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UNIT-I 

Fundamentals of Electric Drives 
 

 Introduction  
 

Drive: Drive is a system which supplies mechanical energy for motion control.  

 

Electric Drive: An electric drive is a system that converts electrical energy to mechanical energy.  

 

Applications of Electric Drives:  

1. Transportation Systems  

2. Rolling Mills  

3. Paper Mills  

4. Textile Mills  

5. Machine Tools  

6. Fans and Pumps  

7. Robots  

8. Washing Machines etc.  

 

Block Diagram of Electric Drive:  
 

 
 

Sources:  

 Mostly Single and Three phase 50Hz supply is used base on the power requirements.  

 When 50Hz Supply is used, maximum of 3000 RPM can only be obtained. For increased speed, 

higher frequency supply is required.  

 For low and medium power ratings: 400V used.  

 For Higher power ratings: 3.3kV, 6.6kV, 11kV and higher voltages are used.  
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 Some drives are powered from battery and even solar powered drives are also used. But these 

drives are not economical and having restrictions.  

 Type of motor used is independent of the supply available.  

 

Power Modulator:  

 The switches within the converter are controlled by the modulator which determines which 

switches should be on, and for what time interval, normally on a micro-second timescale. An 

example is the Pulse Width Modulator that realizes a required pulse width at a given carrier 

frequency of a few kHz.  

 The power modulators are classified as follows:  

Converters  
i. AC to DC Converters – Variable DC Voltage  

ii. AC Voltage Regulators – Variable AC Voltage  

iii. Choppers – Variable DC Voltage  

iv. Inverters  

 Stepped wave inverter – Variable Frequency Fixed Voltage  

 PWM Inverter – Variable Frequency Variable Voltage  

v. Cycloconverters – Variable Frequency and Variable Voltage  

Variable impedances: Variable resistors are commonly used for the control and dynamic 

breaking of low cost AC and DC drives. In high power applications, liquid rheostats are 

employed to get stepless variation of resistance. Two step (full and zero) inductors are employed 

for limiting starting current of AC motors.  

Switching Circuits:  

 Switching operations are performed by high power electromagnetic relays. Now a day, thyrister 

switches are used.  

 Switching operations are required for the following:  

i. For changing motor connections to change its quadrant of operation  

ii. For changing motor circuit parameters in discrete steps for automatic starting and braking 

control  

iii. For operating motors and drives according to predetermined sequence  

iv. To provide interlocking to prevent maloperation and  

v. To disconnect motor when abnormal operating conditions occur.  

 

Control Unit:  

 Controls for a power modulator are provided in the control unit.  

 The control unit, typically a digital signal processor (DSP), or micro-controller contains a number 

of software based control loops which control, for example, the currents in the converter and 

machine.  

 In addition torque, speed and shaft angle control loops may be present within this module. Shown 

in the diagram are the various sensor signals which form the key inputs to the controller together 

with a number of user set-points (not shown in the diagram). The output of the controller is a set 

of control parameters which are used by the modulator.  

 

Motors:  
DC Motors:  

 Shunt, series, compound and permanent magnet motors  

 

Induction motors:  

 Squirrel cage, slip ring and linear induction motors  
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Synchronous Motors:  

 Wound field and permanent magnet motors  

For variable speed operations, DC motors are preferred. The development of solid state devices helps to 

use AC motors in variable speed applications. 

  

Because of numerous advantages of AC motors, AC drives have succeeded DC drives in a number of 

variable speed applications.  

 

Advantages of Electric Drives:  
1. They have flexible control characteristics.  

2. They are available in wide range of torque, speed and power.  

3. Electric motors have high efficiency, low no load losses and considerable short time overloading 

capacity.  

4. They are adoptable to almost any operating conditions such as explosive environment, submerged, 

vertical mountings and so on.  

5. They do not pollute the environment.  

6. Can operate in all the four quadrants of speed torque plane.  

7. They can be started instantly and can immediately be fully loaded.  

 

 Choice of Electrical drives  
 

Selection of electrical drive depends on number of factors such as,  

1. Steady state operation requirements:  

 Nature of speed torque characteristics  

 Speed regulation  

 Speed range  

 Efficiency  

 Duty cycle  

 Quadrants of operation  

 Ratings  

2. Transient operation requirements:  

 Acceleration and deceleration  

 Starting  

 Braking and reversing performance  

3. Requirements related to the source:  

 Types and capacity of the source  

 Magnitude of voltage  

 Voltage fluctuations  

 Power factor  

 Harmonics and effect on other loads  

4. Capital, running and maintenance needs, life.  

5. Space and weight restrictions if any.  

6. Environment and location.  

7. Reliability.  

 

Status of AC and DC drives:  
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 Previously induction and synchronous motors were only preferred for constant speed and DC 

motors were dominated in variable speed applications.  

 

 The development of thyristors in 1960s brought the induction motor widely in to variable speed 

applications with increased efficiency and equivalent performance compared to DC drives. It was 

expected that the efficient induction motor may occupy the place of DC drives in variable speed 

applications.  

 But the expectation prohibited by the following reasons:  

i. The cost of converters and controllers made the induction motor drive expensive than those of DC 

drive.  

ii. The control technology of DC drives was well established than the new technology of AC drives.  

iii. AC drives were not reliable than DC drives.  

iv. Implementation of the developed digital and VLSI design were helpful in improving the performance 

of AC drive and the same led to improvements in DC drives.  

 Use of recent developments in power electronics have resulted into reduction in cost, simplified 

controller, increased efficiency and reliable performance of AC drives.  

 Even now-a-days, in between widely used variable speed DC drives, induction motors are used in 

low to high power ranges and synchronous motor drives are used in medium and very high power 

applications.  

 The permanent magnet synchronous motors (PMSM) and brushless DC (BLDC) motors are 

replacing DC servomotors for fractional HP range.  

 

 Torque Speed Characteristics of Electrical Motors  
 

 The main advantage of electrical drives is that their wide range of speed variation. They are 

explained below:  

 

 Synchronous or Reluctance motor:  

o They exhibit constant speed characteristics as shown in curve I.  

o At steady state conditions, these motors operate at constant speed irrespective of the value of 

load torque.  

 DC Shunt/Separately excited motor:  
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o The characteristic curve II shows that the speed is slightly reduced when the load torque 

increases.  

 DC Series Motor:  

o The speed is high at light load and low at heavy loading condition as shown in the curve III.  

 Induction Motors:  

o They exhibit complex characteristics as shown in curve IV.  

o During steady state, they operate at the linear proportion of speed torque characteristic, which 

resembles the characteristic of a DC shunt motor.  

o The maximum developed torque of induction motors is limited to Tmax.  

 In electric drive applications, the selection of the motor should match with the required 

performance of the loads. For example, the synchronous motor is probably the best option for the 

constant speed applications. Other motors, such as induction or DC shunt motors can also be used 

in constant speed applications, provided that feedback circuits are used to compensate for the 

change in speed when load torque changes.  

 

 

 

 Multiquardrant Operation and Speed torque conventions  
 

Consider the sign conventions of torque and speed. Motor speed is considered +ve when rotating 

in the forward direction. In load involving up-and-down motions, the speed of motor which causes 

upward motion is considered forward motion. Then the rotation in opposite direction gives reverse speed 

which is assigned the negative sign.  

 

Positive motor torque is defined as the torque which produces acceleration or the positive rate of 

change of speed in forward direction. According to the torque equation. Positive load torque is opposite 

in direction to the positive motor torque. Motor torque is considered negative if it produces declaration.  

 

A motor operates in two modes-motoring and braking. In motoring, it converts electrical energy 

to mechanical energy, which supports its motion.  

In braking, it works as a generator converting mechanical energy to electrical energy, and thus 

opposes the motion motor can provide motoring and braking operations for both forward and reverse 

directions.  

 

The figure shows the torque and speed coordinates for both forward (+ve) and reverse (-ve) 

motions. Power developed by a motor is given by the product of speed and torque.  

 

In Quadrant I: Developed power is +ve. Hence so operation in Quadrant I is called forward 

motoring in quadrant II power is –ve. Hence machine works under braking opposing the motion. So it is 

known as forward braking. Similarly operations in quadrant III and IV can be identified as reverse 

motoring and braking respectively.  

 

Example of Four quadrant operation:  

 

Operation of a hoist:  

 

Take the directions of motor and load torques, and direction of speed are marked by arrows. 
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A hoist consists of a rope wound on a drum coupled to the motor shaft. One end of the rope is tied 

to a cage which is used to transport material from one level to another level. Other end of a rope has a 

counter weight. Weight of the counter weight is chosen to be higher than the weight of an empty cage but 

lower than of a fully loaded cage.  

 

Forward direction of motor speed will be one which gives upward motion of the cage.  

 

In the N- characteristic, the load torque has been shown to be constant and independent of speed 

(Friction of windage negligible compared to gravity). Gravitational torque does not change its sign even 

when the direction of driving motor is reversed. Load torque line TL1 in quadrants I and IV represents 

speed torque characteristics for the loaded hoist. This torque is the difference of torques due to loaded 

hoist and counter weight.  

 

Load torque line TL2 in quadrants II and III is the speed torque characteristic for an empty hoist. 

This torque is the difference of torques due to counter weight and the empty hoist. Its sign is negative 

because the weight of a counter weight is always higher than that of an empty cage.  

 

The quadrant I operation of a hoist requires the movement of the cage upward. Which 

corresponds to the positive motor speed which is in anticlockwise direction here.  

 

This motion will be obtained if the motor produces +ve torque in anti clockwise direction equal to 

the magnitude of load torque TL1. Since developed motor power is positive, this is forward motoring 

operation. 

 

The quadrant - IV operation is obtained when a loaded age is lowered. Since the weight of a loaded cage 

is higher than that of a counter weight it is able to come down due to the gravity itself. In order to limit 



Power Semi Conductor Drives    

Mr. T. PAPI NAIDU, Assistant Professor, EEE, LIET 

the speed of the cage within a safe value, motor must produce a +ve torque equal to L2 in anti clockwise 

direction. As both power and speed are negative, drive is operating in reverse braking.  

 

The quadrant II operation is obtained when an empty cage is moved up. Since a counter weight is 

heavier than an empty cage, it is able to pull it up. In order to limit the speed with in a safe value, motor 

must produce a braking equal to L2 in clockwise (negative) direction. Since speed is +ve and developed 

power is –ve, it is forward braking operation. Operation in quadrant III is obtained when an empty cage 

is lowered. Since an empty cage has a lesser weight than a counter weight, the motor should produce a 

torque in clockwise direction. Since speed is –ve and developed power positive, this is reverse motoring 

operation. 

 

 Electric braking  
 

Whenever an electric dive is disconnected from the supply, the speed of the motor gradually 

decreases and becomes zero. Sometimes this natural braking may not be satisfactory. So we will provide 

a braking torque by artificial means - by mechanical brakes or electro dynamically.  

 

Electric braking is employed for two purposes, 1) Braking while bringing the drive to rest and 

braking while lowering loads. In the first type, the device absorbs the kinetic energy of the moving parts 

and in the second it absorbs kinetic energy, potential energy and usually gravitational, which can drive 

the system at an excessively high speed.  

 

Braking may be employed for:  

i) Reducing the time taken to stop  

ii) Stopping exactly at specified points.  

iii) Controlling the speed at which the load comes down  

iv) Feeding power back to the supply  

 

Disadvantages of Mechanical braking  
1. Frequent maintenance  

2. Replacement of brake shoes  

2. Lower Life  

4. Braking power is always wasted as heat  

 

 

Electrical Braking:  
The disadvantages in mechanical braking are overcome by the electrical braking. In electrical 

braking the motor works as a generator developing a negative torque which opposes the motion. Even 

when electrical braking is employed, the mechanical brakes may also be provided to ensure reliable 

operation of the drive. Mechanical brakes are also employed to hold the drive at stand still because many 

braking methods are not able to produce torque at stand-still. Acceleration and deceleration modes are 

transient operations. Drive operates in acceleration mode whenever an increase in its speed is required. 

For this motor speed- Torque curve must be changed so that motor torque exceeds the load torque. Time 

taken for a given change in speed depends on inertia of motor. Load system and the amount by which 

motor torque exceeds the load torque.  

 

Braking is of the three types:  

1. Regenerative  

2. Dynamic or rheostat  

3. Plugging or reverse voltage 
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Power Semi Conductor Drives    

Mr. T. PAPI NAIDU, Assistant Professor, EEE, LIET 
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 Plugging  
 

For plugging, the supply voltage of separately excited motor is reversed so that it assists the back emf in 

forcing armature current in reverse direction. A resistance RB is also connected in series with armature to 

limit the current. For plugging of a series motor armature along is reversed. Speed torque characteristics 

can be calculated from the below equations. 

 
 

 

 A particular case of plugging for motor rotation in reverse direction arises, when a motor connected for 

forward motoring, is driven by an active load in the reverse direction.  

Here again back emf and applied voltage act in the same direction. However the direction of T remains 

positive. This type of situation arises in crave and hoist applications and the braking is then called 

counter torque braking.  

 

Figure  

 

 

Plugging gives fast braking due to high average torque even with one section of braking resistance RB. 

close to zero speed. Centrifugal switches are employed to disconnect the supply. Plugging is highly 

inefficient because in addition to the generated power, the power supplied by the source is also wasted in 

resistances. 
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 In regenerative braking, generated energy is supplied to the source. The condition to happen this is  

 

E > V and negative Ia.  

 

Field flux can’t be increased substantially beyond rated because of saturation. Therefore according to the 

equations 
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1. For a source of fixed voltage of a rated value regenerative braking is possible only for speeds higher 

than rated  

2. With variable voltage source it is also possible below rated speeds.  

The speed torque characteristics can be calculated from the above equations and are shown in fig. 

for a separately excited motor. In series motor as speed increases, armature current, and therefore, flux 

decreases consequently condition of equation (2) cannot achieved. Thus regenerative braking is not 

possible.  

 

The regenerative braking is possible only when there are loads connected to the line and they are 

in need of power more are equal to the regenerated power. Because in actual supply system when the 

machine regenerates its terminal voltage rises. Consequently the regenerated power flows in to the loads 

connected to the supply and the source is relieved from supplying this much amount of power.  

 

When the capacity of the load is less than the regenerated power, all the regenerated power will 

not be absorbed by the loads. The remaining power will be supplied to capacitors in line and the line 

voltage will rise to dangerous values leading to insulation breakdown. Alternatively an arrangement is 

made to divert the excess power to a resistance bank where it is dissipated as heat. Such a braking is 

known as composite braking because  it is a combination of regenerative braking the generated energy 

can be stored in the battery. 
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UNIT-II 
 

Three Phase Converter Controlled DC Motors 
 

Controlled rectifier fed dc drives  
 

Controlled rectifiers are used to get variable dc voltage from an ac source of fixed voltage. These 

are also known as static word-leonard drives. As thyristors are capable of conducting current n 

only one direction, all these rectifiers are capable of providing current only in one direction.  

 
Input: Fixed voltage, fixed frequency ac power supply.  

 

Output: Variable dc output voltage 

 

 Rectifiers of (a) and (c) provide control dc voltage in either direction and therefore allow 

motor control in quadrants I and IV. They are known as fully controlled rectifiers. Rectifiers of 

(b) and (d) are called half controlled rectifiers as they allow dc voltage control only in one 

direction and motor control in quadrant I only. For low power applications (up to 10Kw) single 

phase rectifier drives are employed. For high power applications, three phase rectifier drives are 

used exception is mode in traction where 1- drives are employed for large power ratings. 
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Power Semi Conductor Drives 

Mr. T. PAPI NAIDU, Assistant Professor, EEE, LIET 
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Single –phase fully controlled rectifier control of dc separately excited motor 
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 Drive Analysis: Assume that the load is motor load and converter is Ideal converter 
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 Operation of drive in I quadrant only is represented by the circuit in fig (3)a 
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Speed-Torque Equations:  
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Unit-III 

Control of Dc Motors by DC-DC Converters (Type C & Type D) 
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UNIT 6 
 

Introduction 
 

An induction or asynchronous motor is an AC electric motor in which the electric current 

in the rotor needed to produce torque is induced by electromagnetic induction from the magnetic 

field of the stator winding. An induction motor therefore does not require mechanical commutation, 

separate-excitation or self-excitation for all or part of the energy transferred from stator to rotor, as in 

universal, DC and synchronous motors. An induction motor's rotor can be either wound type or 

squirrel-cage type. 

 

 
Fig a: Induction motor   Fig b: Induction motor squirrel cage (early model) 

 

 
 Three-phase squirrel-cage induction motors are widely used in industrial drives because they 

are rugged, reliable and economical. Single-phase induction motors are used extensively for smaller 

loads, such as household appliances like fans. Although traditionally used in fixed-speed service, 

induction motors are increasingly being used with variable-frequency drives (VFDs) in variable-

speed service. VFDs offer especially important energy savings opportunities for existing and 

prospective induction motors in variable-torque centrifugal fan, pump and compressor load 

applications. Squirrel cage induction motors are very widely used in both fixed-speed and VFD 

applications. 

 

 An AC motor's synchronous speed,  , is the rotation rate of the stator's magnetic field, which is 

expressed in revolutions per minute as 
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. 

 

Where is stator electrical speed, is rotor mechanical speed Slip, which varies from zero at 

synchronous speed and 1 when the rotor is at rest, determines the motor's torque. Since the short-

circuited rotor windings have small resistance, a small slip induces a large current in the rotor and 

produces large torque. At full rated load, slip varies from more than 5% for small or special purpose 

motors to less than 1% for large motors. These speed variations can cause load-sharing problems 

when differently sized motors are mechanically connected. Various methods are available to reduce 

slip, VFDs often offering the best solution.  

 

We have seen the speed torque characteristic of the machine. In the stable region of operation 

in the motoring mode, the curve is rather steep and goes from zero torque at synchronous speed to the 

stall torque at a value of slip s. Normally s may be such that stall torque is about three times that of 

the rated operating torque of the machine, and hence may be about 0.3 or less. This means that in the 

entire loading range of the machine, the speed change is quite small. The machine speed is quite stiff 

with respect to load changes. The entire speed variation is only in the range Ns to (1 − s) Ns, ns being 

dependent on supply frequency and number of poles.  

 

The foregoing discussion shows that the induction machine, when operating from mains is 

essentially a constant speed machine. Many industrial drives, typically for fan or pump applications, 

have typically constant speed requirements and hence the induction machine is ideally suited for 

these. However, the induction machine, especially the squirrel cage type,is quite rugged and has a 

simple construction. Therefore it is good candidate for variable speed applications if it can be 

achieved.  

 
Speed control by changing applied stator voltage  
 

From the torque equation of the induction machine given in eqn.17, we can see that the 

torque depends on the square of the applied voltage. The variation of speed torque curves with 

respect to the applied voltage is shown in fig. 27. These curves show that the slip at maximum torque 

ˆs remains same, while the value of stall torque comes down with decrease in applied voltage. The 

speed range for stable operation remains the same.  

 
Further, we also note that the starting torque is also lower at lower voltages. Thus, even if a 

given voltage level is sufficient for achieving the running torque, the machine may not start. This 

method of trying to control the speed is best suited for loads that require very little starting torque, 

but their torque requirement may increase with speed. 
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Figure also shows a load torque characteristic — one that is typical of a fan type of load. In a 

fan (blower) type of load, the variation of torque with speed is such that T =KN2. Here one can see 

that it may be possible to run the motor to lower speeds within the range ns to (1 − S)Ns. Further, 

since the load torque at zero speed is zero, the machine can start even at reduced voltages. This will 

not be possible with constant torque type of loads.  
One may note that if the applied voltage is reduced, the voltage across the magnetizing branch also 

comes down. This in turn means that the magnetizing current and hence flux level are reduced. 

Reduction in the flux level in the machine impairs torque production. 

 

Fig. Speed-torque curves: voltage variation 

 

However, the machine is running under lightly loaded conditions, and then operating under 

rated flux levels is not required. Under such conditions, reduction in magnetizing current improves 

the power factor of operation. Some amount of energy saving may also be achieved.  

Voltage control may achieved by adding series resistors (a lossy, inefficient proposition), or a series 

inductor / autotransformer (a bulky solution) or a more modern solution using semiconductor 

devices. A typical solid state circuit used for this purpose is the AC voltage controller or AC chopper. 

Another use of voltage control is in the so-called ‘soft-start’ of the machine. 
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Operation of three phase AC regulator 
 

Otherwise see the circuit with thyristors below 

 

 
 The circuit of a three-phase, three-wire ac regulator (termed as ac to ac voltage converter) 

with balanced resistive (star-connected) load is shown in Fig. 1. It may be noted that the resistance 

connected in all three phases are equal. Two thyristors connected back to back are used per phase, 

thus needing a total of six thyristors. Please note the numbering scheme, which is same as that used 

in a three-phase full-wave bridge converter or inverter, described in module 2 or 5.  

 

The thyristors are fired in sequence (Fig.2), starting from 1 in ascending order, with the angle 

between the triggering of thyristors 1 & 2 being 60° (one-sixth of the time period (T) of a complete 

cycle). The line frequency is 50 Hz, with T=1/f=20ms. The thyristors are fired or triggered after a 

delay of a from the natural commutation point. The natural commutation point is the starting of a 

cycle with period, (60°=T/6) of output voltage waveform, if six thyristors are replaced by diodes. 

Note that the output voltage is similar to phase-controlled waveform for a converter, with the 

difference that it is an ac waveform in this case.  

 

The current flow is bidirectional, with the current in one direction in the positive half, and 

then, in other (opposite) direction in the negative half. So, two thyristors connected back to back are 

needed in each phase. The turning off of a thyristor occurs, if its current falls to zero. To turn the 

thyristor on, the anode voltage must be higher that the cathode voltage, and also, a triggering signal 

must be applied at its gate.  

 
The waveforms of the input voltages, the conduction angles of thyristors and the output 

voltage of one phase, for firing delay angles (a) of (a) and (b) are shown in Fig. 2. For 0°= a = 60° 

(Π/6), immediately before triggering of thyristor 1, two thyristors (5 & 6) conduct. Once thyristor 1 is 

triggered, three thyristors (1, 5 & 6) conduct. As stated earlier, a thyristor turns off, when the current 

through it goes to zero. The conditions alternate between two and three conducting thyristors. 
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At any time only two thyristors conduct for 60°.= a = 90°. Although two thyristors conduct at any time 

for 90° = a = 150° , there are periods, when no thyristors are on. For a =150°, there is no period for which 

two thyristors are on, and the output voltage becomes zero at a=150°(5Π/6). The range of delay angle is 

0°=a=150°. 
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Topologies of three phase AC voltage controller 
 

Various topologies of are given below 
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 Introduction  
 

A variable-frequency drive (VFD) (also termed adjustable-frequency drive, variable-speed 

drive, AC drive, micro drive or inverter drive) is a type of adjustable-speed drive used in electro-

mechanical drive systems to control AC motor speed and torque by varying motor input frequency 

and voltage.  

VFDs are used in applications ranging from small appliances to the largest of mine mill 

drives and compressors. However, about a third of the world's electrical energy is consumed by 

electric motors in fixed-speed centrifugal pump, fan and compressor applications and VFDs' global 

market penetration for all applications is still relatively small. This highlights especially significant 

energy efficiency improvement opportunities for retrofitted and new VFD installations.  

Over the last four decades, power electronics technology has reduced VFD cost and size and 

improved performance through advances in semiconductor switching devices, drive topologies, 

simulation and control techniques, and control hardware and software.  

VFDs are available in a number of different low and medium voltage AC-AC and DC-AC 

topologies. 

 

 Stator frequency control  
 

The expression for the synchronous speed indicates that by changing the stator frequency 

also it can be changed. This can be achieved by using power electronic circuits called inverters which 

convert dc to ac of desired frequency. Depending on the type of control scheme of the inverter, the ac 

generated may be variable-frequency-fixed-amplitude or variable-frequency variable-amplitude type. 

Power electronic control achieves smooth variation of voltage and frequency of the ac output. This 

when fed to the machine is capable of running at a controlled speed. However, consider the equation 

for the induced emf in the induction machine.  

V = 4.44Nff Technology Madras 
 
Where N is the number of the turns per phase, is the peak flux in the air gap and f is the frequency. 

Note that in order to reduce the speed, frequency has to be reduced. If the frequency is reduced while 

the voltage is kept constant, thereby requiring the amplitude of induced emf to remain the same, flux 
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has to increase. This is not advisable since the machine likely to enter deep saturation. If this is to be 

avoided, then flux level must be maintained constant which implies that voltage must be reduced 

along with frequency. The ratio is held constant in order to maintain the flux level for maximum 

torque capability  

Actually it a voltage across the magnetizing branch of the exact equivalent circuit that must 

be maintained constant, for it is that which determines the induced emf. Under conditions where the 

stator voltage drop is negligible compared the applied voltage, eqn. is valid  

In this mode of operation, the voltage across the magnetizing inductance in the ’exact’ 

equivalent circuit reduces in amplitude with reduction in frequency and so does the inductive 

reactance. This implies that the current through the inductance and the flux in the machine remains 

constant. The speed torque characteristics at any frequency may be estimated as before. There is one 

curve for every excitation frequency considered corresponding to every value of synchronous speed. 

The curves are shown below. It may be seen that the maximum torque remains constant.  

This may be seen mathematically as follows. If E is the voltage across the magnetizing branch and f 

is the frequency of excitation, then E = kf, where k is the constant of proportionality. If ω = 2pf, the 

developed torque is given by 
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If this equation is differentiated with respect to s and equated to zero to find the slip at 

maximum torque sm, we get .The maximum torque is obtained by substituting this 

value into torque eqn. 

Equation shows that this maximum value is independent of the frequency. Further sω is 

independent of frequency. This means that the maximum torque always occurs at a speed lower than 

synchronous speed by a fixed difference, independent of frequency. The overall effect is an apparent 

shift of the torque-speed characteristic as shown in fig.  

 

Though this is the aim, E is an internal voltage which is not accessible. It is only the terminal 

voltage V which we have access to and can control. For a fixed V, E changes with operating slip 

(rotor branch impedance changes) and further due to the stator impedance drop. Thus if we 

approximate E/f as V/f, the resulting torque-speed characteristic shown in fig is far from desirable. 
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At low frequencies and hence low voltages the curves show a considerable reduction in peak 

torque. At low frequencies (and hence at low voltages) the drop across the stator impedance 

prevents sufficient voltage availability. Therefore, in order to maintain sufficient torque at low 

frequencies, a voltage more than proportional needs to be given at low speeds 

 

 
Fig. Torque-speed curves with V/f constant 

 
Another component of compensation that needs to be given is due to operating slip. With 

these two components, therefore, the ratio of applied voltage to frequency is not a constant but is a 

curve such as that shown in fig.  

With this kind of control, it is possible to get a good starting torque and steady state 

performance. However, under dynamic conditions, this control is insufficient. Advanced control 

techniques such as field- oriented control (vector control) or direct torque control (DTC) are 

necessary. 
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 PWM control  
 

While all variable frequency drives (VFDs) control the speed of an AC induction motor by 
varying the motor's supplied voltage and frequency of power, they all do not use the same designs in 
doing so. There are three major VFD designs commonly used today: pulse width modulation (PWM), 
current source inverter (CSI), and voltage source inverter (VSI). Recently, the flux vector drive also 
has become popular.  

 
Let's compare these technologies.  
 

PWM design 
  

The PWM drive has become the most commonly used drive controller because it works well 
with motors ranging in size from about 1/2 hp to 500 hp. A significant reason for its popularity is that 
it's highly reliable, affordable and reflects the least amount of harmonics back into its power source. 
Most units are rated either 230V or 460V, 3-phase, and provide output frequencies from about 2 Hz 
to 400 Hz. Nearly 100 manufacturers market the PWM controller. A typical controller is shown in the 
photo.  

As shown in Fig. 1, an AC line supply voltage is brought into the input section. From here, 
the AC voltage passes into a converter section that uses a diode bridge converter and large DC 
capacitors to create and maintain a stable, fixed DC bus voltage. The DC voltage passes into the 
inverter section usually furnished with insulated gate bipolar transistors (IGBTs), which regulate both 
voltage and frequency to the motor to produce a near sine wave like output.  

 
The term "pulse width modulation" explains how each transition of the alternating voltage 

output is actually a series of short pulses of varying widths. By varying the width of the pulses in 
each half cycle, the average power produced has a sine-like output. The number of transitions from 
positive to negative per second determines the actual frequency to the motor.  
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Switching speeds of the IGBTs in a PWM drive can range from 2 KHz to 15 KHz. Today's 
newer PWM designs use power IGBTs, which operate at these higher frequencies. By having more 
pulses in every half cycle, the motor whine associated with VFD applications is reduced because the 
motor windings are now oscillating at a frequency beyond the spectrum of human hearing. Also, the 
current wave shape to the motor is smoothed out as current spikes are removed. Fig. 2 (on page 56) 
shows the voltage and current waveform outputs from a PWM drive.  

 
PWMs have the following advantages.  

* Excellent input power factor due to fixed DC bus voltage.  
* No motor cogging normally found with six-step inverters.  
* Highest efficiencies: 92% to 96%.  
* Compatibility with multimotor applications.  
* Ability to ride through a 3 to 5 Hz power loss.  
* Lower initial cost.  
The following are disadvantages, however, that you should also consider.  
* Motor heating and insulation breakdown in some applications due to high frequency switching of 
transistors.  
* Non-regenerative operation.  
* Line-side power harmonics (depending on the application and size of the drive). 
 

 

 Comparison of CSI and VSI drives  

CSI fed drive:  
As shown in Fig, the incoming power source to the CSI design is converted to DC voltage in an SCR 

converter section, which regulates the incoming power and produces a variable DC bus voltage. This 

voltage is regulated by the firing of the SCRs as needed to maintain the proper volt/hertz ratio. SCRs 

are also used in the inverter section to produce the variable frequency output to the motor. CSI drives 

are inherently current regulating and require a large internal inductor to operate, as well as a motor 

load. 

 
 
 CSIs have the following advantages.  

* Reliability due to inherent current limiting operation.  

* Regenerative power capability.  

* Simple circuitry.  

The following are disadvantages, however, in the use of CSI technology.  

* Large power harmonic generation back into power source.  

* Cogging below 6 Hz due to square wave output.  

* Use of large and costly inductor.  

* HV spikes to motor windings.  

* Load dependent; poor for multimotor applications.  
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* Poor input power factor due to SCR converter section 

 

VSI fed drive: 
 

 
 
As shown in Fig. 4, the VSI drive is very similar to a CSI drive in that it also uses an SCR converter 

section to regulate DC bus voltage. Its inverter section produces a six-step output, but is not a current 

regulator like the CSI drive. This drive is considered a voltage regulator and uses transistors, SCRs or 

gate turn off thyristors (GTOs) to generate an adjustable frequency output to the motor.  

VSIs have the following advantages.  

* Basic simplicity in design.  

* Applicable to multimotor operations.  

* Operation not load dependent.  

As with the other types of drives, there are disadvantages.  

* Large power harmonic generation back into the power source.  

* Poor input power factor due to SCR converter section.  

* Cogging below 6 Hz due to square wave output.  

* Non-regenerative operation. 

 

 

 A cycloconverter fed Induction motor  

A cycloconverter (CCV) or a cycloinverter converts a constant voltage, constant frequency 

AC waveform to another AC waveform of a lower frequency by synthesizing the output waveform 

from segments of the AC supply without an intermediate DC link .There are two main types of 

CCVs, circulating current type or blocking mode type, most commercial high power products being 

of the blocking mode type.  

 

Whereas phase-controlled SCR switching devices can be used throughout the range of CCVs, 

low cost, low-power TRIAC-based CCVs are inherently reserved for resistive load applications. The 

amplitude and frequency of converters' output voltage are both variable. The output to input 

frequency ratio of a three-phase CCV must be less than about one-third for circulating current mode 

CCVs or one-half for blocking mode CCVs.  
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Cycloconveter fed induction motor drive is shown below 

 

 
 
 

 Closed loop control  

An implementation of the constant volts/Hz control strategy for the inverter-fed induction 

motor in close loop is shown in Figure 34.14. The frequency command is enforced in the inverter and 

the corresponding dc link voltage is controlled through the front-end converter. 
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 An outer speed PI control loop in the induction motor drive, shown in Figure computes the 

frequency and voltage set points for the inverter and the converter respectively. The limiter ensures 

that the slip-speed command is within the maximum allowable slip speed of the induction motor. The 

slip-speed command is added to electrical rotor speed to obtain the stator frequency command. 

Thereafter, the stator frequency command is processed in an open-loop drive. K is the constant of 

proportionality between the dc load voltage and the stator frequency. 
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UNIT 5 
CONTROL OF INDUCTION MOTOR-ROTOR SIDE 

 
In a wound-field induction motor the slip rings allow easy recovery of the slip power which 

can be electronically controlled to control the speed of the motor.  

The oldest and simplest technique to invoke this slip-power recovery induction motor speed control 

is to mechanically vary the rotor resistance.  

Slip-power recovery drives are used in the following applications:  
Large-capacity pumps and fan drives  

Variable-speed wind energy systems  

Shipboard VSCF (variable-speed/constant frequency) systems  

Variable speed hydro-pumps/generators  

Utility system flywheel energy storage systems  

 

Speed Control by Rotor Rheostat  
Recall that the torque-slip equation for an induction motor is given by:  

 

 
From this equation it is clear that the torque-slip curves are dependent on the rotor resistance Rr. The 

curves for different rotor resistances are shown on the next slide for four different rotor resistances 

(R1-R4) with R4>R3>R2>R1 
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With R1=0, i.e. slip rings shorted, speed is determined by rated load torque (pt. A). As Rr increases, 

curve becomes flatter leading to lower speed until speed becomes zero for Rr >R4.  

Although this approach is very simple, it is also very inefficient because the slip energy is wasted in 

the rotor resistance.  

Static Rotor Resistance control  
An electronic chopper implementation is also possible as shown below but is equally inefficient. 
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Fig. Static rotor resistance control  

 
Where Ir is rotor phase current  

The AC voltage induced in the rotor circuit is rectified and given to the parallel combination of 

the resistance R and the switching transistor Tr.  

The effective value of the resistance R can be changed by the duty ratio of the transistor, which 

in turn varies the rotor circuit resistance.  

The inductance Ld is added to reduce the harmonics and discontinuity in the dc link current Id.  

The rotor current is shown in fig without ripple. The rms rotor current will be  

 

 
Resistance between A and B will be zero when transistor is ON and it will be R when it is OFF. 

Therefore, the average value of resistance between the terminals is given by  

 

 

where is the duty ratio of the transistor.  

 
Power consumed by RAB is given by,  
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Static Kramer Drive 

 
 The static Kramer drive scheme is as shown below 

 

 

  

 Rotor power is converted in to DC by a diode bridge as shown in figure. The DC power now 

fed to dc motor mechanically coupled with the induction motor.  

 Torque supplied to the motor is the sum of torque developed by the induction motor and dc 

motor.  

 Speed control can be obtained by controlling field current of DC motor.  

 Speed control is possible from synchronous speed to around half of synchronous speed. 

When larger speed range is required, Diode Bridge is replaced by a thyristor bridge.  

 The relationship between Vd1 and speed can be altered by controlling firing angle of 

thyristor rectifier. Speed can now be controlled up to standstill.  

 

Field control with Diode Bridge and Thyristor Bridge is shown in figure below 
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Static Scherbius drive 

 

 Scherbius Drive: 
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 Simple representation of the schematic is as shown below 

 

 

 The slip power is dissipated in the external resistance and leads to poor efficiency of the 

drive.  

 The slip frequency power is converted to DC voltage – converted to line frequency. That 

frequency is pumped back to the ac source.  

 The inductor smoothens the ripples in the rectified DC voltage.  

 The phase controlled bridge1 with a firing angle less than 900 is allowed to function as a 

controlled rectifier and bridge 2 with a firing angle more than 900 is allowed to function as a 

line commutated inverter which offers subsynchronous motor control.  

 The power flow is from Rotor Bridge 1 to bridge 2 – transformer – AC supply.  

 If bridge 1 is made to work as a line commutated inverter with a firing angle of more than 

900 and bridge 2 as a controlled rectifier with a firing angle less than 900. It offers super 

synchronous motor control power flow is from ac supply-transformer-bridge 2 – bridge 1 – 

rotor circuit – motor becomes doubly fed motor in this mode.  

 Near synchronous speed, slip frequency emfs are insufficient for natural commutation of 

thyristors.  

 The difficulty can be overcome using forced commutation.  

 

The voltage Vd is proportional to slip, s and the current Id is proportional to torque. At a particular 

speed, the inverter’s firing angle can be decreased to decrease the voltage VI. This will increase Id 

and thus the torque. A simplified torque-speed expression for this implementation is developed next  

Voltage Vd (neglecting stator and rotor voltage drops) is given by 

 

Where s=per unit slip, VL= stator line voltage and n1=stator-to-rotor turns ratio. The inverter dc 

voltage VI is given by: 
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Where n2=transformer turns ratio (line side to inverter side) and =inverter firing angle.  

For inverter operation In steady state Vd=VI (neglecting ESR loss in inductor) 

 

The rotor speed  is given by 

 

if n1=n2  

Thus rotor speed can be controlled by controlling inverter firing angle . 

 

The below figure shows the torque-speed curves at different inverter angles. 
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UNIT-6 

CONTROL OF SYNCHRONOUS MOTORS 

 Although synchronous motors, in general, are more expensive, synchronous machines have 

higher efficiency (with less cooling needs), particularly PM machines, which can make the life-cycle 

cost of the drives less depending on electricity costs. Again, the converter rating is lower with a near-

unity power factor.  

 

With the present trend toward decreasing costs for NdFeB magnets, the cost of PM machines 

is expected to decrease substantially in the future. With the leading power factor control of WFSMs, 

a low-cost thyristor load-commutated inverter is even more economical than a traditional PWM 

inverter. Of course, an additional converter is needed for field current control of WFSM drives. For 

true speed tracking in multiple-motor textile mill drives, for example, PM synchronous motors (or 

SyRM) are essential. Another disadvantage is that an absolute position sensor is essential in most of 

the drives. Both induction (cage) and PM synchronous machines are brushless (also commutatorless).  

With vector control, the drives behave like separately excited dc motor drives, but the trapezoidal PM 

machines with their position sensor controlled inverters are the most similar to separately excited dc 

motors (often called brushless dc motors or BLDMs). There is one potentially serious problem with 

synchronous machine drives. If there is a converter fault, a large nonsinusoidal fault current in the 

stator due to excitation CEMF can cause dangerous pulsating torque that can also cause a mechanical 

resonance problem. For WFSMs, the excitation should be deenergized quickly by tripping the field 

circuit and inserting a load resistance.  

 

Classification of Synchronous drives  

 
The general classification of synchronous motor drives is similar to the classification of 

induction motor drives. However, there are some differences because of the features of this type of 

machine, as discussed in the previous figure. The most commonly used are the voltage-fed PWM 

inverter drives, which require a variable-frequency, variable-voltage power supply at the machine 

terminal. This class of drives is available in power ranges from FHP to multi-megawatts. Permanent 

magnet machines have constant field excitation unlike that of WFSMs. 

However, excitation can be controlled from the stator side by the inverter. The method of 

control is somewhat different for different types of machines. Switched reluctance motors are not 

really synchronous machines. However, they are included here for convenience. Both PWM and 

square-wave current-fed inverters are possible, but the former is hardly used. Large WFSMs are 

most commonly used with load-commutated thyristor inverters because the machines can operate 

at leading power factor with controllable excitation. In fact, multistepped (more than six steps) two-

sided converter systems are possibly the largest drives in use today. In this case, the line-side 

multistep ping is done by multilinking transformers, but the machine side often uses multiphase 

winding instead of a separate transformer (discussed in Chapter 5). High-power cycloconverters and 
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LCI drives have been used in ship propulsion. The recent trend is to replace cycloconverters with 

two-sided voltage-fed multilevel PWM converters. 

 

 

 

Self control of Synchronous Motor drive 
 

The principle of self-control in a synchronous machine and its analogy with a PM (or 

separately excited) dc machine is explained here. In fact, an induction motor vector drive is also a 

self-controlled machine, and its analogy with a dc machine for a vector controlled drive.  

 
Consider the sinusoidal SPM machine, where the voltage-fed PWM inverter generates 

variable-frequency, variable-voltage current-controlled power to the three-phase stator winding of the 

machine. The machine is self-controlled in the sense that a shaft-mounted absolute position sensor is 

generating the basic control signal of the inverter. 
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The flux linkage phasor diagram is shown on the Fig; compare this with the dc motor phasor 

diagram. The sinusoidal  wave by PM is shown as the reference phasor, and it is aligned with the 

saw tooth  wave so that the inverter frequency and phase are Self-controlled synchronous 

machines have a number of advantages for which they are so popularly used in industry.  
Basically, they emulate dc motors, maintaining their stability and fast response characteristics. At the 

same time, the disadvantages that arise from their commutators and brushes—such as maintenance 

and reliability problems, sparking, limitations of speed and power ratings, limitation of transient 

current capability, difficult operation in corrosive and explosive environments, limitation of altitude, 

and EMI problems—are eliminated. Lower rotor inertia is a special advantage in servo-type drives. 

Self-controlled machines are often defined as inside-out machines, electronically commutated motors 

(ECMs), or brushless dc motors (BLDMs or BLDCs). A BLDM can be more expensive than a dc 
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motor because of the extra cost of the inverter and position encoder, although the machine itself is 

somewhat cheaper. 

 

 

Separate control of Synchronous Motor drive 
 

Essentially, two control techniques are used in synchronous motor drives. One is the simple 

open-loop volts/Hz control shown in this figure, and the other is self-control mode, which will be 

described later. In volts/Hz control, the motor frequency is controlled independently and the machine 

speed follows the frequency (zero slip). This is extremely important for parallel machines for which 

precision speed tracking is essential, such as in fiber-spinning mills. Either PM machines or 

synchronous reluctance machines can be used. The machine is usually provided with damper 

winding to prevent a hunting or oscillatory response. 

 

 The control method is similar to that of an induction motor drive with volts/Hz control. 

Single or three-phase line power is rectified to dc, filtered by an L-C or C filter, and then converted to 

a variable-frequency, variable-voltage supply by the inverter. The frequency is commanded and the 

voltage is slaved with it proportionately (with initial offset) so that the stator flux remains constant. A 

dynamic brake is shown in the dc link that absorbs the braking power. Instead of a voltage-fed 

inverter, a cycloconverter has also been used in a large single-machine drive. It is the simplest 

control scheme for synchronous motor drives. 

 

Fig. Synchronous motor drive 
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Load commutated Synchronous Motor drive 
 

A Load Commutated Inverter or LCI is a variable speed drive system used to control the 

speed of a generator during startup. LCI drives are robust and very reliable, which often leads to an 

oversight in routine maintenance of this equipment. 

 

 Load commutated inverter (LCI)-based synchronous motor drives have been traditionally 

used in very high power applications such as pumps, compressors and fans drives. The merits of the 

load commutated inverter based system are resulted from the fact that since it employs converter 

grade thyristors and utilizes natural commutation of the thyristors. it provides simplicity, robustness, 

cost effectiveness, and very low switching losses.. Moreover, because it has the current source 

inverter (CSI) topology, it has inherent advantages of CSI. 

1) Short-circuit protection, the output current being limited by the regulated dc-link current,  

2) High converter reliability, due to the unidirectional nature of the switches and the inherent short-

circuit protection.  

 

3) Instantaneous and continuous regenerative capabilities due to all these features, a number of 

researches have been conducted in the last two decades, to control the load commutated inverter 

based induction motor drive and improve its performance, especially in medium to high power 

applications.  


