Unit-5
Speed Control of Three Phase Induction Motor
A three phase induction motor is basically a constant speed motor so it’s somewhat difficult to control its speed. The speed control of induction motor is done at the cost of decrease in efficiency and low electrical power factor. Before discussing the methods to control the speed of three phase induction motor one should know the basic formulas of speed and torque of three phase induction motor as the methods of speed control depends upon these formulas. 
Synchronous Speed   
[image:  ]
Where, f = frequency and P is the number of poles the speed of induction motor is given by,
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Where, N is the speed of rotor of induction motor, Ns is the synchronous speed, S is the slip.

The torque produced by three phase induction motor is given by,
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When rotor is at standstill slip , s is one. So the equation of torque is,
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Where, E2 is the rotor emf, Ns is the synchronous speed, R2 is the rotor resistance and X2 is the rotor inductive reactance
The Speed of Induction Motor is controlled from both Stator and Rotor Side
The speed control of three phase induction motor from stator side is further classified as:
1. Changing the number of stator poles.
2. V / f control or frequency control.
3. Controlling supply voltage.
4. Adding rheostat in the stator circuit.
The speed controls of three phase induction motor from rotor side are further classified as:
1. Adding external resistance on rotor side.
2. Cascade control method.
3. Injecting slip frequency emf into rotor side.
Speed Control from Stator Side
1. Pole Changing Method
Pole Changing Method is one of the main methods of the speed control of an induction motor. This method of controlling the speed by pole changing is used mainly for cage motor only because the cage rotor automatically develops a number of poles, which is equal to the poles of the stator winding. The number of stator poles can be changed by the following three methods. They are known as multiple stator windings, method of consequent poles and pole amplitude modulation (PAM).
The detail explanation of each pole changing method is given below.
Multiple Stator Winding
In the multiple stator winding method, two windings are provided on the stator which is wound on the two different numbers of poles. One winding is energized one at a time. Let us consider that the motor has two windings for 6 and 4 poles. For the frequency of 50 hertz, the synchronous speeds will be 1000 and 1500 revolutions per minute respectively. This method of speed control is less efficient and more costly.
Method of Consequent Pole
In the method of consequent poles, a single stator winding is divided into few coil groups. The terminals of all these groups are brought out. By simply changing the coil connections, the number of poles can be changed. In practice, the stator windings are divided only in two coil groups. The number of poles can be changed in the ratio of 2:1.
The figure below shows the single phase of a stator winding which consist of 4 coils. The coils are divided into two groups named as a-b and c-d.
[image: Pole Changing Method figure]
Group a-b consists of an odd number of coils that is (1, 3) whereas group c-d consists of an even number of coils (2, 4). The two coils are connected in series. The terminals a, b, c, d are taken out as shown in the above figure. The coils are carrying current in the given directions by connecting coil groups either in series or in parallel as shown in the figure below.
[image: Pole-changing-method-fig-2]There are total four poles which are giving a speed of 1500 rpm for a 50-hertz system. If the current through the coils of group a-b is reversed as shown in the figure below. All the coils will produce north (N) poles.
[image: Pole-changing-method-fig-3]
The flux of the poles group should be passed through the given space between the pole group to complete the magnetic path. Thus, a magnetic pole of opposite polarity (S pole) is induced. These induced poles are known as Consequent Poles. Thus, the machine has twice as many poles as before (i.e., 8 poles), and the synchronous speed becomes half of the previous speed (i.e., 750 rpm).
The above principle can be extended to all the three phases of an induction motor. By choosing a combination of series and parallel connections between the coil groups of each phase. Also, the star or delta connections between the phase speed change can be obtained with constant torque and constant power operation or variable torque operation.

Pole Amplitude Modulation (PAM) Technique
Pole amplitude modulation is a flexible method of pole changing which can be used in applications where speed ratios other than 2:1 are required. The motors designed for speed changing based on the poled amplitude modulation scheme are known as PAM motors.
Pole Amplitude Modulation Technique
The basic feature of Pole Amplitude Modulation (PAM) winding is the layout, which is irregular. The windings are divided into two parts. The two parts are either connected in series or parallel. The directions of current in the two halves are either same or opposite. The process of the current reversal is equivalent to modulation and gives the different pole combinations.
The Pole Amplitude Modulation Technique is explained in this article with the help of an example. Let us considered that the MMF distribution in the air gap of a three phase induction motor due to the stator winding carrying a three phase balanced currents can be written as shown below.
[image: pole-amplitude-modulation-eq-1]
Where, p is the number of pairs of poles and ? is the mechanical angle in radians.
In a three phase induction motor the number of turns in each phase winding are equal, and if the motor is supplied by balanced three phase current, the maximum values of mmfs in all the phases are same.
If the three modulating waves are having an amplitude F but displaced from each other by 2π/3 radians are used to modulate the MMF waves. Then FmA, FmB and FmC can be written in equation forms as shown below.
[image: pole-amplitude-modulation-eq-2]
Where, F is a constant and k is the number of modulating cycles and α = ±2π/3
Substituting the value of equation (4) (5) and (6) in the equation (1) (2) and (3) respectively, we get the following equations shown below.

[image: pole-amplitude-modulation-eq-3]
Equation (7) and (9) can be written as

[image: pole-amplitude-modulation-eq-4]
Thus, by modulating the amplitude of the MMFS in a three phase machine having a p pair of poles produces two sets of three phase MMFS with (p-k) and (p+k) poles. The two sets of poles will produce torques in the opposite directions. For obtaining a steady torque in one direction only, one of these pole pairs must be suppressed, and the other pair should be retained.
Two methods of connections are used to obtain the desired modulation. The first method is known as the Coil Inversion, and the other is known as Coil Inversion and Omission. In both the methods, the windings of each phase are divided into two parts.
In the coil inversion method, the current through the other half of winding in each phase is reversed.
The figure (a) below shows the basic principle of pole amplitude modulation. The negative half cycle of the modulating wave reverses the polarities of the main poles 5, 6, 7 and 8. The MMF wave of a stator wound for eight poles and 2 poles modulating wave is shown in the figure (b) below.
[image: Pole Amplitude Modulation figure 1]
The reversed poles are shown by dotted lines. In the above figure (c) shows that the resultant wave that the modulated wave has 6 poles.
In the second method of coil inversion and omission method, a section of the winding is omitted from each half and half of the remaining portion of the winding is reversed with respect to the first half.
[image: POLE-AMPLITUDE-MODULATION-FIG-2]
The figure (d) shows the MMF wave of a stator wound for eight poles. In the figure (e) fourth and eight coils are omitted whereas fifth, sixth and seventh coils are reversed with respect to the first three coils. Thus, the motor can run corresponding to 8 poles that were original and 6 poles that are modulated.
The three phase machine can be connected in delta or star. By proper choice of series or parallel connections between coil groups of each phase and the star or delta connection between the phases, speed change can be obtained with constant torque operation, constant power operation or variable torque operation.
This Pole Amplitude Modulation Technique is used in fan, blower and pump drives.

2. Speed Control of Induction Motor by Variable Frequency Control
Variable Frequency Control is a method which is used to control the speed of an induction motor. The synchronous speed of an induction motor is given by the relation shown below.
[image: equation 2]
The synchronous speed and therefore, the speed of the motor can be controlled by varying the supply frequency. The EMF induced in the stator of the induction motor is given by the equation shown below.
[image: equation 3]
Therefore, if the supply frequency is changed induced EMF will also change to maintain the same air gap flux. The terminal voltage V1 is equal to the induced EMF E1 if the stator voltage drop is neglected.
In order to minimize the losses and to avoid the saturation, the motor is operated at rated air gap flux. This condition is obtained by varying the terminal voltage with frequency so as to maintain (V/f) ratio constant at the rate value. This type of control is known as Constant Volts per Hertz.
Thus, the speed control of an induction motor using variable frequency supply requires a variable voltage power source. The variable frequency supply is generally obtained by the following converters.
· Voltage source inverter
· Current source inverter
· Cyclo convertor
An inverter converts a fixed voltage DC to a fixed or variable voltage AC with variable frequency. Cyclo converter converts a fixed voltage and fixed frequency AC to a variable voltage and variable AC frequency.
The variable frequency control allows good running and transient performance to be obtained from a cage induction motor. Cyclo convertor controlled induction motor drive is suitable only for large power drives and to get lower speeds.

3. Stator Voltage Control of an Induction Motor
Stator Voltage Control is a method used to control the speed of an Induction Motor. The speed of a three phase induction motor can be varied by varying the supply voltage. As we already know that the torque developed is proportional to the square of the supply voltage and the slip at the maximum torque is independent of the supply voltage. The variation in the supply voltage does not alter the synchronous speed of the motor.
The Torque-Speed Characteristics of the three phase Induction motors for varying supply voltage and also for the fan load are shown below.
[image: Stator Voltage Control of an Induction Motor figure 1]
By varying the supplying voltage, the speed can be controlled. The voltage is varied until the torque required by the load is developed, at the desired speed. The torque developed is proportional to the square of the supply voltage and the current is proportional to the voltage.
Hence, to reduce the speed for the same value of the same current, the value of the voltage is reduced and as a result, the torque developed by the motor is reduced. This stator voltage control method is suitable for the applications where the load torque decreases with the speed. 
Example- In the fan load.
This method gives a speed control only below the normal rated speed as the operation of the voltages if higher than the rated voltage is not admissible. This method is suitable where the intermittent operation of the drive is required and also for the fan and pump drives. As in fan and pump the load torque varies as the square of the speed. These types of drives required low torque at lower speeds. This condition can be obtained by applying lower voltage without exceeding the motor current.
The variable voltage for speed control of small size motors mainly for single phase can be obtained by the following methods given below.
· By connecting an external resistance in the stator circuit of the motor.
· By using an Auto transformer.
· By using a Thyristor voltage controller
· By using a Triac Controller

Speed Control from Rotor Side
1. Rotor Resistance Control:  is also one of the methods by which we can control the speed of the Induction motor. The speed of the wound induction motor can be controlled by connecting an external resistance in the rotor circuit through slip rings. This method is not applicable to cage rotor induction motor.
The equation of torque for three phase induction motor is
[image:  ]
The three phase induction motor operates in low slip region. In low slip region term (sX)2 becomes very very small as compared to R2. So, it can be neglected . and also E2 is constant. So the equation of torque after simplification becomes,
[image:  ]
Now if we increase rotor resistance, R2 torque decreases but to supply the same load torque must remains constant. So, we increase slip, which will further results in decrease in rotor speed. Thus by adding additional resistance in rotor circuit we can decrease the speed of three phase induction motor. The main advantage of this method is that with addition of external resistance starting torque increases but this method of speed control of three phase induction motor also suffers from some disadvantages:
1. The speed above the normal value is not possible.
2. Large speed change requires large value of resistance and if such large value of resistance is added in the circuit it will cause large copper loss and hence reduction in efficiency.
3. Presence of resistance causes more losses.
4. This method cannot be used for squirrel cage induction motor.

2. Cascade control method 
In this method of speed control, two motors are used. Both are mounted on a same shaft so that both run at same speed. One motor is fed from a 3phase supply and the other motor is fed from the induced emf in first motor via slip-rings. The arrangement is as shown in following figure.
[image: ]
Motor A is called the main motor and motor B is called the auxiliary motor.
Let, Ns1 = frequency of motor A
       Ns2 = frequency of motor B
       P1 = number of poles stator of motor A
       P2 = number of stator poles of motor B
       N = speed of the set and same for both motors
       f = frequency of the supply

Now, slip of motor A, S1 = (Ns1 - N) / Ns1.
Frequency of the rotor induced emf in motor A,   f1 = S1f
Now, auxiliary motor B is supplied with the rotor induced emf of motor A.

Therefore, Ns2 = (120f1) / P2 = (120S1f) / P2.
Now putting the value of S1 = (Ns1 - N) / Ns1
[image: https://1.bp.blogspot.com/-6DCQ5gPKeyk/UvcEdfVF4nI/AAAAAAAAAXA/R-9kDAJqeY8/s1600/synch-speed-cascade.png]
 At no load, speed of the auxiliary rotor is almost same as its synchronous speed.
i.e. N = Ns2.
From the above equations, it can be obtained that
[image: https://4.bp.blogspot.com/-VWV02NVxmmM/UvcT2P4S7cI/AAAAAAAAAXQ/50mwbzhXO0Q/s1600/2212.png]
With this method, four different speeds can be obtained
1. When only motor A works, corresponding speed = Ns1 = 120f / P1
2. When only motor B works, corresponding speed = Ns2 = 120f / P2
3. If cumulative cascading is done, speed of the set = N = 120f / (P1 + P2)
4. If differential cascading is done, speed of the set = N = 120f (P1 - P2)


3. Injecting slip frequency emf into rotor side 
When the speed control of three phase induction motor is done by adding resistance in rotor circuit, some part of power called, the slip power is lost as I2R losses. Therefore the efficiency of three phase induction motor is reduced by this method of speed control. This slip power loss can be recovered and supplied back in order to improve the overall efficiency of three phase induction motor and this scheme of recovering the power is called slip power recovery scheme and this is done by connecting an external source of emf of slip frequency to the rotor circuit. The injected emf can either oppose the rotor induced emf or aids the rotor induced emf. If it oppose the rotor induced emf, the total effective rotor resistance increases and hence speed decreases and if the injected emf aids the main rotor emf the total effective rotor resistance decreases and hence speed increases. Therefore by injecting induced emf in rotor circuit the speed can be easily controlled. The main advantage of this type of speed control of three phase induction motor is that wide range of speed control is possible whether it’s above normal or below normal speed.


















Double -Cage induction Motor
A Double Cage Induction motor is that type of motor in which a double cage or two rotor windings are used. This arrangement is used for obtaining high starting torque at a low value of starting current. The stator of a double cage rotor of an induction motor is same as that of a normal induction motor. In the double cage rotor of an induction motor, there are two layers of the bars. The figure shows the slot and conductor arrangement of rotor of the Double cage induction motor.
. [image: Double cage rotor of an induction motor figure]

Each layer is short-circuited by the end rings. The outer cage bars have a smaller cross-sectional area than the inner bars and are made of high resistivity materials like brass, aluminium, bronze, etc. the bars of the inner cage are made of low resistance copper. Thus, the resistance of the outer cage is greater than the resistance of the inner cage.
There is a slit between the top and the bottom slots. The slit increase linking the inner cage winding is much larger than that of the outer cage winding. Thus, the inner winding has a greater self-inductance.
At starting, the voltage induced in the rotor is same as the supply frequency that is (f2 = f1). Hence, the leakage reactance of the inner cage winding as compared to that of the outer cage winding is much larger. The outer cage winding carries most of the starting current which offer low impedance to the flow of current. The high resistance outer cage winding, therefore, develops a high starting torque.
As the rotor speed increases, the frequency of the rotor EMF (fr =sf) decreases. At normal operating speed, the leakage reactance of both the windings becomes negligibly small. The current in the rotor divides between the two cages and is governed by their resistances. The resistance of the outer cage is about 5 to 6 times that of the inner cage. Hence, the torque of the motor developed mainly by low resistance inner cage and is developed under normal operating speed.
For the low starting torque requirements, an ordinary cage motor is generally used. For higher torque requirements a deep bar cage motor is used. A double cage motor is used for higher torques. The slip ring construction is used for large size motors. The starting torque and the starting periods is also large.
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. (8.35 (i)).
(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. (8.35 (ii))], it has a low inductance. Thus the resistance of the outer squirrel-cage winding is high and its inductance is low.
(ii) 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. (8.35 (ii))]. Thus the resistance of the inner squirrel cage winding is low and its inductance is high.
[image: ]





Figure 8.35
[bookmark: _GoBack]
Working
Whenever the rotating magnetic field sweeps the two rotor windings an 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. Fig. (8.36) 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.






[image: ]



Figure 8.36
Equivalent Circuit of Double Squirrel-Cage Motor
Fig. (8.37) shows a section of the double squirrel cage motor. Here Ro and Ri are the per phase resistances of the outer cage winding and inner cage winding whereas Xo and Xi are the corresponding per phase standstill reactances. For the outer cage, the resistance is made intentionally high, giving a high starting torque. For the inner cage winding, the resistance is low and the leakage reactance is high, giving a low starting torque but high efficiency on load. Note that in a double squirrel cage motor, the outer winding produces the high starting and accelerating torque while the inner winding provides the running torque at good efficiency. Fig. (8.38 (i)) shows the equivalent circuit for one phase of double cage motor referred to stator. The two cage impedances are effectively in parallel. The resistances and reactances of the outer and inner rotors are referred to the stator. The exciting circuit is accounted for as in a single cage motor. If the magnetizing current (I0) is neglected, then the circuit is simplified to that shown in Fig. (8.38 (ii)).
[image: ][image: ]
Figure 8.37              			 figure 8.38
From the equivalent circuit, the performance of the motor can be predicted.
Total impedance as referred to stator is


Application of double cage induction motor
This type of motor is particularly useful were frequent starting under heavy load is required such as rolling mills, compressors, cranes, convertors, reciprocating pumps etc.
Induction Generator
Induction machine is sometimes used as a generator. It is also called Asynchronous Generator. What are the conditions when the poly phase (here three phase) induction machine will behave as an induction generator? The following are conditions when the induction machine will behave as an induction generator are written below:(a) Slip becomes negative due to this the rotor current and rotor emf attains negative value. (b) The prime mover torque becomes opposite to electric torque. Now let us discuss how we can achieve these conditions. Suppose that an induction machine is coupled with the prime mover whose speed can be controlled. If the speed of the prime mover is increased such that the slip becomes negative (i.e. speed of the prime mover becomes greater than the synchronous speed).Due to this, all the conditions that we have mentioned above will become fulfilled and machine will behave like an induction generator. Now if the speed of the prime mover is further increased such that it exceeds the negative maximum value of the torque produced then the generating effect of the generator vanishes. Clearly the speed of the induction generator during the whole operation is not synchronous; therefore the induction generation is also called a synchronous generator.
Induction generator is not a self excited machine therefore in order to develop the rotating magnetic field, it requires magnetizing current and reactive power. The induction generator obtains its magnetizing current and reactive power from the various sources like the supply mains or it may be another synchronous generator. The induction generator can’t work in isolation because it continuously requires reactive power from the supply system. However we can have a self excited or isolated induction generation in one case if we will use capacitor bank for reactive power supply instead of AC supply system. So let us discuss isolated induction generator in detail,
Isolated Induction Generator
This type of generator is also known as self excited generator. Now why it is called self excited? It is because it uses capacitor bank which is connected across its stator terminals as shown in the diagram given below,
[image: induction generator]
The function of the capacitor bank is to provide the lagging reactive power to the induction generator as well as load. So mathematically we can write total reactive power provided by the capacitor bank is equals to the summation of the reactive power consumed by the induction generator as well as the load.
Working
Consider, an AC supply is connected to the stator terminals of an induction machine. Rotating magnetic field produced in the stator pulls the rotor to run behind it (the machine is acting as a motor).
Now, if the rotor is accelerated to the synchronous speed by means of a prime mover, the slip will be zero and hence the net torque will be zero. The rotor current will become zero when the rotor is running at synchronous speed.
If the rotor is made to rotate at a speed more than the synchronous speed, the slip becomes negative. A rotor current is generated in the opposite direction, due to the rotor conductors cutting stator magnetic field. 
[image: how induction generators work]
This generated rotor current produces a rotating magnetic field in the rotor which pushes (forces in opposite way) onto the stator field. This causes a stator voltage which pushes current flowing out of the stator winding against the applied voltage. Thus, the machine is now working as an induction generator (asynchronous generator).
 	Induction generator is not a self-excited machine. Therefore, when running as a generator, the machine takes reactive power from the AC power line and supplies active power back into the line. Reactive power is needed for producing rotating magnetic field. The active power supplied back in the line is proportional to slip above the synchronous speed.
Application of Induction Generator
Let us discuss application of induction generator: We have two types of induction generator let us discuss the application of each type of generator separately: Externally excited generators are widely used for regenerative breaking of hoists driven by the three phase induction motors.
Self-excited generators are used in the wind mills. Thus this type of generator helps in converting the unconventional sources of energy into electrical energy. Now let us discuss some disadvantages of externally excited generator:
The efficiency of the externally excited generator is not so good.
We cannot use externally excited generator at lagging power factor which major drawback of this type of generator.
The amount of reactive power used to run these types of generator required is quite large.
Advantages of Induction Generator
It has robust construction requiring less maintenance. Also it is relatively cheaper.
It has small size per KW output power.
It runs in parallel without hunting
No synchronization to the supply line is required like a synchronous generator.
Limitations It cannot generate reactive volt-amperes. It requires reactive volt-amperes from the supply line to furnish its excitation.
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