Torque Speed Characteristic of an Induction Motor
Torque Speed Characteristic is the curve plotted between the torque and the speed of the induction motor. As we have already discussed the torque of the induction motor in the topic Torque Equation of an Induction motor. The equation of the torque is given as shown below.
[image: https://circuitglobe.com/wp-content/uploads/2016/01/Torque-speed-characteristic-of-an-induction-motor-eq-1-compressor.jpg]
At the maximum torque, the speed of the rotor is expressed by the equation shown below.
[image: https://circuitglobe.com/wp-content/uploads/2016/01/Torque-speed-characteristic-of-an-induction-motor-eq-2-compressor.jpg]
The curve below shows the Torque Speed Characteristic.
[image: https://circuitglobe.com/wp-content/uploads/2016/01/Torque-Speed-Characteristic-of-Induction-Motor-fig-compressor.jpg]
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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: https://circuitglobe.com/wp-content/uploads/2016/02/stator-voltage-control-of-an-induction-motor-fig-1.jpg]

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. For 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
Nowadays the Thyristor voltage controller method is preferred for varying the voltage. For a single phase supply, two Thyristors are connected back to back as shown in the figure below.

[image: stator-voltage-control-of-an-induction-motor-fig-2]The domestic fan motors, which are single phase are controlled by a single phase Triac Voltage Controller as shown in the figure below.
[image: stator-voltage-control-of-an-induction-motor-fig-3]
Speed control is obtained by varying the firing angle of the Triac. These controllers are known as Solid State fan regulators. As the solid state regulators are more compact and efficient as compared to the conventional variable regulator. Thus, they are preferred over the normal regulator.
In case of a three phase induction, motor three pairs of Thyristor are required which are connected back to back. Each pair consists of two Thyristor. The diagram below shows the Stator Voltage Control of the three phase induction motors by Thyristor Voltage Controller.
[image: stator-voltage-control-of-an-induction-motor-fig-4]
Each pair of the Thyristor controls the voltage of the phase to which it is connected. Speed control is obtained by varying the conduction period of the Thyristor. For lower power ratings, the back to back Thyristor pairs connected in each phase is replaced by Traic.
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have several other applications such as traction, mill run out tables, steel mills, pumps, fans, blowers, compressors, spindle drives, conveyers, machine tools, and so on.
 [image: variable frequency control]
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VSI Fed Induction Motor Drives
Definition: The voltage source inverter is defined as the inverter which takes a variable frequency from a DC supply. The input voltage of the voltage source inverter remains constant, and their output voltage is independent of the load.The magnitude of the load current depends on the nature of the load impedance.
The figure below shows a voltage source inverter employing transistor.
[image: transistor-inverter-fed-niduction-motor-drive]
The voltage source inverter use self-commutated device like MOSFET, IGBT, GTO, etc. It is operated as a stepped-wave inverter or a pulse width modulation. When the voltage source inverter is operated as a stepped-wave inverter, then the transistor is switched in the sequence of their number with a time difference of T/6.
The each of the transistors is kept on for the duration of T/2, where T is the period for one cycle. The waveform of the line voltage is shown in the figure below. The frequency of the inverter is varied by varying T, and the output voltage of the inverter is varied by varying DC input voltage.
[image: stepped-wave-inverter-line-voltage-waveform]
[image: pwm-inverter-line-votlage-waveform]
When the supply is DC, then the variable DC input is obtained by connecting a chopper between DC supply and inverter.
[image: vsi-controlled-induction-motor-drive-1]
When the supply is AC, then the DC input voltage is obtained by connecting the controlled rectifier between the AC supply and inverter shown in the figure below.The capacitor C filter out the harmonics in DC link voltage.
[image: voltage-source-inverter-controlled-induction-motor-drive]
The main drawback of the VSI induction motor drive is the large harmonics of the low frequency in the output voltage. The harmonics increases the loss in the motor and cause the jerky motion of the rotor at low speed.





CSI (Current Source Inverter)


CSI is used in many applications due to its flexibility, reliability and commutation. CSI operates on closed loop and capable of generation, by using CSI variable frequency is obtained.

[image: https://3.bp.blogspot.com/-DtUizD3ThX8/Vxdog3t1RiI/AAAAAAAADoA/_HE_CP8mqhIZFVEu1pEYjZ2ZGRqQOC4TQCLcB/s1600/CSI.png]





The variable  frequency control  of an induction motor can also  be obtained using CSI. The inductor is connected in series with the input.


* By varying the thyristors conduction periods and Inverter, the DC current is converted into a three phase current source.


* The stator current is a function of rotor frequency, by keeping flux constant the magnitude of stator is controlled by the rotor frequency.


* When supply is AC the controlled rectifier converts it into variable DC, if the supply is DC  the chopper manages the circuit.


* From the circuit diagram for commutation of  six thyristors the circuit is provided with six diodes and six capacitors.


* The six thyristors are triggered with a phase difference of 180°. The diodes are used for preventing discharge of capacitors through load.


Characteristics:


*For below rated speed, motor operates at constant flux mode.


*For above rated speed, motor operates at field weakening mode.


*For speed equal to rated speed, the voltage reach its rated value and no further increase of speed.


The characteristics are shown below on taking percentage slip on x-axis and percentage torque on y-axis.

[image: https://3.bp.blogspot.com/-tDMDwBZxlhQ/VxdonccfXfI/AAAAAAAADoE/LuWkGVgRJIIC7KqG5qLiMCxxScQBDGM8ACLcB/s1600/CSI%2Bcharacteristics.png]



Advantages:

1. CSI is robust and simple
2. Four quadrant operation is possible
3. Controlling the speed in simple way
4. Better controlled performance.
Disadvantages:
1. Cost is expensive with PWM technique
2. Unsupported for multi-motor operation
3. CSI not used in open loop control drives


4. Undesirable dynamic performance


5. At no-load condition it is difficult to operate.

Comparison of VSI and CSi
	VSI
	CSI

	VSI is fed from a DC voltage source having small or negligible impedance.
	CSI is fed with adjustable current from a DC voltage source of high impedance.

	Input voltage is maintained constant
	The input current is constant but adjustable.

	Output voltage does not dependent on the load
	The amplitude of output current is independent of the load.

	The waveform of the load current as well as its magnitude depends upon the nature of load impedance.
	The magnitude of output voltage and its waveform depends upon the nature of the load impedance.

	VSI requires feedback diodes
	The CSI does not require any feedback diodes.

	The commutation circuit is complicated
	Commutation circuit is simple as it contains only capacitors.

	Power BJT, Power MOSFET, IGBT, GTO with self commutation can be used in the circuit.
	They cannot be used as these devices have to withstand reverse voltage.



Cycloconverter fed to Induction motor


Cyclo converter is a single stage frequency conversion device which converts fixed AC frequency to variable AC frequency. A three phase, three pulse cyclo converter feeding a three phase induction motor is shown below

[image: https://2.bp.blogspot.com/-ajNJNQYzDss/Vv8inWcCYHI/AAAAAAAACcw/WkdQzteClm49FTEp1-gRlmZT93tSjUOeg/s1600/cycloconverter%2Bfed%2Bto%2Binduction%2Bmotor.png]



A cyclo converter fed induction motor drive has following features:


1.The machine operates at its rated flux conditions due to voltage control is made in the converter itself.
2.A cyclo converter operates on line commutation, the losses occurred by forced commutation is eliminated. The converter operates at lag power factor and very poor line power factor for light loads.
3.By modulating thyristors firing angle the high quality sinusoidal waveform is obtained at all frequencies.
4.A cyclo converter is capable of power transfer between AC source to motor load and vice versa.
5.The operation is smooth and efficient due to less significance of torque pulsation and harmonic losses of the machine.
6.At any power factor it can feed power to load with four quadrant operation which is simple and straight forward.
7. The output frequency of cyclo converter is limited to one-third of input frequency. A speed control range of 0-33% of base speed is possible.
8.It requires many thyristors for line commutation, if a thyristor fails no shut down is required and output can be made available without any interruption.
9.Regeneration is inherent in the complete speed range.

Advantages:

1.It has reversibility and four quadrant operation
2.It is justified for large horse power applications
3.Very smooth low speed operation with the least torque ripple
4.Output voltage is replica of reference voltage
5.By using controlled rectifiers and firing angles the output voltage may be controlled

Disadvantages:

1.It requires large number of thyristors
2.At higher ratings the power factor is poor and harmonics are 
present in output
3.Converter operates at lagging power factor.

Applications:


1.Gearless cement mills or ball mill drives
2.Low speed, large power and reversible drive applications.

Closed-Loop Speed Control
The block diagram of the closed loop speed control system is shown in the figure below. This system used an inner control loop within an outer speed loop. The inner control loop controls the motor current and motor torque below a safe limit.
[image: closed-loop-speed-control]Consider a reference speed ω*m which produces a positive error Δ ω*m. The speed error is operated through a speed controller and applied to a current limiter which is overloaded even for a small speed error. The current limiter set current for the inner current control loop. Then, the drive accelerates, and when the speed of the drive is equal to the desired speed, then the motor torque is equal to the load torque. This, decrease the reference speed and produces a negative speed error.
When the current limiter saturates, then the drive becomes de-accelerate in a braking mode. When the current limiter becomes desaturated, then the drive is transferred from braking to motoring.
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Analysis and Performance -
Per-phasc equivalent circuit of a three-phase induction motor is shown in Fig. 6.1(a). R? and X;
are the stator referred values of rotor resistance R, and rotor reactance X,. Slip is defined by

)

where @, and @y are rotor and synchronous speeds, respectively. Further
Oy _—'~ﬂ;£ rad/sec 6.2) )

where:fandvp are supply frequency and number of poles, respec!ivcl);.
Since, stator impedance drop is generally negligible compared to terminal voltage V, the

equivalent circuit can be simplified to that shown in Fig. 6.1(b).
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Motor output torque at the shaft is obtained by de&ucling friction windage and core-loss
torques from the developed torque.

The developed torque is a function of slip only (Eq. (6.10)). Differentiating T in (6.10) with
respect to s and equating to zero gives the slip for maxjmum torque

R; .
S = & et : 6.
R AT €15

Substituting from Eq. (6.12) into (6.10) yiclds an expression for maximuin torque

) .
T = % 4 : (6.13)
- Jms | R, £ A[RZ + (X, +X])?

Maximum torque is also known as breakdown torque. While it is independent of rotor resistance,
S is directly proportional to rotor resistance. :

The natures of speed-torque and speed-rotor current characteristics are shown in Fig. 6.2,
Both rotor-current and torque are zero at synchrorious speed. With decrease in speed, both
increase. While torque reduces after reaching breakdown value, the rotor-current continues to
increase, reaching a maximum value at zero speed. Drop in speed from no load to full load
. depends on the rotor resistance. When rotor resistance is low, the drop is quite small, and

therefore, motor operates essentially at a constant speed. The breakdown torque is a measure of
" short-time torque overload capability of the motor.
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Variable Frequency Control of Induction Motor Drive:

Variable Frequency Control of Induction Motor Drive - Synchronous speed, therefore, the motor speed can
be controlled by varying supply frequency. Voltage induced in stator is proportional to the product of
supply frequency and air-gap flux. If stator drop is neglected, terminal voltage can be considered
proportional to the product of frequency and flux.

Any reduction in the supply frequency, without a change in the terminal voltage, causes an increase in the
air-gap flux. Induction motors are designed to operate at the knee point of the magnetization
characteristic to make full use of the magnetic material. Therefore, the increase in flux will saturate the
motor. This will increase the magnetizing current, distort the line current and voltage, increase the core loss
and the stator copper loss, and produce a high-pitch acoustic noise. While an increase in flux beyond
the'rated value is undesirable from the consideration of saturation effects, a decrease in flux is also avoided
to retain the torque capability of the motor. Therefore, the Variable Frequency Control of Induction Motor
Drive below the rated frequency is generally carried out at rated air-gap flux by varying terminal voltage
with frequency so as to maintain (V/f) ratio constant at the rated value. From Eq. (6.13)

= K(VIf)*

;S (4. () ) —
5 A —m (6.69)
= :[[7) +4n? (L, + L,)i]

where K is a constant, and L, and L', are, respectively, the stator and stator referred rotor inductances.
Positive sign is for motoring operation and negative sign is for braking operation.




image15.png
When frequency is not low, (Ry/f) < 2n(L; + L',) and therefore, from (6.69)

. K(VIF?

o = £ TV D (6.70)

Equation (6.70) suggests that with a constant (V/f) ratio, motor develops a constant maximum torque,
except at low speeds (or frequencies). Motor therefore operates in constant torque mode. According to Eq.
(6.69), for low frequencies (or low speeds) due to stator resistance drop [i.e. when (Ry/f) is not negligible
compared to 2m(L, + L';)] the maximum torque will have lower value in motoring operation (-Eve sign) and
larger value in braking operation (-ve sign). This behavior is due to reduction in flux during motoring
operation and increase in flux during braking operation. When it is required that the same maximum
torque is retained at low speeds also in motoring operation, (V/f) ratio is increased at low frequencies. This
causes further increase in maximum braking torque and considerable saturation of the machine in braking
operation.
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When either V saturates or reaches rated value at base speed, it cannot be increased with frequency.
Therefore, above base speed, frequency is changed with V maintained constant. According to Eq. (6.70),
with V maintained constant, maximum torque decreases with increase in frequency (or speed).

Variation in terminal voltage with frequency is therefore as shown in Fig. 6.33(a). V is kept constant above
the base speed. Below the base speed (V/f) ratio is maintained constant, except at low frequencies where
(V/f) ratio is increased to keep maximum torque constant. Corresponding speed torque curves are shown
in Fig. 6.33(b) both for motoring and braking operations. The curves suggest that speed control and
braking operation are available from nearly zero speed to above synchronous speed.
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A given torque is obtained with a lower current when the operation at any frequency is restricted between
the synchronous speed and the maximum torque point, both for motoring and braking operations.
Therefore, the motor operation for each frequency is restricted between the synchronous speed and
maximum torque point as shown by solid lines in Fig. 6.33(b).

The Variable Frequency Control of Induction Motor Drive provides good running and transient
performance because of the following features:

1. Speed control and braking operation are available from zero speed to above base speed.

2. During transients (starting, braking and speed reversal) the operation can be carried out at the
maximum torque with reduced current giving good dynamic response.

3. Copper losses are low, and efficiency and power factor are high as the operation is restricted
between synchronous speed and maximum torque point at all frequencies.

4. Drop in speed from no load to full load is small.

The most important advantage of Variable Frequency Control of Induction Motor Drive is that it allows a
variable speed drive with above-mentioned good running and transient performance to be obtained from
a squirrel cage induction motor. The squirrel cage motor has a number of advantages over a dc moto

cheap, rugged, reliable and longer lasting. Because of the absence of commutator and brushes, it requires
practically no maintenance, it can be operated in an explosive and contaminated environment, and can be
designed for higher speeds, voltage and power ratings. It also has lower inertia, volume and weight.
Though the cost of a squirrel cage motor is much lower compared to that of a dc motor of the same rating,
the overall cost of variable frequency induction motor drives, in general are higher. But because of the
advantages listed above, variable frequency induction motor drives are preferred over dc motor drives for
most applications. In special applications requiring maintenance free operation, such as underground and
underwater installations, and also in applications involving explosive and contaminated environments, such
as in mines and chemical industry, variable frequency induction motor drives are a natural choice. They
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Block diagram of Variable Frequency Control of Induction Motor Drive scheme is shown in Fig. 6.34. The
motor is fed from a variable frequency variable voltage source (VFVS). V* and f* are voltage and frequency
commands for VFVS. Flux control block produces a voltage command V* for VFVS in order to maintain the
relationship of Fig. 6.33(a) between V* and f*. Reference frequency f* is changed to control speed. A delay
circuit is introduced between f* and fr, so that even when ft is changed by a large amount, * will change
only slowly so that motor speed can track changes in ft, thus restricting the motor operation for each
frequency between synchronous speed and the maximum torque point. VFVS can be a voltage source
inverter or a cycloconverter.
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THREE-PHASE INDUCTION MOTORS

Three-phase induction motors are of two types: squirrel-case and wound-rotor. In squirrel-cage,
the rotor consists of longitudinal conductor-bars shorted by circular connectors at the two ends
while in wound-rotor motor, the rotor also has a balanced three-phase distributed winding having

same poles as stator winding. However, in both, stator carries a three-phase balanced distributed
winding. )




