Fundamentals, Theor and Design

_SECOND EDITION

Mehrdad Ehsani
Yimin Gao
Ali Emadi

@ CRC Press
Taylor & Francis Group



Modern Electric,
Hybrid Electric,
and

Fuel Cell Vehicles

Fundamentals, Theory, and Design

SECOND EDITION



POWER ELECTRONICS AND

APPLICATIONS SERIES

Muhammad H. Rashid, Series Editor
University of West Florida

PUBLISHED TITLES

Advanced DC/DC Converters
Fang Lin Luo and Hong Ye

Alternative Energy Systems: Design and Analysis with Induction
Generators, Second Edition

M. Godoy Simdes and Felix A. Farret

Complex Behavior of Switching Power Converters
Chi Kong Tse

DSP-Based Electromechanical Motion Control
Hamid A.Toliyat and Steven Campbell

Electric Energy: An Introduction, Second Edition
Mohamed A. El-Sharkawi

Electrical Machine Analysis Using Finite Elements
Nicola Bianchi

Fuel Cells: Modeling, Control, and Applications
Bei Gou, Woon Ki Na, and Bill Diong

Integrated Power Electronic Converters and Digital Control
Ali Emadi, Alireza Khaligh, Zhong Nie, and Young Joo Lee

Modern Electric, Hybrid Electric, and Fuel Cell Vehicles:
Fundamentals, Theory, and Design, Second Edition
Mehrdad Ehsani, Yimin Gao, and Ali Emadi

Uninterruptible Power Supplies and Active Filters
Ali Emadi, Abdolhosein Nasiri, and Stoyan B. Bekiarov



Modern Electric,
Hybrid Electric,

and
Fuel Cell Vehicles

Fundamentals, Theory, and Design

SECOND EDITION

Mehrdad Ehsani

Texas A&M University
College Station, Texas, U.S.A.

Yimin Gao

Texas A&M University
College Stafion, Texas, U.S.A.

Ali Emadi

llinois Institute of Technology
Chicago, lllinois, U.S.A.

CRC Press
Taylor & Francis Group

Boca Raton London New York

CRC Press is an imprint of the
Taylor & Francis Group, an informa business



CRC Press

Taylor & Francis Group

6000 Broken Sound Parkway N'W, Suite 300
Boca Raton, FL 33487-2742

© 2010 by Taylor and Francis Group, LLC
CRC Press is an imprint of Taylor & Francis Group, an Informa business

No claim to original U.S. Government works

Printed in the United States of America on acid-free paper
10987654321

International Standard Book Number: 978-1-4200-5398-2 (Hardback)

This book contains information obtained from authentic and highly regarded sources. Reasonable
efforts have been made to publish reliable data and information, but the author and publisher cannot
assume responsibility for the validity of all materials or the consequences of their use. The authors and
publishers have attempted to trace the copyright holders of all material reproduced in this publication
and apologize to copyright holders if permission to publish in this form has not been obtained. If any
copyright material has not been acknowledged please write and let us know so we may rectify in any
future reprint.

Except as permitted under U.S. Copyright Law, no part of this book may be reprinted, reproduced,
transmitted, or utilized in any form by any electronic, mechanical, or other means, now known or
hereafter invented, including photocopying, microfilming, and recording, or in any information stor-
age or retrieval system, without written permission from the publishers.

For permission to photocopy or use material electronically from this work, please access www.copy-
right.com (http://www.copyright.com/) or contact the Copyright Clearance Center, Inc. (CCC), 222
Rosewood Drive, Danvers, MA 01923, 978-750-8400. CCC is a not-for-profit organization that pro-
vides licenses and registration for a variety of users. For organizations that have been granted a pho-
tocopy license by the CCC, a separate system of payment has been arranged.

Trademark Notice: Product or corporate names may be trademarks or registered trademarks, and are
used only for identification and explanation without intent to infringe.

Visit the Taylor & Francis Web site at
http://www.taylorandfrancis.com

and the CRC Press Web site at
http://www.crcpress.com



Contents

Preface .. ... .. . . . . e XV
Authors . ... .. . . Xix
1 Environmental Impact and History of Modern Transportation .. 1
1.1 AirPollution . ... ... ... .. . 1
1.1.1 Nitrogen Oxides ............................. 2
1.1.2 CarbonMonoxide ............. ... .. ... ... 2
1.1.3 Unburmmed HCs . ........ ... ... .. .. .. .. ... 3
1.14 OtherPollutants .............. ... ... ......... 3
1.2 GlobalWarming . ............. .. ... . ... .. ... .... 3
1.3 Petroleum Resources . ... .. .. ..., 5
14 Induced Costs . ... ... e 8
1.5 Importance of Different Transportation
Development Strategies to Future Oil Supply ............ 9
1.6 Historyof EVs ....... ... . ... . ... . . . 12
1.7 Historyof HEVs . ... ... .. ... . ... . ... .. ... ... 14
1.8 History of Fuel Cell Vehicles . ........................ 17
References . .. .. ... 18
2 Fundamentals of Vehicle Propulsion and Brake. ... .......... 19
2.1 General Description of Vehicle Movement . .. ............ 19
22 VehicleResistance . .. ... ...t .. 20
22.1 RollingResistance ............................ 20
222 AerodynamicDrag ........................... 23
223 GradingResistance ................ ... .. ..... 24
2.3 Dynamic Equation ............ ... ... ... ... ..... 26
2.4 Tire-Ground Adhesion and Maximum Tractive Effort ... ... 28
2.5 Power Train Tractive Effort and Vehicle Speed ............ 30
2.6 Vehicle Power Plant and Transmission Characteristics . . .. .. 32
2.6.1 Power Plant Characteristics . ... ................. 32
2.6.2 Transmission Characteristics . ................... 35
2.6.3 Manual Gear Transmission . .................... 35
2.6.3.1 Hydrodynamic Transmission . ............. 38
2.6.3.2 Continuously Variable Transmission ........ 42
2.7 Vehicle Performance ................c. .. 43
2.7.1 Maximum Speed of a Vehicle . . . ................. 43
272 Gradeability ......... .. ... .. ... . L 44
2.7.3 Acceleration Performance ...................... 45



vi

Contents

2.8 Operating Fuel Economy . ........................... 48
2.8.1 Fuel Economy Characteristics of IC Engines . . . ... ... 48
2.8.2 Computation of Vehicle Fuel Economy............. 49
2.8.3 Basic Techniques to Improve Vehicle Fuel Economy ... 51

29 BrakePerformance ............... . ... ... ... ... 53
29.1 BrakingForce .............. ... ... ... .. ..... 53
2.9.2 Braking Distribution on Front and Rear Axles ....... 55
2.9.3 Braking Regulation and Braking

Performance Analysis ......................... 61
29.3.1 Braking Regulation ..................... 61
2.9.3.2 Braking Performance Analysis . .. .......... 62

References ......... ... 65

Internal Combustion Engines .. ......................... 67

3.1 4S, Spark-Ignited ICEngines .. ....................... 67
3.1.1 Operating Principles .. ............. ... ....... 67
3.1.2 Operation Parameters ......................... 69

3.1.2.1 Rating Values of Engines . ................ 69
3.1.2.2 Indicated Work per Cycles and Mean
Effective Pressure ...................... 69
3.1.2.3 Mechanical Efficiency ................... 71
3.1.2.4 Specific Fuel Consumption and Efficiency .... 72
3.1.2.5 SpecificEmissions . ..................... 73
3.1.2.6 Fuel/Air and Air/Fuel Ratios ............. 73
3.1.2.7 Volumetric Efficiency . ................... 74
3.1.3 Relationships between Operation
and Performance Parameters . .. ................. 75
3.14 Engine Operation Characteristics ................ 76
3.1.41 Engine Performance Parameters ........... 76
3.1.4.2 Indicated and Brake Power and Torque . . .. .. 77
3.1.4.3 Fuel Consumption Characteristics .......... 78

3.1.5 Design and Operating Variables Affecting
SI Engine Performance, Efficiency, and Emission

Characteristics . . ... ....... ... .. i 78
3.1.5.1 CompressionRatio ..................... 79
3152 SparkTiming . ......................... 80
3.1.5.3 Fuel/Air EquivalentRatio ... ............. 82
3.1.6 EmissionControl............................. 84
3.1.7 Basic Techniques for Improving Engine Performance,
Efficiency, and Emissions . . .. ............. ... ... 85
3.1.7.1 ForcedInduction ....................... 85
3.1.7.2 Gasoline Direct Injection
and Lean-Burn Engines . . ................ 86
3.1.7.3 Multi- and Variable-Valve Timing .......... 86
3.1.7.4 Throttle-Less Torque Control . ............. 87

3.1.7.5 Variable CompressionRatio . .............. 87



Contents vii

3.1.7.6 Exhaust Gas Recirculation . ............... 87
3.1.7.7 Intelligent Ignition...................... 87
3.1.7.8 New Engine Materials . . ................. 87
3.2 45, Compression-Ignition IC Engines . . . ................ 88
33 2SENGINes ........... ... 89
34 WankelRotaryEngines . ............................ 93
35 StirlingEngines. . ......... ... ... . o oo L 95
3.6 GasTurbineEngines ............................... 100
3.7 Quasi-Isothermal Brayton Cycle Engines . . . ............. 103
References .......... .. ... i 104
4 ElectricVehicles. ......... ... ... ... .. . . . .. 105
41 Configurationsof EVs ....... ... ... ... ... ... ... ... 105
42 Performanceof EVs. ... ... ... ... ... ... ... i .. 108
4.2.1 Traction Motor Characteristics . .. ................ 108
4.2.2 Tractive Effort and Transmission Requirement . . ... .. 109
423 Vehicle Performance .......................... 112
4.3 Tractive Effort in Normal Driving . .................... 115
44 Energy Consumption .............................. 120
References ......... ... ... . . 122
5 Hybrid Electric Vehicles . .............................. 123
5.1 Concept of Hybrid Electric Drive Trains. . ... ............ 123
5.2 Architectures of Hybrid Electric Drive Trains . . . .. ........ 126
5.2.1 Series Hybrid Electric Drive Trains
(Electrical Coupling) . ......................... 128
5.2.2 Parallel Hybrid Electric Drive Trains
(Mechanical Coupling) ........................ 130
5.2.2.1 Parallel Hybrid Drive Train with Torque
Coupling.............. ... .. ... . .... 132
5.2.2.2 Parallel Hybrid Drive Train with Speed
Coupling................ ... ... ....... 138
5.2.2.3 Hybrid Drive Trains with Both Torque
and Speed Coupling . ................... 144
References .......... .. .. i 149
6 Electric PropulsionSystems . . . .......................... 151
6.1 DCMotorDrives ............... .. ... .. ... . ... 154
6.1.1 Principle of Operation and Performance. . .......... 154
6.1.2 Combined Armature Voltage and Field Control . ... .. 158
6.1.3 Chopper Control of DC Motors . ................. 158
6.1.4 Multi-Quadrant Control of Chopper-Fed DC
Motor Drives . . .......... ... ... ... ... ... ... .. 163
6.1.4.1 Two-Quadrant Control of Forward Motoring
and Regenerative Braking . ............... 164

6.1.4.2 Four-Quadrant Operation ................ 167



viii

6.2

6.3

6.4

Contents

Induction Motor Drives . . ...........................
6.2.1 Basic Operation Principles of Induction Motors . ... ..
6.2.2 Steady-State Performance ......................
6.2.3 Constant Volt/HertzControl . ...................
6.2.4 Power ElectronicControl . . .....................
6.2.5 Field Orientation Control. .. ....................
6.2.5.1 Field Orientation Principles . ..............
6252 Control ......... .. ... . ..
6.2.5.3 Direction Rotor Flux Orientation Scheme . . . . .
6.2.5.4 Indirect Rotor Flux Orientation Scheme . . . . ..
6.2.6 Voltage Source Inverter for FOC. ... ..............
6.2.6.1 Voltage Control in Voltage Source Inverter . . . .
6.2.6.2 Current Control in Voltage Source Inverter. . . .
Permanent Magnetic BLDC Motor Drives ...............
6.3.1 Basic Principles of BLDC Motor Drives ............
6.3.2 BLDC Machine Construction and Classification . . . . ..
6.3.3 Properties of PM Materials. ... ............... ...
6331 Alnico . .......... ... ... ... oL
6332 Ferrites . ......... ... ... ... .
6.3.3.3 Rare-EarthPMs ........................
6.3.4 Performance Analysis and Control
of BLDCMachines. .............. ... ... ... ....
6.3.4.1 Performance Analysis ...................
6.3.4.2 Control of BLDC Motor Drives ............
6.3.5 Extend Speed Technology ......................
6.3.6 Sensorless Techniques . ........................
6.3.6.1 Methods Using Measurables and Math ......
6.3.6.2 Methods Using Observers ................
6.3.6.3 Methods Using Back EMF Sensing . . .. ......
6.3.6.4 Unique Sensorless Techniques . ............
SRMDrives. ... i
6.4.1 Basic Magnetic Structure . ......................
6.42 TorqueProduction............................
6.4.3 SRM Drive Converter .........................
6.4.4 Modes of Operation...........................
6.4.5 Generating Mode of Operation
(Regenerative Braking) ........................
6.4.6 SensorlessControl ............... ... ... .... ...
6.4.6.1 Phase Flux Linkage-Based Method .........
6.4.6.2 Phase Inductance-Based Method ...........
6.4.6.3 Modulated Signal Injection Methods ........
6.4.64 Mutual-Induced Voltage-Based Method . . . . ..
6.4.6.5 Observer-Based Methods ................
6.4.7 Self-Tuning Techniques of SRM Drives . ............



Contents ix

6.4.7.1 Self-Tuning with Arithmetic Method ........ 237
6.4.7.2 Self-Tuning Usingan ANN ............... 238

6.4.8 Vibration and Acoustic Noise inSRM. . ............ 240
649 SRMDesign ........... ... ... .. i 243
6.4.9.1 Number of Stator and Rotor Poles . ......... 243
6.4.9.2 Stator Outer Diameter . .................. 244
6.4.9.3 Rotor Outer Diameter ................... 244
6494 AirGap......... ... i 245
6.495 Stator Arc ....... ... ... 245
6.49.6 StatorBackIron........................ 245
6.4.9.7 Performance Prediction .................. 246
References . .. .. ... 247

7 Design Principle of Series (Electrical Coupling)

Hybrid Electric Drive Train . .. .......................... 253
7.1 OperationPatterns ................................ 254
7.2 Control Strategies ... ........... ... .. ... .. .. ... 256
7.2.1 Max. SOC-of-PPS Control Strategy . .............. 256
7.2.2 Engine On-Off or Thermostat Control Strategy ... ... 257

7.3 Design Principles of a Series (Electrical Coupling)
Hybrid Drive Train .. ........... ... ... ... ... ...... 259
7.3.1 Electrical Coupling Device. .. ................... 259
7.3.2 Power Rating Design of the Traction Motor ......... 264
7.3.3 Power Rating Design of the Engine/Generator . .. ... 267
734 DesignofPPS ........ ... .. ... ... ... ... ... 270
7.34.1 Power Capacityof PPS .................. 271
7.34.2 Energy Capacityof PPS . ................. 271
74 DesignExample ......... .. ... ... .. . i 272
7.4.1 Design of Traction Motor Size ................... 272
742 DesignoftheGearRatio .................... ... 272
7.4.3 Verification of Acceleration Performance ........... 273
7.4.4 Verification of Gradeability ..................... 274
74.5 Design of Engine/Generator Size ................ 275
7.4.6 Design of the Power Capacity of PPS .. ............ 277
7.4.7 Design of the Energy Capacity of PPS ............. 277
74.8 Fuel Consumption ........................... 279
References . ....... ... .. .. ... 279

8 Parallel (Mechanically Coupled) Hybrid

Electric Drive Train Design . ............................ 281
8.1 Drive Train Configuration and Design Objectives. . ........ 281
8.2 ControlStrategies .. ........ ... ... ... . ... . . 283
8.2.1 Max. SOC-of-PPS Control Strategy . . .. ............ 284
8.2.2 Engine On-Off (Thermostat) Control Strategy . ... ... 287

8.2.3 Constrained Engine On-Off Control Strategy . . .. .. .. 288



