux Alternating flux

The current carried by the stator winding is alternating and produces : ! ! /
alternating flux. The waveform of the flux is shown in the Fig. L .
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Consider the three instants say t1, t2 and t3 during first half cycle of the flux as shown, in the Fig.

At instant t = t,, rate of rise of current and hence the flux is very high. Due to the transformer action, large
e.m.f. gets induced in the copper shading band.

This circulates current through shading band Excitin Exciting Exciting
as it is short circuited, producing its own ol Coil Coil
flux.

According to Lenz’s law, the direction of this
current is so as to oppose the cause i.e. rise in
current. Hence shading ring flux is opposing
to the main flux.

Hence there is crowding of flux in unshaded
part while weakening of flux in shaded part.
Overall magnetic axis shifts in unshaded part as shown in the Fig.

At instant t = t,, rate of rise of current and hence the rate of change of flux is almost zero as flux almost
reaches to its maximum value. Hence there is very little induced e.m.f. in the shading ring.

Hence the shading ring flux is also negligible, hardly affecting the distribution of the main flux. Hence the
main flux distribution is uniform and magnetic axis lies at the centre of the pole face as shown in the Fig.

At instant t = t3, the current and the flux is decreasing. The rate of decrease is high which again induces a very
large e.m.f. in the shading ring.

This circulates current through the ring which produces its own flux. Now direction of the flux produced by
the shaded ring current is so as to oppose the cause which is decrease in flux. So it oppose the decrease in flux
means its direction is same as that of main flux, strengthening it.

So there is crowding of flux in the shaded part as compared to unshaded part. Due to this the magnetic axis
shifts to the middle of the shaded part of the pole.

This sequence keeps on repeating for negative half cycle too. Consequently this produces an effect of rotating
magnetic field, the direction of which is from unshaded part of the pole to
the shaded part of the pole.

Due to this, motor produces the starting torque and starts rotating. The
starting torque is low which is about 40 to 50 % of the full load torque for
this type of motor. The torque speed characteristic is shown in the fig.
Shaded pole motors are built in very small sizes varying from 1/250 h.p.
(3W) to 1/6 h.p. (125 W).

Advantages 50
Simple in construction

200

Per cent F.L. Torque

o Extremely rugged 0 S S R
o Rel Iable Per cent Speed
e Cheap

Disadvantages

Low starting torque

Very little overload capacity

Low efficiency

Direction of rotation cannot be changed, because it is fixed by the position of copper rings.

Applications
e Used for small fans, toys, hair dryers, ventilators, electric clocks etc.
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EQUIVALENT CIRCUIT

Imagine that the single phase induction motor is made up of one stator winding 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.

Without Core Loss R X
1 1
Let the stator impedance be Z Q W T -1

Z = Ri+jX, j '
I.
Where R, = Stator resistance, X; = Stator reactance, T2

X, = Rotor reactance referred to stator
R, = Rotor resistance referred to stator

Hence the impedance of each rotor isr, + j X, Vi T S T

X R
Where  xp= =2; ry ==%; r2
2 2 : oy
X
- - . Iy - Vb ¢ zb
The resistance of forward field rotor is > while the X,

)
(2-s) "

As the core loss is neglected, R, does not exist in the I B
equivalent circuit. The X, is half of the actual magnetising

X
reactance of the motor. Therefore, Xg :70;

resistance of backward field rotor is

So the equivalent circuit referred to stator is shown in the Fig.

The impedance of the forward field rotor is Z is parallel combination of (j Xo) and (r»/s) + j Xo.
. r ..
JXU[[?Z]*'J Xz}
=y T
Z4j (xo +x2)
While the impedance of the backward field rotor is Z, is parallel combination of (j Xo) and (ro/ (2-5)) + j X..

j:50|:[ 2 J ]‘XZ}
2-s
Zb =

T .
E’E“gﬂ (xp +x2)

Under standstill condition, s =1 and 2 - s = 1. Hence Z; = Z, and V= V,. But in the running condition, V¢ becomes
almost 90 to 95 % of the applied voltage.

Equivalent impedance, Zeq = Z; + Z; + Z,
Let I, = Current through forward rotor referred to stator

and I, = Current through backward rotor referred to stator
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- Vi where V=1L xZ

Iy = 6
N1

Vi

T .
(#5500

Power input to forward field rotor, Ps = (Iﬁf). %2 watts

and Iy = where Vy =I; x 7

Power input to backward field rotor, P, = (I%b). % watts.

Mechanical power developed, Pm = (1 - s) [Net power input] = (1 - s) (Ps— Pp) watts

Output power, Poyt = Pm - Mechanical loss - Core loss

Forward Torque, T = ot N-m

60

Backward Torque, T = 22 N-m

60

Net torque, T=T¢- Ty

Shaft Torque, Tgy = P‘;‘;J N-m

60

x 100

Net output
%1n= —— P

Net input

With Core Loss

If core loss is to be considered then it is necessary to connect a resistance r, in parallel with xo, in an exciting

branch of each rotor.

Iy is half the value of actual core loss resistance. Thus the
equivalent circuit with core loss is as shown in the fig.

Let,

Zos = Equivalent impedance of exciting branch in forward
rotor = ro || (jxo)

Z,, = Equivalent impedance of exciting branch in backward
rotor = ro || (ixo)

Therefore, the impedance of the forward field rotor is Z; is
Zi= Zot " (rafs + jX2)

While the impedance of the backward field rotor is Zy, is
Zy=Zy, || (ral (2-5) + jx2)

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

vy

Ly

]
2-s

]
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TESTS ON SINGLE PHASE INDUCTION MOTOR
1. No load test or open circuit test

2. Blocked rotor test or short circuit test

No Load Test

The test is conducted by rotating the motor without load. The input current, voltage and power are measured
by connecting the ammeter, voltmeter and wattmeter in the circuit. These readings are denoted as Vo, lo and W,

Wo = Vo |o COS(DO

w
Therefore, No load power factor, cos®q = ﬁ
0'o

The motor speed on no load is almost equal to its synchronous speed hence for practical purposes, the slip can
be assumed zero. Hence %2 becomes oo and acts as open circuit in the equivalent circuit. Hence for forward rotor circuit,
the branch r,/s + j X, gets eliminated.

While for a backward rotor circuit, the term r,/ (2-s) tends to r,/2. Thus X, is much higher than the impedance
%2 + j x2. Hence it can be assumed that no current can flow through X, and that branch can be eliminated.

So circuit reduces to as shown in the Fig. R Xy

The voltage across X is Vag
Vag=Vo—Ilo[(R1 + %2) +J(X1 + X2)

Also Vg = 10Xo

ZZ

v
Therefore x, = —2&

Io

X
Butx0=7°

Therefore, magnetizing reactance, Xy = 2 Xg
_ 2VaB
=

No load power W, = rotational losses.
Blocked Rotor Test
In blocked rotor test, the rotor is held fixed so that it will not rotate. A reduced voltage is applied to limit the

!

short circuit current. This voltage is adjusted with the help of autotransformer so that Ry X4

the rated current flows through main winding. The input voltage, current and power is

measured by connecting voltmeter, ammeter and wattmeter respectively. These Isc R,
readings are denoted as Vg, lsc and W. Vv

much higher than the rotor impedance and hence it can be neglected as connected in
parallel with the rotor. Thus the equivalent circuit for blocked rotor test is as shown in
the Fig.

Wy = Ve lsc CosDse

As rotor is blocked, the slip s = 1. Hence the magnetising reactance X, is L

WSC

Short circuit power factor, Cos®, = T
Sc 'sc

Zeg = ‘l/i ; Reg= ‘IN—SQ ;  but Reg = Ry + Ry ; therefore Rotor resistance referred to stator, R, = Reqg — Ry;

scC

10
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Xeq = ;qu - qu ;

Xe
Assume, X;= X,; therefore rotor reactance referred to stator, X, = zq

The stator resistance R; is measured by voltmeter-ammeter method, by disconnecting the auxiliary winding
and capacitors present if any. Due, to skin effect, the a.c. resistance is 1.2 to 1.5 times more than the d.c resistance.

Thus with these two tests, all the parameters of single phase induction motor can be obtained.
RELUCTANCE MOTOR

e A single phase synchronous Reluctance Motor is basically the same as the single
cage type induction motor.

e The stator of the motor has the main and auxiliary winding. The stator of the single
phase reluctance and induction motor are same.

e The rotor of a reluctance motor is a squirrel cage with some rotor teeth removed in
the certain places to provide the desired number of salient rotor poles.

The figure shows the 4 pole reluctance type synchronous motor.

o In the figure the teeth have been removed in four locations to produce a 4 pole
structure. The two end rings are short circuited.

¢ When the stator is connected to a single phase supply, the motor starts as a single phase induction motor.

e A centrifugal switch disconnects the auxiliary winding as soon as the speed of the motor reaches about 75% of the
synchronous speed.

e The motor continues to speed up as a single phase motor with the main winding in operation.

e A reluctance motor torque is produced due to the tendency of the rotor to align itself in the minimum reluctance
position, when the speed of the motor is close to the synchronous speed. Thus, the rotor pulls in synchronism.

e The load inertia should be within the limits, for proper effectiveness.

e At synchronism, the induction torque disappears, but the rotor remains in synchronism due to synchronous
reluctance torque.

The Torque Speed Characteristic of a single phase Reluctance Motor is shown below.
e The starting torque depends upon the rotor
position. ) :
e The value of the starting torque varies between ] i L ——
300 to 400 % of its full load torque. / A

e As motor attains speed nearly of synchronous &
speed the auxiliary winding is disconnected and
the rotor continues to rotate at the synchronous
speed.

e The motor operates at a constant speed up to a ] Main
little over than 200% of its full load torque. Winding /

e If the loading of the motor is increased above the 4 N “‘”1/’;" : Oparsting Rangs
value of the pull out torque, the motor loose j
synchronism but continues to run as a single _ :
phase induction motor up to over 500% of its o = ri - =
rated torque. “/ ’ Speed n

e At the starting the motor is subjected -
to Cogging. This can be reduced by skewing the rotor bars and by having the rotor slots not exact multiples of the

11
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number of poles.

e The rotor of a Reluctance Motor is unexcited, therefore, the power factor is low as compared to the induction
motor.

e As the motor has no DC field excitation so the output of a reluctance motor is reduced.

e Hence, the size of the motor is large as compared to synchronous motor.

Advantages

1) No d.c. supply is necessary for rotor

2) Constant speed characteristics

3) Robust construction

4) Less maintenance.

Limitations

1) Less efficiency

2) Poor power factor

3) Need of very low inertia rotor

4) Less capacity to drive the loads.

Applications

This motor is used in signalling devices, control apparatus, automatic regulators, recording instruments, clocks and all

kinds of timing devices, teleprinters, gramophones etc.

HYSTERESIS MOTOR

e A Hysteresis Motor is a synchronous motor with a uniform air gap and without DC excitation. It operates both in
single and three phase supply.

e The Torque in a Hysteresis Motor is produced due to hysteresis and eddy current induced in the rotor by the action
of the rotating flux of the stator windings.

e The working of the motor depends on the working of the continuously revolving magnetic flux. For the split phase
operation, the stator winding of the motor has two single phase supply. This stator winding remains continuously
connected to the single phase supply both at the starting as well as the running of the motor.

e The rotor of the motor is made up of smooth chrome steel cylinder and it has no winding. It has high retentivity
and because of this, it is very difficult to change the magnetic polarities once they are caused by the revolving flux
of the rotor. The rotor of the hysteresis motor moves synchronously because the pole of the motor magnetically
locks with the stator which has opposite polarities.

i Auxiliary
| winding
1
1

Construction of Stator of Hysteresis Motor Stator

e The stator of the hysteresis motor produces a rotating magnetic field and
is almost similar to the stator of the induction motor. Thus, the stator of
the motor is connected either to single supply or to the three phase
supply.

e The stator winding of the single-phase hysteresis motor is made
of permanent split capacitor type or shaded pole type. The capacitor is
used with an auxiliary winding in order to produce a uniform field.

Main
winding

Rotor of \
chrome H Air gap
steel L

Construction of Rotor of Hysteresis Motor

e The rotor of the hysteresis motor consists of the core of aluminium or some other non-magnetic material which
carries a layer of special magnetic material. The figure shows the rotor of the hysteresis motor.

e The outer layer has a number of thin rings forming a laminated rotor. The rotor of the motor is a smooth cylinder,
and it does not carry any windings. The ring is made of hard chrome or cobalt steel having a large hysteresis loop
as shown in the figure below.

12
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B
Special Magnetic
Material 1 2
Hysteresis Ring 3
Non Magnetic
Material
Shaft H. j
Operation of a Hysteresis Motor

o When supply is given applied to the stator, a rotating magnetic field is produced. This magnetic field magnetises
the rotor ring and induces pole within it.
e Due to the hysteresis loss in the rotor, the induced rotor flux lags behind

! B
-m</l~——8 / R

the rotating stator flux. \%/f selirisBkam
e The angle & between the stator magnetic field Bs and the rotor magnetic S ~field
field Bgris responsible for the production of the torque. The angle & i
depends on the shape of the hysteresis loop and not on the frequency. Stator
e Thus, the value of Coercive force and residual flux density of the
magnetic material should be large. foter

o The ideal material would have a rectangular hysteresis loop as shown by
loop 1 in the hysteresis loop figure. The stator magnetic field produces
Eddy currents in the rotor. As a result, they produce their own magnetic

. i Axis of stator
field. | e

The eddy current loss is given by the equation, P = K.f,*B?

Where, k. is Eddy current constant, f; is the eddy current frequency, B is the flux density

The relation between rotor frequency f, and supply frequency f, is f, = sf;
where s is the slip.

Therefore, Pe = K¢ szflzB2

P
The torque due to eddy current is T, = y = orTe=K’S .ouvnn..... (D
S
KfiB2
Where K’ = — N7
S
The hysteresis loss is P, = Kyf,B>® or Ky sfiB*® ................. ()
The Torque due to hysteresis is Ty, = =Kk 3)
S
f B1.6
Where k” = —-2
Ws

e From the equation (1) it is clear that the torque is proportional to the slip. Therefore, as the speed of the rotor
increases the value of T, decreases.

e Asthe speed of the motor reaches synchronous speed, the slip becomes zero and torque also becomes zero.
As the electromagnet torque is developed by the motor is because of the hysteresis loss and remains constant at all
rotor speed until the breakdown torque.

13
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e At the synchronous speed, the eddy current torque is zero and only torque due to hysteresis loss is present.
Torgue Speed characteristic of Hysteresis Motor
The speed torque curve of the motor is shown below. e

e Curve 1 is the ideal curve, and the curve 2 is the practical hysteresis §

motor curve. o
e The torque-speed characteristic of the hysteresis motor is different 1

from an induction motor. i N
e Since, at the synchronous speed, the torque developed by an induction 2

motor becomes zero, whereas in the hysteresis motor the torque is
constant at all the speed even at the synchronous speed.

e Thus, from the curve, it is seen that the locked rotor, starting and pull
out torque is equal. o n

e The noise level of the hysteresis motor is very low as compared to the
induction motor because it operates at a constant speed and its rotor is smooth.

e This type of motor is smoothest running, quietest single phase motor and is used for quality sound reproduction
equipment like record players, tape recorders, etc. It is also employed in electric clocks and other timing devices.

Advantages:

The advantages of hysteresis motor are:

1. As rotor has no teeth, no winding, there are no mechanical vibrations.

2. Due to absence of vibrations, the operation is quiet and noiseless.

3. Suitability to accelerate inertia loads.

4. Possibility of multispeed operation by employing gear train.

Disadvantages

The disadvantages of hysteresis motor are:

1. The output is about one-quarter that of an induction motor of the same dimension.

2. Low efficiency

3. Low power factor

4. Low torque

5. Available in very small sizes

Applications

Due to noiseless operation it is used in sound recording instruments, sound producing equipments, high quality record

players, electric clocks, tele printers, timing devices etc.

5 Speed

UNIVERSAL MOTOR

e The motors which can be used with a single phase AC source as well as a DC
source of supply and voltages are called as Universal Motor. It is also known
as Single Phase Series Motor. "

e A universal motor is a commutation type motor. If the polarity of the line terminals v ’
of a DC Series Motor is reversed, the motor will continue to run in the same
direction.

e The direction is determined by both field polarity and the direction of current
through the armature as torque is proportional to the flux and the armature current. N

e Let the DC series motor be connected across a single phase AC supply. Since the S t
same current flows through the field winding and the armature winding, the AC \/
reversal from positive to negative or vice versa will affect the field flux polarity

and the current direction through the armature. ToGUET
e The direction of the developed torque will remain positive, and direction of the T/Q\— S e
t

rotation will be as it was before.

14
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e The nature of the torque will be pulsating, and the frequency will be twice that of line frequency as shown in the
waveform. Thus, a Universal motor can work on both AC and DC.
e However, a series motor which is mainly designed for DC operation if works on single phase AC supply suffers
from the following drawbacks.
v The efficiency becomes low because of hysteresis and eddy current losses.
v The power factor is low due to the large reactance of the field and the armature windings.
v The sparking at the brushes is in excess.
In order to overcome the above following drawbacks, certain modifications are made in a DC series motor so that it
can work even on the AC current. They are as follows:-
v The field core is made up of the material having a low hysteresis loss. It is laminated to reduce the eddy
current loss.
v The area of the field poles is increased to reduce the flux density. As a result, the iron loss and the reactive
voltage drop are reduced.
v To get the required torque the number of conductors in the armature is increased.
e A compensating winding is used for reducing the effect of the armature reaction and improving the
commutation process. The winding is placed in the stator slots as shown in the figure below.

Compensating Commutator type
;
winding rotor

\ \\ "

% § @/ZJ I

e The winding is put in the stator slot. The axis of compensating winding is 90 degrees with the main field axis. The
compensating winding is connected in series with both the armature and the field; hence, it is called conductively
compensated.

e If the compensating winding is short circuited, the motor is said to be inductively compensated. The connection
diagram is shown below.

Pleld winding

P

° YA ®
Main Field Ma!n F_xeld l
Winding Winding 3 Compensating
< Compensating l Winding
2 Winding
) 1 Phase
1 Phase l Supply |
Supply / N Armature// >
( ) "\
\ / Armature
X i \T
T =
(22

The construction of the universal motor is same as that of the series motor.

In order to minimize the problem of commutation, high resistance brushes with increased brush area are used.
To reduce Eddy current losses the stator core and yoke are laminated.

The Universal motor is simple and less costly. It is used usually for rating not greater than 750 W.
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e The characteristic of Universal motor is similar to that of the DC series
motor.

o When operating from an AC supply, the series motor develops less Normal d.c. series motar
torque.

e By interchanging connections of the fields with respect to the Speed
armature, the direction of rotation can be altered.

e Speed control of the universal motors is obtained by solid state ‘
devices. 0 — = Torque

e This motor is most suitable for applications requiring high speeds.

e Since the speed of these motors is not limited by the supply frequency and is as high as 20000 rpm.

A.C. series motor

Applications of Universal Motor

The Universal motor is used for the purposes where speed control and high values of the speed are necessary. The
various applications of the Universal Motor are as follows:-

[ Patable drill machine.

[ Usedin hair dryers, grinders and table fans.

[J used in blowers, polishers and kitchen appliances.

REPULSION MOTOR

Repulsion Type Motors
These can be divided into the following four distinct categories:

1. Repulsion Motor. It consists of (a) one stator winding (b) one rotor which is wound like a d.c.
armature (c) commutator and (d) a set of brushes, which are short-circuited and remain in contact with the commutator
at all times. It operates continuously on the ‘repulsion’ principle. No short-circuiting mechanism is required for this

type.

2. Compensated Repulsion Motor. It is identical with repulsion motor in all respects, except that

(a) It carries an additional stator winding, called compensating winding

(b) There is another set of two brushes which are placed midway between the usual short- circuited brush set. The
compensating winding and this added set are connected in series.

3. Repulsion-start Induction-run Motor. This motor starts as a repulsion motor, but normally runs as an induction
motor, with constant speed characteristics. It consists of (a) one stator winding (b) one rotor which is similar to the
wire-wound d.c. armature (c) a commutator and (d) a centrifugal mechanism which short-circuits the commutator bars
all the way round (with the help of a short-circuiting necklace) when the motor has reached nearly 75 per cent of full
speed.

4. Repulsion Induction Motor. It works on the combined principle of repulsion and induction. It consists of (a) stator
winding (b) two rotor windings: one squirrel cage and the other usual d.c. winding connected to the commutator
and (c) a short-circuited set of two brushes.

Repulsion Motor

Constructionally, it consists of the following:

1. Stator winding of the distributed non-salient pole type housed in the slots of a smooth-cored stator (just as in the
case of split-phase motors). The stator is generally wound for four, six or eight poles.

2. A rotor (slotted core type) carrying a distributed winding (either lap or wave) which is connected to the commutator.
The rotor is identical in construction to the d.c. armature.

3. A commutator, which may be one of the two types : an axial commutator with bars parallel to the shaft or a radial or
vertical commutator having radial bars on which brushes press horizontally.
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4. Carbon brushes (fitted in brush holders) which ride against the commutator and are used for conducting current
through the armature (i.e. rotor) winding.

Repulsion Principle

Consider Fig. which shows a 2-pole salient pole motor with the magnetic axis vertical.

Suppose that the direction of flow of the alternating current in the
exciting or field (stator) winding is such that it creates an N-pole b Y
at the top and an S-pole at the bottom.

The alternating flux produced by the stator winding will induce __EMFE.
e.m.f. in the armature conductors by transformer action. - Current
The direction of the induced e.m.f. can be found by using Lenz’s —E
law and is as shown in Fig. (a). f w

<

However, the direction of the induced currents in the armature
conductors will depend on the positions of the short-circuited l
brushes.

If brush axis is colinear with magnetic axis of the main poles, the
directions of the induced currents (shown by dots and arrows)

will be as indicated in Fig. (a). Y ®
As a result, the armature will become an electromagnet with a N- @

pole on its top, directly under the main N-pole and with a S-pole at the bottom, directly over the main S-pole.
Because of this face-to- face positioning of the main and induced magnetic poles, no torque will be developed. The
two forces of repulsion on top and bottom act along Y Y’ in direct opposition to each other.

If brushes are shifted through 90° to the position shown in Fig. (b) So that the brush axis is at right angles to the
magnetic axis of the main poles, the directions of the induced voltages at any time in the respective armature
conductors are exactly the same as they were for the brush position of Fig. (a).

However, with brush positions of Fig. (b), the voltages induced in the armature conductors in each path between
the brush terminals will neutralize each other, hence there will be no net voltage across brushes to produce
armature current. If there is no armature current, obviously, no torque will be developed.

If the brushes are set in position shown in Fig. so that the brush axis is neither in line with nor 90° from the
magnetic axis Y Y’ of the main poles, a net voltage will be induced between the brush terminals which will produce
armature current.

The armature will again act as an electromagnet and develop its own N-and S-poles which, in this case, will not

directly face the respective main poles.

As shown in Fig., the armature poles lie along AA’ making an angle
of a with Y Y’.
N
S
I; |
(b

Hence, rotor N-pole will be repelled by the main N-pole and the
rotor S-pole will, similarly, be repelled by the main S-pole.
Consequently, the rotor will rotate in clockwise direction. Since
the forces are those of repulsion, it is appropriate to call the motor
as repulsion motor.

If the brushes are shifted counter-clockwise from YY", rotation will
also be counter-clockwise.

Direction of rotation of the motor is determined by the position of
brushes with respect to the main magnetic axis.

The wvalue of starting torque developed will depend on
the amount of brush-shift whereas direction of rotation will depend
on the direction of shift.

Maximum starting torque is developed at some position where
brush axis makes, an angle lying between 0° and 45° with the
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magnetic axis of main poles.

Motor speed can also be controlled by means of brush shift. Variation of starting torque of a repulsion motor with
brush-shift is shown in Fig.

A straight repulsion type motor has high starting torque (about 350 per cent) and moderate starting current (about 3

to 4 times full-load value).

Principal shortcomings of such a motor are:
1. speed varies with changing load, becoming dangerously high at no load.

2. low power factor, except at high speeds.
3. tendency to spark at brushes.

Compensated repulsion motor

In this type of motor an additional stator winding called compensation winding is provided. This is the modified
form of the basic repulsion motor.
The compensation winding serves for two purposes: -

e To Improve the Power factor -

o For better speed regulation
This type of motor is used whenever there is a need for motor to run at constant speed and at higher power factor
so an additional stator winding called compensating winding is used.
The additional winding which is connected in series with the armature, is smaller than stator winding and wounded
to the inner slots of main pole.
It also consists of additional set of brushes which are placed mid way between the short circuited brushes.
Such a type of modification reduces the quadrature drop and improves the power factor. And speed regulation also
improves due to this compensation.
Quadrature drop occurs in salient pole types due to non-uniform air gap length. Due to quadrature drop
crossmagnetizing effect occurs which opposes the mmf waves.
By providing such a type of compensation, this effect can be reduced which increases power factor. Further the
leakage between armature and field is reduced

o iA\ |
/h%'\ ¢ ( \ !

30 60 90
—p O

(a) &)

-

Repulsion start induction run motors

As the name suggests this motor starts as a repulsion motor and runs as an Induction motor.

This type of motor starts as a normal Repulsion motor and after achieving three-fourths of its full speed, it runs as
an Induction motor.

For this purpose a centrifugal force-operated device is used. This centrifugal device short circuits the commutator
segments and this aids in running the motor as a squirrel cage motor.

As soon as the commutator is short circuited, the brushes present do not carry any current.
So the brushes can be removed to avoid the wear and tear.

The advantage in running the motor as a squirrel cage one is that, it provides high starting torque, 350 percent
without excessive current. Also constant speed is ensured for wide range of torque.

There are two different designs in repulsion start motors:
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BRUSH LIFTING TYPE- In this type the brush is lifted as soon as the commutator is short circuited to avoid
unnecessary wear and tear and losses due to friction. So in this type the brush is present only when the motor is
started as a repulsion one.
BRUSH RIDING TYPE- In this type of motors the brushes ride along with the commutator at all times. So the
brushes are present even after the commutator is short circuited.
Applications
Compressors, Hoists, Pumps, Machine tools, Floor-polishing
Repulsion induction motor
e This type of motor is a combination of repulsion motor and induction motor. It is also referred as squirrel cage
repulsion motor.
e This motor possesses the characteristic of both induction motor and repulsion motor. It combines the desirable
starting characteristics of repulsion motor and constant speed characteristics of an induction motor.
e Here the stator winding is same as every other repulsion motor but there are two separate rotor windings
o Asquirrel cage winding -
o A Commutator winding
e The commutator winding lies on the outer slots while the squirrel cage winding is located in the inner slots. Both
the windings operate during the entire period of operation of motors. The brushes are in contact with the

commutator all the time.

e The biggest advantage in such type of motors is that they don’t need a separate
centrifugal short-circuit system as in Repulsion-start Induction-run motors. st

e As soon as the motor is started, the squirrel cage winding is practically inactive ’
for a small period of time due to high reluctance.

e  Only the commutator winding supplies most of the torque.

e But during normal running condition, the squirrel cage winding supplies most of
the torque and commutator winding supplies relatively lower torque when

|
|
1]

Per cent Synch Speed
PR
P

compared to Squirrel cage winding.
e So the squirrel cage winding takes up most of the load as the rotor accelerates ZOF ; /_]
e The starting torque is very high, 300 percent with better speed regulation. 0 100 200 _ 300 400
Applications Per cent FL. Torque

Petrol pumps, Compressors, Refrigerators, Mixing machines, Lifts and Hoists

LINEAR INDUCTION MOTOR
o If the stator is laid out flat and a flat squirrel cage winding is brought near to it, we get a linear induction motor.

e In practice, instead of a flat squirrel cage winding, an aluminium or copper or iron plate is used as a ‘rotor’.
e The flat stator produces a flux that moves in a straight line from its one end to the other at a linear synchronous
speed given by
Vs = 2.w.f
where Vs = linear synchronous speed (m/s)
w = width of one pole pitch (m)
f = supply frequency (Hz)
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e The speed does not depend on the number of poles, but only on the pole pitch ﬂnear Rotor 7
and stator supply frequency.

e As the flux moves linearly, it drags the rotor plate along with it in the same
direction.

In practical applications, the ‘rotor’ is stationary, while the stator moves.

e For example, in high speed trains, which utilize magnetic levitation, the rotor is L, e—s—— Linear
composed of thick aluminium plate that is fixed to the ground and extends over ~ Lyo——u-d
the full length of the track. O ——

e The linear stator is bolted to the undercarriage of the train.

Properties of a Linear Induction Motor
1. Synchronous speed, vs = 2.w.f
2. Slip, s = (vs — V) / vs where V is the actual speed
3. Thrust or Force, F = P,/ vs where P, is the active power supplied to the rotor.

4. Active power flow (i) Pe; = sP, (i) P = (1-5) P,

SERVOMOTORS

This is nothing but a simple electrical motor, controlled with the help of servomechanism. If the motor as controlled
device, associated with servomechanism is DC motor, then it is commonly known as DC servo motor. If the controlled
motor is operated by AC, it is called AC servo motor.

Requirements of Good Servomotor

i) Linear relationship between electrical control signal and the rotor speed over a wide range.

i) Inertia of rotor should be as low as possible. A servomotor must stop running without any time delay, if
control signal to it is removed.

iii) Its response should be as fast as possible.

iv) It should be easily reversible.

V) It should have linear torque - speed characteristics.

vi) Its operation should be stable without any oscillations or overshoots.

Servo motor is a special type of motor which is automatically operated up to certain limit for a given command with
help of error-sensing feedback to correct the performance.

A.C. Servomotor A.C.Supply

Most of the servomotors used in low power servomechanisms are Control Reference

a.c.servomotors. The a.c. servomotor is basically two phase induction motor. winding W'”di"g

The output power of a.c. servomotor varies from fraction of watt to few  Control (‘ Rotor

hundred watts. The operating frequency is 50 Hz to 400 Hz. voltage

Constr_uctlo_n N _ amgﬁgl‘g?,

e It is mainly divided into two parts namely stator and rotor.

e The stator carries two windings, uniformly distributed and displaced by Stator of A.C. servomotor
90°, in space.

e One winding is called main winding or fixed winding or reference winding. This is excited by a constant voltage
a.c. supply.

e The other winding is called control winding. It is excited by variable control voltage, which is obtained from a
servo amplifier. This voltage is 90° out of phase with respect to the voltage applied to the reference winding. This
is necessary to obtain rotating magnetic field.

Rotor

e The rotor is generally of two types. The one is usual squirrel cage rotor. This has small diameter and large length.
Aluminium conductors are used to keep weight small. Its resistance is very high to keep torque speed
characteristics as linear as possible. Air gap is kept very small which reduces magnetising current. This cage type
of rotor is shown with skewed bars in the Fig. (a).
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e The other type of rotor is drag cup type. There are two air gaps in such construction. Such a construction reduces
inertia considerably and hence such type of rotor is used in very low power applications. The aluminium is used
for the cup construction. The construction is shown in the Fig. (b).

Aluminium bars Drag

cup\.

R
*:#:*: Laminated
LA

A core

Driving
shaft [

(a) Squirrel cage rotor {b) Drag cup type rotor

Torgue-Speed Characteristics
e The torque-speed characteristics of a two phase induction motor, mainly depends Large X
on the ratio of reactance to resistance. For small X to R ratio i.e. high resistance e R
low reactance motor, the characteristics is much more linear while it is nonlinear t »
for large X to R ratio as shown in the Fig. smal R
e In practice, design of the motor is so as to get almost linear torque-speed
characteristics. The Fig. shows the torque-speed characteristics for various control

—— Speed
voltages.
e The torque varies almost linearly with speed. All the characteristics are equally Torque s s > By
spaced for equal increments of control voltage. It is generally operated with low "™
speeds.

Features of A.C. Servomotor
i) Light in weight ii) Robust construction iii) Reliable and stable operation iv)
Smooth and noise free operation v) Large torque to weight ratio vi) Large R to X
ratio i.e. small X to R ratio vii) No brushes or slip rings hence maintenance free
viii) Simple driving circuits.

Applications
Due to the above features it is widely used in instrument servomechanisms, remote positioning devices, process
control systems, self balancing recorders, computers, tracking and guidaice systems, robotics, machine tools etc.

D.C. Servomotor

e Basically d.c. servomotor is more or less same as normal d.c.motor. There are some minor differences between the
two.

e All d.c. servomotors are essentially separately excited type. This ensures linear torque-speed characteristics.

e The control of d.c. servomotor can be from field side or from armature side.

e Depending upon this, these are classified as field controlled d.c. servomotor and armature controlled d.c.
servomotor.

Field Controlled D.C. Servomotor

¢ In this motor, the controlled signal obtained from the servo amplifier is applied to the field winding. With the help
of constant current source, the armature current I Ry R, L, I, (Constant)
is maintained constant. The arrangement is 0
shqwn in the Fig. _ vit) from

e This type of motor has large L /Ry ratio where  servo amplifier
L; is reactance and R; is resistance of field
winding.

e Due to this the time constant of the motor is

Speed (r.p.m.)

Constant
current
—0 SOurce
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high. This means it cannot give rapid response to the quick changing control signals hence this is uncommon in
practice.

Features of Field Controlled D.C. Servomotor

i) Preferred for small rated motors.

ii) It has large time constant.

iii) It is open loop system. This means any change in output has no effect on the input.

iv) Control circuit is simple to design.

Armature Controlled D.C. Servomotor

e In this type of motor, the input voltage ‘V,’ is applied to the armature with a resistance of R, and inductance L,

e The field winding is supplied with constant It Ry R L, I
current ls.

e Thus armature input voltage controls the motor

(Constant)

L v, (t) from
shaft output. The arrangement is shown in Cc?ﬂfé?‘?t o f servo amplifier
figure. source o

e The constant field can be supplied with the help
of permanent magnets. In such case no field
coils are necessary.
Features of Armature controlled DC Servomotor
(i Suitable for large rated motors.
(i) It has small time constant hence its response is fast to the control signal.

(iii) It is a closed loop system.

(iv)  The back e.m.f. provides internal damping which makes motor operation more stable.

(V) The efficiency and overall performance is better than field V, = Amature voltage

controlled motor. Py Eoe>Eny> Egp > Eny

Characteristics of D.C. Servomotors
The characteristics of d.c. servomotors are mainly similar to the torque-speed
characteristics of a.c. servomotor. The characteristics are shown in the Fig. c Eas
Applications of D.C. Servomotor 2
These are widely used in air craft control systems, electromechanical actuators, Va= Em-"‘\
process controllers, robotics, machine tools etc. o

Ea4

Speed (r.p.'m.)

STEPPER MOTORS

e These motors are also called stepping motors or step motors. The name stepper is used because this motor rotates
through a fixed angular step in response to each input current pulse received by its controller.

e Stepping motors are ideally suited for situations where either precise positioning or precise speed control or both
are required in automation systems.

e The unique feature of a stepper motor is that its output shaft rotates in a series of discrete angular intervals or steps,
one step being taken each time a command pulse is received.

e When a definite number of pulses are supplied, the shaft turns through a definite known angle. This fact makes the
motor well-suited for open-loop position control because no feedback need be taken from the output shaft.

e Such motors develop torques ranging from 1 uN-m (in a tiny wrist watch motor of 3 mm diameter) upto 40 N-min
a motor of 15 cm diameter suitable for machine tool applications.

e Their power output ranges from about 1 W to a maximum of 2500 W. The only moving part in a stepping motor is
its rotor which has no windings, commutator or brushes.

e This feature makes the motor quite robust and reliable.

Step Angle

e The angle through which the motor shaft rotates for each command pulse is called the step angle .

o Smaller the step angle, greater the number of steps per revolution and higher the resolution or accuracy of
positioning obtained.
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Ng—N,
Step angle B = N X 360° where N = No. of stator poles (teeth), N, = No. of rotor poles (teeth)
3600 o 3600
Orp= =
m N,  No.of stator phases x No.of rotor teeth
Resolution

Resolution is given by the number of steps needed to complete one revolution of the rotor shaft.
Higher the resolution, greater the accuracy of positioning of objects by the motor

~ Resolution = No. of steps / revolution = 360° / 8
Slewing
When the pulse rate is high, the shaft rotation seems continuous. Operation at high speeds is called ‘slewing’.
When in the slewing range, the motor generally emits an audible whine having a fundamental frequency equal to the
stepping rate. If f is the stepping frequency (or pulse rate) in pulses per second (pps) and f is the step angle, then motor
shaft speed is given by
n= B x /360 rps = pulse frequency resolution

Applications:
e Such motors are used for operation control in computer peripherals, textile industry, IC fabrications and robotics
etc.

e Applications requiring incremental motion are typewriters, line printers, tape drives, floppy disk drives,
numerically-controlled machine tools, process control systems and X -Y plotters.

e Stepper motors also perform countless tasks outside the computer industry. It includes commercial, military and
medical applications where these motors perform such functions as mixing, cutting, striking, metering, blending
and purging.

e They also take part in the manufacture of packed food stuffs, commercial end-products

Types of Stepper Motors
(1) Variable Reluctance Stepper Motor
(i) Permanent Magnet Stepper Motor
(iii) Hybrid Stepper Motor

Variable Reluctance Stepper Motors
Construction:

e A variable-reluctance motor is constructed from ferromagnetic material with salient poles as shown in Fig.

e The stator is made from a stack of steel laminations and has six equally-spaced projecting poles (or teeth) each
wound with an exciting coil.

e The rotor which may be solid or laminated has four projecting teeth of the same width as the stator teeth.

e There are three independent stator circuits or phases A, B and C and each one can be energised by a direct current
pulse from the drive circuit.

e Asimple circuit arrangement for supplying current to the stator coils in proper sequence is shown in Fig. (e).

e The six stator coils are connected in 2-coil groups to form three separate circuits called phases. Each phase has its
own independent switch.

o Diametrically opposite pairs of stator coils are connected in series such that when one tooth becomes a N-pole, the
other one becomes a S-pole.

o When there is no current in the stator coils, the rotor is completely free to rotate.

Energising one or more stator coils causes the rotor to step forward (or backward) to a position that forms a path of
least reluctance with the magnetized stator teeth.

e The step angle of this three-phase, four rotor teeth motor is p = 360/ 4 x 3 = 30°.

Working. The motor has following modes of operation:
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Truth Tuble No 1
A B € a8

a

+ 0 0 0

0 + | 0 |30

0 0| + |60

+ 0| o |9

I1-Phasc-ON
Mode, ABCA
Stator Pole v
{d) @) o

(a) 1-phase-ON or Full-step Operation

Fig. (a) shows the position of the rotor when switch S; has been closed for energising phase A .

A magnetic field with its axis along the stator poles of phase A is created. The rotor is therefore, attracted into a
position of minimum reluctance with diametrically opposite rotor teeth 1 and 3 lining up with stator teeth 1 and 4
respectively.

Closing S, and opening S; energizes phase B causing rotor teeth 2 and 4 to align with stator teeth 3 and 6
respectively as shown in Fig. (b). The rotor rotates through full-step of 30° in the clockwise (CW) direction.
Similarly, when S; is closed after opening S,, phase C is energized which causes rotor teeth 1 and 3 to line up with
stator teeth 2 and 5 respectively as shown in Fig. (c). The rotor rotates through an additional angle of 30° in the
clockwise (CW) direction.

Next if Sz is opened and S; is closed again, the rotor teeth 2 and 4 will align with stator teeth 4 and 1 respectively
thereby making the rotor turn through a further angle of 30° as shown in Fig. (d).

By now the total angle turned is 90°. As each switch is closed and the preceding one opened, the rotor each time
rotates through an angle of 30°.

By repetitively closing the switches in the sequence 1-2-3-1 and thus energizing stator phases in sequence AB C A
etc., the rotor will rotate clockwise in 30° steps.

If the switch sequence is made 3-2-1-3 which makes phase sequence CBAC (or ACB), the rotor will rotate
anticlockwise. This mode of operation is known as 1-phase-ON mode or full-step operation and is the simplest and
widely-used way of making the motor step.

The stator phase switching truth table is shown in Fig. (f). It may be noted that the direction of the stator
magnetizing current is not significant because a stator pole of either magnetic polarity will always attract the rotor
pole by inducing opposite polarity.
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(b) 2-phase-ON Mode

In this mode of operation, two stator phases are excited simultaneously.

When phases A and B are energized together, the rotor experiences torques from both phases and comes to rest at a
point mid-way between the two adjacent full-step positions.

If the stator phases are switched in the sequence A B, BC, C A, A B etc., the motor will take full steps of 30° each
(as in the 1-phase-ON mode) but its equilibrium positions will be interleaved between the full-step positions. The
phase switching truth table for this mode is shown in Fig. (a).

The 2-phase-ON mode provides greater holding torque and a much better damped single-stack response than the
1-phase-ON mode of operation.

Truth Table No. 2 Truth Table No. 3
A B c 0 A B © 0
A + 0 0 0°
+ + 0 15° + + 0 15° AB
B 0 1 0 30°
0 b + 45°
0 + + 45° BC
+ 0 + 75° @ 0 0 + 65°
+ 0 + 75° CA
" " 0 105 A+ 0 0 90°
2 Phase-ON Mode Half-Stepping Alternate
AB, BC, CA, AB 1-Phase-On &

2-Phase-on Mode
A, AB, B,BC,C,CA A

(c) Half-step Operation
Half-step operation or ‘half-stepping’ can be obtained by exciting the three phases in the sequence A, AB, B, BC, C

etc. i.e. alternately in the 1-phase-ON and 2-phase-ON modes. It is sometime known as ‘wave’ excitation and it causes
the rotor to advance in steps of 15° i.e. half the full-step angle. The truth table for the phase pulsing sequence in half-
stepping is shown in Fig. (b).

(d) Microstepping

It is also known as mini-stepping. It utilizes two phases simultaneously as in 2-phase-ON mode but with the two
currents deliberately made unequal (unlike in half-stepping where the two phase currents have to be kept equal).
The current in phase A is held constant while that in phase B is increased in very small increments until maximum
current is reached. The current in phase A is then reduced to zero using the same very small increments.

In this way, the resultant step becomes very small and is called a microstep.

For example, a VR stepper motor with a resolution of 200 steps / rev (p = 1.8°) can with microstepping have a
resolution of 20,000 steps / rev (B = 0.018°).

Stepper motors employing microstepping technique are used in printing and phototypesetting where very fine
resolution is called for.

Microstepping provides smooth low-speed operation and high resolution.

Torque. If I, is the d.c. current pulse passing through phase A, the torque produced by it is given by T = (1/2) 1,2

dL / do . VR stepper motors have a high (torque / inertia) ratio giving high rates of acceleration and fast response.

A possible disadvantage is the absence of detent torque which is necessary to retain the rotor at the step position in

the event of a power failure.
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Multi-stack VR Stepper Motor

Multi-stack motors provide smaller step angles.

The multi-stack motor is divided along its axial length into a number of magnetically-isolated sections or stacks
which can be excited by a separate

winding or phase. Stator

Both stator and rotor have the same % | & [B | s [C| i

o =P d Y d
number of poles. = i = s -
. —i otor

The stators have a common frame while ( e
rotors have a common shaft as shown Sk i Sak 1 Sk s
in Fig. (@) which represents a three- " Rotor Rotor —— Rotor :;
stack VR motor. ‘ L °B
The teeth of all the rotors are perfectly 3 b L——1 e ‘ Stack

. . b b ——F C
aligned with respect to themselves but ,
the stator teeth of various stacks have a —
progressive angular displacement as =

(@) (%)

shown in the developed diagram of Fig.
(b) for phase excitation.

Three-stack motors are most common although motors with upto seven stacks and phases are available.

They have step angles in the range of 2° to 15°. For example, in a six-stack V R motor having 20 rotor teeth, the
step angle p =360°/6 x 20 = 3°.

Permanent Magnet Stepper Motor

Construction A A

Working.

Its construction is similar to that of the )8=Y
single stack VR motor except the rotor
is made of a permanent magnet material
like magnetically hard ferrite. |

|

\

9!

The stator has projecting poles but the -
rotor is cylindrical and has radially ‘
magnetized permanent magnets.

The operating principle is explained
with fig. (a) where the rotor has two K
poles and stator has four poles. '
Since stator poles are energized by one i |
winding, the motor has two windings or A v
phases marked A and B. (a) (1)
The step angle p = 360° / mN, = 360° /
2)62=90°orB=(4—2)/360°/2X4=
90".

When a particular stator phase is
energized, the rotor magnetic poles
move into alignment with the excited SR 5 S nn|
stator poles. The stator windings A and } = AW '

B can be excited with either polarity

current (A" refers to positive current ias ¥ | B
in the phase A and A" to negative 3
current ia.). '
The fig. (a) shows the condition when 2
phase A is excited with positive current b oA

ia:. Here 6 =0°.
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If excitation is now switched to phase B as in Fig. (b), the rotor rotates by a full step of 90° in the clockwise
direction.

Next, when phase A is excited with negative current i, , the rotor turns through another 90° in C W direction as
shown in Fig. (c).

Similarly, excitation of phase B with ig— further turns the rotor through another 90° in the same direction as shown
in Fig. (d).

After this, excitation of phase A with i,+ makes the rotor turn through one complete revolution of 360°.

Truth Table No. 1 Truth Table No. 2 Truth Table No. 3
A B 0
A B 0 A B 0
+ 0 0°
+ 0 0° + + 45° + + 45°
0 + 90°
0 + 90 = + 135 - . e
- 0 180°
- 0 180° - = 225°
- - 225°
0 - 270° + - 315° 0 - 270°
+ - 315°
+ 0 0° + + 45°
+ 0 0°
1-Phase-ON Mode 1-Phase-ON Mode Alternate
1-Phase-On &

2-Phase-On Modes

Table No.1 applies when only one phase is energized at a time in 1-phase-ON mode giving step size of 90°.

Table No.2 represents 2-phase-ON mode when two phases are energised simultaneously. The resulting steps are of
the same size but the effective rotor pole positions are midway between the two adjacent full-step positions.

Table No.3 represents half-stepping when 1-phase-ON and 2-phase-ON modes are used alternately. In this case,
the step size becomes half of the normal step or one-fourth of the pole-pitch (i.e. 90° / 2 = 45° or 180° / 4 = 459).
Microstepping can also be employed which will give further reduced step sizes thereby increasing the resolution.

Advantages and Disadvantages.

Since the permanent magnets of the motor do not require external exciting current, it has a low power requirement
but possesses a high detent torque as compared to a VR stepper motor.

This motor has higher inertia and hence slower acceleration.

However, it produces more torque per ampere stator current than a VR motor.

Since it is difficult to manufacture a small permanent-magnet rotor with large number of poles, the step size in
such motors is relatively large ranging from 30° to 90°.

Hybrid Stepper Motor

Construction.

It combines the features of the variable reluctance and permanent-magnet stepper motors.

The rotor consists of a permanent-magnet that is magnetized axially to create a pair of poles marked N and S in
Fig. (b).

Two end-caps are fitted at both ends of this axial magnet. These end-caps consist of equal number of teeth which
are magnetized by the respective polarities of the axial magnet.
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The rotor teeth of one end-cap are offset by a half tooth pitch so that a tooth at one end-cap coincides with a slot at
the other. The cross-sectional views perpendicular to the shaft along X -X "and Y -Y " axes are shown in Fig. (a)

and (c) respectively.

As seen, the stator consists of four stator poles which are excited by two stator windings in pairs. The rotor has five
N-poles at one end and five S-poles at the other end of the axial magnet.
The step angle of such a motor is = (5 —4) x 360° /5 x 4 = 18°.

X

(@

Working.
In Fig. (a), phase A is shown excited such that the top stator pole is a S-pole so that it attracts the top N-pole of the

rotor and brings it in line with the A -A ' axis.

Outer
Casing

b
Stator
Winding

[ Shaft

...............

To turn the rotor, phase A is denergized and phase B is excited positively. The rotor will turn in the CCW direction

by a full step of 18°.

Next, phase A and B are energized negatively one after the other to produce further rotations of 18° each in the

same direction. The truth table is shown in Fig. (a).
For producing clockwise rotation, the phase
sequence should be A™; B; A ~; B"; A " etc.

In order to give high resolution, hybrid stepping
motors are built with more rotor poles.

Hence, the stator poles are often slotted or castleated
to increase the number of stator teeth.

As shown in Fig. (b), each of the eight stator poles
has been alloted or castleated into five smaller poles
making Ns = 8 x 5 = 40°,

If rotor has 50 teeth, then step angle = (50 — 40) x
360°/50 x 40 = 1.8°.

Step angle can also be decreased (and hence
resolution increased) by having more than two stacks
on the rotor.

Truth Table

0

8 8

(=

1-Phase ON
Full-Step Mode

(@)

®)

This motor achieves small step sizes easily and with a simpler magnet structure whereas a purely PM motor

requires a multiple permanent-magnet.

As compared to VR motor, hybrid motor requires less excitation to achieve a given torque.
However, like a PM motor, this motor also develops good detent torque provided by the permanent-magnet flux.
This torque holds the rotor stationary while the power is switched off.
This fact is quite helpful because the motor can be left overnight without fear of its being accidentally moved to a

new position.



EE 8401 Electrical Machines Il

Summary of Stepper Motors

e A stepper motor can be looked upon as a digital electromagnetic device where each pulse input results in a discrete
output i.e. a definite angle of shaft rotation. It is ideally-suited for open-loop operation because by keeping a count
of the number of input pulses, it is possible to know the exact position of the rotor shaft.

¢ In a VR motor, excitation of the stator phases gives rise to a torque in a direction which minimizes the magnetic
circuit reluctance. The reluctance torque depends on the square of the phase current and its direction is
independent of the polarity of the phase current. A VR motor can be a single-stack or multi-stack motor. The step
angle p = 360°/ m N, where N is the number of rotor teeth and m is the number of phases in the single-stack motor
or the number of stacks in the multi-stack motor.

e A permanent-magnet stepper motor has a permanently-magnetized cylindrical rotor. The direction of the torque
produced depends on the polarity of the stator current.

e A hybrid motor combines the features of VR and PM stepper motors. The direction of its torque also depends on
the polarity of the stator current. Its step angle § = 360°/ m N;.

e In the 1-phase ON mode of excitation, the rotor moves by one full-step for each change of excitation. In the 2-
phase-ON mode, the rotor moves in full steps although it comes to rest at a point midway between the two
adjacent full step positions.

o Half-stepping can be achieved by alternating between the 1-phase-ON and 2-phase-ON modes. Step angle is
reduced by half.

e Microstepping is obtained by deliberately making two phase currents unequal in the 2-phase-ON mode.

Important Definitions

Holding Torque - amount of torque that the motor produces when it has

rated current flowing through the windings but the motor is at rest.

Detent Torque - amount of torque that the motor produces when it is not

energized. No current is flowing through the windings. —
Pull-in Torque Curve - Shows the maximum value of torque at given :
speeds that the motor can start, stop or reverse in synchronism with the ™
input pulses. The motor cannot start at a speed that is beyond this curve. It '
also cannot instantly reverse or stop with any accuracy at a point beyond
this curve.

Stop / Start Region - area on and underneath the pull-in curve. For any
load value in this region, the motor can start, stop, or reverse “instantly” |
(no ramping required) at the corresponding speed value. Speed o e e
Pull-out Torque Curve - Shows the maximum value of torque at given

speeds that the motor can generate while running in synchronism. If the motor is run outside of this curve, it will stall.
Slew Range - the area between the pull-in and the pull-out curves, where to maintain synchronism, the motor speed
must be ramped (adjusted gradually).

INTRODUCTION TO MAGNETIC LEVITATION SYSTEMS

e As shown in fig. (a), when a moving permanent magnet sweeps across a conducting ladder, it tends to drag the

Torque-speed Curve

BCO=0

Stamaen Fegesn

A Low Speed
" |Speed,

—

g
i | | .
v’ i
- | - —f— — oy =
/ 4 A v
/
/

y

.".»"" H*‘\z;";.' ) @ J__e""/?‘ .
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S 4 sss FF ¥ NN NNN
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ladder along with, because it applies a horizontal tractive force F = BIl .

This horizontal force will be accompanied by a vertical force, which tends to push the magnet away from the
ladder in the upward direction.

A portion of the conducting ladder of fig. (a) has been shown in fig. (b). the voltage induced in conductor A is
maximum because flux is greatest at the centre of the N pole.

If the magnet speed is very low, the induced current reaches its maximum value in A at virtually the same time
(because delay due conductor inductance is negligible).

As this current flows via conductors B and C, it produces induced SSS and NNN poles.

Consequently, the front half of the magnet is pushed upwards while the rear half is pulled downwards.

Since the distribution of SSS and NNN pole is symmetrical with respect to the centre of the magnet, the vertical
forces of attraction and repulsion, being equal and opposite, cancel each other out, leaving behind only horizontal
tractive force.

Consider the case, when the magnet sweeps over the conductor A High Speed

with a very high speed. =

Due to conductor inductance, current A reaches its maximum ﬂ_

value a fraction of a second (At) after voltage reaches its —|_ N W
maximum value.

Hence, by the time | in conductor A reaches its maximum valu, $8SS H.r'\.a* M\
the centre of the magnet is already ahead by a distance = v.At = P — )
where v is the magnet velocity. b (=) I 3 I.FE:;:_
The induced poles SSS and NNN are produced as before, by the B A C
currents returning via conductors B and C respectively.

But, by now, the N pole of the permanent magnet lies over the induced NNN pole, which pushes it upwards with a
strong vertical force. This forms the basis of magnetic levitation which literally means ‘floating in air’.

Magnetic levitation is being used in ultra high speed trains (upto 300 km/h) which float in the air about 100mm to
300mm above the metallic track.

They do not have any wheels and do not require the traditional steel rail.

A powerful electromagnet fixed underneath the train moves across the conducting rail, thereby inducing current in
the rail. This gives raise to vertical force called force of levitation, which keeps the train pushed up in the air above
the track.

Linear motors are used to propel the train.
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