UNIT-II
3-PHASE INDUCTION MOTORS
Objectives:
· To familiarize the students with the advantages of three phase induction motors.
· To familiarize the students with the constructional details, working principle of three phase induction motors.
· To make students understand the concepts of rotating magnetic fields and power flow in three phase induction motors.
Micro syllabus: Construction details – types of rotors-squirrel cage rotor- slip ring rotor-comparison between cage and wound rotors- production of rotating magnetic field- principle of operation – slip of an Induction motor–rotor emf, rotor frequency, rotor current and pf at standstill and during running conditions- power flow diagram of an induction motor- rotor power input-rotor copper loss-mechanical power developed-interrelationship between rotor power input, rotor copper loss and mechanical power developed

Outcomes:
Students will be able to
· Understand the concepts of rotating magnetic fields.
· Demonstrate the knowledge of the working principle of three phase induction motor.
· Solve various numerical problems related to the efficiency of the induction motor considering all the types of losses.
2.1. Introduction:

· A 3 phase induction motor can be used for different applications with various speed and load requirements. 
· Electric motors can be found in almost every production process today. Getting the most out of your application is becoming more and more important in order to ensure cost-effective operations. 
· The three-phase induction motors are the most widely used electric motors in industry. They run at essentially constant speed from no-load to full-load. 
· However, the speed is frequency dependent and consequently these motors are not easily adapted to speed control. We usually prefer d.c. motors when large speed variations are required. 
· Nevertheless, the 3-phase induction motors are simple, rugged, low-priced, easy to maintain and can be manufactured with characteristics to suit most industrial requirements. Like any electric motor, a 3-phase induction motor has a stator and a rotor. The stator carries a 3-phase winding (called stator winding) while the rotor carries a short-circuited winding (called rotor winding). 
· Only the stator winding is fed from 3-phase supply. The rotor winding derives its voltage and power from the externally energized stator winding through electromagnetic induction and hence the name. 
· The induction motor may be considered to be a transformer with a rotating secondary and it can, therefore, be described as a “transformer type” a.c. machine in which electrical energy is converted into mechanical energy.
· Induction motors are constructed both for single phase and three phase operations.
· Three phase induction motors are widely used for industrial applications such as in lifts, cranes, pumps, exhaust fans, lathes, etc., where as single phase induction motors are used mainly for domestic electric appliances such as fans, refrigerators, washing machines, exhaust pumps, etc. 


2.1.1 Advantages:
(i) It has simple and rugged construction.
(ii) It is relatively cheap.
(iii) It requires little maintenance.
(iv) It has high efficiency and reasonably good power factor.
(v) It has self-starting torque.

2.1.2 Disadvantages:
(i) It is essentially a constant speed motor and its speed cannot be changed easily.
(ii) Its starting torque is inferior to d.c. shunt motor.
2.2 Construction
· The three phase induction motor is the most widely used electrical motor. Almost 80% of the mechanical power used by industries is provided by three phase induction motors because of its simple and rugged construction, low cost, good operating characteristics, absence of commutator and good speed regulation.
·  In three phase induction motor the power is transferred from stator to rotor winding through induction. The Induction motor is also called asynchronous motor as it runs at a speed other than the synchronous speed. 
· Like any other electrical motor induction motor also have two main parts namely rotor and stator. A 3-phase induction motor has two main parts (i) stator and (ii) rotor. 
· The rotor is separated from the stator by a small air-gap which ranges from 0.4 mm to 4 mm, depending on the power of the motor. 
· The main body of the Induction Motor comprises of two major parts as shows in Figure 2.1 
i) Shaft for transmitting the torque to the load. This shaft is made up of steel.
ii) Bearings for supporting the rotating shaft.
iii) One of the problems with electrical motor is the production of heat during its rotation. In order to overcome this problem we need fan for cooling.
iv) For receiving external electrical connection Terminal box is needed.
v) There is a small distance between rotor and stator which usually varies from 0.4 mm to 4 mm. Such a distance is called air gap.
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Fig 2.1 Three phase induction motor (a) squirrel cage rotor (b) slip ring rotor.
2.2.1. Stator:
· As its name indicates stator is a stationary part of induction motor. 
· A stator winding is placed in the stator of induction motor and the three phase supply is given to it. Stator is made up of number of stampings in which different slots are cut to receive 3 phase winding circuit which is connected to 3 phase AC supply. 
· The three phase windings are arranged in such a manner in the slots that they produce a rotating magnetic field after AC supply is given to them. 
· The windings are wound for a definite number of poles depending upon the speed requirement, as speed is inversely proportional to the number of poles, given by the formula:

Ns= 120f/p

Where Ns= synchronous speed
f = Frequency
p = no. of poles
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Figure 2.2 Stator of three phase induction motor.

· It consists of a steel frame which encloses a hollow, cylindrical core made up of thin laminations of silicon steel to reduce hysteresis and eddy current losses.
·  A number of evenly spaced slots are provided on the inner periphery of the laminations [See Fig.(2.2)]. The insulated connected to form a balanced 3-phase star or delta connected circuit.
·  The 3-phase stator winding is wound for a definite number of poles as per requirement of speed. Greater the number of poles, lesser is the speed of the motor and vice-versa. When 3-phase supply is given to the stator winding, a rotating magnetic field of constant magnitude is produced. This rotating field induces currents in the rotor by electromagnetic induction.


The stator of the three phase induction motor consists of three main parts:.

i. Stator Frame:
· It is the outer most part of the three phase induction motor. 
· Its main function is to support the stator core and the field winding. It acts as a covering and it provide protection and mechanical strength to all the inner parts of the induction motor. The frame is either made up of die cast or fabricated steel. 
· The frame of three phase induction motor should be very strong and rigid as the air gap length of motorist very small, otherwise rotor will not remain concentric with stator, which will give rise to unbalanced magnetic pull.

ii. Stator Core:
· The main function of the stator core is to carry the alternating flux. In order to reduce the eddy current loss, the stator core is laminated. These laminated types of structure are made up of stamping which is about 0.4 to 0.5 mm thick. 
· All the stamping are stamped together to form stator core, which is then housed in stator frame. The stamping is generally made up of silicon steel, which helps to reduce the hysteresis loss occurring in motor.


iii. Stator Winding or Field Winding:
· The slots on the periphery of stator core of the motor carries three phase windings. This three phase winding is supplied by three phase ac supply. 
· The three phases of the winding are connected either in star or delta depending upon which type of starting method is used. 
· The squirrel cage motor is mostly started by star – delta stator and hence the stator of squirrel cage motor is delta connected. 
· The slip ring three phase induction motor are started by inserting resistances so, the stator winding of slip ring induction can be connected either in star or delta.
·  The winding wound on the stator of three phase induction motor is also called field winding and when this winding is excited by three phase ac supply it produces a rotating magnetic.

2.2.2. Rotor:

· The rotor is a rotating part of induction motor. The rotor is connected to the mechanical load through the shaft. 
· Rotor consists of cylindrical laminated core with parallel slots that carry conductor bars. Conductors are heavy copper or aluminium bars which fits in each slots. These conductors are brazed to the short circuiting end rings. 
· The slots are not exactly made parallel to the axis of the shaft but are slotted a little skewed for the following reason, they reduce magnetic hum or noise and they avoid stalling of motor. 
· The rotor, mounted on a shaft, is a hollow laminated core having slots on its outer periphery. The winding placed in these slots (called rotor winding) may be one of the following two types: Squirrel cage type and Wound type.

2.2.2.1 Squirrel cage rotor:
· Squirrel cage three phase induction motor: The rotor of the squirrel cage three phase induction motor is cylindrical in shape and have slots on its periphery.
·  The slots are not made parallel to each other but are bit skewed (skewing is not shown in the figure of squirrel cadge rotor beside) as the skewing prevents magnetic locking of stator and rotor teeth and makes the working of motor more smooth and quieter. The squirrel cage rotor consists of aluminum, brass or copper bars. 
· These aluminum, brass or copper bars are called rotor conductors and are placed in the slots on the periphery of the rotor. 
· The rotor conductors are permanently shorted by the copper or aluminum rings called the end rings. In order to provide mechanical strength these rotor conductor are braced to the end ring and hence form a complete closed circuit resembling like a cage and hence got its name as “squirrel cage induction motor”. 
· The squirrel cage rotor winding is made symmetrical. As the bars are permanently shorted by end rings, the rotor resistance is very small and it is not possible to add external resistance as the bars are permanently shorted. 
· The absence of slip ring and brushes make the construction of Squirrel cage three phase induction motor very simple and robust and hence widely used three phase induction motor. These motors have the advantage of adapting any number of pole pairs. 
· The below diagram shows squirrel cage induction rotor having aluminum bars short circuit by aluminum end rings. 
· It consists of a laminated cylindrical core having parallel slots on its outer periphery. One copper or aluminum bar is placed in each slot. 
· All these bars are joined at each end by metal rings called end rings [See Fig. (2.3)]. This forms a permanently short-circuited winding which is indestructible.
·  The entire construction (bars and end rings) resembles a squirrel cage and hence the name. The rotor is not connected electrically to the supply but has current induced in it by transformer action from the stator. 
· Those induction motors which employ squirrel cage rotor are called squirrel cage induction motors. Most of 3-phase induction motors use squirrel cage rotor as it has a remarkably simple and robust construction enabling it to operate in the most adverse circumstances. 
· However, it suffers from the disadvantage of a low starting torque. It is because the rotor bars are permanently short-circuited and it is not possible to add any external resistance to the rotor circuit to have a large starting torque.
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Fig. 2.3 squirrel cage rotor.

Advantages of squirrel cage induction rotor:
i) Its construction is very simple and rugged.
ii) As there are no brushes and slip ring, these motors requires less maintenance.
Applications:
Squirrel cage induction motor is used in lathes, drilling machine, fan, blower printing machines etc.

2.2.2.2 Wound rotor:
· Slip ring or wound three phase induction motor: In this type of three phase induction motor the rotor is wound for the same number of poles as that of stator but it has less number of slots and has less turns per phase of a heavier conductor. 
· The rotor also carries star or delta winding similar to that of stator winding. The rotor consists of numbers of slots and rotor winding are placed inside these slots. The three end terminals are connected together to form star connection.
·  As its name indicates three phase slip ring induction motor consists of slip rings connected on same shaft as that of rotor. The three ends of three phase windings are permanently connected to these slip rings. 
· The external resistance can be easily connected through the brushes and slip rings and hence used for speed control and improving the starting torque of three phase induction motor. 
· The brushes are used to carry current to and from the rotor winding. These brushes are further connected to three phase star connected resistances. 
· At starting, the resistance is connected in rotor circuit and is gradually cut out as the rotor pick up its speed. 
· When the motor is running the slip ring are shorted by connecting a metal collar, which connect all slip ring together and the brushes are also removed. This reduces wear and tear of the brushes. 
· Due to presence of slip rings and brushes the rotor construction becomes somewhat complicated therefore it is less used as compare to squirrel cage induction motor. It consists of a laminated cylindrical core and carries a 3- phase winding, similar to the one on the stator [See Fig. (2.4)].
·  The rotor winding is uniformly distributed in the slots and is usually star-connected. The open ends of the rotor winding are brought out and joined to three insulated slip rings mounted on the rotor shaft with one brush resting on each slip ring. 
· The three brushes are connected to a 3-phase star-connected rheostat as shown in Fig. (2.5). At starting, the external resistances are included in the rotor circuit to give a large starting torque. 
· These resistances are gradually reduced to zero as the motor runs up to speed. The external resistances are used during starting period only. When the motor attains normal speed, the three brushes are short circuited so that the wound rotor runs like a squirrel cage rotor.
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Fig 2.4  Lamination of stator and rotor.
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Figure 2.5 Slip ring rotor.
Advantages of slip ring induction motor are:
A. It has high starting torque and low starting current.
B. Possibility of adding additional resistance to control speed.

Application:
Slip ring induction motor are used where high starting torque is required i.e in hoists, cranes, elevator etc.

2.3. Working Principle of three phase induction motor:
· The two essential parts of a three phase induction motor are (a) a three phase stator winding, and (b) a closed rotor winding.
· To start a motor, a three phase supply is connected across the terminals. The rotor gets its excitation by electromagnetic induction.
· When three-phase supply is connected across the stator windings, a rotating magnetic field, constant in magnitude but rotating at synchronous speed is produced. The speed depends upon the supply frequency and the no. of poles for which the winding is made. The expression for synchronous speed is given by 
Ns=120f/P

In fig 2.6 is shown a simplified connection diagram of a three phase induction motor. For simplicity, on the stator of a three-phase, 2 pole winding made only with six coils has been shown. Coil R-R’ represents R phase winding. Similarly Y-Y’ and B-B’ are the phase windings of Y and B phases respectively.
· The phase windings are displaced in space by 120o.
· On the rotor is shown six coils, 1-1’, 2-2’, 3-3’ etc., are placed on slots.
· The direction of the rotating magnetic field produced by the stator ampere turns will depend upon the sequence in which the supply terminals Rs, Ys and Bs are connected across the stator winding terminals R, Y and B.

In the fig, the stator has been shown wound for two poles. The rotor will also have two poles induced in it. Let us assume that the stator field is rotating in anticlockwise direction. The position of stator poles at a particular instant of time has been shown in the figure. The rotating magnetic field produced by the stator will induce emf in the rotor conductors. The direction of induced emf in the rotor conductors can be determined thus:
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Fig  2.6 Three phase supply connected across the three phase stator windings of an IM

Assume that the stator field which is rotating in the anti-clockwise direction is made stationary. The rotor conductors then can be assumed to be rotating in clock wise direction with respect to the stator field. Applying FRHR, the direction of induced emf can be determined and will be as shown by crosses and dots in fig. Emf induced in the coil 4-4’ will be maximum at this position. Emf induced by the coil 1-1’ will be zero. Emf induced in the coils 3-3’ and 5-5’ will be somewhat less than that induced in the coil 4-4’. Emf induced in the coil 2-2’ and coil 6-6’ will still be less than that induced in coil 4-4’. The magnitude and direction of induced emf in various coils at the particular instant under consideration are shown graphically in the fig. Since the rotor winding is a closed one, the rotor induced emf will cause the flow of current in the rotor conductors. Assume, for time being to be a purely resistive circuit. The distribution of current flowing through the rotor conductors will be same as that of the induced emf, since in aresistive circuit current is in time-phase with the voltage. Due to the current flow in the rotor conductors the rotor will be magnetized. The position of the rotor poles and the direction of the torque developed on the rotor are shown in the fig.2.7(a)
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Fig.2.7 a) direction of currents in rotor conductors due to emf induced by stator rotating magnetic field assuming rotor circuit to be purely resistive
b) direction of induced emf and current

It may be seen that the rotor will rotate in the same direction as the stator rotating magnetic field. If the direction of rotation of the rotating, magnetic field is reversed, the rotor will rotate in the opposite direction. The torque angle in this case (assuming the rotor circuit to be purely resistive one) is maximum i.e 90o. In actual practice, the rotor circuit is not purely resistive but will have inductive reactance in addition to resistance. The rotor current therefore will lag and rotor induced emf by some angle. The current distribution in various armature conductors has been shown in the fig.2.7 (c and d) From the fig,2.7(d) it can be seen that when the induced emf, say , in conductor 4 is maximum, current is maximum in conductor 6. In fig2.7, the position of rotor poles due to lagging current flow through the rotor is shown. The rotor field axis is now making an angle somewhat less than that in fig 2.7(a) with the stator field axis. The torque angle and hence the torque produced is therefore less when the rotor is an inductive circuit. To achieve higher toque at starting, therefore, in slip-ring type induction motors, extra resistance is connected in the rotor circuit so that the rotor becomes more resistive and torque angle is increased.
[image: ]
Fig. 2.7c) direction of current in rotor conductors considering rotor circuit inductance
d) direction of induced emf and current
2.4 Production Of Rotating Magnetic Field With Three-Phase Winding And A Three Phase Supply

Figure 2.8(a) shows a stator with three-phase winding. One end of each of the phases is connected together. Other ends are kept free to be connected to the supply terminals. Each phase winding is shown to have been made of two coils. In practice, however, there will be more coils per phase and the windings will be distributed throughout the stator slots. When a three-phase supply, as shown in figure 2.8(b) is applied across the stator winding terminals, magnetic fields will be produced by the current flowing through the phase windings. The direction of field produced by each phase at any particular instant of time will be different as shown in figure 2.8(c).
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Figure 2.8 Magnetic fields produced due to current flowing in each phase of a three-phase stator winding (a) Three-phase winding with two coils per phase wound on stator; (b) three-phase         supply; (c) flux produced by the individual phase currents; (d) phasor representation of the fields produced by the three phase winding mmfs.




These three magnetic fields will give rise to a resultant magnetic field. We will study the nature of the resultant magnetic field at different instants of time when the three phase currents will continue to flow through the three phase stator windings.
	The directions of flux produced by the currents flowing through three phase windings are shown vectorially in Fig. 2.8(d). The magnitude and direction of the three phase currents flowing through the windings will change with time. In Fig. 2.8(d), while representing the flux produced by each phase through, we have assumed positive current of equal magnitude flowing through the windings. To determine the magnitude and direction of the resultant magnetic field we will take into account the actual magnitude and direction of current flowing through the three windings. We have assumed that supply current represented by wave shapes A, B and C as shown in Fig. 2.8(b) are connected respectively to the phases A, B and C of Fig. 2.8(a). Let us consider three instants of time t1, t2, t3 of current waves. At the instant t1, current in phase A is zero, current in phase B is -0.866Im and current in phase C is +0.866Im as can be seen from Fig. 2.8(b).
	The direction of fields produced by the three phases at the instant of time t1 and the resultant magnetic field is shown in Fig. 2.8(a). Since there is no current flowing through phase A coils, no flux will be produced, hence ФA is shown as zero. In phase B, current is 0.866 Im and is flowing in the negative direction. Current flowing in the negative direction is shown by a cross in conductors 3’, 4’ and by dots in conductors 3 and 4. The magnitude of the field will be 0.866Фm and will be in the direction shown by phasor ФB. In phase C, current is 0.866 Im and is flowing in the positive direction. The magnitude of field will be 0.866Фm and the direction will be as shown by phasor ФC. The sum of these phasors at the instant of time t1 of the current waves is shown as ФR and is equal to,
                                                       ФR = 1.5 Фm
	Referring to Fig. 2.8(b), we observe that at the time t2 current in phase A is positive maximum, i.e., Im. The flux produced by phase A ampere turns is therefore ФA = Фm, its direction is shown in Fig. 2.8(b). Currents in phase B and phase C are negative and their magnitudes are 0.5 fluxes, ФB = ФC = -0.5 Фm are shown in Fig. 2.8(b). The resultant flux is also shown. The magnitude of resultant flux is 1.5 Фm, but its direction is now changed. The resultant field has rotated in the clockwise direction by 900.
Similarly flux produced by the individual phase windings and the magnitude and direction of the resultant field for the instant of time t3 have been shown in figure 2.8(c).
From figure 2.8 it is observed that for the time t1 to t2 , i.e., by the time the current has flown for one-half cycle through the windings, the resultant magnetic field has rotated by 1800 mechanical, i.e., by half a revolution in the clockwise direction, the magnitude of the resultant field has been 1.5Øm all the time. It could be shown that the current had flown for one cycle through the windings; the resultant field would have rotated by one complete rotation.
The supply frequency is generally 50cps. In one second therefore the resultant field will rotate by 50 revolutions. In one minute the resultant field will rotate by 50X60 = 3000 revolutions. This speed is called synchronous speed. Synchronous speed, in addition to the supply frequency, depends on the number of poles for which the winding is made. In this case the windings have been made for two poles. The relation between frequency, number of poles, and the synchronous speed, as mentioned earlier, is given by
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Figure 2.9 Directions of magnetic field produced by the ampere-turn of each phase and the resultant field produced by the three phases mmfs


 If the sequence of supply to the different phase windings is changed, i.e., if we connect A phase supply to B phase winding and B phase supply to A phase winding, keeping C phase winding supply connection unchanged, the resultant magnetic field will rotate in the opposite direction, in this case in the anticlockwise direction. The magnitude of the resultant magnetic field and its speed will however remain unchanged. To summarise
(a) When a three-phase supply is connected across a three-phase winding, a rotating field of constant magnitude rotating at synchronous speed is produced.
(b) The direction of rotation of the rotating field so produced depends on the sequence of supply to the phase windings.




2.5 Speed of RMF:
The speed at which the rotating magnetic field revolves is called the synchronous speed (Ns). Referring to Fig. 2.9 the field has completed one revolution. Therefore, for a 2-pole stator winding, the field makes one revolution in one cycle of current. In a 4-pole stator winding, it can be shown that the rotating field makes one revolution in two cycles of current. In general, for P poles, the rotating field makes one revolution in P/2 cycles of current (see Fig. 2.7).
∴ Cycles of current = 2/P × revolutions of field
or Cycles of current per second = 2/P × revolutions of field per second

Since revolutions per second are equal to the revolutions per minute (Ns) divided by 60 and the number of cycles per second is the frequency (f).


The speed of the rotating magnetic field is the same as the speed of the alternator that is supplying power to the motor if the two have the same number of poles. Hence the magnetic flux is said to rotate at synchronous speed.

2.6 Slip:
We have seen above that rotor rapidly accelerates in the direction of rotating field. In practice, the rotor can never reach the speed of stator flux. If it did, there would be no relative speed between the stator field and rotor conductors, no induced rotor currents and, therefore, no torque to drive the rotor. The friction and windage would immediately cause the rotor to slow down. Hence, the rotor speed (N) is always less than the suitor field speed (Ns). This difference in speed depends upon load on the motor. The difference between the synchronous speed Ns of the rotating stator field and the actual rotor speed N is called slip. It is usually expressed as a percentage of synchronous speed i.e.,
% age slip S =
 (i) The quantity Ns − N is sometimes called slip speed.
(ii) When the rotor is stationary (i.e., N = 0), slip, s = 1 or 100 %.
(iii) In an induction motor, the change in slip from no-load to full-load is hardly 0.1% to 3% so that it is essentially a constant-speed motor.

2.7 Rotor Frequency at operation condition:
The frequency of a voltage or current induced due to the relative speed between a vending and a magnetic field is given by the general formula;
 
where  N = Relative speed between magnetic field and the winding
P = Number of poles
For a rotor speed N, the relative speed between the rotating flux and the rotor is (Ns – N). Consequently, the rotor current frequency f2 is given by;




Where f2 = rotor current frequency, S = slip and f1 = supply frequency (stator frequency). The relative speed between the rotating field and stator winding is (Ns – 0)= Ns. Therefore, the frequency of induced current or voltage in the stator winding is same as the supply frequency 

f1= Ns P/120.
2.8 Rotor induced emf, current and power factor:
	The rotating magnetic field produced by the stator ampere-turns will induce emf in bothe stator and rotor windings. The induced emf will depend upon the magnitude of the rotating flux and the speed at which this flux cuts the stator and rotor conductors. When the rotor is stationary (i.e at standstill) the stator flux cuts the rotor conductors at a speed Ns. Let E20 be the induced emf in the rotor winding when the rotor is not rotating. When the rotor starts rotating at a speed Nr, the rotating field cuts the rotor conductors at a speed (Ns-Nr)ie at SNs rpm. Since at Ns speed of flux cutting, induced emf in the rotor is E20, at SNs speed of flux cutting induced emf in the rotor will be SE20. Let E2 be the induced emf in the rotor winding when the rotor is rotating.
	Rotor induced emf, E2=SE20
At the instant of starting, slip is is equal to one. Therefore at start , E2=E20(maximum emf is induced in the rotor). As the motor picks up speed, its slip decreases, and, therefore the rotor induced emf decreases. When the rotor approaches synchronous speed, its slip reduced to a very small value and hence rotor induced emf becomes very small. The rotor cannot attain synchronous speed because at synchronous speed no emf will be induced in the rotor and no torque will be produced. Rotor will, therefore, always rotate at a lower speed than synchronous speed.
Fig (2.10) shows the circuit of a 3-phase induction motor at any slip s. The rotor is assumed to be of wound type and star connected. Note that rotor e.m.f./phase and rotor reactance/phase are sE2 and sX2 respectively. The rotor resistance/phase is R2 and is independent of frequency and, therefore, does not depend upon slip. Likewise, stator winding values R1 and X1 do not depend upon slip. Since the motor represents a balanced 3-phase load, we need consider one phase only; the conditions in the other two phases being similar.
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Figure 2.10 At standstill.
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Fig. 2.11 One phase of the rotor circuit at standstill.
Rotor current 
Power factor=
At running condition,
Rotor current 
Power factor=
2.9 Power Flow Diagram and Losses of Induction Motor:
Power Flow Diagram of Induction Motor explains the input given to the motor, the losses occurring and the output of the motor. The input power given to an Induction motor is in the form of three-phase voltage and currents. It is given by the equation shown below:
 
Where,  is the input power factor
The Power Flow Diagram of an Induction Motor is shown below.
[image: ]
Fig 2.12 Power Flow Diagram of Induction Motor

The losses in the stator are:
i) I2R losses in the stator winding resistances. It is also known as Stator copper losses.

ii) Hysteresis and Eddy current losses in the stator core. These are known as Stator core losses {} 
The output power of the stator is given as

This output power of the stator is transferred to the rotor of the machine across the air gap between the stator and the rotor. It is called the air gap Pg of the machine.
Thus,
The Power output of the stator = air gap power = input power to the rotor

The losses in the rotor are as follows:
i) I2R losses in the rotor resistance. They are also called Rotor copper losses and represented as
 
ii) Hysteresis and eddy current losses in the rotor core. They are known as Rotor core losses.  {} 
iii) Friction and Windage losses Pfw
iv) Stray load losses Pmisc, consisting of all losses not covered above, such as losses due to harmonic fields.
If the rotor copper losses are subtracted from rotor input power Pg, the remaining power is converted from electrical to mechanical form. This is called Developed Mechanical Power Pmd.
Developed Mechanical power = Rotor input – Rotor copper loss
     or
 

The output of the motor is given by the equation shown below:
 
Po is called the shaft power or the useful power.
At rated speed, iron loss in the rotor core is negligible because iron-loss is a function of rotor frequency and the frequency of the rotor current is very small ( fr=sf). Let T be the torque in Newton- meters exerted on the rotor by the rotating magnetic field rotating at synchronous speed Ns rpm or Ns/60 rps.
Power transferred from stator to rotor (i.e., rotor input)
= 2ΠT Ns/60 W
This input power to the rotor is termed torque in synchronous watts.
When the rotor is rotating at a speed of Nr rpm, total mechanical power developed by the rotor is 2ΠT Nr/60 W. From the figure 2.12 we observe that the difference between power transferred to the rotor via the magnetic field of airgap and the mechanical power developed by the rotor is equal to I2R loss in the rotor winding (assuming iron-loss in the rotor core as negligible). This is expressed as:
(Power transferred from stator to rotor) – (Mechanical power developed by the rotor) = Rotor I2R loss  
2ΠT Ns/60 - 2ΠT Ns/60 = Rotor I2R loss
= Rotor I2R loss   (dividing and multiplying L.H.S. by Ns)
Rotor I2R loss= S X Rotor Input 
Rotational losses:
At starting and during acceleration, the rotor core losses are high. With the increase in the speed of the induction motor these losses decreases. The friction and windage losses are zero at the start. As the speed increases the losses, also start increasing. The sum of the friction, windage and core losses are almost constant with the change in speed. These all losses are added together and are known as Rotational Losses.
It is given by the equation shown below.

 
The Rotational losses are not represented by any element of the equivalent circuit as they are purely mechanical quantity.

2.10 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 
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