
Contents 

Preface  …(vii) 

Chapter 1: Basic of Electric Drive 
 1.1 Introduction ....................................................................................................................... 1 
 1.2 Historical Development of Electric Drive ........................................................................ 2 

1.3 Concept of Electric Drive ................................................................................................. 6 
1.4 Description of Electric Drive Elements ............................................................................ 8 

1.4.1 Power Converter ............................................................................................. 8
1.4.2 Electric Motor ............................................................................................... 11
1.4.3 Controllers .................................................................................................... 12

1.5 Salient Features of Electric Drive ................................................................................... 12 
 1.6  Classifications of Electric Drive ..................................................................................... 13 

1.6.1 Inter Relationship with Load ........................................................................ 14 
1.6.2 Type of Motor Used ...................................................................................... 15 
1.6.3 Nature of Speed Control ............................................................................... 17 
1.6.4 Nature of Speed-Torque Characteristics ....................................................... 17 

1.7 Quadrant Operation of Electric Drive ............................................................................. 18 
1.7.1 Four Quadrant Speed-Torque Diagram ........................................................ 18 
1.7.2 Quadrant Type Electric Drive ....................................................................... 19 
1.7.3 Operation of Four Quadrant Drive ................................................................ 20 

1.8 Modes of Operation of Electric Drives ........................................................................... 22 
1.8.1 Suitability of Electric Drives ........................................................................ 23 

 1.9 Performance Parameters ................................................................................................. 25 
1.9.1 Motor Performance Parameters .................................................................... 25 
1.9.2 Input Supply Parameters ............................................................................... 27

1.10  Open Loop and Closed Loop Control of Electric Drive ................................................. 27 
1.10.1 Open Loop Control ....................................................................................... 27 
1.10.2 Closed Loop Control ..................................................................................... 28

1.11    Closed Loop Speed Control Schemes .......................................................................... 29 
1.11.1 Analog Control Scheme ................................................................................ 29 
1.11.2 Digital Control Scheme ................................................................................ 31 
1.11.3 Microprocessor Based Scheme ..................................................................... 31 

1.12  Current Sensing ............................................................................................................. 34 
1.12.1 Resistor Sensing Method .............................................................................. 34 



xii| Contents 

1.12.2 Current Transformer Sensing Method .......................................................... 35 
1.12.3 Hall Effect Sensing Method .......................................................................... 36 

 1.13 Speed Sensing ................................................................................................................. 37 
1.13.1 Analog Speed Sensing .................................................................................. 37 
1.13.2 Digital Speed Sensing ................................................................................... 38 

 1.14 Position Sensing .............................................................................................................. 42 
1.14.1 Analog Position Sensing ............................................................................... 42 
1.14.2 Digital Position Sensing................................................................................ 43 

 1.15 Summary ......................................................................................................................... 49 
  References ...................................................................................................................... 50 

 Questions ........................................................................................................................ 51 

Chapter 2: Characteristics of Mechanical Loads and  
Electric Drive System 

 2.1 Introduction ..................................................................................................................... 53 
2.2 Types of Load ................................................................................................................. 54 
2.3 Components of Load Torque .......................................................................................... 54 

2.3.1 Components of Passive Torque .................................................................... 55 
2.3.2 Types of Active Torque ................................................................................ 56 

2.4 Dynamic Torque (Inertia Torque) ................................................................................... 57 
2.5 Equation of Motion ......................................................................................................... 57 
2.6 Variation of Load Torques with Speed ........................................................................... 58 
2.7 Variation of Load with Time .......................................................................................... 60 
2.8 Equivalent Drive System ................................................................................................ 62 

2.8.1 Inertia and Torque of a Rotating Load Referred to Motor Shaft .................. 62 
2.8.2 Inertia and Torque of Translational load Referred to Motor Shaft ............... 64 
2.8.3 Translational Motion of Mass Moving at Variable Speed ............................ 67 

2.9 Electric Traction Load .................................................................................................... 79 
2.9.1 Speed -Time Curve of an Electric Train ....................................................... 80 
2.9.2 Types of Services .......................................................................................... 81 
2.9.3 Calculation of Average Speed ...................................................................... 82 
2.9.4 Tractive Effort- Speed Characteristics of Electric Train  ............................. 84 
2.9.5 Assessment of Tractive Effort ...................................................................... 85 
2.9.6 Tractive Effort and Moment of Inertia Referred to Motor Shaft .................. 88 
2.9.7 Coefficient of Adhesion ................................................................................ 89 
2.9.8 Specific Energy Consumption ...................................................................... 90 

2.10 Joint Torque-speed Characteristics of Drive and Load ................................................... 96 



Contents | xiii 

2.11 Stability of Operating Point (Steady State Stability) ...................................................... 98 
2.11.1 Criterion for Steady State Stability 

  (Testing for Stable Operating Point) ............................................................. 99 
2.12 Electric Braking of Motors ........................................................................................... 103 

2.12.1 Plugging or Counter Current Braking ......................................................... 104 
2.12.2 Rheostatic or Dynamic Braking .................................................................. 106 
2.12.3 Regenerative Braking ................................................................................. 106

2.13 Electromechanical Transients in Electric Drives .......................................................... 107 
2.13.1 Motor Torque and Load Torque Constant .................................................. 109 
2.13.2 Motor Torque Varies Linearly with Speed and Load Torque Constant ..... 110 
2.13.3 Motor Torque and Load Torque Vary Linearly with Speed ....................... 112 

2.14 Measurement of Moment of Inertia of Motor and Load ............................................... 114 
2.14.1 Measurement of Moment of Inertia using Retardation Test ....................... 115 

 2.15 Summary ....................................................................................................................... 119 
  References .................................................................................................................... 121 
  Review Questions ......................................................................................................... 121 
  Practice Problems ........................................................................................................ 123 

Chapter 3: DC Motors for Drives  
 3.1 Introduction ................................................................................................................... 129 
 3.2 Basic of DC Machine .................................................................................................... 130 

3.2.1 Construction ................................................................................................ 130
3.2.2 EMF Equation ............................................................................................. 131
3.2.3 Developed Torque....................................................................................... 133
3.2.4 Magnetization Characteristic ...................................................................... 134 
3.2.5 Commutation .............................................................................................. 135
3.2.6 Armature Reaction ...................................................................................... 138
3.2.7 Classification of DC Machines ................................................................... 140 
3.2.8 Loses, Power Flow and Efficiency ............................................................. 144 

 3.3 Steady State Characteristics of DC Motors .................................................................. 147 
3.3.1 Separately Excited DC Motor and DC Shunt Motor .................................. 148 
3.3.2 DC Series Motor ......................................................................................... 149 
3.3.3 DC Compound Motor ................................................................................. 150 

3.4  Permanent Magnet DC Motors ..................................................................................... 159 
3.4.1 Permanent Magnetic Materials and their characteristics ............................ 159 
3.4.2 Operating Characteristics of PM Poles ....................................................... 162 
3.4.3 Construction of Permanent Magnet Motors ................................................ 164 
3.4.4 Speed-Torque Characteristics ..................................................................... 167 



xiv| Contents 

3.5 Starting of DC Motors .................................................................................................. 169 
3.5.1 Rheostatic Starting ...................................................................................... 170

3.6 Electric Braking of DC Motors ..................................................................................... 171 
3.6.1 Counter Current Braking of Separately Excited DC Motors and 

DC Shunt Motors ........................................................................................ 171 
3.6.2 Counter Current Braking of DC Shunt motor with Active Load ................ 175 
3.6.3 Counter Current Braking of DC Series Motor ............................................ 176 
3.6.4 Counter Current Braking of DC Series Motor with 

Reversal of Back EMF ................................................................................ 178 
3.6.5 Dynamic Braking of Separately Excited 

DC Motor and DC Shunt Motor ................................................................. 178 
3.6.6 Dynamic Braking of Separately Excited 

DC Motor with Gravitational Load ............................................................ 180 
3.6.7  Dynamic Braking of DC Series Motors ...................................................... 181 
3.6.8  Regenerative Braking of DC shunt Motors ................................................ 183 
3.6.9  Regenerative Braking of DC Series motors ................................................ 185 

3.7  Parallel Operation of DC Motors .................................................................................. 192 
3.7.1 Load Sharing Between Two Similar DC Motors ........................................ 193 
3.7.2 Uniform Load Sharing Between Two DC Shunt Motors ........................... 194 
3.7.3 Series-Parallel Control of Mechanical 

Coupled Two DC Series Motors ................................................................. 194 
3.7.4 Series Parallel Starting of Two Mechanically 

Coupled DC Series Motors ......................................................................... 199 
3.8 Electromechanical Transients in DC Motors ................................................................ 205 
3.9 Transient Analysis of Armature Controlled        

Separatelly Excited DC Motor during Starting ............................................................. 206 
3.9.1 Dynamic Model .......................................................................................... 206
3.9.2 Starting Transient Response of Motor on Load .......................................... 209 

3.10 Transient Analysis of Separately Excited DC Motor Neglecting  
 Armature Inductance .................................................................................................... 213 

3.10.1 Dynamic Model .......................................................................................... 213
3.10.2 Starting Transient Response of Motor an Load .......................................... 214 

3.11 Transient Response of Field Controlled DC Servo Motor ............................................ 216 
3.11.1 Dynamic Model .......................................................................................... 216
3.11.2 Transient Response of Speed and Position ................................................. 218 



Contents | xv 

3.12 Dynamic Response of DC Series Motor ....................................................................... 219 
3.12.1 Dynamic Model .......................................................................................... 219
3.12.2 Small Signal Dynamic Response ................................................................ 223 

3.13 Transient Analysis of Separately Excited DC 
Motor in Dynamic Braking ........................................................................................... 224 

3.14 Transient Analysis of DC Separately Excited Motor in   
Counter Current Braking and Speed Reversal .............................................................. 227 

3.15 Energy Loss in Transient Process of Separately Excited DC Motor ............................ 229 
3.15.1 Starting Process .......................................................................................... 229
3.15.2 Energy Loss in Dynamic Braking ............................................................... 232 
3.15.3 Energy loss in Counter Current Braking and Speed Reversal .................... 233 

3.16 Single Phase AC Series Motor (Universal Motor) ....................................................... 239 
3.16.1 Performance ................................................................................................ 241
3.16.2 Speed-Torque Characteristics ..................................................................... 243 
3.16.3 Comparison of Motor Speed with AC and DC Excitations ........................ 244 

3.17 Single Phase AC Series Compensated Motor ............................................................... 246 
 3.18 Summary ....................................................................................................................... 248 
  References .................................................................................................................... 250 

 Review Questions ......................................................................................................... 250 
 Practice Problems ........................................................................................................ 251 

Chapter 4: Induction Motors for Drives 
 4.1 Introduction ................................................................................................................... 257 

4.2 Basic of an Induction Machine ..................................................................................... 258 
4.2.1 Constructional Features .............................................................................. 258
4.2.2 Concept of Rotating Magnetic Field ........................................................... 259 
4.2.3 Principle of Operation ................................................................................. 261
4.2.4 Slip and Rotor Frequency ........................................................................... 261 
4.2.5 EMF Equation ............................................................................................. 262

4.3 Performance of Three Phase Induction Motor on    
Balanced Three Phase sinusoidal Voltage Supply ........................................................ 263 

4.3.1 Equivalent Circuit ....................................................................................... 263
4.3.2 Approximate Equivalent Circuit ................................................................. 266
4.3.3 Torque Equation ......................................................................................... 267
4.3.4 Slip-Torque Characteristics ........................................................................ 269
4.3.5 Power and Efficiency .................................................................................. 271 



xvi| Contents 

4.4 Performance of Three Phase Induction Motor on    
Three Phase Unbalanced Sinusoidal voltage Supply .................................................... 277 

4.4.1 Single Phasing ............................................................................................ 280
4.5 Performance of Three Phase Induction Motor on 

Three  Phase Non SinusoidalSupply ............................................................................. 283 
4.5.1 Effect of Time Harmonics on Motor Performance ..................................... 285 

4.6 Effect of Space Harmonics on Performance of Three Phase Induction Motor ............. 289 
4.7 Constant Current Operation of a Three Phase Induction Motor ................................... 299 

4.7.1 Speed- Torque – Characteristics ................................................................. 299 
4.8 Starting of Three Phase Induction Motors .................................................................... 304 
4.9 Reduced Voltage Starting ............................................................................................. 305 

4.9.1 Autotransformer Starting ............................................................................ 306
4.9.2  Star – Delta Starting ................................................................................... 306 
4.9.3 Solid State Controlled Scheme ................................................................... 308 

4.10 Increased Rotor Resistance Starting ............................................................................. 308 
4.10.1  Rotor Resistance Starting of Three Phase Slip Ring Induction Motor ....... 308 
4.10.2  High Resistance Squirrel Cage Motor ........................................................ 308 
4.10.3  Deep Bar Squirrel Cage Motor ................................................................... 309 
4.10.4  Double Cage Motor ................................................................................... 310 

4.11 Electric Braking of Three Phase Induction Motors ...................................................... 313 
4.11.1  Plugging or Counter Current Braking ......................................................... 313 
4.11.2 Counter Current Braking for Lowering Load ............................................. 315 
4.11.3 DC Dynamic Braking ................................................................................. 315
4.11.4 AC Dynamic Braking ................................................................................. 321
4.11.5 Dynamic Braking with Self Excitation ....................................................... 322 
4.11.6 Regenerative Braking ................................................................................. 322

4.12 Electro Mechanical Transients in Three Phase Induction Motors ................................ 329 
4.12.1 Starting Analysis ......................................................................................... 329
4.12.2 Dynamic Braking ........................................................................................ 331
4.12.3 Counter Current Braking (Plugging) .......................................................... 332 

 4.13 Energy Loss during Transient Conditions .................................................................... 333 
4.13.1 Starting ........................................................................................................ 333
4.13.2 Dynamic Braking ........................................................................................ 336
4.13.3 Counter Current Braking ............................................................................ 336 

4.14 Small Signal Dynamic Response of Three Phase Induction Motor .............................. 340 
4.14.1 Dynamic Model .......................................................................................... 340
4.14.2 Dynamic Response ..................................................................................... 343



Contents | xvii 

4.15 Dynamic d-q Model of Three Phase Induction Motor .................................................. 346 
4.15.1  Three Phase to Two Phase Transformation of Stator Variables ................. 348 
4.15.2 Three Phase to Two Phase Transformation of Rotor Variables .................. 351 
4.15.3  Transformation of Stator and Rotor Variables associated with 

Direct and Quadrature Axes to Arbitrary Reference Frame ....................... 352 
4.15.4  Transformation of Resistances and Flux Linkages Associated     

with q-d Axes of Stator and Rotor to Arbitrary Reference Frame .............. 355 
4.15.5 Dynamic Modelling in Arbitrary Reference Frame .................................... 356 
4.15.6 Transformation of Arbitrary Reference Frame Model to 

Other Frame Model ..................................................................................... 359 
4.16 Single Phase Induction Motors ..................................................................................... 362 

4.16.1  Principle of Operation ................................................................................. 362 
4.16.2  Equivalent Circuit ....................................................................................... 363
4.16.3 Torque, Power and Efficiency .................................................................... 364 
4.16.4 Starting of Single Phase Induction Motors ................................................. 365 
4.16.5 Classification of Single Phase Induction Motors ........................................ 366 
4.16.6 Electric Braking of Single Phase Induction Motors ................................... 372 

4.17 Two Phase AC Servomotors ......................................................................................... 374 
4.17.1 Construction and Operation ........................................................................ 374
4.17.2 Transient Response ..................................................................................... 376

4.18   Linear Induction Motors ............................................................................................... 378 
4.18.1 Constructional Features .............................................................................. 378
4.18.2 Operation .................................................................................................... 379
4.18.3 End Effects .................................................................................................. 382

 4.19 Summary ....................................................................................................................... 383 
  References .................................................................................................................... 385 

 Review Questions ......................................................................................................... 386 
 Practice Problems ........................................................................................................ 388 

Chapter 5: Synchronous Machines for Drives  
 5.1  Introduction .................................................................................................................. 391 

5.2 Basic of Three Phase Synchrounous Machine .............................................................. 392 
5.2.1 Classification .............................................................................................. 392
5.2.2 Constructional Features of Wound Field Synchronous Machine ............... 393 
5.2.3 Principle of Operation of a Synchronous Motor ......................................... 394 
5.2.4 Armature Reaction ...................................................................................... 394
5.2.5 Synchronous Reactance of Cylindrical Rotor Synchronous Machine ........ 395 
5.2.6 Synchronous Reactance of Salient Pole Synchronous Machine ................. 396 
5.2.7 Power Flow Diagram of Synchronous Motor ............................................. 397 



xviii| Contents 

5.3 Constant Voltage Operation of Non-salient Pole Synchronous Motor ......................... 398 
5.3.1 Equivalent Circuit and Phasor Diagram ..................................................... 398 
5.3.2 Steady State Torque-Angle Characteristics ................................................ 400 

5.4 Constant Voltage Operation of Salient Pole Synchronous Motor ................................ 404 
5.4.1 Equivalent Circuit and Phasor Diagram ..................................................... 404 
5.4.2 Steady State Characteristics ........................................................................ 406 

5.5 Constant Current Operation of Non-Salient Pole Synchronous Motor ......................... 408 
5.6 Effect of Changes in Excitation on a Synchronous Motor............................................ 409 
5.7 Effect of Changes in Load on a Synchronous Motor .................................................... 411 
5.8 Permanent Magnet Synchronous Motors ...................................................................... 420 

5.8.1 Constructional Features .............................................................................. 421
5.8.2 PM AC Synchronous Motor ....................................................................... 422 
5.8.3 Self Controlled PM Synchronous Motor .................................................... 423 

5.9 Starting of Synchronous Motors ................................................................................... 426 
5.9.1 Starting by External Prime Mover .............................................................. 426 
5.9.2 Starting as Squirrel Cage Induction Motor ................................................. 426 
5.9.3 Starting as Slip Ring Induction Motor ........................................................ 427 
5.9.4 Reduced Frequency Starting ....................................................................... 427 
5.9.5 Precautions .................................................................................................. 427

5.10 Electric Braking of Synchronous Motors ..................................................................... 428 
5.10.1 Plugging or Counter Current Braking ......................................................... 428 
5.10.2 Regenerative Braking ................................................................................. 428
5.10.3 DC Dynamic Braking ................................................................................. 428

5.11 Electromechanical Transients in Synchronous Motor 
(Stability of Synchronous Motor) ................................................................................. 435 

5.11.1 Dynamic Torque Equation .......................................................................... 437 
5.11.2 Dynamic Response Analysis (Dynamic Stability) ...................................... 439 
5.11.3 Transient Analysis (Transient stability) ...................................................... 443 

 5.12 Synchronous Reluctance Motor .................................................................................... 449 
5.12.1 Single Phase Synchronous Reluctance Motor ............................................ 449 
5.12.2 Three Phase Synchronous Reluctance Motor ............................................. 452 

 5.13 Hysteresis Motor ........................................................................................................... 452 
5.13.1 Construction ................................................................................................ 453
5.13.2 Principle of Operation ................................................................................. 453
5.13.3 Production of Torque .................................................................................. 453 



Contents | xix 

5.14 Dynamic d-q Modelling of Salient Pole Synchronous Motor....................................... 455 
5.14.1 Transformation of Stationary d-q Axis Variables to 

Rotor Reference Frame ............................................................................... 456 
5.14.2 Dynamic Model .......................................................................................... 457

5.15 Dynamic Modelling of Interior PM (IPM)Synchronous Motor .................................... 459 
5.16 Dynamic Modelling of Synchronous Reluctance Motor .............................................. 461 

 5.17 Summary ....................................................................................................................... 462 
  References .................................................................................................................... 464 

 Review Questions ......................................................................................................... 465 
 Practice Problems ........................................................................................................ 466 

Chapter 6: Power Rating of Electric Motors  
 6.1 Introduction ................................................................................................................... 469 

6.2 Factors Affecting Size and Rating of Electric Machines .............................................. 470 
6.2.1 Type of Insulating Material Used ............................................................... 470 
6.2.2 Type of Duty ............................................................................................... 472 
6.2.3 Rated Voltage ............................................................................................. 472
6.2.4 Rated Speed ................................................................................................ 472
6.2.5 Ventilation and Cooling .............................................................................. 472 
6.2.6 Power Electronic Based Power Supply....................................................... 473 

6.3 Thermal Model of Electric Machine ............................................................................. 473 
6.3.1 Heating of Electric Machine ....................................................................... 474 
6.3.2 Cooling of Electric Machine ....................................................................... 476 

6.4 Types of Duties of Motors ............................................................................................ 479 
6.4.1 Continuous Duty ......................................................................................... 479
6.4.2 Short Time Duty ......................................................................................... 479 
6.4.3 Intermittent Periodic Duty .......................................................................... 480 
6.4.4 Intermittent Periodic Duty with Starting ..................................................... 480 
6.4.5 Intermittent Periodic Duty with Starting and Braking ................................ 481 
6.4.6 Continuous Duty with Intermittent Periodic Loading ................................ 481 
6.4.7 Continuous Duty with Starting and Braking ............................................... 482 
6.4.8 Continuous Duty with Periodic Speed Changes ......................................... 482 

6.5 Considerations for Selection of Motor Power Rating ................................................... 483 
 6.6 Continuous Duty with Constant Loading ..................................................................... 484 

6.7 Continuous Duty with Intermittent Periodic Loading .................................................. 485 
6.7.1 Average Power Loss Method ...................................................................... 485 
6.7.2 Equivalent Current Method ........................................................................ 488 



xx| Contents 

6.7.3 Equivalent Torque Method ......................................................................... 489 
6.7.4 Equivalent Power Method .......................................................................... 490 

6.8 Short Time Duty ........................................................................................................... 491 
6.9 Intermittent Periodic Duty ............................................................................................ 492 

6.10 Permissible Frequency of Starting of Motors Per Hour on Intermittent Loads ............ 501 
 6.11 Load Equalization ......................................................................................................... 505 

6.12 Determination of Moment of Inertia of Flywheel ......................................................... 507 
6.12.1 Loads with Considerable Heavy Load Period ............................................ 507 
6.12.2 Loads with Low Heavy Load Period .......................................................... 510 

 6.13 Summary ....................................................................................................................... 513 
  References .................................................................................................................... 514 
  Review Questions ......................................................................................................... 515 

 Practice Problems ........................................................................................................ 516 

Chapter 7: Static Converter Control of DC Drives 
 7.1 Introduction ................................................................................................................... 519 

7.2 Concept of Speed Control of DC Motors ..................................................................... 520 
7.3 Speed Control of DC Separately Excited and Shunt Motors ........................................ 520 

7.3.1 Armature Resistance Control ...................................................................... 520
7.3.2 Flux Control ................................................................................................ 522
7.3.3 Armature Voltage Control .......................................................................... 523
7.3.4 Ward-leonard Control ................................................................................. 525

7.4 Speed Control of DC Series Motors ............................................................................. 527 
7.4.1 Armature Resistance Control ...................................................................... 527
7.4.2 Flux Control ................................................................................................ 528
7.4.3 Supply Voltage Control .............................................................................. 530 

7.5 Power Electronic Control of Electric Drives ................................................................ 539 
7.6 Power Electronic Converters for DC Drives ................................................................ 540 
7.7 Methods of Speed Control for DC Motors using Power Electronic Converters ........... 543 
7.8 Single Phase Half Wave Controlled Converter Control of 

 Separately Excited Dc Motor Drive .............................................................................. 544 
7.8.1 Operation .................................................................................................... 544
7.8.2 Speed- Torque Characteristics .................................................................... 545 

7.9 Single Phase Fully Controlled Converter Control of 
 Separately Excited DC Motor DRIVE .......................................................................... 553 

7.9.1 Bridge Converter Fed Separately Excited DC Motor Drive ....................... 554 
7.9.2 Converter with Centre-Tapped Transformer .............................................. 555 
7.9.3 Speed-Torque Characteristics ..................................................................... 556 



Contents | xxi 

7.10 Single Phase Half Controlled Bridge Converter Control of 
 Separately Excited DC Motor Drive ............................................................................. 562 

7.10.1 Symmetrical Bridge Configuration ............................................................. 562
7.10.2 Asymmetrical Bridge Configuration .......................................................... 564 
7.10.3 Speed Torque Characteristics ..................................................................... 564 

7.11 Three Phase Half Wave Controlled Converter Control of 
 Separately Excited DC Motor Drive ............................................................................. 574 

7.11.1 Operation .................................................................................................... 574
7.11.2 Speed Torque Characteristics ..................................................................... 575 

7.12 Three Phase Fully Controlled Bridge Converter Control of 
 Separately Excited DC Motor Drive ............................................................................. 577 

7.12.1 Operation .................................................................................................... 577
7.12.2 Speed Torque Characteristics ..................................................................... 578 

7.13 Three Phase Half Controlled Bridge Converter Control of 
 Separately Excited DC Motor Drive ............................................................................. 583 

7.13.1 Operation .................................................................................................... 583
7.13.2 Speed Torque Characteristics ..................................................................... 584 

7.14 Single Phase Fully Controlled Bridge Converter Control of 
DC Series Motor Drive ................................................................................................. 590 

7.14.1 Operation .................................................................................................... 590
7.14.2 Speed-torque Characteristics ...................................................................... 591

7.15 Single Phase Half Controlled Bridge Converter Control of DC Series Motor Drive ... 593 
7.15.1 Operation .................................................................................................... 593
7.15.2 Speed- Torque Characteristics .................................................................... 594 

7.16 One Quadrant Closed Loop Converter Control of Separately 
Excited DC Motor Drive............................................................................................... 596 

7.17 Multi-Quadrant Operation (Speed Reversal) of  
Converter Fed Separately Excited DC Motor ............................................................... 598 

7.17.1 Implementation of Regenerative Braking using 
Single Fully Fed Bridge Converter ............................................................. 598 

7.17.2 Speed Reversal of Converter Fed Separately Excited DC 
Motor Using Reversal of Armature Terminals ........................................... 599 

7.17.3 Speed Reversal of Converter Fed Separately Excited DC 
Motor Using Reversal of Field Current ...................................................... 601 

7.18 Four Quadrant Operation of Separately Excited DC Motor 
Drive using Dual Converter .......................................................................................... 603 

7.18.1 Non-Circulating Current Operation of Dual Converter .............................. 604 
7.18.2 Closed Loop Control Scheme for Dual Converter Fed Separately 

Excited DC Motor Drive with Non-circulating Current Operation ............ 605 
7.18.3 Circulating Current Operation of Dual Converter ...................................... 606 



xxii| Contents 

7.18.4 Closed Loop Control Scheme for Dual Converter Fed Separately 
Excited DC Motor Drive with Circulating Current Operation  .................. 609 

7.18.5 Dual Mode Dual Converter Control ........................................................... 610 
7.18.6 Merits and Demerits of Dual Converter Control ........................................ 610 

7.19 Problems in Controlled Converter Fed DC Motor Drives ............................................ 613 
7.20 Chopper Controlled DC Drives .................................................................................... 615 
7.21 Class A Chopper Control of Separately Excited DC Motor Drive ............................... 617 

7.21.1 Motoring Operation .................................................................................... 617
7.21.2 Speed-torque Characteristics ...................................................................... 618
7.21.3 Current Ripples in Continuous Current Conduction ................................... 622 

7.22 Regenerative Braking of Separately Excited DC Motor Drive ..................................... 626 
7.23 Motoring and Regenerative Braking Operation of Chopper of Fed Separately  

Excited DC Motor Drive............................................................................................... 628 
7.24 Four Quadrant Operation of Chopper Fed Separately Excited DC Motor Drive ......... 630 
7.25 Dynamic Braking of Chopper Fed Separately Excited DC Motor Drive ..................... 631 
7.26 Composite Regenerative and Dynamic Braking of Chopper Fed 

 Separately Excited DC Motor Drive ............................................................................. 633 
7.27 Class A Chopper Control of DC Series Motor Drive ................................................... 638 

7.27.1 Motoring Operation .................................................................................... 638
7.27.2 Speed- torque Characteristics ..................................................................... 638 

7.28 Regenerative Braking of Chopper Fed DC Series Motor Drive ................................... 639 
7.29 Dynamic Braking of Chopper Fed DC Series Motor Drive ......................................... 640 
7.30 Closed Loop Speed Control of Chopper Fed Separately Excited DC Motor Drive ..... 642 
7.31 Dynamic Response of Closed Loop Chopper Phase 

Controlled Converter Fed Separately Excited DC Motor Drive ................................... 643 
7.31.1 Transfer Functions of Different Blocks ...................................................... 644 
7.31.2 Linearized Transfer Function Block Diagram of Closed Loop System ...... 647 
7.31.3 Dynamic Response of Speed and Current for Small Change in 

Speed Reference Voltage ............................................................................ 647 
7.31.4 Dynamic Response of Speed and Current for Small 

Change in Load Torque .............................................................................. 651 
 7.32 Summary ....................................................................................................................... 660 
  References .................................................................................................................... 661 

 Review Questions ......................................................................................................... 663 
 Practice Problems ........................................................................................................ 664 



Contents | xxiii 

Chapter 8: Static Converters for AC Drives 
 8.1 Introduction ................................................................................................................... 669 
 8.2 AC Voltage Controllers ................................................................................................ 670 

8.2.1 Single Phase Full Wave AC Voltage Controller Feeding R-L Load .......... 670 
8.2.2 Three Phase Full Wave AC Voltage Controller Feeding 

Star Connected Load ................................................................................... 673 
 8.3 Cycloconverters ............................................................................................................ 676 

8.3.1 Principle of Operation ................................................................................. 677
8.3.2 Three Phase Half Wave Cycloconverter ..................................................... 680 
8.3.3 Three Phase Full Wave Cycloconverter ..................................................... 681 
8.3.4 Input and Output Performance Parameters of 

Three Phase to Three Pulse Cycloconverter ............................................... 681 
 8.4 Bridge Inverters ............................................................................................................ 686 

8.5 Single Phase Full Wave Voltage Source Inverter ......................................................... 687 
 8.6 Three Phase Voltage Source Inverter ........................................................................... 690 

8.6.1 120° Mode of Operation ............................................................................. 691 
8.6.2 180° Mode of Operation ............................................................................. 694 

8.7 Single Phase Current Source Inverter ........................................................................... 698 
8.8 Three Phase Self Commutating Current Source Inverter ............................................. 700 
8.9 Three Phase Auto-Sequentially Commutated Current Source Inverter ........................ 702 

8.10 Pulse width Modulation Switching Schemes ................................................................ 705 
8.11 Single Pulse Width Modulation .................................................................................... 705 
8.12 Multiple Pulse Width Modulation ................................................................................ 707 

 8.13 Sinusoidal Pulse Width Modulation ............................................................................. 712 
8.13.1 SPWM for Three Phase Voltage Source Inverter ....................................... 717 

8.14 Selected Harmonics Elimination PWM (SHE PWM) .................................................. 719 
8.15 Trapezoidal Pulse Width Modulation ........................................................................... 723 
8.16 Current Controlled Pulse Width Modulation ................................................................ 724 

8.16.1 Hysteresis Band (Variable Frequency) Current Controlled PWM ............. 724 
8.16.2 Constant Frequency Current Controlled PWM ........................................... 726 

8.17 Space Vector Pulse Width Modulation ......................................................................... 728 
8.17.1 Concept of Space Vector ............................................................................ 728 
8.17.2 Generation of Switching Pattern ................................................................. 732 
8.17.3 Evaluation of Space Voltage Vector ........................................................... 732 
8.17.4 Determination of Switching Time .............................................................. 734 
8.17.5 Determination of Line Voltages ................................................................. 738 
8.17.6 Determination of Sector .............................................................................. 740 
8.17.7 Inverter Capacity Utilization with Linear Modulation ............................... 741 



xxiv| Contents 

 8.18 PWM Converters .......................................................................................................... 742 
8.18.1 Rectifier and Inverter operation of 

Single Phase Voltage Source Line Side PWM Converter .......................... 742 
8.18.2 Three Phase Voltage Source Line Side PWM Converter ........................... 746 
8.18.3 Three Phase Voltage Source Load End PWM Converter ........................... 747 
8.18.4 Three Phase Current Source PWM Inverter ............................................... 749 

 8.19 Summary ....................................................................................................................... 750 
  References .................................................................................................................... 752 

 Review Questions ......................................................................................................... 752 
 Practice Problems ........................................................................................................ 753 

Chapter 9: Static Converter Control of Induction Motor Drives 
 9.1  Introduction .................................................................................................................. 755 

9.2 Concept of Speed Control ............................................................................................. 756 
9.3 Pole Changing Control ................................................................................................. 757 
9.4 Stator Voltage Control .................................................................................................. 759 

9.4.1 Constant Torque Load ................................................................................ 760 
9.4.2 Fan Type Load ............................................................................................ 761 
9.4.3 Stator Voltage Control using Three Phase Ac Voltage Controller ............. 762 
9.4.4 Closed Loop Control ................................................................................... 765

9.5 Speed Control of Single Phase Induction Motor .......................................................... 766 
9.6  Concept of Variable Frequency Control ....................................................................... 771 

9.6.1 Constant V/F Control .................................................................................. 773 
9.6.2 Constant Voltage Variable Frequency Control ........................................... 775 

9.7 Voltage Source Inverter Based Control Schemes ......................................................... 776 
9.8 Open Loop Constant V/F Voltage Source Inverter Control of 

Three Phase Induction Motor Drive Including ISRS Compensation ............................ 778 
9.9 Four Quadrant Operation Including Regerative and Dynamic Braking of 

Three Phase Induction Motor Drive ............................................................................. 779 
9.10 Closed Loop VSI Based Constant V/F Control of 

Three Phase Induction, Motor Drive ............................................................................ 781 
9.11 Controlled Slip Operation ............................................................................................. 782 

9.11.1 Constant Torque Operation: (Constant Slip Operation) ............................. 783 
9.11.2 Constant Power Operation .......................................................................... 784 
9.11.3 DC Series Motor Type Operation ............................................................... 785 

9.12 Closed Loop Constant V/F Control of Induction Motor Drive  
with Speed Regulation .................................................................................................. 787 

9.13 Voltage Source PWM Inverter Control of Three Phase Induction Motor Drive .......... 796 



Contents | xxv 

9.14 Four Quadrant Operation of Three Phase Induction Motor Drive 
Using Double Sided Voltage Source PWM Converters ............................................... 798 

9.15 Current Source Inverter Control of Induction Motor Drive .......................................... 801 
9.15.1 Control Schemes  ........................................................................................ 801

9.16 Closed Loop CSI Controlled Three Phase Induction Motor 
Drive with Slip Regulation ........................................................................................... 804 

9.17 Comparison between VSI and CSI Fed Drives ............................................................. 806 
9.18 Four Quadrant Operation of Three Phase Induction Motor Drive 

Using Double Sided Current Source PWM Converters ................................................ 806 
9.19 Cycloconverter Control of Squirrel Cage Induction Motor Drive ................................ 808 
9.20 Concept of Vector Control of Three Phase Induction Motor Drive ............................. 811 

9.20.1 Necessity of Vector Control ....................................................................... 811 
9.20.2 Principle of Vector Control ......................................................................... 813 
9.20.3 Methods of Vector Control ......................................................................... 815 
9.20.4 Inverters for Vector Control ....................................................................... 816 

9.21 Direct Vector Control of Three Phase Induction Motor Drive ..................................... 817 
9.21.1 Stator Voltage Based Model ....................................................................... 819 
9.21.2 Stator Currents and Speed Based Model .................................................... 821 
9.21.3 Induced EMF Based Model ........................................................................ 823 

9.22 Indirect Vector Control ................................................................................................. 824 
9.22.1 Indirect Vector Control Scheme of  

Three Phase Induction Motor Drive ........................................................... 827 
9.22.2 Steady State Operation ................................................................................ 830
9.22.3 Dynamic Response ..................................................................................... 831

9.23 Direct Torque Control of Three Phase Induction Motor Drive .................................... 834 
9.24 Classical Direct Torque and Flux Control of Three Phase Induction Motor Drive ...... 835 

9.24.1 Three Phase Voltage Source Inverter ......................................................... 837 
9.24.2 Stator q-d Voltage and Current Calculations .............................................. 838 
9.24.3 Stator Flux Estimation ................................................................................ 839 
9.24.4 Torque Estimation ...................................................................................... 839
9.24.5 Hysteresis Controllers ................................................................................. 841
9.24.6 Direct Flux and Torque Control .................................................................. 841 
9.24.7 Voltage-Space Vector Plane ....................................................................... 842 
9.24.8  Selection of Optimum Voltage Vector ...................................................... 844 

9.25 Direct Torque and Flux Control of Three Phase Induction Motor Drive  
using Space Vector Modulation .................................................................................... 846 

9.26 Rotor Resistance Control of Three Phase Wound Rotor Induction Motor Drive ......... 848 
9.26.1 Concept of Rotor Resistance Control ......................................................... 848 



xxvi| Contents 

9.26.2 Static Rotor Resistance Control .................................................................. 850 
9.26.3 AC Equivalent Circuit ................................................................................ 851 
9.26.4 Closed Loop Control ................................................................................... 855

9.27 Concept Slip Power Control in Three Phase Wound Rotor 
Induction Motor Drives ................................................................................................ 860 

9.28 Static Kramer Drive using Separately Excited DC Motor ............................................ 863 
9.29 Static Kramer Drive using Commutator Less DC Motor ............................................. 865 

 9.30 Static Sub-synchronous Scherhius Drive ...................................................................... 866 
9.30.1 Operation .................................................................................................... 866
9.30.2 Speed-Torque Characteristics ..................................................................... 867 
9.30.3 Closed Loop Control ................................................................................... 871

 9.31 Static Super-Synchronous Scherbius Drive .................................................................. 872 
 9.32 Cycloconverter Controlled Static Scherbus Drive ........................................................ 873 

9.33 Applications of Cycloconverter in Variable Speed Constant Frequency (VSCF) 
 Power Generation ......................................................................................................... 874 

9.33.1 VSCF Power Generation Using Squirrel Cage Induction 
Machine and Cyclo converter ..................................................................... 874 

9.33.2 VSCF Power Generation Using Wound Induction 
Machine and Cycloconverter ...................................................................... 875 

 9.34 Summary ....................................................................................................................... 881 
  References .................................................................................................................... 882 
  Review Questions ......................................................................................................... 884 
  Practice Problems ........................................................................................................ 885 

Chapter 10: Static Converter Control of Synchronous Motor Drives 
 10.1  Introduction .................................................................................................................. 889 
 10.2 Classification of Speed Control .................................................................................... 890 

10.3 Voltage Source Inverter (VSI) Control of 
Three Phase Sycnhronous Motor Drive (Natural Mode of Operation) ......................... 892 

10.3.1 Open Loop PWM VSI Control of PM Synchronous Motor Drive ............. 894 
10.3.2 Self Control of PWM VSI Fed Three Phase PM  

Synchronous Motor Drive (Controlled Current Operation) ........................ 896 
10.4 Load Commutated Inverter (LCI) Fed Wound Rotor Three Phase 

 Synchronous Motor Drive ............................................................................................ 909 
10.4.1  Torque Equation ......................................................................................... 912
10.4.2 Control of Drive .......................................................................................... 913 
10.4.3 Closed Loop Control of LCI Fed Synchronous Motor Drive with 

Constant Margin Angle Control ................................................................. 918 



Contents | xxvii 

10.5 Cycloconverter Control of Synchronous Motor Drive ................................................. 920 
10.6 Vector Control of Three Phase PM SynchronousMotor Drive ..................................... 922 

10.6.1 Constant Torque Control of SPM Synchronous Motor Drive .................... 922 
10.6.2 Vector Control of IPM Synchronous Motor with Field Weakening ........... 927 

10.7 Direct Torque and Flux Control (DTC) of Three Phase     
PM Synchronous Motor Drive ...................................................................................... 934 

10.7.1 Basic Principle of Direct Torque and Flux Control .................................... 934 
10.7.2 Stator q-d Voltage and Current Calculations .............................................. 936 
10.7.3 Torque Estimation ...................................................................................... 936
10.7.4 Flux Estimation ........................................................................................... 937
10.7.5 Voltage Space Vector Plane ....................................................................... 938 
10.7.6 Hysteresis Controllers ................................................................................. 938
10.7.7 Look up Table ............................................................................................. 939
10.7.8 Direct Flux and Torque Control .................................................................. 939 

10.8 Three Phase Full Wave Trapezoidal SPM Synchronous Motor Drive  
(BLDC Motor Drive) .................................................................................................... 941 

10.8.1 Inverter Controlled Drive Operation ........................................................... 942 
10.8.2 Speed-Torque Characteristics ..................................................................... 946 
10.8.3 Rotor Position Sensing................................................................................ 948 
10.8.4 Dynamic Modelling .................................................................................... 949
10.8.5 Advantages and Disadvantages .................................................................. 951 
10.8.6 Applications ................................................................................................ 951

10.9 Three Phase Half Bridge Trapezoidal SPM Synchronous Motor Drive ....................... 951 
 10.10 Summary ....................................................................................................................... 953 
  References .................................................................................................................... 954 
  Review Questions ......................................................................................................... 955 

 Practice Problems ........................................................................................................ 957 

Chapter 11: Variable Reluctance Motor and Stepper Motor Drives 
 11.1 Introduction ................................................................................................................... 961 
 11.2 Stepper Motors .............................................................................................................. 962 

11.2.1 Steady State Characteristics ........................................................................ 964 
11.2.2 Torque-Pulse Rate (Frequency) Characteristics ......................................... 964 

11.3 Variable Reluctance (VR) Stepper Motor drives .......................................................... 966 
11.3.1 Single Stack Variable Reluctance Stepper Motor ....................................... 966 
11.3.2 Multi Stack Variable Reluctance Stepper Motor ........................................ 967 
11.3.3 Permanent Magnet Stepper Motor .............................................................. 969 
11.3.4 Hybrid Stepping Motor ............................................................................... 971 
11.3.5 Merits and Demerits of Stepper Motors ...................................................... 972 
11.3.6 Applications ................................................................................................ 973



xxviii| Contents 

11.4 Driver Circuits for Stepper Motors ............................................................................... 973 
11.4.1 Driver Circuit for VR Stepper Motors ........................................................ 974 
11.4.2 Driver Circuit for Permanent Magnet and Hybrid Stepper Motors ............ 975 

11.5 Switched Reluctance Motor Drive ................................................................................ 978 
11.5.1 Structure ...................................................................................................... 978
11.5.2 Classification .............................................................................................. 979
11.5.3 Principle of Operation ................................................................................. 979

11.6 Variation of Stator Inductance with Rotor Position and Torque Production ................ 981 
11.6.1 Single Phase Waveform .............................................................................. 981 
11.6.2 Three Phase Waveforms ............................................................................. 982

11.7 Equivalent Circuit of Switched Reluctance Motor ....................................................... 984 
11.8 Torque Equation for Switched Reluctance Motor ........................................................ 985 
11.9 Pulse Operation of Switched Reluctance Motor Drive ................................................. 987 

11.9.1 Constant Torque Control ............................................................................ 987 
11.9.2 Constant Power Control .............................................................................. 989 

 11.10 Sensor less Rotor Position Sensing ............................................................................... 991 
 11.11 Power Converters for Switched Reluctance Motors ..................................................... 994 

11.11.1 Asymmetric Power Converter .................................................................... 994 
11.11.2 Miller Power Converter  ............................................................................. 995 
11.11.3 C-Dump Power Converter .......................................................................... 995 

 11.12 Closed Loop Control of Switched Reluctance Motor Drive ......................................... 996 
 11.13 Merits and Demerits of Switched Reluctance Motors .................................................. 998 
 11.14 Applications .................................................................................................................. 998 
 11.15 Summary ..................................................................................................................... 1001 
  References .................................................................................................................. 1002 
  Review Questions ....................................................................................................... 1003 
  Practice Problems ...................................................................................................... 1004 

Chapter 12: Photovoltaic Power Drives 
 12.1 Introduction ................................................................................................................. 1007 
 12.2 Terminology ............................................................................................................... 1008 

12.3 Classification of Photo-Voltaic Cell ........................................................................... 1009 
12.4 Basic of Photo-Voltaic Cell ........................................................................................ 1012 

12.4.1 Construction .............................................................................................. 1012
12.4.2 Operation and V-I Characteristics ............................................................ 1013 
12.4.3 Equivalent Circuit ..................................................................................... 1014
12.4.4 Power of Photo-Voltaic Cell ..................................................................... 1016 

 12.5 Series-Parallel Connections of PV Cells..................................................................... 1017 



Contents | xxix 

12.6 PV Module, PV Panel and PV Array .......................................................................... 1018 
12.7 Optimum Operating Point of PV Generator ............................................................... 1020 

 12.8 Photovoltaic Generator Driving Pump Motors ........................................................... 1023 
12.9 Types of Water Pumps ................................................................................................ 1024 

 12.10 PV Generator Fed DC Motor Pump Drives ................................................................ 1025 
12.10.1 Low Voltage PM DC Motor-Pump Drive ................................................ 1026 
12.10.2 DC Series Motor Pump Drive ................................................................... 1029 

 12.11 PV Generator Fed Three Phase Induction Motor Pump Drive ................................... 1030 
 12.12 PV Generator Fed Brushless DC Motor Pump Drive ................................................. 1033 
 12.13 PV Generator Fed Switched Reluctance Motor-Pump Drive ..................................... 1035 
 12.14 Composite PV Generator –Battery Power Source for Pump Drive ............................ 1036 
 12.15 Summary ..................................................................................................................... 1037 
  References .................................................................................................................. 1038 

 Review Questions ....................................................................................................... 1039 

Chapter 13: Electromagnetic Controllers for Electric Motors 
 13.1 Introduction ................................................................................................................. 1041 
 13.2 Contactors ................................................................................................................... 1042 
 13.3 Relays ......................................................................................................................... 1043 

13.3.1 Electromagnetic Relays ............................................................................ 1043
13.3.2 Static Relays ............................................................................................. 1044
13.3.3 Time Delay Electromechanical Relays ..................................................... 1046 
13.3.4 Overload Relays ........................................................................................ 1046

 13.4 Limit Switches ............................................................................................................ 1049 
 13.5 Micro Switches ........................................................................................................... 1050 
 13.6 Push Buttons ............................................................................................................... 1051 

13.7 Protection of Power Circuit ........................................................................................ 1051 
13.7.1 Short Circuit Protection ............................................................................ 1051
13.7.2 Overload Protection .................................................................................. 1053
13.7.3 Under Voltage Protection ......................................................................... 1054 

 13.8 Schematic Diagram ..................................................................................................... 1054 
 13.9 Electromagnetic Starters for DC Motors .................................................................... 1055 

13.9.1 Counter EMF Starter for DC Shunt Motor ............................................... 1056 
13.9.2 Definite Time Limit Starter for DC Shunt Motor ..................................... 1058 

 13.10 Electromagnetic Starters for Three Phase Induction Motors ...................................... 1059 
13.10.1 Direct on Line (DOL) Starter forSmall Three Phase Squirrel 

Cage Induction Motor ............................................................................... 1059 



xxx| Contents 

13.10.2 Direct on Line (DOL) starter with Counter Current Braking and 
Speed Reversal for Three Phase Squirrel Cage Induction Motor ............. 1060 

13.10.3 Auto Transformer Starter for Three Phase  
Squirrel Cage Induction Motor ................................................................. 1063 

13.10.4 Star Delta Starter for Three Phase Squirrel Cage Induction Motor .......... 1065 
13.10.5 Slip Ring Induction Motor Starter with Current Limit Control ................ 1067 

 13.11 Programmable Logic Controllers ................................................................................ 1068 
13.11.1 PLC Structure ........................................................................................... 1070
13.11.2 Programming of Programmable Logic Controllers .................................. 1072 
13.11.3 Development of Ladder Diagram ............................................................. 1072 
13.11.4 Program Execution ................................................................................... 1074
1311.5 Logics ....................................................................................................... 1075

13.11.6 Instructions ............................................................................................... 1079
 13.12 Applications of PLC for Starting Electric Motors ...................................................... 1082 

13.12.1 PLC Based DOL Starter for Starting and Speed Reversal of 
Three Phase Squirrel Cage Induction Motor ............................................ 1082 

13.12.2 PLC Based Auto Transformer Starter for  
Three Phase Induction Motor ................................................................... 1084 

13.12.3 PLC Based Star-Delta Starter for Three Phase Induction Motor .............. 1086 
13.12.4 PLC Based Definite Time Limit Starter for DC Shunt Motor .................. 1087 

 13.13 Summary ..................................................................................................................... 1089 
 References .................................................................................................................. 1089 
 Review Questions ....................................................................................................... 1090 

Chapter 14: Electric Drives for Particular Industrial Applications 
 14.1 Introduction ................................................................................................................. 1093 

14.2 Principal Factors Affecting Choice of Electric Drive ................................................. 1094 
 14.3 Electric Traction ......................................................................................................... 1098 

14.3.1 Desirable Characteristics of Traction Motors ........................................... 1099 
14.3.2 Motors in Traction Service ....................................................................... 1101 

14.4 Control of Traction Drives .......................................................................................... 1103 
14.4.1 Dc Traction Drives.................................................................................... 1104 
14.4.2 AC Traction Drives ................................................................................... 1109 
14.4.3 Electric Drives for Metro Trains in India ................................................. 1114 

 14.5 Cranes ......................................................................................................................... 1115 
14.5.1 Requirements for Drive ............................................................................ 1115 
14.5.2 Three Phase Squirrel Cage Induction Motor Drive: ................................. 1117 
14.5.3 Three Phase Slip Ring Induction Motor Drive ......................................... 1119 



Contents | xxxi 

14.6 Steel Mill Processes .................................................................................................... 1120 
14.6.1 Hot Rolling ............................................................................................... 1121
14.6.2  Cold Rolling .............................................................................................. 1124
14.6.3 Drives Used .............................................................................................. 1127

14.7 Paper Mill Processes ................................................................................................... 1128 
14.7.1 Pulp Manufacturing and Processing ......................................................... 1129 
14.7.2 Paper Making Process ............................................................................... 1129 

14.8 Textile Mill Processes ................................................................................................. 1134 
14.8.1 Blowing ..................................................................................................... 1135
14.8.2 Carding ..................................................................................................... 1135
14.8.3 Drawing .................................................................................................... 1135
14.8.4 Roving ....................................................................................................... 1136
14.8.5 Spinning .................................................................................................... 1136
14.8.6 Weaving .................................................................................................... 1136

14.9 Cement Mill Processes ............................................................................................... 1137 
14.9.1 Cement Manufacturing Process ................................................................ 1137 
14.9.2 Drive Used ................................................................................................ 1139 

 14.10 Coal Mining ................................................................................................................ 1143 
14.10.1 Selection of Drives ................................................................................... 1144 
14.10.2 Coal Transportation .................................................................................. 1145
14.10.3 Auxiliaries ................................................................................................. 1146
14.10.4 Precautions in Coal Mining ...................................................................... 1146 
14.10.5 Coal Hoisting to Ground ........................................................................... 1147 

 14.11 Pumps and Compressors in Petrochemical Industry ................................................... 1151 
14.11.1 Pumps ....................................................................................................... 1151
14.11.2 Compressors ............................................................................................. 1154

 14.12 Elevators ..................................................................................................................... 1156 
14.12.1 Drives Used .............................................................................................. 1158

 14.13 Summary ..................................................................................................................... 1159 
  References .................................................................................................................. 1160 

Review Questions ....................................................................................................... 1161 

Objective Questions ............................................................................................................... 1163 




