1.1. Unit – I - 3-Phase Induction Motors
1.1.1. Teaching Material / Teaching Aids as per above lecture plan.
1.1.1.1. Lecture-1

Three Phase Induction Motor
The most common type of AC motor being used throughout the work today is the "Induction Motor". Applications of three-phase induction motors of size varying from half a kilowatt to thousands of kilowatts are numerous. They are found everywhere from a small workshop to a large manufacturing industry.
The advantages of three-phase AC induction motor are listed below:
1. Simple design 
2. Rugged construction 
3. Reliable operation 
4. Low initial cost 
5. Easy operation and simple maintenance 
6. Simple control gear for starting and speed control 
7. High efficiency. 
Induction motor is originated in the year 1891 with crude construction (The induction machine principle was invented by NIKOLA TESLA in 1888.). Then an improved construction with distributed stator windings and a cage rotor was built.
The slip ring rotor was developed after a decade or so. Since then a lot of improvement has taken place on the design of these two types of induction motors. Lot of research work has been carried out to improve its power factor and to achieve suitable methods of speed control.
Types and Construction of Three Phase Induction Motor
Three phase induction motors are constructed into two major types:
1. Squirrel cage Induction Motors 
2. Slip ring Induction Motors 3.2.1 Squirrel cage Induction Motors 
(a) Stator Construction
The induction motor stator resembles the stator of a revolving field, three phase alternator. The stator or the stationary part consists of three phase winding held in place in the slots of a laminated steel core which is enclosed and supported by a cast iron or a steel frame as shown in Fig: 3.1(a).
The phase windings are placed 120 electrical degrees apart and may be connected in either star or delta externally, for which six leads are brought out to a terminal box mounted on the frame of the motor. When the stator is energized from a three phase voltage it will produce a rotating magnetic field in the stator core.
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Fig: 3.1
(b) Rotor Construction
The rotor of the squirrel cage motor shown in Fig: 3.1(b) contains no windings. Instead it is a cylindrical core constructed of steel laminations with conductor bars mounted parallel to the shaft and embedded near the surface of the rotor core.
These conductor bars are short circuited by an end rings at both end of the rotor core. In large machines, these conductor bars and the end rings are made up of copper with the bars brazed or welded to the end rings shown in Fig: 3.1(b).In small machines the conductor bars and end rings are sometimes made of aluminum with the bars and rings cast in as part of the rotor core. Actually the entire construction (bars and end-rings) resembles a squirrel cage, from which the name is derived.
The rotor or rotating part is not connected electrically to the power supply but has voltage induced in it by transformer action from the stator. For this reason, the stator is sometimes called the primary and the rotor is referred to as the secondary of the motor since the motor operates on the principle of induction and as the construction of the rotor with the bars and end rings resembles a squirrel cage, the squirrel cage induction motor is used.
The rotor bars are not insulated from the rotor core because they are made of metals having less resistance than the core. The induced current will flow mainly in them. Also the rotor bars are usually not quite parallel to the rotor shaft but are mounted in a slightly skewed position. This feature tends to produce a more uniform rotor field and torque. Also it helps to reduce some of the internal magnetic noise when the motor is running.
(c) End Shields
The function of the two end shields is to support the rotor shaft. They are fitted with bearings and attached to the stator frame with the help of studs or bolts attention.
3.2.2 Slip ring Induction Motors
(a) Stator Construction
The construction of the slip ring induction motor is exactly similar to the construction of squirrel cage induction motor. There is no difference between squirrel cage and slip ring motors.
(b) Rotor Construction
The rotor of the slip ring induction motor is also cylindrical or constructed of lamination.
Squirrel cage motors have a rotor with short circuited bars whereas slip ring motors have wound rotors having "three windings" each connected in star.
[image: ]The winding is made of copper wire. The terminals of the rotor windings of the slip ring motors are brought out through slip rings which are in contact with stationary brushes as shown in Fig: 3.2.
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Fig: 3.2
THE ADVANTAGES OF THE SLIPRING MOTOR ARE
· It has susceptibility to speed control by regulating rotor resistance. 
· High starting torque of 200 to 250% of full load value. 
· Low starting current of the order of 250 to 350% of the full load current. 
Hence slip ring motors are used where one or more of the above requirements are to be met.
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1.1.1.2. Lecture-2
Rotating Magnetic Field and Induced Voltages
Consider a simple stator having 6 salient poles, each of which carries a coil having 5 turns (Fig.3.4). Coils that are diametrically opposite are connected in series by means of three jumpers
that respectively connect terminals a-a, b-b, and c-c. This creates three identical sets of windings AN, BN, CN, which are mechanically spaced at 120 degrees to each other. The two coils in each winding produce magneto motive forces that act in the same direction.
The three sets of windings are connected in wye, thus forming a common neutral N. Owing to the perfectly symmetrical arrangement, the line to neutral impedances are identical. In other words, as regards terminals A, B, C, the windings constitute a balanced 3-phase system.
[image: ]For a two-pole machine, rotating in the air gap, the magnetic field (i.e., flux density) being sinusoidally distributed with the peak along the centre of the magnetic poles. The result is illustrated in Fig.3.5. The rotating field will induce voltages in the phase coils aa', bb', and cc'. Expressions for the induced voltages can be obtained by using Faraday laws of induction.
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Fig: 3.4 Elementary stator having terminals A, B, C connected to a 3-phase source (not shown). Currents flowing from line to neutral are considered to be positive.
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Fig: 3.5 Air gap flux density distribution.
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Let us consider that the phase coils are full-pitch coils of N turns (the coil sides of each phase are 180 electrical degrees apart as shown in Fig.3.5). It is obvious that as the rotating field moves (or the magnetic poles rotate) the flux linkage of a coil will vary. The flux linkage for coil aa' will be maximum.
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The above equation also shows the rms voltage per phase. The N is the total number of series turns per phase with the turns forming a concentrated full -pitch winding. In an actual AC machine each phase winding is distributed in a number of slots for better use of the iron and copper and to improve the waveform. For such a distributed winding, the EMF induced in various coils placed in different slots are not in time phase, and therefore the phasor sum of the EMF is less than their numerical sum when they are connected in series for the phase winding. A reduction factor KW, called the winding factor, must therefore be applied. For most three-phase machine windings KW is about 0.85 to 0.95.
Therefore, for a distributed phase winding, the rms voltage per phase is
Erms = 4.44fNphφpKW
Where Nph is the number of turns in series per phase.
Where f is the frequency in hertz. Above equation has the same form as that for the induced voltage in transformers. However, ØP represents the flux per pole of the machine.



1.1.1.3. Lecture-3
Principle of Operation
The operation of a 3-phase induction motor is based upon the application of Faraday Law and the Lorentz force on a conductor. The behaviour can readily be understood by means of the following example.
Consider a series of conductors of length l, whose extremities are short-circuited by two bars A and B (Fig.3.3 a). A permanent magnet placed above this conducting ladder, moves rapidly to the right at a speed v, so that its magnetic field B sweeps across the conductors. The following sequence of events then takes place:
1. A voltage E = Blv is induced in each conductor while it is being cut by the flux (Faraday law). 
2. The induced voltage immediately produces a current I, which flows down the conductor underneath the pole face, through the end-bars, and back through the other conductors. 
3. Because the current carrying conductor lies in the magnetic field of the permanent magnet, it experiences a mechanical force (Lorentz force). 
4. [image: ]The force always acts in a direction to drag the conductor along with the magnetic field. If the conducting ladder is free to move, it will accelerate toward the right. However, as it picks up speed, the conductors will be cut less rapidly by the moving magnet, with the result that the induced voltage E and the current I will diminish. Consequently, the force acting on the conductors wilt also decreases. If the ladder were to move at the same speed as the magnetic field, the induced voltage E, the current I, and the force dragging the ladder along would all become zero. 
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In an induction motor the ladder is closed upon itself to form a squirrel-cage (Fig.3.3b) and the moving magnet is replaced by a rotating field. The field is produced by the 3-phase currents that flow in the stator windings.


1.1.1.4. Lecture-4
The torque produced by three phase induction motor depends upon the following three factors: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.
Combining all these factors together we get the equation of torque as-
[image: ]
Where, T is the torque produced by induction motor,
            φ is flux responsible for producing induced emf,
            I2 is rotor current,
            cosθ2 is the power factor of rotor circuit.
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,
[image: ]
s= slip of Induction motor
[image: ]
Derivation of K in torque equation.
In case of three phase induction motor, there occur copper losses in rotor. These rotor copper losses are expressed as 
Pc = 3
We know that rotor current,  
[image: ]



1.1.1.5. Lecture-5

Ques1: A 3 φ 4 pole 50 hz induction motor runs at 1460 r.p.m. find its %age slip. 
Solution 
N s = 120f/p = 120*50/4 = 1500r.p.m.
Running speed of motor = n= 1460r.p.m.
Slip S=( N s–N)/ N s*100 =(1500-1460) x 100 / 1500 = 2.667% 

Ques2: A 12 pole 3 φ alternator driver at speed of 500 r.p.m. supplies power to an 8 pole 3 φ induction motor. If the slip of motor is 0.03p.u, calculate the speed. 
Solution 
Frequency of supply from alternator, f=PN/120 
=12*500/120 = 50hz
where P= no of poles on alternator
N=alternator speed is r.p.m. 
Synchronous speed of 3 φ induction motor 
N=120f/Pm 
  =120*50/8 = 750 r.p.m.
Speed of 3 φ induction motor N=Ns (1-s)
=750(1-0.03) = 727.5 r.p.m.
Ques3: A motor generates set used for providing variable frequency ac supply consists of a 3-φ synchronous and 24 pole 3 φ synchronous generator. The motor generate set is fed from 25hz, 3 φ ac supply. A 6 pole 3 φ induction motor is electrically connected to the terminals of the synchronous generator and runs at a slip of 5%. Find 
  i) the frequency of generated voltage of synchronous generator
  ii) the speed at which induction motor is running
Solution 
Speed of motor generator set
Ns=(120*f1(supply freq))/(no of pole on syn motor)
=120*25/10 = 300 r.p.m.
frequency of generated voltage 
fz=speed of motor gen set voltage *no of poles on syn gen/120
= 300*24/120 = 60hz 
Speed of induction motor , Nm=Ns(1-s)
=120 fz /Pm(1-s) = 120*60/6(1-0.05) = 1140r.p.m. 

Ques4: A 3-φ 4 pole induction motor is supplied from 3φ 50Hz ac supply. Find 
(1) synchronous speed 
(2) rotor speed when slip is 4%
(3) the rotor frequency when runs at 600r.p.m. 
Sulution 
1) Ns =120f/p
=120*50/4 = 1500 r.p.m.
2) speed when slip is 4% or .04
N=Ns (1-s)
=1500(1-0.04) = 1440 r.p.m. 
3) slip when motor runs at 600 r.p.m. 
S’=(Ns –N)/Ns
=(1500-600)/1500 = 0.6
Rotor frequency f’ = S’f = 0.6*50 = 30Hz.
Ques5: A 12 pole 3-φ alternator is coupled to an engine running at 500r.p.m. If supplied a 3φ induction motor having full speed of 1440r.p.m. 
Find the %age slip, frequency of rotor current and no of poles of rotor. 
Ans 
Frequency of supply from alternator f=Pa*Na/120
=12*500/120 = 50Hz 
Full load speed Nf =1440 r.p.m.
The no of poles (nearest to and higher than full load speed of motor =1440) should be in even nos.
P=120f/n = 120*50/1440 = 4
Ns = 120f/Pm = 120*50/4 = 1500 r.p.m.
% Slip s = (Ns-N)/Ns x 100 =(1500-1440) x 100 / 1500 = 4%
Rotor frequency f’ = sf = 0.04*50 = 2Hz 
No A poles of the motor = 4 

Ques6: The rotor of 3φ induction motor rotates at 900r.p.m. when states is connected to 3φ supply .find the rotor frequency. 
Solution 
Nr =980 r.p.m., f=50Hz, Ns=120f/p
When P=2, Ns=3000r.p.m.,P=4, Ns=1500 
P=6, Ns=1000, P=8, Ns=750r.p.m. 
As we know that synchronous speed is slightly greater than rotor speed. 
Ns=1000 r.p.m. P=6 
Fr=Sf=(Ns-N)/Ns*f=Sf = (1000-980) x 50 / 1000
Ques7: A 3 φ 50Hz induction motor has a full load speed of 960 r.p.m
(a) find slip
(b) No of poles
(c) Frequency of rotor induced e.m.f
(d) Speed of rotor field w.r.t. rotor structure
(e) Speed of rotor field w.r.t. Stator structure
(f) Speed of rotor field w.r.t. stator field
Solution: 
Given f = 50 Hz(supply frequency) 
N = 960r.p.m
The no. of pole will be 6 only(because at P=6, Ns = 1000 which is nearer and greater then 960 r.p.m.) 

(a)	Slip, S = (Ns-N)/Ns * 100 = (1000 – 960) / 1000 * 100 = 4%
(b)	No of poles = 6
(c)	Frequency of rotor induced emf = fr = SF = .04 * 50 = 2Hz
(d)	Speed of rotor field w.r.t rotor structure = 120fr/p = 120*2/6 = 40 r.p.m. 
(e)	Speed of rotor field w.r.t. stator structure os actually the speed of stator filed w.r.t stator structure, Ns = 1000r.p.m
(f)	Speed of rotor field w.r.t stator field is zero


1.1.1.6. Lecture-6
Power Stages in an Induction Motor
The input electric power fed to the stator of the motor is converted into mechanical power at the shaft of the motor. The various losses during the energy conversion are:
1. Fixed losses
a. Stator iron loss
b. Friction and windage loss 
The rotor iron loss is negligible because the frequency of rotor currents under normal running condition is small.
2. Variable losses
· Stator copper loss 
· Rotor copper loss 
[image: ]Fig:  shows how electric power fed to the stator of an induction motor suffers losses and finally converted into mechanical power.
[image: ]





The following points may be noted from the above diagram:



1. Stator input, Pi = Stator output + Stator losses + Stator output + Stator Iron loss + Stator Cu loss 
2. Rotor input, Pr = Stator output 
It is because stator output is entirely transferred to the rotor through air-gap by electromagnetic induction
3. Mechanical power available, Pm = Pr - Rotor Cu loss
This mechanical power available is the gross rotor output and will produce a gross torque Tg.
4. Mechanical power at shaft, Pout = Pm - Friction and windage loss
Mechanical power available at the shaft produces a shaft torque Tsh.
5. Clearly, Pm - Pout = Friction and windage loss.


1.1.1.7. Lecture-7

Equivalent Circuit of Three Phase Induction Motor
Fig. 3.10 (i) shows the equivalent circuit per phase of the rotor at slip s. The rotor phase current is given by;
[image: ][image: ]

Mathematically, this value is unaltered by writing it as:
[image: ][image: ]

As shown in Fig. 3.10 (ii), we now have a rotor circuit that has a fixed reactance X2 connected in series with a variable resistance R2/s and supplied with constant voltage E2. Note that Fig. 3.10 (ii) transfers the variable to the resistance without altering power or power factor conditions.
[image: ][image: ]




[image: ]Fig: 3.10[image: ]
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Fig. 3.10 (iii) shows the equivalent rotor circuit along with load resistance RL.
Now Fig: 3.11 shows the equivalent circuit per phase of a 3-phase induction motor. Note that mechanical load on the motor has been replaced by an equivalent electrical resistance RL given by;
[image: ]----- (i)
The circuit shown in Fig. 3.11 is similar to the equivalent circuit of a transformer with secondary load equal to R2 given by eq. (i). The rotor e.m.f. in the equivalent circuit now depends only on the transformation ratio K (= E2/E1).
[image: ][image: ]




Fig: 3.11
[image: ]Therefore; induction motor can be represented as an equivalent transformer connected to a variable-resistance load RL given by eq. (i). The power delivered to R L represents the total mechanical power developed in the rotor. Since the equivalent circuit of Fig. 3.11 is that of a transformer, the secondary (i.e., rotor) values can be transferred to primary (i.e., stator) through the appropriate use of transformation ratio K. Recall that when shifting resistance/reactance from secondary to primary, it should be divided by K2 whereas current should be multiplied by K. The equivalent circuit of an induction motor referred to primary is shown in Fig. 3.12





Fig: 3.12

Note that the element (i.e., R'L) enclosed in the dotted box is the equivalent electrical resistance related to the mechanical load on the motor. The following points may be noted from the equivalent circuit of the induction motor:
(i) At no-load, the slip is practically zero and the load R'L is infinite. This condition resembles that in a transformer whose secondary winding is open-circuited. 
(ii) At standstill, the slip is unity and the load R'L is zero. This condition resembles that in a transformer whose secondary winding is short-circuited. 
(iii) When the motor is running under load, the value of R'L will depend upon the value of the slip s. This condition resembles that in a transformer whose secondary is supplying variable and purely resistive load.
(iv) The equivalent electrical resistance R'L related to mechanical load is slip or speed dependent. If the slip s increases, the load R'L decreases and the rotor current increases and motor will develop more mechanical power. This is expected because the slip of the motor increases with the increase of load on the motor shaft. 
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.
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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 E1 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+ j X1) ...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 + j s X2)
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
[image: ][image: ]

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
[image: ][image: ]
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.  shows the phasor diagram of induction motor.
1.1.2. Test Questions
a. Fill in the blanks type of questions 
1. Stator core  is usually fabricated out of silicon steel.
2. The frame of an induction motor is usually made of  cast iron
3. The shaft of an induction motor is made of stiff
4. The shaft of an induction motor is made of carbon steel 
5. In an induction motor, no­load the slip is generally  less than 1% 
6. In medium sized induction motors, the slip is generally around  4% 
7. In squirrel cage induction motors, the rotor slots are usually given slight skew
in order to reduce magnetic hum
8. In case the air gap in an induction motor is increased  the power factor will decrease
9.  Slip rings are usually made of phospor bronze
10. A 3­phase 440 V, 50 Hz induction motor has 4% slip. The frequency of rotor e.m.f. will be	 2 Hz

b. Multiple choice questions 

1. If Ns is the synchronous speed and S the slip, then actual running speed of an induction motor will be
(a) Ns			(b) s.Ns			(c) (l­s)Ns		(d) (Ns­l)s
2. The efficiency of an induction motor can be expected to be nearly
(a) 60 to 90%		(b) 80 to 90%		(c) 95 to 98%		(d) 99%
3. The number of slip rings on a squirrel cage induction motor is usually
(a) two			(b) three		(c) four			(d) none
4. The starting torque of a squirrel­cage induction motor is 
(a) low   (b)negligible (c)  same as full­load torque (d)  slightly more than full­load torque
5. An induction motor with 1000 r.p.m. speed will have 
(a) 8 poles 		(b) 6 poles 		(c) 4 poles 		(d) 2 poles 
6. The good power factor of an induction motor can be achieved if the average flux density in the air gap is 
(a) absent 	(b) small	 (c) large 	(d) infinity 
7. An induction motor is identical to 
(a) D.C. compound motor  (b) D.C. series motor  (c) synchronous motor  (d)asynchronous motor
8. Which of the following methods is easily applicable to control the speed of the squirrel­ cage  induction motor ?
(a)By changing the number of stator poles 	(b) Rotor rheostat control 
(c) By operating two motors in cascade 		(d) By injecting e.m.f. in the rotor circuit 
9. If any two phases for an induction motor are interchanged 
(a) the motor will run in reverse direction 	(b) the motor will run at reduced speed 
(c) the motor will not run 			(d) the motor will burn
10. In three­phase squirrel­cage induction motors 
(a)rotor conductor ends are short­circuited through slip rings  
(b) rotor conductors are short­circuited through end rings 
(c) rotor conductors are kept open 
(d) rotor conductors are connected to insulation
c. True or False questions 

1. In a three­phase induction motor, the number of poles in the rotor winding is always  equal to number of poles in stator 
2. The power factor of an induction motor under no­load conditions will be closer to  0.2 lagging 
3. Slip of an induction motor is negative when  rotor speed is more than the syn­chronous speed of the field and are in the same direction 
4. In an induction motor the relationship between stator slots and rotor slots is that  stator slots are not exact multiple of rotor slots 
5. Slip ring motor is recommended where  high starting torque is needed 
6. As load on an induction motor goes on increasing its power factor goes on increasing upto full load and then it falls again 
7. If a 3­phase supply is given to the stator and rotor is short circuited rotor will move  in the same direction as the direction of the field 
8. The speed characteristics of an induction motor closely resemble the speed load characteristics of which of the following machines D.C. shunt motor 
9. A 3­phase slip ring motor has wound rotor 
10. In a three­phase induction motor  power factor at starting is low as compared to that while running 

1.1.3.  Review Questions

d. Objective type of questions
1.	Describe the principle construction and operation of Induction motor.
2.	Discuss the various losses taking place in IM. Explain the effect of slip on the Performance of IM.
3.	Derive the torque equation of an induction motor. Mention the condition for maximum torque.	
4.	Describe how rotating magnetic field is developed in induction motor.
5.	Discuss the following 
(a)	How torque is developed in the rotor of a induction motor.
(b)	Why in some induction motors double cages are provided?


6.	Why the rotor of a poly phase induction motor can never attain synchronous speed? Discuss.	
7.	Describe the constructional features of both slip ring and squirrel cage induction motor. Discuss the merits of one over the other.		
8.	With neat diagram describe the equivalent circuit of 3phase Double Cage IM.	
9.	Draw the phasor diagram of an Induction motor and explain.	
10.	With a neat sketch discuss the principle of operation of double cage Induction motor, Briefly explain the torque slip characteristics of an Induction motor.

e. Analytical type questions 
1.	The frequency of stator EMF is 50 Hz for an 8-pole induction motor. If the rotor frequency is 2.5 hz, calculate the slip and the actual speed of rotor.
2.	An 8 pole, 3phase alternator is coupled to a prime mover running at 750 rpm. It supplies an induction motor which has a full load speed of 960 rpm. Find the number of poles of IM and slip.		
3.	In case of an 8-pole induction motor the supply frequency was 50 Hz and the shaft speed was 735 rpm. Compute (i) Synchronous speed (ii) Slip speed per unit slip (iii) Percentage slip.		
4.	A 3- φ induction motor is wound for 4 poles and is supplied from 50Hz system. Calculate i) Synchronous speed ii) Rotor speed, when slip is 4% iii) Rotor frequency when rotor runs at 60 rpm.		
5.	The emf in the stator of an 8 pole induction motor has a frequency  f 50 Hz and that in the rotor is 1.5Hz. At what speed the motor is running and what is the slip?		
6.	An 8-pole, 50 Hz, 3 phase slip ring IM has effective resistance of 0.08 /phase. The speed correspond to maximum torque is 650 rpm.  What is the value of resistance to be inserted in rotor circuit to obtain maximum torque at starting?
7.	A 4 pole, 400 V, 3phase IM has a standstill rotor EMF of 100 V per phase. The rotor has resistance of 50 Ώ/ph and standstill reactance of 0.5 Ώ/ph. Calculate the maximum torque & slip at which it occurs. Neglect stator impedance.		
8.	The power input to a 500V, 50Hz, 6 -pole, 3 -phase induction motor running at 975 rpm is 40 KW. The stator losses are 1KW and the friction and windage losses total to 2KW, Calculate i) The slip ii) Rotor copper loss  iii) Shaft power.		
9.	An 8 pole, 3 phase alternator is coupled to an engine running at 750 rpm. The alternator supplies power to an induction motor which has a full load speed of 1425 rpm. Find the percentage slip and the number of poles of the motor
10.	 500HP, 30, 440V, 50Hz induction motor has a speed of 950 rpm on full load.  The machine has 6 poles. Calculate 
i.	Slip, and Speed of rotor field w.r.t rotor.	
ii.	Speed of rotor field w.r.t stator.		
iii.	Complete alternations of rotor voltage per minute.
iv.	Relative speed between stator field w.r.t rotors.



f. Essay type Questions 

1. Describe the principle construction and operation of Induction motor.
2. Discuss the various losses taking place in IM. Explain the effect of slip on the Performance of IM.
3. Derive the torque equation of an induction motor. Mention the condition for maximum torque.	
4. Describe how rotating magnetic field is developed in induction motor.
5. Discuss the following 
(a) How torque is developed in the rotor of a induction motor.
(b) Why in some induction motors double cages are provided?


6. Why the rotor of a poly phase induction motor can never attain synchronous speed? Discuss.	
7. Describe the constructional features of both slip ring and squirrel cage induction motor. Discuss the merits of one over the other.		
8. With neat diagram describe the equivalent circuit of 3phase Double Cage IM.	
9. Draw the phasor diagram of an Induction motor and explain.	
10. With a neat sketch discuss the principle of operation of double cage Induction motor, Briefly explain the torque slip characteristics of an Induction motor.

g. Problems 

1.1.4.  Skill Building Exercises/Assignments
Eg:- 	-Prepare a model of something
-Trace something
-Prepare a report on something etc.,

1.1.5.  Previous Questions (Asked by JNTUK from the concerned Unit)

1.1.6. GATE Questions (Where relevant)

1.1.7.  Interview questions (which are frequently asked in a Technical round - Placements)

1.1.8.  Real-Word (Live) Examples / Case studies wherever applicable


1.1.9. Suggested “Expert Guest Lectures” (both from in and outside of the campus)



1.1.10. Literature references of Relevant NPTEL Videos/Web/You Tube videos etc.

1.1.11.  Any Lab requirements; if so link it to Lab Lesson Plan.
1.1.12. Reference Text Books / with Journals Chapters etc. 
1. The performance and design of alternating current machines – M.G. Say, CBS publishers & distributors, New Delhi.
2. Electrical Machines – P.S. Bimbra, Khanna Publishers.
3. Electrical Machines by J.B.Guptha, S.K.Kataria & Sons.
4. Electrical Machines by D. P.Kothari, I. J. Nagarth, Mc Graw Hill Publications, 4th edition.
5. Electrical Machines by R.K.Rajput, Lakshmi publications,Fifth edition.
6. Electrical Machines by Smarajit Ghosh, Pearson Publications.

Unit – II - Characteristics, starting and testing methods of Induction Motors
1.1.12.1. Lecture-1
Torque Equations
The gross torque Tg developed by an induction motor is given by;
[image: ][image: ][image: ]
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Rotor Torque
[image: ]







 Starting Torque (Ts)
Let,
E2 = rotor e.m.f. per phase at standstill X2 = rotor reactance per phase at standstill R2 = rotor resistance per phase
[image: ]








Generally, the stator supply voltage V is constant so that flux per pole φ set up by the stator is also fixed. This in turn means that e.m.f. E2 induced in the rotor will be constant.
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1.1.12.2. Lecture-2


Condition for Maximum Starting Torque

It can be proved that starting torque will be maximum when rotor resistance/phase is equal to standstill rotor reactance/phase.
[image: ][image: ]











Hence starting torque will be maximum when:
Rotor resistance/phase = Standstill rotor reactance/phase
Under the condition of maximum starting torque, φ2 = 45° and rotor power factor is 0.707 lagging
[image: ]












Fig. shows the variation of starting torque with rotor resistance. As the rotor resistance is increased from a relatively low value, the starting torque increases until it becomes maximum when R2 = X2 . If the rotor resistance is increased beyond this optimum value, the starting torque will decrease


1.1.12.3. Lecture-3

Performance Characteristics of Three phase Induction Motor
The equivalent circuits derived in the preceding section can be used to predict the performance characteristics of the induction machine. The important performance characteristics in the steady state are the efficiency, power factor, current, starting torque, maximum (or pull-out) torque.

3.13.1 The complete torque-speed characteristic

In order to estimate the speed torque characteristic let us suppose that a sinusoidal voltage is impressed on the machine. Recalling that the equivalent circuit is the per-phase representation of the machine, the current drawn by the circuit is given by
[image: ][image: ]


Where, Vs is the phase voltage phasor and Is is the current phasor. The magnetizing current is neglected. Since this current is flowing through R′r/s, the air-gap power is given by
[image: ][image: ]



The mechanical power output was shown to be (1−s)Pg (power dissipated in R′r/s). The torque is obtained by dividing this by the shaft speed [image: ].Thus we have,
[image: ][image: ]

[image: ]where [image: ] is the synchronous speed in radians per second and s is the slip. Further, this is the torque produced per phase. Hence the overall torque is given by
[image: ]



The torque may be plotted as a function of ‘s’ and is called the torque-slip (or torque- speed, since slip indicates speed) characteristic a very important characteristic of the induction machine.
A typical torque-speed characteristic is shown in Fig: 3.18. This plot corresponds to a 3 kW, 4 pole, and 60 Hz machine. The rated operating speed is 1780 rpm
Further, this curve is obtained by varying slip with the applied voltage being held constant. Coupled with the fact that this is an equivalent circuit valid under steady state, it implies that if this characteristic is to be measured experimentally, we need to look at the torque for a given speed after all transients have died down. One cannot, for example, try to obtain this curve by directly starting the motor with full voltage applied to the terminals and measuring the torque and speed dynamically as it runs up to steady speed.
[image: ]
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Fig: 3.18
With respect to the direction of rotation of the air-gap flux, the rotor maybe driven to higher speeds by a prime mover or may also be rotated in the reverse direction. The torque-speed relation for the machine under the entire speed range is called the complete speed-torque characteristic. A typical curve is shown in Fig: 3.19 for a four-pole machine, the synchronous speed being 1500 rpm. Note that negative speeds correspond to slip values greater than 1, and speeds greater than 1500 rpm correspond to negative slip. The plot also shows the operating modes of the induction machine in various regions. The slip axis is also shown for convenience.
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Fig: 3.19

Effect of Rotor Resistance on Speed Torque Characteristic
Restricting ourselves to positive values of slip, we see that the curve has a peak point. This is the maximum torque that the machine can produce, and is called as stalling torque. If the load torque is more than this value, the machine stops rotating or stalls. It occurs at a slip ˆs, which for the machine of Fig: 3.19 is 0.38. At values of slip lower than ˆs, the curve falls steeply down to zero at s = 0. The torque at synchronous speed is therefore zero. At values of slip higher than s = ˆs, the curve falls slowly to a minimum value at s = 1. The torque at s = 1 (speed = 0) is called the starting torque. The value of the stalling torque may be obtained by differentiating the expression for torque with respect to zero and setting it to zero to find the value of ˆs. Using this method, we can write
[image: ][image: ]


[image: ]Substituting ˆs into the expression for torque gives us the value of the stalling torque ˆ Te,
[image: ]


The negative sign being valid for negative slip






1.1.12.4. Lecture-4
Double Cage Induction Motor
One of the advantages of the slip-ring motor is that resistance may be inserted in the rotor circuit to obtain high starting torque (at low starting current) and then cut out to obtain optimum running conditions. However, such a procedure cannot be adopted for a squirrel cage motor because its cage is permanently short-circuited. In order to provide high starting torque at low starting current, double-cage construction is used.
Construction
As the name suggests, the rotor of this motor has two squirrel-cage windings located one above the other as shown in Fig: 3.38(i).
The outer winding consists of bars of smaller cross-section short- circuited by end rings. Therefore, the resistance of this winding is high. Since the outer winding has relatively open slots and a poorer flux path around its bars [See Fig: 3.38(ii)], it has a low inductance. Thus the resistance of the outer squirrel-cage winding is high and its inductance is low.
[image: ]The inner winding consists of bars of greater cross-section short-circuited by end rings. Therefore, the resistance of this winding is low. Since the bars of the inner winding are thoroughly buried in iron, it has a high inductance [See Fig: 3.38(ii)].Thus the resistance of the inner squirrel cage winding is low and its inductance is high






Fig: 3.38

Working
When a rotating magnetic field sweeps across the two windings, equal e.m.f.s are induced in each.


(i) At starting, the rotor frequency is the same as that of the line (i.e., 50 Hz), making the reactance of the lower winding much higher than that of the upper winding. Because of the high reactance of the lower winding, nearly all the rotor current flows in the high-resistance outer cage winding. This provides the good starting characteristics of a high-resistance cage winding. Thus the outer winding gives high starting torque at low starting current. 
(ii) As the motor accelerates, the rotor frequency decreases, thereby lowering the reactance of the inner winding, allowing it to carry a larger proportion of the total rotor current At the normal operating speed of the motor, the rotor frequency is so low (2 to 3 Hz) that nearly all the rotor current flows in the low-resistance inner cage winding. This results in good operating efficiency and speed regulation.



[image: ]







Fig: 3.39


Fig: 3.39 shows the operating characteristics of double squirrel-cage motor. The starting torque of this motor ranges from 200 to 250 percent of full-load torque with a starting current of 4 to 6 times the full-load value. It is classed as a high-torque, low starting current motor



1.1.12.5. Lecture-5
Cogging and Crawling of Induction Motor

Crawling of induction motor
Sometimes, squirrel cage induction motors exhibits a tendency to run at very slow speeds (as low as one-seventh of their synchronous speed). This phenomenon is called as crawling of an induction motor.
This action is due to the fact that, flux wave produced by a stator winding is not purely sine wave. Instead, it is a complex wave consisting a fundamental wave and odd harmonics like 3rd, 5th, 7th etc. The fundamental wave revolves synchronously at synchronous speed Ns whereas 3rd, 5th, 7th harmonics may rotate in forward or backward direction at Ns/3, Ns/5, Ns/7 speeds respectively. Hence, harmonic torques are also developed in addition with fundamental torque.
3rd harmonics are absent in a balanced 3-phase system. Hence 3rdd harmonics do not produce rotating field and torque. The total motor torque now consist three components as: (i) the fundamental torque with synchronous speed Ns, (ii) 5th harmonic torque with synchronous speed
Ns/5, (iv) 7th harmonic torque with synchronous speed Ns/7 (provided that higher harmonics are neglected).
Now, 5th harmonic currents will have phase difference of
5 X 120 = 600° =2 X 360 - 120 = -120°.
Hence the revolving speed set up will be in reverse direction with speed Ns/5. The small amount of 5th harmonic torque produces breaking action and can be neglected.
The 7th harmonic currents will have phase difference of
7 X 120 = 840° = 2 X 360 +120 = + 120°.
Hence they will set up rotating field in forward direction with synchronous speed equal to Ns/7. If we neglect all the higher harmonics, the resultant torque will be equal to sum of fundamental torque and 7th harmonic torque. 7th harmonic torque reaches its maximum positive value just before1/7th of Ns. If the mechanical load on the shaft involves constant load torque, the torque developed by the motor may fall below this load torque. In this case, motor will not accelerate up to its normal speed, but it will run at a speed which is nearly 1/7th of its normal speed as shown in Fig: 3.40. This phenomenon is called as crawling of induction motors.


[image: ]




















Fig: 3.40
Cogging (Magnetic Locking or Teeth Locking) of induction motor
Sometimes, the rotor of a squirrel cage induction motor refuses to start at all, particularly if the supply voltage is low. This happens especially when number of rotor teeth is equal to number of stator teeth, because of magnetic locking between the stator teeth and the rotor teeth. When the rotor teeth and stator teeth face each other, the reluctance of the magnetic path is minimum that is why the rotor tends to remain fixed. This phenomenon is called cogging or magnetic locking of induction motor.



1.1.12.6. Lecture-6
Tests to Determine the Equivalent Circuit Parameters
In order to find values for the various elements of the equivalent circuit, tests must be conducted on a particular machine, which is to be represented by the equivalent circuit. In order to do this, we note the following.
1. When the machine is run on no-load, there is very little torque developed by it. In an ideal case where there is no mechanical losses, there is no mechanical power developed at no-load. Recalling the explanations in the section on torque production, the flow of current in the rotor is indicative of the torque that is produced. If no torque is produced, one may conclude that no current would be flowing in the rotor either. The rotor branch acts like an open circuit. This conclusion may also be reached by reasoning that when there is no load, an ideal machine will run up to its synchronous speed where the slip is zero resulting in an infinite impedance in the rotor branch. 
2. When the machine is prevented from rotation, and supply is given, the slip remains at unity. The elements representing the magnetizing branch Rm & Xm are high impedances much larger than [image: ] in series. Thus, in the exact equivalent circuit of the induction machine, the magnetizing branch may be neglected.
[image: ]From these considerations, we may reduce the induction machine equivalent circuit of Fig.3.13 & Fig: 3.15 to those shown in Fig: 3.16.






Fig: 3.16
These two observations and the reduced equivalent circuits are used as the basis for the two most commonly used tests to find out the equivalent circuit parameters — the blocked rotor test and no load test. They are also referred to as the short circuit test and open circuit test respectively in conceptual analogy to the transformer


1.  No-load test
The behaviour of the machine may be judged from the equivalent circuit of Fig: 3.16 (a). The current drawn by the machine causes a stator-impedance drop and the balance voltage is applied across the magnetizing branch. However, since the magnetizing branch impedance is large, the current drawn is small and hence the stator impedance drop is small compared to the applied voltage (rated value). This drop and the power dissipated in the stator resistance are therefore neglected and the total power drawn is assumed to be consumed entirely as core loss. This can also be seen from the approximate equivalent circuit, the use of which is justified by the foregoing arguments. This test therefore enables us to compute the resistance and inductance of the magnetizing branch in the following manner.
[image: ]
[image: ]



Vs, Is and Ps are measured with appropriate meters. With R m known by above equation, Xm also can be found. The current drawn is at low power factor and hence a suitable wattmeter should be used.
2.  Blocked-rotor Test
In this test the rotor is prevented from rotation by mechanical means and hence the name. Since there is no rotation, slip of operation is unity, s = 1. The equivalent circuit valid under these conditions is shown in Fig: 3.16 (b). Since the current drawn is decided by the resistance and leakage impedances alone, the magnitude can be very high when rated voltage is applied. Therefore in this test, only small voltages are applied — just enough to cause rated current to flow. While the current magnitude depends on the resistance and the reactance, the power drawn depends on the resistances.
[image: ]The parameters may then be determined as follows. The source current and power drawn may be written as -

In the test Vs, Is and Ps are measured with appropriate meters. Above equation enables us to compute (Rs + R′r). Once this is known, (Xs + X′r) may be computed from the above equation.
Note that this test only enables us to determine the series combination of the resistance and the reactance only and not the individual values. Generally, the individual values are assumed to be equal; the assumption Rs = R′r, and Xs = X′r suffices for most purposes.
In practice, there are differences. If more accurate estimates are required IEEE guidelines may be followed which depend on the size of the machine.
These two tests determine the equivalent circuit parameters in a ‘Stator-referred’ sense, i.e., the rotor resistance and leakage inductance are not the actual values but what they ’appear to be’ when looked at from the stator. This is sufficient for most purposes as interconnections to the external world are generally done at the stator terminals
1.1.12.7. 
Lecture-7
Construction of Circle Diagram
Conduct No load test and blocked rotor test on the induction motor and find out the per phase
values of no load current I0, short circuit current ISC and the corresponding phase angles Φ0 and ΦSC. Also find short circuit current ISN corresponding to normal supply voltage. With this data, the circle diagram can be drawn as follows see Fig: 3.17.
· With suitable scale, draw vector OA with length corresponding to I0 at an angle Φ0 from the vertical axis. Draw a horizontal line AB. 
· Draw OS equal to ISN at an angle ΦSC and join AS. 
· Draw the perpendicular bisector to AS to meet the horizontal line AB at C. 
· With C as centre, draw a portion of circle passing through A and S. This forms the circle diagram which is the locus of the input current. 
· From point S, draw a vertical line SL to meet the line AB. 
· Divide SL at point K so that SK : KL = rotor resistance : stator resistance. 
· For a given operating point P, draw a vertical line PEFGD as shown. then PE = output power, EF = rotor copper loss, FG = stator copper loss, GD = constant loss (iron loss + mechanical loss) 
To find the operating points corresponding to maximum power and maximum torque, draw tangents to the circle diagram parallel to the output line and torque line respectively. The points at which these tangents touch the circle are respectively the maximum power point and maximum torque point
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Fig: 3.17 Construction of Circle Diagram
Efficiency line
a. The output line AS is extended backwards to meet the X-axis at O′. 
b. From any convenient point on the extended output line, draw a horizontal line QT so as to meet the vertical from O′. Divide the line QT into 100 equal parts. 
c. To find the efficiency corresponding to any operating point P, draw a line from O′ to the efficiency line through P to meet the efficiency line at T1. Now QT1 is the efficiency. 
Slip Line
1. Draw line QR parallel to the torque line, meeting the vertical through A at R. Divide RQ into equal parts. 
2. To find the slip corresponding to any operating point P, draw a line from A to the slip line through P to meet the slip line at R1. Now RR1 is the slip 
Power Factor Curve
1. Draw a quadrant of a circle with O as centre and any convenient radius. Divide OCm into 100 equal parts. 
2. To find power factor corresponding to P, extend the line OP to meet the power factor curve at C′. Draw a horizontal line C′C1 to meet the vertical axis at C1. Now OC1 represents power factor.

Performance Characteristics of Three phase Induction Motor

The equivalent circuits derived in the preceding section can be used to predict the performance characteristics of the induction machine. The important performance characteristics in the steady state are the efficiency, power factor, current, starting torque, maximum (or pull-out) torque.
 The complete torque-speed characteristic
In order to estimate the speed torque characteristic let us suppose that a sinusoidal voltage is impressed on the machine. Recalling that the equivalent circuit is the per-phase representation of the machine, the current drawn by the circuit is given by
[image: ][image: ]

Where, Vs is the phase voltage phasor and Is is the current phasor. The magnetizing current is neglected. Since this current is flowing through R′r/s, the air-gap power is given by
[image: ][image: ]

The mechanical power output was shown to be (1−s)Pg (power dissipated in R′r/s). The torque is obtained by dividing this by the shaft speed [image: ].Thus we have,
[image: ][image: ]

where [image: ] is the synchronous speed in radians per second and s is the slip. Further, this is the torque produced per phase. Hence the overall torque is given by
[image: ][image: ]
The torque may be plotted as a function of ‘s’ and is called the torque-slip (or torque- speed, since slip indicates speed) characteristic a very important characteristic of the induction machine.
A typical torque-speed characteristic is shown in Fig: 3.18. This plot corresponds to a 3 kW, 4 pole, and 60 Hz machine. The rated operating speed is 1780 rpm
Further, this curve is obtained by varying slip with the applied voltage being held constant. Coupled with the fact that this is an equivalent circuit valid under steady state, it implies that if this characteristic is to be measured experimentally, we need to look at the torque for a given speed after all transients have died down. One cannot, for example, try to obtain this curve by directly starting the motor with full voltage applied to the terminals and measuring the torque and speed dynamically as it runs up to steady speed.
[image: ]





Fig: 3.18
With respect to the direction of rotation of the air-gap flux, the rotor maybe driven to higher speeds by a prime mover or may also be rotated in the reverse direction. The torque-speed relation for the machine under the entire speed range is called the complete speed-torque characteristic. A typical curve is shown in Fig: 3.19 for a four-pole machine, the synchronous speed being 1500 rpm. Note that negative speeds correspond to slip values greater than 1, and speeds greater than 1500 rpm correspond to negative slip. The plot also shows the operating modes of the induction machine in various regions. The slip axis is also shown for convenience

1.1.12.8. Lecture-8
Starting of Three Phase Induction Motor
The induction motor is fundamentally a transformer in which the stator is the primary and the rotor is short-circuited secondary. At starting, the voltage induced in the induction motor rotor is maximum (s = 1). Since the rotor impedance is low, the rotor current is excessively large. This large rotor current is reflected in the stator because of transformer action. This results in high starting current (4 to 10 times the full-load current) in the stator at low power factor and consequently the value of starting torque is low. Because of the short duration, this value of large current does not harm the motor if the motor accelerates normally.
However, this large starting current will produce large line-voltage drop. This will adversely affect the operation of other electrical equipment connected to the same lines. Therefore, it is desirable and necessary to reduce the magnitude of stator current at starting and several methods are available for this purpose.
Methods of Starting Three Phase Induction Motors
The method to be employed in starting a given induction motor depends upon the size of the motor and the type of the motor. The common methods used to start induction motors are:
(i) Direct-on-line starting 
(ii) Stator resistance starting 
(iii) Autotransformer starting 
(iv) Star-delta starting
(v) Rotor resistance starting
Methods (i) to (iv) are applicable to both squirrel-cage and slip ring motors. However, method (v) is applicable only to slip ring motors. In practice, any one of the first four methods is used for starting squirrel cage motors, depending upon, the size of the motor. But slip ring motors are invariably started by rotor resistance starting.
Except direct-on-line starting, all other methods of starting squirrel-cage motors employ reduced voltage across motor terminals at starting.
(i) Direct-on-line starting 
This method of starting in just what the name implies—the motor is started by connecting it directly to 3-phase supply. The impedance of the motor at standstill is relatively low and when it is directly connected to the supply system, the starting current will be high (4 to 10 times the full-load current) and at a low power factor. Consequently, this method of starting is suitable for relatively small (up to 7.5 kW) machines.
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Note that starting current is as large as five times the full-load current but starting torque is just equal to the full-load torque. Therefore, starting current is very high and the starting torque is comparatively low. If this large starting current flows for a long time, it may overheat the motor and damage the insulation.
(ii) Stator resistance starting 
In this method, external resistances are connected in series with each phase of stator winding during starting. This causes voltage drop across the resistances so that voltage available across motor terminals is reduced and hence the starting current. The starting resistances are gradually cut out in steps (two or more steps) from the stator circuit as the motor picks up speed. When the motor attains rated speed, the resistances are completely cut out and full line voltage is applied to the rotor see Fig: 3.23.
This method suffers from two drawbacks. First, the reduced voltage applied to the motor during the starting period lowers the starting torque and hence increases the accelerating time. Secondly, a lot of power is wasted in the starting resistances.
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Fig: 3.23
Relation between starting and F.L. torques.
Let V be the rated voltage/phase. If the voltage is reduced by a fraction x by the insertion of resistors in the line, then voltage applied to the motor per phase will be xV.

[image: ]So,
[image: ]


Thus while the starting current reduces by a fraction x of the rated-voltage starting current (Isc), the starting torque is reduced by a fraction x2 of that obtained by direct switching. The reduced voltage applied to the motor during the starting period lowers the starting current but at the same time increases the accelerating time because of the reduced value of the starting torque. Therefore, this method is used for starting small motors only.
(iii) Autotransformer starting 
This method also aims at connecting the induction motor to a reduced supply at starting and then connecting it to the full voltage as the motor picks up sufficient speed. Fig: 3.24 shows the circuit arrangement for autotransformer starting. The tapping on the autotransformer is so set that when it is in the circuit, 65% to 80% of line voltage is applied to the motor.
At the instant of starting, the change-over switch is thrown to “start” position. This puts the autotransformer in the circuit and thus reduced voltage is applied to the circuit. Consequently, starting current is limited to safe value. When the motor attains about 80% of normal speed, the changeover switch is thrown to “run” position. This takes out the autotransformer from the circuit and puts the motor to full line voltage. Autotransformer starting has several advantages viz low power loss, low starting current and less radiated heat. For large machines (over 25 H.P.), this method of starting is often used. This method can be used for both star and delta connected motors
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The current taken from the supply or by autotransformer is I1 = KI2 = K2Isc. Note that motor current is K times, the supply line current is K2 times and the starting torque is K2 times the value it would have been on direct-on-line starting.
(iv) Star-delta starting 
The stator winding of the motor is designed for delta operation and is connected in star during the starting period. When the machine is up to speed, the connections are changed to delta. The circuit arrangement for star-delta starting is shown in Fig: 3.26.
The six leads of the stator windings are connected to the changeover switch as shown. At the instant of starting, the changeover switch is thrown to/√“Start”3 position which connects the stator
windings in star. Therefore, each stator phase gets volts where V is the line voltage. This reduces the starting current. When the motor picks up speed, the changeover switch is thrown to “Run” position which connects the stator windings in delta. Now each stator phase gets full line voltage V. The disadvantages of this method are:
[image: ][image: ]



(b) The reduction in voltage is fixed. 
This method of starting is used for medium-size machines (upto about 25 H.P.)
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Note that in star-delta starting, the starting line current is reduced to one-third as compared to starting with the winding delta connected. Further, starting torque is reduced to one-third of that obtainable by direct delta starting. This method is cheap but limited to applications where high starting torque is not necessary e.g., machine tools, pumps etc.
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
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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.
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

	

	



1.1.12.9. Lecture-9

Induction Generator
When a squirrel cage induction motor is energized from a three phase power system and is mechanically driven above its synchronous speed it will deliver power to the system. An induction generator receives its excitation (magnetizing current) from the system to which it is connected. It consumes rather than supplies reactive power (KVAR) and supplies only real power (KW) to the system. The KVAR required by the induction generator plus the KVAR requirements of all other loads on the system must be supplied from synchronous generators or static capacitors on the system.
[image: ]Operating as a generator at a given percentage slip above synchronous speed, the torque, current, efficiency and power factor will not differ greatly from that when operating as a motor. The same slip below synchronous speed, the shaft torque and electric power flow is reversed. Typical speed torque characteristic of induction generator is shown in Fig: 3.41


















Now for example, a 3600 RPM squirrel cage induction motor which delivers full load output at 3550 RPM as a motor will deliver full rated power as a generator at 3650 RPM. If the half-load motor speed is 3570 RPM, the output as a generator will be one-half of rated value when driven at 3630 RPM, etc. Since the induction generator is actually an induction motor being driven by a prime mover, it has several advantages.
It is less expensive and more readily available than a synchronous generator. 
It does not require a DC field excitation voltage. 
It automatically synchronizes with the power system, so its controls are simpler and less expensive. 
The principal disadvantages of an induction generator are listed below
1. It is not suitable for separate, isolated operation 
2. It consumes rather than supplies magnetizing KVAR 
3. It cannot contribute to the maintenance of system voltage levels (this is left entirely to the synchronous generators or capacitors) 
4. In general it has a lower efficiency. 
Induction Generator Application
As energy costs so high, energy recovery became an important part of the economics of most industrial processes. The induction generator is ideal for such applications because it requires very little in the way of control system or maintenance.
Because of their simplicity and small size per kilowatt of output power, induction generators are also favoured very strongly for small windmills. Many commercial windmills are designed to operate in parallel with large power systems, supplying a fraction of the customer’s total power needs. In such operation, the power system can be relied on for voltage & frequency control, and static capacitors can be used for power-factor correction

1.1.13. Test Questions
h. Fill in the blanks type of questions <Minimum of ten>
i. Multiple choice questions <Minimum of ten>
j. True or False questions <Minimum of ten>

1.1.14.  Review Questions
Short Answer Type Questions
1. What are the advantages of auto transformer starting?
2. What are the advantages of slip ring Im over squirrel cage IM?
3. What is meant by cascade operation?
4. Discuss about direct online starting of an IM?
5. How do changes in supply voltages and frequency affect the performance of an IM?
6. Why no-load current of an Induction motor is much higher than that of an equivalent transformer?
7. In what ratio line current and starting torque is reduced with star-delta starting?
8. On what factors does the speed of an Induction motor depends?
9. Why the induction generator is often called as asynchronous generator?
10. What is the application for Induction generators?

Essay type questions
1. With neat diagram discuss the various tests to be conducted on 3phase IM to plot the circle diagram.		
2. Compare DOL starter, Auto transformer starter & Rotor resistance starter with relate to the following:  (i) starting current (ii) starting torque.
3. Calculate the minimum torque. Assume stator and rotor copper losses equal at standstill.	
4. Describe the speed control of IM by rotor resistance control method. How this method of speed control is different from stator side speed control methods			
5. Compare the speed control of 3phase IM by rotor resistance control & variable frequency control		
6. What happens if the emf is injected to the rotor circuit 0f inducti0n motor?
7. With the help of experimental circuit, describe how the equivalent circuit parameters are determined by no load and blocked rotor tests on 3 phase Induction motor.			
8. With the help of a neat diagram, describe the working of a star - delta starter			
9. Discuss the working principle of Induction generator.	
10. Mention the advantages and disadvantages of Induction generator.
Analytical and numerical problems
1. A cage IM when started by means of a star-Delta starter takes 180 % of full load current & develops 35 % of full load torque at starting. Calculate the starting current & torque in terms of full load torque when started by means of an auto transformer with 75 % tapping.	
2. A 3-phase, 400V induction motor has the following test readings:-No-load:- 400V, 1250W, 9 A Short circuit:- 150V, 4KW,38 A Draw the circle diagram. If the normal rating is 14.9 KW, find from the circle diagram, the full load value of current, power factor and slip.	
3. A 4 pole, 50 Hz, wound rotor IM has a rotor resistance of 0.56 ph and runs at 1430 rpm at full load. Calculate the additional resistance per phase to be inserted in the rotor circuit to lower the speed to 1200 rpm, if the torque remains constant.			
4. Two 50Hz, 3 phase induction motors having six and four poles respectively are cumulatively cascaded, the 6 pole motor being connected to the main supply. Determine the frequencies of the rotor currents and the slips refereed to each stator field if the set has a slip of 2%.			
5. A 3 phase, 6 pole 50Hz induction motor when fully loaded, runs with a slip of 3%. Find the value of resistance necessary in series per phase of the rotor to reduce the speed by 10%. Assume that the resistance of the rotor per phase is 0.2 ohm.			
6. Two slip ring IMs having 10  &  6  poles  respectively are  mechanically coupled.		
I. Calculate the possible speed when first motor is supplied from a 50 Hz supply line.
II. Calculate the ratio of power shared by the two motors.		
III. If the smallest possible speed is to be attained independently by each machine, 
IV. Calculate the frequency of the voltage to be injected in the rotor circuit.			
7. A 6 pole, 50 Hz, 3 phase induction motor is running at 3 percent slip when delivering full load torque. It has standstill rotor resistance	of 0.2 ohm and reactance of 0.4 ohm  per  phase.  Calculate the speed of the motor if an additional resistance of 0.6 ohm per phase is inserted in the rotor circuit. The full load torque remains constant.			
8. Two 50 Hz, 3 phase Induction motors having six and four poles respectively are cumulatively cascaded, the 6 pole motor being connected to the main supply. Determine the frequency of the rotor currents and the slips referred to each stator field if the set has a slip of 2%.			
9. A 50 KVA, 400V, 3 phase, 50 Hz squirrel cage Induction motor has full load slip of 5%. Its standstill impedance is 0.866 ohms per phase. It is started using a tapped auto transformer. If the maximum allowable supply current at the time of starting is 100A, calculate the tap position and the ratio of starting torque to full load.			
10. A three-phase delta-connected cage type induction, motor when connected directly to a 400 V, 50Hz supply, takes a starting current of 100 A, in each stator phase. Calculate 
I. The line current for `direct--on-line' starting.
II. Line and phase starting currents for star-delta starting
1.1.15.  Skill Building Exercises/Assignments
Eg:- 	-Prepare a model of something
-Trace something
-Prepare a report on something etc.,

1.1.16.  Previous Questions (Asked by JNTUK from the concerned Unit)

1.1.17. GATE Questions (Where relevant)

1.1.18.  Interview questions (which are frequently asked in a Technical round - Placements)

1.1.19.  Real-Word (Live) Examples / Case studies wherever applicable


1.1.20. Suggested “Expert Guest Lectures” (both from in and outside of the campus)



1.1.21. Literature references of Relevant NPTEL Videos/Web/You Tube videos etc.


1.1.22.  Any Lab requirements; if so link it to Lab Lesson Plan.
1.1.23. Reference Text Books / with Journals Chapters etc.


Unit-III Single Phase Motors



4.1.4.1 LECTURE-1
Introduction
Single-phase induction motors are the most familiar of all electric motors because they are used in home appliances, businesses, and small industries. In general, they are employed when three-phase power is not available. Single-phase induction motors are usually two-pole or four-pole, rated at 2 hp or less, while slower and larger motor can be manufactured for special purposes. They are widely used in domestic appliances and for a very large number of low power drives in industry. The single phase induction motor resembles, three-phase, squirrel-cage motor except that, at full speed, only a single winding in the stator is excited.
In a single-phase motor we have only a single field winding excited with alternating current; therefore, it does not have a revolving field like three-phase motors. Thus, it does not self-starting. Several methods have been devised to initiate rotation of the squirrel-cage rotor and the particular method employed to start the motor will designate the specific type.

These are small rating induction motors, so these are called fractional KW induction motors. These are used for domestic purpose.

First consider a single phase, single winding induction motor
Here only one single winding is present

[image: ] 
If N𝑐𝑜𝑠∅ ; no. of turns which are placed at an space angle 𝜃 and i(t)=im 𝑐𝑜𝑠𝜔𝑡 
By applying double field theory.
The 1−∅ MMF can be divided two oppositely rotating MMF waves which rotate at synchronous speeds in opposite directions.
𝐹=𝐹𝑚𝑐𝑜𝑠𝜃𝑐𝑜𝑠𝜔𝑡 = 𝐹𝑚2(𝜃−𝜔𝑡)+𝐹𝑚2𝑐𝑜𝑠(𝜃+𝜔𝑡)
                               =        Ff              +      Fb


                                                           
𝑐𝑜𝑠(𝜃+𝜔𝑡)−𝑏𝑎𝑐𝑘𝑤𝑎𝑟𝑑 𝑟𝑜𝑡𝑎𝑡𝑖𝑛𝑔 
𝑐𝑜𝑠(𝜃−𝜔𝑡)−𝑓𝑜𝑟𝑤𝑎𝑟𝑑 𝑟𝑜𝑡𝑎𝑡𝑖𝑛𝑔 
Both of these magnetic fields rotate with synchronous speed. Because of two fluxes, here two slips are present
Forward slip 
Backward slip 
Therefore backward slip = 2-s; Slip can be defined with the direction of rotation of rotor.
  (2 – s) > > s and  > > . 
Slip changes with direction of rotation of rotor. If rotor rotates in anticlockwise direction then sf = 2 – s, and.
 At stand still, Nr = 0, = 1 and = 1.

                                                                                                                                           
(Main field forward flux)                                   (Mainfield bakward flux.)
                                                                                   
                                                                                                                           
                                                                                   
                                                                                                                                                         

Two currents are produced in rotor. The direction of these currents can be found by lenz’s law and these currents produce forward flux and backward flux.
At the time starting Nr=0; initially rotor it is at rest: 
Forward slip 𝑆𝑓=1; backward slip 𝑆𝑏=2−1=1 
Forward speed =𝑁𝑠; Backward speed =𝑁𝑠 
In rotor two rotor currents are flowing through rotor bars. Direction of rotor current found by Lenz’s law. 
𝑓𝑙𝑢𝑥 𝑑𝑢𝑒 𝑡𝑜 𝑟𝑜𝑡𝑜𝑟 𝑤𝑖𝑛𝑑𝑖𝑛𝑔- 
The direction of  found by applying the LENZ’s law
        Resulting forward flux 
Resultant backward flux 
Both torques are operating in opposite direction.


That’s why we can say that 1−∅, single winding it cannot produce starting torque at the time of starting is zero.

4.1.4.2 Lecture 2

Construction of single phase induction motor:
Single phase power system is widely used as compared to three phase system for domestic purpose, commercial purpose and to some extent in industrial purpose. As the single phase system is more economical and the power requirement in most of the houses, shops, offices are small, which can be easily met by single phase system. The single phase motors are simple in construction, cheap in cost, reliable and easy to repair and maintain. Due to all these advantages the single phase motor finds its application in vacuum cleaner, fans, washing machine, centrifugal pump, blowers, washing machine, small toys etc. The single phase ac motors are further classified as: 
1. Single phase induction motors or asynchronous motors.
2. Single phase synchronous motors.
3. Commutator motors.
This article will provide fundamentals, description and working principle of single phase induction motor. 
Comparison between Single Phase and Three Phase Induction Motors
1. The electrical power factor of single phase induction motors is low as compared to   three phase induction motors.
2. For same size, the single phase induction motors develop about 50% of the output as that of three phase induction motors.
3. The starting torque is also low for asynchronous motors / single phase induction motor.
4. The efficiency of single phase induction motors is less as compare it to the three phase induction motors.
5. Single phase induction motors are simple, robust, reliable & cheaper for small ratings. They are generally available up to 1 KW rating.
6. Single phase induction motors are simple in construction, reliable and economical for small power rating as compared to three phase induction motors.

Construction of Single Phase Induction Motor
Like any other electrical motor asynchronous motor also have two main parts namely rotor and stator.
Stator: As its name indicates stator is a stationary part of induction motor. A single phase ac supply is given to the stator of single phase induction motor. Rotor: The rotor is a rotating part of induction motor. The rotor is connected to the mechanical load through the shaft. The rotor in single phase induction motor is of squirrel cage rotor type. The construction of single phase induction motor is almost similar to the squirrel cage three phase motor except that in case of asynchronous motor the stator have two windings instead of one as compare to the single stator winding in three phase induction motor. 
Stator of Single Phase Induction Motor
The stator of the single phase induction motor has laminated stamping to reduce eddy current losses on its periphery. The slots are provided on its stamping to carry stator or main winding. In order to reduce the hysteresis losses, stamping are made up of silicon steel. When the stator winding is given a single phase ac supply, the magnetic field is produced and the motor rotates at a speed slightly less than the synchronous speed Ns which is given by 
[image:  ]
Where,
f = supply voltage frequency,
P = No. of poles of the motor.
The construction of the stator of asynchronous motor is similar to that of three phase induction motor except there are two dissimilarities in the winding part of the single phase induction motor. 
1. Firstly the single phase induction motors are mostly provided with concentric coils. As the number of turns per coil can be easily adjusted with the help of concentric coils, the mmf distribution is almost sinusoidal.
2. Except for shaded pole motor, the asynchronous motor has two stator windings namely the main winding and the auxiliary winding. These two windings are placed in space quadrature with respect to each other.
Rotor of Single Phase Induction Motor
The construction of the rotor of the single phase induction motor is similar to the squirrel cage three-phase induction motor. The rotor is cylindrical in shape and has slots all over its periphery. The slots are not made parallel to each other but are bit skewed as the skewing prevents magnetic locking of stator and rotor teeth and makes the working of induction motor more smooth and quieter i.e less noise. The squirrel cage rotor consists of aluminum, brass or copper bars. These aluminum 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". As the bars are permanently shorted by end rings, the rotor electrical resistance is very small and it is not possible to add external resistance as the bars are permanently shorted. The absence of slip ring and brushes make the construction of single phase induction motor very simple and robust. 
Working Principle of Single Phase Induction Motor
NOTE: We know that for the working of any electrical motor whether its ac or dc motor, we require two fluxes as, the interaction of these two fluxes produced the required torque, which is desired parameter for any motor to rotate. When single phase ac supply is given to the stator winding of single phase induction motor, the alternating current starts flowing through the stator or main winding. This alternating current produces an alternating flux called main flux. This main flux also links with the rotor conductors and hence cut the rotor conductors. According to the Faraday’s law of electromagnetic induction, emf gets induced in the rotor. As the rotor circuit is closed one so, the current starts flowing in the rotor. This current is called the rotor current. This rotor current produces its own flux called rotor flux. Since this flux is produced due to induction principle so, the motor working on this principle got its name as induction motor. Now there are two fluxes one is main flux and another is called rotor flux. These two fluxes produce the desired torque which is required by the motor to rotate.

4.1.4.3
Double revolving field theory
Why Single Phase Induction Motor is not Self Starting?
According to double field revolving theory, any alternating quantity can be resolved into two components, each component have magnitude equal to the half of the maximum magnitude of the alternating quantity and both these component rotates in opposite direction to each other. For example - a flux, φ can be resolved into two components 
[image:  ]
Each of these components rotates in opposite direction i. e if one φm / 2 is rotating in clockwise direction then the other φm / 2 rotates in anticlockwise direction. When a single phase ac supply is given to the stator winding of single phase induction motor, it produces its flux of magnitude, φm. According to the double field revolving theory, this alternating flux, φm is divided into two components of magnitude φm /2. Each of these components will rotate in opposite direction, with the synchronous speed, Ns. Let us call these two components of flux as forward component of flux, φf and backward component of flux, φb. The resultant of these two component of flux at any instant of time, gives the value of instantaneous stator flux at that particular instant. 
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Now at starting, both the forward and backward components of flux are exactly opposite to each other. Also both of these components of flux are equal in magnitude. So, they cancel each other and hence the net torque experienced by the rotor at starting is zero. So, the single phase induction motors are not self starting motors. 
Methods for Making Single Phase Induction as Self Starting Motor
From the above topic we can easily conclude that the single phase induction motors are not self starting because the produced stator flux is alternating in nature and at the starting the two components of this flux cancel each other and hence there is no net torque. The solution to this problem is that if the stator flux is made rotating type, rather than alternating type, which rotates in one particular direction only. Then the induction motor will become self starting. Now for producing this rotating magnetic field we require two alternating flux, having some phase difference angle between them. When these two fluxes interact with each other they will produce a resultant flux. This resultant flux is rotating in nature and rotates in space in one particular direction only. Once the motor starts running, the additional flux can be removed. The motor will continue to run under the influence of the main flux only. Depending upon the methods for making asynchronous motor as Self Starting Motor, there are mainly four types of single phase induction motor namely, 
1. Split phase induction motor,
2. Capacitor start inductor motor,
3. Capacitor start capacitor run induction motor,
4. Shaded pole induction motor.
5. Permanent split capacitor motor or single value capacitor motor.
(1) 1−∅ single winding induction motor is not a self -starting one, due to presence of equal strength of resultant forward and backward fluxes at the time of starting. As starting torque is zero, rotor cannot accelerate 

Rotor under running condition: 
Once motor is in running condition slips are not equal 

                                                                         
                                                                                                                              

So to make 1 -  IM, self-starting we should weaken one field and simultaneously strengthening another field at the time of starting. So for this purpose wound another winding in the induction motor this is called Auxiliary winding for starting purpose. 
This type of induction motor can produce torque under running condition due to presence of unequal strengths of resultant forward and backward fluxes under running condition. In order to make the induction motor self-starting the resultant forward and backward field should be made unequal at the time of starting by using some arrangement 
Starting Methods 
(i) Small pony motors 
(ii) Auxiliary windings

  Small pony motors: 
Initially the induction motor rotor is coupled with a pony motor and started , and as it reaches to running condition the pony motor is separated and the induction motor operates at own speed.
Auxiliary winding: 
Auxiliary winding is required only for starting purpose
Condition to be satisfied in case of Auxiliary winding: 
(1) Auxiliary winding must be placed at  electrical to the main field winding. That is they are physically displaced by electrical. 
(2) The current flowing through those windings must have some phase displacement. If angle between main & auxiliary winding current is zero, then no torque is produce.

Main winding




     Auxiliary winding

[image: ][image: ]
Rotor rotates at backward position. By reversing main winding terminals the direction is reversed not by both.
4.1.4.4
Type of single phase induction motor:
The direction of rotation of 1−∅ Two winding induction motor can be reversed by reversing either main winding terminals o auxiliary winding terminals. In order to get time displacement between currents in the main winding and auxiliary winding split phase technique should be employed
In order to get time phase displacement between field and auxiliary winding currents, use split phase techniques.
(1) Resistance split phase induction motor.
(2) Capacitance split phase induction motor.
   
    (a) SPLIT PHASE INDUCTION MOTOR

[image: ]
Split phase induction motor connections.
1. The split phase induction motor is also called as resistance start motor.
2. It is a single cage rotor and its stator has two windings a main winding and a starting winding.
3. The main field winding and starting winding are displaced 900 in space like the windings in a 2-phase induction motor.
4. The main winding has very low resistance and high inductive reactance.
5. The current IM in the main winding lags behind the supply voltage by nearly 900.
6. The auxiliary winding has a resistor connected in series with it. It has a high resistance and low inductive reactance so that the current IA in the auxiliary winding is nearly in phase with the line voltage.
7. Thus there is a time difference between the currents in the two windings and it is of order 300. This phase difference is enough to produces a rotating magnetic field.
8. Since the currents in the two windings are not equal, the rotating field is not uniform, and the starting torque is small of order of 1.5 to 2 times the rated running torque.
9. The main and auxiliary windings are connected parallel in during starting.
10. The starting winding is automatically disconnected from the supply when motor reaches speed about 70 to 80 percent of synchronous speed. 
11. For motor rated about 100W or more, a centrifugally operated switch is used to disconnect the starting winding.
12. For smaller motors a relay is often used. The relay is connected in series with the main winding.
13. At the time of starting, a heavy current flows in the relay coil causing its contact to lose. This brings starting winding into the circuit.
14. As the motor reaches its predetermined speed of the order of 70 to 80 per cent of synchronous speed, the current through the relay coil decreases as consequently, the relay opens and disconnects the auxiliary winding from the main supply and the motor there runs only on the main windings.
15. The torque speed characteristics of this motor is also shows speed n0  at which centrifugal operates.
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APPLICATIONS:
1.   Split phase motors are cheap and they are most suitable for easily started loads where frequency of starting is limited.
2.   The common applications are washing machines, air conditioning fans, food miners, grinders, centrifugal pumps, floor polishers, blowers, small drills, office machinery, dairy machinery etc.
3.   Because of low starting torques, they are set down used for drives requiring more than   1KW.

4.1.4.5
SINGLE-PHASE INDUCTION MOTORS (Electric Motor)

There are many types of single-phase electric motors. In this section, the discussion will be limited to those types most common to integral-horsepower motor ratings of 1 hp and higher.
In industrial applications, three-phase induction motors should be used wherever possible. In general, three-phase electric motors have higher efficiency and power factors and are more reliable since they do not have starting switches or capacitors.
In those instances in which three-phase electric motors are not available or cannot be used because of the power supply, the following types of single-phase motors are recommended for industrial and commercial applications: (1) capacitor-start motor, (2) two-value capacitor motor, and (3) permanent split capacitor motor.
A brief comparison of single-phase and three-phase induction motor characteristics will provide a better understanding of how single-phase motors perform:
1. Three-phase motors have locked torque because there is a revolving field in the air gap at standstill. A single-phase motor has no revolving field at standstill and therefore develops no locked-rotor torque. Anauxiliary winding is necessary to produce the rotating field required for starting. In an integral-horsepower single-phase motor, this is part of an RLC network.
2. The rotor current and rotor losses are insignificant at no load in a three-phase motor. Single-phase motors have appreciable rotor current and rotor losses at no load.
3. For a given breakdown torque, the single-phase motor requires considerably more flux and more active material than the equivalent three-phase motor.
4. A comparison of the losses between single-phase and three-phase motors is shown in Fig. 1.11. Note the significantly higher losses in the single-phase motor.
The general characteristics of these types of single-phase induction motors are as follows.

Capacitor-Start Motors
[image: ]



1.   It has a cage rotor and its stator has two windings namely, the main winding and the auxiliary winding. 
2. The two windings are displaced 900 in space. A centrifugal switch is connected and a capacitor cs is connected in series with starting windings.
3.   By choosing a capacitor of the proper rating the current IM in the main winding may be made to lag the current IA in the auxiliary winding by 900.
4.   Thus a single phase supply current is split into two phases to be applied to the stator windings.
5.   Thus the windings are displaced 900 electrical and their mmf’s are equal in magnitude
but 900 apart in time phase
6.   The motor acts like a balanced two-phase motor.
7.   As the motor approaches its rated speed, the auxiliary winding and the starting capacitor cs are disconnected automatically by the centrifugal switch sc mounted on the shaft
8.   The motor is named because it uses the capacitor only for the purpose of starting.
A capacitor-start motor is a single-phase induction motor with a main winding arranged for direct connection to the power source and an auxiliary winding connected in series with a capacitor and starting switch for disconnecting the auxiliary winding from the power source after starting. Figure 1.12 is a schematic diagram of a capacitor-start motor. The type of starting switch most commonly used is a centrifugally actuated switch built into the motor. Figure
[image: Percent loss comparison of single- and three-phase motors.]
FIGURE 1.11 Percent loss comparison of single- and three-phase motors.
[image: Capacitor-start single-phase motor.]
FIGURE 1.12 Capacitor-start single-phase motor.
1.13 illustrates an industrial-quality drip-proof single-phase capacitor-start motor; note the centrifugally actuated switch mechanism.
However, other types of devices such as current-sensitive and voltage-sensitive relays are also used as starting switches. More recently, solid-state switches have been developed and used to a[image:  Capacitor-start single-phase motor.]
FIGURE 1.13 Capacitor-start single-phase motor. (Courtesy Magnetek, St. Louis, MO.)
limited extent. The solid-state switch will be the switch of the future as it is refined and costs are reduced.
All the switches are set to stay closed and maintain the auxiliary winding circuit in operation until the motor starts and accelerates to approximately 80% of full-load speed. At that speed, the switch opens, disconnecting the auxiliary winding circuit from the power source.
The motor then runs on the main winding as an induction motor. The typical speed-torque characteristics for a capacitor-start motor are shown in Fig. 1.14. Note the change in motor torques at the transition point at which the starting switch operates.
The typical performance data for integral-horsepower, 1800-rpm, capacitor-start, induction-run motors are shown in Table 1.6. There will be a substantially wider variation in the values of locked-rotor torque, breakdown torque, and pull-up torque for these single-phase motors than for comparable three-phase motors, and the same variation also exists for efficiency and the power factor (PF). Note that pull-up torque is a factor in single-phase motors to ensure starting with high-inertia or hard-to-start loads. Therefore, it is important to know the characteristics of the specific capacitor-start motor to make certain it is suitable for the application.

 Capacitor Start Capacitor Run Motors
A two-value capacitor motor is a capacitor motor with different values of capacitance for starting and running. Very often, this type of motor is referred to as a capacitor-start, capacitor-run motor.
The change in the value of capacitance from starting to running conditions is automatic by means of a starting switch, which is the same as that used for the capacitor-start motors. Two capacitors are provided, a high value of capacitance for starting conditions and a lower value for running conditions. The starting capacitor is usually an electrolytic type, which provides high capacitance per unit volume. The running capacitor is usually a metallized polypropylene unit rated for continuous operation. Figure 1.15 shows one method of mounting both capacitors on the motor.
The schematic diagram for a two-value capacitor motor is shown in Fig. 1.16. As shown, at starting, both the starting and running
[image: Speed-torque curve for a capacitor-start motor.]
FIGURE 1.14 Speed-torque curve for a capacitor-start motor.
capacitors are connected in series with the auxiliary winding. When the starting switch opens, it disconnects the starting capacitor from the auxiliary winding circuit but leaves the running capacitor in series with the auxiliary winding connected to the power source. Thus, both the main and auxiliary windings are energized when the motor is running and contribute to the motor output. A typical
TABLE 1.6 Typical Performance of Capacitor-Start Motors3
	hp
	
	Full-load performance
	
	Torque, lb-ft
	

	
	rpm
	A
	Eff.
	PF Torque
	Locked
	Breakdown
	Pull-up

	1
	1725
	7.5
	71
	70 3.0
	9.9
	7.5
	7.6

	2
	1750
	12.5
	72
	72 6.0
	17.5
	14.7
	11.5

	3
	1750
	17.0
	74
	79 9,0
	23,0
	21.0
	18,5

	5
	1745
	27.3
	78
	77 15.0
	46.0
	32.0
	35.0


a Four-pole, 230-V, single-phase motors. Source: Courtesy Magnetek, St. Louis, MO.
speed-torque curve for a two-valve capacitor motor is shown in Fig. 1.17.
For a given capacitor-start motor, the effect of adding a running capacitor in the auxiliary winding circuit is as follows:
Increased breakdown torque: 5-30% Increased lock-rotor torque: 5-10% Improved full-load eciency: 2-7 points
[image: Two-value capacitor, single-phase motor. ]
FIGURE 1.15 Two-value capacitor, single-phase motor. (Courtesy Magnetek, St. Louis, MO.)
[image: Two-value capacitor, single-phase motor.]
FIGURE 1.16 Two-value capacitor, single-phase motor.
Improved full-load power factor: 10-20 points Reduced full-load running current Reduced magnetic noise Cooler running
The addition of a running capacitor to a single-phase motor with properly designed windings permits the running performance to approach the performance of a three-phase motor. The typical performance of integral-horsepower, two-value capacitor motors is shown in Table 1.7. Comparison of this performance with the performance shown in Table 1.6 for capacitor-start motors shows the improvement in both efficiency and the power factor.
The optimum performance that can be achieved in a two-value capacitor, single-phase motor is a function of the economic factors as well as the technical considerations in the design of the motor. To illustrate this, Table 1.8 shows the performance of a single-phase motor with the design optimized for various values of running capacitance. The base for the performance comparison is a capacitor-start, induction-run motor with no running capacitor. Table 1.9 shows that performance improves with increasing values
[image: Speed-torque curve for a two-value capacitor motor.]
FIGURE 1.17 Speed-torque curve for a two-value capacitor motor.
of running capacitance and that the motor costs increase as the value of running capacitance is increased. The payback period in years was calculated on the basis of 4000 hr/yr of operation and an electric power cost of 6^/kWh. Note that the major improvement in motor performance is made in the initial change from a capacitor-start to a two-value capacitor motor with a relatively low value of running capacitance. This initial design change also shows the shortest payback period.
The determination of the optimum two-value capacitor motor for a specific application requires a comparison of the motor costs and the energy consumptions of all such available motors. It is
TABLE 1.7 Typical Performance of Two-Value Capacitor Motors3
[image: Typical Performance of Two-Value Capacitor Motors3]
a Four-pole, 230-V, single-phase motors. Source: Courtesy Magnetek, St. Louis, MO.
recommended that this comparison be made by a life-cycle cost method or the net present worth method (outlined in topic 7).
The efficiency improvement and energy savings of a specific product line of pool pump motors when the design was changed from capacitor-start motors to two-value capacitor motors are illustrated by Table 1.9 and Figs. 1.18 and 1.19. Based on the same operating criterion used above, i.e., 4000-hr/yr operation at power costs of 6^/kWh, the payback period for these motors was 8-20 months.


TABLE 1.8 Performance Comparison of Capacitor-Start and Two-Value Capacitor Motors
	
	
	Type of motor
	
	

	
	Capacitor start
	Two-value capacitor
	

	Running capacitor, MFD
	0
	7.5
	15
	30
	65

	Full-load efficiency
	70
	78
	79
	81
	83

	Full-load PF
	79
	9-1
	97
	99a
	99:l

	Input watts reduction, %
	0
	10.1
	11,5
	13,3
	15

	Cost, %
	100
	130
	110
	151
	196

	Approximate payback period
	—
	1.3
	1.0
	1.8
	2.9


a Leading power factor.
TABLE 1.9 Efficiency Comparison: Standard and Energy-Efficient 3600-rpm, Single-Phase Pool Motors
	hP
	Standard efficient motors
	Energy-efficient motors

	0.75
	0.677
	0.76

	1.00
	0.709
	0.788

	1.50
	0.749
	0,827

	2.00
	0.759
	0.85

	3.00
	0.809
	0.869


[image: Efficiency comparison of energy-efficient and standard pool pump single-phase motors. ]
FIGURE 1.18 Efficiency comparison of energy-efficient and standard pool pump single-phase motors. (Courtesy Magnetek, St. Louis, MO.)
[image: Annual savings for a 1-hp energy-efficient pool motor operating 365 days/yr]
FIGURE 1.19 Annual savings for a 1-hp energy-efficient pool motor operating 365 days/yr. (Courtesy Magnetek, St. Louis, MO.)
1.2.3 
Permanent Split Capacitor Motors
The permanent split capacitor motors, a single-phase induction motor, is defined as a capacitor motor with the same value of capacitance used for both starting and running operations. This type of motor is also referred to as a single-value capacitor motor. The application of this type of single-phase motor is normally limited to the direct drive of such loads as those of fans, blowers, or pumps that do not require normal or high starting torques. Consequently, the major application of the permanent split capacitor motor has been to direct-driven fans and blowers. These motors are not suitable for belt-driven applications and are generally limited to the lower horsepower ratings.
The schematic diagram for a permanent split capacitor motor is shown in Fig. 1.20. Note the absence of any starting switch. This type of motor is essentially the same as a two-value capacitor motor
[image: Permanent split capacitor single-phase moto]
FIGURE 1.20 Permanent split capacitor single-phase moto
operating on the running connection and will have approximately the same torque characteristics. Since only the running capacitor (which is of relative low value) is connected in series with the auxiliary winding on starting, the starting torque is greatly reduced. The starting torque is only 20-30% of full-load torque. A typical speed-torque curve for a permanent split capacitor motor is shown in Fig. 1.21. The running performance of this type of motor in terms of efficiency and power factor is the same as a two-value capacitor motor. However, because of its low starting torque, its successful application requires close coordination between the motor manufacturer and the manufacturer of the driven equipment.
A special version of the capacitor motor is used for multiple-speed fan drives. This type of capacitor motor usually has a tapped main winding and a high-resistance rotor. The high-resistance rotor is used to improve stable speed operation and to increase the starting torque. There are a number of versions and methods of winding motors. The most common design is the two-speed motor, which has three windings: the main, intermediate, and auxiliary windings. For 230-V power service, a common connection of the windings is called the T connection. Schematic diagrams for two-speed T-connected motors are shown in Figs. 1.22 and 1.23. For
[image: Speed-torque curve for a permanent split capacitor motor.]
FIGURE 1.21 Speed-torque curve for a permanent split capacitor motor.
high-speed operation, the intermediate winding is not connected in the circuit as shown in Fig. 1.23, and line voltage is applied to the main winding and to the auxiliary winding and capacitor in series. For low-speed operation, the intermediate winding is connected in series with the main winding and with the auxiliary circuit as shown in Fig. 1.23. This connection reduces the voltage applied across both the main wind ing and the auxiliary circuit, thus reducing the torque
[image: Permanent split capacitor single-phase motor with a T-type connection and two-speed operation.]
FIGURE 1.22 Permanent split capacitor single-phase motor with a T-type connection and two-speed operation.
the motor will develop and hence the motor speed to match the load requirements. The amount of speed reduction is a function of the turns ratio between the main and intermediate windings and the speed-torque characteristics of the driven load. It should be recognized that, with this type of motor, the speed change is obtained by letting the motor speed slip down to the required low
[image: Permanent split capacitor single-phase motor with a T-type connection and a winding arrangement.]
FIGURE 1.23 Permanent split capacitor single-phase motor with a T-type connection and a winding arrangement.
speed; it is not a multispeed motor with more than one synchronous speed.
An example of the speed-torque curves for a tapped-winding capacitor motor is shown in Fig. 1.24. The load curve of a typical fan load is superimposed on the motor speed-torque curves to show the speed reduction obtained on the low-speed connection.
[image: Speed-torque curves for a permanent split capacitor single-phase motor with a tapped winding.]
FIGURE 1.24 Speed-torque curves for a permanent split capacitor single-phase motor with a tapped winding.

4.1.4.6
A.C. Series Motor
AC series motors are also known as the modified dc series motor as their construction is very similar to that of the dc series motor. Before we discuss these modifications, here it is essential to discuss what is the need and where do we need to do modifications. In order to understand this, consider this question. What will happen when we give an ac supply to dc series motor? Answer to this question is written below:
(a) An ac supply will produce a unidirectional torque because the direction of both the currents (i.e. armature current and field current) reverses at the same time. 
(b) Due to presence of alternating current, eddy currents are induced in the yoke and field cores which results in excessive heating of the yoke and field cores.
(c)  Due to the high inductance of the field and the armature circuit, the power factor would become very low. 
(d)  There is sparking at the brushes of the dc series motor. So considering above points we can say that we don’t have good performance of dc series motor on the application of ac supply. Now in order to reduce the eddy currents there is need to laminate the yoke and field core. This is our first modification to dc series motor. What about power factor how we can improve power factor? Now the power factor is directly related to reactance of the field and armature circuit and we can reduce the field winding reactance by reducing the number of turns in the field winding. But there is one problem: on reducing the number of turns, field mmf will decrease and due to this the air gap flux decrease. The overall result of this is that there is an increase in the speed of the motor but decrease in the motor torque which is not desired. Now how to overcome from this problem? The solution to this problem is the use of compensating winding. On the basis of the usage of compensating winding we have two types of motor and they are written below:
(a) conductively compensated type of motors 
(b) Inductively compensated type of motors. 

There are five important characteristics of an ac series motor which are written below:
a) Power factor characteristics                 b)    Speed current characteristics
   
[image: torque speed characteristics of series motor]                                                [image: torque speed characteristics of series motor]
c) Torque current characteristics            d) Torque speed characteristics  [image: charateristics-of-ac-series-motor]                                               [image: SPEED TORQUE CHARACTERISTICS]                        
   e) Power output characteristics [image: charecteristics of series motor]

    
Given below is the circuit diagram of the conductively compensated type of motors. In this type of motor, the compensating winding is connected in series with the armature circuit.
[image: ac series motor]





Inductively Compensated Type of Motors
Given below is the circuit diagram of the inductively compensated type of motors. In this type of motor, the compensating winding has no interconnection with the armature circuit of the motor. In this case, a transformer action will take place as the armature winding will act as primary winding of the transformer and the compensation winding will acts as a secondary winding. The current in the compensating winding will be in phase opposition to the current in the armature winding. 
[image: series motor ]
Given below is the complete schematic diagram of the single phase ac series motor with all the modifications (i.e. compensating winding and inter pole). 

[image: series motor with interpoles]
We have already discussed the advantage of having compensating winding. Let us discuss what is the use of the inter pole?
The main function of the inter poles is to improve the performance of the motor in terms of higher efficiency and a greater output from the given size of the armature core. We have taken very high reactive voltage drop of series field as compared to either armature or the compensating field in order to reduce the series filed inductance. The winding of the inter pole circuit is connected in parallel with the non inductive shunt as shown in the above figure. 


4.1.4.7
Problems:
a)
The main & Auxiliary winding impedances of 50Hz, capacitor – start 1ø induction motor are.., 


Main winding, Auxiliary winding 7+3j. Determine the value of the capacitor to the connected in series with the auxiliary winding to achieve a phase difference of =90 electrical degrees between the currents of two windings at start.
[image: ]
b) A 200W, 230V, 50 Hz capacitor start motor has the following constant:

Main winding R=4.5Ω, 

Starting winding  R=9.5Ω, 
Find the value of starting capacitance that will result in maximum starting torque.
Sol:



The current ‘Is’ in the starting winding leads the applied voltage ‘V’ by , While the current ‘Im’ in main winding lags V by . The starting torque will be max when phase angle & between Is & Im is .
[image: ]

[image: ]
	
4.1.5     Test Questions
a) Fill in the blanks type of questions 
1. In capacitor motors, the capacitor is connected in ....................... with the starting winding.
2. In ceiling fans generally ...................... motors are used.
3. In shaded pole motors the shading coil is normally made of ...................
4. The single phase motor suitable for signal devices is ...................... motor.
5. If 8 micro F capacitor is used on 200 W capacitor motor, the value of capacitor to be used on 600 W capacitor will be ..............................
6. Any motor may become hot when subjected to ............................
7. The starting torque of a capacitor motor is ................................
8. AC series motors of a large size are used in .................................
9. Most of the single phase motors are designed to run in ........................... horse power range.
10. In capacitor motors, the current is in ........................... with that in the main winding.
Answers:-
k. Series, 2. Capacitor, 3. Copper, 4. Reluctance, 5. 20µF, 6. Overload, 7.low, 8. Railway locomotive, 9. Fractional, 10. Quadrature.
b)Multiple choice questions

1. A capacitor start single phase induction motor will usually have a power factor of
(A) Unity
(B) 0.8 leading
(C) 0.6 leading
(D) 0.6 lagging.
2. A capacitor start, capacitor run single phase induction motor is basically a
(A) ac series motor
(B) dc series motor
(C) 2 phase induction motor
(D) 3 phase induction motor.
3. The starting torque of a capacitor start motor is
(A) Zero
(B) Low
(C) Same as rated torque
(D) More than rated torque.
4. The torque developed by a split phase motor is proportional to
(A) Sine of angle between lm and ls
(B) Cosine of angle between lm and Is
(C) Main winding current, Im
(D) Auxiliary winding current,Is
 5. A capacitor start single phase induction motor is switched on the supply with its capacitor replaced by an inductor of equivalent reactance value. It will
(A) not start
(B) start and run
(C) start and then stall
(D) none of the above
6. The starting capacitor of a single phase motor is
(A) Electrolytic capacitor
(B) Ceramic capacitor
(C) Paper capacitor
(D) None of the above.
7. Which of the following is the most economical method of starting a single phase motor ?
(A) Resistance start method
(B) Inductance start method
(C) Capacitance start method
(D) Split-phase method.
 
 
8. The number of turns in the starting winding of a capacitor start motor as compared to that for split phase motor is
(A) same
(B) more
(C) less
(D) none of the above.
 
9. In a split phase motor, the ratio of number of turns for starting winding to that for running winding is
(A) 2.0
(B) more than 1
(C) 1.0
(D) less than 1.
  
10. A single phase motor generally used for small air compressor is
(A) Capacitor start capacitor runs motor
(B) Reluctance motor
(C) Universal motor
(D) shaded pole motor.


c) True or False questions 
1. In case of single phase motors, pulsating flux is set up instead of revolving field as in 3-phase motors. (T) 
2. In split-phase induction motors, two windings are provided. (T) 
3. In split-phase induction motors, two windings arc connected in parallel. (T)
4. In split-phase induction motor, both the windings arc connected during starling. (F)
5. A shaded pole motor has laminated salient poles. (T) 
6. In shaded pole motors, the winding is provided on poles. (T)
7. A universal motor can be operated on single phase or three phase supply. (F)
8. Normally the direction of rotation of a shaded pole motor cannot be reversed. (T)
9. The starting torque of a single phase motor can be improved by connecting a capacitor in series with the starting winding. (T)
10. In capacitor motors paper capacitor is used. (T)
4.1.6   Review Questions

d) Objective type of questions(Very short notes)
Q1: Is there any relation between the capacitances of two capacitors used in two value capacitor motor?
Ans: Starting capacitor has about 10 – 15 times high capacity than the value of running capacitor.

Q2:  What is size of shaded-pole motor?
Ans: These are usually built in small fractional H.P, not exceed 1/4 H.P.

Q3: Why shaded-pole single phase induction motor does not need any special starting technique like capacitors and auxiliary winding etc.
Ans: Because it is inherently self started motor. The construction of the poles is such that they give a sweep to the magnetic flux and motor starts rotating.

Q4: How can a universal motor be reversed?
Ans: By reversing either the field leads or armature leads but not both.

Q5: What are applications of Stepper motors?
Ans: (i) Paper feed motors in typewriters and printers 
(ii)Positioning of print heads 
(iii) Pens in XY-plotters 
(iv) Recording heads in computer disc drives etc.

Q6: Why do we use capacitor-start induction motors in applications requiring high starting torque in preference to repulsion induction motors?
Ans: Capacitors are easily available, cheaper and reliable. Repulsion-induction motors posses a special commutator and brushes that require maintenance. Most manufacturers have stopped making them.

Q7: If a single phase motor is driven in any direction by any means, it starts running in that direction. Explain why?
Ans: Actually a pulsating torque has two components which are equal in magnitude and rotate in opposite direction with synchronous speed at unity slip. Now if the motor rotates in any direction, the slip decreases and the torque component in this direction increases than the other component and hence motor runs in that direction.

Q8: What is a fractional H.P. motor?
Ans: A small motor having H.P. less than unit is called fractional H.P. motor.

Q9: Which type of rotor is used in single phase motors?
Ans: Squirrel cage type

Q10: How the starting winding produce rotation in a single phase resistance start induction motor?
Ans: The starting winding is highly resistive and the main winding is inductive. So the phase difference between the two currents becomes nearly 90 degree and hence the motor start as two phase motor.  
       
Q11: How the starting winding is made resistive?
Ans: It consists of only few turns of smaller diameter.

Q12: How the speed of rotation of a split phase induction motor is reversed?
Ans: The terminal connections of the starting windings are reversed with respect to main running windings

e) Analytical type questions
1. A 2-winding single-phase motor has the main auxiliary winding currents Im=15 A and Ia=7.5 A at stand-still. The auxiliary winding current leads the main winding current by α=450   electrical.  The two winding are in space quadrature and the effective number of turns are Nm=80 and Na=100. Compute the amplitudes of the forward and backward stator mmf waves. Also determine the magnitude of the auxiliary current and its phase angle difference α with the main winding current if only the backward field is to be present.


2. A stepper motor has a step angle of 3˚. Determine (a) resolution (b) number of steps required for the shaft to make 25 revolutions and (c) shaft speed, if the stepping frequency is 3600 pps.

3. A stepper motor has a step angle of 1.8˚. What number should be loaded into the encoder of its drive system if it is desired to turn on the shaft ten complete revolutions.

4.  A 250w, 230V, 50Hz capacitor start motor has the following constants for the main and auxiliary windings: main winding, Zm=(4.5+3.7i)Ω. Auxiliary winding Za=(9.5+3.5i)Ω. Determine the value of the starting capacitor that will place the main and auxiliary winding currents in quadrature at starting.

5. A single phase induction motor has stator windings in space quadrature and is supplied with a single phase voltage of 200V at 50Hz. The standstill impedance of the main winding is (5.2+10.1i) and the auxiliary winding is (19.7+14.2i). Find the value of capacitance to be inserted in the auxiliary winding for maximum starting torque.

f) Essay type Questions 
1. Discuss in detail about the split-phase motors.
2. Discuss about the principle and performance of AC series motor
3. Describe the phase control of 1-phase induction motor
4. Write a short notes on double revolving field theory
5. Discuss about Torque-Speed curve of single-phase induction motor
6. Show that the starting torque of a single phase-phase induction motor is zero
7. What is the principle of operation of universal motor?
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The flux density distribution in the air gap can be expressed as:
B(0)=B,,, cos 0

max

The air gap flux per pole, @p, is:

4,=1"" BONrdo=2B,,Ir

max
Where,
[ is the axial length of the stator.

7 is the radius of the stator at the air gap.
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2, ()= N¢, cosarx
Therefore, the voltage induced in phase coil aa' is obtained

from Faraday law as:

di, ot .
e :—7"((0 ):(0N¢p sinot = E

_sin ot
a max
dt

The voltages induced in the other phase coils are also
sinusoidal, but phase-shifted from each other by 120 electrical
degrees. Thus,

e, = E_ . sin(or—120)

max

e.=E_, sin(of+120).

c T “max
the rms value of the induced voltage is:

P oNg, _ 24
rms \/E \/5

N, =4.44/Ng,
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Full-load performance Torque, Ib/ft

hp rpm A Ef PF Torque Locked Breakdown Pull-up
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We know that power factor is defined as ratio of resistance to that of impedance. The power factor of the rotor
circuit is

Rz Ry

7 T+ (5X,)7

costy

putting the value of flux @, rotor current I, power factor cos8; in the equation of torque we get,

Tam B Ra
/R (X2 R+ (sX2)?

Combining similar term we get,

ToosEl—t__
R+ (5Xa R
Removing proportionality constant we get,
P
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This comstant K =

Where ng is synchronous speed in r. p. s, ns = Ns / 60. So, finally the equation of torque becomes,
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The quantity R,/s is greater than R, since s is a fraction. Therefore, Ry/s can be
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The first part R, is the rotor resistance/phase, and represents the rotor Cu
loss.

The second part Rz(é—lJ is a variable-resistance load. The power

delivered to this load represents the total mechanical power developed in
the rotor. Thus mechanical load on the induction motor can be replaced by

a variable-resistance load of value R 2(% - 1) . This is

R, =R2G—1j
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As shown in Sec. 8.16, under running conditions,
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Rotor input = 3 x

(Putting me value of I'; in eq.(1))
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Also Rotor input = 3
(Putting me value of I in eq.(1))
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Note that in the above expressions of Tg, the values E;, E», R, and X, represent
the phase values.
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The torque T developed by the rotor is directly proportional to:
(i) rotor current
(ii) rotor e.m.f.
(iif) power factor of the rotor circuit

T < E, I, cosd,

or T=KE,I, cos¢,
where I, = rotor current at standstill
E, = rotor e.m.f. at standstill

cos ¢, = rotor p.f. at standstill

Note. The values of rotor e.m.f., rotor current and rotor power factor are taken
for the given conditions.
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where K is another constant.

It is clear that the magnitude of starting torque would depend upon the relative
values of R, and X, ie., rotor resistance/phase and standstill rotor
reactance/phase.

It can be shown that K =3/2 n N,.
_ 3 E3R,
2nNg R3+X3

s

Note that here N is in r.p.s.
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Let applied voltage = V;. Then current drawn is given by
s = Ve + _VS
Ry j X

The power drawn is given by





image4.jpeg




image76.jpeg
Ve
(Bs + R,) +5(Xs + X;)
P, = ‘IS‘Q(RS + R;)

I





image77.jpeg
100% Ti  Efficiency line 0%





image78.jpeg
Relation between starling and F.L. torques. We know that:
Rotor input = 2n Ny T = kT
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When the motor is started direct-on-line, the starting current is the short-circuit
(blocked-rotor) current L.

2
& = Ii X Sp
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Let us illustrate the above relation with a numerical example. Suppose I, = 5 I¢
and full-load slip s¢=0.04. Then,
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Relation between starting And F.L. torques. Consider a star-connected
squirrel-cage induction motor. If V is the line voltage, then voltage across motor

phase on direct switching is V/ V3 and starting current is I = L. In case of
autotransformer, if a tapping of transformation ratio K (a fraction) is used, then
phase voltage across motor is KV/ V3 and I, =KI,
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(a) With star-connection during starting, stator phase voltage is 1/+/3 times the

line voltage. Consequently, starting torque is (l/ V3 )2 or 1/3 times the value

it would have with A-connection. This is rather a large reduction in starting
torque.
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Relation between starting and F.L. torques. In direct delta starting,

Starting current/phase, I, = V/Z,. where V = line voltage

Starting line current = /3 I
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Commutator motors

3phase induction motor-Not a variable speed motor

1 Phase induction motor-Not self starting, poor power factor, efficiency

Common single phase commutator motors are

Series motors

Universal motors

Repulsion motors

Repulsion –induction motors





AC Series motors

If we connect normal dc series motor to ac what happens?

Torque developed is not constant Magnitude

Alternating flux induce eddy currents causing heat and there by loss

No inductive coupling between armature and field since they are placed in quadrature

Sparking in brushes is more due to transformer emf induced

Due to large voltage drop speed reduced

Starting Torque is low, low pf





AC Series motors

Modification needed for ac series motor.

To reduce eddy current loss-Laminations used

To reduce reactance-series field should contains less number of turns

To improve torque no. of armature conductors should be large

To reduce reactance compensating winding should be used

Operating voltage kept low to reduce inductance

Reduce frequency to reduce inductance

Interpoles  to reduce armature resistance leads





Universal motors

Construction

Changes should be employed to work in both ac and dc









Universal motors

Operation

When motor is connected to an a.c. supply, the same alternating current flows

through the field and armature windings. 

The field winding produces an alternating flux fhat reacts with the current flowing in the armature to produce a torque. 

Since both armature current and flux reverse simultaneously, the torque always acts in the same direction. 

It may be noted that no rotating flux is produced in this type of machines; the principle of operation is the same as that of a d.c. series motor.







Universal motors

Characteristics

The operating characteristics of an a.c. series motor are similar to those of a d.c.

series motor.

(i)  The speed increases to a high value with a decrease in load. In very small

series motors, the losses are usually large enough at no load that limit the

speed to a definite value (1500 - 15,000 r.p.m.).

(ii)  The motor torque is high for large armature currents, thus giving a high

starting torque.

(iii)  At full-load, the power factor is about 90%. However, at starting or when

carrying an overload, the power factor is lower





Universal motors

Applications

The fractional horsepower a.c. series motors have high-speed (and

corresponding small size) and large starting torque. They can, therefore, be used

to drive:

(a) high-speed vacuum cleaners  (b) sewing machines

(c)  electric shavers (d) drills

(e)  machine tools etc.





Single-Phase Repulsion Motor

A repulsion motor is similar to an a.c. series motor except that:

brushes are not connected to supply but are short-circuited - currents are induced in the armature conductors by transformer action.

the field structure has non-salient pole construction.

By adjusting the position of short-circuited brushes on the commutator, the starting torque can be developed in the motor





Single-Phase Repulsion Motor

Construction

The field of stator winding is wound like the main winding of a split-phase

motor and is connected directly to a single-phase source. 

The armature or rotor is similar to a d.c. motor armature with drum type winding connected to a commutator 

However, the brushes are not connected to supply but are connected to each other or short-circuited. 

Short-circuiting the brushes effectively makes the rotor into a type of squirrel cage. 

The major difficulty with an ordinary single-phase induction motor is the low starting

torque. 

It has also better power factor than the conventional single-phase motor.





Single-Phase Repulsion Motor

Construction









Single-Phase Repulsion Motor

Principle of operation

 listen to  me…





Single-Phase Repulsion Motor

The total armature torque in a repulsion motor can be shown to be

Ta = sin 2α

where α = angle between brush axis and stator field axis

For maximum torque, 2α = 90° or α = 45°

Thus adjusting α to 45° at starting, maximum torque can be obtained

during the starting period. However, α has to be adjusted to give a suitable

running speed.





Single-Phase Repulsion Motor

Characteristics

(i)  The repulsion motor has characteristics very similar to those of an a.c.

series motor i.e., it has a high starting torque and a high speed at no load.



(ii)  The speed which the repulsion motor develops for any given load will

depend upon the position of the brushes.



(iii) In comparison with other single-phase motors, the repulsion motor has a

high starring torque and relatively low starting current.





Repulsion-Start Induction-Run Motor

Sometimes the action of a repulsion motor is combined with that of a single phase induction motor to produce repulsion-start induction-run motor (also

called repulsion-start motor). 



The machine is started as a repulsion motor with a corresponding high starting torque. 



At some predetermined speed, a centrifugal device short-circuits the commutator so that the machine then operates as a single-phase induction motor.





Repulsion-Start Induction-Run Motor

This motor has the same general construction of a repulsion motor. 

The only difference is that it is equipped with a centrifugal device fitted on the

armature shaft. 

When the motor reaches 75% of its full pinning speed, the centrifugal device forces a short-circuiting ring to come in contact with the inner surface of the commutator. 

This short-circuits all the commutator bars. 

The rotor then resembles squirrel-cage type and the motor runs as a single-phase induction motor. 

At the same time, the centrifugal device raises the brushes from the

commutator which reduces the wear of the brushes and commutator as well as

makes the operation quiet.





Repulsion-Start Induction-Run Motor

Characteristics

(i)  The starting torque is 2.5 to 4.5 times the full-load torque and the starting

current is 3.75 times the full-load value.

(ii)  Due to their high starting torque, repulsion-motors were used to operate

devices such as refrigerators, pumps, compressors etc.

However, they posed a serious problem of maintenance of brushes, commutator

arid the centrifugal device. 





Repulsion-Induction Motor

The repulsion-induction motor produces a high starting torque entirely due to

repulsion motor action. When running, it functions through a combination of

induction-motor and repulsion motor action.







Repulsion-Induction Motor

Construction

It consists of a stator and a rotor (or armature).

(i)  The stator carries a single distributed winding fed from single-phase supply.

(ii)  The rotor is provided with two independent windings placed one inside the

other. 

The inner winding is a squirrel-cage winding with rotor bars

permanently short-circuited. Placed over the squirrel cage winding is a

repulsion commutator armature winding. 

The repulsion winding is connected to a commutator on which ride short-circuited brushes. There is no centrifugal device and the repulsion winding functions at all times.





Repulsion-Induction Motor

Operation

(i)  When single-phase supply is given to the stator winding, the repulsion

winding (i.e., outer winding) is active. Consequently, the motor starts as a

repulsion motor with a corresponding high starting torque.

(ii)  As the motor speed increases, the current shifts from the outer to inner

winding due to the decreasing impedance of the inner winding with

increasing speed. Consequently, at running speed, the squirrel cage

winding carries the greater part of rotor current. 

This shifting of repulsion motor action to induction-motor action is thus achieved without any switching arrangement.





Repulsion-Induction Motor

Characteristics

(i)  The no-load speed of a repulsion-induction motor is somewhat above the

synchronous speed because of the effect of repulsion winding. However,

the speed at full-load is slightly less than the synchronous speed as in an

induction motor.

(ii)  The speed regulation of the motor is about 6%.

(iii)  The starting torque is 2.25 to 3 times the full-load torque; the lower value

being for large motors. The starting current is 3 to 4 times the full-load

current.

This type of motor is used for applications requiring a high starting torque with

essentially a constant running speed. The common sizes are 0.25 to 5 H.P.





Single-Phase Synchronous Motors

Very small single-phase motors have been developed which run at true

synchronous speed. They do not require d.c. excitation for the rotor. Because of

these characteristics, they are called unexcited single-phase synchronous motors.

The most commonly used types are:

(i)  Reluctance motors (ii)  Hysteresis motors

The efficiency and torque-developing ability of these motors is low; The output

of most of the commercial motors is only a few watts





Reluctance Motor

It is a single-phase synchronous motor which does not require d.c. excitation to

the rotor. 

Its operation is based upon the following principle:

Whenever a piece of ferromagnetic material is located in a magnetic field; a

force is exerted on the material, tending to align the material so that reluctance

of the magnetic path that passes through the material is minimum.







Reluctance Motor

Construction

(i) a stator carrying a single-phase winding along with an auxiliary winding to

produce a synchronous-revolving magnetic field.

(ii) a squirrel-cage rotor having unsymmetrical magnetic construction. 

This is achieved by symmetrically removing some of the teeth from the squirrel cage rotor to produce salient poles on the rotor.

The salient poles created on the rotor must be equal to the poles on the stator.

Note that rotor salient poles offer low reluctance to the stator flux and,

therefore, become strongly magnetized.





Reluctance Motor

Operation

(i)  When single-phase stator having an auxiliary winding is energized, a

synchronously-revolving field is produced. The motor starts as a standard

squirrel-cage induction motor and will accelerate to near its synchronous

speed.

(ii)  As the rotor approaches synchronous speed, the rotating stator flux will

exert reluctance torque on the rotor poles tending to align the salient-pole

axis with the axis of the rotating field. The rotor assumes a position where

its salient poles lock with the poles of the revolving field 

(ii)) Consequently, the motor will continue to run at the speed of

revolving flux i.e., at the synchronous speed.





Reluctance Motor

Operation

(iii)  When we apply a mechanical load, the rotor poles fall slightly behind the

stator poles, while continuing to turn at synchronous speed.

 As the load on the motor is increased, the mechanical angle between the poles increases progressively. 

Nevertheless, magnetic attraction keeps the rotor locked to the rotating flux. If the load is increased beyond the amount under which the reluctance torque can maintain synchronous speed





Reluctance Motor

Characteristics

(i)  These motors have poor torque, power factor and efficiency.

(ii)  These motors cannot accelerate high-inertia loads to synchronous speed.

The pull-in and pull-out torques of such motors are weak.



Despite the above drawbacks, the reluctance motor is cheaper than any other

type of synchronous motor. They are widely used for constant-speed

applications such as timing devices, signaling devices etc





Hysteresis Motor

It is a single-phase motor whose operation depends upon the hysteresis effect

i.e., magnetization produced in a ferromagnetic material lags behind the

magnetizing force.







Hysteresis Motor

Construction 

(i) a stator designed to produce a synchronously-revolving field from a

single-phase supply. This is accomplished by using permanent-split

capacitor type construction. Consequently, both the windings (i.e., starting

as well as main winding) remain connected in the circuit during running

operation as well as at starting. The value of capacitance is so adjusted as to

result in a flux revolving at synchronous speed.

(ii) a rotor consisting of a smooth cylinder of magnetically hard steel, without

winding or teeth.





Hysteresis Motor

Operation

(i) When the stator is energized from a single-phase supply, a synchronously revolving field (assumed in anti-clockwise direction) is produced due to

split-phase operation.

(ii)  The revolving stator flux magnetizes the rotor. Due to hysteresis effect, the

axis of magnetization of rotor will lag behind the axis of stator field by

hysteresis lag angle ,the rotor and stator poles are locked. If the rotor is stationary, the starting torque produced is given by:









Hysteresis Motor

Operation

From now onwards, the rotor accelerates to synchronous speed with a uniform

torque.

(iii) After reaching synchronism, the motor continues to run at synchronous

speed and adjusts its torque angle so as to develop the torque required by

the load.







Hysteresis Motor

Characteristics

(i)  A hysteresis motor can synchronize any load which it can accelerate, no

matter how great the inertia. It is because the torque is uniform from

standstill to synchronous speed.

(ii)  Since the rotor has no teeth or salient poles or winding, a hysteresis motor

is inherently quiet and produces smooth rotation of the load.

(iii)  The rotor takes on the same number of poles as the stator field. Thus by

changing the number of stator poles through pole-changing connections,

we can get a set of synchronous speeds for the motor.







Hysteresis Motor

Applications

Due to their quiet operation and ability to drive high-inertia toads, hysteresis

motors are particularly well suited for driving 

electric clocks

Timing devices 

(iii) tape-decks 

(iv)from-tables and other precision audio-equipment.
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