ELECTRIC
DRIVES

lon Boldea
Fellow | EEE

University Politehnica
Timisoara, Romania

S. A. Nasar

Life Fellow IEEE
University of Kentucky
Lexington, KY

CRC Press
Boca Raton London New York Washington, D.C.



CONTENTS

Preface

1. ENERGY CONVERSION IN ELECTRIC DRIVES 1
11.  Electric drives— a definition 1
12.  Application range of electric drives 2
13.  Energy savings pays off rapidly 4
14. Global energy savings through PEC drives 5
15. Motor/ mechanical load match 7
15.1. Typica load torque /speed curves 7
16. Motion/time profile match 8
17. Load dynamics and stability 11
18 Multiquadrant operation 16
19.  Summary 17
1.10. Problems , 18
. Selected references 19
2. ELECTRIC MOTORS FORDRIVES 21
2.1. Electric drives— atypical configuration 21
2.2.  Electric motors for drives 22
2.3. D.c. brush motors 23
2.4. Conventiona a.c. motors 24
2.5. Power electronic converter dependent motors 26
2.6. Summary 28
Selected references 29
3. POWER ELECTRONIC CONVERTERS (PECs) FOR DRIVES 31
3.1. Power electronic switches (PESS) 31

3.2.  Theline frequency diode rectifier for constant d.c. output
voltage V4 34
3.3.  Line current harmonics with diode rectifiers 36
3.4. Current commutation with Iy =ct. and Lg* O 39
3.5. Three phase diode rectifiers 40
3.6. Phase controlled rectifiers (a.c.-d.c. converters) 43
3.7. D.c. - d.c. converters (choppers) 45
3.8. D.c. - ac. converters (inverters) 46
3.9. Direct ac.-ac. converters 49
3.10. Summary 50
3.11. Problems 51
Selected references 52
4. D.C. BRUSH MOTOR DRIVES 53
4.1. Basictopologies 53
4.2.  The motion induced voltage (em.f.) 55
4.3. Performance equations - d-q model 56

4.4. Steady state motor characteristics 57



45. D.c. brush motor losses 58

4.6. Varyingthe speed 61
4.7. Transient operation for constant flux 64
4.8. P.M. brush motor transients 66
4.9. Transient operation for variable flux 68
4.10. Speed / excitation transfer function 69
4.11. Thed.c. brush series motor 70
4.12. Summary 72
4.13. Problems 72
Selected references 73
CONTROLLED RECTIFIER D.C. BRUSH MOTORDRIVES 75
5.1. Introduction 75
52. Performance indices 76
5.3. Single PES controlled rectifier 78
5.4. The single-phase semiconverter 80
5.5. The single-phase full converter 83
5.6. The three-phase semiconverter 86
5.7. The three-phase full converter - motor side 88
5.8. The three-phase full converter - source-side aspects 91
5.9. Thedual converter - four-quadrant operation A
5.10. Summary 96
5.11. Problems 96
Selected references 98
CHOPPER-CONTROLLED D.C. BRUSH MOTORDRIVES 99
6.1. Introduction 99
6.2. The first quadrant (step-down) chopper 103
6.3. The second quadrant (step-up) chopper for
generator braking 105
6.4. The two-quadrant chopper 107
6.5. The four-quadrant chopper 110
6.6. Theinput filter 113
6.7. Digital simulation through Matlab-Simulink 116
6.8. Summary 118
6.9. Additional problems 119
Selected references 120
CLOSED LOOPMOTION CONTROL INELECTRICDRIVES 121
7.1.  Introduction 121
7.2.  The cascaded motion control >
7.2.1. Thetorque loop 122
7.2.2. The speed loop 124
7.2.3. Digital position control 125
7.2.4. Positioning precision 128
7.3. State-space mation control 129

7.4. Toraue Derturbation observers 131



7.5.
7.6.
1.7.
7.8.
7.9.
7.10.

7.11.
7.12.

Path tracking

Force control

Sliding-mode motion control

Motion control by fuzzy systems
Motion control through neural networks
Neuro-fuzzy networks

7.10.1. Applications of neural networks
Summary

Problems

Selected references
INDUCTION MOTORS FOR DRIVES

8.1.
8.2.
8.3.
8.4.
8.5.
8.6.
8.7.
8.8.
8.9.
8.10.

8.11.

8.12.
8.13.

8.14.
8.15.
8.16.
8.17.
8.18.

8.19.

8.20.

8.21.

The stator and its traveling field

The cage and wound rotors are equivalent

Slot shaping depends on application and power level
The inductance matrix

Reducing the rotor to stator

The phase coordinate model goesto 8" order

The space-phasor model

The space-phasor diagram for electrical transients
Electrical transients with flux linkages as variables
Complex eigen-values for electrical transients
Electrical transients for constant rotor flux
Steady state: it isD.C. in synchronous coordinates
No-load ideal speed may go under or over
conventional value oo,

Motoring, generating, a.c. braking

D.c. braking: zero braking torque at zero speed
Speed control methods

V /f| torque/speed curves

Only for constant rotor flux torque/speed curves
are linear

Constant stator flux torque/speed curves

have two breakdown points

Summary

Problems

Selected references
PWM INVERTER-FED INDUCTION MOTOR DRIVES

9.1
9.2
9.3.
9.4.

9.5.
9.6.

Introduction

Vector control - general flux orientation

General current decoupling

Parameter detuning effects in rotor flux orientation
current decoupling

Direct versus indirect vector current decoupling
A.c. versus d.c. current controllers

133
134
135
142
148

151
151
151
152

153
155
156
157
159
160
161
166
167
168
169
170

173
177
178
180
181

182

183
184
185
186
187
187

190
192

194
195



10.

11.

9.7.
9.8.

9.9.

9.10.
9.11.

9.12.

9.13.

9.14.

9.15.
9.16.
9.17.
9.18.

9.19.
9.20.

V oltage decoupling

Voltage and current limitations for the torque and
speed control range

Impressing voltage and currents through PWM
9.9.1. Switching state voltage vectors

9.9.2. Open-loop space-vector PWM

9.9.3. Closed-loop PWM

Indirect vector a.c. current control — a case study
Flux observers for direct vector control with motion
sensors

9.11.1. Open-loop flux observers

9.11.2. Closed-loop flux observers

Indirect vector synchronous current control with
speed sensor — a case study

Flux and speed observers in sensorless drives
9.13.1. Performance criteria

9.13.2. A classification of speed observers
9.13.3. Speed estimators

9.13.4. Model reference adaptive systems (MRAS)
9.13.5. Luenberger speed observers

9.13.6. Rotor dots ripple speed estimators

Direct torque and flux control (DTFC)

9.14.1. DTFC principle

Sensorless DTFC: a case study

Feedback linearized control

Scdar (V,/f,) control

Self commisioning

Summary

Problems

Selected references
SYNCHRONOUSMOTORS FOR DRIVES

10.1.
10.2.
10.3.
10.4.
10.5.
10.6.
10.7.
10.8.
10.9.

Introduction

Construction aspects

Pulsating torque

The phase coordinate model

The space phasor (d-g) model

Steady state operation

To vary speed variable frequency is mandatory
Summary

Problems

Selected references
PM AND RELUCTANCE SYNCHRONOUS MOTOR DRIVES 279

11.1.
11.2.

Introduction
PM-SM drives: classifications

196

199
206
206
208
211
213

217
218
219

220
224
225
225
225
226
227
229
229
231
233
239
239
244
248
250
250
253
253
254
256
257
259
264
265
275
276
277

279
279



12,

13.

11.3.

11.4.

11.5.

11.6.

11.7.

11.8.
11.9.

Rectangular current control (brushless d.c. motor drives) 282

11.3.1. Ideal brushless d.c. motor waveforms

11.3.2. The rectangular current control system

11.3.3. The hysteresis current controller

11.3.4. Practical performance

11.3.5. Extending the torque/speed domain

Vector (sinusoidal) control

11.4.1. Optimum ig - iq relationships

11.4.2. The indirect vector current control

11.4.3. Indirect voltage and current vector control

11.4.4. Fast response PM- SM drives: surface
PM rotor motors with predictive control

Direct torque and flux control (DTFC) of PM-SMs

11.5.1. The stator flux and torque observer

Sensorless control of PM-SMs

11.6.1. Initial rotor position detection '

Reluctance synchronous motor (RSM) drives

11.7.1. RSM vector control principles

11.7.2. Indirect vector current control of RSM

11.7.3. Direct torque and flux control (DTFC) of RSM

11.7.4. Sensorless control of RSM

Summary

Problems

Selected references
SWITCHED RELUCTANCE MOTOR (SRM) DRIVES

12.1.
12.2.
12.3.
12.4.
12.5.
12.6.
12.7.
12.8.
12.9.
12.10.
12.11.
12.12.

12.13.
12.14.

Introduction

Construction and functional aspects
Average torque and energy conversion ratio
The pesk kW / kVA ratio

The commutation windings

SRM modelling

The flux-current-position curve fitting

SRM drives

General purpose drive with position sensor
High grade (servo) drives

Sensorless SRM drives

The voltage-current model-based position - speed
observer

Summary

Problems

Selected references
PRACTICAL ISSUES WITH PWM CONVERTER
MOTOR DRIVES

13.1.

Introduction

282
285
286
289
290
295
296
299
300

301
309
310
312
314
315
315
318
321
322
323
325
325
327
327
327
331
333
334
335
337
338
339
344
347

349
350
351
352

353
353



14.

13.2.
13.3.
13.4.

135.
13.6.
13.7.
13.8.
13.9.
13.10.
13.11.
13.12.
13.13.
13.14.

The basic PWM converter drive

Line current harmonics

Long motor power cables: voltage reflection and
attenuation

Motor model for ultrahigh frequency
Common mode voltage: motor model and consequences
Common mode (leakage) stator current reduction
Bearing currents

Reducing the bearing currents

Electromagnetic interference

The audible noise

Losses in PWM converter drives

Summary

Problems

Sdlected references
LARGE POWER DRIVES

14.1.
14.2.
14.3.
14.4.

14.5.
14.6.

14.7.

14.8.

14.9.
14.10.

Power and speed limits: moving up
Voltage source converter synchronous motor drives
Vector control in voltage source converter SM drives
Direct torque and flux control (DTFC)
14.4.1. Sensorless control
Large motor drives: working less time per day is better
Rectifier-current source inverter SM
drives — basic scheme
Rectifier-CSI-SM drive — steady state with
load commutation
14.7.1. Commutation and steady state equations
14.7.2. Ided no load speed
14.7.3. Speed control options
14.7.4. Steady-state speed/torque curves
14.7.5. Line commutation during starting
14.7.6. Drive control loops
14.7.7. Direct torque and flux control (DTFC) of
rectifier-CSI-SM drives
Sub and hyper-synchronous IM cascade drives
14.8.1. Limited speed control range for lower
PECs ratings
14.8.2. Sub- and hyper-operation modes
14.8.3. Sub- and hyper-IM cascade control
Summary
Problems

Selected references

Index

353
354

359
363
364
366
368
368
369
370
371
371
372
373
375
375
377
379
383
385
386

386

388
389
393
393
394
395
396

397
399

399
401
403
406
407
408
409



