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 EEPC2003 ELECTRICAL MACHINES-II (3-0-0) 

 

 

 

Module I (08 Hours) 

Three-phase synchronous generators: 

Construction, Salient pole type and Cylindrical rotor structure, Armature windings, 

 Winding factor, EMF equation, Armature reaction, Synchronous impedance, Alternator on load,  

Phasor diagrams, Open Circuit and Short Circuit tests, Short Circuit Ratio, Voltage regulation by EMF, 

 MMF and ZPF methods, Two reactance concept of Salient pole Synchronous machines, Slip test, 

 Power equations, Power angle characteristics. 

 

Module II (06 Hours) 

Parallel operation of alternators:  

Requirements for parallel operation, synchronizing of alternators, three dark lamp method, 

 synchroscope, synchronizing current, synchronizing power, synchronizing torque, 

 effect of increasing the excitation, effect of increasing the driving torque and effect of  

change in speed of one of the alternators, load sharing between two alternators. 

 

Module III (04 Hours) 

Synchronous motors: Rotating magnetic field, operating principle of a synchronous motor,  

phasor diagrams, power equations, load angle, ‘V’ and inverted ‘V’ curves, synchronous condenser, 

 starting methods, hunting. 

 

Module IV (06 Hours) 

Three-phase induction motors: Construction, principle of operation, types, squirrel cage rotor,  

slip ring induction motor, slip, torque equations, starting torque, full load torque, maximum torque, 

 torque-slip and torque-speed characteristics, effect of rotor resistance,  

effect of change in supply voltage, effect of change in frequency, power losses and 

 efficiency, synchronous watt, equivalent circuit of induction motor, phasor diagrams, power output,  

testing of induction motors, No-load test, Blocked rotor test, load test, measurement of slip, circle diagram. 

 

Module V (06 Hours) 

Starting and speed control of three-phase induction motors: DOL starting, 

 stator resistance starting, auto transformer starting, star-delta starting,  

starting of sip ring induction motors, speed control by variation of supply voltage-supply frequency,  

rotor resistance control, crawling and cogging effects. 

 

Single-phase induction motors: Construction, principle of operation, double field revolving theory, equivalent 

circuit, performance characteristics, starting methods, capacitor start-capacitor run single phase induction 

motors. 
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Course Outcomes (COs) 

CO1:  Explain the construction and working principles of synchronous generators, derive EMF equations, and 

analyze armature reaction and voltage regulation. (Knowledge, Understanding) 

CO2:  Demonstrate the requirements and procedures for the parallel operation of alternators and analyze the 

impact of synchronizing current, power, and torque on system stability and load sharing. (Application, 

Analysis) 

CO3:  Describe the construction, operating principles, and characteristics of synchronous motors, and analyze 

V and inverted V curves for performance assessment. (Knowledge, Understanding, Analysis) 

CO4:  Explain the structure, operation, and torque characteristics of three-phase induction motors, evaluate 

effects of rotor resistance and supply variations, and analyze equivalent circuits. (Understanding, 

Application, Analysis) 

CO5: Analyze different starting and speed control methods for induction motors, assess performance of single-

phase induction motors, and apply theories like double field revolving theory for performance analysis. 

(Analysis, Evaluation) 
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Module I 

Three-phase synchronous generators 

The synchronous generator, also known as an alternator, is an electrical device that transforms mechanical energy from a prime mover 

into AC electrical power at a specific voltage and frequency. The synchronous motor operates at a consistent speed known as the 

synchronous speed. A synchronous generator is a type of electrical generator that is used widely in power generation. The term 

"synchronous" refers to the synchronization between the rotational speed of the rotor and the frequency of the alternating current (AC) 

output.  

What is Synchronous Generator? 

The synchronous generator or alternator is an electrical generator that converts mechanical energy to electrical energy in the form of 

alternating current. For reasons of cost and simplicity, most alternators use a rotating magnetic field with a stationary armature. It is one 

of the most common types of generators used in power generation systems globally. In a synchronous generator, the rotary magnetic 

field is produced either by an electromagnet rotating with the armature conductors or by a rotating permanent magnet. The frequency of 

the generated AC voltage is proportional to the rotational speed of the magnetic field. 

Synchronous Generator Construction 

A synchronous generator consists of two main parts - the stator and the rotor. The stator is the stationary external part that contains 

windings, while the rotor is the rotating internal part that revolves within the stator.  

o Stator: The stator is the non-moving component of the alternator. It houses the armature winding where the voltage is 

generated. The alternator’s output is derived from the stator. 

o Rotor: The rotor is the moving part of the alternator. It generates the primary field flux. 

There are two common types of rotor construction in synchronous generators - salient pole rotor and cylindrical rotor. 

Stator 

o The stator of the alternator comprises several components, including the frame, stator core, armature windings, and cooling 

mechanisms. 

o The frame of the stator is typically made from cast iron in smaller machines and welded steel in larger machines. 

o The stator core consists of laminations made from high-grade silicon steel. These laminations help minimize hysteresis and 

eddy-current losses within the stator core. 

o Slots are cut along the inner perimeter of the stator core to accommodate a 3-phase armature winding. 

o The armature winding in the alternator is configured in a star connection. The windings for each phase are spread across 

multiple slots, ensuring that when current passes through, it generates a fundamentally sinusoidal distribution of EMF in space. 

Rotor 

The rotor in the alternator contains the field winding, which receives direct current via two slip rings from an external DC source, often 

referred to as the exciter. Typically, this exciter is a small DC shunt generator that is mounted directly on the alternator’s shaft. 

For alternators, there are two primary types of rotor designs employed: the salient-pole type and the cylindrical rotor type. 

Salient Pole Rotor 

A salient pole rotor contains projections called poles that protrude from the surface. Individual field coils are wound over each pole. This 

type is mainly used in smaller synchronous machines.The term "salient" refers to something that projects outward. The field pole 

windings are connected in series, allowing opposite polarities between adjacent poles when energized by the DC exciter. 

Salient pole type rotors are typically used in alternators that operate at low to medium speeds (from 120 to 400 RPM), such as those 

powered by diesel engines or water turbines.  

This is due to several reasons: 

o The structure of the salient pole type rotor is not robust enough to handle the mechanical stresses that occur at higher speeds. 

o Operating a salient field pole type rotor at high speeds would lead to windage losses and could generate noise. 

o The rotors in these low-speed alternators are built with a larger diameter to accommodate the poles, leading to rotors with a 

large diameter and short axial length, characteristic of the salient pole design. 

Cylindrical Rotor 

In a cylindrical rotor, the field winding is distributed uniformly over the entire cylindrical surface rather than individual poles. This type 

is used for larger machines to handle high power requirements. Cylindrical rotors are constructed from solid forgings of high-grade 

nickel-chrome-molybdenum steel.  

Unlike salient pole rotors, cylindrical rotors do not have visible physical poles. Approximately two-thirds of the cylindrical rotor's outer 

periphery features slots cut at regular intervals and aligned parallel to the rotor shaft. These slots house the field windings, which are 

excited by a DC supply and are of the distributed type. 

The portion of the rotor without slots constitutes the pole faces, and the resulting poles are non-salient, meaning they do not protrude 

from the rotor's surface. 

Cylindrical rotor constructions are typically employed in high-speed alternators (1500 to 3000 RPM), such as those driven by steam 

turbines, for several reasons: 
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o They offer superior mechanical strength and allow for more precise dynamic balancing. 

o Their design ensures noiseless operation at high speeds due to a uniform air gap. 

o The flux distribution around the rotor's periphery closely resembles a sine wave, resulting in a superior EMF waveform. 

Cylindrical rotor alternators, often referred to as turbo-alternators or turbo-generators, generally have a smaller diameter and longer axial 

length. These alternators are always installed in a horizontal configuration. 

Working Principle of Synchronous Generator 

The synchronous generator operates based on Faraday's laws of electromagnetic induction. These laws state that an electromotive force 

(EMF) is induced in an armature coil when it rotates within a uniform magnetic field. Similarly, EMF can also be generated if the 

magnetic field rotates while the conductor remains stationary. Essentially, it is the relative motion between the conductor and the 

magnetic field that induces the EMF in the conductor. The waveform of the voltage induced is consistently sinusoidal. 

When the rotor field winding of the alternator is energized by the DC exciter, alternating north (N) and south (S) magnetic poles are 

established on the rotor. As the rotor spins anticlockwise, driven by a prime mover, the armature conductors on the stator are intersected 

by the magnetic field from these rotor poles. This interaction induces an electromotive force (EMF) in the armature conductors through 

electromagnetic induction.  

The induced EMF is alternating because the N and S poles alternately pass by the armature conductors.  

The direction of the generated EMF can be determined using Fleming’s right-hand rule, and its frequency can be calculated by the 

formula: 

 
ypes of Synchronous Generator 

The main types are: 

o Turbo generator: Driven by steam turbine in thermal power plants 

o Hydro generator: Driven by water turbines in hydroelectric plants 

o Diesel generator: Driven by a diesel engine 

o Gas turbine generator: Driven by a gas turbine 

o Wind turbine generator: Used in variable speed wind turbines 

o Battery-driven synchronous generator: Used in EVs and UPS backup systems 

 
Difference between Cylindrical Rotor and Salient-Pole Rotor Synchronous Generator 

The following table highlights all the significant differences between a cylindrical rotor alternator and a salient-pole alternator − 

Basis of 

Difference 
Cylindrical Rotor Synchronous Generator Salient-Pole Synchronous Generator 

Description 

A synchronous generator that has its rotor which is 

cylindrical in shape is known as cylindrical rotor 

synchronous generator. 

A synchronous generator whose rotor has poles 

projected on the rotor surface is called salient pole 

rotor synchronous generator. 
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Pole 

In a cylindrical rotor alternator, the portion without the 

slots of the cylindrical rotor acts as poles. Thus, the 

poles are non-projecting type. 

In salient pole alternator, the rotor poles are 

projecting out from the surface of the rotor. 

Rotor diameter 
The diameter of the cylindrical rotor alternator is 

relatively smaller. 

The diameter of the salient-pole rotor alternator is 

larger than that of cylindrical rotor alternator. 

Axial length Cylindrical rotor alternator has large axial length. 
The axial length of the salient-pole rotor alternator is 

small. 

Air gap 

In cylindrical rotor alternator, the air-gap between stator 

and rotor is uniform because it has smooth cylindrical 

periphery. 

Salient pole rotor alternator has non-uniform air gap 

because the poles are projecting out from the 

surface. 

Also called 
Cylindrical rotor alternator is also called “non-salient 

rotor alternator” or “non-projected pole type alternator”. 

Salient pole alternator is also known as “projected 

pole type rotor alternator”. 

Rating (For the 

same size) 

The rating of the cylindrical rotor alternator is higher 

than salient pole alternator. 

Salient pole alternator has smaller rating than the 

cylindrical type alternator. 

Mechanical 

strength 

The mechanical strength of the cylindrical rotor 

alternator is high. 

Salient pole alternator has relatively less mechanical 

strength. 

Damper 

winding 

Cylindrical rotor alternator does not have separate 

damper winding. 

Salient pole alternator have separate damper 

winding. 

Suitability 

Cylindrical rotor alternator is suitable for high speed 

applications. Where, the speed ranges from 1500 to 

3000 RPM. 

Salient pole rotor alternator is most suitable for low 

speed applications, where the rotor speed ranges 

from 125 to 500 RPM. 

Prime mover 

The prime movers used for running the cylindrical rotor 

alternator are steam turbines used in thermal, gas and 

nuclear power plants. 

The prime movers used for driving the salient pole 

alternators are hydro turbines and IC engines. 

Armature Windings:  

The stator windings for alternating current motors and generators are alike. It should be noted that direct current and alternating current 

windings differ essentially by the former being of the closed-circuit type (through commutator), while alternating-current windings are 

of the open-circuit type. In most synchronous machines, stationary part is the armature. On the inner periphery of the stator core, number 

of slots (mostly open parallel sided slots) are provided. In these slots armature winding is placed.  

. Types of Armature Winding: Various types of winding schemes can be adopted to wound the armature of an alternator, a few of them 

are given below: 

. Single-phase and poly-phase windings: When only one winding is placed on the armature and only one emf is obtained at the output, 

winding is called single-phase winding. When more than one windings are placed on the armature and emfs induced are more than one, 

displaced from each other by some angle, the winding is called poly-phase winding. Mostly three-phase winding is provided on the 

armature. 

.Concentrated and distributed windings: When one slot per pole or slots equal to the number of poles are employed, the windings thus 

obtained are called concentrated windings. Such windings give maximum induced emfs for given number of conductors but the wave 

form of induced emf is not exactly sinusoidal. When number of slots per poles are more than one, the windings thus obtained are called 

distributed windings. Such windings give slightly less than maximum induced emf for a given number of conductors but the wave form 

of induced emf is more sinusoidal.  

. Single layer and double layer windings: When only one coil side is placed in a slot, the winding is called single layer winding. 

However, when two coil sides are placed in one slot, one over the other, the winding is called double layer winding. 

 . Full pitched and short pitched windings: When the two coil sides of the same coil are 180 electrical degrees apart, the winding is called 

full pitch winding. When the two sides of the same coil are less than 180 electrical degrees apart, the winding is called short pitch 

winding. The emf induced in each coil is maximum with full pitch winding scheme is employed whereas emf induced in the short pitch 

winding is less than that.  

However, short pitch winding is preferred over full pitch winding because of the following reasons: 3



 ➢ It decreases the length at the end-connections and thus amount of copper required is saved. 

 ➢ It reduces the slot reactance and thus improves the wave shape of the generated emf, i.e., the generated emf can be made to 

approximately sinusoidal more easily by properly chording the winding 

. ➢ It reduces or eliminates distorting harmonics in the wave form of generated emf The only disadvantage of short pitch winding is that 

a few more turns are used to obtain the same voltage as it would be induced in full pitch winding.  

. Concentric (or spiral), Lap and Wave windings: When each group of coils under a pole is arranged into a sort of concentric shape i.e., 

when the current flow is traced through one such properly connected set of coils that the conductors seem to form a spiral around a 

portion of the core the winding is called concentric or chain or spiral winding. This type of winding scheme is preferred for large 

diameter, low speed synchronous machines 
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Winding Factor 

The winding factor is the method of improving the rms generated voltage in a three-phase AC machine so that the torque and the output 

voltage do not consist of any harmonics which reduces the efficiency of the machine. Winding Factor is defined as the product of the 

Distribution factor (Kd) and the coil span factor (Kc). The distribution factor measured the resultant voltage of the distributed winding 

regards concentrate winding and the coil span is the measure of the number of armature slots between the two sides of a coil. It is 

denoted by Kw. The EMF equation is given below:  7
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It is assumed that the induced voltage is sinusoidal. However, if the flux density distribution is non-sinusoidal, the induced voltage in the 

winding will be non-sinusoidal. The coil span factor, distribution factor, and winding factor will be different for each harmonic voltage. 

From equation (1), the fundamental EMF per phase is given by the equation shown below:

 

The third harmonic, EMF per phase will be:  

The nth harmonic, EMF per phase will be here subscript 1,3 and n denote fundamental, third, and nth harmonics respectively. 

Therefore, Where, 

 ϕ1 is the total fundamental flux per pole. 

 ϕ1 = average flux density x area under one pole 

Where, 

 Bm1 is the peak value of the fundamental component of the flux density wave 

 D is the diameter of the armature or the mean air gap diameter 

 L is the axial length of the armature or the active coil side length 

Similarly for the nth harmonic  

Bmn is the peak value of the nth harmonic flux density 

Winding Factor for nth Harmonic 

The winding factor corresponding to the nth harmonic voltage is given as:  

Where Kcn and Kdn are the coil span factor and distribution factor for the nth harmonic. 

8
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Therefore, the nth order harmonic induced EMF per phase is given by the equation shown below:

 

Where,  

In addition, to the fundamental flux, the induced voltage in a winding will contain harmonics because of the non-sinusoidal space flux 

density distribution. Since the positive and the negative halves of the flux density wave are identical, only odd harmonics can be present, 

and even harmonics are absent. Therefore, phase voltage may contain third, fifth, seventh, and higher-order harmonics. 

Mainly the three-phase alternators are star-connected. The third-order harmonic voltages of all the phases are equal in-phase and 

magnitude. The phase of the star-connected machine is such that the voltage across any two lines is the phasor difference in the voltages 

of the corresponding phases. Hence, the third harmonic or multiple of the third harmonic are absent in the line voltage of the star-

connected synchronous machine. 

Since the strength of the harmonic components of voltage decreases with the increasing frequency, only fifth and seventh harmonics are 

important. These are known as Belt Harmonics. 

Thus, the root mean square voltage of the induced voltage across lines of a 3 phase, star connected machine is given by the equation 

shown below:  

Where, subscripts 1, 5, 7, 11 ….. denotes fundamental fifth, seventh, eleventh harmonics respectively. 

Let, 

 P be the number of poles 

 ϕ is Flux per pole in Webers 

 N is the speed in revolution per minute (r.p.m) 

 f be the frequency in Hertz 

 Zph is the number of conductors connected in series per phase 

 Tph is the number of turns connected in series per phase 

 Kc is the coil span factor 

 Kd is the distribution factor 

Flux cut by each conductor during one revolution is given as Pϕ Weber. Time taken to complete one revolution is given by 60/N sec 

Average EMF induced per conductor will be given by the equation shown below: 

 
Average EMF induced per phase will be given by the equation shown below: 

 
The average EMF equation is derived with the following assumptions given below. 

 Coils have got the full pitch. 

9
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 All the conductors are concentrated in one stator slot. 

Root mean square (R.M.S) value of the EMF induced per phase is given by the equation shown below: 

Eph = Average value x form factor 

Therefore, 

 
If the coil span factor Kc and the distribution factor Kd , are taken into consideration then the Actual EMF induced per phase is given as: 

 

Equation (1) shown above is the EMF equation of the Synchronous Generator. 

Coil Span Factor 

The Coil Span Factor is defined as the ratio of the induced emf in a coil when the winding is short-pitched to the induced 

emf in the same coil when the winding is full pitched. 

Distribution Factor 

The distribution factor is defined as the ratio of induced EMF in the coil group when the winding is distributed in a number 

of slots to the induced EMF in the coil group when the winding is concentrated in one slot.  

Armature Reaction in Alternator 

In an alternator like all other synchronous machines, the effect of armature reaction depends on the power factor i.e the 

phase relationship between the terminal voltage and armature current. 

Reactive power (lagging) is the magnetic field energy, so if the generator supplies a lagging load, this implies that it is 

supplying magnetic energy to the load. Since this power comes from excitation of synchronous machine, the net reactive 

power gets reduced in the generator. 

Hence, the armature reaction is demagnetizing. Similarly, the armature reaction has magnetizing effect when the generator 

supplies a leading load (as leading load takes the leading VAR) and in return gives lagging VAR (magnetic energy) to the 

generator. In case of purely resistive load, the armature reaction is cross magnetizing only. 

The armature reaction of alternator or synchronous generator, depends upon the phase angle between, stator armature 

current and induced voltage across the armature winding of alternator. 

The phase difference between these two quantities, i.e. Armature current and voltage may vary from – 90o to + 90o 

If this angle is θ, then, 

 
To understand actual effect of this angle on armature reaction of alternator, we will consider three standard cases, 

1. When θ = 0 

2. When θ = 90o 

3. When θ = – 90o 

Armature Reaction of Alternator at Unity Power Factor 

At unity power factor, the angle between armature current I and induced emf E, is zero. That means, armature current and 

induced emf are in same phase. But we know theoretically that emf induced in the armature is due to changing main field 

flux, linked with the armature conductor. 

As the field is excited by DC, the main field flux is constant in respect to field magnets, but it would be alternating in 

respect of armature as there is a relative motion between field and armature in the alternator. If main field flux of the 

alternator in respect of armature can be represented as 

 
Then induced emf E across the armature is proportional to, dφf/dt. 

 
Hence, from these above equations (1) and (2) it is clear that the angle between, φf and induced emf E will be 90o. 

Now, armature flux φa is proportional to armature current I. Hence, armature flux φa is in phase with armature current I. 

Again at unity electrical power factor I and E are in same phase. So, at unity power factor, φa is phase with E. So at this 

condition, armature flux is in phase with induced emf E and field flux is in quadrature with E. Hence, armature flux φa is in 10
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quadrature with main field flux φf. 

As this two fluxes are perpendicular to each other, the armature reaction of the alternator at unity power factor is purely 

distorting or cross-magnetising type. 

As the armature flux pushes the main field flux perpendicularly, distribution of main field flux under a pole face does not 

remain uniformly distributed. The flux density under the trailing pole tips increases somewhat while under the leading pole 

tips it decreases. 

Armature Reaction of Alternator at Lagging Zero Power Factor 

At lagging zero electrical power factor, the armature current lags by 90o to induced emf in the armature. 

As the emf induced in the armature coil due to main field flux thus the emf leads the main field flux by 90o. From equation 

(1) we get, the field flux, 

 
Hence, at ωt = 0, E is maximum and φf is zero. 

At ωt = 90o, E is zero and φf has maximum value. 

At ωt = 180o, E is maximum and φf zero. 

At ωt = 270o, E is zero and φf has negative maximum value. 

Here, φf got maximum value 90o before E. Hence φf leads E by 90o. 

Now, armature current I is proportional to armature flux φa, and I lags E by 90o. Hence, φa lags E by 90o. 

So, it can be concluded that, field flux φf leads E by 90o. 

Therefore, armature flux and field flux act directly opposite to each other. Thus, armature reaction of the alternator at 

lagging zero power factor is a purely demagnetising type. That means, armature flux directly weakens main field flux.  

Armature Reaction of Alternator at Leading Power Factor 

At leading power factor condition, armature current “I” leads induced emf E by an angle 90o. Again, we have shown just, 

field flux φf leads, induced emf E by 90o. 

Again, armature flux φa is proportional to armature current I. Hence, φa is in phase with I. Hence, armature flux φa also leads 

E, by 90o as I leads E by 90o. 

As in this case both armature flux and field flux lead, induced emf E by 90o, it can be said, field flux and armature flux are 

in the same direction. Hence, the resultant flux is simply arithmetic sum of field flux and armature flux. Hence, at last, it can 

be said that armature reaction of alternator due to a purely leading electrical power factor is the magnetizing type. 

Nature of Armature Reaction 

1. The armature reaction flux is constant in magnitude and rotates at synchronous speed. 

2. The armature reaction is cross magnetising when the generator supplies a load at unity power factor. 

3. When the generator supplies a load at leading power factor the armature reaction is partly demagnetising and partly 

cross-magnetising. 

4. When the generator supplies a load at leading power factor the armature reaction is partly magnetising and partly 

cross-magnetising. 

5. Armature flux acts independently of main field flux. 

Synchronous Impedance Method (EMF Method) for 

Finding Voltage Regulation of Alternator 
The synchronous impedance method or EMF method is used to determine the voltage regulation of the larger alternators. 

The synchronous impedance method is based on the concept of replacing the effect of armature reaction by an imaginary 

reactance. 

For an alternator, 

At first, the synchronous impedance (Zs) is measured and then, the value of actual generated EMF (Ea) is calculated. Thus, 

from the values of (Ea) and V, the voltage regulation of the alternator can be calculated. 
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Measurement of Synchronous Impedance 

In order to determine the value of synchronous impedance, following tests are performed on an alternator − 

 DC Resistance Test 

 Open-Circuit Test 

 Short-Circuit Test 

DC Resistance Test 

The circuit diagram for the DC resistance test is shown in Figure-1. 

 

Consider the alternator is star-connected with the field winding open-circuited. Now, measure the DC resistance between 

each pair of terminals either by using Wheatstone’s bridge or ammeter-voltmeter method. The average of three sets of 

resistance values Rt is taken. This value of Rt is divided by 2 to obtain the DC resistance per phase. 

While performing the test, the alternator should be at rest, because the AC effective resistance is greater than DC resistance 

due to skin effect. The AC effective resistance per phase may be obtained by multiplying the DC resistance by a factor 1.20 

to 1.75 depending upon the size of the alternator. 

Open-Circuit Test 

To perform the open-circuit test, the load terminals are kept open and the alternator is run at rated synchronous speed. The 

circuit diagram of the open-circuit test is shown in Figure-2. 

 
Initially, the field current is set to zero. Then, the field current is gradually increased in steps and the open-circuit terminal 

voltage Et is measured in each step. The field current may be increased to obtain 25 % more than rated voltage of the 

alternator. 

A graph is plotted between the open-circuit phase voltage ((Eph=Et/3–√))((Eph=Et/3)) and the field current (If). The 

obtained characteristic curve is known as open-circuit characteristic (O.C.C) of the alternator (see Figure-3). 

 
The shape of O.C.C. is same as a normal magnetisation curve. When the linear portion of the O.C.C. is extended, it given 

the air-gap line of the characteristic. 

Short-Circuit Test 
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For performing the short-circuit test, the armature terminals are short-circuited through three ammeters as shown in Figure-

4. 

 
Before starting the alternator, the field current should be decreased to zero. Each ammeter should have a range more than the 

rated full-load value. Now, the alternator is run at synchronous speed. Then, the field current is gradually increased in steps 

and the armature current is measured at each step. The field current may be increased to obtain the armature currents up to 

150 % of the rated value. 

The field current (If) and the average of the three ammeter readings is taken at each step. A graph is plotted between the 

armature current (Ia) and the field current (If). The obtained characteristic is known as short-circuit characteristic (S.C.C.) of 

the alternator and this characteristic is a straight line as shown in Figure-5. 

 
Calculation of Synchronous Impedance (Zs) 

In order to calculate the synchronous impedance of the alternator, the O.C.C. and the S.C.C. are drawn on the same curve 

sheet, as shown in Figure-6. 

 
Then, determine the value of short-circuit current (ISC) at the field current that gives the rated voltage per phase of the 

alternator. The synchronous impedance (Zs) will then be equal to the ratio of the open-circuit voltage to the short-circuit 

current at the field current which gives the rated voltage per phase, i.e., 
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 Alternator on load  
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Module II 

Parallel operation of alternators 
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Synchronization by a Synchroscope 

A stationary alternator must not be connected to live busbars. It is because the EMF induced by the alternator is zero at standstill and a 

short circuit will result. In order to check the synchronization of alternators, an equipment named Synchroscope is used 

 
Here, the phase sequence of the alternator is checked carefully at the time of its installation. The conditions 1 and 2 required for the 

synchronization are assured by means of the Synchroscope (shown in the figure). The Synchroscope compares the voltage from one 

phase of the incoming alternator with that of the corresponding phase of the 3-phase system. 

The position of the pointer of the Synchroscope indicates the phase difference between the voltages of the incoming alternator and the 

infinite busbar. 

 When the frequencies of the two voltages are equal, the pointer remains stationary. 

 When the frequencies differ, the pointer rotates in one direction or the other. 

The direction of the rotation of the pointer shows whether the incoming alternator is running too fast or too slow, i.e., whether the 

frequency of the incoming alternator is higher or lower than that of the infinite busbar. The speed of the rotation of the pointer is equal to 

the difference between the frequency of the incoming alternator and the frequency of the infinite busbar. 

The frequency and phase positions are controlled by controlling the input to the prime mover of the incoming alternator. When the 

pointer of the Synchroscope moves very slowly, that is the two frequencies are almost same and passes through the zero-phase point, the 

circuit breaker is closed and the incoming alternator is connected to the busbar. 
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Module III 

Synchronous motors 
Working Principle of Synchronous Motor 

A synchronous motor is a type of AC motor that operates on the principle of synchronism. It consists of stator and rotor. When the stator 

is energised it creates a magnetic field and interacts with the rotor, causing it to rotate at a synchronous speed. Once synchronous motors 

are synchronized, they operate efficiently. 

What is a Synchronous Motor? 

A synchronous motor is a type of AC motor that operates at a speed directly proportional to the frequency of current supplied. It helps 

the synchronous motor to maintain synchronous speed regardless of changes in load. 

Unlike induction motors, which rely on the principle of electromagnetism and experience a change in speed due to a change in load. 

However, synchronous motors maintain their synchronous speed with the frequency supply irrespective of changes in load making them 

ideal for applications that require constant speed control such as clocks, timers, and various industrial processes. 

The construction of a synchronous motor includes two main components: stator and rotor. The stator is the stationary part of the motor 

and consists of three-phase windings similar to the induction motor. While the rotor is the rotating part of the motor, it can be either a 

salient pole or cylindrical. 

Synchronous motor works on the principle of interaction between the stator and rotor. When a three-phase AC supply is provided to 

windings of stator, they generate a rotating magnetic field (RMF) which interacts with the magnetic field of the rotor, locks the rotor and 

causes it to rotate at synchronous speed.  

However, unlike induction motors, synchronous motors are not self-starting. At idle conditions, the rotor’s magnetic field experiences 

alternating torque due to the rotating magnetic field (RMF) of the stator which is insufficient to initiate the rotation of the rotor. To start 

the rotation, auxiliary methods such as damper windings or an external motor are used to bring the rotor up to synchronous speed before 

DC excitation is applied. 

Working of Synchronous Motor 

The working of a synchronous motor is based on the principle of synchronism. In this principle, the rotation of the rotor is synchronised 

with the frequency of the alternating current (AC) supply. Similar to other AC motors, synchronous motors also consist of a stationary 

part called the stator. 

The stator contains wire coils, supplied with alternating current (AC) supply. When these coils are energised with an AC supply, it 

produces a rotating magnetic field. This rotating magnetic field helps the rotor to rotate.  

The rotor is the rotating part of the motor. It contains either electromagnets or permanent magnets arranged in specific patterns. These 

magnets are then arranged with a rotating magnetic field produced by the stator. As a result of this interaction, the rotor starts to rotate.  

The most important feature of synchronous motors is their ability to maintain constant speed. They have the ability to synchronize the 

rotation of the rotor with the frequency of AC supply.  

 When the rotor rotates with the magnetic field 

produced by the stator, an electromotive force (EMF) is induced in rotor windings. This EMF creates a magnetic field in the rotor, which 

aligns itself with the magnetic field of the stator. As a result, the rotor rotates at the same speed as the rotating magnetic field. 

The synchronous speed (Ns) of the synchronous motor is determined by the formula Ns = 120xf/P where f  is the frequency of the AC 

supply and P is the number of poles in the motor. This formula shows that the speed of a synchronous motor is inherently related to the 

frequency of the AC power supply, typically 50Hz or 60Hz. 

Mechtex has a 110V Synchronous motor and a 230V Synchronous Motor that operates at 50Hz or 60Hz frequency. These synchronous 

motors are used in various industrial machinery, pumps, compressors, wind turbines, and daily live applications. 
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However, precise speed control is achieved by adjusting the frequency of AC supply. By increasing or decreasing, the frequency of 

supply the motor speed can be adjusted to meet the requirements of specific applications.  

In some synchronous motors, an additional DC supply is required for rotor winding to create the magnetic field produced for 

synchronisation. This process is known as excitation. It helps synchronous motors to maintain their synchronization with the AC power 

supply. However synchronous motors are not self-starting. 

Unlike other AC motors, which can start and operate without any external source, synchronous motors require an external source for 

initial rotation to synchronise with the magnetic field produced by the stator. Once synchronous motors are synchronised, they operate 

efficiently.  

However synchronous motors are not self-starting. Unlike other AC motors, which can start and operate without any external source, 

synchronous motors require an external source for initial rotation to synchronise with the magnetic field produced by the stator. Once 

synchronous motors are synchronised, they operate efficiently. 

 

Let’s discuss the simplest way to draw the phasor diagram for a synchronous motor and its advantages. First, we need to understand the 

notations for each quantity: 

Ef to represent the excitation voltage 

Vt to represent the terminal voltage 

Ia to represent the armature current 

Θ to represent the angle between terminal voltage and armature current 

ᴪ to represent the angle between the excitation voltage and armature current 

δ to represent the angle between the excitation voltage and terminal voltage 

ra to represent the armature per phase resistance. 

We will take Vt as the reference phasor in order to phasor diagram for synchronous motor. In order to draw the phasor diagram one 

should know these two important points which are written below: 

(1) We know that if a machine is made to work as a asynchronous motor then direction of armature current will in phase opposition to 

that of the excitation emf. 

(2) Phasor excitation emf is always behind the phasor terminal voltage. 

These two points are enough to draw the phasor diagram for a synchronous motor. The diagram is shown below: 

 
In the first phasor diagram, the armature current direction is opposite to the excitation emf phase. 

Usually, we omit the negative sign of the armature current in the phasor diagram. In the second phasor, we have omitted this sign. Now, 

let’s draw the complete phasor diagram and derive the excitation emf expression for each of the three cases: 
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(a) Motoring operation at lagging power factor. 

(b) Motoring operation at unity power factor. 

(c) Motoring operation at leading power factor. 

Given below are the phasor diagrams for all the operations. 

a) Motoring operation at lagging power factor: In order to derive the expression for the excitation emf for the lagging operation we first 

take the component of the terminal voltage in the direction of armature current Ia. Component in the direction of armature current is 

VtcosΘ. 

As the direction of armature is opposite to that of the terminal voltage therefore voltage drop will be –Iara hence the total voltage drop is 

(VtcosΘ – Iara) along the armature current. Similarly we can calculate the voltage drop along the direction perpendicular to armature 

current. The total voltage drop comes out to be (Vtsinθ – IaXs). From the triangle BOD in the first phasor diagram we can write the 

expression for excitation emf as 

 
(b) Motoring operation at unity power factor: In order to derive the expression for the excitation emf for the unity power factor operation 

we again first take the component of the terminal voltage in the direction of armature current Ia. But here the value of theta is zero and 

hence we have ᴪ = δ. From the triangle BOD in the second phasor diagram we can directly write the expression for excitation emf as 

 
(c) Motoring operation at leading power factor: In order to derive the expression for the excitation emf for the leading power factor 

operation we again first take the component of the terminal voltage in the direction of armature current Ia. Component in the direction of 

armature current is VtcosΘ. As the direction of armature is opposite to that of the terminal voltage therefore voltage drop will be (–Iara) 

hence the total voltage drop is (VtcosΘ – Iara) along the armature current. Similarly we can calculate the voltage drop along the direction 

perpendicular to armature current. The total voltage drop comes out to be (Vtsinθ + IaXs). From the triangle BOD in the first phasor 

diagram we can write the expression for excitation emf as 

 
In order to derive various conditions for power in both alternators and synchronous motors, let us consider the general problem of power 

flow through inductive impedance. The circuit diagram shown below consists of voltage source E1, voltage source E1 and load which 

consists of one resistor in series with an inductor. Now if we assume that the voltage source E1 is greater than the voltage source E2 then 

the voltage equation for this circuit is given by the equation, 
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Where, Z is R + jX as shown in the above circuit diagram. 

From the above expression we write the expression of current as 

 
Phasor Diagram for above Circuit 

Let’s explore how to draw a simple phasor diagram for the circuit. First, we’ll list the notations for each quantity used: 

θz to represent angle between the voltage E1 and current E1/Z or voltage E2 and current E2/Z 

I to represent current in the above circuit and δ to represent angle between E1 and E2. 

Given below is the phasor diagram for the above circuit: In order to draw the phasor diagram first draw the E1 voltage and the current 

E1/Z, mark angle E1 and E1/Z as θz. Similarly draw phasor E2 and E2/Z, such that the angle between E1 and E2 should be δ. Complete the 

phasor diagram by drawing the voltage drops IX and IR as shown above. Now Let us derive the expression for power supplied by the 

source E1. 

Let the power supplied by the source E1 be P1. We define power as the product of the voltage and current, using this we can write from 

the phasor diagram as P1=E1*(component of current I in phase with the voltage source E1). Component of current in phase with the 

voltage source E1 is 

 
On substituting this expression in the above equation we have 

 
From the phasor diagram, we have θz = 90o – αz. On substituting the value of the angle θz in the above expression we have 

 
This is the required expression for the power supplied by the source E1. 

Let the power supplied by the source E2 be P2. We define power as the product of the voltage and current, using this we can write from 

the phasor diagram as 

 
Component of current in phase with the voltage source E2 is 
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On substituting this expression in the above equation we have 

 
From the phasor diagram, we have θz = 90o – αz. On substituting the value of the angle θz in the above expression we have 

 
This is the required expression for the power supplied by the source E2. 
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Now let us derive various equations for the power flow the cylindrical rotor alternator. In order to derive various power equation for an 

alternator let us substitute voltage source E1 equal to the excitation voltage (Ef), voltage source E2 equals to the terminal voltage (Vt), 

inductive impedance of the above circuit equals to synchronous impedance (Zs) and Zs = ra + jXs. After replacing all these, we will have 

power input by the source E1 is equal to power input to the generator (Pig). So, 

 
Similarly we have output of the generator 

An important result from these equations is that the difference between the power input and output of the generator represents ohmic 

losses. To prove this, we subtract the output power from the input power: 

 
On expanding the expression, we have 

 
From the phasor diagram we have 

 
So substituting the value, from this equation we have 

 
Usually we neglect the value of armature resistance, due to this αz becomes zero and Zs becomes equal to Xs. Hence we have, 

 
Now we are in state to derive the expression for maximum power output conditions for the generator. In order to derive the maximum 

power output conditions we will first differentiate the expression of the power output equation of the generator that we have already 

derived above, after this we equate the equation with zero. On equating with zero we will get the angle relationship between alpha and 

delta at maximum power out conditions. Mathematically we have L 
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This is the required condition for the maximum power output, at maximum power output we have load angle is equal to the impedance 

angle. 

On substituting the above relation in output power relation we have maximum power output equals to 

 
Which is the required expression for the maximum power output of the generator. 

Here we are interested in drawing the phasor diagrams for the maximum power output in case of generator. Given below is the phasor 

diagram for the generator in case of maximum power output. All the symbols have their usual meanings in the phasor diagram. 

 

Similarly, we can derive the expression for maximum input to the generator. In order to derive the maximum power input conditions we 

will first differentiate the expression of the power input equation of the generator that we have already derived above, after this we 

equate the equation with zero. On equating with zero we will get the angle relationship between alpha and delta at maximum power out 

conditions. Mathematically, we have 

 
This is the required condition for the maximum power input, at maximum power input we have load angle is equal to the 180 degree 

minus impedance angle. On substituting the above relation in input power relation we have maximum power input equals to 

 
Which is the required expression for the maximum power input for the generator? 

Here, we are interested in drawing the phasor diagrams for the maximum power input in case of generator. Given below is the phasor 

diagram for the generator in case of maximum power input. All the symbols have their usual meanings in the phasor diagram. From the 

phasor diagram of maximum power input we can derive various conditions for the power factor and these conditions are written below: 

(a) When (Efcosδ-Iaracosθ) is less than terminal voltage then the power factor will be leading. 

(b) When (Efcosδ-Iaracosθ) is equal to terminal voltage then the power factor will be unity. 

(c) When (Efcosδ-Iaracosθ) is greater than terminal voltage then the power factor will be lagging. 

Let us now derive the expression for Reactive power flow in case of synchronous generator. We can derive expression for the reactive 

power at the output terminal of the generator as 

 
Further we can write this equation as 

 
From the above equation in generating mode if we have armature resistance equals to zero then the above equation will reduce to 

 
From the above equation we can derive various conditions for the power factor and reactive power, these conditions are written below: 

(a) When Efcosδ is less than terminal voltage then the power factor will be leading and reactive power is negative at the output terminal. 

(b) When Efcosδis equal to terminal voltage then the power factor will be unity and the reactive power is zero at the output terminal of 

the generator. 

(c) When Efcosδ is greater than terminal voltage then the power factor will be lagging and reactive power is positive. 

Now let us derive various equations for the power flow the cylindrical rotor synchronous motor. In order to derive various power 

equation for a synchronous motor let us substitute voltage source E1 equal to the excitation voltage (Vt), voltage source E2 equals to the 
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terminal voltage (Ef), inductive impedance of the above circuit equals to synchronous impedance (Zs) and Zs = ra + jXs. After replacing 

all these, we will have power input by the source E1 is equal to power input to the generator (Pig). So, 

 
Similarly we have output of the synchronous motor 

 
One important result can be derived from these equations. The difference of the power input to the synchronous motor and the power 

output to the synchronous motor gives ohmic losses in the generator. So in order to prove above statement let us subtract output power 

from the input power to the synchronous motor: 

 
On expanding the expression, we have 

 
From the phasor diagram we have 

 
So substituting the value, from this equation we have, 

 
Usually we neglect the value of armature resistance, due to this αz becomes zero and Zs becomes equal to Xs. Hence we have, 

 
Now we are in state to derive the expression for maximum power output conditions for the synchronous motor. In order to derive the 

maximum power output conditions we will first differentiate the expression of the power output equation of the synchronous motor that 

we have already derived above, after this we equate the equation with zero. On equating with zero we will get the angle relationship 

between alpha and delta at maximum power out conditions. Mathematically we have L 

 
This is the required condition for the maximum power output, at maximum power output we have load angle is equal to the impedance 

angle. On substituting the above relation in output power relation we have maximum power output equals to 

 
Which is the required expression for the maximum power output for the synchronous motor. 

Here we are interested in drawing the phasor diagrams for the maximum power output in case of synchronous motor. Given below is the 

phasor diagram for the synchronous motor in case of maximum power output. All the symbols have their usual meanings in the phasor 

diagram. 

 

Similarly, we can derive the expression for maximum input to the motor. In order to derive the maximum power input conditions we will 

first differentiate the expression of the power input equation of the generator that we have already derived above, after this we equate the 

equation with zero. On equating with zero we will get the angle relationship between alpha and delta at maximum power out conditions. 

Mathematically, we have 

 
This is the required condition for the maximum power input, at maximum power input we have load angle is equal to the 180 degree 50
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minus impedance angle. 

On substituting the above relation in input power relation we have maximum power input equals to 

 
Which is the required expression for the maximum power input for the synchronous motor. 

Here we are interested in drawing the phasor diagrams for the maximum power input in case of synchronous motor. Given below is the 

phasor diagram for the synchronous motor in case of maximum power input. All the symbols have their usual meanings in the phasor 

diagram. 

 

From the phasor diagram of maximum power input we can derive various conditions for the power factor and these conditions are 

written below: 

(a) When (Efcosδ+Iaracosθ) is less than terminal voltage then the power factor will belagging. 

(b) When (Efcosδ+Iaracosθ) is equal to terminal voltage then the power factor will be unity. 

(c) When (Efcosδ+Iaracosθ) is greater than terminal voltage then the power factor will be leading. 

Let us now derive the expression for Reactive power flow in case of synchronous motor. We can derive expression for the reactive 

power at the input terminal of the synchronous motor 

 
Further we can write this equation as 

 
From the above equation in motoring mode if we have armature resistance equals to zero then the above equation will reduce to 

 
From the above equation we can derive various conditions for the power factor and reactive power, these conditions are written below: 

(a) When Efcosδ is less than terminal voltage then the power factor will be lagging and reactive power is positive at the input terminal. 

(b) When Efcosδ is equal to terminal voltage then the power factor will be unity and the reactive power is zero at the input terminal of 

the synchronous motor. 

(c) When Efcosδ is greater than terminal voltage then the power factor will be leading and reactive power is negative. 

 

Synchronous Motor V Curves 

The graphs plotted between armature current (Ia) and field current (If) for different constant loads are known as the V curves of the 

synchronous motor. 

The power factor of a synchronous motor can be controlled by changing the field excitation, i.e., by variation of field current (If). Also, 

the armature current (Ia) changes with the change in the excitation or field current (If). 

let us assume that the synchronous motor is operating at no-load. If the field current (If) is increased from a small value, the armature 

current (Ia) decreases until Ia becomes minimum. The power factor of the motor corresponding to this minimum armature current is 

unity. Up to the point of minimum armature current, the motor was operating at lagging power factor. If a graph is plotted between 

armature current (Ia) and field current (If) at noload, the lowest curve in Figure-1 is obtained. In order to obtain a family of curves as 

shown in Figure-1, the above procedure is to be repeated for various increased loads. 
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Because the shape of the curves plotted between armature current (Ia) and field current (If) resembles the letter "V", thus these curves are 

known as V curves of a synchronous motor. 

The point corresponding to unity power factor is the point at which the armature current is minimum. The curve connecting the unity 

power factor points (or lowest points) of all V curves for various loads is called the unity power factor compounding curve. Similarly, 

the compounding curves for 0.85 power factor lag and 0.85 power factor lead are shown by dotted curves in Figure-1. 

Therefore, The compounding curves may be defined as the loci of constant power factor points on the V curves of a synchronous motor. 

The compounding curves give the information about the manner in which the field current (If) of the motor should be varied to maintain 

constant power factor under changing loads. 

Hence, the V curves are useful in adjusting the field current of the synchronous motor. From the V curves shown in Figure-1, it is clear 

that decreasing the field current below that for minimum armature current results in lagging power factor. Similarly, increasing the field 

current beyond the level of minimum armature current results in leading power factor. Therefore, by changing the field excitation of a 

synchronous motor, the reactive power supplied to or consumed from the power system can be controlled. 

Inverted V Curves of Synchronous Motor 

Inverted V curves of a synchronous motor are defined as the graphs plotted between power factor and field current (If) of the motor. 

A family of inverted V curves of a synchronous motor obtained by plotting the power factor versus field current is shown in Figure-2. 

 
The peak point on each of these curves indicates unity power factor. From the curves, it can be seen that the field current (If) for unity 

power factor at full-load is greater than the field current (If) for unity power factor at no-load. 

The inverted V curves also show that if the synchronous motor at full-load is operating at unity power factor then removal of the 

mechanical load from the shaft of the motor causes the motor to operate at a leading power factor. 

Synchronous Condenser 

An over-excited synchronous motor running on no-load is called the synchronous condenser. It is also known as synchronous 

capacitor or synchronous compensator or synchronous phase modifier. 
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A synchronous motor can deliver or absorb reactive power by changing the DC excitation of its field winding. It can be made to draw a 

leading current from the supply with over-excitation of its field winding and therefore, it supplies lagging reactive power (or absorbs 

leading reactive power). 

Under-excited Synchronous Motor 

When the synchronous motor is under-excited, then it draws a lagging current form the source and hence supplies leading reactive power 

(or absorbs lagging reactive power). Therefore, the current drawn by a synchronous condenser can be changed from lagging to leading 

smoothly by varying its field excitation. 

Over-excited Synchronous Motor at No Load 

When an over-excited synchronous motor is operated at no-load, it takes a leading current and hence, behaves as a capacitor. As the 

over-excited motor draws a leading current from the supply, it absorbs leading reactive power and delivers the lagging reactive power. 

When such a machine connected in parallel with induction motors or other inductive load, i.e., devices that operate at lagging power 

factor and absorbs the lagging reactive power, this lagging reactive power demand is met by the synchronous condenser. Thus, the 

inductive load does not take the lagging reactive power from the supply and the power factor of the plant has been improved. 

The synchronous capacitors, i.e., over-excited synchronous motors on no-load are installed in electric power systems only for power 

factor improvement of the system. The synchronous condensers are economical in large sizes than the static capacitors 

 A synchronous motor is not inherently self-starting. Therefore, it requires some auxiliary means of starting. In order to start a 

synchronous motor, there are following two methods − Starting with an external prime mover 

 Starting with damper windings 

Synchronous Motor Starting with an External Prime Mover 

In this method of starting a synchronous motor, an external motor is used to drive the synchronous motor as shown in Figure-1. 

 
The external motor brings the synchronous motor to synchronous speed and then the synchronous motor is synchronised with the AC 

supply as a synchronous generator. Then the prime mover (i.e., the external motor) is disconnected. Once synchronised, the synchronous 

machine will operate as a motor. 

Now, the mechanical load can be connected to the shaft of the synchronous motor. Since the load is not connected to the synchronous 

motor before synchronising, thus the prime mover motor has to overcome only the inertia of the synchronous motor at no-load. 

Consequently, the rating of the prime mover or starting motor is much smaller than the rating of the synchronous motor. 

Synchronous Motor Starting with Damper Windings 

At present, damper windings are most widely used method of starting a synchronous motor. A damper winding is made up of heavy 

copper bars inserted in slots cut into the pole faces of the rotor as shown in Figure-2. These copper bars are then short-circuited by end 

rings at both ends of the rotor. 

Hence, this arrangement of copper bars and end rings form a squirrel cage winding. 
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When the armature of the synchronous motor is connected to a three-phase supply, the synchronous motor with damper winding will 

start as a 3-phase squirrel cage induction motor. 

When the motor attains a speed nearer to the synchronous speed, the DC field excitation is applied to the rotor field windings. Then, the 

rotor will pull into step with the rotation magnetic field of the armature and hence the motor runs at synchronous speed. 

What is Hunting? 

An unloaded synchronous machine starts with a zero-degree load angle. As the shaft load increases, so does the load angle. If a load, P1, 

is suddenly applied to an unloaded machine, the machine will momentarily slow down. 

Additionally, the load angle (δ) increases from zero to δ1. Initially, the electrical power developed matches the mechanical load, P1. 

Since equilibrium isn’t reached, the rotor swings past δ1 to δ2, generating more electrical power than before. 

The rotor reaches synchronous speed but doesn’t maintain it, accelerating beyond this speed. This acceleration causes the load angle to 

decrease, preventing the attainment of equilibrium once more. 

Consequently, the rotor swings or oscillates around its new equilibrium position, a process known as hunting or phase swinging. Hunting 

occurs in both synchronous motors and generators when there’s an abrupt load change. 

Causes of Hunting in Synchronous Motor 

1. Sudden change in load. 

2. Sudden change in field current. 

3. A load containing harmonic torque. 

4. Fault in supply system. 

Effects of Hunting in Synchronous Motor 

1. It may lead to loss of synchronism. 

2. Produces mechanical stresses in the rotor shaft. 

3. Increases machine losses and cause temperature rise. 

4. Cause greater surges in current and power flow. 

5. It increases possibility of resonance. 

Reduction of Hunting in Synchronous Motor 

Two techniques should be used to reduce hunting. These are – 

 Use of Damper Winding: It consists of low electrical resistance copper / aluminum brush embedded in slots of pole faces in 

salient pole machine. Damper winding damps out hunting by producing torque opposite to slip of rotor. The magnitude of 

damping torque is proportional to the slip speed. 

 Use of Flywheels: The prime mover is provided with a large and heavy flywheel. This increases the inertia of prime mover and 

helps in maintaining the rotor speed constant. 

 Designing synchronous machine with suitable synchronizing power coefficients. 
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Module IV 

Three-phase induction motors 
What is a 3 Phase Induction Motor? 

A three phase induction motor is an AC-type induction motor that operates on three-phase supply like a single-phase induction motor 

where a single-phase supply is needed to operate it. An electromagnetic field is produced by three three-phase supply currents in the 

stator winding which which will produce the torque in the rotor winding of the three phase induction motor in the presence of the 

magnetic field. 

Construction of 3 Phase Induction Motor 

A 3 Phase induction motor has two main parts: 

o Stator 

o Rotor 

By a small air gap ranging from 0.5 mm to 4 mm, the rotor and stator are separated depending on the power rating of the motor. here we 

will discuss the construction of three phase induction of motor in detail. 

Stator of Three Phase Induction Motor 

The stationary part of the motor is the stator. It is made of a steel frame which encloses a hollow cylindrical core. The core of the three 

phase induction motor is made of silicon steel lamination of thin layers to minimize the hysteresis losses and eddy current. Evenly 

spaced slots are given on the inner periphery of the laminated core as shown in the figure. The insulated conductors are kept in these 

stator slots and are connected properly to form a balanced 3-phase delta or star-connected stator winding. 

The 3-phase stator windings are configured with a specific number of poles, 

depending on the requirement of speed, i.e., the greater the speed of the motor, the lesser the number of poles and vice-versa. When a 

balanced 3-phase supply is fed to the stator winding, a rotating magnetic flux (RMF) of constant magnitude is produced and this RMF 

induces currents in the rotor circuit by electromagnetic induction. 

Rotor of 3 Phase Induction Motor 

The rotor of an Induction motor is a laminated core hollow cylindrical, slots are constructed on its outer periphery. On these rotor slots, 

the rotor windings are placed. Depending upon the winding placement, the rotor of a 3-phase induction motor is of two types: 

1. Squirrel Cage Type Rotor 

2. Wound Type or Slip-Ring Type Rotor 

Squirrel Cage Type Rotor 

The squirrel cage rotor is made of a cylindrical laminated core, Skewed slots are kept on its outer periphery, which are nearly parallel to 

the shaft axis. An uninsulated aluminum or copper bar (rotor conductor) is placed in each slot. At both ends of the rotor, the rotor bar 

conductors are connected by heavy end rings made from the same material (see the figure) creating a short-circuit. This is indestructible 

winding because it is formed by permanently short-circuited winding. This whole arrangement resembles a cage which was once 

normally used for keeping squirrels hence the name.  

Currents are induced in the rotor by the electromagnetic induction from the stator, and hence rotor is not connected electrically to the 

supply. Those 3 phase induction motors which are known as squirrel cage induction motors are those in which squirrel cage rotors are 

employed. In the industries Squirrel cage rotor is mostly used in 3-phase induction motors because it has simple and robust construction 

enabling it to work in the most versatile environment. However, it has a disadvantage of low starting torque. 

Squirrel cage rotor conductors are skewed because this offers the following advantages − 
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o The noise is reduced during operation. 

o More uniform torque is produced. 

o The magnetic locking tendency or cogging of the rotor is reduced. Due to magnetic action coggging occurs, in which the rotor 

and stator teeth lock with each other. 

Wound Rotor or Slip Ring Rotor 

The slip ring rotor is made of a laminated cylindrical armature core. The slots are constructed on the outer periphery and insulated 

conductors are placed in the slots. To form a 3-phase double layer distributed winding similar to the stator winding, the rotor conductors 

are connected. The rotor windings are connected in star form (shown in the figure). 

 
The star connection’s open ends are taken outside the rotor and connected to three insulated slip rings. The slip rings are placed on the 

rotor shaft with brushes resting on them. The brushes are linked to three variable resistors arranged in a star configuration. Here, Brushes 

and slip rings are used to give a means for connecting external resistors in the rotor circuit. The equivalent circuit of the wound(Slip 

ring) rotor is shown in the figure below. 

The external resistors provide the variation of each rotor phase resistance to serve the following two purposes − 

o To Reduce the starting current from the supply and increase the starting torque. 

o To control the speed of the motor. 

Working Principle of 3 Phase Induction Motor 

This motor works on the principle of electromagnetic induction, that’s why it is known as the induction motor. Electromagnetic 

induction refers to the phenomenon in which the electromotive force is induced across the electrical conductor when it is placed in a 

rotating magnetic field. The stator and rotor are two main parts of the motor. The stationary part is a stator, and the overlapping windings 

are carried by it. while the rotor carries the main or field winding. The windings of the stator are evenly displaced from each other by an 

angle of 120°. 

In an induction motor the supply is applied only to one part, the stator so it is known as the single excited motor. The process of inducing 

the magnetic field on the parts of the motor is known as excitation. When the three-phase supply is fed to the stator, the rotating 

magnetic field is induced on it. The below-given fig shows the rotating magnetic field set up in the stator: 

 
Fig -3 Phase Induction Motor Diagram 

Consider that the direction of the induced rotating magnetic field is anticlockwise. The rotating magnetic field has moving polarities. 

The magnetic field polarities vary by taking into account both the positive and negative half cycles of the supply. The magnetic field 

rotation happens when we change polarities. The conductors of the rotor are stationary. The rotating magnetic field of the stator is cut by 
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this stationary conductor, and because of this electromagnetic induction, In the rotor, EMF will be induced. This EMF is called the rotor-

induced EMF, and it happens due to the electromagnetic induction phenomenon. 

The rotor conductors are short-circuited with the help of either the external resistance or by the end rings. In the rotor conductor, current 

will be induced by the relative motion of the rotating magnetic field and the rotor conductor. As the current flows through the conductor, 

the flux will be induced on it. The direction of rotor flux is the same as the direction of the rotor current. Now we have two fluxes, one 

because of the rotor and another because of the stator. These fluxes interact with each other. The Fluxes cancel each other on one end of 

the conductor, and on the other end, the flux density is very high. So, the high-density flux tries to push the rotor conductor towards the 

low-density flux region.  

This phenomenon generates torque on the conductor, and this torque is referred to as electromagnetic torque. The electromagnetic torque 

and the rotating magnetic field share the same direction. Thus, the rotor initiates rotating in the same direction as that of the rotating 

magnetic field. The speed of the rotor is always lesser than the synchronous speed or rotating magnetic field. The rotor tries to run at 

synchronous speed, but it always slips away. So, the motor never runs at the speed of the rotating magnetic field, and because of this 

reason, the induction motor is also called the Asynchronous motor. 

Types of 3 Phase Induction Motor 

Three phase induction motors are mainly classified in two types based on the rotor winding slip ring (wound rotor motor) and (Armature 

coil winding) i.e. squirrel cage. 

1. Squirrel Cage Induction Motor 

2. Slip-ring or Wound Rotor Induction Motor 

3 Phase Squirrel Cage Induction Motor 

This motor is called a squirrel cage induction motor because the shape of this rotor is similar to the shape of the cage of a squirrel.

 
The construction of a squirrel cage type of rotor is very simple and rough. So, mostly induction motor is a squirrel cage induction motor. 

The rotor is made of a cylindrical laminated core and slots are constructed on the outer periphery. The slots are skewed at some angle. 

Skewed slots help to prevent cogging. It provides smooth operation and reduces the humming noise. Because of this, the length of the 

rotor conductor is increased due to this the rotor resistance is increased. 

The squirrel cage rotor consists of rotor bars instead of the rotor winding. The rotor bars are made up of brass, copper, or aluminum. End 

rings short the rotor bars permanently, Creating a fully closed path in the rotor circuit. To provide mechanical support the rotor bars are 

welded with the end rings. Because of short-circuited rotor bars, there is no possibility to add external resistance to the rotor circuit. The 

construction of this type of motor is simpler and more robust because in this type of rotor, the slip rings and brushes are not used. 

Slip-ring or Wound Rotor Induction Motor 

The motor that uses the wound rotor is called a slip ring induction motor or phase wound motor. It is made of a laminated cylindrical 

core which features a semi-closed slot at the outer periphery and carries three-phase insulated winding. The rotor is wound with an 

identical number of poles as the stator.  
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Forming a star point, three complete terminals are connected. and the three-star terminals are connected to three copper slip rings fixed 

on the shaft. Through the center of the rotor, the mild steel shaft is passed and fixed to the key. The aim of the shaft is to deliver the 

mechanical power. 

Difference between Slip Ring & 3 Phase Squirrel Cage Induction Motor 

The most common or popular type of AC motor is the squirrel cage induction motor. It is the most used motor in industries because it is 

very cheap, robust, efficient, simple, and reliable. The slip ring motor has very few applications in industries. Rarely 5% – 10% slip ring 

motors are used in industries because it has several disadvantages like it requires frequent maintenance, having a high copper loss, etc. 

One of the main differences between the squirrel cage and the slip ring motor is that for controlling the speed of the motor, the slip ring 

motor has an external resistance circuit. Whereas in a squirrel cage motor, we can't add any external circuit because of the permanently 

slotted bar of the motor at the end of the ring. 

Feature Squirrel Cage Induction Motor Slip Ring Induction Motor 

Rotor Construction Squirrel cage rotor with shorted conductors Wound rotor with external connected slip rings and 

brushes 

Control of Speed Limited speed control without external 

devices 

Speed can be controlled by varying external 

resistance connected to slip rings 

Applications Widely used in various industries due to 

simplicity and reliability 

Limited applications (5% - 10% usage) due to 

maintenance issues and higher copper losses 

Maintenance 

Requirements 

Minimal maintenance, as there are no 

external components like slip rings 

Requires frequent maintenance due to slip rings, 

brushes, and external resistance 

Efficiency Generally higher efficiency Lower efficiency due to additional losses in slip 

rings and brushes 

Cost Cost-effective and inexpensive Generally more expensive due to the complexity of 

slip rings and additional components 

Starting Torque Good starting torque Can provide high starting torque, especially with 

external resistance 

Common Usage Most commonly used in industrial 

applications 

Rarely used, typically in situations where variable 

speed control is essential 

Complexity Simple construction with fewer components More complex construction with additional 

components like slip rings and brushes 

Advantages and Disadvantages of 3 Phase Induction Motor 

The merits and demerits of a 3 phase Induction Motor are mentioned below. 

Advantages of 3 Phase Induction Motor 

Following are the advantages of a 3 phase induction motor − 

o It has a simple and rugged construction. 

o It requires less maintenance. 

o It has good efficiency and better power factor. 

o It is less expensive. 

o It has self-starting torque. 

Disadvantages of 3 Phase Induction Motor 

The disadvantages of a 3-phase induction motor are given below − 

o Speed control of 3-phase induction motor is very difficult because these motors are constant speed motors 

o 3 phase induction motors have low starting torque and high inrush currents (about 4 to 8 times of the rated current). 

o They always operate under a lagging power factor and during light loads, they operate at the very worst power factor (about 0.3 

to 0.5 lagging). 

Application of 3 Phase Induction Motor 

In industrial applications, an induction motor is used. In residential as well as industrial applications, the squirrel cage induction motors 

are used especially when the speed control of motors is not needed, such as: 

Uses of Squirrel Cage Induction Motor 

o Pumps and submersible 

o Pressing machine 

o Lathe machine 

o Grinding machine 

o Conveyor 

o Flour mills 58
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o Compressor 

o Other low mechanical power applications 

Uses of Slip Ring Induction Motor 

The slip ring motors are used where heavy load applications and high initial torque are required, such as: 

o Steel mills 

o Lift 

o Crane Machine 

o Hoist 

o Line shafts 

o and other heavy mechanical workshops, etc. 

o Torque equation of three phase induction motor 

o Firstly the magnitude of rotor current, secondly the flux which interact with the rotor of three phase induction motor 

and is responsible for producing emf in the rotor part of induction motor, lastly the power factor of rotor of the three 

phase induction motor. 

By integrating these factors, we derive the torque equation as follows: 

 
Where, T is the torque produced by the induction motor, 

φ is flux responsible for producing induced emf, 

I2 is rotor current, 

cosθ2 is the power factor of rotor circuit. 

o The flux φ produced by the stator is proportional to stator emf E1. 

i.e φ ∝ E1 

We know that transformation ratio K is defined as the ratio of secondary voltage (rotor voltage) to that of primary 

voltage (stator voltage). 

 
Rotor current I2 is defined as the ratio of rotor induced emf under running condition , sE2 to total impedance, Z2 of 

rotor side, 

 
o and total impedance Z2 on rotor side is given by , 

 
Putting this value in above equation we get, 

 
s = slip of induction motor 

o We know that power factor is defined as ratio of resistance to that of impedance. The power factor of the rotor 

circuit is 

 
Putting the value of flux φ, rotor current I2, power factor cosθ2 in the equation of torque we get, 
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o Combining similar term we get, 

 
Removing proportionality constant we get, 

 
Where, ns is synchronous speed in r. p. s, ns = Ns / 60. So, finally the equation of torque becomes, 

 
How the constant K is derived in the torque equation. 

In a three phase induction motor, copper losses typically occur in the rotor. These rotor copper losses are expressed 

as 

Pc = 3I2
2R2 

We know that rotor current, 

 
Substitute this value of I2 in the equation of rotor copper losses, Pc. So, we get 

 
The ratio of P2 : Pc : Pm = 1 : s : (1 – s) 

Where, P2 is the rotor input, 

Pc is the rotor copper losses, 

Pm is the mechanical power developed. 

 
Substitute the value of Pc in above equation we get, 

 
On simplifying we get, 

 
The mechanical power developed Pm = Tω, 

 
Substituting the value of Pm 
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We know that the rotor speed N = Ns(1 – s) 

Substituting this value of rotor speed in above equation we get, 

 
Ns is speed in revolution per minute (rpm) and ns is speed in revolution per sec (rps) and the relation between the 

two is 

 
Substitute this value of Ns in above equation and simplifying it we get 

 
Comparing both the equations, we get, constant K = 3 / 2πns 

o Starting torque is the torque produced by induction motor when it starts. We know that at 

the start the rotor speed, N is zero. 

 
So, the equation of starting torque is easily obtained by simply putting the value of s = 1 in 

the equation of torque of the three phase induction motor, 

 
The starting torque is also known as standstill torque. 

o Maximum Torque Condition for Three-Phase Induction Motor 

o In the equation of torque, 

 
The rotor resistance, rotor inductive reactance and synchronous speed of induction motor remain constant. The supply voltage 

to the three phase induction motor is usually rated and remains constant, so the stator emf also remains the constant. We define 

the transformation ratio as the ratio of rotor emf to that of stator emf. So if stator emf remains constant, then rotor emf also 

remains constant. 

If we want to find the maximum value of some quantity, then we have to differentiate that quantity concerning some variable 

parameter and then put it equal to zero. In this case, we have to find the condition for maximum torque, so we have to 

differentiate torque concerning some variable quantity which is the slip, s in this case as all other parameters in the equation of 

torque remains constant. 

So, for torque to be maximum 

 
Now differentiate the above equation by using division rule of differentiation. On differentiating and after putting the terms 

equal to zero we get, 61
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Neglecting the negative value of slip we get 

 
So, when slip s = R2 / X2, the torque will be maximum and this slip is called maximum slip Sm and it is defined as the ratio of 

rotor resistance to that of rotor reactance. 

NOTE: At starting S = 1, so the maximum starting torque occur when rotor resistance is equal to rotor reactance. 

o Equation of Maximum Torque 

o The equation of torque is 

 
The torque will be maximum when slip s = R2 / X2 

Substituting the value of this slip in above equation we get the maximum value of torque as, 

 
In order to increase the starting torque, extra resistance should be added to the rotor circuit at start and cut out gradually as 

motor speeds up. 

Conclusion 

From the above equation it is concluded that 

o The maximum torque is directly proportional to square of rotor induced emf at the standstill. 

o The maximum torque is inversely proportional to rotor reactance. 

o Notably, the maximum torque does not depend on the rotor resistance. 

o The slip at which maximum torque occur depends upon rotor resistance, R2. So, by varying the rotor resistance, maximum 

torque can be obtained at any required slip 

 

The torque of a 3-phase induction motor under running conditions is given by, 

 
Low-Slip Region 

At synchronous speed, the slip s = 0, thus, the torque is 0. When the speed is very near to the synchronous speed, the slip is 

very low and the term (sX2)2 is negligible in comparison with R2. Therefore, 
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τ∝2τ∝2 

If R2 is constant, then 

τr∝s…(2)τr∝s…(2) 

Eqn. (2) shows that the torque is proportional to the slip. Hence, when the slip is small, the torque-slip curve is straight line. 

Medium-Slip Region 

When the slip increases, the term (sX2)2 becomes large so that R2
2 may be neglected in comparison with (sX2)2. Therefore, 

τr∝s(sX2)2=1sX22τr∝s(sX2)2=1sX22 

If X2 is constant, then 

τr∝1s…(3)τr∝1s…(3) 

Thus, the torque is inversely proportional to slip towards standstill conditions. Hence, for intermediate values of the slip, the 

torque-slip characteristics is represented by a rectangular hyperbola. The curve passes through the point of maximum 

torque when R2 = sX2. 

The maximum torque developed by an induction motor is known as pull-out torque or breakdown torque. This breakdown 

torque is a measure of the short time overloading capability of the motor. 

High-Slip Region 

The torque decreases beyond the point of maximum torque. As a result of this, the motor slows down and eventually stops. The 

induction motor operates for the values of slip between s = 0 and s = sm, where sm is the value of slip corresponding to 

maximum torque. For a typical 3-phase induction motor, the breakdown torque is 2 to 3 times of the full-load torque. Therefore, 

the motor can handle overloading for a short period of time without stalling. 

Torque Slip Characteristics of Three Phase Induction Motor 

The torque slip curve of an induction motor shows how torque changes with slip. Slip is defined as the difference between 

synchronous speed and actual rotor speed, divided by synchronous speed. When speed changes, slip and the corresponding 

torque also change. 

The curve can be described in three modes of operation- 

 
The torque-slip characteristic curve can be divided roughly into three regions: 

 Low slip region 

 Medium slip region 

 High slip region 

Motoring Mode 

In this mode, power is supplied to the stator, and the motor rotates below synchronous speed. The motor torque ranges from 

zero to full load torque as the slip changes. Slip ranges from zero at no load to one at standstill. The curve shows that torque is 

directly proportional to slip. 

That is, more is the slip, more will be the torque produced and vice-versa. The linear relationship simplifies the calculation of 

motor parameter to great extent. 
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Generating Mode 

In this mode of operation induction motor runs above the synchronous speed and it should be driven by a prime mover. The 

stator winding is connected to a three phase supply in which it supplies electrical energy. Actually, in this case, the torque and 

slip both are negative so the motor receives mechanical energy and delivers electrical energy. Induction motor is not much used 

as generator because it requires reactive power for its operation. 

That is, reactive power should be supplied from outside and if it runs below the synchronous speed by any means, it consumes 

electrical energy rather than giving it at the output. So, as far as possible, induction generators are generally avoided 

Braking Mode 

In braking mode, the motor’s supply voltage polarity is reversed, causing it to rotate in the opposite direction and stop. This 

method, called plugging, is used to quickly stop the motor. The kinetic energy in the load is dissipated as heat, along with the 

power still received from the stator. Thus, the stator is disconnected before the motor enters braking mode to avoid excessive 

heat. 

If load which the motor drives accelerates the motor in the same direction as the motor is rotating, the speed of the motor may 

increase more than synchronous speed. In this case, it acts as an induction generator which supplies electrical energy to the 

mains which tends to slow down the motor to its synchronous speed, in this case the motor stops. This type of breaking 

principle is called dynamic or regenerative breaking. 

Torque Slip Characteristics of Single Phase Induction Motor 

 
At a slip of one, forward and backward fields in a single-phase induction motor create equal but opposite torques, resulting in 

zero net torque, so the motor fails to start. Unlike three phase induction motor, these motors are not self-starting and need an 

external method to provide starting torque. Increasing the forward speed decreases forward slip, increasing forward torque and 

decreasing reverse torque, thus starting the motor. 

To start a single phase induction motor, a difference in torque between the forward and backward fields is needed. If the 

forward field torque is greater, the motor rotates in the forward (anti-clockwise) direction. If the backward field torque is 

greater, the motor rotates in the backward (clockwise) direction. 

Effect of Change in Voltage and Frequency 

Let us see the effect of change in voltage and frequency on the torque-slip characteristics of an induction motor. This effect can 

be studied by analyzing two cases as, 

Case 1 : Halving the applied voltage, keeping frequency normal. 

When the motor is running with slip s, the torque is, 

 
Now standstill e.m.f. E2 is proportional to the supply voltage. 64
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Generally on full load, slip s is very small hence (sX2)2 << R2

2 hence neglecting it 

 
If supply voltage is made half, then the torque will reduce by the factor (1/4), in the running condition. The slip at which Tmax 

occurs remains same but the value of Tmax reduces. The corresponding speed-torque characteristics are shown in the Fig. 

5.15.1. 

  

Case 2 : Halving both the applied voltage and frequency 

For an induction motor, the air gap flux is given by, 

 
Thus if f is changed, air gap flux also changes. This may result into saturation of stator and rotor cores. Such a saturation may 

leads to sharp increase in the current. But if (V/f) ratio is maintained constant, then air gap flux remains constant. Thus when 

both are halved air gap flux remains constant but as frequency is reduced, the shape of torque-slip characteristics remains same. 

Let     Vn = Normal voltage, fn = Normal frequency 

V       = New voltage,     f = New frequency 

V / f = constant  i.e. Vn/fn = V/f   i.e. V = f / fn Vn . 

As frequency is changed, the nominal rotor standstill reactance referred to stator also changes. 

X2n = Nominal rotor reactance 

X2  = New rotor reactance 

X2  = (f/fn) X2n 

As frequency changes, Ns changes hence, 

ws = (f/fn) wsn 

where, wsn = Nominal speed    ws = New speed 

sm = Nominal slip at maximum torque = R2/X2 
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As frequency is halved with V/f constant, the maximum torque remains same but sm 

increases while the starting torque increases. Hence the torque speed characteristics are as shown in the Fig. 5.15.2.  

 
  

Example 5.15.1 A 3-phase, 4 pole, 50 Hz squirrel cage induction motor has rotor leakage impedance of 1 + j2 Ω /Ph, standstill 

voltage of 100 V per phase driving a constant torque load at 0.03 slip, what is speed of the motor, if 

i) Supply voltage is increased by 25 % and frequency is constant. 

ii) Supply voltage is increased by 25 % and frequency is decreased by 25 %. 

Solution : P = 4, f = 50 Hz, R2 = 1 Ω, X2 = 2 Ω, E2ph = 100 V, s1 = 0.03 

 
Initially with rated voltage the torque is, 

 
As voltage increases, E2 increases as E2 ∝ V, due to transformer action. i) Torque constant, frequency constant, supply voltage 

increased by 25 %. 

E2 increases by 25 % = 100 + 0.25 × 100 = 125 V 66



 
  

Example 5.15.2 A 3-phase induction motor has operating p.f. of 0.85 at full load speed of 960 r.p.m. and at 400 V supply 

voltage. In case the supply voltage falls to 380 V, find the operating p.f. at the same full load torque. 

Solution : 
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Effect of Change in Rotor Resistance 

It is known that in slip ring induction motor, externally resistance can be added in the rotor. Let us see the effect of change in 

rotor resistance on the torque produced. 

Let     R2 = Rotor resistance per phase 
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Corresponding torque,    

Now externally resistance is added in each phase of rotor through slip rings. 

Let     R2 = New rotor resistance per phase 

Corresponding torque,    

Similarly the starting torque at s = 1 for R2 and R2 can be written as  

 
 

Key Point It can be observed that Tm is independent of R2 hence whatever may be the rotor resistance, maximum torque 

produced never changes but the slip and speed at which it occurs depends on R2. 

For R2  sm = R2 / X2  where Tm occurs. 

For R2  sm = R2 / X2  where Tm occurs. 

As R2  > R2, the slip s'm > sm. Due to this, we get a new torque-slip characteristics for rotor resistance R2. This new 

characteristics is parallel to the characteristics for R2 with same Tm but occurring at s'm. The effect of change in rotor 

resistance on torque-slip characteristics is shown in the Fig. 5.14.1 

 
It can be seen that the starting torque Tst for R2. is more than Tst for R2. Thus by changing rotor resistance the starting torque 

can be controlled. 

If now resistance is further added to rotor to get resistance as R2. and so on, it can be seen that Tm remains same but slip at 

which it occurs increases to sm and so on. Similarly starting torque also increases to Tst and so on. 

If maximum torque Tm is required at start then sm = 1 as at start slip is always unity, so 

 
Key Point Thus by adding external resistance to rotor till it becomes equal to X2, the maximum torque can be achieved at 

start. 

It is represented by point A in the Fig. 5.14.1  
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Example 5.14.1 A 6 pole, 50 Hz, 3-phase induction motor has a rotor resistance of 0.25 Q per phase and a maximum torque of 

10 N-m at 875 r.p.m. Calculate 1) The torque when the slip is 5 % and 2) The resistance to be added to the rotor circuit to 

obtain 60 % of the maximum torque at starting. Explain why two values are obtained for this resistance. Which value will be 

used ? The stator impedance is assumed to be negligible. AU : May-08, Marks 12 

Solution : 

 
Now Rx is added to the rotor to make its resistance R'2 and Tst = 60 % of Tmax Ts 

 
 

Mathematically there are two values of this resistance, one for motoring action and other for generating action. The higher of 

the two must be eliminated as it can produce large rotor copper losses and it gives absurd values for the slip at which maximum 

torque occurs. Hence smaller of the two is to be used. 
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Example 5.14.2 An 8 pole, 50 Hz, 3 phase induction motor is running at 4% slip when delivering full load torque. It has 

standstill rotor resistance of 0.1 Ω and reactance of 0.6 Ω per phase. Calculate the speed of the motor if an additional 

resistance of 0.5 Ω per phase is inserted in the rotor circuit. Assume full load torque remains constant. AU : Dec.-08, Marks 8 

Solution : P = 8, f = 50 Hz, s = 4 % = 0.04, R2 = 0.1 Ω , X2 = 0.6 Ω 

 
Hence the new speed of the motor is, 

N’ = Ns(1-s’) = 750 (1-0.24) = 570 r.p.m 

  

Example 5.14.3 A 40 kW, 3-phase, slip-ring induction motor of negligible stator impedance runs at a speed of 0.96 times 

synchronous speed at rated torque. The slip at maximum torque is four times the full-load value. If the rotor resistance of the 

motor is increased by 5 times, determine : a) The speed, power output and rotor copper loss at rated torque, b) The speed 

corresponding to maximum torque. 

Solution : 
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Losses and Efficiency of Induction Motor 

There are two types of losses occur in three phase induction motor. These losses are, 

1. Constant or fixed losses, 

2. Variable losses. 

Constant or Fixed Losses 

Constant losses are those losses which are considered to remain constant over normal working range of induction motor. The 

fixed losses can be easily obtained by performing no-load test on the three phase induction motor. These losses are further 

classified as- 

1. Iron or core losses, 

2. Mechanical losses, 

3. Brush friction losses. 

Iron or Core Losses 

 

Iron or core losses are divided into hysteresis and eddy current losses. Eddy current losses are reduced by laminating the core, 

which increases resistance and decreases eddy currents. Hysteresis losses are minimized using high-grade silicon steel. Core 

losses depend on supply voltage frequency. The stator frequency is the supply frequency, while the rotor frequency is slip times 

the supply frequency, usually much lower. For a 50 Hz stator frequency, the rotor frequency is about 1.5 Hz due to a typical slip 

of 3%. Thus, rotor core loss is usually negligible compared to stator core loss during operation. 

Mechanical and Brush Friction Losses 

Mechanical losses occur at the bearings, and brush friction losses occur in wound rotor induction motors. These losses are 

minimal at start-up but increase with speed. In three phase induction motors, the speed generally stays constant, so these losses 

also remain nearly constant. 

Variable Losses 

 
Variable losses, also known as copper losses, occur due to the current in the stator and rotor windings. As the load changes, the 

current and thus these losses change. These losses are determined by performing a blocked rotor test on a three-phase induction 

motor. The main function of an induction motor is to convert electrical power into mechanical power, which involves different 

stages of power flow. 

This power flowing through different stages is shown by power flow diagram. As we all know the input to the three phase 

induction motor is three phase supply. So, the three phase supply is given to the stator of three phase induction motor. 

Let, Pin = electrical power supplied to the stator of three phase induction motor, 

VL = line voltage supplied to the stator of three phase induction motor, 

IL = line current, 

Cosφ = power factor of the three phase induction motor. 73
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Electrical power input to the stator, Pin = √3VLILcosφ 

A part of this power input is used to supply stator losses which are stator iron loss and stator copper loss. The remaining power 

i.e (input electrical power – stator losses) are supplied to rotor as rotor input. 

So, rotor input P2 = Pin – stator losses (stator copper loss and stator iron loss). 

Now, the rotor has to convert this rotor input into mechanical energy but this complete input cannot be converted into 

mechanical output as it has to supply rotor losses. As explained earlier the rotor losses are of two types rotor iron loss and rotor 

copper loss. Since the iron loss depends upon the rotor frequency, which is very small when the rotor rotates, so it is usually 

neglected. So, the rotor has only rotor copper loss. Therefore the rotor input has to supply these rotor copper losses. After 

supplying the rotor copper losses, the remaining part of Rotor input, P2 is converted into mechanical power, Pm. 

Let Pc be the rotor copper loss, 

I2 be the rotor current under running condition, 

R2 is the rotor resistance, 

Pm is the gross mechanical power developed. 

Pc = 3I2
2R2 

Pm = P2 – Pc 

Now this mechanical power developed is given to the load by the shaft but there occur some mechanical losses like friction and 

windage losses. So, the gross mechanical power developed has to be supplied to these losses. Therefore the net output power 

developed at the shaft, which is finally given to the load is Pout. 

Pout = Pm – Mechanical losses (friction and windage losses). 

Pout is called the shaft power or useful power. 

Efficiency of Three Phase Induction Motor 

Efficiency is defined as the ratio of the output to that of input, 

 
Rotor efficiency of the three phase induction motor , 

 
= Gross mechanical power developed / rotor input 

 
Three phase induction motor efficiency, 

 
Three phase induction motor efficiency 

 
Complete Equivalent Circuit of 3 Phase Induction Motor 

The complete equivalent circuit refers to the exact equivalent model obtained by transferring the rotor parameters to the stator 

side using the turns ratio. This yields a circuit identical to a two-winding transformer incorporating all stator and transformed 

rotor variables. 

Fig- Equivalent circuit diagram of 3 phase induction 

motor 

Here, R1 is the winding resistance of the stator. 

X1 is the inductance of the stator winding. 

Rc is the core loss component. 
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XM is the magnetizing reactance of the winding. 

R2/s is the power of the rotor, which includes output mechanical power and copper loss of the rotor. 

The complete equivalent circuit of an induction motor includes all the parameters that affect the motor's performance: 

o Stator resistance (R1) and leakage reactance (X1): Represent the resistance and reactance of the stator windings. 

o Rotor resistance (R2) and leakage reactance (X2): Represent the resistance and reactance of the rotor windings, referred to as 

the stator side. 

o Magnetizing branch (Rm and Xm): Represents the core losses and magnetizing inductance. 

o Rotor slip (s): Indicates the difference between synchronous speed and actual rotor speed. 

An induction motor is a well-known device that operates on the same principle as a transformer, earning it the nickname 

"rotating transformer." When an EMF is applied to its stator, electromagnetic induction induces a voltage in its rotor. Thus, an 

induction motor can be considered a transformer with a rotating secondary. In this analogy, the transformer's primary winding 

corresponds to the induction motor's stator winding, and the secondary winding corresponds to the rotor. 

An induction motor always runs below the synchronous or full load speed. The relative difference between the synchronous 

speed and the rotor's actual speed is known as slip, denoted by S. 

 Here, I2 is the slip frequency 

current produced by a slip frequency induced voltage sE20 acting in the rotor circuit having an impedance per phase of (R2 + 

jsX20). 

Now, dividing the equation (5) by slip s we get the following equation: 75
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The rotor resistance R2 is constant, while the leakage reactance is variable, denoted as 𝑠𝑋2′′. Similarly, the rotor circuit below 

includes a constant leakage reactance𝑋2′′ and a variable resistance R2/s. 

Equation (6) describes the secondary circuit of an imaginary transformer with a constant voltage ratio and the same frequency 

on both sides. This hypothetical stationary rotor carries the same current as the actual rotating rotor, allowing the transfer of the 

secondary rotor impedance to the primary stator side. 

Approximate Equivalent Circuit of 3 Phase Induction Motor 

In practical analysis, the approximate equivalent circuit simplifies the complete model by neglecting certain elements to make 

calculations easier: 

o Neglecting stator resistance (R1) or rotor reactance (X2): Simplifies the circuit, focusing mainly on the magnetizing and core 

loss components. 

o Combining series elements: Some series resistances and reactances may be combined for a more straightforward representation. 

The equivalent circuit is further simplified by transferring the shunt impedance branches 

𝑅0 and 𝑋0 to the input terminals, as illustrated in the circuit diagram below: 

Fig - Approx Equivalent Circuit 

The approximate circuit is based on the assumption that 𝑉1=𝐸1=𝐸′2. In this circuit, the only component that varies with slip is 

the resistance, while all other quantities remain constant. At any given slip s, the impedance beyond AA' is given by the 

following equations: 
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Phasor Diagram of Three Phase Induction Motor 

  

In a 3-phase induction motor, the stator winding is connected to 3-phase supply and the rotor winding is short-circuited. The 

energy is transferred magnetically from the stator winding to the short-circuited, rotor winding. Therefore, an induction motor 

may be considered to be a transformer with a rotating secondary (short-circuited). The stator winding corresponds to 

transformer primary and the rotor finding corresponds to transformer secondary. In view of the similarity of the flux and 

voltage conditions to those in a transformer, one can expect that the equivalent circuit of an induction motor will be similar to 

that of a transformer. Fig. 3.8 shows the equivalent circuit per phase for an induction motor. Let discuss the stator and rotor 

circuits separately. 

 
Stator circuit. In the stator, the events are very similar to those in the transformer primary. The applied voltage per phase to the 

stator is V1  and R1and X1  are the stator resistance and leakage reactance per phase respectively. The applied voltage 

V1  produces a magnetic flux which links the stator winding (i.e., primary) as well as the rotor winding (i.e., secondary). As a 

result, self-induced e.m.f. E1  is induced in the stator winding and mutually induced e.m.f. 

E'2 (= s E2 = s K E2  where K is transformation ratio) is induced in the rotor winding. The flow of stator current I1 causes 

voltage drops in R1 and X1. 
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V1 = - E1 + I1(R1+jX1)  …… phasor sum 

 

 

When the motor is at no-load, the stator winding draws a current I0. It has two components viz., 

  

(i) which supplies the no-load motor losses and (ii) magnetizing component Im which sets up magnetic flux in the core and the 

air gap. The parallel combination of Rc and Xm, therefore, represents the no-load motor losses and the production of magnetic 

flux respectively. 

 

 

I0 = Iw + Im 

 

 

Rotor circuit. Here R2  and X2  represent the rotor resistance and standstill rotor reactance per phase respectively. At any slip 

s, the rotor reactance will be X2 .The induced voltage/phase in the rotor is E'2 = s E2  = s K E1 . Since the rotor winding is short-

circuited, the whole of e.m.f. E'2 is used up in circulating the rotor current I'2. 

  

E’2 = I’2 (R2 + jsX2) 

 

 

The rotor current I'2 is reflected as I"2 (= K I'2) in the stator. The phasor sum of I"2 and I0 gives the stator current I1. 

 

It is important to note that input to the primary and output from the secondary of a transformer are electrical. However, in an 

induction motor, the inputs to the stator and rotor are electrical but the output from the rotor is mechanical. To facilitate 

calculations, it is desirable and necessary to replace the mechanical load by an equivalent electrical load. We then have the 

transformer equivalent circuit of the induction motor. 
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It may be noted that even though the frequencies of stator and rotor currents are different, yet the magnetic fields due to them 

rotate at synchronous speed Ns. The stator currents produce a magnetic flux which rotates at a speed Ns. At slip s, the speed of 

rotation of the rotor field relative to the rotor surface in the direction of rotation of the rotor is 

 
But the rotor is revolving at a speed of N relative to the stator core. Therefore, the speed of rotor field relative to stator core 

 
Thus no matter what the value of slip s, the stator and rotor magnetic fields are synchronous with each other when seen by an 

observer stationed in space. Consequently, the 3-phase induction motor can be regarded as being equivalent to a transformer 

having an air-gap separating the iron portions of the magnetic circuit carrying the primary and secondary windings. Fig. 3.9 

shows the phasordiagram of induction motor. 

Theory of No Load Test of Induction Motor 

The impedance of the motor’s magnetizing path is high, which limits current flow. Thus, a small current is applied, causing a 

minor drop in stator impedance and ensuring the rated voltage across the magnetizing branch. This drop and the power loss due 

to stator resistance are negligible compared to the applied voltage. Hence, it is assumed that all drawn power converts into core 

loss. The air gap in the magnetizing branch in an induction motor increases the exciting current, making the no-load stator I2R 

loss recognizable. 

It’s crucial to ensure the current does not exceed its rated value to prevent the rotor from accelerating beyond safe limits. 

The test is conducted at poly-phase voltages and rated frequency applied to the stator terminals. After the motor runs for a while 

and the bearings are fully lubricated, readings of applied voltage, input current, and input power are taken. Rotational loss is 

calculated by subtracting the stator I2R losses from the input power. 

 
Calculation of No Load Test of Induction Motor 

Let the total input power supplied to induction motor be W0 watts. 

 
Where, 

V1 = line voltage 

I0 = No load input current 

Rotational loss = W0 – S1 

Where, 

S1 = stator winding loss = Nph I2 R1 

Nph = Number phase 

The various losses like windage loss, core loss, and rotational loss are fixed losses which can be calculated by 

Stator winding loss = 3Io
2R1 

Where, 

I0 = No load input current 

R1 = Resistance of the motor 

Core loss = 3GoV2 79

https://www.electrical4u.com/induction-motor-types-of-induction-motor/
https://www.electrical4u.com/induction-motor-types-of-induction-motor/


 

Induction Motor Blocked Rotor Test 

The figure shows the circuit diagram for the blocked rotor test of an induction motor. The blocked rotor test enables us to 

determine the efficiency and the circuit parameters of the equivalent circuit of a 3-phase induction motor. 

 
In the blocked rotor test, the shaft of the motor is locked so that it cannot rotate and the rotor winding is short circuited. In a 

slip-ring induction motor, the rotor winding is short-circuited through the slip-rings while in a squirrel cage induction motor, 

the rotor bars are permanently short-circuited with the help of end rings. 

n the blocked rotor test, a reduced voltage at reduced frequency is applied to the stator of the induction motor through a 3-phase 

autotransformer so that the rated current flows in the stator winding. The readings obtained are given as follows − 

 Total input power on short circuit is measured by the two wattmeter method and is given by the algebraic sum of the two watt-

meter readings. Here, a reduced voltage is applied to the stator and rotation of the rotor is not allowed, thus, the core and 

mechanical losses are negligible. Therefore, the total input power in the blocked rotor test is equal to the sum of stator copper 

losses and rotor copper losses for all the 3-phases. 

 The ammeter reads the value of line current (Iscl) with blocked rotor which is corresponds to the short circuit condition. 

 The voltmeter reads the value of reduced line voltage with blocked rotor (Vscl). 

Therefore, the input power under blocked rotor condition is given by, 
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Module V  

Starting and speed control of three-phase induction motors 

 
DOL Starter (Direct On Line Starter) Diagram And Working Principle 

 

A DOL starter (also known as a direct on line starter or across the line starter) is a method of starting a 3 phase induction 

motor. In a DOL Starter, an induction motor is connected directly across its 3-phase supply, and the DOL starter applies the full 

line voltage to the motor terminals. 

Even with direct connection to the power supply, the motor remains protected. A DOL motor starter includes protective devices 

and, in some models, condition monitoring features. Below is a wiring diagram of a DOL starter: Since the DOL starter 

connects the motor directly to the main supply line, the motor draws a very high inrush current compared to the full load current 

of the motor (up to 5-8 times higher). The value of this large current decreases as the motor reaches its rated speed. 

A direct on line starter can only be used in circumstances when the high inrush current of the motor does not cause an excessive 

voltage drop in the supply circuit. If a high voltage drop needs to be avoided, a star delta starter should be used instead. Direct 

on line starters are commonly used to start small motors, especially 3 phase squirrel cage induction motors. 

 
As we know, the equation for armature current in the motor.The value of back emf (E) depends upon speed (N), i.e. E is 

directly proportional to N. At start-up, the back electromotive force (E) is zero, resulting in a very high initial current. Small 

motors with longer axial lengths and smaller diameters accelerate quickly due to this effect. 

Hence, speed increases and thus the value of armature current decreases rapidly. Therefore, small rating motors smoothly run 

when it is connected directly to a 3-phase supply. 

If we connect a large motor directly across 3-phase line, it would not run smoothly and will be damaged, because it does not get 

accelerated as fast as a smaller motor since it has short axial length and larger diameter more massive rotor. However, for large-

rated motors, we can use an oil-immersed DOL starter. 

Stator Resistance Starting Method 

In this method, external resistors are connected in series with each phase of the stator winding during startup. These resistors 

cause a voltage drop across them, resulting in a reduced voltage being applied to the motor terminals. Consequently, the starting 

current is lowered. As the motor accelerates, these external resistors are gradually removed from the stator circuit in steps. Once 

the motor reaches its rated speed, the resistors are completely eliminated, and the full line voltage is applied directly across the 

motor terminals. 

Fig- Circuit Diagram of Stator Resistance Starting 

Method 

This method has two drawbacks. First, the reduced voltage during startup decreases the starting torque, thereby extending the 

acceleration time. Second, a significant amount of power is lost in the starting resistors. 

Advantages 

o Reduced inrush current 

o Lower starting torque, reducing mechanical stress 

Disadvantages 

o Power loss in resistors 

o Reduced efficiency during start-up 

o Requires additional components 

Autotransformer Starting Method 83
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An autotransformer is used to step down the supply voltage during startup, via tapping arrangements. This limits the starting 

current. Once the motor picks up sufficient speed, it is reconnected directly to the supply voltage. This method provides a 

controlled and gradual increase in voltage, thereby limiting the starting current and torque. 

Auto-transformers, also known as auto-starters, can be used for both star-connected and delta-connected squirrel cage motors. 

Essentially, they are three-phase step-down transformers with various taps that allow the motor to start at different voltage 

levels, such as 50%, 65%, or 80% of the line voltage. With auto-transformer starting, the current drawn from the supply line is 

always less than the motor current by a factor corresponding to the transformation ratio. 

At startup, the switch is in the "start" position, applying a reduced voltage (selected via a tap) across the stator. As the motor 

reaches an appropriate speed, typically around 80% of its rated speed, the auto-transformer automatically disconnects from the 

circuit, and the switch moves to the "run" position. The switch that changes the connection from start to run can be either air-

break (for small motors) or oil-immersed (for large motors). Additionally, auto-starters are equipped with provisions for no-

voltage and overload protection, often incorporating time delay circuits. 

Advantages 

o Reduced inrush current 

o Smooth acceleration 

o Higher efficiency compared to stator resistance starting 

Disadvantages 

o More complex and expensive than D.O.L. starting 

o Requires additional space for the autotransformer 

Star-Delta Starting 

The stator winding is initially connected in star configuration to avail reduced phase voltage during startup. Once the rated 

speed is achieved, apply the full line voltage. It is reconfigured to delta for full voltage operation. A TPDT (triple pole double 

throw) switch is used for star-delta changeover. In star-delta starting, the motor windings are initially connected in a star 

configuration, reducing the voltage applied to each winding to 1/√3 (58%) of the line voltage.  

The starting torque will be 1/3 times that will be for delta-connected winding. Hence a star-delta starter is equivalent to an auto-

transformer of ratio 1/(sqrt. 3) or 58% reduced voltage. 

o The star delta starter method of starting three three-phase induction motors is very common and widely used methods. 

o In this method, at starting motor will be in star connection and runs at delta connected stator windings. 

 The ratio of the current of star connection and delta 

connection is ⅓ 

Therefore starting current is reduced to ⅓.  

Advantages 

o Reduced starting current 

o Lower starting torque 

o Cost-effective for motors with star-delta capability 

Disadvantages 

o Lower starting torque may not be sufficient for high-load applications 

o Transition from star to delta can cause mechanical and electrical transients 

Rotor-Resistance Starting Method  84
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Rotor resistance starting is used for wound rotor or slip ring induction motors. External resistors are connected to the rotor 

circuit during start-up, increasing the rotor resistance and reducing the starting current. Initially, the full starting resistance is 

connected, which reduces the supply current to the stator. As the rotor begins to rotate, the resistances in the rotor circuit are 

gradually removed as the motor's speed increases. When the motor reaches its rated full load speed, the starting resistances are 

completely cut out, and the slip rings are short-circuited. 

Advantages 

o High starting torque 

o Smooth acceleration 

o Adjustable starting characteristics 

Disadvantages 

o Power loss in external resistors 

o More complex and expensive 

o Requires maintenance of slip rings and brushes 

o Starting of Slip-Ring Induction Motors 

o  
Starting of Slip-Ring Induction Motors 

Slip-ring motors are invariably started by rotor resistance starting. In this method, a variable star-connected rheostat is 

connected in the rotor circuit through slip rings and full voltage is applied to the stator winding as shown in Fig: 3.27. 

 

 
 

(i) At starting, the handle of rheostat is set in the OFF position so that maximum resistance is placed in each phase of the rotor 

circuit. This reduces the starting current and at the same time starting torque is increased. 

  

(ii)                              As the motor picks up speed, the handle of rheostat is gradually moved in clockwise direction and cuts out 

the external resistance in each phase of the rotor circuit. When the motor attains normal speed, the change-over switch is in the 

ON position and the whole external resistance is cut out from the rotor circuit. 

V/f Control Method  

Speed control of induction motor by changing supply frequency: 

By varying the supply voltage and frequency proportionally keeping the V/f ratio constant using a variable frequency drive, 

smooth speed control can be achieved. This is a commonly used method. 

Speed Control of Slip Ring Induction Motor 

Speed control of slip ring induction motor involves varying the rotor resistance to change the slip and consequently the motor 

speed. Slip is defined as (Synchronous speed - Actual motor speed)/Synchronous speed. 85
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Methodology: 

o In no-load condition, minimum external resistance is connected resulting in maximum slip and minimum speed. 

o As the load increases, additional external resistance is inserted in steps to maintain the speed. 

Voltage Control Method 

The voltage control method adjusts the speed of an induction motor by varying the voltage supplied to the motor.  

This method is simple and economical for small motors and is primarily used where a broad range of speed control is not 

required. It operates under the principle that the torque produced in an induction motor is directly proportional to the square of 

the applied voltage.  

Reducing the supply voltage decreases the magnetic flux, thereby lowering the torque and speed. However, this method is not 

efficient for large motors or applications requiring precise speed control due to its limited range and impact on torque. 

Frequency Control Method 

Speed control of 3 phase induction motor using vfd: 

The frequency control method varies the speed of an induction motor by changing the frequency of the electrical power 

supplied to the motor while keeping the supply voltage constant.  

This method provides a wide range of precise speed control, making it suitable for applications requiring variable speeds and 

high efficiency. As the speed of an induction motor is directly proportional to the supply frequency, adjusting the frequency 

allows for smooth control over the motor's speed without significantly affecting the torque.  

This control strategy is commonly implemented using electronic variable-frequency drives (VFDs), offering flexibility and 

energy efficiency in motor operations. 

Stator Resistance Method 

Speed control of induction motor by stator voltage control: 

The stator resistance method controls the speed of an induction motor by adding external resistance in series with the stator 

winding.  

This method primarily affects the starting torque and speed of the motor by introducing voltage drop across the added 

resistance, which changes the torque-speed characteristic of the motor.  

While it's an uncomplicated and low-cost method for speed control, particularly for slip-ring induction motors, its application is 

limited due to reduced efficiency and significant power loss in the resistance. 

Rotor Resistance Control Method 

Speed control of slip ring induction motor by rotor resistance: 

In slip-ring induction motors, the rotor resistance control method adjusts the motor's speed by adding external resistance in 

series with the rotor windings.  

This method effectively controls the speed at constant torque, making it beneficial for applications requiring high starting 

torque and smooth speed control under varying load conditions.  

Since increasing the rotor resistance increases the slip, the motor can operate at lower speeds without losing torque. However, 

similar to the stator resistance method, this approach results in power losses in the external resistors, affecting overall 

efficiency. 

Slip Power Recovery Method 

The slip power recovery method enhances the efficiency of controlling the speed of slip-ring induction motors by recovering 

the slip power, which would otherwise be lost.  

This method involves collecting the power from the rotor circuit through slip rings and either feeding it back to the supply or 

using it for another purpose. It employs sophisticated power electronic devices to convert the collected power into an 

appropriate form.  

This method provides significant energy savings and improved speed control range without compromising torque, making it 

ideal for high-power applications. 

Crawling of Induction Motor 

It has been observed that squirrel cage type induction motor has a tendency to run at very low speed compared to its 

synchronous speed, this phenomenon is known as crawling. The resultant speed is nearly 1/7th of its synchronous speed. Now 

the question arises why this happens? This action is due to the fact that harmonics fluxes produced in the gap of the stator 

winding of odd harmonics like 3rd, 5th, 7th etc. These harmonics create additional torque fields in addition to the synchronous 

torque. 

The torque produced by these harmonics rotates in the forward or backward direction at Ns/3, Ns/5, Ns/7 speed respectively. 

Here we consider only 5th and 7th harmonics and rest are neglected. The torque produced by the 5th harmonic rotates in the 

backward direction. This torque produced by fifth harmonic which works as a braking action is small in quantity, so it can be 

neglected. Now the seventh harmonic produces a forward rotating torque at synchronous speed Ns/7. Hence, the net forward 

torque is equal to the sum of the torque produced by 7th harmonic and fundamental torque. The torque produced by 7th harmonic 

reaches its maximum positive value just below 1/7 of Ns and at this point slip is high. At this stage motor does not reach up to 
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its normal speed and continue to rotate at a speed which is much lower than its normal speed. This causes crawling of the motor 

at just below 1/7 synchronous speed and creates the racket. The other speed at which motor crawls is 1/13 of synchronous 

speed. 

Cogging of Induction Motor 

Cogging is a characteristic of induction motor that occurs when the motor fails to start, sometimes due to low supply voltage. 

However, the primary cause is the locking of the stator slots with the rotor slots, preventing the motor from turning. 

In induction motors, both the stator and rotor contain a series of slots. When these slots align perfectly due to matching 

numbers, the magnetic path’s reluctance drops to its minimum, which can prevent the motor from starting. 

Cogging in induction motors is defined as the locking of the stator and rotor slots, preventing the motor from starting. Another 

cause of cogging is torque modulation, which happens when the supply voltage’s harmonic frequencies align with the slot 

frequencies, enhancing the locking effect. This issue is also referred to as magnetic teeth locking. 

Methods to overcome Cogging 

This problem can be easily solved by adopting several measures. These solutions are as follows: 

 The number of slots in rotor should not be equal to the number of slots in the stator. 

 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. 

 Single Phase Induction Motor: Working, Construction, Types & Equivalent Circuit 

What is a Single Phase Motor? 

This is a broader term that encompasses all motor types that operate on a single-phase power supply. This category includes 

various types of motors, such as single-phase induction motors, shaded pole motors, split-phase motors, capacitor-start motors, 

and others. Each of these types uses a different method to start and run the motor. In a three-phase motor, the rotating magnetic 

field is naturally created by the three-phase power supply. However, single-phase power does not inherently produce a rotating 

magnetic field. Therefore, single phase motors need additional mechanisms to start. 

What is Single Phase Induction Motor? 

A single-phase induction motor consists of a single-phase winding which is mounted on the stator of the motor and a cage 

winding placed on the rotor. A pulsating magnetic field is produced when the stator winding of the single-phase induction 

motor is energized by a single phase supply. It consists of two main parts - a stator having one or more electromagnetic coils 

supplied with single-phase AC power and a rotor attached to the output shaft. The rotor is made up of bars short-circuited using 

rings at both ends, similar to a squirrel cage rotor of a three phase induction motor. The single phase supply produces a 

pulsating rotating magnetic field in the stator due to which current is induced in the rotor coils. However, due to the pulsating 

nature of the field, the rotor fails to produce torque for self-starting. Various techniques are therefore used to derive a quasi-

rotating magnetic field for enabling self-starting capability in single phase induction motors. This is also known as a single 

phase motor. 

Working Principle of Single Phase Induction Motor 

The working principle of a single phase induction motor is based on electromagnetic induction. When the stator winding is 

connected to a single-phase AC supply, it produces a pulsating magnetic field. The word Pulsating means that the field builds 

up in one direction falls to zero and then builds up in the opposite direction. Under these conditions, the rotor of an induction 

motor does not rotate. Hence, a single phase induction motor is not self-starting. It requires some special starting means. If the 

1-phase stator winding is excited and the rotor of the motor is rotated by an auxiliary means the starting device is removed, and 

the motor continues to rotate in the direction in which it is started. 

The performance of the single-phase induction motor can be understood through two theoretical frameworks: the Double 

Revolving Field Theory and the Cross Field Theory. These theories are parallel in their explanations of how torque is produced 

once the rotor begins to rotate. A single-phase induction motor includes a single-phase winding on the stator and a cage 

winding on the rotor.  

When this stator winding is powered by a single-phase electrical supply, it generates a pulsating magnetic field. This term 

"pulsating" describes how the magnetic field intensifies in one direction, diminishes to zero, and then strengthens in the reverse 

direction. Due to this behavior, the rotor of a single-phase induction motor does not start spinning on its own. Thus, single-

phase induction motors are not self-starting and require additional starting mechanisms to operate. 

Construction of a Single Phase Induction Motor 

The construction of a single phase induction motor involves two main parts: 

1. Stator: The stationary part that creates the magnetic field. It consists of a laminated iron core with slots that house the stator 

windings. 

2. Rotor: The rotating part that is placed inside the stator. It is typically a squirrel cage rotor made of aluminum or copper bars 

short-circuited by end rings. 
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Fig- Diagram of Single phase induction motor diagram 

Double-revolving Field Theory  

When a single-phase supply is connected to the stator winding, it produces two equal magnetic fields rotating in opposite 

directions with the same amplitude. The fields neutralize each other, producing a pulsating magnetic field. This pulsating field 

fails to produce the torque required for starting the motor. 

When the rotor is at rest, it experiences alternate pushing and pulling from the pulsating magnetic fields without any resultant 

force. As it starts rotating even slightly, it enters a zone of leading field first and then lags behind the following field. This 

makes the magnetic fields cut the rotor conductors sequentially, generating EMF and current in them. The interaction between 

the stator and rotor magnetic fields produces a starting torque enabling self-starting. 

Why Single Phase Induction Motor is not Self Starting? 

As discussed above, the pulsating magnetic field produced by a single phase supply fails to develop torque for self-starting of 

the motor. During each half cycle, the fields alternatively accelerate and decelerate the rotor alternatively without providing any 

resultant rotational force. 

If the rotor is at rest, it experiences equal and opposite torques successively without any net starting torque. Even a small 

residual rotating magnetic field is sufficient to get the motor into the accelerating mode. Methods like split phase, shaded pole, 

and capacitor start are used to introduce a phase difference between two fields, transforming the pulsating field into a quasi-

rotating one for enabling self-starting. 

Equivalent Circuit of Single Phase Induction Motor 

The dynamic behavior of single phase induction motors can be studied using an approximate equivalent circuit model. It 

consists of a stator resistance (Rs), stator reactance (Xs), rotor resistance (Rr), rotor reactance (Xr), and magnetizing reactance 

(Xm). 

Fig- Equivalent Circuit of Single Phase Induction Motor 

The equivalent circuit takes the stator and rotor as separate circuits magnetically coupled through the magnetizing branch. The 

behavior is analogous to a transformer with the stator represented by the primary and the rotor by the secondary. It is a suitable 

model for performance evaluation based on circuit parameters and determining slip for various loading conditions. 

Types of Single Phase Induction Motor 

Some commonly used types of single phase motors include: 

o Split Phase Motor: Has two windings with different resistances to induce a phase difference for starting. 

o Shaded Pole Motor: Uses conductor shading on poles to delay magnetic flux for one portion, introducing a phase lag. 

o Capacitor Start Motor: Employs a starting capacitor in series with auxiliary winding to improve starting torque. 

o Permanent Split Capacitor Motor: Has a permanent capacitor for both starting and running. 

o Capacitor Start Capacitor Run Motor: Provides maximum starting torque using dual capacitors for start and run modes. 

Application of Single Phase Induction Motor 

Due to their simple and rugged construction with self-starting capability, single phase induction motors find application in 

various household, commercial, and small industrial applications requiring a power rating of up to 1 HP (0.75 kW). 

Some common applications include: 

o Household appliances like fans, blowers, mixers, grinders, etc. 

o Commercial refrigerators, water pumps, air conditioners, etc. 

o Light industrial tools for metalworking, woodworking, etc. 

o Agricultural applications like water pumps, threshing machines, etc. 

o CNC machines, lathe machines, and drilling machines for small industries. 

The single phase induction motor is well-suited for applications requiring frequent starts/stops with reasonable starting torque 

in the 1/6 to 1/4 HP power range. 

Advantages of Single Phase Induction Motor 

o Economical and inexpensive due to simple construction 88
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o Self-starting capability enables direct connection to single phase supply 

o Rugged and maintenance-free squirrel cage rotor construction 

o Compact and lightweight motor suitable for domestic and light applications 

o Easy speed control through external resistors in starters 

o Widely available with standard designs and ratings 

Disadvantages of Single Phase Induction Motor 

o Develops only about 60-65% of the maximum torque of a 3 phase motor 

o Low power factor of around 0.4 to 0.5 compared to near unity in 3 phase motors 

o Produces increased vibrations and noise due to torque pulsations 

o Efficiency is lower by about 5% compared to an equivalent 3 phase motor 

o Requires special circuits for self-starting, increasing cost and size 

o Has 20-30% higher current drawn from the supply mains during start-up 

Difference Between 3-Phase and Single Phase Induction Motor 

The key differences between a 3-phase and 1-phase induction motor are: 

Features 3-Phase Induction Motor 1-Phase Induction Motor 

Power 

Supply 

Uses a balanced 3-phase AC 

supply. 

Uses a single-phase AC supply. 

Construction Has one set of 3-phase 

windings. 

Uses two windings, one for starting and one 

for running. 

Starting Self-starting without auxiliary 

circuits. 

Requires auxiliary circuits like a capacitor 

for self-starting. 

Power 

Factor 

Typically close to unity (1). Ranges from 0.4 to 0.5 due to non-

sinusoidal current. 

Torque Develops higher torque, and 

more effective load handling. 

Torque is about 60-65% of a 3-phase motor 

at rated load. 

Efficiency Higher efficiency, typically 95-

97%. 

Lower efficiency, typically 90-92% due to 

increased losses. 

Applications Suited for industrial 

applications. 

Commonly used in household applications, 

especially where less than 1HP is needed. 

Definition of a Capacitor Start Capacitor Run Motor 

A capacitor start capacitor run motor is a type of single-phase induction motor that incorporates both a start capacitor and a run 

capacitor. These capacitors are used to create a phase shift in the motor's windings, improving its starting torque and running 

efficiency.  

The capacitor start capacitor run motor features a cage rotor, with its stator comprising two windings: the Main Winding and 

the Auxiliary Winding. These windings are spatially displaced by 90 degrees. This motor employs two capacitors: the starting 

capacitor, which is utilized during startup to provide high initial torque, and the run capacitor, which is engaged for continuous 

operation, ensuring efficient and stable performance. 

Key Components: 

o Start Capacitor: Provides a high starting torque by creating a large phase shift during the start-up. 

o Run Capacitor: Maintains the phase shift during normal operation, ensuring smooth and efficient running. 

Working of a Capacitor Start Capacitor Run Motor 

The working principle of the capacitor start capacitor run motor relies on creating a rotating magnetic field using phase correction 

provided by the capacitors. 

At startup, the starting capacitor (Cs) connected in series with the auxiliary winding generates a leading current which is 90° ahead of 

the main winding current. This phase difference is essential for producing the rotating magnetic field needed to develop torque and get 

the rotor rotating. 

As the motor reaches nearly synchronous speed, the starting capacitor is cut off automatically through a centrifugal switch. Now only the 

running capacitor (Cr) connected in parallel to the auxiliary winding provides the necessary 90° lagging current for continued rotation. 89
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The running capacitor being permanently connected improves the motor's power factor during steady-state operation. The continuous 

phase correction supplied by it allows smooth, vibration-free running of the motor. 

Fig- Circuit diagram of capacitor start capacitor run motor 

This unique two-capacitor design enables the motor to produce high starting torque for quick acceleration and also high operating 

efficiency through a good power factor - making it suitable for heavy-duty applications requiring frequent starts. 

Fig- Phasor diagram of capacitor start capacitor run motor 

Advantages of Capacitor Start Capacitor Run Motor 

Some of the key advantages of this special electric motor include: 

o High starting/breakaway torque for easy starts under full load conditions 

o Improved power factor and higher efficiency due to permanent phase correction from the running capacitor 

o Constant torque characteristic leads to smooth, pulsation-free operation 

o Compact and lightweight design suitable for integration with different machine tools 

o Quiet running performance is useful in settings requiring low noise levels 

o Long mechanical life due to negligible starting and stopping stresses on components 

o Operates at higher efficiencies compared to conventional induction motors 

o Maintains uniform speed under varying loads 

o Self-starting without the need for external starters 

o Low cost of installation and maintenance 

o Protection from overloads and current surges 

Disadvantages of Capacitor Start Capacitor Run Motor 

Some potential downsides of this motor type are: 

o Higher initial cost compared to shaded-pole or split-phase induction motors 

o Prone to failure of capacitors requiring periodic replacement 

o Complex internal construction with additional switching components 

o Difficulty in reversing the direction of rotation without rewiring 

o Lower accelerating torque than a split-phase motor of same rating 

o Requires careful sizing of capacitors for optimal performance 

o Higher losses due to frictional dissipation in capacitor switch 

Thus while offering distinct advantages, the capacitor start capacitor run motor demands more careful sizing, installation 

practices, and regular maintenance for reliable long-term operation. 

Applications of Capacitor Start Capacitor Run Motor 
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Given its beneficial performance traits, the capacitor start capacitor run induction motor finds usage across many industries for 

driving applications involving frequent starts, high starting loads, or the need for smooth, constant speed operation. Some 

common applications include: 

o Pumps (vane, centrifugal, gear) used in irrigation, water supply, sewage, etc. 

o Fans and blowers in ventilation, and air conditioning plants 

o Screw compressors in refrigeration, air conditioning units 

o Hoists, cranes, and elevators for frequent load handling 

o Conveyors and material handling systems in process plants 

o Machine tools like lathes, mills, and drilling machines. 

o Rolling mills and processing lines in manufacturing plants 

o Welding machines, grinders, mixers and centrifuges 

o Housed applications like washing machines, dishwashers, blenders, etc. 

o Medical equipment like X-Ray machines, ventilators, dialysis units 

Thus industries where above mentioned applications dominate widely use this special motor to achieve reliable operation and 

energy efficiency. 
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	o Torque equation of three phase induction motor
	o Starting torque is the torque produced by induction motor when it starts. We know that at the start the rotor speed, N is zero.  So, the equation of starting torque is easily obtained by simply putting the value of s = 1 in the equation of torque of...
	o In the equation of torque,  The rotor resistance, rotor inductive reactance and synchronous speed of induction motor remain constant. The supply voltage to the three phase induction motor is usually rated and remains constant, so the stator emf also...
	o The equation of torque is  The torque will be maximum when slip s = R2 / X2 Substituting the value of this slip in above equation we get the maximum value of torque as,  In order to increase the starting torque, extra resistance should be added to t...
	o The maximum torque is directly proportional to square of rotor induced emf at the standstill.
	o The maximum torque is inversely proportional to rotor reactance.
	o Notably, the maximum torque does not depend on the rotor resistance.
	o The slip at which maximum torque occur depends upon rotor resistance, R2. So, by varying the rotor resistance, maximum torque can be obtained at any required slip
	The torque of a 3-phase induction motor under running conditions is given by,
	Low-Slip Region
	At synchronous speed, the slip s = 0, thus, the torque is 0. When the speed is very near to the synchronous speed, the slip is very low and the term (sX2)2 is negligible in comparison with R2. Therefore,
	τ∝2τ∝2
	If R2 is constant, then
	τr∝s…(2)τr∝s…(2)
	Eqn. (2) shows that the torque is proportional to the slip. Hence, when the slip is small, the torque-slip curve is straight line.
	Medium-Slip Region
	When the slip increases, the term (sX2)2 becomes large so that R22 may be neglected in comparison with (sX2)2. Therefore,
	τr∝s(sX2)2=1sX22τr∝s(sX2)2=1sX22
	If X2 is constant, then
	τr∝1s…(3)τr∝1s…(3)
	Thus, the torque is inversely proportional to slip towards standstill conditions. Hence, for intermediate values of the slip, the torque-slip characteristics is represented by a rectangular hyperbola. The curve passes through the point of maximum torq...
	The maximum torque developed by an induction motor is known as pull-out torque or breakdown torque. This breakdown torque is a measure of the short time overloading capability of the motor.
	High-Slip Region
	The torque decreases beyond the point of maximum torque. As a result of this, the motor slows down and eventually stops. The induction motor operates for the values of slip between s = 0 and s = sm, where sm is the value of slip corresponding to maxim...
	Torque Slip Characteristics of Three Phase Induction Motor
	The torque slip curve of an induction motor shows how torque changes with slip. Slip is defined as the difference between synchronous speed and actual rotor speed, divided by synchronous speed. When speed changes, slip and the corresponding torque als...
	The curve can be described in three modes of operation-
	The torque-slip characteristic curve can be divided roughly into three regions:
	 Low slip region
	 Medium slip region
	 High slip region
	Motoring Mode In this mode, power is supplied to the stator, and the motor rotates below synchronous speed. The motor torque ranges from zero to full load torque as the slip changes. Slip ranges from zero at no load to one at standstill. The curve sho...
	Generating Mode In this mode of operation induction motor runs above the synchronous speed and it should be driven by a prime mover. The stator winding is connected to a three phase supply in which it supplies electrical energy. Actually, in this case...
	Braking Mode In braking mode, the motor’s supply voltage polarity is reversed, causing it to rotate in the opposite direction and stop. This method, called plugging, is used to quickly stop the motor. The kinetic energy in the load is dissipated as he...
	Torque Slip Characteristics of Single Phase Induction Motor
	At a slip of one, forward and backward fields in a single-phase induction motor create equal but opposite torques, resulting in zero net torque, so the motor fails to start. Unlike three phase induction motor, these motors are not self-starting and n...
	To start a single phase induction motor, a difference in torque between the forward and backward fields is needed. If the forward field torque is greater, the motor rotates in the forward (anti-clockwise) direction. If the backward field torque is gre...
	Effect of Change in Voltage and Frequency
	Let us see the effect of change in voltage and frequency on the torque-slip characteristics of an induction motor. This effect can be studied by analyzing two cases as,
	Case 1 : Halving the applied voltage, keeping frequency normal.
	When the motor is running with slip s, the torque is,
	Now standstill e.m.f. E2 is proportional to the supply voltage.
	Generally on full load, slip s is very small hence (sX2)2 << R22 hence neglecting it
	If supply voltage is made half, then the torque will reduce by the factor (1/4), in the running condition. The slip at which Tmax occurs remains same but the value of Tmax reduces. The corresponding speed-torque characteristics are shown in the Fig. 5...
	Case 2 : Halving both the applied voltage and frequency
	For an induction motor, the air gap flux is given by,
	Thus if f is changed, air gap flux also changes. This may result into saturation of stator and rotor cores. Such a saturation may leads to sharp increase in the current. But if (V/f) ratio is maintained constant, then air gap flux remains constant. Th...
	Let     Vn = Normal voltage, fn = Normal frequency
	V       = New voltage,     f = New frequency
	V / f = constant  i.e. Vn/fn = V/f   i.e. V = f / fn Vn .
	As frequency is changed, the nominal rotor standstill reactance referred to stator also changes.
	X2n = Nominal rotor reactance
	X2  = New rotor reactance
	X2  = (f/fn) X2n
	As frequency changes, Ns changes hence,
	ws = (f/fn) wsn
	where, wsn = Nominal speed    ws = New speed
	sm = Nominal slip at maximum torque = R2/X2
	As frequency is halved with V/f constant, the maximum torque remains same but sm
	increases while the starting torque increases. Hence the torque speed characteristics are as shown in the Fig. 5.15.2. 
	Example 5.15.1 A 3-phase, 4 pole, 50 Hz squirrel cage induction motor has rotor leakage impedance of 1 + j2 Ω /Ph, standstill voltage of 100 V per phase driving a constant torque load at 0.03 slip, what is speed of the motor, if
	i) Supply voltage is increased by 25 % and frequency is constant.
	ii) Supply voltage is increased by 25 % and frequency is decreased by 25 %.
	Solution : P = 4, f = 50 Hz, R2 = 1 Ω, X2 = 2 Ω, E2ph = 100 V, s1 = 0.03
	Initially with rated voltage the torque is,
	As voltage increases, E2 increases as E2 ∝ V, due to transformer action. i) Torque constant, frequency constant, supply voltage increased by 25 %.
	E2 increases by 25 % = 100 + 0.25 × 100 = 125 V
	Example 5.15.2 A 3-phase induction motor has operating p.f. of 0.85 at full load speed of 960 r.p.m. and at 400 V supply voltage. In case the supply voltage falls to 380 V, find the operating p.f. at the same full load torque.
	Solution :
	Effect of Change in Rotor Resistance
	It is known that in slip ring induction motor, externally resistance can be added in the rotor. Let us see the effect of change in rotor resistance on the torque produced.
	Let     R2 = Rotor resistance per phase
	Corresponding torque,
	Now externally resistance is added in each phase of rotor through slip rings.
	Let     R2 = New rotor resistance per phase
	Corresponding torque, (1)
	Similarly the starting torque at s = 1 for R2 and R2 can be written as 
	Key Point It can be observed that Tm is independent of R2 hence whatever may be the rotor resistance, maximum torque produced never changes but the slip and speed at which it occurs depends on R2.
	For R2  sm = R2 / X2  where Tm occurs.
	For R2  sm = R2 / X2  where Tm occurs. (1)
	As R2  > R2, the slip s'm > sm. Due to this, we get a new torque-slip characteristics for rotor resistance R2. This new characteristics is parallel to the characteristics for R2 with same Tm but occurring at s'm. The effect of change in rotor resistan...
	It can be seen that the starting torque Tst for R2. is more than Tst for R2. Thus by changing rotor resistance the starting torque can be controlled.
	If now resistance is further added to rotor to get resistance as R2. and so on, it can be seen that Tm remains same but slip at which it occurs increases to sm and so on. Similarly starting torque also increases to Tst and so on.
	If maximum torque Tm is required at start then sm = 1 as at start slip is always unity, so
	Key Point Thus by adding external resistance to rotor till it becomes equal to X2, the maximum torque can be achieved at start.
	It is represented by point A in the Fig. 5.14.1 
	Example 5.14.1 A 6 pole, 50 Hz, 3-phase induction motor has a rotor resistance of 0.25 Q per phase and a maximum torque of 10 N-m at 875 r.p.m. Calculate 1) The torque when the slip is 5 % and 2) The resistance to be added to the rotor circuit to obta...
	Solution : (1)
	Now Rx is added to the rotor to make its resistance R'2 and Tst = 60 % of Tmax Ts
	Mathematically there are two values of this resistance, one for motoring action and other for generating action. The higher of the two must be eliminated as it can produce large rotor copper losses and it gives absurd values for the slip at which maxi...
	Example 5.14.2 An 8 pole, 50 Hz, 3 phase induction motor is running at 4% slip when delivering full load torque. It has standstill rotor resistance of 0.1 Ω and reactance of 0.6 Ω per phase. Calculate the speed of the motor if an additional resistance...
	Solution : P = 8, f = 50 Hz, s = 4 % = 0.04, R2 = 0.1 Ω , X2 = 0.6 Ω
	Hence the new speed of the motor is,
	N’ = Ns(1-s’) = 750 (1-0.24) = 570 r.p.m
	Example 5.14.3 A 40 kW, 3-phase, slip-ring induction motor of negligible stator impedance runs at a speed of 0.96 times synchronous speed at rated torque. The slip at maximum torque is four times the full-load value. If the rotor resistance of the mot...
	Solution : (2)
	Losses and Efficiency of Induction Motor
	There are two types of losses occur in three phase induction motor. These losses are,
	1. Constant or fixed losses,
	2. Variable losses.
	Constant or Fixed Losses
	Constant losses are those losses which are considered to remain constant over normal working range of induction motor. The fixed losses can be easily obtained by performing no-load test on the three phase induction motor. These losses are further clas...
	1. Iron or core losses,
	2. Mechanical losses,
	3. Brush friction losses.
	Iron or core losses are divided into hysteresis and eddy current losses. Eddy current losses are reduced by laminating the core, which increases resistance and decreases eddy currents. Hysteresis losses are minimized using high-grade silicon steel. C...
	Mechanical losses occur at the bearings, and brush friction losses occur in wound rotor induction motors. These losses are minimal at start-up but increase with speed. In three phase induction motors, the speed generally stays constant, so these losse...
	Variable Losses
	Variable losses, also known as copper losses, occur due to the current in the stator and rotor windings. As the load changes, the current and thus these losses change. These losses are determined by performing a blocked rotor test on a three-phase ind...
	This power flowing through different stages is shown by power flow diagram. As we all know the input to the three phase induction motor is three phase supply. So, the three phase supply is given to the stator of three phase induction motor. Let, Pin =...
	Let Pc be the rotor copper loss, I2 be the rotor current under running condition, R2 is the rotor resistance, Pm is the gross mechanical power developed. Pc = 3I22R2 Pm = P2 – Pc Now this mechanical power developed is given to the load by the shaft bu...
	Efficiency of Three Phase Induction Motor
	Efficiency is defined as the ratio of the output to that of input,  Rotor efficiency of the three phase induction motor ,  = Gross mechanical power developed / rotor input  Three phase induction motor efficiency,  Three phase induction motor efficiency
	Complete Equivalent Circuit of 3 Phase Induction Motor
	The complete equivalent circuit refers to the exact equivalent model obtained by transferring the rotor parameters to the stator side using the turns ratio. This yields a circuit identical to a two-winding transformer incorporating all stator and tran...
	Fig- Equivalent circuit diagram of 3 phase induction motor
	Here, R1 is the winding resistance of the stator.
	X1 is the inductance of the stator winding.
	Rc is the core loss component.
	XM is the magnetizing reactance of the winding.
	R2/s is the power of the rotor, which includes output mechanical power and copper loss of the rotor.
	The complete equivalent circuit of an induction motor includes all the parameters that affect the motor's performance:
	o Stator resistance (R1) and leakage reactance (X1): Represent the resistance and reactance of the stator windings.
	o Rotor resistance (R2) and leakage reactance (X2): Represent the resistance and reactance of the rotor windings, referred to as the stator side.
	o Magnetizing branch (Rm and Xm): Represents the core losses and magnetizing inductance.
	o Rotor slip (s): Indicates the difference between synchronous speed and actual rotor speed.
	An induction motor is a well-known device that operates on the same principle as a transformer, earning it the nickname "rotating transformer." When an EMF is applied to its stator, electromagnetic induction induces a voltage in its rotor. Thus, an in...
	An induction motor always runs below the synchronous or full load speed. The relative difference between the synchronous speed and the rotor's actual speed is known as slip, denoted by S.
	Here, I2 is the slip frequency current produced by a slip frequency induced voltage sE20 acting in the rotor circuit having an impedance per phase of (R2 + jsX20).
	Now, dividing the equation (5) by slip s we get the following equation:
	The rotor resistance R2 is constant, while the leakage reactance is variable, denoted as 𝑠𝑋2′′. Similarly, the rotor circuit below includes a constant leakage reactance𝑋2′′ and a variable resistance R2/s.
	Equation (6) describes the secondary circuit of an imaginary transformer with a constant voltage ratio and the same frequency on both sides. This hypothetical stationary rotor carries the same current as the actual rotating rotor, allowing the transfe...
	Approximate Equivalent Circuit of 3 Phase Induction Motor
	In practical analysis, the approximate equivalent circuit simplifies the complete model by neglecting certain elements to make calculations easier:
	o Neglecting stator resistance (R1) or rotor reactance (X2): Simplifies the circuit, focusing mainly on the magnetizing and core loss components.
	o Combining series elements: Some series resistances and reactances may be combined for a more straightforward representation.
	The equivalent circuit is further simplified by transferring the shunt impedance branches
	𝑅0 and 𝑋0 to the input terminals, as illustrated in the circuit diagram below:
	Fig - Approx Equivalent Circuit
	The approximate circuit is based on the assumption that 𝑉1=𝐸1=𝐸′2. In this circuit, the only component that varies with slip is the resistance, while all other quantities remain constant. At any given slip s, the impedance beyond AA' is given by th...
	Phasor Diagram of Three Phase Induction Motor
	In a 3-phase induction motor, the stator winding is connected to 3-phase supply and the rotor winding is short-circuited. The energy is transferred magnetically from the stator winding to the short-circuited, rotor winding. Therefore, an induction mot...
	Stator circuit. In the stator, the events are very similar to those in the transformer primary. The applied voltage per phase to the stator is V1  and R1and X1  are the stator resistance and leakage reactance per phase respectively. The applied voltag...
	E'2 (= s E2 = s K E2  where K is transformation ratio) is induced in the rotor winding. The flow of stator current I1 causes voltage drops in R1 and X1.
	V1 = - E1 + I1(R1+jX1)  …… phasor sum
	When the motor is at no-load, the stator winding draws a current I0. It has two components viz.,
	(i) which supplies the no-load motor losses and (ii) magnetizing component Im which sets up magnetic flux in the core and the air gap. The parallel combination of Rc and Xm, therefore, represents the no-load motor losses and the production of magnetic...
	I0 = Iw + Im
	Rotor circuit. Here R2  and X2  represent the rotor resistance and standstill rotor reactance per phase respectively. At any slip s, the rotor reactance will be X2 .The induced voltage/phase in the rotor is E'2 = s E2  = s K E1 . Since the rotor windi...
	E’2 = I’2 (R2 + jsX2)
	The rotor current I'2 is reflected as I"2 (= K I'2) in the stator. The phasor sum of I"2 and I0 gives the stator current I1.
	It is important to note that input to the primary and output from the secondary of a transformer are electrical. However, in an induction motor, the inputs to the stator and rotor are electrical but the output from the rotor is mechanical. To facilita...
	It may be noted that even though the frequencies of stator and rotor currents are different, yet the magnetic fields due to them rotate at synchronous speed Ns. The stator currents produce a magnetic flux which rotates at a speed Ns. At slip s, the sp...
	But the rotor is revolving at a speed of N relative to the stator core. Therefore, the speed of rotor field relative to stator core
	Thus no matter what the value of slip s, the stator and rotor magnetic fields are synchronous with each other when seen by an observer stationed in space. Consequently, the 3-phase induction motor can be regarded as being equivalent to a transformer h...
	Theory of No Load Test of Induction Motor
	The impedance of the motor’s magnetizing path is high, which limits current flow. Thus, a small current is applied, causing a minor drop in stator impedance and ensuring the rated voltage across the magnetizing branch. This drop and the power loss due...
	It’s crucial to ensure the current does not exceed its rated value to prevent the rotor from accelerating beyond safe limits. The test is conducted at poly-phase voltages and rated frequency applied to the stator terminals. After the motor runs for a ...
	Calculation of No Load Test of Induction Motor
	Let the total input power supplied to induction motor be W0 watts.  Where, V1 = line voltage I0 = No load input current
	Rotational loss = W0 – S1 Where, S1 = stator winding loss = Nph I2 R1 Nph = Number phase The various losses like windage loss, core loss, and rotational loss are fixed losses which can be calculated by
	Stator winding loss = 3Io2R1 Where, I0 = No load input current R1 = Resistance of the motor
	Core loss = 3GoV2
	Induction Motor Blocked Rotor Test
	The figure shows the circuit diagram for the blocked rotor test of an induction motor. The blocked rotor test enables us to determine the efficiency and the circuit parameters of the equivalent circuit of a 3-phase induction motor.
	In the blocked rotor test, the shaft of the motor is locked so that it cannot rotate and the rotor winding is short circuited. In a slip-ring induction motor, the rotor winding is short-circuited through the slip-rings while in a squirrel cage inducti...
	n the blocked rotor test, a reduced voltage at reduced frequency is applied to the stator of the induction motor through a 3-phase autotransformer so that the rated current flows in the stator winding. The readings obtained are given as follows −
	 Total input power on short circuit is measured by the two wattmeter method and is given by the algebraic sum of the two watt-meter readings. Here, a reduced voltage is applied to the stator and rotation of the rotor is not allowed, thus, the core an...
	 The ammeter reads the value of line current (Iscl) with blocked rotor which is corresponds to the short circuit condition.
	 The voltmeter reads the value of reduced line voltage with blocked rotor (Vscl).
	Therefore, the input power under blocked rotor condition is given by,
	Starting and speed control of three-phase induction motors
	DOL Starter (Direct On Line Starter) Diagram And Working Principle
	A DOL starter (also known as a direct on line starter or across the line starter) is a method of starting a 3 phase induction motor. In a DOL Starter, an induction motor is connected directly across its 3-phase supply, and the DOL starter applies the ...
	Even with direct connection to the power supply, the motor remains protected. A DOL motor starter includes protective devices and, in some models, condition monitoring features. Below is a wiring diagram of a DOL starter: Since the DOL starter connect...
	A direct on line starter can only be used in circumstances when the high inrush current of the motor does not cause an excessive voltage drop in the supply circuit. If a high voltage drop needs to be avoided, a star delta starter should be used instea...
	As we know, the equation for armature current in the motor.The value of back emf (E) depends upon speed (N), i.e. E is directly proportional to N. At start-up, the back electromotive force (E) is zero, resulting in a very high initial current. Small m...
	Hence, speed increases and thus the value of armature current decreases rapidly. Therefore, small rating motors smoothly run when it is connected directly to a 3-phase supply.
	If we connect a large motor directly across 3-phase line, it would not run smoothly and will be damaged, because it does not get accelerated as fast as a smaller motor since it has short axial length and larger diameter more massive rotor. However, fo...
	Stator Resistance Starting Method
	In this method, external resistors are connected in series with each phase of the stator winding during startup. These resistors cause a voltage drop across them, resulting in a reduced voltage being applied to the motor terminals. Consequently, the s...
	Fig- Circuit Diagram of Stator Resistance Starting Method
	This method has two drawbacks. First, the reduced voltage during startup decreases the starting torque, thereby extending the acceleration time. Second, a significant amount of power is lost in the starting resistors.
	o Reduced inrush current
	o Lower starting torque, reducing mechanical stress
	o Power loss in resistors
	o Reduced efficiency during start-up
	o Requires additional components
	Autotransformer Starting Method
	An autotransformer is used to step down the supply voltage during startup, via tapping arrangements. This limits the starting current. Once the motor picks up sufficient speed, it is reconnected directly to the supply voltage. This method provides a c...
	Auto-transformers, also known as auto-starters, can be used for both star-connected and delta-connected squirrel cage motors. Essentially, they are three-phase step-down transformers with various taps that allow the motor to start at different voltage...
	At startup, the switch is in the "start" position, applying a reduced voltage (selected via a tap) across the stator. As the motor reaches an appropriate speed, typically around 80% of its rated speed, the auto-transformer automatically disconnects fr...
	o Reduced inrush current (1)
	o Smooth acceleration
	o Higher efficiency compared to stator resistance starting
	o More complex and expensive than D.O.L. starting
	o Requires additional space for the autotransformer
	Star-Delta Starting
	The stator winding is initially connected in star configuration to avail reduced phase voltage during startup. Once the rated speed is achieved, apply the full line voltage. It is reconfigured to delta for full voltage operation. A TPDT (triple pole d...
	The starting torque will be 1/3 times that will be for delta-connected winding. Hence a star-delta starter is equivalent to an auto-transformer of ratio 1/(sqrt. 3) or 58% reduced voltage.
	o The star delta starter method of starting three three-phase induction motors is very common and widely used methods.
	o In this method, at starting motor will be in star connection and runs at delta connected stator windings.
	The ratio of the current of star connection and delta connection is ⅓
	Therefore starting current is reduced to ⅓.
	o Reduced starting current
	o Lower starting torque
	o Cost-effective for motors with star-delta capability
	o Lower starting torque may not be sufficient for high-load applications
	o Transition from star to delta can cause mechanical and electrical transients
	Rotor-Resistance Starting Method
	Rotor resistance starting is used for wound rotor or slip ring induction motors. External resistors are connected to the rotor circuit during start-up, increasing the rotor resistance and reducing the starting current. Initially, the full starting res...
	o High starting torque
	o Smooth acceleration (1)
	o Adjustable starting characteristics
	o Power loss in external resistors
	o More complex and expensive
	o Requires maintenance of slip rings and brushes

	o Starting of Slip-Ring Induction Motors
	Starting of Slip-Ring Induction Motors
	Slip-ring motors are invariably started by rotor resistance starting. In this method, a variable star-connected rheostat is connected in the rotor circuit through slip rings and full voltage is applied to the stator winding as shown in Fig: 3.27.
	(i) At starting, the handle of rheostat is set in the OFF position so that maximum resistance is placed in each phase of the rotor circuit. This reduces the starting current and at the same time starting torque is increased.
	(ii)                              As the motor picks up speed, the handle of rheostat is gradually moved in clockwise direction and cuts out the external resistance in each phase of the rotor circuit. When the motor attains normal speed, the change-ov...
	Speed control of induction motor by changing supply frequency:
	By varying the supply voltage and frequency proportionally keeping the V/f ratio constant using a variable frequency drive, smooth speed control can be achieved. This is a commonly used method.
	Speed Control of Slip Ring Induction Motor
	Speed control of slip ring induction motor involves varying the rotor resistance to change the slip and consequently the motor speed. Slip is defined as (Synchronous speed - Actual motor speed)/Synchronous speed.
	Methodology:
	o In no-load condition, minimum external resistance is connected resulting in maximum slip and minimum speed.
	o As the load increases, additional external resistance is inserted in steps to maintain the speed.
	The voltage control method adjusts the speed of an induction motor by varying the voltage supplied to the motor.
	This method is simple and economical for small motors and is primarily used where a broad range of speed control is not required. It operates under the principle that the torque produced in an induction motor is directly proportional to the square of ...
	Reducing the supply voltage decreases the magnetic flux, thereby lowering the torque and speed. However, this method is not efficient for large motors or applications requiring precise speed control due to its limited range and impact on torque.
	Speed control of 3 phase induction motor using vfd:
	The frequency control method varies the speed of an induction motor by changing the frequency of the electrical power supplied to the motor while keeping the supply voltage constant.
	This method provides a wide range of precise speed control, making it suitable for applications requiring variable speeds and high efficiency. As the speed of an induction motor is directly proportional to the supply frequency, adjusting the frequency...
	This control strategy is commonly implemented using electronic variable-frequency drives (VFDs), offering flexibility and energy efficiency in motor operations.
	Speed control of induction motor by stator voltage control:
	The stator resistance method controls the speed of an induction motor by adding external resistance in series with the stator winding.
	This method primarily affects the starting torque and speed of the motor by introducing voltage drop across the added resistance, which changes the torque-speed characteristic of the motor.
	While it's an uncomplicated and low-cost method for speed control, particularly for slip-ring induction motors, its application is limited due to reduced efficiency and significant power loss in the resistance.
	Speed control of slip ring induction motor by rotor resistance:
	In slip-ring induction motors, the rotor resistance control method adjusts the motor's speed by adding external resistance in series with the rotor windings.
	This method effectively controls the speed at constant torque, making it beneficial for applications requiring high starting torque and smooth speed control under varying load conditions.
	Since increasing the rotor resistance increases the slip, the motor can operate at lower speeds without losing torque. However, similar to the stator resistance method, this approach results in power losses in the external resistors, affecting overall...
	The slip power recovery method enhances the efficiency of controlling the speed of slip-ring induction motors by recovering the slip power, which would otherwise be lost.
	This method involves collecting the power from the rotor circuit through slip rings and either feeding it back to the supply or using it for another purpose. It employs sophisticated power electronic devices to convert the collected power into an appr...
	This method provides significant energy savings and improved speed control range without compromising torque, making it ideal for high-power applications.
	Crawling of Induction Motor
	It has been observed that squirrel cage type induction motor has a tendency to run at very low speed compared to its synchronous speed, this phenomenon is known as crawling. The resultant speed is nearly 1/7th of its synchronous speed. Now the questio...
	The torque produced by these harmonics rotates in the forward or backward direction at Ns/3, Ns/5, Ns/7 speed respectively. Here we consider only 5th and 7th harmonics and rest are neglected. The torque produced by the 5th harmonic rotates in the back...
	Cogging of Induction Motor
	Cogging is a characteristic of induction motor that occurs when the motor fails to start, sometimes due to low supply voltage. However, the primary cause is the locking of the stator slots with the rotor slots, preventing the motor from turning.
	In induction motors, both the stator and rotor contain a series of slots. When these slots align perfectly due to matching numbers, the magnetic path’s reluctance drops to its minimum, which can prevent the motor from starting.
	Cogging in induction motors is defined as the locking of the stator and rotor slots, preventing the motor from starting. Another cause of cogging is torque modulation, which happens when the supply voltage’s harmonic frequencies align with the slot fr...
	Methods to overcome Cogging This problem can be easily solved by adopting several measures. These solutions are as follows:
	 The number of slots in rotor should not be equal to the number of slots in the stator.
	 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.

	 Single Phase Induction Motor: Working, Construction, Types & Equivalent Circuit
	What is a Single Phase Motor?
	This is a broader term that encompasses all motor types that operate on a single-phase power supply. This category includes various types of motors, such as single-phase induction motors, shaded pole motors, split-phase motors, capacitor-start motors,...
	What is Single Phase Induction Motor?
	A single-phase induction motor consists of a single-phase winding which is mounted on the stator of the motor and a cage winding placed on the rotor. A pulsating magnetic field is produced when the stator winding of the single-phase induction motor is...
	Working Principle of Single Phase Induction Motor
	The working principle of a single phase induction motor is based on electromagnetic induction. When the stator winding is connected to a single-phase AC supply, it produces a pulsating magnetic field. The word Pulsating means that the field builds up ...
	The performance of the single-phase induction motor can be understood through two theoretical frameworks: the Double Revolving Field Theory and the Cross Field Theory. These theories are parallel in their explanations of how torque is produced once th...
	When this stator winding is powered by a single-phase electrical supply, it generates a pulsating magnetic field. This term "pulsating" describes how the magnetic field intensifies in one direction, diminishes to zero, and then strengthens in the reve...
	The construction of a single phase induction motor involves two main parts:
	1. Stator: The stationary part that creates the magnetic field. It consists of a laminated iron core with slots that house the stator windings.
	2. Rotor: The rotating part that is placed inside the stator. It is typically a squirrel cage rotor made of aluminum or copper bars short-circuited by end rings.
	Fig- Diagram of Single phase induction motor diagram
	When a single-phase supply is connected to the stator winding, it produces two equal magnetic fields rotating in opposite directions with the same amplitude. The fields neutralize each other, producing a pulsating magnetic field. This pulsating field ...
	When the rotor is at rest, it experiences alternate pushing and pulling from the pulsating magnetic fields without any resultant force. As it starts rotating even slightly, it enters a zone of leading field first and then lags behind the following fie...
	Why Single Phase Induction Motor is not Self Starting?
	As discussed above, the pulsating magnetic field produced by a single phase supply fails to develop torque for self-starting of the motor. During each half cycle, the fields alternatively accelerate and decelerate the rotor alternatively without provi...
	If the rotor is at rest, it experiences equal and opposite torques successively without any net starting torque. Even a small residual rotating magnetic field is sufficient to get the motor into the accelerating mode. Methods like split phase, shaded ...
	Equivalent Circuit of Single Phase Induction Motor
	The dynamic behavior of single phase induction motors can be studied using an approximate equivalent circuit model. It consists of a stator resistance (Rs), stator reactance (Xs), rotor resistance (Rr), rotor reactance (Xr), and magnetizing reactance ...
	Fig- Equivalent Circuit of Single Phase Induction Motor
	The equivalent circuit takes the stator and rotor as separate circuits magnetically coupled through the magnetizing branch. The behavior is analogous to a transformer with the stator represented by the primary and the rotor by the secondary. It is a s...
	Types of Single Phase Induction Motor
	Some commonly used types of single phase motors include:
	o Split Phase Motor: Has two windings with different resistances to induce a phase difference for starting.
	o Shaded Pole Motor: Uses conductor shading on poles to delay magnetic flux for one portion, introducing a phase lag.
	o Capacitor Start Motor: Employs a starting capacitor in series with auxiliary winding to improve starting torque.
	o Permanent Split Capacitor Motor: Has a permanent capacitor for both starting and running.
	o Capacitor Start Capacitor Run Motor: Provides maximum starting torque using dual capacitors for start and run modes.
	Application of Single Phase Induction Motor
	Due to their simple and rugged construction with self-starting capability, single phase induction motors find application in various household, commercial, and small industrial applications requiring a power rating of up to 1 HP (0.75 kW).
	Some common applications include:
	o Household appliances like fans, blowers, mixers, grinders, etc.
	o Commercial refrigerators, water pumps, air conditioners, etc.
	o Light industrial tools for metalworking, woodworking, etc.
	o Agricultural applications like water pumps, threshing machines, etc.
	o CNC machines, lathe machines, and drilling machines for small industries.
	The single phase induction motor is well-suited for applications requiring frequent starts/stops with reasonable starting torque in the 1/6 to 1/4 HP power range.
	Advantages of Single Phase Induction Motor
	o Economical and inexpensive due to simple construction
	o Self-starting capability enables direct connection to single phase supply
	o Rugged and maintenance-free squirrel cage rotor construction
	o Compact and lightweight motor suitable for domestic and light applications
	o Easy speed control through external resistors in starters
	o Widely available with standard designs and ratings
	Disadvantages of Single Phase Induction Motor
	o Develops only about 60-65% of the maximum torque of a 3 phase motor
	o Low power factor of around 0.4 to 0.5 compared to near unity in 3 phase motors
	o Produces increased vibrations and noise due to torque pulsations
	o Efficiency is lower by about 5% compared to an equivalent 3 phase motor
	o Requires special circuits for self-starting, increasing cost and size
	o Has 20-30% higher current drawn from the supply mains during start-up
	Difference Between 3-Phase and Single Phase Induction Motor
	The key differences between a 3-phase and 1-phase induction motor are:
	Definition of a Capacitor Start Capacitor Run Motor
	A capacitor start capacitor run motor is a type of single-phase induction motor that incorporates both a start capacitor and a run capacitor. These capacitors are used to create a phase shift in the motor's windings, improving its starting torque and ...
	The capacitor start capacitor run motor features a cage rotor, with its stator comprising two windings: the Main Winding and the Auxiliary Winding. These windings are spatially displaced by 90 degrees. This motor employs two capacitors: the starting c...
	Key Components:
	o Start Capacitor: Provides a high starting torque by creating a large phase shift during the start-up.
	o Run Capacitor: Maintains the phase shift during normal operation, ensuring smooth and efficient running.
	Working of a Capacitor Start Capacitor Run Motor
	Advantages of Capacitor Start Capacitor Run Motor
	Some of the key advantages of this special electric motor include:
	o High starting/breakaway torque for easy starts under full load conditions
	o Improved power factor and higher efficiency due to permanent phase correction from the running capacitor
	o Constant torque characteristic leads to smooth, pulsation-free operation
	o Compact and lightweight design suitable for integration with different machine tools
	o Quiet running performance is useful in settings requiring low noise levels
	o Long mechanical life due to negligible starting and stopping stresses on components
	o Operates at higher efficiencies compared to conventional induction motors
	o Maintains uniform speed under varying loads
	o Self-starting without the need for external starters
	o Low cost of installation and maintenance
	o Protection from overloads and current surges
	Disadvantages of Capacitor Start Capacitor Run Motor
	Some potential downsides of this motor type are:
	o Higher initial cost compared to shaded-pole or split-phase induction motors
	o Prone to failure of capacitors requiring periodic replacement
	o Complex internal construction with additional switching components
	o Difficulty in reversing the direction of rotation without rewiring
	o Lower accelerating torque than a split-phase motor of same rating
	o Requires careful sizing of capacitors for optimal performance
	o Higher losses due to frictional dissipation in capacitor switch
	Thus while offering distinct advantages, the capacitor start capacitor run motor demands more careful sizing, installation practices, and regular maintenance for reliable long-term operation.
	Applications of Capacitor Start Capacitor Run Motor
	Given its beneficial performance traits, the capacitor start capacitor run induction motor finds usage across many industries for driving applications involving frequent starts, high starting loads, or the need for smooth, constant speed operation. So...
	o Pumps (vane, centrifugal, gear) used in irrigation, water supply, sewage, etc.
	o Fans and blowers in ventilation, and air conditioning plants
	o Screw compressors in refrigeration, air conditioning units
	o Hoists, cranes, and elevators for frequent load handling
	o Conveyors and material handling systems in process plants
	o Machine tools like lathes, mills, and drilling machines.
	o Rolling mills and processing lines in manufacturing plants
	o Welding machines, grinders, mixers and centrifuges
	o Housed applications like washing machines, dishwashers, blenders, etc.
	o Medical equipment like X-Ray machines, ventilators, dialysis units
	Thus industries where above mentioned applications dominate widely use this special motor to achieve reliable operation and energy efficiency.



