HANDBOOK OF
ELECTRIC MOTORS

© 2004 by Taylor & Francis Group, LLC



ELECTRICALAND COMPUTER ENGINEERING
A Series of Reference Books and Textbooks

FOUNDING EDITOR

Martin O.Thurston
Department of Electrical Engineering
The Ohio State University
Columbus, Ohio

1. Rational Fault Analysis, edited by Richard Saeks and S.R.Liberty
2. Nonparametric Methods in Communications, edited by P.Papantoni-Kazakos and Dimitri Kazakos
3. Interactive Pattern Recognition, Yi-tzuu Chien
4. Solid-State Electronics, Lawrence E.Murr
5. Electronic, Magnetic, and Thermal Properties of Solid Materials, Klaus Schroder
6. Magnetic-Bubble Memory Technology, Hsu Chang
7. Transformer and Inductor Design Handbook, Colonel Wm.T.McLyman
8. Electromagnetics: Classical and Modern Theory and Applications, Samuel Seely and Alexander D.Poularikas
9. One-Dimensional Digital Signal Processing, Chi-Tsong Chen
10. Interconnected Dynamical Systems, Raymond A.DeCarlo and Richard Saeks
11. Modern Digital Control Systems, Raymond G.Jacquot
12. Hybrid Circuit Design and Manufacture, Roydn D.Jones
13. Magnetic Core Selection for Transformers and Inductors: A User’s Guide to Practice and Specification, Colonel
Wm.T.McLyman
14. Static and Rotating Electromagnetic Devices, Richard H.Engelmann
15. Energy-Efficient Electric Motors: Selection and Application, John C.Andreas
16. Electromagnetic Compossibility, Heinz M.Schlicke
17. Electronics: Models, Analysis, and Systems, James G.Gottling
18. Digital Filter Design Handbook, Fred J. Taylor
19. Multivariable Control: An Introduction, PK.Sinha
20. Flexible Circuits: Design and Applications, Steve Gurley, with contributions by Carl A.Edstrom, Jr., Ray D.
Greenway, and William P.Kelly
21. Circuit Interruption: Theory and Techniques, Thomas E.Browne, Jr.
22. Switch Mode Power Conversion: Basic Theory and Design, K.Kit Sum
23. Pattern Recognition: Applications to Large Data-Set Problems, Sing-Tze Bow
24. Custom-Specific Integrated Circuits: Design and Fabrication, Stanley L.Hurst
25. Digital Circuits: Logic and Design, Ronald C.Emery
26. Large-Scale Control Systems: Theories and Techniques, Magdi S.Mahmoud, Mohamed F.Hassan, and Mohamed
G.Darwish
27. Microprocessor Software Project Management, Eli T.Fathi and Cedric V.W.Armstrong (Sponsored by Ontario
Centre for Microelectronics)
28. Low Frequency Electromagnetic Design, Michael P Perry
29. Multidimensional Systems: Techniques and Applications, edited by Spyros G.Tzafestas
30. AC Motors for High-Performance Applications: Analysis and Control, Sakae Yamamura
31. Ceramic Motors for Electronics: Processing, Properties, and Applications, edited by Relva C.Buchanan
32. Microcomputer Bus Structures and Bus Interface Design, Arthur L.Dexter
33.End User’s Guide to Innovative Flexible Circuit Packaging, Jay J.Miniet
34. Reliability Engineering for Electronic Design, Norman B.Fuqua
35. Design Fundamentals for Low-Voltage Distribution and Control, Frank W.Kussy and Jack L.Warren
36. Encapsulation of Electronic Devices and Components, Edward R.Salmon
37. Protective Relaying: Principles and Applications, J.Lewis Blackburn
38. Testing Active and Passive Electronic Components, Richard F.Powell
39. Adaptive Control Systems: Techniques and Applications, V.V.Chalam
40. Computer-Aided Analysis of Power Electronic Systems, Vienkatachari Rajagopalan

© 2004 by Taylor & Francis Group, LLC



41. Integrated Circuit Quality and Reliability, Eugene R.Hnatek

42. Systolic Signal Processing Systems, edited by Earl E.Swartzlander, Jr.

43. Adaptive Digital Filters and Signal Analysis, Maurice G.Bellanger

44. Electronic Ceramics: Properties, Configuration, and Applications, edited by Lionel M.Levinson

45. Computer Systems Engineering Management, Robert S.Alford

46. Systems Modeling and Computer Simulation, edited by Naim A.Kheir

47. Rigid-Flex Printed Wiring Design for Production Readiness, Walter S.Rigling

48. Analog Methods for Computer-Aided Circuit Analysis and Diagnosis, edited by Takao Ozawa

49. Transformer and Inductor Design Handbook: Second Edition, Revised and Expanded, Colonel Wm.T.McLyman

50. Power System Grounding and Transients: An Introduction, A.P.Sakis Meliopoulos

51. Signal Processing Handbook, edited by C.H.Chen

52. Electronic Product Design for Automated Manufacturing, H.Richard Stillwell

53. Dynamic Models and Discrete Event Simulation, William Delaney and Erminia Vaccari

54. FET Technology and Application: An Introduction, Edwin S.Oxner

55. Digital Speech Processing, Synthesis, and Recognition, Sadaoki Furui

56. VLSI RISC Architecture and Organization, Stephen B.Furber

57. Surface Mount and Related Technologies, Gerald Ginsberg

58. Uninterruptible Power Supplies: Power Conditioners for Critical Equipment, David C.Griffith

59. Polyphase Induction Motors: Analysis, Design, and Application, Paul L.Cochran

60. Battery Technology Handbook, edited by H.A.Kiehne

61. Network Modeling, Simulation, and Analysis, edited by Ricardo F.Garzia and Mario R.Garzia

62. Linear Circuits, Systems, and Signal Processing: Advanced Theory and Applications, edited by Nobuo Nagai

63. High-Voltage Engineering: Theory and Practice, edited by M.Khalifa

64. Large-Scale Systems Control and Decision Making, edited by Hiroyuki Tamura and Tsuneo Yoshikawa

65. Industrial Power Distribution and llluminating Systems, Kao Chen

66. Distributed Computer Control for Industrial Automation, Dobrivoje Popovic and Vijay PBhatkar

67. Computer-Aided Analysis of Active Circuits, Adrian loinovici

68. Designing with Analog Switches, Steve Moore

69. Contamination Effects on Electronic Products, Cari J. Tautscher

70. Computer-Operated Systems Control, Magdi S.Mahmoud

71. Integrated Microwave Circuits, edited by Yoshihiro Konishi

72.Ceramic Materials for Electronics: Processing, Properties, and Applications, Second Edition, Revised and
Expanded, edited by Relva C.Buchanan

73. Electromagnetic Compatibility: Principles and Applications, David A.Weston

74. Intelligent Robotic Systems, edited by Spyros G.Tzafestas

75. Switching Phenomena in High-Voltage Circuit Breakers, edited by Kunio Nakanishi

76. Advances in Speech Signal Processing, edited by Sadaoki Furui and M.Mohan Sondhi

77. Pattern Recognition and Image Preprocessing, Sing-Tze Bow

78. Energy-Efficient Electric Motors: Selection and Application, Second Edition, John C.Andreas

79. Stochastic Large-Scale Engineering Systems, edited by Spyros G.Tzafestas and Keigo Watanabe

80. Two-Dimensional Digital Filters, Wu-Sheng Lu and Andreas Antoniou

81. Computer-Aided Analysis and Design of Switch-Mode Power Supplies, Yim-Shu Lee

82. Placement and Routing of Electronic Modules, edited by Michael Pecht

83. Applied Control: Current Trends and Modern Methodologies, edited by Spyros G.Tzafestas

84. Algorithms for Computer-Aided Design of Multivariable Control Systems, Stanoje Bingulac and Hugh
F.VanLandingham

85. Symmetrical Components for Power Systems Engineering, J.Lewis Blackburn

86. Advanced Digital Signal Processing: Theory and Applications, Glenn Zelniker and Fred J. Taylor

87. Neural Networks and Simulation Methods, Jian-Kang Wu

88. Power Distribution Engineering: Fundamentals and Applications, James J.Burke

89. Modern Digital Control Systems: Second Edition, Raymond G.Jacquot

90. Adaptive IIR Filtering in Signal Processing and Control, Phillip A.Regalia

91. Integrated Circuit Quality and Reliability: Second Edition, Revised and Expanded, Eugene R.Hnatek

92. Handbook of Electric Motors, edited by Richard H.Engelmann and William H.Middendorf

93. Power-Switching Converters, Simon S.Ang

94. Systems Modeling and Computer Simulation: Second Edition, Naim A.Kheir

95. EMI Filter Design, Richard Lee Ozenbaugh

© 2004 by Taylor & Francis Group, LLC



96.
97.
98.
99.
100.
101.
102.

103.
104.
105.
106.
107.
108.

109.
110.

111.
112.

113.

114.
115.
116.
117.
118.
119.
120.

Power Hybrid Circuit Design and Manufacture, Haim Taraseiskey

Robust Control System Design: Advanced State Space Techniques, Chia-Chi Tsui

Spatial Electric Load Forecasting, H.Lee Willis

Permanent Magnet Motor Technology: Design and Applications, Jacek F.Gieras and Mitchell Wing

High Voltage Circuit Breakers: Design and Applications, Ruben D.Garzon

Integrating Electrical Heating Elements in Appliance Design, Thor Hegbom

Magnetic Core Selection for Transformers and Inductors: A User’s Guide to Practice and Specification, Second
Edition, Colonel Wm.T.McLyman

Statistical Methods in Control and Signal Processing, edited by Tohru Katayama and Sueo Sugimoto

Radio Receiver Design, Robert C.Dixon

Electrical Contacts: Principles and Applications, edited by Paul G.Slade

Handbook of Electrical Engineering Calculations, edited by Arun G.Phadke

Reliability Control for Electronic Systems, Donald J.LaCombe

Embedded Systems Design with 8051 Microcontrollers: Hardware and Software, Zdravko Karakehayov, Knud
Smed Christensen, and Ole Winther

Pilot Protective Relaying, edited by Walter A.Elmore

High-Voltage Engineering: Theory and Practice, Second Edition, Revised and Expanded, Mazen Abdel-Salam,
Hussein Anis, Ahdab El-Morshedy, and Roshdy Radwan

EMI Filter Design: Second Edition, Revised and Expanded, Richard Lee Ozenbaugh

Electromagnetic Compatibility: Principles and Applications, Second Edition, Revised and Expanded, David
Weston

Permanent Magnet Motor Technology: Design and Applications, Second Edition, Revised and Expanded, Jacek
F.Gieras and Mitchell Wing

High Voltage Circuit Breakers: Design and Applications, Second Edition, Revised and Expanded, Ruben D.Garzon
High Reliability Magnetic Devices: Design and Fabrication, Colonel Wm.T.McLyman

Practical Reliability of Electronic Equipment and Products, Eugene R.Hnatek

Electromagnetic Modeling by Finite Element Methods, Jo&do Pedro A.Bastos and Nelson Sadowski

Battery Technology Handbook: Second Edition, edited by H.A.Kiehne

Power Converter Circuits, William Shepherd and Li Zhang

Handbook of Electric Motors: Second Edition, Revised and Expanded, edited by Hamid A. Toliyat and Gerald
B.Kliman

Additional Volumes in Preparation

Transformer and Inductor Design Handbook, Colonel Wm.T.McLyman

Energy-Efficient Electric Motors: Third Edition, Revised and Expanded, Ali Emadi

© 2004 by Taylor & Francis Group, LLC



HANDBOOK OF
ELECTRIC MOTORS

Second Edition, Revised and Expanded

edited by
HAMID A.TOLIYAT
Texas A&M University
College Station, Texas, U.S.A.

GERALD B.KLIMAN
Rensselaer Polytechnic Institute
Troy, New York, U.S.A.

© 2004 by Taylor & Francis Group, LLC



Published in 2004 by

CRC Press

Taylor & Francis Group

6000 Broken Sound Parkway NW, Suite 300
Boca Raton, FL 33487-2742

© 2004 by Taylor & Francis Group, LLC
CRC Press is an imprint of Taylor & Francis Group

International Standard Book Number-10:0-8247-4105-6 (Hardcover)
International Standard Book Number-13:978-0-8247-4105-1 (Hardcover)

This book contains information obtained from authentic and highly regarded sources. Reprinted material is quoted with permission, and sources
are indicated. A wide variety of references are listed. Reasonable efforts have been made to publish reliable data and information, but the author
and the publisher cannot assume responsibility for the validity of all materials or for the consequences of their use.

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 storage or retrieval system, without written
permission from the publishers.

For permission to photocopy or use material electronically from this work, please access www.copyright.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 provides licenses and registration for a variety of users. For organizations that have been granted a photocopy 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.

Library of Congress Cataloging-in-Publication Data

Catalog record is available from the Library of Congress

Visit the Taylor & Francis Web site at

informa http://www.taylorandfrancis.com

and the CRC Press Web site at
Taylor & Francis Group is the Academic Division of T&F Informa pic.  http://www.crcpress.com

© 2004 by Taylor & Francis Group, LLC


http://www.copyright.com
http://www.copyright.com
http://www.taylorandfrancis.com
http://www.crcpress.com

In Memoriam

While this book was in production, Dr. Gerald B.Kliman was
killed in a tragic auto accident. Dr. Kliman was a Research
Professor in the Department of Electrical, Computer & Systems
Engineering at Rensselaer Polytechnic Institute, Troy, New
York, following his retirement from General Electric. He
received the B.S. (1955), S.M. (1959), and Sc.D. (1965) from
the Massachusetts Institute of Technology, Cambridge.
Following graduation, he was Assistant Professor of Electrical
Engineering at Rensselaer Polytechnic Institute. Later, he
joined the General Electric Transportation Systems Division,
where he worked on the design, performance prediction, and
testing of induction motors in inverter-fed adjustable-speed
drives; development of analysis techniques for high-speed
linear induction motors: and design of ac and dc motors for
various conventional and unconventional adjustable-speed
traction drives. He also worked on system engineering and
inverter design for advanced systems. Dr. Kliman joined the
General Electric Nuclear Energy Division Large
Electromagnet Pump Development Program where he
developed analysis techniques for large electromagnetic
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pumps and was responsible for the electromagnetic design of
the GE/ERDA 14,500 gpm, 200 psi, 1000°F, sodium pump
(the world’s largest and most powerful electromagnetic pump
at that time). He also worked on electromagnetic flowmeter
design and the development of new concepts for both nuclear
and commercial applications of electromagnetic pumping and
electromagnetic techniques. He was a Life Fellow of the IEEE
and a senior member of the AIP, Sigma Xi, and Eta Kappa Nu.
He served on the Rotating Machinery Theory Committee of
PAS and the Electric Machines and Land Transportation
Committees of IAS. Dr. Kliman was an associate editor of the
journal Electric Power Components and Systems. He had 86
patents granted in his name with 25 pending and numerous
professional publications. He is listed in the current edition
of Who’s Who in America. He will be cherished by his family,
friends, colleagues, and students for the richness of his life,
his humanity, and honesty. His contributions were many and
this book is dedicated to his memory.

Hamid A.Toliyat



Preface to the Second Edition

We recognize the monumental and successful work of
Professors Richard H.Englemann and William H.Middendorf
in preparing the first edition of the Handbook of Electric
Motors. We have retained the organization of the previous
edition and the text has been updated and revised to reflect
the most recent advances and technology.

Although it is sometimes assumed that electric motor
technology is mature, with only incremental changes to be
expected, that is not the case. In the few years since the
publication of the first edition there have been many advances
and innovations in materials, electronics, controls, and motor
geometries or concepts. Some of those developments primarily
interest academics, but many have made a major impact on
motor manufacturing and application and other advances are
emerging commercially. The size of this work has been
expanded by more than 30% in order to deal with the new
developments, without slighting the established technologies.

A number of new machine concepts have been investigated
in academic laboratories. The switched reluctance motor
(Section 15.2) has been adopted in some applications for small
industrial and appliance applications. Research on
superconducting generators has been in progress for some years,
but recently attention has turned to high-horsepower motor
applications and large machines have been demonstrated for
marine propulsion (2.5.8).

Other special-purpose motors have been added to the
volume due to their increasing potential importance and to
broaden coverage of major market segments. These include:
doubly fed induction motors (2.2.9), universal motors (2.5.9),
synchronous reluctance motors (2.5.6), aerospace motors
(2.5.7), linear synchronous motors (5.6), and “line start”
(uncontrolled) permanent magnet and reluctance ac motors
(2.5.10). The sections on brushless dc (15.3) and ironless
motors (2.3.9) have been expanded, as well as the section on
400 Hz motors (2.5.2).
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Remarkable advances in the tools for motor analysis and
design have taken place. In particular, the capabilities of finite
element electromagnetic analysis tools have exploded, taking
advantage of the rapidly increasing computational capability
of widely available, low-cost computers. These advances have
mandated a complete revision of the finite element overview
and applications (1.5, 4.10, 5.8 and 6.9). Also capitalizing on
advanced computing and graphic interfaces, a revolution in
and motor CAD tools has taken place (4.9).

Another area of rapid progress has been in electronic
controls. Power devices and circuits (9.3-9.6) have grown in
power-handling capability, and reduced costs have expanded
low-power market penetration. Real time computational
capability and new control methods have been equally
revolutionary with the advent of vector controls (15.1). The
control of the traditional dc motor has also been impacted
(3.8.2and 6.7). Section 15.1, on controls for ac motors, reviews
the most advanced techniques; however, more basic
discussions are included in earlier chapters where appropriate.

Along with the many benefits of electronic motor controls
there have also been negative effects. Because electronic
controls can damage motor insulation and bearings, the means
to deal with those effects must be addressed (13.5, 8.4). The
interaction of motors and electronic controls also impact the
power quality of the power systems feeding the drives (12.8).

Electronics has greatly enhanced reliability and protection
with the increasing application of microprocessor-based relays
and circuit breaker controls (10.2.5). Computing capability
has also led to new ways to detect failure and incipient failure
in motors (13.4) and the use of core monitoring previously
restricted to generators (14.6.5).

Gerald B.Kliman
Hamid A.Toliyat



Preface to the First Edition

The earliest recorded demonstration of rotation produced by
electromagnetic means was by Michael Faraday at the Royal
Institution in London in 1821. The nearly simultaneous
solution in 1832 of the commutation problem in dc machines
by Pixii in Paris and Ritchie in London led to the first
industrial use of dc motors in 1837 by Davenport in Rutland,
Vermont. Alternating current generator development began
with Werner Siemens in 1856; other contributors to alternator
development were Henry Wilde in England and Zenobe
Gramme in France (Gramme’s alternator being installed in
Paris for street lighting service in 1878). With the 1888
announcement of induction motors by Nikola Tesla, the
family of generic electric motors was complete.

Since that time there have been many refinements to the
generic machines, but a new era of motor development began
in the early 1960s with the appearance of solid-state electronic
devices with ever-increasing voltage and current capabilities.
The brushless dc motor, the stepper motor, and a variety of
inverters are only a few examples of the innovations that
have made possible a broad and still expanding selection of
motor drive systems.

This book provides comprehensive coverage of electric
motors and relevant associated topics, such as controls,
protection, environmental considerations, mechanical
considerations, and reliability. Its focus is not simply on
motors in the generic forms of direct current, induction, and
synchronous machines—the reader will also find coverage
of series, shunt, compound, and permanent magnet direct
current motors; stepper motors; traction motors; brushless dc
motors; linear motors (both induction and synchronous); 400-
Hz machines; hermetically sealed refrigeration motors; deep-
well and submersible motors; and solid rotor induction motors.

The engineer who is concerned with any aspect of the
design of motors, their selection, specifications, purchasing,
testing methods, installation, maintenance, or repair will find
this book to be a valuable reference. In addition to
fundamental design equations, the designer will also find
information on finite element analysis, computer-aided
design, motor insulation systems, performance and
dimensional standards, and other topics relevant to the design
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process. The application engineer will find some of these
same topics to be of value, but in addition will benefit from
discussions of motor control and protection, testing,
reliability, and similar topics. Maintenance is an important
consideration for all motors. In addition to one specific chapter
on this subject, material will be found in other chapters on
insulation and on bearings and lubrication. Generous use
has been made of figures, tables, and references throughout,
and examples have been included in those sections where
the reader will find them most useful. Of special note are the
references to standards, such as those issued by IEEE, NEMA,
and UL. Sources for these standards are listed in Appendix B.

The Handbook of Electric Motors is organized so that
fundamentals are presented first, followed by information on
applications, design, testing, and motor insulation, ending
with practical information on installation and use.

Chapter 1, “Principles of Energy Conversion,” includes
discussion of magnetic materials, the basic mathematical
functions related to electromagnetic fields, magnetic circuits
and their solution (including finite element methods), and
stored energy, forces, and torques in magnetic systems.

The first three sections of Chapter 2, concerning types of
motors and their characteristics, are on the three generic forms
of electric machines. The first section is devoted to synchronous
motors. Both three-phase and single-phase motors are discussed
in the induction motor section, which also includes information
on mounting, enclosures, design classes, standard-efficiency
and high-efficiency motors, performance on variable frequency
sources, and linear induction motors. The third section in this
chapter, on dc motors, not only covers the conventional
classifications (series, shunt, and compound), but also includes
permanent magnet motors, brushless dc motors, and ironless
armature motors. These sections on the generic forms of electric
motors are followed by a section on traction motors which
covers the entire range of traction applications, from golf carts
to mine haul vehicles to mass transit. A section on special
applications completes the chapter, using stepper motors, 400-
Hz motors, deep-well pump motors, submersible motors, solid
rotor induction motors, and watthour meters as examples of
the wide variety of machines that are possible.

vii



viii

Chapter 3, “Motor Selection,” begins with a discussion of
standards (both NEMA and IEC) on enclosures, dimensions,
and performance, typical mechanical loads, motor efficiency,
energy usage, payback analysis, life-cycle costing, and safety
considerations. The section on how to specify a motor will help
the application engineer eliminate most misunderstandings and
uncertainties between the purchaser and the vendor. A section
illustrating some unusual considerations in motor selection
completes the chapter.

Chapter 4, on induction motor analysis and design, includes
computer-aided design and finite element analysis techniques
for both polyphase and single-phase motors, as well as full
discussions of rotating fields and their harmonics; average
and harmonic torques; radial forces; stator windings; rotor
construction; leakage reactances; and equivalent circuits for
steady-state, transient, and variable frequency conditions. This
chapter also includes sections on mechanical and thermal
design considerations.

“Synchronous Motor Analysis and Design” and “Direct-
Current Motor Analysis and Design” (Chapters 5 and 6) include
similar design information, although with less detail.

Chapter 7, “Testing for Performance,” introduces test
standards and types of performance tests for polyphase and
single-phase induction motors, synchronous motors, and dc
motors as well as test methods for hermetically sealed
refrigeration motors. Special test procedures for induction
motors and permanent magnet motors are explained, and
selection, specification, and purchasing considerations for
motor loading and data recording equipment are discussed.

Chapter 8, concerning motor insulation systems, contains
a wealth of information on motor insulation for both random-
wound and form-wound motors, with sections on insulation
testing methods.

Chapter 9, “Motor Control,” begins with ac supply system
considerations and induction motor control, including bus
transfer and reclosing. A few examples are given of dc motor
control using relays and contactors. A brief exposition of the
characteristics of the most used power electronic devices serves
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Preface to the First Edition

to introduce the reader to solid-state converter circuits and
controllers. A section on open- and closed-loop control of
permanent magnet stepper motors illustrates advanced control
methods.

Chapter 10, on motor protection, discusses protection
against overloads, unbalanced voltages, and internal failures
and includes selection of switching devices, mechanical
protection, and various accessories. Fuses and protection
coordination are considered, as are thermal protectors and
their testing standards and requirements.

Chapter 11, “Mechanical Considerations,” includes noise,
standards relative to noise levels, experimental means for noise
investigation, and means for reduction of noise. The chapter
also contains information on vibration measurement and
evaluation, rotor balancing, sleeve and antifriction bearings,
brushes, and motor mounting.

Chapter 12, “Environmental Considerations,” discusses
heat transfer, ventilation, cooling, enclosures, and the thermal
circuits used for analysis. Both RMS loading analysis and
time-constant analysis are considered. Altitude effects,
chemicals, seismic activity, and nuclear plant safety are part
of the information on ambient and environmental effects.

Chapter 13, on reliability, considers the reliability of large
motors, antifriction bearings, and brushes and discusses
modern means of monitoring for signs of wearout.

Chapter 14, on maintenance, emphasizes the importance
of good lubrication practice, the significance of various
vibration signatures, maintenance and repair of commutators,
brush replacement, repair of windings, and core testing
methods.

The book was written by 47 authors, each of whom chose
the subject area of his expertise. The biographical sketches at
the end of the book illustrate the breadth of the experience of
the contributors. Extensive interaction with the authors by
the editors ensured clarity and consistency of exposition.

Richard H.Engelmann
William H.Middendorf
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1.1 GENERAL BACKGROUND

The study of electromagnetic devices involves interactions
between elemental electric charges at a macroscopic level.
Consequently, a crude atomic model, consisting of a heavy
positively charged nucleus with a number of light negatively
charged electrons orbiting around it, is sufficient for
developing the concepts of electromagnetics. An electron is
then the elemental negative electric charge; a proton is the
elemental positive charge. A charged body has a surplus of
either positive or negative elemental charges. Charged bodies
may be considered as point charges when the distances
between them are very large in comparison to their dimensions.

The electric force, called the Coulomb force, between two
static point charges is given by Coulomb’s equation:

= 1 @19 -

Fi» = i 2 U2 (1.1)
where

F,, = theforceinnewtons (N) on the point charge ¢, due

to the point charge g,
¢, q» = the magnitudes in coulombs (C) of the two point
charges

r = the distance in meters (m) between the two charges
u;, = a unit vector directed from g; to g,
€ = the permittivity in Farads per meter (F/m) of the

medium in which charges are placed

The two charges will repel each other if they are of the
same sign; they will attract each other if they are of opposite
signs.

Equation 1.1 may be written as:

— _ ffl__ T )
Fi2 (4?19’2 111_) 4>
: (1.2)
=g E»

The vector function E,,, called the electric field caused by
the charge g, is the force exerted by ¢, on a unit charge placed
at a distance r in the direction of k’j,. This function may be
defined for all points in space surrounding the charge g;.

If there are several charges g;, q»..., gy present in space, the
resulting electric field E at any point in space may be obtained
by vectorially adding the electric fields E,, E,, ..., E, caused
by these charges; that is, by using the principle of superposition
of electric fields.

The Coulomb force on a charge g placed in an electric
field E can then be written as:

(1.3)

If the two point charges g, and g, are in motion with respect
to the observer, the force between them differs from the

Coulomb force of Eq. 1.1, and is given by:
qiq2 — I Kogiga —

Fio=——"——"Ujp + — Vo X (v, XU
2T e 2 Ty (v 12)

F=gE

(1.4)
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where:
v,, v, = the velocities of motion of the two point charges
in meters per second (m/s)

u = the permeability of the medium in henrys per meter

(H/m)

The second term in the force law of Eq. 1.4 is referred to as the
magnetic force between the charges.
The ratio of the maximum value of the magnetic force and
the Coulomb (electric) force is:
[;ma_z_nulic R
= €UV |V,

(1.5)

electric max | ..

If the medium is free space, with permittivity of €, (8.854
x10?) and permeability of u,(4nx107), this ratio becomes:

<|

_iva

I 'mugnclic

(1.6)

=151

Fc]c:;lric C

max

where ¢, is the velocity of light in free space. The magnitude of
the magnetic force compared to the electric force is thus quite
small for velocities much smaller than the speed of light. When
the charges are associated with moving electrons, however, the
magnitude of the magnetic forces are quite significant.

The magnetic force between two moving charges as given
in Eq. 1.4 can alternatively be written as:

Hm]?. - fh@: X (4*; e l':‘; u[‘b) (17)
The term in parentheses depends only on the properties of the
point charge ¢q,, and can be considered to represent a certain
vector function existing around the charge g, whenever it
moves with respect to the observer; if the charge is stationary,
the function is zero. This vector function, termed the magnetic
flux density produced by a single moving charge, is thus
defined as:

(1.8)

The magnetic force on charge g, moving with a velocity v,
can now be written in terms of the magnetic flux density
produced by the moving charge g, as:

(1.9)

From Eq. 1.9, the unit of measurement B of is newton-second
per coulomb-meter (N-s/C-m), which is referred to as the tesla
(T), also equivalent to one weber per square meter (Wb/m?).
The portion of the space in which moving charge
experiences a magnetic force described by Eq. 1.9 is called a
magnetic field. If there are several charges moving with respect
to the observer with velocities much smaller than the speed
of light, the total force on any charge may be obtained by
vectorially adding forces exerted on it by each charge
individually; that is, by using the principle of superposition
of magnetic forces. For the several moving charges g, g5,...,

Fmi2 = g2v2 X By
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Figure 1.1 A number of moving charges in space.

gy, as shown in Fig. 1.1, the resulting flux density B at the
point P in space can be written as:

— hr ———
B =2 B
k=1
B i PR < (1.10)
4n =, rq‘k k

If there is now a charge g at P moving with a velocity v, the
total magnetic force on the charge g is given by:

Fn=qvxB (L.11)
The sum of the Coulomb force and the magnetic force on a
moving charge g can now be written as:

F=g(E +V X B) (1.12)
This is the classic Lorentz force on a charge.

Equation 1.12 can be applied to obtain the force
experienced by a current-carrying conductor placed in a
magnetic field. Considering an elemental volume 8V of
conductor with N free charges per unit volume, the force SF
on it is given as:

3F = (Ng 3V)vV X B (1.13)

The quantity Ngv, with the units of coulombs per meter
squared-secojid (C/m?-s), is commonly referred to as the current
density J in amperes per square meter (A/m?). The force on
the elemental volume can then be written as:

8F =J X BV (1.14)
and the total force on a given volume is then:
F=[ixBsv (1.15)

If the current is flowing through a thin wire, the above
equation can be rewritten in conventional terms as follows.
Taking the elemental volume as a small length of the conductor
in Fig. 1.2, the current flow is along the length of the wire
with:

Jdv=1d1 (1.16)
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Figure 1.2 Magnetic field of a current-carrying coil.
For a closed-current-carrying loop, the force is then:

F=1$dixB (1.17)

In a similar manner, Eq. 1.10 can be applied to obtain the
magnetic field resulting from a steady current. Again consider
a small volume 8V containing N free charges per unit volume,
with g being the magnitude of each charge. If the volume 8V
is sufficiently small, all the charges can be considered to move
with the same velocity v. The magnetic flux density at a
distance r resulting from these charges can then be written as:

5B = MV o Gy
4 7
B Ixu S5V (1.18)
T4Am P
The flux density produced by a given volume is then:
. (Ix3
B=-— dv 1.19
4n Iy P (1.19)

For the current-carrying coil of Fig. 1.2, this expression can
be rewritten as:

B=-—
g Je 2

p,fi# dl X u (1.20)
A steady electric current / thus produces a static magnetic
field at a macroscopic level.

For any surface within a magnetic field, a scalar function
denoted as ¢ defines the magnetic flux flowing across the
surface as:

o= B-as (1.21)
The unit of magnetic flux is the weber (Wb). To help visualize
the magnetic field, magnetic flux lines and magnetic flux
tubes are used. A magnetic flux line is drawn tangential to B
at all points. A magnetic flux tube is tubular surface formed by
magnetic flux lines. Because B by this definition is tangential
to the surface of a magnetic flux tube, the magnetic flux in
any cross section along the length of a tube is constant. It is
customary to draw magentic flux lines representing tubes of
equal flux; the density of the flux lines is then a measure of
the magnitude of the flux density vector B.



It also follows that the magnetic flux through any closed
surface is zero, i.e.:

%ﬂ B-dS=0 (1.22)

This is also expressed in differential form as:

div B=0 (1.23)
It must be noted here that two distinctly different approaches
have been introduced in analyzing the performance of
electromagnetic devices. These are a field approach, which
attempts to solve for the electromagnetic field in and around
the device, and a circuit approach, which considers different
devices to be a system of magnetically coupled current-
carrying coils. An attempt is made here to develop the basic
concepts that will be useful to both these approaches.

For any current loop placed in a steady magnetic field, as
shown in Fig. 1.3, the field can be resolved into two
components in relation to the loop, the normal component
B, and the parallel component B,. Using the results of Eq.
1.17, the normal component B,, will exert deforming forces
F, on the loop that will tend to increase or decrease the size of
the loop. The parallel component B,,, however, will produce
F, forces that create a torque on the loop, tending to turn the
loop so that the magnetic field generated by the current loop
will coincide with the direction of B.

The torque T on the loop is given by:

T=ISx B (1.24)
where g is the area of the loop, with the vector directed toward
the magnetic flux density caused by the current in the loop;
that is, if a right-hajid screw is turned in the direction of the
current in the loop, S will point to the direction of the
longitudinal screw motion. The product I§ is usually called
the magnetic moment m of the loop, and then:

Principles of Energy Conversion

T=mX B (1.25)

1.2 MAGNETIC MATERIALS

The concepts just developed may be used to study the
magnetic behavior of materials. From a macroscopic point of
view, and on the basis of the crude atomic model described
earlier, electrons moving in circular orbits around the nucleus
may be considered as tiny current loops. A magnetic moment
can be associated with each atom because of the current loops
represented by the moving electrons. In the absence of an
external magnetic field, the magnetic moment vectors
associated with individual atoms are randomly oriented in
space, and consequently result in a net zero magnetic field at
a macroscopic level. When placed in an external magnetic
field, each atom experiences a torque that tends to align the
individual moments in the direction of the field. Because of
the intra-atomic and interatomic forces and dynamics, the
individual moments of atoms within the material do not all
orient themselves with the external magnetic field. The net
magnetic field generated by this realignment within the
material is denoted as M. For most substances, the
magnetization M is given by:
VL &

M_El‘*‘xm B (1.26)

The constant Y, is referred to as the magnetic susceptibility of
the material. B
The magnetic field intensity H is defined as:

— B —
H= —-M

1.27
Ko ( )

The magnetic field intensity is measured in terms of amperes
per meter (A/m).

Figure 1.3 Forces and torques on a current-carrying coil placed in a magnetic field.
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Using Eq. 1.26, one can write:

Bl X \__ B
Mgy 1+ Xm o (1 + X,m)

B B (1.28)
L

H=

where U is the permeability and L, is the relative permeability
of the material.

Materials with p,<1, such as copper and silver, are known
as diamagnetic materials, and those with p,>1 but almost equal
to unity, such as aluminum are known as paramagnetic
materials. For most practical applications, the relative
permeability of these materials is considered to be equal to
unity. Some materials such as iron, cobalt, nickel, and others
exhibit p.,. = 1 and these materials are known as ferromagnetic.

1.2.1 Properties of Ferromagnetic Materials

All ferromagnetic materials exhibit two important
characteristics, magnetic saturation and hysteresis. For these
materials, a unique value of U cannot be defined so that
B = wH can be satisfied at all values of H. If the permeability
of these materials is defined on an incremental basis as =08/
OH, the value of | decreases with increasing H. Beyond some
value of H, the incremental 3B decreases continually as H
increases. This is magnetic saturation. Also, the B-H
relationship depends on the magnetic history of the material;
that is, for a given value of H, the resulting B depends on how
the material is magnetized. This is Aysteresis. These properties
can be illustrated with the help of Fig. 1.4.

Consider a piece of a material that has never been
magnetized but is now magnetized in successive cycles
between +H,,. As H increases between 0 and +H,, for the first
time, the B—H relationship is plotted by a curve such as 0—1
in Fig. 1.4.

[
I
[
|
|
I
12 *Hm H—p

Figure 1.4 Magnetization of a ferromagnetic material.
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Figure 1.5 Hysteresis loops.

Now if H is reduced to —H,, the B—H relationship traces a
different curve, such as 1-2-3—4. At point 2, H is zero but B has
a finite value B,, referred to as the residual flux density. H has to
be reversed to a value —H,, called the coercive field intensity, to
bring the flux density B to zero at point 3. Starting at point 4, if
H is increased from —H,, to +H,,, the B—H relationship traces a
curve 4-5—6-7, and the flux density for H= H,, is different from
that at point 1. If the magnetization cycles are repeated several
times, the B—H relationship will stabilize and trace a closed
curve known as the hysteresis loop. For different values of +H,,,
the hysteresis loop will be different, as shown in Fig. 1.5. The
locus of the tip of the hysteresis loop is called the normal
magnetization curve. At high values of H, the relative
permeability is reduced to unity, and the material is said to be
magnetically saturated. In saturation, all the individual
magnetic moment vectors representing the atoms are totally
aligned with the external field.

When a magnetic material is subjected to alternating field
intensity, the B—H relationship traces the hysteresis loop once
every cycle of field intensity variation. The magnetic moment
vectors are continually moving, trying to orient themselves
along the external field. These atomic movements are
accompanied by friction, and a certain amount of energy is
lost as heat in the material during each magnetization cycle.
This lost energy is the hysteresis loss, and the loss per unit
volume of material per magnetization cycle is proportional to
the area of the hysteresis loop.

The ferromagnetic material can be considered to be made
up of small permanently magnetized domains. These domains
are of equal magnetic moment and they all tend to align
themselves with the field. There is, however, a class of materials
where these magnetized domains are of unequal magnitude.
Under the influence of an external magnetic field, domains
with larger moment align with the field, whereas the domains
with smaller moment align in opposition to the field. These
materials are called ferrimagnetic materials. Ferrites are
ferrimagnetic substances having a very low electrical
conductivity.



Every ferromagnetic material loses its ferromagnetic
properties and behaves as a paramagnetic material above a
certain temperature known as its Curie temperature.

1.2.2 Boundary Conditions for B and H

The vector H exhibits the important property (Ampére’s law)
that for any closed contour C:

jb(_ H-dl = J_\_ J+dS = sum of all currents through C (1.29)
The differential form of Ampére’s law is usually written as:

corlH=V X H=] (1.30)

or

curl B=V X B=plJ (1.31)
The relationshipsjpetween the components of vector B _(and
also of vector H) at adjacent points on the opposite sides of a
boundary between two magnetic media are generally referred
to as the boundary conditions. One such boundary is illustrated
in Fig. 1.6. Considering small areas on surfaces on either side
of the boundary around points P, and P,, one can use Eq. 1.21
to write an equation for the flux through &S, namely:

Bln '8S:B2n'8S
and hence:
B,=B,, (1.32)

and for linear magnetic media:

15 [Iln = M2H2u (1.33)

The relationship between the tangential components is
obtained by applying Ampere’s law of Eq. 1.29 to the contour
shown in Fig. 1.6.

?H -d1 = H,,dx — H,, dx = current enclosed = J, dx

n
(— Boundary with a
Py I—b By H=py y surface current sheet
Bzn H=Ha
P2
Bat
lg— &y —l
=) 55 ! | Surface
1 @ { ! Py ’/ Current Density
-4 Js(A/m)
E— 5y ®®®
@ b s
f Py Boundary
Infinitesimal
Contour

Figure 1.6 Boundary between two magnetic media.
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By

H=Hy
H=Ho

Figure 1.7 Magnetic refraction at a boundary.

that is:
H,\~H,=J; (1.34)
In the absence of a surface current sheet at the boundary,
H,=H, (1.35)
and for linear magnetic media:
B, By
I = E (1.36)

The relationship between B, and B, can now be seen as
illustrated in Fig. 1.7. For any angle ~,, the angle 7, is obtained
from

1 I-fs

T
tan o = L tan oy + ———
M2 n

(1.37)

The magnetic flux lines are thus bent at any boundary similarly
to light rays being bent at optical boundaries. This is called
magnetic refraction.

Boundaries between ferromagnetic materials (., >1) and

nonmagnetic materials such as air, copper, and aluminium
(1,=1) are very commonly found in electromagnetic devices.
In such a case, in the absence of any current at the boundary:

(1.38)

Herl
tan oy = tan o, = 0
Herz

That is, magnetic flux lines are practically normal to
ferromagnetic surfaces, as shown in Fig. 1.8.

1.3 SOME BASIC FUNCTIONS RELATED TO
ELECTROMAGNETIC FIELDS

In developing the theory of electromagnetic fields and its
applications to solving problems related to electrical
machines, some basic functions must be defined as follows.

B,
90~ —
Hpy=1
J 0
>/1 Hpp>>1
o |
BE I‘\

Figure 1.8 Magnetic refraction at a ferromagnetic surface.
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Current loop

Figure 1.9 Definition of scalar potential.

1.3.1 Scalar Potential

The magnetic scalar potential %,, at a point P with respect to
a reference point O is defined as:

. P—
Fp=—| H-dl
]

(1.39)

The negative sign is introduced so that the magnetic flux will
always flow from higher potential to lower potential. We have,
however, seen earlier that according to Ampere’s circuital law:

#3‘_ H - dI = sum of all currents through C (1.40)
Referring to Fig. 1.9, therefore, one can write:

§ H-di+§ H-di=0 (1.41)
whereas:

¢ H-di+$ H-di=—1 (1.42)
hence:

(—-jgc__ H-df) - (—j[’(_ HdI) =1 (1.43)

It will now at once be clear that the scalar potential defined
by Eq. 1.39 cannot be a single-valued function unless certain
constraints are established for contours. For this, consider a
current loop as shown in Fig. 1.10. The point P is in the plane
of the loop; P, is just above the plane, and P, is just under it.
From Ampeére’s law:

[JH-ai+ [, H-ai= -1 (1.44)

and the first term is almost zero because d*” is almost equal to
zero. Hence, one may write:

Current loop

Path a

Figure 1.10 Single-valued definition of scalar potential.
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CHedl=—1 (1.45)
The scalar magnetic potential of P, with respect to P, is:
Fopoy = — |, H-dl=[ H-di=—1 (1.46)
and conversely:
F [ H.oai= - H.a1=+
Frpor, = = [, Hedl= —[ H-al=+1 (1.47)

Thus any two points on either side of a current loop have a
magnetic scalar potential difference equal to the current in
the loop. The side with higher potential is given by the classic
right-hand screw rule.

The scalar potential can now be uniquely defined as follows.
The potential of P with reference to O is given by:

F, = — [ H-dl (1.48)
where C is any contour from O to P; every time the contour C
goes through a current loop, add a term [ if the loop is crossed
in the direction of travel of a right-hand screw turned in the
direction of the current in the loop; subtract I if the loop is
crossed in the opposite direction. The magnetic scalar
potential thus defined is now a single-valued function.
Referring back to Fig. 1.9,

Furo=— | Hedi=— [ H-dl

S (1.49)
= | H-al-1

From the basic definition of the scalar potential, it can be
shown that:

H=-V%, (1.50)
and then:

B=— wV%,, (1.51)
Also, since ¢ . g = (-

szﬁ:,,, =0 (152)
1.3.2 Vector Potential

The vector potential function A is defined such that it
satisfies the following conditions:

B=VXA (1.53)
and:
V-A=0 (1.54)

Because any vector function such as_K can be completely
specified in terms of its curl (V X A) and its divergence
(V- A), A is thus uniquely defined.

Using Ampere’s law in differential form:

VXB=VXVXA=VV-A)—VA=—VA=p]



that is:

VA= (155)

A general solution of the above equation has the form:

— - dv
z’%:i ] —

yrl I (1.56)

and the vector potential A due to elemental current IV is in
the same direction as J.

This solution can be used to obtain, for example, the vector
potential resulting from a current-carrying loop. Referring
back to Fig. 1.2, if the current in the loop is I:

JdV=1dSdl =1dl (1.57)
and

— ol d_f

A= Eﬂg - (1.58)

1.3.3 Electromagnetic Induction

Let us now consider currents and charges that are functions of
time. If the variation in time is slow enough, the electric and
the magnetic field at any time will be almost identical to the
field caused by a constant current equal to the value of the
time-varying current at that instant in time; such a system is
generally referred to as a quasi-stationary system. For such a
system, Maxwell’s law (a generalization of Faraday’s law) of
electromagnetic induction can be expressed in two different
forms:

f.E-ai=[ vxE-a5=- |, % a8 (1.59)

(integral form)

- B
7 % _ — =
VX E 5,

(differential form)

(1.60)

If, for example, a closed thin loop with contour C is placed
in a time-vary ing field B, the voltage induced in the loop can

be obtained by Eq. 1.59 as:
e=§E-ai=-2|[B-ds|--2&
‘ ' or|Js ot

where ¢ is the flux through the loop—also known as the flux
linkage of the loop.

(1.61)

1.3.4 Energy in an Electromagnetic Field

Since B =V X A, using Eq. 1.60, one may write:

Vsz—i(VxK)

o (1.62)

and hence:

E=—-—2— (1.63)
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The power necessary to maintain this field is then given by:

p=- J E-Jav —J J % av

E %{ [, [3-aa .:fv] (1.64)

For a quasi-stationary system with a magnetically linear
medium, J and A are similar functions of time, and then:

v O [ 17,5 v
av = a;f' JTAdy (1.65)

ot '
The energy stored in the magnetic field can then be defined as:

W, =[,~7-Aav

: (1.66)

and this can also be shown to be:

(1.67)

1.3.5 Self-Inductance and Mutual Inductance

Consider two closed thin loops of conducting material as
shown in Fig. 1.11. If the loop 1 carries a time-varying current
i1, it will cause a time-varying magnetic field B, in the space
surrounding the loop. This magnetic field will induce an
electromagnetic force (emf) e, in loop 2 given by:

oL 5 < b
“- E[Sg B, -dSz] == (1.68)
where:
b2 = §, B, -dS, (1.69)

is the flux linkage of loop 2 due to a current in loop 1. The
flux density B, and the flux linkages &> are both proportional
to the current i; if the medium between the two loops exhibits
linear magnetic behavior. Hence a constant L,, can be defined
such that:

b= Lz (1.70)

It will be apparent that the unit of the constant L,,, known
as the mutual inductance of loop 2 with respect to loop 1, is
weber pre ampere. This unit is also known as the henry.

The flux linkage &> can be written as:

Figure 1.11 Inductances of current loops.
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bip = L_:El -d§2 = LEV XK] 'dgz

- (1.71)
=$ A -dL
Hence, referring back to Eq. 1.58:
pdy df] -
b1z = 35 [H T} “dl (1.72)
That is:
_bp_op f § dldh
Ly =52 =F X3 - (1.73)

Because the value of the integral is unchanged when the
subscripts 1 and 2 are interchanged, it is possible to write:
d:nz ¢'2[

L, = =—=1L,
12 I, L 21

(1.74)

The self-inductances L,, and L,, can similarly be defined
in terms of the flux linkages of loops 1 and 2 resulting from
the currents in them:
d)oz

_ b _ b
Ly = 2 and Ly = I, (1.75)

If only loop 1 carries a current, the flux linkage ¢ of loop
1 will be larger than the flux linkage &,, of loop 2. This is
because some of the flux lines will close on themselves without
passing through the surface of loop 2; the difference
(b1 — dy2) is the leakage flux ¢e1 of loop 1. Similarly, ¢a2 =
21, and the difference (d22 — d21), is the leakage flux b,, of
loop 2. It is therefore possible to write:

= I L& > s T2 Lz
LiiLaz L L L L 12 (1.76)
That is:
LyLy > Lt 1.77)

The ratio k = L)2/V L;1Ls; is, therefore, always less than 1.
The constant k is generally referred to as the coupling
coefficient. A higher value of k means less leakage flux and
signifies better coupling between the loops 1 and 2.

1.3.6 Energy Stored in a Current-Carrying Coil

Referring back to Fig. 1.2, the energy W,, stored in the coil can
be obtained as:

l P
W= =J-AdV
J. 5 1.78)
However, ] dV = I d1, and then:
1= — o [1
W, [VEJ AdV = ?‘E IA - dI (1.79)
Also
- 0A - b
=9 2. 41= - 22 .
E-di=-§% > (1.80)
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Hence:
b= SEr_-K -dl (1.81)
and then:
W, = 3&%:’5 -dl= %fq) (1.82)

If there are no other current-carrying coils in the vicinity of
the coil and the self-inductance of the coil is equal to L, then
¢ = iL, and Eq. 1.82 can then be written in the familiar form:

Li? (1.83)

1.4 MAGNETIC CIRCUITS

Electromagnetic devices usually have current-carrying
conductors embedded in magnetic cores. If these magnetic
cores are made of thin laminations, currents flowing in them,
known as eddy currents, can usually be ignored as a first
approximation. With solid cores, however, effect of these eddy
currents must be considered in studying the characteristics of
electromagnetic devices. Study of magnetic fields resulting
from conductors embedded in iron cores is therefore very
important. Several techniques have been developed over the
years for analyzing such problems.

1.4.1 Concept of a Magnetic Circuit

Let us consider an elemental length of a narrow tube of flux as
shown in Fig. 1.12, thus permitting use of scalar rather than
vector notation. If the cross section of the tube dS is sufficiently
small, the flux density B can considered to be uniform, and

the flux 8¢ is then equal to BdS. Since:
%H dl = total current enclosed = NI

one may write:

H 81=5(NI)

Tube of Flux

mpere-turns
1

Figure 1.12 Concept of a magnetic circuit.
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that is:

81 = &(NI)

T |=

or

IR
o (p&%‘) = B(NI) (1.84)

The quantity NI is referred to as the magneto-motive force
(mmf) because that is what causes the flux ¢. Comparing the
relationship between electric current (analogous to magnetic
flux) and emf (analogous to mmf), the quantity 8//3S is usually
referred to as magnetic resistance or reluctance of the medium
in which the flux is caused.

For any length of a flux tube, the reluctance R,, is given by:

(1.85)

In magnetic fields involving ferromagnetic materials, with
or without small air gaps, the magnetic flux is usually confined
to ferromagnetic cores, although some leakage flux is present
outside the cores. The performance of these devices can be
analyzed approximately by constructing equivalent magnetic
circuits (analogous to electric circuits) with nodes and
branches. The mmf and the flux in the branches can then be
obtained by calculating the reluctance of various branches
and solving circuit equations similar to those for electric
circuits.

1.4.1.1 Linear Magnetic Circuits

Consider the simple electromagnet of Fig. 1.13. If the magnetic
material has a constant relative permeability ~, that is
independent of the flux density, the device is considered to
have a linear magnetic circuit. The electromagnet can then
be represented by the equivalent circuit of Fig. 1.14, where all
the R’s are reluctances of parts of the magnetic circuit. The
reluctances Ry and Ry, are given by the following equations:

lar . . .
R oS - (for magnetic material) (1.86)
le )
Rep = — 22— (for air) (1.87)
cD

/ Magnetic Material

oA Be
'-L.___“H
q P | c
NE O _
<-..,_> Air Gap
] b 1 D
oF Ee

Figure 1.13 A simple electromagnet.
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Rer

Figure 1.14 An equivalent electrical network.

Other reluctances can be written similarly.
The flux ¢ in the circuit is then given by:

&= mmf
Total reluctance

M (1.88)
Rpy + Rap + Rge + Rep + Rpp + Rer

Another magnetic device is shown in Fig. 1.15. It is a
doubly excited device with two air gaps. If the magnetic
material is linear, the device can be represented by the
equivalent circuit of Fig. 1.16. This can then be analyzed as
an electric circuit by solving the related equations.

1.4.1.2 Nonlinear Magnetic Circuits

If the relative permeability of any magnetic material is a
function of the flux density, the material is said to be nonlinear.
Magnetic devices with such materials exhibit nonlinear
characteristics, and cannot be analyzed with the help of
equivalent linear magnetic circuits. Simple circuit topologies
can be analyzed with graphical techniques, although complex
circuits can be analyzed only by trial-and-error methods.

Consider again the circuit of Fig. 1.13. Let B=f(H) represent
the nonlinear magnetization characteristics of the core
material. For the air gap across CD the mmf-flux relationship
is obtained as:

mne m%l’.’l

A
] K ) b J
q > P
Nyly (-)--.,
o— D

oH Ge

Figure 1.15 An electromagnet with multiple excitation.
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Nal
{_22

B—MWW—

%4’/ ﬂe!umance< D

Air Gap

Y %2

Figure 1.16 Equivalent electrical network.

B -
cD Sen
mmf = Fep = Heplep = =<0 lep
Mo (1.89)

blep
RoSco cob

For the ferromagnetic portion of the magnetic circuit, this
relationship is obtained as follows. For the path BC:

Fge = lgcHpe = lpef ! (S.d)_)
Spc

Hence, for the entire ferromagnetic path, the total F; is given
by:

(1.90)

Fr=Fpm + Fap + Fpc + Fpg + Fgr = fi(d) (1.91)
Also:
Fr+F =Nl (1.92)

This equation can be solved graphically as shown in Fig.
1.17 by plotting both F; and F, as functions of ¢. The
intersection of these curves gives the solution of the above
equation.

If the circuit is a little more complex as in Fig. 1.15, even a
graphical solution is not very easy. For this circuit, there are

|
Solution : Fr For
Point | Ferromagnetic
T I | Path
| !
| !
| !
) } ! Fop For Air Gap
| |
| |
l -
FT - o <+— N|

Figure 1.17 Graphical solution to problem of Fig. 1.13.
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principally three branches: path FGHA with flux &,, path
ABCDEEF with flux &,, and path AIJF with flux $3 = (¢ +
®2). For the first path:

Fpa = Nyl = Fapg — Fug — For

= Nily — i) (1.93)
Similarly, for the second path:
Fpa = Noby — fo(ds) (1.94)
and for the third path one can write:
Fpa = fa(d3) (1.95)

If the first two relationships are plotted as shown in Fig.
1.18(a), at any point Q, one can find Fy, and:

by = by + by =005+ 00, = 0,05

where 0,0, and 0,0, are the values of ¢, and ¢ from the
figure and Q,Q; is me value of ¢s.

By taking a series of points O, one can thus generate a
relationship:

Fry = fa(db3)

(1.96)

(1.97)

The solution of the three equations Eqs. 1.93—1.95 is then
obtained by plotting the functions f;(d3) and fy(bs) as shown
in Fig. 1.18(b).

It should be realized here that the above analyses of
electromagnetic devices based on their equivalent magnetic
circuits are approximations of their actual behavior. This is
because the magnetic flux was assumed to be constrained to
the magnetic core, and was simply assumed to be crossing over
any air gaps; leakage flux was assumed to be zero everywhere.

MMFae
—
=z

For length

For length
ABCDEF \ FGHA

D
N

o>

Solution Point

Figure 1.18 Graphical solution to problem of Fig. 1.15.
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Figure 1.19 Two-dimensional field problem.

1.4.2 Two-Dimensional Field Problems

Let us now reconsider a magnetic device such as that shown
in Fig. 1.13. In analyzing the circuit based on equivalent
magnetic reluctances, the entire magnetic flux was considered
to be constrained within the magnetic core, and all this flux
was assumed to cross the air gap only across the two surfaces
facing each other. If the magnetic core is not saturated, and
the air gap is small compared to the other dimensions of the
device, such approximation can usually be justified without
sacrificing much in accuracy. Otherwise, however, several
types of magnetic flux lines can be defined as shown in Fig.
1.19. These include:

by = Main flux: going through the core and crossing
the air gap directly from face to face
dy,¢, = Leakage flux: going through most of the core

but fringing around the air gap
b,y = Leakage flux: crossing largely through the air,
but still linking the whole winding
s = Leakage flux: all in the air, linking only part of
the winding

In general, the flux density B at any point in space in and
around the device is a function of all three spatial variables.
For many devices, however, the general three-dimensional
field problem can be simplified. In the electromagnet of Fig.
1.19, if the length is large compared to other dimensions,
variation of B with respect to z may be ignored; the flux
density B and the magnetic scalar potential %,, are then
functions of only two variables, x and y. The function F,,(x,y)
can then be obtained as the solution to the equation:

V2F,, =0 (1.98)
with appropriate boundary conditions. Furthermore, if the
ferromagnetic cores are unsaturated, the two-dimensional field
problem can be simplified further by assuming core
permeability to be infinite; any finite flux density B is then
possible in the core with H=0. The iron surfaces can then be
assumed to be equipotentials, except when current sheets are
present. For example, referring back to Fig. 1.19, the equivalent
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two-dimensional field problem can be formulated as illustrated
in Fig. 1.20. The core on one side of the exciting coil is assumed
to be at F,, = +1; the core on the other side of the coil is
assumed to be at F,, = —1; along the height of the coil, the
potential %,, is assumed to vary linearly between —1 and +1.
The line of symmetry can be assumed to represent the
equipotential F,. = 0.

Several techniques have been developed to solve two-
dimensional field problems, such as conformal mapping [1],
and Fourier series method.

1.4.2.1 Fourier Series Solutions

The two-dimensional Laplace equation for %,, is:

OF | 0Fu _ (1.99)
Ox dy
If a general solution is assumed to have a form:
F,, = exp (ox = By) (1.100)
then satisfying the Laplace equation requires:
o?+p3=0, that is a=%j3 (1.101)

Using all possible combinations of signs, and all possible
values of a, a most general solution can be written as:

Height & | ] e Fp=0
of | |m=—=———pfmmmmm T -—

Coil _ L £_1 2 t Line
V&n=0 of
Symmetry
Fm=-1

Figure 1.20 Formulation of the field problem.
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%, = ELAHCOSh (oty)eos (o,x) + Bysinh (o, y)cos (o,x)
n

+ C,cosh (o, y)sin (a,x) + Dysinh (a,y)sin (o,x)]
(1.102)

The constants A,, B,, C,, D,, and o, can be determined by
imposing appropriate boundary conditions.

For the rectangular region of Fig. 1.21 (a), the general
solution becomes:

sinh [(2n — 1) (h — y)/b]
Fn=2F,  sinh[(2n — 1) 1 W/b]

X
% sin [(21: - 1) ?—‘

It satisfies the boundary conditions:

(1.103)

%,, = 0 at x=0 and x=b
and:
F,, =0 aty=h

Furthermore, F, can be determined such that:

_ o X
fx) =D F,sin|(2n — l)? 0=x=b (1.104)

ol Fm=i(x) .
" A —
Fn=0 y N Fqn=0
Fm=0
Y ¥
(a)
1 i
| I
I |
| |
:/"\'*/\I
- I
1 Fm=tx) 1 > x
l -
lae—— =
m o 'JF h Fn=0
8x l
Fy =0
yy

(b)

Figure 1.21 Certain basic two-dimensional field problems.
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so that:
F,. = flx) aty=0

For the rectangular region of Fig. 1.21(b), however, the
general solution has the form:

sinh [(2n — Dyw (h — y)/2b
%}?HI = Z GH . [( - : -‘) i
. sinh [(2n — 1) h /2b]

mXx
X cos l(.?n - UE}

This function satisfies all the boundary conditions.

If there are known potential distributions on more than
one boundary, the solution can be obtained by applying the
superposition theorem, by defining several simpler problems.

With interconnected regions, the problem becomes
increasingly difficult, although the technique is quite
straightforward, as can be seen from the problem of double-
slotting in Fig. 1.22(a) [2], In this figure, the dimensions of
the structure are:

(1.105)

S = slot width

t = tooth width

N\ = tooth pitch=s+¢

g = length of the air gap
h = depth of the slot

the dimensions of the slots and the teeth being identical on
the two surfaces. If the teeth on both surfaces face each other,
the corresponding field problem can be defined as presented
in Fig. 1.22(b). The two regions I and II in this figure have a
common boundary ED; the magnetic scalar potential and its
spatial derivatives must be continuous across this boundary.
The problem is, therefore, solved in two steps:

1. Assume an arbitrary potential distribution along ED
in terms of some unknown Fourier coefficients. Solve
the field equations in regions I and II.

2. Obtain the unknown coefficients by matching the
normal derivative of the potential function along ED.

Step 1: Solution of V2%, = ¢ in regions I and II. With the x-y
coordinates fixed at B as shown, let the potential across ED be
assumed to be given by:

2gm
Fep = ZBq sin (i(}’ - h))
g=1 g
(1.106)

forh=y=h+

(SR

The constants B, are the unknown Fourier coefficients.
The potential F, in region I is then given by:

2n+1mf '
sinh ) h + % -y
4( l}“ 5

'.')“'| = E— -

= Z - : L
o 2n+)m o) ’
! sinh {—('” f 3. (,’f + %)}
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+ — t—prg-S > Surface 1
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(b)

Figure 1.22 (a) An identical double-slotting placed tooth opposite tooth, (b) The corresponding field problem.

2h
+ o= 1.109
Xcos((zn l)?fx) 2h + g ( )
A
With x-y coordinates fixed at E as shown in Fig. 1.22(b), the
cosh (;njﬂ:jg) potential F,, is:
h+g Ty
i ye, n( my ) (1.107)
1 mis/2 h+gl2 o len+n(g
cosh [ > sinh | ———{ = —¥
1+g/2 4 t 2
fg;“ = Z A L 1 =
e L
where: sinh )
-2 q_. 21~ 2n + 1
C, = e [1 — cos (mno)] + - sin (mma) X sin (7( " : )mf)
Q(I _Bq.m{] —:!J)
X2 5>, 3B _
q}—:i g —m*(1—a)* 77 cosh 2qm %_ v
(1.108) g 2y
. 2qmh + 2 B, sin
+ 3 (1 — @) B, 8,1 —a)cos [ — o (2qn r) 8
a1 8 cosh o 7
& (1.110)

and:
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Step 2: Equations for the Fourier coefficients. A set of
simultaneous equations in the B, coefficients can now be
written by equating d%,/dx and dF/dx on ED as:

v
{2(;:‘5 tanh [gru(l — B)] sin (2q1‘t g)

g=1 |

2gmh
+¥ \fm(l - a)’ Bym(l — o) COS (—qg—)
m=1
4mg(l — a)” 2 sin (mmo)
+ -
qz m (] _ (1)_ (1 aq.m{l u])}

X tanh [mmpp(l—a)] sin ’;;m'l:(l —a)( 0.5a + %)]}Bq

B @CntDhr \ . 1@+t (1 ¥
2 OFLB wsech(zuﬁ(l_m)mnh{ B (2 g)]
+ X -

(2n+1in @n+Dnfl y
n o P B) u\)“ech( B)) . h[ a [5) (2 g ):|

- Z 4(1—a)[1—cos (mna)] tanh [mapp(l—a)]

m=1

5 ;
> sin [Q:rm(l—a)(o 3 [ ;?)J

ﬂwD{%{Oj

(1.111)

where:
pw=N/g and B=s/(s+t)

If g is assumed to take a maximum value of O, the necessary
number of equations can be generated from Eq. 1.111 either
by Fourier analysis or leastsquares fitting, or simply by point-
by-point matching, i.e., giving Q different values to y/g in the
range.

Once the B, coefficients are evaluated, the magnetic scalar
potential is completely defined in both regions. The other
parameters, such as the magnetic flux crossing any given area,
the permeance of the air gap, and others can then be computed.

It will at once be apparent that the techniques of Schwarz-
Christoffel transformation and Fourier analysis are not easily
applicable to complex field topologies.

1.5 FINITE ELEMENT ANALYSIS
OF MAGNETIC FIELDS

1.5.1 Motivation

The magnetic circuit or permeance method described in the
previous sections is very useful for calculating approximate
magnetic fields in devices of simple geometry. For more
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accurate calculations, however, finite element computer
programs are necessary.

The key limitation of the magnetic circuit method is that it
requires assumption of the magnetic flux paths. The lengths
and cross-sectional areas of all paths must be known. Usually
the paths are assumed to consist of straight lines, which is
erroneous to a some extent. To calculate the effects of flux
fringing, saturation, and leakage flux one usually uses
empirical correction factors. If a motor or other magnetic
device has had essentially the same type of design for many
years, then the empirical factors may be fairly well known.

Today’s motor designer is often involved with new motor
design concepts for which the flux paths and empirical factors
are unknown. Even if the design is a well-understood older
design concept, there is great need today for accurately
determining the effects of geometric changes and saturation
on motor efficiency and other parameters related to the
magnetic field.

The finite element method can be made readily available
in the form of computer software called Maxwell® [3] installed
in the motor designer’s office. The software requires no
assumption of flux paths or related empirical factors. Finite
element software accurately calculates magnetic fields and
the related motor design parameters for motors of complicated
geometry, with saturation and/or permanent magnets, with
significant armature reaction, and with or without eddy
currents.

1.5.2 Energy Functionals

The finite element method is based on energy conservation.
The law of conservation of energy in electric motors may be
derived from Maxwell’s equations and can be expressed as [4]:

—ﬁ_E-Idv J H- QB av (1.112)

where Bis magnetic or flux density, His field intensity, Jis
current density, E is electric field, and V is the volume
enclosing the device analyzed.

The left-hand term of Eq. 1.112 is the net electrical power
input Pg. It can be shown to equal voltage times current. The
right-hand side can be rewritten to give [5]:

[ E-dav=2((["H -aB)av
J 8rf" JO

The term on the right-hand side is the rate of increase of the
stored magnetic energy:

W, = J(j: ﬁdﬁ)dv

The input power Py may be expressed in terms of magnetic
vector potential A rather than E by using the definition of A:

(1.115)

(1.113)

(1.114)

B=VXA
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in Faraday’s law:

o OB
VXE=—0 1.116
-, ( )
Hence:
VX E— _'éa;'(ﬁxz) (1.117)

Then assuming negligible electrostatic potential, which is
true if there are no power losses:

= D -
E - 3; A (1.118)
Substituting the expression for E in Eq. 1.118 into Eq. 1.113
gives:
[~ 0A
Pp=| J-—=—dV 1.119
E J,- ot ( )
which becomes:
y a A =
Pe=; . (ﬁ] I ‘“") v (1.120)
The integral is the net input electrical energy [5]:
A - —
W = L ( 0 J- dA) dv (1.121)
Then Eqgs. 1.138, 1.145, and 1.146 give:
| fgﬁ‘ B |av=| .JA J-dA|av
Ao dBav=| 1] J-dA|d (1.122)

that states that stored magnetic energy equals input electrical
energy for lossless devices.

Variational techniques such as the finite element method
obtain solutions to field problems by minimizing an energy
functional F that is the difference between the stored energy
and the input (applied) energy in the system volume [6]. Thus,
for magnetic systems, Eqgs. 1.114, 1.121, and 1.122 give

B A= —

F=J:_(L H'.ﬂ'B—LJ J'dA)dV (1'123)
F is minimized when:

oF _

oA 0 (1.124)
Thus:

0 (8-
JV (84 J'[] H‘O’B“‘J) dV =10 (1125)

The functional F is altered from Eq. 1.123 if losses due to
induced currents exist. In linear induction problems F
becomes [7]:

(B 75+ 0len
F= J.: (ZM J-A+ J'GJQO‘A ) dVv (1.126)
where J is the applied current density of angular frequency w,

| is permeability, and o is conductivity.
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Figure 1.23 Typical triangular finite element connected to other finite
elements.

1.5.3 Finite Element Formulation

Minimization of the magnetic energy functional over a set of
finite elements (called a model or mesh) leads to a matrix
equation that can be solved for the potential A throughout
the mesh. The assembly of this matrix equation is here derived
for the case of planar induction problems [8].

Figure 1.23 shows the coordinate system for planar
problems, along with part of a typical finite element mesh.
The entire planar mesh may represent, for example, the stator
and rotor laminations and air gap of a motor. A similar two-
dimensional derivation may be made for axisymmetric
problems, such as for cylindrical solenoids. In either case, the
device analyzed must be subdivided into triangles or
quadrilaterals called finite elements, each of which has three
or four vertices called grid points. Given the motor geometry,
Maxwell® software automatically generates the finite element
mesh for best solution accuracy. B

In such two-dimensional problems, J and A are assumed
to be directed out of or into the page. Within each triangular
finite element A is assumed to vary linearly according to:

A
A= 3 ﬁ(dk + X + £, V) (1.127)

k=Lmn

where A is the triangle area.
Evaluating Eq. 1.127 at the three vertices gives the solution
for the d, e, f coefficients:

d, d, d, 1 X M
e en en|=24[1 X, Y (1128)
fl-r f;H f;! ] xf! .\;H

The magnetic field in a triangle is:
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. 0A _

E(x,y_) = u, t—u,
dy Ox

(1.130)
where u,, and u,, and U, are unit vectors. Substituting Eq.
1.127 into Eq. 1.130 gives:

— 1
B(x,y) = A 2

k=Ilmn

[—fediu, + ecA,]

(1.131)

Thus the magnetic field is constant within a particular
triangular finite element. Quadrilateral finite elements are
composed of two or four triangles.

The grid point potentials A, can be found by minimizing
the functional (1.126), which becomes for planar problems:

2

_ 'B 1,
F= J- — — JA + jo—cA" | dS
5 2}.L 2

where dS=dx dy. Substituting Eq. 1.132 into Eq. 1.124 and
considering one triangular finite element yields:

(1.132)

o (B A -
Lajj EP— —JA + wocA” |ds =0, j=Lmn (1_133)

Integration over the triangle can be shown to yield the 3x3
matrix equation:

[R[AJ+[M][A]=[C] (1.134)
where:
v (ere; + fify) (eem + fbfrn) (ee, +f{fn) .
[RT _— ((-‘mf-‘.f +JF;MJJ:') (Gmc’,” +f»bfrn) (emen +ﬁuﬁ1)
4A (ener + fufD) (enem +Jﬁ1f;n.‘ (e, +fufn)
(1.135)
M]=——1 2 1
12 1 2 (1.136)
oAl
(€)==~ } (1.137)

Equations 1.134 through 1.137 solve for the potential A in a
region containing the one triangle with nodes /, m, and » in
Fig. 1.23. For practical problems with N nodes (grid points),
the above process is repeated for each finite element, obtaining
matrices [R] and [M] with N rows and columns. [C] and [A] are
then column vectors containing N rows of complex terms.

1.5.4 Boundary Conditions

An NxN finite element matrix equation such as (1.134) can be
solved for the grid point potentials A using sparse matrix
techniques. Generally, all interior grid points are
unconstrained, while grid points on the exterior of the mesh
are constrained in a manner dependent on the boundary
conditions at the exterior of the region analyzed.
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In two-dimensional planar problems a flux line is a line of
constant magnetic vector potential A. For most electrical
machines with steel exterior surfaces, the flux is assumed
confined to the steel outer boundary. By using the boundary
condition, A=0, flux lines are constrained to follow the
boundary.

Many electrical machines have identical poles, or even
identical half-poles. The matrix equation size N can be greatly
reduced if the mesh need only contain one pole or one half-
pole. For example, a mesh containing one half-pole often has
flux lines parallel to one radial boundary and perpendicular
to the other radial boundary. Absence of any constraint on an
exterior grid point can be shown to cause the flux lines to be
perpendicular to the finite element mesh boundary. This
perpendicularity is called the natural boundary condition.

In any electrical machine having identical poles, each pole
boundary has periodic boundary conditions. For rotary planar
machines, periodic boundary conditions are expressed in polar
(r, ) coordinates as:

A(r; 0+p)=—A(r; 00) (1.138)

where 0, is the angle of one radial boundary and p is the pole
pitch angle. This is often called a NEGA boundary condition.
Figure 1.24 shows that only one pole pitch need be modeled
in a machine with identical poles. This figure shows the entire
eight-pole machine in (a); the fact that the motor may be
divided into eight identical pieces, one of which is shown in
(b); the finite element model of one piece in (c); and finally, in
(d), the flux plot for the entire machine. The division shown
in Fig. 1.24(b) is only one of the possible divisions. The pole
pitch modeled may be a piece of any shape, as long as at all
radii the radial boundaries are one pole pitch apart. Thus the
rotor may be rotated by up to one pole pitch from the stator in
a one-pole-pitch model representing the entire machine.

1.5.5 Solution Techniques

Once the matrix equation has been assembled and the A
constraints have been enforced, solution for A at the
unconstrained grid points may proceed. If the permeability ~
is known throughout the region, then Eq. 1.137 can be solved
directly by Gauss-Jordan elimination. Grid renumbering to
minimize the bandwidth of the sparse [R] matrix can be used
to reduce computer storage and time. Usually the computer
time is proportional to the number of unknown grid point
potentials taken to a power between 2 and 3. For most electrical
machine models of one pole pitch, the time ranges from a few
hours on a personal computer to a few minutes on a medium-
size computer.

If the permeability p is not constant, then the [R] matrix
depends on the magnitude of B (and J). An iterative procedure
is developed by expanding Eq. 1.124 in a multidimensional
Taylor series:

oF
0A

|
| —
| ¥ ]A +8A

511),--!-‘--

J 2 i
‘a oyt (1.139)

a[‘ir A i Ai\gf{}

A+3A
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Stator
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Principles of Energy Conversion

(d)

Figure 1.24 Modeling one pole pitch of an eight-pole motor, (a) Entire motor, (b) One possible division into eight identical pieces of a puzzle,
(c) Finite element model of one piece containing one pole pitch, (d) Flux plot of entire motor. An identical picture can be obtained by assembling
eight copies of a flux plot of a one-pole pitch model with NEGA boundary conditions.

where i and j are integers varying from 1 to N. Substituting
Eq. 1.139 in Eq. 1.124 gives the matrix equation [11]:

N OF

0A;
A

0°F
0A0A,

=

(1.140)

A+2d A+04

This equation is the basis of Newton’s iterative process used
to solve for A in a saturable magnetic device. The jacobian

© 2004 by Taylor & Francis Group, LLC

matrix in Eq. 1.140 is first estimated from an initial solution
using approximate material permeabilities. Then Eq. 1.40 is
solved repeatedly until the correction A; is negligibly small.
In each solution of Eq. 1.140 both the Jacobian matrix and
the residual vector in its right-hand side are reevaluated based
on the latest A values, enabling rapid convergence to the
correct saturable potentials A throughout the device.

The exact expressions for the Jacobian matrix and residual
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vector are derived elsewhere for planar [9] and for axisymmetric
[10] problems. The technique requires knowledge of reluctivity
v(=1/p) and of 9v/9(B?) in each nonlinear material. In the
program Maxwell®, these parameters are automatically
computed from the B-H curves supplied as input data.

1.5.6 Parameters from Fields

While the distribution of magnetic vector potential A obtained
above has little meaning to design engineers, many useful
parameters can be calculated from A. Maxwell® postprocesses
A to obtain parameters of significant interest to
electromagnetic device designers.

The flux density B is calculated in each finite element
using the curl of A as defined in Eq. 1.115. Also, flux plots are
obtained and displayed using the interactive preprocessor
and postprocessor Maxwell®. Both monochromatic flux line
plots and color flux density plots are created. Flux densities
and flux plots tell the designer where steel should be added
and where it can be removed.

From A the flux flowing between any two points is easily
obtained. The definition of flux ¢ is:

6= [B-ds (1.141)

Substituting the definition of A from Eq. 1.140 gives:

b= |VxA-ds (1.142)
From Strokes’ identity the surface integral may be replaced
by a closed line integral around the surface:

b=¢ A -di (1.143)
Thus, for two-dimensional problems the flux between any
grid points 1 and 2 is simply:

b =(A) —A)d (1.144)

where d is depth (stack) into the page.

Also calculable from the A distribution are the inductance
or impedance seen by each current-carrying coil. The saturable
inductance L is calculated for magnetostatic problems using
[11]:

N

L: Jg Z(‘S”i A,&)

1= 3 (1.145)

where d is the depth (stack height) of planar devices, I is the
coil current, N, is the number of elements containing current
J, and S, is finite element area.

The impedance calculated for problems with induced currents
contains both resistive and reactive components. For example,
for axisymmetric problems the impedance of a coil is [8]:

(1.146)

where r, is the average radius (distance to the axis of symmetry)

© 2004 by Taylor & Francis Group, LLC

19

of the source current, Kavc is the average phasor magnetic
potential over the source current region, and N is the number
of conductors carrying /,=/, times the area of one conductor.

Other outputs by Maxwell® are the J X B forces acting on
each current-carrying finite element and the total current in
each element. The current distribution in each conductor can
be calculated including skin effects in single or multiple
conductors [12].

The magnetic energy W,, of Eq. 1.114 is also calculated,
both in every finite element as well as integrated over the
volume of the entire finite element mesh. Another useful
energy calculated is the magnetic coenergy:

W, = f(ﬁf B- dﬁ)dv

which is very useful in calculating force [13] and torque
[14, 15].

(1.147)

1.5.7 Applications in Two and Three Dimensions

Sections 4.10, 5.8, and 6.9 of this handbook describe
applications of electromagnetic finite elements to a wide
variety of electric motors. All types of motors can be analyzed
and their design optimized with the aid of finite element
software.

In addition to the two-dimensional finite elements derived
in this chapter, three-dimensional, one-dimensional, zero-
dimensional, and open-boundary finite elements are also useful
in analyzing electric motors. Three-dimensional finite
elements are needed to accurately analyze motors with short
stacks and motors with three-dimensional pole and/or winding
structures [16-20]. Zero-dimensional finite elements are
conventional circuit elements of resistors, inductors, and
capacitors [21]. By using zero-dimensional finite elements
with one-dimensional finite elements representing wires and
windings, arbitrary motor excitation circuits such as voltage
sources can be modeled [21, 22]. Finally, open-boundary finite
elements allow analysis of electromagnetic fields that extend
to infinity, such as end-region fluxes in electric motors [23].

Derivation of three-dimensional, one-dimensional, zero-
dimensional, and open-boundary finite element is beyond
the scope of this handbook. However, applications of these
element types are given in Sections 4.10, 5.7, and 6.10.

1.5.8 Finite Elements Compute Equivalent Circuit
Parameters

There are two ways of using finite element analysis to predict
the performance of electric motors. Many motor desingers
use equivalent electric circuits in their design, and use fintite
elements to obtain the values of the inductances, resistances,
and/or impedances in the motor equivalent circuit. However,
equivalent circuits do not predict all performance parameters,
such as cogging torque and transient response, which require
a second finite element technique, which is discussed in the
next section.
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In the first method, finite elements can obtain much more
accurate values of circuit parameters than do methods based on
simple equations from magnetic circuits. The values obtained
by finite elements may then used in circuit software such as
SPICE or its variations to predict basic motor parameters such as
torque, current, power, and efficiency. Maxwell SPICE is a version
of SPICE that is part of Ansoft’s Electromechanical System
Simulator (EMSS) [24]. EMSS contains both finite element
software and the transfer of its results to motor equivalent circuits
in Maxwell SPICE. So that the finite element analyses cover the
entire range of motor currents, the currents are a parameter varied
in what is called parametric finite element analysis.

The motor types available in EMSS are alternating current
(AC) reluctance motors, permanent magnet synchronous
motors, direct current (DC) motors, and induction motors [24].
Detailed examples of induction motor analysis using finite
element results in an equivalent circuit appears in Section 6.9
of this book and elsewhere [25]. In addition, entire drive
systems can be analyzed using software called Simplorer [26],
which includes all power electronics as well as the motor
equivalent circuit. Both EMSS and Simplorer allow different
mechanical loads on the motor to be modeled, including
flywheel moments of inertia frictional and/or windage
damping, and springs or opposing torques.

While equivalent circuits are often used to model motors
and entire motor drive systems, equivalent circuits have
inherent accuracy limitations. Most motor designs saturate
their steel under some of their operating conditions, and thus
inductances are not truly linear and constant. Losses also vary
due to saturation, and thus resistances in equivalent circuits
also vary somewhat with operating conditions. One way to
improve equivalent circuit accuracy is to vary the circuit
parameters with motor speed [25], as will be detailed for an
induction motor in Section 6.9.

1.5.9 Finite Elements Directly Compute Motor
Performance

The second method of using finite elements directly computes
detailed motor performance. Time-stepping finite element
software with zero-, one-, two-, and/or three-dimensional finite
elements can directly predict essentially all motor performance
parameters.

Time-stepping finite element software [24] provides more
thorough and accurate prediction of motor performance than
equivalent circuits. All motor performance parameters, such as
torque, induced or eddy currents, and winding currents are
predicted as functions of time. Thus cogging torques and
harmonic currents are predicted as well as average torque and
fundamental current. Such direct computation of performance
eliminates the need for equivalent circuits. The time-stepping
finite element software must include ways to attach drive circuits,
via zero-dimensional finite elements or other means. It must also
allow the rotor to move, either at a constant speed or in response
to motor torque and mechanical load. Examples of applications
of the time-stepping finite element software Maxwell EMpulse
[26] appear later in Sections 4.10, 5.8, and 6.9.
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The theory of time-stepping finite element computation of
motor performance is as follows. The power source driving
the motor, its electromagnetic fields, and the mechanical load
are all time-dependent with optional initial conditions.
Kirchoff’s voltage law is used to describe the connection
between the power source and the windings of the motor. Two
types of winding conductors are considered: solid conductors
in which eddy currents can be induced, and stranded
conductors without eddy currents.

Because motion occurs in motors, the field equations for the
stator and the rotor can be written in their own coordinate systems
to avoid the rotational speed appearing explicitly in the
formulation and to preserve the symmetry of the solution matrix.
Thus the final time-dependent magnetic diffusion equation is:

_ JA _
Y"XVVXAZJ\,.—UC}—-—(rVV-'-VXHf_
c

- (1.148)

where v=magnetic reluctivity and A=magnetic vector
potential, V=electric scalar potential in volts, H, is permanent
magnet coercive strength, J is source current density, and " is
electrical conductivity. As discussed in Section 1.5.3, in two-
dimensional problems the vectors A and 7J, only have one
component in the z direction. Thus in the two-dimensional
case, the scalar potential V has a constant value over the cross
section of a conductor, and the gradiant of the scalar potential
is the voltage difference Vb divided by the length of the
conductor in the z direction.

Conductors are normally connected to produce multiturn
windings. To represent voltage-fed windings in motors, circuit
equations must be coupled with field equations. Applying
Kirchoff’s law gives the following equation relating terminal
voltage U; of a winding to its terminal current I;:

(NyD) dA o dl,
I ) ds + RL+ LS U, = U,
P {(.sj-a) a ar e Y

Where N; is the number of conductors in the winding, 1 is the
stack length in the z direction, a is the number of parallel
branches in the winding, p is the polarity index (+1 or 1 for
forward or reverse paths, respectively), S;denotes the total area
of the cross section of the winding coil group, R and L are
external resistance and inductance (including those of winding
endtruns) and U, is the voltage across a capacitor (if any).

Solid conductors, such as used for rotor bars in induction
motors, are large enough to require modeling of skin effects
using finite elements. Since these bars may be connected at
both ends using end rings, every portion of the end ring betweem
two bars can be represented by an external R and L [25].

The equation of motion of the rotor of any motor is
typically assumed to be:

JoANQ=T,+T,,,

(1.149)

(1.150)

Where a=angular acceleration, {)=rotational angular velocity,
J=moment of inertia, A=coefficient of friction,
T.n=electromagnetic torque, T,,,=externally applied
mechanical torque. T,,, may be either load torque (opposing
sign of T,,. At each time step, the electromagnetic torque is



Chapter 1

com puted using the method of virtual work involving the
magnetic coenergy of Eq. 1.147. Solving the equation of
motion allows computation of rotor angular acceleration
versus time and thus the rotor angle versus time.

To allow the rotor to move in the finite element mesh,
software such as Maxwell® [24], [26] uses the moving surface
method. The idea is to share a common slip surface between
the rotor mesh and the stator mesh, One side of the surface is
attached to the stator and the other moves with the rotor. After
any computed angular motion during the time step, the two
independent meshes are coupled together by the finite element
shapre functions. Thus the rotor mesh is free to move to any
specified angle without remeshing.

1.6 ENERGY STORED IN MAGNETICALLY
COUPLED MULTIPLE-LOOP SYSTEMS

The energy stored in a current-carrying loop was defined earlier
in Section 1.3.6. A typical electrical machine, however, consists
of several current-carrying coils that are magnetically linked
to each other. The energy stored in such a multiple-coil system
can be obtained by considering the N loops shown in Fig.
1.25. Let i,, ¢wm. and L,,, be the current in the loop m, the flux
linkage of loop m, and the mutual inductance between the
loops m and n, respectively. The constant L,,, will be the self-
inductance of loop m.

The magnetic energy in the total system is then given by:

N

Wo =23 ind,

2 & (1.151)
With linear magnetic behavior:
d-)n = ¢'1i| + (bzrl + e+ d-).'\"r!
= Llnil + £/2)!i'2 + -+ LNuiN
N (1.152)
= Z LF”HEDF
=]
and then:
1 N N
WJ’H’ = -2- z z '!IHLJ'H?[ I-J'?'l (1.153)

n=1 m=1

If the system constants and variables are now defined in
terms of the following matrices:

(1=liy, iy, in] (1.154)
(] = [b1, b2, ..., du] (1.155)
and:
i” Ly, Ly
=1 " . (1.156)
Lyt L Lyw
then the magnetic energy W,, can be written as:
W, = 31116)
= UL (1.157)
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O O

Loop m Loop n

(J

Loop N

Figure 1.25 Magnetically coupled multiple-loop system.

1.7 FORCES AND TORQUIES IN THE SYSTEM

The current-carrying loops illustrated in Fig. 1.25 will act on
each other by exerting forces and torques depending on the
degrees of mechanical freedom within the system. If the system
has K degrees of freedom defined by displacement variables
q1, 4»---» qi the force or the torque associated with any degree
of freedom can be obtained by means of the principle of virtual
work. For example:

ow,,

Fi(orIy) = Ern (1.158)
k

and it is considered positive if it tends to increase g;. It must
be remembered here that the partial derivative is taken with
the field variables such as the current (or the flux) treated as
constant.

In such a multiple-loop system, the force F; associated with
any linear motion defined by a variable x; is then given by:

W 1 o, Ol
o 0x; - an_-:] ng‘l g dx; o

e (1.159)
=5 x 1

Similarly, the torque 7; associated with any rotation defined
by a variable 0, is given by:
_ a wm _ 1

T, = -
7708, 2

[ (1.160)

The voltages and currents in the loops can be written as:

. d
Vin = Fmlm + _(d)m_)
dt

r N
1 .
= T im + {_ ( Z anin> (1 161)

dt n=1

In matrix form:

d
(V] = [R]I] + —~ ([L][I])

df (1.162)
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In a conventional rotating machine, there is usually only
one degree of mechanical freedom—rotation. The torque 7T is
then given by:

_ 1., 0[L]

S g ] (1.163)

Sometimes, it is easier to solve for the voltage equations,
obtain currents, and compute torque if certain transformations
are used to define a new set of variables. For example:

[VI=A][V] (1.164)
and:
(T=[A][T) (1.165)

where [A] is the transformation matrix; it is chosen such that
[AI=[A] .

With such a transformation, the voltage equation can then
be written as:

v ’ a[LI ’ a #
[AIIVY = [RIAI[LY + 3~ (AL + [LI5-([AI[IT)
d[L] d L 1OLAL 40
= [RIAI[I) + 5 [AlIII (LI 0
o1
+[LIA] 5,
(1.166)
That is:
d[1y
VI’ = GATIRIADIY + (ATLIA]D 2D
| (rm m“’[A] FA [g] IA]){I]’ (1.167)
or:
dll
v = wrr - B goperm i)
Also, the new torque equation is then:
r=Laanmy Slaamnm
(1.169)

1 . d[L] PR
= 2[ i ([A] IA]) I = 2[I] [TI'[1]

Example 1. Force in a singly excited system

26 Let the coil in Fig. 1.26 have N turns and carry a current
of 1. If the relative permeability of the iron core of the
magnetic circuit is high (p-> 1), the flux density B in the
airgap, the flux linkage Vs, the self-inductance L, and the
force F are then given by:

NI
B = poH = MU( )

o AN

(1.170)

= N = (1.171)
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Plunger
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Coil

Figure 1.26 A singly excited system.

_ }LuAf\'rg

X

(1.172)

W, = L PL

5 (1.173)

BA

= o (1.174)

The negative sign indicates that the force tends to decrease x,
and hence is attractive.

Example 2. Torque in a multiply excited system

Figure 1.27 illustrates an elementary electric machine having
two identical stator coils placed such that their axes are
displaced by 90 degrees. A single coil is wound on a cylindrical
rotor structure such that the airgap between the stator and the
rotor can be assumed to be constant and independent of the
rotor position. The resistance and the inductance matrices
can then be defined as:

R, 0 0
RI=[0 R, 0 (1.175)
0 0 Re
L, 0 L,cos 6
[L] = 0 L, L,,sin© (1176)
| Lncos©  L,sin @ Lg
The torque is obtained as:
1 __d[L]
T = —[[|\—o
Ul
1 0 0 —L,,sin 0 i
35 [is1405240,] 0 0 Lcos® | X |in
“ —L,sin® L,cosB 0 i
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Stator

Coil 2

Figure 1.27 A multiply excited system.

=L,,i,(—igsin 0+i,cos 6) (1.177)

If the two stator coils are excited by balanced two-phase
currents, and the rotor is supplied by a constant direct current
I, that is,

iz=I,cos wt (1.178)
i = Icos ({m — E) = [, sin @t
> (1.179)
i=I, (1.180)
then:
T=L, I, (—cos wt sin 6+sin wt cos 0)
=L, I, sin (wt-0) (1.181)

If the rotor rotates at any angular speed other than w, the
average value of the torque will be zero. If, however, it rotates
at w such that:

B=wi-d (1.182)

then the torque produced is constant and is given by:
T=L,I ], sind (1.183)

For positive 8, the rotor will lag behind the rotating stator
field, the machine will act like a motor, and the positive sign
of the torque indicates that the rotor will tend to accelerate
and align itself with the stator field. A negative value of 3, on
the other hand, signifies a generator action. The negative sign
of the torque then indicates that the rotor will tend to decelerate
(the prime mover torque is driving it) and align itself with the
stator field.

To illustrate the use of a transformation, let only the stator
currents be transformed to two new variables i, and i, such
that:

=iy, CoS O+i,, sin 0 (1.184)
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I;;=—ly1 sin 0+i,, cos 0 (1.185)
Then:
cos® —sinB 0
[A] =[sin® cos® 0 (1.186)
0 0 1
(17 = (A A o) = 3 8 LU
= —— [A] = m 1.187
do 0 L, 0 ( )
and the torque:
| 0 0 0]l[iu
T= EIII_\N‘ fsq ir] 8 ‘é] 16” i-jcr
m b (1.188)
- Lm"l.s'r.rfr
If, as before:
ig=I; cos wt
i=I; sin wt
i=I,
0=wr+d
then:
T=L,l [, sind (1.189)

It should be noted here that this is the classic direct-
quadrature (d-q) transformation applied to a two-phase
synchronous machine.
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2.0 INTRODUCTION of the type of insulation utilized to insulate armature

In general, motors are classified by type and by electrical
supply requirements. There are two broad classifications of
alternating current machines. One type is the polyphase
synchronous motor, in which the magnetic field associated
with the rotor results from a rotor (field) winding excited by
direct current via slip rings or from permanent magnets on the
rotor structure. The second type of alternating current machine
is the single-phase or polyphase induction (or asynchronous)
motor, in which the rotor magnetic field is created by
electromagnetic induction effects. Direct current motors are
usually classified by the field connections used, such as series,
shunt, or compound field connections. In addition to these
basic types of motors, there is a group of motors known as
hybrid motors. These are motors that incorporate selected
features of the basic motors in order to achieve special
characteristics.

Some types of motors have the armature, or power winding,
on the stator, or stationary frame of the motor; others (direct
current) have the armature on the rotor, or rotating member of
the motor. The specific configuration is dictated by
mechanical and electrical considerations.

All motors, regardless of type or electrical supply, have
two features in common. (1) For an average torque to be
produced, the magnetic fields of the stator and rotor must be
stationary with respect to each other. In alternating current
machines, both fields are rotating in space; in direct current
machines, both fields are stationary with respect to space and
to one another. (2) For a specific rotor length, air gap diameter,
and speed there is a maximum average power output rating.
The limitation is determined by maximum allowable magnetic
and electrical loading. Maximum magnetic loading is
determined by the magnetization characteristic of the steel
used. Maximum flux density in the air gap is limited to a
value that does not oversaturate the armature winding teeth.
Maximum electrical loading is determined by the current
density in the armature winding. This in turn is limited by the
effectiveness of the method used for removing joule heat loss
and the permissible temperature rise, which in turn is a function
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conductors from the steel slot/teeth.
The theoretical power rating is given by:

3

P=""BAld*n
60

where B is air gap flux density in teslas (T). A is electrical
loading in amperes per meter of circumference, / is rotor length
meters (m), d is air gap diameter (m), and 7 is the number of
revolutions per minute.

In terms of slots, current density, and so forth, A can be
replaced by:

2.1)

A=J —\— (2.2)

where J is allowable current density in amperes per square
meter (A/m?), bh is the total cross-sectional area of the
conductor in each slot in square meters (m?) and y is the
distance between adjacent slots (m).

Typically, average airgap flux density is 1.0 T and conductor
current density is 6x10° A/m?. Actual values in a specific motor
will depend upon the class of insulation used, the motor
enclosure, cooling method and the magnetic steel used.
Permissible temperature rise is the limiting factor in motor
loading and must be considered in choosing a motor size, or
rating, for a specific application. If a motor is loaded to the
extent that allowable temperature rise is exceeded, the useful
life of the motor insulation is decreased. A useful rule of thumb
is that each 10°C rise over the rated temperature rise cuts the
insulation life in half.

The comments in the preceding paragraphs are in general
related to maximum average power or torque output. Maximum
transient load is, of course, larger than the maximum average
value. In the case of polyphase synchronous machines, which
run at constant steady-state speed, the limiting transient torque
is that at which the motor just stays in synchronism, that is, if
an impact torque is applied, the rotor and stator fields (after
going through an oscillatory disturbance period) return to a
stationary condition with respect to each other, which is
constant synchronous speed as determined by the stator
frequency. In the case of induction-type motors, the motor
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can absorb any transient torque up to the “breakdown” torque
level, although there will be speed changes. The limitation of
a direct current machine is based on the maximum current the
machine can commutate. This is a function of, among other
things, the presence or absence of nonpower field windings
(commutating and/or compensating) that are specifically used
to assist in the commutation process.

In analyzing the performance of electric motors and their
loads, it is very useful to utilize the per-unit system. The perunit
system is a ratioed, dimensionless system.

The use of ratios to express results as normalized
dimensionless quantities is quite common. Such ratios as
percent efficiency, percent regulation, percent of rated power,
power factor, etc., are widely used. If a quantity such as voltage
drop is expressed per unit of rated voltage, it is much more
meaningful than if it is expressed in terms of its actual value.
This is especially true if one is attempting to compare the
performance or the parameters of one system with that of
another system of different rating. In addition, as a result of
standardization trends in the design of equipment, many of
the performance characteristics and parameters of machines
are almost constant over a wide range of ratings if they are
expressed as ratios. The use of such quantities can also be
applied to circuit analysis, greatly simplifying calculations
in circuits involving transformers and circuits coupled
magnetically, including electric machines. The advantages
can be summarized as follows.

1. The use of per-unit values facilitates scaling and the
programming of computers used for system studies.

2. The use of per-unit values in program solutions yields
results that are generalized and broadly applicable.

3. The solution of networks containing magnetically
coupled circuits is facilitated. For example, with the
proper choice of unit, or base, quantities, the mutual
inductance in per-unit values is the same regardless of
which winding the mutual inductance is viewed from
and regardless of the turns ratio of the windings.

4. Since the constants of machines, transformers, and
other equipment lie within a relatively narrow range
when expressed as a fraction of the equipment rating,
one can make “educated guesses” as to the probable
value of per-unit constants in the absence of definite
design information. This is of assistance to the analyst
when operating without complete device information.

Per-unit values are often converted to percentages for easy
visualization. However, when doing mathematical
manipulations, per-unit values should be used. By definition:

_ actual value of the quantity
base value of the quantity

The quantity in
per-unit values

2.3)

Actual quantity refers to its value in volts, ohms, or whatever
unit is applicable. Within limits, the base values may be chosen
as any convenient number. However, for machine analysis
they are usually chosen based on the nameplate rating of the
machine. In power systems analysis, there are many factors
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that enter into the choice. In the analysis of a system, a common
volt-ampere base must be used and a consistent voltage base
utilized, taking the transformer turns ratios into account.

The base values must be selected so that the fundamental
laws of mechanical and electrical phenomena are still valid in
the per-unit system. Ohm’s law states that (in actual values):

V=71 24)
If any two values for V), I, and Z, (where the subscript b
denotes base values) are selected, then the third value is
determined by the relationship:

Vb=ZbIb (25)
Dividing Eq. 2.4 by Eq. 2.5 yields:

vV 71

Vo  Zy 1, 26)
which is, according to Eq. 2.3:

VPI.I = zpll Ipll (2-7)

where the subscript pu denotes per-unit value.
It is common practice to select the volt-ampere base, VA,
and the voltage base, V,. For single-phase circuits:

VA}J_ . V.l;
Ih = "/'h” and Ab = K (2.8)
from which:
L _ Vi
[b - VA;} (2'9)
Zb=27tﬁ,Lb=(,0;,L;,=Rb (2. 10)

where f,, w,, L;, and R, are base frequency, angular velocity,
inductance, and resistance.

In three-phase circuits, base impedance is determined from
the phase voltage, and base volt-amperes is the three-phase
volt-amperes. Thus:

o VA
b \f’:_% Vh (211)
and:
Vp Vi kV;
Zy = o = = .
" NV31, VA, MVA, 2.12)

where kV=line-line kilovolts and MVA=megavoltamperes.

Base impedance, given for a machine by the manufacturer,
is based on the nameplate rating. In situations where the
machine is being studied in a system using a base different
from the nameplate rating of the machine, the per-unit
impedance given (subscript 1) must be converted to the new
conditions (subscript 2), as follows:

(Z1) (Zpu1) = Z actual = (Zy2)(Zpu2) (2.13)
From:
Zpuz = Zm(zpm}'z']h—z
(2.14)

E _ kVM ’ A\/‘lv“\hl_ Z
P2\ KVie | \MVA, )
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It should be noted that 1.0 per-unit power corresponds to
the volt-ampere rating of the machine, not the actual power
rating. These values are the same in a direct current (dc)
machine but may be different in an ac machine. As an example,
for an alternating current (ac) machine rated 10,000 kVA, 0.85
pf, the rated power is 8500 kW. However, 1.0 per-unit power is
taken as 10,000. Thus, on a per-unit basis, rated power is 0.85,
not 1.0, per-unit.

Base angular velocity choice is arbitrary. However, it is
usually chosen as nominal actual angular velocity. For ac
machines, “nominal” is usually synchronous angular velocity,
ie.:

_2nf

W, = ]?!’2 (215)
where p=number of poles of the machine.
For dc machines, it is usually calculated as:
— (RPMI60)(2m)
b= (2.16)

pl2

where RPM is the base speed of the motor.
However, choice of base angular velocity is important if

computers are being used for transient solutions. Note that for

torque, speed, and power:

o\ T P
— —_— | = — or
Wy ) Tb P .n::

(wpu)(TpllJ = PDU (217)

If ®,,=1.0, that is, w,=m, the per-unit torque and power are
equal, but the mathematical solution is slowed in time by the
factor 1/o.

If w,,=0, i.e., m,=1.0, the per-unit torque is equal to per-unit
power divided by ®, but the mathematical solution is in “real”
time. The choice of @, is made based on the problem to be solved.

Note that in using the per-unit system, for example in a
power system or a single two-winding transformer, the same
volt-ampere base is used throughout, or for each winding.
The same requirement holds for a three-phase machine with
rotor circuits. The base volt-amperes for the rotor circuits must
be the same as the base volt-amperes of the three-phase or
armature winding. If this is done, the per-unit value of the
mutual inductance is the same when viewed from either
winding and the per-unit flux linkages in each coil per unit
ampere in the other coil have the same value.

In electromechanical system analysis, the moment of inertia
J, inkilogram-meter squared (kg-m?), is required. Information
to determine, J is usually in terms of a defined quantity, the
“inertia constant,” H seconds, or Wk*-1b-ft2. The inertia
constant turns out to be a very useful number because its
value varies over a relatively small range for a wide range of
machine designs of different sizes and speeds. For example,
synchronous motors have an inertia constant that usually lies
between 0.5 and 1.5. For induction motors, H is approximately
0.5. In the absence of specific data on the moment of inertia
for a given machine, one can closely estimate the value of H
based on the machine type and rating. By definition:

energy stored in the rotor
rated volt-amperes of the machine

H =

© 2004 by Taylor & Francis Group, LLC

Types of Motors and Their Characteristics

_1 Je

2 Rated(VA)
where o, is rated mechanical angular velocity in radians per
second.

If inertia information is in Wk>-1b-ft*:

(Wk?)(0.231)(RPM)?
- seconds

(2.18)

seconds

10° X Rated(kVA) (2.19)

J can be found from Eq. 2.18 and/or Eq. 2.19; per-unit
inertial torque or power can be obtained by using J with the
appropriate electrical or mechanical angles and/or speed and
dividing by the base torque or power as appropriate.

This chapter describes the various types of motors, their
operating characteristics and supply considerations.

2.1 POLYPHASE SYNCHRONOUS MOTORS

Polyphase synchronous motors are usually designed for
operation from a specific constant voltage (and usually
constant frequency) polyphase source (that is other than a
single phase source). However, there are increasing
applications of synchronous motors in variable frequency/
variable speed drives.

In the polyphase synchronous machine, a number of coils
are distributed around the periphery of the stator and are
connected in such a fashion as to form a winding of the
appropriate number of phases and number of poles. The
number of poles is determined by the supply frequency and
desired speed. Speed, frequency, and the number of poles are
related as follows:

. np W

I=720 TP un

(2.20)

where:
f = frequency (Hz)
p = number of poles
®, = angular velocity (rad/sec) (mechanical)
n = angular velocity (rev/min)

The phase windings, though distributed around the
periphery (for full utilization of the magnetic structure), are
located so that the axes of the various phase windings are
displaced in space by an angle corresponding to the “time”
angle associated with the electrical supply, that is, 120 degrees
in space for a three-phase source and so forth. Each phase
winding is supplied with alternating current. These currents
are displaced in time corresponding to 120 degrees for a three-
phase system. The resulting magnetomotive force establishes
a flux density in the air gap for each phase winding. The
magnitude of each phase flux density pulsates with time along
the axis of the particular phase winding. The coil distribution
and the design of the magnetic circuit are such as to secure, as
nearly as possible, a sinusoidal distribution in space of each
of the phase flux density waves. The phase waves combine to
form a net flux density in the air gap of, B(8, 1):

B(8,1) = ’Qi B, cos (8 = or) 2.21)
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where

B, = the peak value of each phase flux density wave (T)
0 = the electrical space angle (rad)
o = the electrical angular velocity of the current (rad/
sec)
t = time (sec)
m = number of phases (most often m=3)

B(6, ?) is thus sinusoidally distributed in space and is
revolving with angular velocity ®. The direction in which it
revolves is determined by the sign of ¢, which is established
by the phase sequence of the phase currents. If any two phases
of the supply conductors are interchanged, the phase sequence
is changed, the direction of rotation of B(6, f) is reversed and
motor rotation is reversed.

The magnetic field of the rotating member (rotor) of a
“conventional” synchronous motor is produced by a winding
supplied with direct current via slip rings or via shaft mounted
brushless exciter with rotating ac to dc converter. An alternate
method is to utilize permanent magnets as a source of rotor
flux density. In either configuration, the rotor field is stationary
with respect to the rotor. Since average torque can be developed
only when the rotor and stator fields are stationary with respect
to each other, the motor operates as a synchronous motor only
when the rotor is operating at synchronous speed, Eq. 2.20. At
speeds other than synchronous speed, including starting
conditions, no average synchronous motor torque is
developed. The motor has to be started and brought nearly to
synchronous speed as an induction motor. When it reaches
near-synchronous speed, field excitation is applied and it is
“pulled-into-step” and then runs at rated speed.

In order to perform asynchronously (as an induction
machine) on startup, the rotor has an amortisseur (or damper)
winding on it. This winding consists of solid conductors
imbedded in the rotor in the pole face. The conductors are
shorted together across each end of the rotor and thus form a
squirrel-cage type winding. In some machines, the connecting,
or shorting, bars extend from pole to pole and in effect form
two distinct windings whose axes are centered along the axis
of the rotor field winding (direct axis) and along an axis at
right angle to the field winding (the quadrature axis).

Even where no deliberate pole-to-pole connection is made,
the rotor iron itself forms such a circuit, allowing eddy currents
to flow during transient or unbalanced conditions. During
steady state, since these damper windings rotate at the same
speed as the stator and rotor fields (and thus have no motion
relative to magnetic fields), no induced voltage exists in them,
no current flows in them, and they are completely inactive.
Small currents caused by the harmonic airgap flux densities
due to magnetomotive forces and slot permeances flow in
damper windings at steady state. However, if a transient
situation develops whereby the rotor and the stator field are
rotating at different velocities, for example, the rotor is
oscillating about synchronous speed, induced voltages appear,
currents flow and “asynchronous” torques exist. Since the
amortisseur windings tend to dampen oscillations about
synchronous speed that result from electrical or mechanical
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Figure 2.1 Rotor and stator circuits of a three-phase synchronous
motor, with damper circuits, KD and KQ are representative of the
amortisseur windings.

perturbations, they are often referred to as damper windings.
The electrical schematic of the synchronous motor, including
the short-circuited damper windings, is shown in Fig. 2.1.

The actual inductances and reactances of the motor are
complex to calculate and are functions of rotor position (and
time). To overcome this difficulty, it is useful to resort to a
mathematical transformation that resolves the stator phase
magnetomotive forces into two components denoted as the
direct and quadrature axis components, as defined for the
rotor. This resolution results in conversion of the three
stationary stator windings into two fictitious windings that
are rotating synchronously with the rotor. This enables one to
define fictitious reactances, x, and x, that are not functions of
time or rotor angle. It also defines direct and quadrature (d, q)
currents and voltages.

The steady-state operating characteristics of a synchronous
motor are most easily visualized by means of a phasor diagram,
as shown in Fig. 2.2. Resistance drops in the motor are
neglected. With current in the field winding of the rotating
machine, a voltage E; will be induced. The armature current /,
will assume a magnitude and an angular position with respect
to the terminal voltage V, such as to complete the phasor
diagram of Fig. 2.2. I, will have an angle that either leads or
lags the phasor V,. That is, the armature takes a supply current
having leading or lagging power factor. This is, of course, one
of the advantages of choosing a synchronous motor for a
specific application. It can be used as a substitute for static
capacitors in correcting overall plant power factor.

Synchronous motors are of either cylindrical rotor or salient-
pole rotor construction. Two-pole and four-pole motors usually
have a cylindrical rotor, that is, the rotor cylinder has slots
milled in the cylinder and the field winding is embedded in
the slots. Some four pole motors are designed with salient
poles of either solid or laminated steel. The salient-pole rotor
consists of a spider with protruding poles bolted or otherwise
constrained on the spider. Concentrated field coils surround
the protruding pole. With salient-pole construction and little
constraint on the diameter of the machine, there is a minimum
restriction on the number of poles that can be utilized. Thus a
synchronous motor choice may be dictated by the drive
requirement, especially for applications below 900 revolutions
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Figure 2.2 Synchronous motor phasor diagrams for leading power
factor (top) and for lagging power factor (bottom). The variables and
parameters are:

E; Induced voltage in the field

Vv, Terminal voltage

1, Armature current

1,1, Direct and quadrature axis components of /,

X4 %, Direct and quadrature reactances

0 Power factor angle

) Power angle or torque angle

E; Phasor difference between V, and ji x, to establish

the power angle

per minute (rpm). An oft used rule of thumb is that “If the
horsepower of the motor exceeds the rpm, a synchronous motor
may be the economic choice,” even though the excitation
source and the motor control are more sophisticated than those
required for an induction motor.

The applicable standard for synchronous motors is ANSI/
NEMA MG 1, Part 21 [1]. It addresses motor ratings from 20 to
100,000 horsepower (hp), speeds from 80 to 3600 rpm, and
voltage ratings from 460 to 13,200 V, as well as establishing
standard excitation voltages for the field windings. Among
the application considerations addressed in MG 1, Part 21,
are pull-in/pull-out torque; items to be included in efficiency
calculations; the number of motor starts per unit of time: service
conditions, that is, operation at other than rated load; variations
from rated voltage and frequency; unbalanced voltages,
unusual temperature or altitude conditions; and so forth.
Several situations encountered in practice are not addressed.
These include the necessary motor controller equipment, the
torque pulsations during starting, the effect on the existing
plant electrical system during abnormal situations, and motor
protection provisions. All of these considerations are important
and should be evaluated, as well as the economics of the
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Figure 2.3 Typical synchronous motor “V” curves.

usage of the motor vis a vis an induction motor (and gearing,
if required) during the application evaluation. For detailed
information on motor control and protection, refer to Chapters
9 and 10.

The analysis of motor characteristics and performance under
specific load conditions utilizes parameters that are obtained
from the manufacturer or that may be determined by test.
IEEE Std. 115 [2] details the necessary test procedures. Classic
references on the parameters are in the technical literature [3, 4].

Induced voltage E; related directly to motor speed and
excitation current /. Armature current /, and power factor are
determined from the motor power and /. The relationship
between I, and ,for various values of power is depicted in Fig.
2.3 for a typical motor with rated (constant) terminal voltage.
The dotted lines indicate 0.8 lag, 1.0, 0.8 leading power factor
points, and show that excitation must be changed as load
conditions change in order to maintain a desired power factor.

The need for controllability and monitoring will require
both field and armature current ammeters and the ability to
vary excitation. A power factor meter may be desired.

From the phasor diagram, Fig. 2.2, the mathematical
relations of the synchronous motor performance can be
determined.

E, .f'V:

Synchronous power, P, = . sin &
Ad
2
+ L(i - i) sty (322
2\x, x4
E; = V(V, + Lx, sin 0)? + (Ix, cos 0) (2.23)
5 Ix, cos O
and = ———————
an Vi+ I,x,sin 0 (2.24)
1=, sin (5+6) (2.25)
E=E A+ (x/x,) (2.26)
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0 - tan-i[! Vi
= tan -
tand  Px,

2.27)
Power factor=cos 0 (2.28)
7 = Ef— Vicosd 229
d Xy ( . )
I = V, sin &
T T, (2.30)
IL,=VNIE+1I (2.31)

Note that in Eq. 2.22 there are two distinct parts to the
power expression. E,V,/x, sin 8 does not involve the “saliency”
of the rotor but does depend upon the presence of an induced
voltage E;. The remaining part does depend upon saliency,
that is, x,#x, but exists regardless of the induced voltage.
This contribution to total power is referred to as “reluctance
power.” Thus a reluctance motor can be constructed; this is a
motor without field windings that depends solely on the
difference in reluctance (x, x,) to develop power or torque. It
will run at synchronous speed but develops considerably less
torque and power than a comparably sized conventional
synchronous (with field) motor. Reluctance motors commonly
used are single-phase motors for electric clocks, record players,
and other low-power loads requiring constant speed. However,
polyphase reluctance motors in integral horsepower size have
been manufactured and utilized for their simplicity and the
lack of excitation requirements.

It is also possible to utilize the hysteresis characteristic of
the rotor steel to achieve a cylindrical (nonsalient) motor
without field excitation being required, commonly referred to
as a hysteresis motor. The rotor steel is hardened magnetic steel
with a wide, high-loss hysteresis loop. This steel causes the
induced magnetization of the rotor (and its resulting magnetic
field) to lag the stator field. Synchronous motor action results
from the angular shift between the two fields. Unlike the
reluctance motor, which develops torque only at synchronous
speed and is thus not self-starting, the hysteresis motor develops
substantially constant torque from zero speed up to synchronous
speed. The actual torque developed is proportional to the
hysteresis loss in the rotor steel. Thus such motors are inherently
inefficient and are viable only in fractional horsepower sizes.

When a pulsating torque is present, there is a synchronizing
torque, or power, due to synchronous machine effects. The
parameter of interest is denoted as the synchronous power
coefficient P,.

pP. = op — % & 2 (L

- cos o + Vi
X,

! 08 Xd i Xog

- L) cos 28 (2.32)
Any oscillation of the rotor about its equilibrium position
causes the damper bars, also used for the induction start cycle
of the synchronous motor, to have velocity relative to the
rotating field of the motor. If the rotor angle d is increasing, an
induction motor torque (or power) is produced. If 8 is
decreasing, an induction generator-type torque or power
results. In each case, the effect is to dampen oscillations.
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Reference to an induction machine speed-torque
characteristic indicates a nearly linear relationship between
torque and slip, ¢ for speeds near synchronous, i.e., near zero
slip. Denoting the slip ¢, at which rated torque 7, will be
developed, the asynchronous power P, is:

a
Since:
1 dd
o= where = 2nf (2.34)
_O0OA) &
Pa="onto, a P (235
The per-unit value of P, is:
_(phH
P;= o, (2.36)

d is in electrical radians and P, is the “damping coefficient.”
During transient conditions, nonelectrical inertia power is
also present, and is given by:

d*d
Jo, —=" 2.37
O (2.37)
From the definition of inertia constant H:
1o 2H
H= E VA;, . Jw,, = K (VA,) (238)
and inertia power can be expressed as:
2H s, dB,
K (VA,) (fIz =P, dfz (239)

where P; is defined as the “inertia power coefficient.” The
subscript m denotes mechanical speed and angle. Since
electrical and mechanical speed and angle are related by the
same quantity, that is:

(p p ot
KE) 8, =0 and 5 O, =0 =2nf (2.40)
Inertis R i VA J’i =p d”i
nertia power = rcf( Ap) o7 =P s (2.41)
The per-unit value of P, is:
H
P= (2.42)

H is the sum of the values for motor and load.

The power relationship in an electromechanical system
consisting of synchronous motor, system inertia, and
mechanical load is:

Inertia ~ asynchronous = synchronous load

power power power ~ power (2.43)
or, from Eqgs. 2.22, 2.35, and 2.41:
d*s dd
— =P + P(3) = . .
PJ dfz o df P:(a) PLOdd (2 44)
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2.1.1 Synchronous Machine Performance
Considerations

Synchronous motors are commonly designed to comply with
ANSI/NEMA Dtd MG 1 [1]. Important terms used in [1] are as
follows

Service Factor At rated voltage and frequency the motors
have a service factor of 1.0, that is, the rated insulation
temperature rise above rated ambient will be reached at
nameplate power rating. Thus there is no continuous overload
capacity designed into the motor. When a service factor other
than 1.0 is specified, it is preferred to have a service factor of
1.15 and temperature rise not in excess of those specified in
21.10.2 of [1] when operated at the service factor with rated
voltage and frequency.

Torques The locked-rotor, pull-in, and pull-out torques,
with rated voltage and frequency applied, shall not less than

the following:
Torque® in percent
of rated full-load

torque
Speed Power Locked Pull- Pull-
(rpm) Horsepower  factor rotor  in™ out
500 to 200 and
1800 below 1.0 100 100 150
150 and
below 0.8 100 100 175
250 to
1000 1.0 60 60 150
200 to
1000 0.8 60 60 175
1250 and 1.0 40 60 150
larger 0.8 40 60 175
450 and All 1.0 40 30 150
below ratings 0.8 40 30 200

*Values of torque apply to salient pole machines. Values of torque for
cylindrical-rotor machines are subject to individual negotiation between
manufacturer and user.

®Values of normal WK? of load are given in Eq. 2.45.

¢ With rated excitation current applied.

The motors shall be capable of delivering the pull-out torque
for the least 1 minute.

(0.375) (horsepower rating)""*

Normal WK? of load = -
(speed in rpm/1000)*

(2.45)

Efficiency The following losses are to be included in the
determination of efficiency:

1. I’R loss of armature and field

2. Core loss

3. Stray load loss

4. Friction and windage loss

5. Exciter loss (if driven from the motor shaft)

Unbalanced Voltages As with any motor application, any
unusual service conditions, such as adverse environmental
conditions, must be considered, for example, operating the
motor under unbalanced supply voltage conditions. Unbalanced
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Figure 2.4 Derating factor for voltage unbalance, where
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voltages result in negative sequence currents and may result in
zero sequence currents. Zero sequence current results in
increased I’R loss in the stator winding. Negative sequence
currents result in a torque opposite to load torque and also
induce voltages, with resulting heavy currents, in the amortisseur
windings. Operation of the motor with greater than 5%
unbalance is not recommended. For unbalances up to that value,
the rated output of the motor must be derated as shown in Fig.
2.4. Also, the locked-rotor torque, pull-in torque, and pull-out
torque are decreased when the voltage is unbalanced.

In order to evaluate the effect of voltage unbalance if the
specific phase voltages V,, V,, and V. are known, determine
the resulting balanced positive sequence voltage, V;, and the
negative sequence voltage, V,, by the method of symmetrical
components:

1 ,
Vi = 3 (V, +aV, +a'V,)

1 . (2.46)
Vs = 3 (V, + a®V, + aV,)

where:

a=—05-+j0.866 =1 /120
a’> = — 0.5 — j0.866 = 1 /240

The forward torque, that is, synchronous motor torque in
the direction of rotation, is proportional to V. The backward
torque is that torque developed asynchronously at a slip of
2.0 and is proportional to V3. The net torque is the difference
between the forward and backward torques.

Synchronous motors are commonly started as induction
motors and thus require a more sophisticated system than
induction motors. They are usually started on reduced voltage,
either by virtue of impedance in series with the motor during
the start sequence or by utilizing an autotransformer to reduce
the voltage at the motor terminals. Generally, the constraint
in motor starting is the maximum allowable current drawn
from the supply and the end winding bracing system to
withstand the forces due to large inrush currents.
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The initial inrush current has a value determined by supply
voltage/subtransient reactance (V,/x,’). In the per-unit system,
for Vi=1.0, x; = 0.2, for example, the current on start is 5.0
pu. If the constraint is for no more than, for example, 2.5 pu in-
rush current, a 1/0.7 turns ratio autotransformer will reflect
the xa to the supply as a (1/0.7)>x0.2 impedance, which is a
supply impedance of 2x0.2=0.4, yielding a current of 2.5 pu.
The pu voltage across the motor is 0.7. The torque developed
(the square of the applied voltage) is 50% of full voltage
starting. To achieve the same 2.5 pu current with impedance
start would require a 0.2 pu impedance in series with the motor.
This will result in 0.5 pu voltage drop across the impedance
and 0.5 pu voltage at the motor terminals. The starting torque
developed will be only 25% of that developed under full
voltage start. The autotransformer reduced voltage starting
scheme will be more expensive than the impedance method
but may be required in order to meet starting torque
requirements.

During the starting process, the motor field is usually
shorted through a field discharge resistor in order to limit the
magnitude of induced voltage across the terminals of the field
winding as a result of the field winding having motion relative
to the rotating magnetic field of the stator.

The start sequence, with autotransformer start, commences
by closing the field discharge resistor circuit and closing the
start contacts to connect the stator to reduced voltage. At a
speed near synchronism, the start contacts open; the run
contacts close, connecting the stator to full line voltage. Then
the field discharge resistor is removed and a contactor
connecting the field to the excitation source is closed. This
operation is controlled by a “slip frequency” relay that detects
near-synchronous speed. The motor then “pulls into step,”
that is, runs synchronously.

The synchronous motor starts as an induction motor but it
does not have a “smooth” torque-speed characteristic as does
an induction motor. The general shape of the curve is the same
except that a pulsating component is superimposed on the
average value of torque at a given slip a, where slip is the
difference between synchronous speed and actual speed divided
by synchronous speed. The frequency of the pulsating torque
is 27f, where fiis the supply frequency, that is, at start the pulsating
torque is at twice line frequency and decreases to zero at
synchronous speed. If the alternating torque frequency coincides
with a resonant frequency of the load being accelerated, the
magnitude of the angular mechanical oscillations may become
excessive, resulting in gear or shaft failure.

There can also be problems with respect to torque
pulsations during normal synchronous motor operation.
Consider a synchronous motor drive on a reciprocating load
compressor. The compressor is unloaded during start-up. The
motor pulls into synchronism with no problem. The
compressor is then loaded. Torque pulsations result due to the
nature of the reciprocating load. The reciprocating load has
torque harmonics. If the natural frequency of the motor
approaches the frequency of torque pulsation, very large
oscillations may result. The pulsations may be below the
torque pull-out capability of the motor but may cause the
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machine to become a generator during a portion of the
oscillation. This generating portion may cause a problem if
the relay protection for the motor (especially brushless excited
motors) includes a power factor relay on the supply side of the
motor. In effect, the power factor relay sees a very lagging
power factor (indicative of loss of field) rather than a unity or
leading power factor and may trip the motor off line.

In order to analyze the motor and load as an
electromechanical system, the load torque, 7;, must be
determined and expressed as an instantaneous torque variation
with angular position. The resulting complex wave can be
resolved into a Fourier series composed of an average value, a
fundamental sinusoidal term, and a series of sinusoidal terms
that are harmonics of the fundamental. Thus:

oo

Ty = Toe + 2, Tisin (kot + o) (2.47)
k=1

o, = the phase angle of the & harmonic

o = the angular velocity of the fundamental term for n

rpm, 0=(n/60)(27m) rad/sec

If torque is in units of newton-meters (N-m), load power
Py is:
Pa\-c T Z Pk sin (kUJE + C!,k)
k=1

PLoud = ?L = (248)
If torque is expressed in inch-pounds (in-1b), and speed n
in rpm,

P1,,i=0.01183,T; (in-Ib) (2.49)

P, is converted to per-unit basis by dividing by the
voltampere base used (usually the motor VA,).
Using Eqs. 2.22, 2.44, 2.48, and the definition for ® below

Eq. 2.47, the equation describing the dynamic
electromechanical system is:
d’s s | EV, (11
—5 +Py— + ——sind + V| — — —|sin’d
P, e P, ar 5 sin & ’(x(, x,;) sin

= 2
= Pue + Y Pysin (ﬂ kt + a.k) (2.50)

k=1 ' 60

where § is the electrical angle, d(¢).

This is a nonlinear differential equation. A simplified
analysis can be made by linearizing the equation about an
“operating angle” 8(0). If Ad is the change in d(#), then:

S()=8(0)+AS 2.51)

The inertia power and asynchronous power terms are
unaffected since the derivatives of 8(0), a constant, are zero.
The synchronous power term in Eq. 2.50 can be expressed as

0 (synchronous power)

= AB = P, A3
75 a0 (2.52)
Note that the coefficient P, in Eq. 2.32, defined as the
“synchronous power coefficient,” is treated as a constant by
virtue of d being fixed at 8(0), the angle yielding average

power to the load.
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Since only the change in §, i.e., AJ, is being evaluated, Eq.
2.50 becomes, after rearranging and applying the Laplace
transformation:

.P; - P e s
. 5 AB = —
(P_‘- SR ) © E. P, kol + s/(ko))
(2.53)
from which:
PJP,) e
Ad() =X (L) €
k=1 (3‘ 20s ) ( 5 )
—— + ==+ 1 |(kw)|[ 1 + —
[1)"” (1)1: (R(,t))’
(2.54)
o,=the system natural angular velocity=\/P_,P,
C=the damping ratio=p_/(2\/P,P,)
The inverse transform of Eq. 2.54 yields:
o P 1
Ad() =Y
1P| V= (ke)?) + Qlkolo,?)
. kw -
>osm (Jk{l)f + l!i|) - Y S RN e Wy St
®, V(1 =)
.  um—
x sin (@, V1 =%t + lllg)] (2.5%)

where 5, {5, are phase angles.

Equation 2.55 reveals that the angular swing is the sum of
a series of harmonic steady-state and transient oscillation.
The steady-state term is at torque pulsation frequency and the
transient term oscillates at system natural frequency, decaying
with a time constant of 1/{®,.

Since the magnitude of total oscillations is the item of
interest, and recognizing that at times all harmonics will be in
phase (worst effect) and that the transient term time constant
is typically very small, the worst-case situation can be
expressed as:

Ad(r) = Z ﬂAk sin (ki) (2.56)
k=1 5
where:
1
‘flk = . S— — —
2
\/ (I (keo)? ) . ( 2@’«») (2.57)
3 0,

A, is termed the “amplification factor” and can be either greater
than or less than 1.0.

As the rotor oscillates about its average angle, both
synchronous power and asynchronous power also oscillate.
For each harmonic £, the change in power is:
+ P, Ad,

{1&63
AP, = p, 282 2.58)

© 2004 by Taylor & Francis Group, LLC

Types of Motors and Their Characteristics

or:
Pﬁ
AP, = Akﬂ[ﬁ ko cos (kwt) + sin (_kwr)] (2.59)
In phasor form:
- . P(.l’
APy = APy P_,] (2.60)

yielding, for the situation where all swings are in phase, the
absolute magnitude

N2
- / kP
Y AP, 1+ [ 2
k=1 P

The significance of the ratio w/, is readily apparent from Eq.
2.57. As that ratio approaches 1.0, the amplification factors
approach their maximum. Since:

|AP| = (2.61)

o= % and m, = VP, /P

® _ 2nn (2.62)
— = \!P /Py

w, 60

For a fixed drive speed , this resonance ratio, ®/®,, can be
controlled by inertial additions (a flywheel) and to a limited
extent by the excitation voltage.

In the linear analysis, the smaller the angular deviation, the
greater the accuracy. However, for larger deviations, the more
rigorous solution yields smaller values of angular deviation and
power swings. Thus the results obtained from the linearized
solution are conservative, the actual angular deviations being
smaller. For example, calculations on a 2000-hp motor for a
recprocating compressor drive with harmonic torques of 70%
(first harmonic), 122% (second harmonic), and 73% (third
harmonic) of the average torque value were evaluated by both
linear and nonlinear equation analysis. In the linear analysis, 0,
varied from 15.3 to —6.32 degrees. The solution to the nonlinear
analysis showed angular variation from 1.39 to —1.05 degrees,
confirming the conservative nature of linear analysis.

It should be noted that P, the synchronizing power
coefficient, decreases with increasing load because as load
increases d increases and P is a function of cos (3). This results
in an increasing ratio of ®w/,. For the 2000-hp drive referred
to above, with constant excitation to yield 0.8 pf leading at
rated load, and with a specific total inertia, the system
characteristics calculated are as plotted in Fig. 2.5.

The analysis of the starting performance with twice slip
frequency oscillations superimposed on the average
synchronous torque is much more complex and does not lend
itself to a simple linearized analysis. Rather, the system must
be described by a number of second order differential
equations. For example, the analysis of a two-pole motor
driving four axial-flow compressors via a speed-step-up bull-
gear arrangement requires solution of eight simultaneous
differential equations. Results of such a study [S] demonstrate
that the magnitudes of the various oscillatory system torques
are functions of applied starting voltage and the magnitude
of the field discharge resistance.
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Figure 2.5 System characteristics.

MG 1, Part 21 [1], contains a compilation of torque
requirements and typical Wk? values for a large number of
types of loads.

2.2 INDUCTION MOTORS—POLYPHASE
AND SINGLE-PHASE

The most common family of motors used in homes, business,
and industry is the induction motor. There is a variety to
choose from, depending on power source, load requirements,
mechanical interface, operating cost (efficiency), and
reliability. The following is a general discussion of the theory
of operation, followed by the definition of motor classification
according to size, a discussion of power requirements, and
mechanical and thermal alternatives. The last part discusses
the electrical performance options available, including high-
efficiency motors.

Standards have been developed in the United States,
Canada, Europe, and Japan for mounting dimensions, ratings,
and other parameters. The International Electrotechnical
Commission (IEC) is in the process of developing uniform
international standards. In the United States, the clearing-
house for design standards is the American National Standards
Institute (ANSI). The standards and usage in the United States
are still in U.S. Customary units horsepower, rpm, pounds,
and inches. Wherever Customary U.S. units are the
fundamental units in the standards such as National Electric
Manufacturers Association (NEMA) Standard MG 1-1998 [1].
A Standard International (SI, metric) equivalent or a
conversion factor is also given.

The purpose of this chapter is to promote understanding of
the variety of motors available, and to cross reference the
NEMA standards wherever appropriate. Where data are
presented, they are abbreviated, and the standard should be
used as the precise and complete authority.
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2.2.1 General Theory and Definition
of Terms Used

The induction motor gets its name from its method of
transferring power from the primary windings on the stationary
part (stator) to the rotating part (rotor). The usual construction
has a doughnut-shaped stack of steel laminations in the stator
with insulated slots opening to the inside diameter holding
the stator coils, or windings. The teeth separating the slots
carry magnetic flux to the air gap that separates the stator
from the rotor. The rotor is made of a stack of slotted steel
laminations. The rotor stack is approximately equal to the
length of the stator stack, and has an outside diameter smaller
than the inside diameter of the stator laminations by twice the
air cap. The rotor stack, with the slots aligned so that they are
either parallel to the shaft or so that they have a uniform skew,
are mounted on the shaft. The rotor conductors and the end-
rings can be formed using a die cast process. In this process, a
molten aluminum alloy forms the squirrel-cage configuration.
Fan blades may be cast onto the end-rings at the same time, as
may bosses for use in rotor balancing.

When there is relative movement between the magnetic
field created by the stator windings and the conductors in the
rotor, a voltage is induced in the rotor hence, the name,
“induction motor.” The current produced by this induced
voltage interacts with the magnetic field to produce torque.

The rotor conductors are usually made of cast aluminum.
Resistance and reactance may be adjusted by changing the
size and shape of the rotor slots. The rotor resistance is also
changed by changing the cross section of the rotor end-rings.
Other materials may be used to obtain different rotor
resistances. While the most common procedure comprises a
diecasting process using high-conductivity aluminum—o60—
62% conductivity—other methods include rotors fabricated
with copper bars and end rings, rotors fabricated with
aluminum bars and end rings, and also cast copper rotors.
When producing aluminum die cast rotors one must take all
precautions to avoid contamination with any alloying
elements, especially silicon and iron. While it is true that an
optimum silicon to iron ratio may produce “nice looking”
end rings, it is also possible that the resultant rotor resistance
may be too high. This would decrease the rotor speed, increase
the rotor slip and rotor losses, and decrease the motor
efficiency.

When the rotors are fabricated from either copper or
aluminum, the preferred method of joining the bars and end
rings is with the use of MIG or metal inert gas welding. In this
process one uses argon gas and copper or aluminum welding
wire. In either case, the welding wire should have the highest
possible conductivity. For the copper rotors, it is also possible
to use the common silver soldering technique.

The use of cast copper rotors is relatively new with special
processes developed during the 1990s. Because the molten
copper is at a very high temperature, it tends to absorb
hydrogen and other gases if special precautions are not taken.
The reader is advised to confer with his die-casting machine
manufacturer for special guidance.
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Other rotors have been developed using special sintered
copper materials for extremely high motor efficiencies or other
special performance attributes. As of this date, none are known
to be in actual production.

For all rotor manufacturing processes, especially those
using die-cast molten aluminum or copper, one must attempt
to eliminate or significantly reduce the effects of trapped gases
that would have a severe detrimental effect on the motor
operation. If the process uses grease or oil to lubricate the
casting molds, too much lubricant or the wrong lubricant
would produce gas that would in turn create holes throughout
the bars and end rings. This “Swiss cheese” effect would result
in high rotor resistance, unbalanced rotors, hot spots in the
end rings, and other possible defects. Likewise, the use of
rotor laminations having organic surface coatings could
similarly produce trapped gases. The solution to that problem
is to “prebake” the laminations to burn off the coating prior to
die-casting. While the surface coating intended to increase
the interlaminar resistance has been essentially eliminated,
the more uniformly cast rotor may more than offset any
increased interlaminar losses. Also, while it is unlikely that
one might totally eliminate the “Swiss cheese” effect, a more
realistic goal might be to uniformly distribute the gas holes
throughout the bars and end rings. This would result in more
balanced rotors and fewer end ring hot spots.

Another process concern relates to the temperature of the
molten aluminum or copper. If the temperature is too high,
there will be excessive shrinkage during cooling and this
could result in high stresses in the bars with possible bar
breakage during motor operation. If the temperature is too
low, the molten material could begin to solidify before the die
casting is complete. Other process concerns include die-
casting pressure and the number, size, shape, and placement
of the orifices through which the molten material is forced
into the mold. Again, the user is directed to work closely with
the die-cast equipment manufacturer for guidance.

One topic that is not given adequate attention in most
textbooks relates to the losses resulting from currents flowing
in paths that were unintended. As stated earlier, the objective
is to induce a voltage in the rotor bars so that a current is
developed in the bars. Unfortunately, along with the bar
current are currents flowing in the rotor surface, currents
flowing axially through the laminations, and currents flowing
from the bars to the steel laminations. The rotor surface currents
result from poor rotor machining that produces a smeared
rotor surface. The interlaminar currents result from inadequate
lamination surface resistance. Finally, the bar-to-steel currents
result from low bar-to-steel resistance or from molten copper
or aluminum that has literally been sprayed into the rotor bar
slots because of excessive die-casting pressures and/or small
casting ports. Many authors tend to lump all of these resultant
losses into “stray load losses” without giving proper attention
to the rotor design and the rotor construction process.

The motor may have a wound rotor, with insulated wire
windings similar to those on the stator. This winding is
connected through slip rings to an external resistance for low-
current starting and or speed control.
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The stator windings are designed to create an even number
of magnetic poles. A rotating magnetic field is developed by
two or more current paths per pole, displaced from each other
in space, and having a current that peaks at different times in
the voltage cycle. A three-phase, polyphase, induction motor
achieves this by having a set of stator windings for each phase,
equally spaced on each pole, connected to a polyphase power
source that supplies three voltages equally spaced in time.

The rotor must rotate at a speed other than that of the
magnetic field in the stator in order to develop an induced
voltage and torque. The field moves from one stator pole to
the next in one half-cycle. Thus, in each electrical cycle the
field traverses one pole pair, or 360 electrical degrees. The
number of electrical cycles required for the field to complete
one revolution is equal to the number of pole pairs. If the rotor
were to revolve at this speed, it would be in synchronism with
the field, or at synchronous speed (n):

ny=60f/(p/2)

While the SI unit for speed is second™?, common usage is
revolutions per minute (rpm). The relative difference between
synchronous speed and actual speed (n) is called slip (S) usually
expressed in per-unit or percent:

o~ N, o

1 %S = S X 100

(rpm, Hertz, poles) (2.63)

S =

(2.64)

Mo
When the load increases, the motor response is to decelerate.
This increases the slip and therefore the induced voltage, the
rotor current, and torque. Likewise, it accelerates to a higher
speed if the load is decreased. For most induction motors, slip
at rated load is less than 5%.

Speed at a given load varies somewhat even among motors
that are presumed to be identical. Speed also changes by a few
rpm with small changes in rotor temperature or line voltage.

For precise control of motor speed, voltage and/or
frequency control is needed. For applications requiring speed
control over a wide range of speeds, variable frequency power
may be the best option. Motors that are designed to operate at
a high value of full load slip can provide speed control by
adjusting the applied voltage. Other motors can be designed
to provide discrete speed ranges through the use of tapped
windings, or winding arrangements that make it possible to
change speed range by changing the number of poles.

Polyphase motors are classified according to size,
mounting, enclosure, speed-torque, and speed-current
characteristics. For a discussion of size classifications, see
Section 2.2.2. Enclosures are discussed in Section 2.2.3.5.
Mountings are discussed in Section 2.2.3.4 and Section 11.6.

The speed-torque characteristic can be modified by changing
rotor slot shape. This changes the resistance and reactance as a
function of rotor frequency. Ideally, a high resistance and
reactance are desired at standstill (s=1) to limit starting current
while developing sufficient starting torque. During steady-state
operation, a low resistance is desired to maximize speed and
efficiency. A rotor slot shape that is deep and narrow, sometimes
called deep bar, allows considerable magnetic flux to cross the
slot. The induced voltage in the rotor has a frequency given by
line frequency multiplied by the slip. At standstill, the rotor
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current is at stator line frequency. The flux linkages, due to this
high frequency current, distort the current density in the rotor
to the top of the rotor bar, increasing its effective resistance.
Near running speed, the slip approaches zero, with 1-4% being
typical. At this low frequency, the slot flux has little effect on
the current distribution, and the resistance is low. A double-
cage rotor slot, features a smaller upper bar, connected to a
larger lower bar by means of a narrow neck. This maximizes the
flux leakage field at standstill, with a higher ratio of standstill
to rated-load rotor resistance.

The smaller polyphase motors do not have double-cage or
deep-bar rotor designs because the depth available is too small
to be effective. Single-phase motors do not use deep slots or
double cages. It will be shown later, the single-phase rotating
field is imperfect. It consists of a forward and a backward field.
The backward-rotating component would significantly increase
losses at running speeds were the rotor to have a deep bar.

Speed-torque and speed-current characteristics of the
different electrical design classifications of polyphase motors
are discussed in Section 2.2.5.

A single-phase motor, as the name implies, is designed to
operate from a single-phase source of voltage. There are usually
two-phase windings in the stator, displaced from one another
in space, wound to form poles as in the polyphase case, but
both connected to the same single-phase power source. If the
impedance of the two phases have different angles, the currents
are “out of phase” and torque is developed to start and run the
motor. This results in what may best described as “quasi-two-
phase operation.”

Once the motor starts rotating, the frequency presented to
the rotor by the forward field (same direction as rotor is
rotating) is sxf, while the frequency presented by the backward
field is (2¢s)xf, which is more than line frequency. The unequal
impedance seen from these different frequencies result in
magnetic fields of different magnitudes in the forward and
backward directions, and torque can be developed even
without an auxiliary winding. However, at standstill, forward
and backward frequencies are equal (s=1), so without an
auxiliary stator winding there would be no net torque.

Figure 2.6 presents a speed-torque curve of a single-phase
motor, showing the torque that would be developed with main
winding only, and with an auxiliary winding that is switched
out as the motor accelerates to normal running speed.
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Figure 2.6 Shape of torque-speed curve for a typical singlephase
motor: START=starting condition; RUN=run winding only.
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The variety of single-phase induction motor types results
from the different ways for creating the impedance difference
between phases. The deviation from ideal two-phase operation
differs between design types, within a design type, and with
load on a given motor. The pulsating, rotating magnetic field is
equivalent to two non-pulsating fields of different magnitudes,
rotating at synchronous speed in opposite directions. Thus, as
the slip frequency for the forward-rotating field approaches
zero; the slip frequency for the backward-rotating field
approaches twice line frequency. The effect of the backward
field is power loss and reduced torque. It is possible to design a
motor to have ideal two-phase operation at one load, but at one
load only. For this “balanced two-phase operation” the size of
the “run” capacitor is usually very large and the cost of the
capacitor usually precludes wide use of such a design. In this
condition the phase angle between the main winding current
and start or auxiliary winding current is 90 degrees. Also, there
is pulsating torque that always exists in single-phase motors.
While balanced two-phase motors are designed only
infrequently, they do have their purpose. In some cases they
may be used to achieve operation with no undesirable torque
pulsations. Another case may be to better assess the loss
distributions in the motor. At balanced operation one may easily
compute the rotor and stator winding losses. If the friction and
windage losses are known or computable, then the remaining
losses are the iron losses.

The speed-torque-current relationships of the different
types of single-phase motors and their relative performance
are discussed in Section 2.2.6.

Two important terms used in comparing motors are:

Efficiency = Waits %
Watis in
Watts in — Watts Lost (2.65)
- Watts in
Watts in
Power Factor = (2.66)

k X LineVolts X LineAmps

where:

Efficiency and power factor are expressed in per unit values.
To express the characteristic in percent multiply the per unit
value by 100:

k=1.732 for three-phase
k=1.0 for single-phase

The cost of running a 10-hp motor continuously may seem
high; however, with a motor efficiency of 90% only 10% of
the power is dissipated in motor losses. The other 90%
produces the useful work. The efficiency of a motor is
increased by reducing losses. This can be done by increasing
the amount and/ or quality of the steel laminations in the
motor, increasing the size of the conductors in the stator
windings, and reducing the rotor resistance. It may also be
improved by changing the air gap distance between rotor and
stator. There is an optimum air gap for each family of motors.
A smaller gap length will result in high-frequency losses caused
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by the effect of the slot openings in the stator and rotor on the
air gap flux. Too large an air gap will increase the IR losses
due to increased magnetizing current. These high frequency
losses that occur in the stator and rotor iron comprise most of
the remaining components of the so-called “stray load losses”
mentioned in an earlier paragraph. One additional component
not discussed is the loss induced in the end laminations of
both the stator and rotor. Some authors describe this as “series
iron loss” because it has the characteristics of a resistor placed
in series with the main winding.

Power factor is a measure of how much of the current to the
motor is producing the magnetic field compared to the current
supplying losses plus output power. It is the cosine of the
angle @ between the current (amperes) and the potential (volts).
The portion of the current that is equal to Ixsine ¢ is called the
induction current. It is a measure of the current needed to
supply the magnetic field.

This inductive component of current must be generated, but
the utility usually charges only for the real power. There are
additional losses produced in the power distribution system in
consequence of the inductive component of the current. Some
people erroneously believe that low power factor (high amperes)
is also an indication of low efficiency. It often means only that
the motor is running at a light load with reduced input power,
and that the motor is still sized correctly for worstcase
conditions. In the medium range of ratings and larger, efficiency
tends to peak at a load less than the rated load. If the total
electrical load for an installation results in low power factor,
this can be corrected by inserting power factor-correcting
capacitors somewhere in the distribution system.

Some motor design changes that reduce losses result in no
change in the inductive volt-amperes or make the value larger.
This has the effect of a reduction in power factor while saving
energy in the motor and actually reducing total current in the
system. It has been shown that it takes an improvement of
about 20% in power factor to reduce motor and distribution
losses as much as does a 1% gain in efficiency [6].

Power factor and efficiency are discussed further with
respect to high-efficiency motors in Section 2.2.4.

2.2.2 Classification of Motors According to Size

A medium induction motor is defined in Ref. 1, Par. 1.4 as a
motor: (2) built in a three- or four-digit frame number series in
accordance with Par. 4.2.2, and (b) having a continuous rating
up to and including the values in Table 1.1. A large motor is
defined in Par. 1.5 as a motor built in a frame larger than that
required for medium motors. Likewise, a small motor is defined
in Par. 1.3 as a motor with a two-digit frame number. As a first

Table 2.1 Maximum Ratings of Medium Induction Motors

Synchronous speed Power rating
(rev/see) (rev/mm) (hp) (KW)
60 3600 500 373
30 1800 500 373
20 1200 350 261

Source. Adapted from [1]. Metric equivalents added by author.
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approximation, small motors tend to be under 7 inches in
diameter, to be single-phase, and to have a fractional
horsepower ratings. Medium motors are mostly larger,
polyphase, and mostly of integral horsepower rating; however,
there is some overlap.

The first two digits in the NEMA frame number are an
indication of the dimension D from the center of the shaft of a
foot-mounted motor to the mounting plane. For medium
motors, the two digits equal D times 4. Thus, frame
designations of 143, 182, 184, 213, 215, and 445 have a D
dimension of 3.5 in (89 mm), 4.5 in (114 mm), 4.5 in (114
mm), 5.25in (133 mm), 5.25 in (133 mm), and 11 in (279 mm),
respectively. Note that only the first two digits of the frame
designation are used in this calculation [1; Par. 4.2.1].

For small motors, the two digits equal D times 16 [1; Par.
4.2.1]. Therefore, 42-, 48-, and 56-frame motors have a D
dimension of 2.625 in (67 mm), 3.0 in (76 mm), and 3.5 in (89
mm). Note that the D dimension may be the same for two
different frame sizes, such as 56 and 140.

2.2.3 Power Requirements, Mechanical,
and Thermal Design Considerations

In selecting an induction motor, a series of questions must be
answered with respect to input power requirements and
availability, mechanical interfaces (mounting, coupling to the
load), the nature and magnitude of the load, unusual temperature
or environment, and protection from fire and personal injury.

The following subsections discuss the choices to be made
with respect to power, load characteristics, mounting, enclosure
requirements, and maximum case temperature. Discussion is
limited almost entirely to general-purpose motor applications.
It should be noted that there are a number of special
applications with unique characteristics with sufficient volume
of demand to warrant special standards, especially with respect
to mounting configuration. A partial list includes motors for
jet pumps, sump pumps, hermetic refrigeration and air
conditioning, submersible pumps, elevators, and process
pumps. These standards are presented in Ref. 1, Part 18,
Definite Purpose Motors.

2.2.3.1 Electric Power to the Motor

Standard power generation in the United States is high-
voltage, 60-Hz, three-phase. There are three-phase voltages,
equal in magnitude and one third of a cycle apart in time.
Small and medium motors for industrial use require the supply
voltage that is transformed down, usually to a nominal value
of 600, 480, 240, or 208 V. Motors have a corresponding
nameplate voltage of 575, 460, 230, or 200V [1; Para. 10.30]
to allow for voltage drop in the distribution system. Large
induction motors are rated at 460 to 13,200 Vs, depending on
horsepower [1; Para. 20.5].

Polyphase power is usually unavailable for farm, home, and
office. Single-phase power is made available by connecting
across two of the three-phase lines, and is available at 230 to
240V, which may be divided further to obtain 115 to 120 V.
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Figure 2.7 Shape of torque-speed curves for polyphase induction
motors. Curves shown are for Design Class A or B, for Class C, and
for Class D.

Motors may not necessarily run satisfactorily from a power
source that (1) is more than +10% from nominal voltage, (2) is
*+5% from rated frequency, (3) has more than 10% deviation
from sinusoidal, or (4) in the case of polyphase motors, has a
voltage unbalance between phases exceeding 1%. Voltage
unbalance may easily occur if the various single-phase loads
on the power distribution system are unevenly distributed
among phases [1; Par. 12.45].

These limitations are of special concern where the power
source is a standby generator or a frequency converter. Over-
voltage may be most harmful to motor capacitors. Undervoltage
may cause the motor to fail to start, maintain speed, or, if single-
phase, to fail to switch out of the starting mode.

2.2.3.2 Types and Magnitudes of Loads

Figure 2.7 shows generic polyphase motor performance curves
for Design A, B, C, and D motors, that are discussed further in
Section 2.2.5. The percent torque values are approximate, and
will vary from design to design. The figure shows the torque
available to start the motor and how the torque changes with
speed. Note that the torque may dip slightly at low-speed,
reaching a minimum called the pull-up torque. The torque
increases until it goes through a maximum. This is called the
breakdown torque. The curve then becomes more and more
linear, and reaches a no-load value at close to synchronous
speed. (For a definition of synchronous speed, see Section 2.2.1,
Eq. 2.63.) At some point in the range of half of the breakdown
torque, rated torque is reached. The motor may be expected to
run continuously at this speed without overheating.

Rated torque is the torque that at its corresponding rated
speed delivers the rated horsepower or output kilowatts.
Motors are rated in horsepower (U.S.) or kilowatts
(international). Some helpful relationships are:

1 horsepower (hp)=550 Ib-ft s
=745.7 W=0.7457 kW (2.67)
Output power (W). P)=Tx® (N-m-rad/sec)
=TxN/9.549 (N-m-rpm)
=TxN/84.52 (Ib-in-rpm)
=TxN/7.043 (Ib-ft-rpm)
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=TxN/112.7(oz-ft-rpm)
=TxN/1352(0z-in-rpm)
1 Newton-meter=8.8508 Ib-in

As will be shown later, motors of the same horsepower rating
should have close to the same breakdown torque. However,
since one family may have better cooling, the motors with
better cooling would run cooler at rated load, therefore, they
have the ability to run continuously at a higher load. The ratio
of this higher load to full load is referred to as the service factor,
and this maximum continuous load is the service factor load.

Figure 2.6 shows a generic performance curve for a single-
phase motor. (Traditionally, for small motors, the speed and
torque are reversed on the two axes. However, in this chapter,
the medium motor convention is used for all sizes.) There are
typically two speed-torque curves, one for starting and one
for running. The motor starts with the start or auxiliary
winding energized in addition to the main winding. At some
speed, the auxiliary winding or start-capacitor may be
switched out, and the motor follows the running torque curve
to its continuous operating point. Further description of the
different types of single-phase motors is in Section 2.2.6.

To ensure that motors of the same type from different
manufacturers are interchangeable, NEMA specifies that all
single-phase motors of a given rating will have the same
breakdown torque (within a tolerance range), and will meet a
minimum starting torque limit and a maximum starting
current limit [1; Part 12].

In addition, since small polyphase motors tend to have
considerably higher slip at breakdown. NEMA specifies that
the breakdown torque to a small general-purpose polyphase
motor shall be not less than 140% of that of a single-phase
motor of the same rating [1; Par. 12.37]. This tends to allow
both types to operate at the same speed, so a single-phase or
polyphase motor could be specified for a given application,
depending on the availability of power.

The simplest load at which to size a motor is a constant
load. The motor is sized to start, come up to speed and deliver
the required load continuously. Other situations are more
difficult. The load may be cyclic, for instance, a reciprocating
pump. The rotor inertia plus load inertia must be great enough
to carry through the peaks without excessive changes in speed
or current. Starting torque requirements can be more severe
than running torque requirements: both must be checked.

If the motor is required to start frequently, the allowable
duty cycle (time on vs. time off) should be determined from
Ref. 1, Par. 12.55, or in the case of high-efficiency motors,
from Table 2.2 of NEMA MG 10 [7]. If the motor on-time is to
be short, followed by a long off-time, it may be possible to
use a smaller motor, providing that it has enough torque to
start and accelerate the load. Many motors, especially in the
medium and large sizes, have a 30-minute rating in addition
to a continuous rating.

There are a number of ways to estimate the load. A test
motor having the desired rated speed may be coupled to the
load and the torque measured directly. For polyphase and the
larger single-phase motors, a crude approximation may be
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Table 2.2 Nominal Speeds of Induction Motors

60-Hz 50-Hz
Poles No-load Full-load No-load Full-load
(rev/ (rev/ (rev/ (rev/
(rev/s) min) (rev/s) min) (rev/s) min) (rev/s) min)
2 60.0 3600 575 3450 50.0 3000 475 2850
4 30,0 1800 28.8 1725 250 1500 238 1425
6 20.0 1200 19.0 1140 16.7 1000 15.7 940
8 150 900 142 850 12.5 750 11.7 700

obtained by measuring the current drawn by the test motor
under load and dividing by the nameplate full-load amperes.
If this ratio is between about 0.75 and 1.25, that number times
the rated watts or horsepower of the test motor should give a
good first approximation to the required watts or horsepower.
If it is outside that range, it may be wise to try a different motor.

The penalty for choosing a motor larger than necessary is
higher cost, greatly reduced power factor, and for most small
(fractional-horsepower) motors, lower efficiency. The
advantages are cooler operation (longer life) and, in the case
of most integral horsepower motors higher efficiency in the
load range of 0.75 to 1 times full-load.

2.2.3.3 Motor Speed vs. Desired Speed

The most commonly available small and medium motors have
two, four, or six poles. Some eight-pole fan-motors are also
standard. The possible synchronous speeds and typical
fullload speeds are shown in Table 2.2. The typical full load
speeds in the table are at approximately 5% slip. A high
efficiency motor will have a slightly higher speed than shown
in Table 2.2. This is important when matching a motor to a
driven unit. Many loads, centrifugal pumps and fans, increase
as the cube of the speed. Many high efficiency motors have a
full load slip of 1%; therefore, the speed is 4% higher than
shown in Table 2.2. The load due to the increase in speed will
be 12% higher than expected. Consequently, when a high
efficiency motor is applied to a load designed for the speed in
the Table 2.2, the increase in load will depreciate the
advantage of the improved motor efficiency. In applications
such as refrigeration compressors, most systems perform best
at high speed, using two-pole designs. The highest efficiency
for fans occurs at lower speeds. This can make the overall
system cost and efficiency best at eight poles. In other cases,
the required operating speed range may not be shown in the
table. In that case, it is necessary to select from the available
numbers of poles, and use a belt-and-pulley system or gearing.

2.2.3.4 Mounting

Induction motors may be foot-mounted, face- or flange-
mounted, or both (foot-mounted motor with driven device
mounted to the flange. The feet on small motors may be in the
form of a resilient base for vibration isolation. The most
common flange mount is called a D-flange. This construction
mounts the motor to the driven equipment with bolts passing
through the flange into a mounting plate. The flange must
therefore be of a diameter large enough to allow for access to
the mounting holes from the motor side. The C-face mounts
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from the opposite side. The bolts are the through the driven
equipment into the motor face. The face of the motor may
therefore be of a smaller diameter, but access to the opposite
side of the mounting plate is necessary. A foot-mounted motor
may have better heat dissipation than a flange-mounted motor.
If a motor has a C-face or D-flange, the letter C or D will
appear in the model number after the frame designation. Letter
designations for other special mounting configurations are listed
in Ref. 1, Par. 4.22. Mounting dimensions are standardized for
each frame size, and are listed in the same reference.
European mounting standards are different from NEMA.
The standard ratings and dimensions used outside of North
America are referenced in IEC Publication 34-10 [8].

2.2.3.5 Enclosures

The environment in which the motor must operate determines
how the motor must be enclosed to protect the electrical parts
and to protect workers from the moving parts. Since enclosures
add cost and restrict cooling, one should use the most open
motor consistent with the environment. Outside of North
America, enclosures and cooling are defined by IEC
Publication 34-5 [95], Degrees of Protection Provided by
Enclosures. It uses designations IPO0 through P67, based on
ability to withstand dust (first digit) and water (second digit).
In North America NEMA MG 1, Part 5 address the same factors.
The most recent issue of MG 1 has been harmonized with IEC
34-5. The following discussion uses NEMA MG 1 descriptive
terms common before harmonizing with the IEC terms.

2.2.3.5.1 Open, IP0O0

The simplest enclosure is open with no restriction to air flow
except that needed for mechanical structure. These motors are
adequate where they are inaccessible except for maintenance
and away from water, dust, or chemicals that could harm
internal parts of the motor. These motors usually have an
internal fan. Service factor may be 1.15 to 1.35.

2.2.3.5.2 Drip-Proof DF, IP02

A drip-proof motor is protected from liquid or solid particles
falling at an angle of O to 15 degrees from the vertical. In the
integral-horsepower sizes, they have a service factor of 1.15.

2.2.3.5.3 Guarded, IP12

A guarded motor has all openings limited in size to prevent
the passage of fingers and so forth far enough to touch
electrically live or internal moving parts.

2.2.3.5.4 Totally Enclosed Fan-Cooled, IP44

A totally enclosed fan-cooled (TEFC) motor is one that is
enclosed to prevent the free exchange of air between the
outside and inside of the motor. It has an external shaft mounted
fan for cooling. This type of motor is chosen for applications
where the surrounding air is dusty enough or wet enough to
prevent the use of a drip-proof motor, but not dirty enough to
plug up an external fan. The motor usually has an internal fan,
but has poorer heat dissipation than a motor that an open
motor. However, a TEFC motor rated for severe duty may have
a 1.15 service factor.
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2.2.3.5.5 Totally Enclosed Nonventilated, 1P44

A totally enclosed nonventilated motor is like a TEFC motor
but does not use an external fan for cooling. It therefore has
considerably poorer heat dissipation than a TEFC motor.
However, TENV motors are available at the same service factors
as TEFC.

2.2.3.5.6 Explosion-Proof

An explosion-proof motor is not only totally enclosed but is
designed to contain an internal explosion, and to prevent any
flame or sparks emanating from the motor. Service factor is
normally 1.0.

There are additional enclosures described in NEMA MG 1.
Part 5 for large induction motors.

2.2.3.6 Safety Considerations—Iemperature and Noise

The selection of an enclosure must consider human safety, and
the potential hazard of high temperature or even fire. The motor
is designed for a maximum temperature consistent with the
insulating materials, bearings, and lubrication. NEMA [1]
recognizes four temperature classes: A, B, F, and H. The thermal
testing of a motor to find the hottest spot under the worst-load
conditions is somewhere between difficult and impossible.
Therefore, the NEMA standard for medium motors specifies the
limiting temperature for each insulation class based on average
winding temperature, as determined by change in resistance.
The test procedures and the different limits for different types
of motors are beyond the scope of this discussion, but may be
found in Refs. 1, 10, and 11. As a feel for the temperatures
involved, according to Ref. 1, Par 12.57.1, the average winding
temperature of a Class A motor may reach 140°C when the
thermal protector trips, and it might reach 215°C for a class H
motor. If a thermal protector is not used and the motor is
misapplied, the windings can reach higher temperatures before
the motor fails, and if the load is maintained, the motor may be
expected to fail quickly. The methods for thermal evaluation of
motor insulating systems are found in Ref. 12.

If a thermal protector is used, it may have either manual or
automatic reset. A manual reset protector will not allow the
motor to restart without manual intervention. Automatic reset
should be used with caution, as repeated off-on cycles are
likely to make the device less reliable. In addition, if the
motor has been stalled, automatic reset may allow the motor
to reach an excessive temperature without operation of any of
the other protective devices in the circuit.

There are applications where it is not allowable to have the
motor stop during the middle of a process. Rather than disable
the protector, it would be better to monitor the overload device
and proceed to an orderly shutdown or to immediately reduce
the load if possible.

Industrial motors are normally rated for 40°C ambient
temperature. Nonindustrial motors are normally rated for an
ambient of 25°C. If the motor is to be applied in a different
ambient, the ambient temperature will have little effect on the
temperature rise. Therefore, the motor load should be adjusted
down or up to allow for the difference in ambient temperatures.
If the motor is to operate at an altitude above 1000 meters
(3300 feet) it should be de-rated according to Ref. 1, Par. 14.4.
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The motor case temperature should be somewhat below
the winding temperature. If a person touches any motor that
has been running under load it will feel hot and may even be
well over 100°C. A motor with a lower temperature class will
have a lower case temperature. In order to get the lower
temperature the motor must have been made more efficient or
have increased ventilation.

The windings and insulation are designed for a specific
maximum temperature, however, the bearings are not selected
on the basis of temperature or temperature rise. Care should
therefore be taken to monitor bearing temperature if the
ambient exceeds 40°C.

The sound power level of an induction motor will increase
for a motor of higher speed or larger size. Overall sound power
level limits for medium induction motors are listed in Ref. 1,
Part 9. They are A-weighted up to 104 db. The same reference
shows limits for large motors up to 120 db. Therefore, ear
protection will probably be required for workers in the area.

2.2.4 Standard-Efficiency Motors
vs. High-Efficiency Motors

An important electrical design concern is operating efficiency.
Motors are designed to provide a balance between quality
performance at minimum initial cost. Since 1973, greater
empbhasis has been placed on operating cost. In 1992 the U.S.
Government enacted legislation, The Energy Policy and
Conservation Act of 1992, mandating the minimum value of
efficiency for induction motors rated 1-200 hp. The motors
designed to comply with this act remain the best value
wherever the total running time is low.

A higher efficiency design should be considered if the motor
is to run much of the time. These motors generally are more
costly to build and command higher prices than conventional
models. One can calculate the time required to pay back the
difference in price and make an economic decision based on
this calculation. NEMA publications MG 10 [7] and MG 11
[13] have further discussion of this important subject.

Small motors are naturally lower in efficiency than medium
motors and the trend continues to the large ratings. As is shown
in Section 2.2.6, there is a large difference in efficiency among
single-phase motors with respect to type and size. A standard
single-phase efficiency range from 40% at 1/8 hp to 85% at
10 hp is shown in Ref. 14. Adding 20% to cost was shown to
raise the range to from 60% at 1/8 hp to 86% at 10 hp.

2.2.5 Electrical Design Options—Polyphase

As discussed in Section 2.2.1, within the polyphase family
the designer has the freedom to adjust rotor resistance and
reactance. In Ref. 1, Par. 1.18, NEMA has defined four different
design classes: Design A, Design B, Design C, and Design D.
The most common used is Design B. Comparison speed-torque
curves are shown in Fig. 2.7.

2.2.5.1 Design B

These motors have lower starting current at stall than Design
A motors do, and usually have higher rotor resistance. Slip at
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rated output, voltage, and frequency is 5% or less. Many have
slip at full load of 1-2%. They may be started at rated line
voltage. Efficiency is relatively high. Starting current may be
6 to 7 times rated current. Starting torque may range from as
low as 70% of rated load for large motors to 275% for the
smallest medium motor. Design B motors are used in
applications with relatively low starting torque requirements,
such as fans, blowers, centrifugal pumps, and compressors.

2.2.5.2 Design A

These motors have higher starting current than Design B
motors, otherwise performance is similar. Some high-efficiency
motors are Design A motors.

2.2.5.3 Design C

These motors have normal starting current, but, as can be seen
in Fig. 2.7, they have higher starting and accelerating torque,
190-200% of rated torque. Therefore, Design C motors can
accelerate heavier loads, even though they have less breakdown
torque. Slip at rated output, voltage, and frequency is slightly
greater than that of Design A or B machines. The increase is in
the range of 0.5-2%. Therefore, Design C motors are less
efficient at rated load. They are used on reciprocating pumps,
conveyers, agitators, and loads that must start under heavy load.

2.2.5.4 Design D

These motors have high starting torque and high slip. Figure
2.7 shows the starting torque as 2.5 to 3.25 times rated torque.
The starting current is 6 to 7 times rated for medium induction
motors, and 4.5 to 6 times rated for large motors. This is the
same as Design B motors. Rated load slip is between 5% and
15%. They are used on applications with high peak loads.
These loads frequently use a flywheel to smooth the load on
the motor. Examples for this type of load is: punch press,
elevator, winch, hoist, or oil-well pumps.

2.2.5.5 Wound Rotor

Wound-rotor motors usually have an external resistor bank
connected to the rotor winding. By varying the amount of
added resistance, the starting torque can be controlled to 1.75
to 2.75 times rated torque. Inrush current will be low,
depending on the amount of starting torque required. As the
motor accelerates, the added resistance can he adjusted to
provide limited speed control. These motors are used where
low inrush current is required, where there are frequent starts,
where some speed control is desired, and where high mass
must be accelerated. Wound-rotor motors are more costly to
build than cast rotors for several reasons. First, the open slots
in the rotor must be insulated in a manner like the stator slots.
Second, instead of pouring in molten aluminum or copper,
one must use preinsulated wire and hand-place or machine
wind the windings into the correct rotor slots. Third, the
windings must be connected internally in some acceptable
manner and then the opposite ends of the wires must be
connected to a set of slip rings attached to the shaft but also
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insulated from the rotor shaft. Then the stator must be fitted
with the appropriate brush rigging and brushes so that the
external resistors can be added to the rotor windings as desired.
The intent is that the added cost of the motor is offset by the
motor performance that is produced.

2.2.6 Electrical Design Options—Single-Phase

Single-phase motors offer a set of choices, from low to high,
in terms of starting torque, starting current, running current,
running efficiency, and cost. A logical objective is to meet
each of the other criteria at lowest cost. The discussion of
single-phase motor alternatives follows in ascending order of
performance and cost.

2.2.6.1 Shaded-Pole Motors

Shaded-pole motors are simple in construction and are
therefore relatively low-cost and reliable. The auxiliary
winding is usually a simple shorted turn of conductor around
one side of each stator pole, called a shading-coil. The
magnetic field developed by the main winding induces a
voltage in the shading-coil. This produces a current that is
out of phase with the main-winding current. Thus, the
necessary conditions of at least two currents displaced in space
and time are met. There is no means provided to remove the
shading coil from the circuit once the motor gets up to speed.

Starting current is relatively high, starting torque is
relatively low, running current is relatively high, and efficiency
and power factor are low. These motors are widely used to
drive small fans (1/5 hp and below) because they are low in
cost and reliable, and the total energy cost of operating a
small fan may not be significant.

2.2.6.2 Split-Phase Motors

The split-phase motor sometimes called resistance split-phase,
achieves its starting torque by having a higher resistance and
possibly lower reactance in the auxiliary circuit, which is
usually wound 90 electrical degrees from the main winding
(halfway between main poles). The higher resistance may be
obtained by using smaller diameter wire than in the main
winding. In some cases, the higher resistance requires using
such fine wire that it would he mechanically too weak to
wind, and whose current density would be so high as to cause
the winding to burn out before the motor could accelerate.
This problem is sometimes overcome by using a larger wire
diameter, and getting the higher resistance by adding forward
and backward turns so that they cancel magnetically but add
resistance. An external resistance could also be used.

The “start” curve of Fig. 2.6 shows a torque-speed curve
similar to that of a split-phase motor. At a speed in the region of
maximum torque, the auxiliary winding is switched out, and
the torque of the motor becomes that of the “run” curve, being
the difference in forward and backward torque developed by
the interaction of stator field and rotor currents, as discussed in
Section 2.2.1. The switch may be activated by speed
(centrifugal), voltage, current, or temperature (PTCR, positive
temperature coefficient resistor). If the load is increased to near-
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breakdown, or power is removed the start switch will close
quickly, while the PTCR must cool down before resetting.

The starting torque of these motors is moderate, but the
starting current is relatively high. Their size is limited by the
typical electrical code limit of 12A on a branch circuit. There
is also a need to keep the starting current low enough to avoid
severe voltage drop during starting. This could adversely affect
the operation of other nearby equipment. Efficiency and
power factor are moderate, with efficiency ranging from about
40% at 1/10 hp to about 70% at 3/4 hp. Because the addition
of a start switch is a potential source of failure, these motors
are less reliable than shaded-pole motors but have higher
starting torque and efficiency and can be applied in higher
ratings than shaded-pole motors.

Split-phase motors are used in moderate starting-torque
applications such as air compressors, refrigeration compressors,
air conditioning fans and blowers, jigsaws, grinders, and office
machines.

2.2.6.3 Capacitor-Start Motors

In a capacitor-start motor, the starting torque is obtained by
use of a capacitor in series with the auxiliary winding while
starting, then switching the auxiliary winding out as the motor
reaches running speed. The capacitor causes the auxiliary
winding current to lead the main current. The number of
auxiliary winding turns is limited by the need to keep the
capacitor voltage from exceeding its rating, which is most
likely to occur at the speed at which the switch opens. The
capacitor is normally designed for intermittent duty only.

These motors have the same running characteristics as a
split-phase motor, since each is induction-run (runs on the main
winding only). However, capacitor-start motors have up to three
times the starting-torque per ampere, and therefore are designed
for as much as 5 hp. Reliability is again reduced slightly by the
addition of the capacitor, but the auxiliary winding has larger
wire, and is less sensitive to burnout than that of a split-phase
motor. Efficiency is moderate, as with the split-phase motor.

Capacitor-start motors are used in hard-to-start applications
such as pumps and compressors, evaporative coolers, milking
machines, saws, joiners, blowers, and conveyers.

2.2.6.4 Permanent-Split Capacitor Motors

In contrast to the capacitor-start motor, for which the capacitor
is selected to maximize starting-torque per ampere and must
be switched out for running, a permanent-split capacitor motor
is designed for applications where starting torque requirements
are low, but improved running performance is required. In this
case, the motor is designed to have a capacitor in series with
the auxiliary winding at all times. For continuous operation,
the capacitor must be a more expensive oilfilled capacitor,
and it must be sized for good running performance at a sacrifice
in starting torque. It is possible to design a permanent-split
capacitor motor to have ideal two-phase performance at a
particular load. That means the turns and current in each phase
are such that two equal fields are displaced by 90 electrical
degrees in space and in time. In practical terms, the marginal
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benefit of the much larger capacitor required does not justify
its cost, and a smaller capacitor is used to come close to the
ideal performance. These motors must not be used on
applications where the motor can become unloaded, since the
voltage on the capacitor can then exceed its allowable rating.
There are two applications where these motors are popular.
Each has a different performance characteristic. Fans and blowers
have low starting-torque requirements. These motors are
designed to overlap the shaded-pole motor on the low end but
extend to 1 hp on the upper end. They have better running
performance, higher efficiency, higher power factor, and higher
running torque per ampere. When fan speed control is required,
high slip is desirable. Multiple speeds are obtained with a high-
resistance rotor and tapped windings. Because motor cooling
is less of a problem than cost-competitiveness, efficiency has
traditionally not been a concern. There are now more efficient
permanent-split capacitor motors available for fan applications.
For air conditioning compressors, since motor losses
become part of the air conditioning load, there has always
been an incentive to develop a capacitor-run motor for
maximum efficiency and running torque per ampere. This has
been made possible by redesigning the compressor to minimize
starting torque requirements. The result is a line of very
efficient permanent-split capacitor motors for hermetic
compressor applications. As the demand for higher efficiency
developed, only marginal improvements were needed.

2.2.6.5 Two-Value Capacitor Motors

A natural extension of the permanent-split capacitor motor is
the two-value capacitor motor. A start-capacitor is placed in
parallel with the run-capacitor. This allows the motor to be
designed for optimum running efficiency without sacrificing
efficiency to get starting torque. The start-capacitor is then
sized to get the desired starting torque.

A practical embodiment of the two-value capacitor motor
is the air conditioning compressor motor. These are designed
with adequate starting torque for most conditions but not all.
A start-capacitor may be added as a top-of-the-line feature or
as a field modification when a compressor fails to start.

Two-value capacitor motors have been available for years
in the range of 1-10 hp where, because of their high efficiency
and power factor, they represented the only means of getting
the desired horsepower in a single-phase motor. However,
because of their higher initial cost (adding two capacitors and
a switch) they must now be included in any study of
energysaving alternatives. For further discussion of single-
phase motor efficiency, see Refs. 13 and 14.

2.2.7 Performance on Variable-Frequency Sources

This section introduces the basics of open loop variable speed
(or frequency) operation of induction motors driven by
electronic inverters. An in-depth treatment of closed loop
control of inverter driven induction motors is presented in
Section 15.1. An introduction to the basics of power
electronics and inverters may be found in Sections 9.3 to 9.6
in the “Motor Control” chapter.
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2.2.7.1 Torque—Speed Curves

The speed of an induction motor can be varied over a wide
range by varying frequency. The no-load speed is practically
equal to the synchronous speed, and this is directly
proportional to frequency. With a load applied, the speed is
less than synchronous speed by an amount called the slip
speed (ng;,). In typical polyphase induction motors, ng, is
between about 2 and 6 rad/sec (20 to 60 rev mm) at rated
torque.

To maintain the torque capability, and also to avoid core
saturation, it is necessary to maintain normal magnetic flux as
frequency is varied. This requires that voltage be varied as
frequency is varied. If stator resistance is neglected, this
relationship requires that applied voltage be proportional to
frequency. This is referred to as constant volts per hertz (V/
Hz) operation.

For variable frequency operation, a base voltage V, and
base frequency f;, are defined such that voltage V, at frequency
f» gives normal flux. These bases are often the rated (nameplate)
values. For constant V/Hz operation, the voltage is adjusted
to maintain the voltage to frequency ratio of operation equal
to V,/f, (V/Hz).

For each selected value of the variable frequency, a torque-
speed curve can be plotted, resulting in a family of curves. If
stator resistance were zero, and with constant V/Hz, the shape
of these curves and their maximum (breakdown) torque would
be independent of frequency. Only their intercepts at
synchronous speed on the speed axis would be different.

In real motors, the voltage drop across the stator resistance
affects the torque-speed curves. To illustrate this, the curves
for a typical medium size three-phase motor rated 40 hp, 440
V, 60 Hz are plotted in Fig. 2.8. A constant value of V/f=440/
60=7.33 V/Hz is maintained. The stator IR drop causes a
reduction in flux as current increases with load, Breakdown
torque is seen to become smaller as frequency is decreased,
This torque reduction becomes severe at 10 Hz and below.
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Figure 2.8 Torque-speed curves for a typical three-phase, 40-hp, 440V,
60-Hz induction motor operated with V/Hz constant at 440/60.
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Figure 2.9 Applied voltage vs. frequency for the 40-hp motor of
Fig. 2.8.

As frequency is reduced, the applied voltage can be made
increasingly larger than that indicated by constant V/Hz to
overcome the torque deficiency. This voltage adjustment is
shown in Fig. 2.9, where applied voltage is plotted as a
function of frequency. The dashed curve is linear for constant
V/Hz resulting in the torque-speed curves of Fig. 2.8. The
solid line curve shows the adjusted voltage to approximate
constant flux. When this voltage strategy is used, the more
practical torquespeed curves of Fig. 2.10 result. If the V/Hz
value is increased as described, the flux level becomes greater
than normal when the motor is lightly loaded. The saturation
resulting can cause an excessive magnetizing current, and a
compromise value of V/Hz to give reasonable breakdown
torque with a reasonable light load current is recommended.
For any particular motor, data for the voltage at any frequency
can be calculated by using the equivalent circuit in Fig. 4.60
of Section 4.4. In that circuit, a constant ratio of voltage E; to
frequency gives the desired constant stator flux.

In Fig. 2.10 the cross-hatched segments show the slip speed.
Note that, for all frequencies up to 60 Hz, ny;, at a given torque
is practically independent of frequency because air gap flux
is maintained nearly constant.

In most variable-speed systems, the source voltage has an
upper limit. It will be considered to be at voltage V, in this
discussion. Therefore, the above frequency f,, constant V/Hz
can not be maintained. Figure 2.9 shows this voltage limit at
440V (solid curve). Note that torque at any given slip speed is
proportional to the square of V/f. This explains the low torque
in the 90 Hz curve in Fig. 2.10. Below f;, this example system
is referred to as a constant-torque drive, and above f, it is a
constant-horsepower drive.

2.2.7.2 Torque Pulsation

The variable-frequency sources are usually electronic inverters
that produce nonsinusoidal currents in the motor. The
fundamental component of current produces a smooth average
torque. The harmonic components interact with the air gap
flux to produce a pulsating or ripple torque having a negligible
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Figure 2.10 Torque-speed curves of the 40-hp motor with voltage adjusted to maintain nearly constant flux.

average value. The result is a ripple speed superimposed on
the average speed.

The waveform of pulsating torque generally has a triangular
form with one dominant frequency component. Thus torque
can be approximated by:

T=Ta+T sin (21tf,) (N-m) (2.68)

Where Ta is the average torque, and 7, and f, are the amplitude
and frequency of the dominant component of ripple torque.
In steady-state operation, Ta is balanced by the load torque.
This leaves the second term in Eq. 2.68 as an accelerating
torque, and the resulting speed is:
2—;}’ 5 % cos (2nf1)
where ), is the average speed and J is the moment of inertia of
the rotor and the driven load in kg-m?2

The second term in Eq. 2.69 is the ripple speed. This term
can be kept small if f, and J are large.

The amplitude of each pulsating torque component is
dependent on the pair of time-harmonic current components
associated with that torque. For most non-sinusodial sources,
even-order harmonics are small or nonexistent. Therefore, only
odd-order harmonics are considered. Also, no triplen harmonic
currents occur in three-phase motors.

For each value of integer n—1, 2, 3,..., 8, and for harmonics
of order k, the pair of harmonic currents at frequencies
fi=(6nx1) produce harmonic torque at frequency f,=6nf;. For
example, using n=1, the 5th and 7th harmonic currents produce
a 6th harmonic torque, and its amplitude depends on the
amplitudes of those two currents. Likewise, the 11th and 13th
harmonics produce a 12th harmonic torque, and so forth.

A typical six-step inverter produces a dominant 6th
harmonic torque pulsation and its amplitude is in the range of
about 15-40% of rated torque [15]. For pulse-width-modulated

w = w, (rad/sec)

(2.69)
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(PWM) waveforms, the pulsation is likely to be of somewhat
larger amplitude, but at higher frequency [16].

For a given amplitude 7, Eq. 2.69 indicates that for small
f» the ripple speed can be large. This is the case for the lower-
order harmonics when f; is very small as required for very low
motor speed. The motor may rotate in an undesirable stepping
fashion. This effect can be reduced by eliminating or reducing
the lower-order harmonic currents. PWM schemes have been
developed to accomplish this [17].

Pulsating torque can also produce large speed ripple if f, is
at or near a natural frequency mode of the mechanical system.
It may be necessary to use the PWM technique to eliminate
lower-order harmonics to remedy this [17].

2.2.7.3Soft-Start Capability Using an Automatic
Starting Device (ASD)

Induction motors that are started by applying rated voltage at
rated frequency (line-start) require a current that is five times
rated or more. But when a variable-frequency variable-voltage
source is used the starting and accelerating torque can be
rated torque with no more than rated current. This is
accomplished by applying a very low frequency with a voltage
value to maintain normal air gap flux. The curve in Fig. 2.10
for 1.5 Hz at about 30 V would be appropriate to provide a soft
start for the motor of that example. As the motor accelerates,
frequency and voltage are gradually increased to maintain a
constant slip speed to give normal torque (about 40 rev/mm
for the example). Using this strategy, current will remain at
approximately rated value.

It should be noted that deep-bar or double-cage rotors are
used to enhance starting torque using line-start. But this is
not necessary for the soft-start method, and if time-harmonic
currents are involved these special rotors would produce
excessive IR losses in the steady state.
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Figure 2.11 Linear machine topology.

2.2.8 Linear Induction Motors

In the conventional rotating motors discussed earlier the only
degree of mechanical freedom is rotation: that is, the rotor
revolves with respect to the stator. Linear electric motors are
also possible, with the only degree of mechanical freedom
being that of translation; that is, the moving member moves
linearly with respect to the stationary member, as illustrated
in Fig. 2.11. Obviously, in a linear motor either the moving or
stationary member must extend over the entire range of motion
of the moving member. The topology of linear electric
machines has been known for the past several decades, and
conceptually all types of motors (dc, induction, synchronous,
and reluctance) are possible in a linear configuration. However,
the dc motor and the synchronous motor require double
excitation (field and armature), making the hardware
application complex. The reluctance motor has no secondary
excitation, either induced or external, and thus has a poor
thrust characteristic. Hence, most attention has been focused
on linear induction motors (LIMs). However permanent
magnet (brushless dc) linear motors are in production and
their operation is very much like the round motor. End effects
are minor and speed is relatively low so end effects are not
important.

Certain characteristics of LIMs can be explained with the
help of Fig. 2.12(a) [18]. The linear configuration can be
imagined to result from a rotary configuration that is cut
radially and unrolled, as illustrated in the figure. The secondary
of Fig. 2.12(b) is a linear version of a squirrel-cage rotor; that
is, discrete conductors, embedded in laminated iron and
shorted on both sides by end-bars. The secondary of Fig.
2.12(c), on the other hand, is a very simple configuration
consisting of a sheet of conducting material, backed by iron.
Normally, a nonmagnetic material such as aluminium is used
to form the sheet secondary, although a magnetic material
such as iron can be used. The back iron can be solid or
laminated, and can be eliminated if the conducting sheet is
itself made of magnetic material.

A LIM can be either a short-primary LIM or a short-
secondary LIM, depending on whether the primary or the
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secondary is the shorter. Furthermore, in both types of LIMs,
either the primary or the secondary can be the moving
member.

The linear motor shown in Fig. 2.12 has a single primary
reacting with a secondary facing it, and is therefore called a
single-sided linear induction motor (SLIM). Conceptually,
two SLIMs can be combined effectively to obtain a double-
sided linear induction motor (DLIM), as illustrated in Fig.
2.13. Two SLIMs placed back-to-back, as in Fig. 2.13(a), will
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Figure 2.12 Single-sided linear induction motor (SLIM).
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Figure 2.13 Double-sided linear induction motor (DLIM).

have approximately double the force of a single unit. If the
back iron were to have infinite permeability or if the primary
currents were phased properly, the back iron could be
eliminated without affecting the motor performance, resulting
in the simpler configuration of Fig. 2.13(b). A short primary
DLIM is thus possible as in Fig. 2.13(c), where two half-
primaries react on two sides of a common conducting sheet
secondary. The secondary can be placed either verticallly or
horizontally.

The problems of controlling the mechanical clearances of
a linear motor are more difficult than with a rotating motor.
Consequently, the linear motor must operate with a larger air
gap.

The operating principles and characteristics of a linear
motor are essentially similar to those of a rotating motor. The
primary windings in a rotating motor close on themselves and
hence the elctromagnetic fields in the air gap are periodic in
space, with the half-period being equal to the pole pitch. The
short member of a linear motor, however, has a finite length
and is open ended. Its leading and trailing edges can be clearly
defined. The electromagnetic fields in the air gap of a linear
motor are therefore not continuously periodic in space, but
vary over the length of the motor and extend beyond the
motor’s length at both ends. This phenomenon is generally
called the end effect in linear motors. The end effect is not
symmetrical, extending more beyond the trailing edge. A linear
motor and a rotary motor both have a finite width in the
transverse direction, but the resulting effect, called the edge
effect, is more pronounced in a linear motor because of the
large air gap and the use of short secondaries. Also the
efficiency and the power factor of a linear motor are generally
poor compared to those of a rotating motor because of the
large air gap and end effects.
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2.2.8.1 Methods of Analyzing LIM Performance

A large number of technical articles and books have been written
on the analysis of LIM performance, but even now the LIM
performance cannot be said to be fully understood. The LIM
topology is rather complicated and consequently very difficult
to analyze theoretically. A commonly used SLIM configuration
is shown in Fig. 2.14. It is a short-primary configuration. The
widths of the primary, the secondary conducting sheet, and the
back iron are shown as different. Furthermore, the primary is
offset with respect to the center line of the secondary. When the
primary windings are excited with three-phase current (or
voltage), currents are induced in the conducting sheet, and
three axial forces are generated by the linear motor. Due to lack
of symmetry in any direction, the electromagnetic fields in the
air gap can be defined only in terms of a complex three-
dimensional vector potential problem. The problem has
therefore been simplified by attempting to obtain one-, two-,
and three-dimensional field solutions by various investigators,
including, among others, Boldea, Mosebach, Nasar, Oberretl,
Skalski and Yamamura [18-23].

As the name suggests, the one-dimensional analysis
assumes that all quantities are functions of only one spatial
variable. For example, such an analysis of a LIM would
consider that the primary current #; is a function of x and has
only a z-component, that is:

i1.=f(x) 0<x<L

Other quantities such as secondary current i,, and flux density
B, are also functions of only the spatial variable x.

In a two-dimensional analysis, all quantities are considered
to be functions of two spatial variables. The air gap flux density
B, and the z-component of the current in the secondary sheet,
for example, are functions of the spatial variables x and y. In a
three-dimensional analysis, all the quantities are functions of
X, y, and z.

A one-dimensional analysis is quite simple but does not
adequately model all aspects of LIM characteristics, although
it provides closed-form solutions as explicit functions of basic
LIM parameters. It is therefore very helpful in providing insight
into fundamental aspects of the end effects. The two- and three-
dimensional analyses are more accurate in predicting LIM
performance. The three-dimensional solutions are required to
model both the end effect and the edge effect at the same time.

Some other investigators, such as Lipo and Nondahl [24],
have attempted a classical circuit approach for LIM analysis,
and others, such as Nene and Del Cid [25], have used a
combination of electromagnetic field analysis and circuit
analysis for predicting the performance of linear induction
motors. The performance characteristics of a LIM supplied by
constant current are discussed here on the basis of all the
studies of these authors. Modern finite element analysis tools
are also sometimes applied.

2.2.8.2 The Goodness Factor

An induction motor draws power from the primary source and
transfers it to the secondary circuit across the air gap by
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Figure 2.14 Single-sided linear induction motor (SLIM) geometry.

induction. The difference between the power transferred across
the air gap and the rotor losses is available as the mechanical
power to drive the load. From the point of view of energy
conversion, the primary resistance and the leakage reactances
of the primary and the secondary circuit are not essential.
Furthermore, the energy conversion efficiency is improved as
the mutual reactance X,, of the motor is increased and the
secondary circuit resistance R, is decreased. For a basic motor,
therefore, one could define a goodness factor G=X,,/R,; the
motor performance is better when the value of G is higher.

Considering a simplified LIM topology, Laithwaite [26]
defines a goodness factor G for a linear motor as:

2 0, .
G = /T
Tpsg
T (2.70)
= O\TE Xs X L
Ho VY g
where:
f = source frequency
T = pole pitch of the primary winding
ps = Surface resistivity of the secondary conducting sheet
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g = airgap
U, = permittivity of free space
v, = linear synchronous speed

It can be seen that a linear motor is a better energy
conversion device at high synchronous speeds, and when
the ratio 7/g is large. This observation can also be explained
from more fundamental considerations. For example, a linear
motor, just like any other electromagnetic device, has an
inherent force density limitation imposed on it by the design
constraints of electric and magnetic loadings. With the
resulting thrust limitation, high power (thrust times speed)
for a given size of motor is possible only at high speeds.
Also, if the ratio t/g is small, the primary leakage flux is
large, and consequently the effective magnetic coupling
between the primary and the secondary circuits is reduced
and the LIM thus shows poor performance. The air gap is
usually determined by mechanical considerations and hence,
for a given linear synchronous speed, the pole pitch and
therefore the ratio t/g are reduced as frequency is increased.
High-frequency motors therefore show poor performance
compared to low-frequency motors.
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2.2.8.3 Low-Speed and High-Speed Motors

If the primary windings of a three-phase linear motor are
excited by balanced sinusoidal currents, one can define an
equivalent surface current sheet so that it creates an identical
travelling magnetomotive force distribution. The linear current
density j, at a distance x from the front end of the LIM can be
written as:

TTx i '
Ji=Jyexp {j(m: - ij’zfl exXp [JT (vt — X)J (2.71)

where:
=21t = angular supply frequency
T = pole pitch of primary winding
v,=2ft = linear synchronous speed

and:
J= mV 2N, K, I @
pT
where:
K., = winding factor of the primary winding
N,, = number of turns per phase of the primary winding
p = number of pole-pairs of the primary winding
m = number of phases (usually m=3)

The normal component of the air gap flux density at a
distance x from the front end of the primary is a function of x.
Using a simple one-dimensional LIM model, it may be written
as:

s x|
B,.(x) = Bye i—(vit — x) |+ B ex —
(x) 0 exp [;T(1_ A,—I | u\p( on)

) PR
X exp [l";-(u’f ,r):| t B exp (_(_QPL_JH
2

X exp L‘;(u’: + ,\']] for0=x=1L (2.73)

where v=2f1, v'=2f1", and L is the length of the LIM primary.

The first term represents the normal travelling wave, which
would be present even if the LIM were infinitely long. This
traveling wave moves at the synchronous speed in the x
direction; in fact, this is what makes x=0 the front end. The
second term represents an attenuating traveling wave
generated at the entry end, which travels in the positive
direction of x. It is caused by the discontinuity at the entry
end and is called the entry-end wave. The third term represents
an attenuating travelling wave generated at the exit end, which
travels in the negative direction of x towards the entry end. It
is caused by the discontinuity at the exit end and is called the
exit-end wave. Both are called the end-effect waves.

The parameters o, 0., V/, and T" depend on the properties
of the motor, the air gap, and the resistivity of the conducting
sheet. Their variation with these values has been determined
by Yamamura [22]. An understanding of their influence helps
to determine motor performance.
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Figure 2.15 Variation of o, with speed.

The parameters o, and o, in Eq. 2.73 determine the relative
strength of the end-effect waves at a particular distance from
the LIM ends. The variations of these parameters with LIM
velocity are quite different in the low-speed region and in the
high-speed region. These relationships as a function of the
relative velocity v are shown in Fig. 2.15 and Fig. 2.16 [22]

In the low-speed region, o, and o, are almost independent
of the LIM velocity whereas, in the high-speed region, they
both depend strongly on the LIM velocity. Furthermore, in
the low-speed region, both o, and o, increase with the air gap
as well as with the resistivity of the conducting sheet. In the
high-speed region, however, o, decreases and o, increases
with increasing air gap and resistivity of the conducting sheet.
There is no clear-cut division between the low-speed and the
high-speed regions. However, Yamamura has shown that the
high-speed region is characterized by G = 4. The constant
0.25G is sometimes referred to as the Magnetic Reynold’s
Number (MRN). Hence the high-speed region may also be
defined as the region with MRN > 1.

There is one more significant difference between the low-
speed region and the high-speed region. The half-wavelength
7 and the speed v’ of the end-effect waves are shown as functions
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Figure 2.16 Variation of o, with speed.
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Figure 2.17 Variation of v’ and 7’ with speed.

of v in Fig. 2.17. In the high-speed region, both 7" and V" are
independent of the air gap and the conductivity of the secondary
sheet, and V' is approximately equal to v. In the low-speed
region, however v" and T’ are functions of these parameters, and
v">v; that is, the end-effect waves travel faster than the secondary
sheet. In fact, in this region, it is possible to have v">v, and
consequently, because of the end effects, the LIM can generate
positive thrust at synchronous and higher speeds.

For practical high-speed LIMs, o, is much greater than o,.
The numerical value of o, can be comparable to the LIM
length, with the entry-end-effect wave present over the entire
length of the LIM. The external LIM characteristics such as
the variations of the thrust, the lift, the power factor, the
efficiency, and so forth, with speed are then directly influenced
by this entry-end-effect wave. The ratio o,/L however is very
small for practical motors. Consequently, the exit-end-effect
wave is present only near the exit end of the LIM, and has
very little effect on the external LIM characteristics.

2.2.8.4 Magnetic Flux Density in Front of and Behind an
LIM [18-24]

The end-effect in a linear motor is clearly exhibited in the
form of a nonuniform flux density distribution along the
length of the motor. For a LIM supplied with a constant current,
typical variation of the normal flux density with slip and
position along the length is illustrated in Fig. 2.18. With
constant primary current, its magnetizing component and
consequently the air gap flux decrease as the load component
increases with increasing slip. This is true of any induction
motor, with or without the end-effect. For a given slip, the flux
density builds up along the LIM length, beginning with a
small flux density at the entry end. Depending on the length
of penetration of the entry-end-effect wave, the flux density
may not even reach the nominal level that would be found in
a motor without the end effect. Since o, increases with the
speed, this is more likely to happen at low slip values. Further,
a significant level of flux density is found beyond the exit
end of a LIM. This is known as the magnetic wake. Although
this magnetic wake has little influence on the LIM thrust, it
contributes significantly to the normal force between the
primary and the secondary in a SLIM configuration.
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Figure 2.18 Normal flux density distribution in LIM.

2.2.8.5. Thrust Characteristics of an LIM

The thrust-speed characteristics of a LIM are illustrated in
Fig. 2.19. Without the end-effect, the characteristics are similar
in nature to those of a conventional rotating induction motor.
From a finite starting value at zero speed, the thrust increases
with speed to a maximum value, and drops rapidly to zero at
the synchronous speed. At speeds beyond the synchronous
speed, the thrust changes sign and becomes a braking thrust.
Due to the end-effect, however, the actual characteristic is
different from this ideal one. For LIMs exhibiting high-speed
characteristics, that is, with MRN = 1, the thrust is lower than
the ideal value at all speeds. Such a LIM produces a braking
thrust at the synchronous speed. For LIMs exhibiting low-
speed characteristics, that is, with MRN<1, the end-effect
waves may travel faster than the secondary sheet even at
synchronous speed and the LIM will then produce a positive
thrust at synchronous speed.

The end-effect in thrust characteristics is less pronounced
when the number of poles is increased. For example, variation
of thrust-per-pole with speed is illustrated in Fig. 2.20 for
various numbers of poles [22, 27]. As the number of poles
increases, the characteristic tends to move closer to the ideal
characteristic.

Synchronous
Without End-Effect

With End-E

Thrust ——p
~

A Y

-~
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Figure 2.19 Linear induction motor (LIM) thrust characteristics.
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Figure 2.20 Linear induction motor (LIM) thrust per pole.

2.2.8.6 Normal Force in an LIM

In a DLIM configuration, when the secondary sheet is centrally
located between the two half-primaries, the normal force
between one half-primary and the secondary sheet is equal
and opposite to that of the other half-primary. The resultant
normal force is therefore zero. There will be a net normal force
only when the secondary sheet is asymmetrically placed
between the two half-primaries; this force tends to center the
secondary and, for a small displacement of the secondary from
the center, is directly proportional to the displacement.

In a SLIM configuration, however, there is a large net force
between the primary and the secondary because of the
fundamental asymmetry of the topology. The variation of the
normal force with speed and frequency of primary current is
illustrated in Fig. 2.21. The force is an attraction force at the
synchronous speed and its magnitude is reduced as the speed
is reduced; the force may even change its sign and become a
repulsion force at some speed, especially for high-frequency
operation. Nene and del Cid [25] have used a circuit approach
to explain this behavior of the normal force of a SLIM:

|
Increasing I Synchranous

Frequency | Speed

(Repulsion)

Naormal Force

(Attraction)

Figure 2.21 Normal force in a linear induction motor (LIM).
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Figure 2.22 Edge-effect in a linear induction motor (LIM).

2.2.8.7 The Edge Effect in a Linear Motor [22, 23, 28]

The effect of having a finite width for a linear motor is generally
termed the edge effect. This effect is more pronounced with
lower values of the width-to-air gap ratio. The variation of the
normal flux density in the transverse direction is illustrated in
Fig. 2.22. The flux density distribution shows a dip at the
center due to the edge-effect, and the dip is more pronounced
at higher slips.

Referring back to Fig. 2.14, the LIM performance also
depends on the width d of the secondary conducting sheet.
Yamamura has shown, however, that the external LIM
characteristics including thrust are almost independent of d if
(d-W)/t>0.4.

2.2.8.8 Solid and Laminated Back Iron

The question of whether the back iron should be laminated or
solid has been debated since the inception of the SLIM
configuration. For practical applications such as ground
transportation, the secondary conducting sheet and the back
iron will extend over great lengths, even hundreds of miles.
Use of laminated back iron may, therefore, be quite expensive
in terms of the costs of the material and construction. Hence it
is important to know to what extent, if any, the SLIM
performance is degraded if the back iron is solid instead of
laminated.

With laminated back iron, the eddy currents carried by the
laminations and the resulting ohmic losses and the thrust are
both small enough to be ignored. However, the thrust produced
by the SLIM will depend on the relative permeability of the
back iron; lower permeability will result in lower thrust and
poor power factor. With solid back iron, the eddy currents
induced in the back iron will result in ohmic losses but will
produce some thrust. The iron will also experience a saturated
skin effect thus the magnetic flux will be more concentrated
near the surface of the back iron closest to the primary. That
portion of the back ion will tend to saturate, will have a lower
value of u,, and will force the flux to penetrate deeper into the
back iron than if the iron were to have a linear B—H curve. The
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back iron would act like a second conducting sheet, similar to
a second cage in a double squirrel-cage induction motor. With
constant-current excitation, an SLIM with solid back iron
therefore operates at a slightly lower flux density, produces a
slightly lower thrust, and has a poorer power factor compared
to another SLIM with identical primary winding and
conducting sheet but with laminated back iron.

2.2.8.9 LIM with a Solid Iron Secondary

So far we have considered a nonmagnetic conducting sheet
secondary for a DLIM as well as for a SLIM with, of course, a
back iron. Copper and aluminum have been used as the
conducting material for the secondary sheet. However, an all-
iron secondary configuration is also possible where solid iron
is itself used as a conducting secondary sheet. This is a linear
version of a solid-rotor induction motor. The analysis of the
performance of such a LIM is inherently complex because of
nonlinearity of the iron circuit.

In a DLIM with solid iron secondary, if the secondary is
thick the magnetic flux caused by the two half-primaries will
not cross the center line because the flux penetration is reduced
as a result of skin effect. The two sides of the DLIM will then
act as two independent SLIMs. With a thin secondary, the two
primaries will work as a DLIM. In a DLIM the air gap betwen
the two half-primaries is fixed, so increased saturation of
secondary iron does not result in increased equivalent air
gap, but results in deeper penetration of eddy currents and
better utilization of secondary iron. The DLIM thrust therefore
increases with iron saturation (lower values of relative
pemeability u) as illustrated in Fig. 2.23 [22]. The relative
permeability, however, will vary with slip. For example, if the
primary current is constant, the secondary current will increase
with the slip, and the effective permeability of the secondary
iron will be reduced due to skin effect. The resulting thrust
will therefore not fall with increasing slip in the high-slip
region; it may even increase slightly with the slip as shown in
Fig. 2.23.

Decreasing — — — DLIM Characteristics
Values of with Constant pp
Resultant
e ——— Characteristics with
- - \\\ w Varying
- with Slip

Thrust ————p=

Speed ————»
<4——— Slip

Figure 2.23 Thrust characteristics of a double-sided linear induction
motor (DLIM) with solid iron secondary.
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Figure 2.24 Linear induction motors (LIMs) with transverse
asymmetry.

In SLIM configuration, the secondary iron is an important
segment of the LIM magnetic circuit. The effective air gap
depends very much on the saturation level of the iron; higher
saturation levels increase the effective gap. The SLIM
performance thus deteriorates with increased saturation levels.

2.2.8.10 LIM Performance with Transverse
Asymmetry [22, 25, 28, 29]

When LIM topology is symmetrical in the transverse direction,
the net lateral force between the primary and the secondary is
zero. Figure 2.24 shows DLIM and SLIM configurations with
transverse asymmetry. A net lateral force then results between
the primary and the secondary. In DLIM configurations, such
asymmetry is usually not experienced under normal
conditions; the asymmetry and the resulting lateral forces are
therefore not large. This force is, however, always destabilizing
in a DLIM; that is, the force tends to increase the asymmetry.

A SLIM may be designed to operate with asymmetry under
normal operations because the resulting lateral force is desired
for some practical applications. For example, in contactless
vehicle propulsion with SLIM, the normal force and thrust
can be used to lift and propel the vehicle and the lateral force
resulting from transverse asymmetry can then be used to guide
the vehicle along the track. The asymmetric SLIM topology
has, therefore, been investigated by several authors. The thrust
and the normal force of a SLIM are both reduced when the
primary is offset with reference to the secondary as illustrated
in Fig. 2.25. The lateral force initially increases rapidly with
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Figure 2.25 Performance of an offset linear induction motor (LIM).
(See Fig. 2.14 for offset (§) measurement. )

offset and reaches a maximum value; increasing the offset
beyond this results in a decrease of the lateral force and also
of the thrust and the normal force. The footprint of the SLIM
primary on its secondary reduces with increasing offset, and
beyond a certain magnitude of offset the SLIM is a very poor
electromagnetic device because of very poor magnetic
coupling between the primary and the secondary. All the forces
will eventually drop to zero with increasing offset.

2.2.8.11 Tubular Linear Induction Motor [18, 26]

We have seen earlier that a rotary induction motor can be
considered to be rolled out in arriving at a linear LIM topolgy.
The circumference of the rotary motor is then the length of the
linear motor. A typical primary winding is illustrated in Fig.
2.26(a). If the pole pitch is large compared to the LIM width,
ohmic resistance and the leakage reactance of the primary
winding increase because of the long end windings: the
effetive secondary end-turn resistance also increases. The
motor will therefore be inherently inefficient. For such
applications, an interesting topology can be developed by
rerolling the LIM in the transverse direction; the width is
rolled up in a circle as illustrated in Fig. 2.26(b). Such a motor
is called tubular linear induction motor (TLIM). It will at
once be clear that endwindings are now not necessary to assure
continuity of primary windings. The conductors themselves
can now be rolled up to form discrete coils. The motor is still
linear because the degree of freedom is translational motion.
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Figure 2.26 Tubular linear induction motor (TLIM).

One such TLIM is illustrated in Fig. 2.27. The magnetic
flux lines close on themselves in a plane along the longitudinal
or axial direction. This motor is therefore called an axialflux
(or longitudinal-flux) TLIM. It can be seen that it is not
necessary to have circular primary laminations; one may use
a finite number of stacks of laminations around the primary
circumference as shown. One could also imagine a TLIM being
formed by arranging a number of LIMs in a circle, thus
eliminating the need for end windings. This configuration
has been used for door openers and for electromagnetic pumps.

2.2.8.12 Transverse Flux LIMs (TFLIMs) [18, 26]

The DLIMs and SLIMs considered so far have all been
longitudinal-flux configurations because the main air gap
flux lines were in planes parallel to the longitudinal direction.
As the pole pitch of such motors is increased, the flux per pole
as well as the maximum flux carried by the primary yoke (and
by the back iron in SLIMs) increase proportionately. The
thickness of the primary core behind the slots and the
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Figure 2.27 Tubular linear induction motor (TLIM).
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Figure 2.28 Transverse flux linear induction motor (TFLIM).

thickness of the back iron could, therefore, increase beyond
acceptable levels. The total length of the LIM is also increased
because the number of poles cannot be reduced below a certain
number if the end-effects are to be kept within acceptable
limits. Both of these difficulties can be avoided by adopting
a transverse-flux configuration for LIMs.

One such TFLIM is illustrated in Fig. 2.28. A number of
primary C-core stacks are placed along the length of the motor.
Primary coils are wound on each leg of the C-cores; they may
be wound around more than one core so that the air gap flux is
more uniform. The secondary is in the form of a conducting
sheet backed by iron. The air gap flux lines are in a plane
perpendicular to the direction of motion; this makes it a
transverse-flux motor.

If the coils are excited with three phase currents as shown,
an air gap flux distribution. B,(x, ) will be set up under each
leg of the C-core. Each side of the TFLIM can then be
considered to be a SLIM. The thrust and the lateral and normal
force characteristics of the TFLIM are therefore similar to those
of a SLIM.

2.2.8.13 LIM Applications [30, 31]

Linear motors have been investigated for a variety of industrial
applications. Some of the more exotic applications include
liquid-metal pumps for sodium and sodium-potassium alloy
in the nuclear industry and molten metal stirring in the steel
industry. Other industrial applications include shuttle
propulsion and threading guides for package winders for the
textile industry, industrial conveyors, and actuators. However,
the most extensive application of LIMs has been in the field
of ground transportation. These applications include low-
speed and high-speed transportation of passengers and
booster-retarders for classification yards.

For linear motor applications in ground transportation, the
nominal air gap is governed by operational and mechanical
considerations, and not by electromagnetic considerations.
The LIM air gap, therefore, may be quite large (up to 20 mm)
compared to that of a rotary motor, which is typically of the
order of 1 mm. With such a large gap, a LIM can never compare

© 2004 by Taylor & Francis Group, LLC

Types of Motors and Their Characteristics

favorably with a rotating motor on a one-on-one basis. LIMs
are therefore used where a rotating motor, limited by
operational considerations such as a necessity for contactless
propulsion, a low-profile vehicle, a light truck design, and so
on, cannot do an adequate job. Some attractive possibilities
under these conditions include:

* Automatic door openers

* Propulsion system for tracked levitated vehicles

* LIM-rotary motor hybrid system for high-speed rail
vehicles

* LIM propulsion system for urban rail vehicles

* Booster-retarder in classification yards

* Linear eddy-current brake using the running rails as
the LIM secondary

* Material handling

* Machine tool positions

* Electromagnetic pumps

2.2.9 Doubly Fed Induction Motors
2.2.9.1 Introduction

Doubly fed machines are a variation of the wound-rotor
induction motor, and have a symmetrical set of multiphase
windings both on the stator and on the rotor. To be classified
as a doubly fed machine, there must be active sources on both
the stator and the rotor. In modern systems, one of these sources
is electronically derived, and can be controlled to provide
variable speed operation of the system, either as a motor or a
generator. The other source typically has a nominally fixed
frequency and voltage, which is usually a direct connection
to the power grid.

Doubly fed machines offer variable speed performance.
The power converter is typically connected to the rotor
winding, and is rated less than the system rating, particularly
in applications requiring a small speed range. Due to these
characteristics, there has been a recent surge in interest in
doubly fed induction motors (DFIMs) in applications
including wind power generation, hydroelectric and pumped
storage hydroelectric, and flywheel energy storage.

The following section provides a development of the
steady-state circuit of the doubly fed machine. Following this,
the voltage, current, and power relationships of the doubly
fed induction motors (DFIMs) are determined. Next is a
description of two alternate control strategies. The section
finishes with a bibliography of related topics.

2.2.9.2 Steady-State Model

The DFIM consists of a symmetrical set of windings on the
stator, and a symmetrical set of windings on the rotor. Consider
three phase windings on both the stator and rotor (the typical
case). Balanced three phase currents on the stator will set up a
rotating air gap flux field which rotates at constant speed and
has constant magnitude in the steady state. The following
discussion considers steady-state operation of the doubly fed
machine.
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N air gap flux wave

Figure 2.29 Conceptual model of the doubly fed induction motors
(DFIM) (same as for three-phase induction motor).

Figure 2.29 shows a conceptual diagram of this machine.
Upper case letters refer to the stator quantities, and lower case
letters refer to the rotor quantities. For the geometry shown in
the figure, the stator A phase winding flux linkage due to the
rotating air gap flux wave with peak magnitude ®,, is:

7\'A(g) =N, s(Dag COS(O)CZ‘) (274)

N is the number of turns of each of the stator windings. w, is
the speed of the air gap flux wave in electrical radians per
second. The B and C phase flux linkage due to the air gap flux
are both similar to A,, separated in time as the windings are
separated in space.

On the rotor, the flux linking the r phase winding is :

M (g)=Nz®,, cos [(0~0,)t+0.]

=Ny D, (0 1+0) (2.75)

®, is the rotor speed in electrical radians per second, @, is the
slip frequency, and is the difference between the air gap flux
speed and the rotor speed, as defined in Eq. 2.75. The slip
frequency is therefore also the frequency of the induced
voltages on the rotor, and should also be the frequency of any
voltages and currents supplied to this winding. N; is the
number of turns of the rotor winding. Ther per unit slip s is the
ratio of the slip frequency to the stator frequency, s=0,/®,, as
in the induction motor.

Consider the stator A phase winding and the rotor r phase
winding. The terminal voltage of each of these two windings
is the sum of the resistive voltage drop, the leakage inductance
voltage drop, and the voltage induced by the air gap flux.
Therefore, with positive current defined as going into the
machines, these two voltages are:

iy | dA
vp = Ryin + L, T4 4 42a(8)

T odt dt (2.76)

dip | dMg)

v, = R, + L,
dt dt

© 2004 by Taylor & Francis Group, LLC

55
ial® i
— ,"W /0\ A
| |_r
+ FRa ta //‘—\ R +
valt eat)| !\J et vt

L

Figure 2.30 Simplified equivalent circuit of the doubly fed induction
motors (DFIM).

The equivalent circuit for these two windings is shown in Fig.
2.30. In this figure, the final terms in Eq. 2.76 have been
defined as their internal voltages e, and e,.

Comparison of Eqgs. 2.74 and 2.75 shows that the rms
magnitudes of the internal stator and rotor voltages for these
windings are

V2E, = 0N, (2.77)

\’,51—; = ‘NJ'(IJ({H (278)

Therefore, these two voltage magnitudes are related by the
equation:
w.s"’\'rr . (D.\'

=-———FEs=n—E,
TN, o,

(2.79)

where n is defined as the machine turns ratio. Equation 2.79
shows that the rotor internal voltage will vary proportionately
with slip. At a slip of 0 (synchronous speed), the rotor internal
voltage will be zero, and the machine would be excited by
injecting direct current on the rotor windings. Positive slip
represents subsynchronous speeds, while negative slips
correspond to supersynchronous speeds. When the machine
is operating at negative slip, the rotor electrical quantities
have the reverse phase sequence as compared to those that
occur at a positive slip.
The steady-state version of Eq. 2.76 is then:

V:A = R.s_[A + jojs'l-.ﬂ'iﬂ + Eq
g’,. = R,_T,. + jo L1, E,.

or

v, : . + _Jz’l

= ]r T Jr('!)a“{—‘r [r' 4

5 &
v, - R,

Vo = —, L=mnl, R = —,
n n (2.80)
L, = E,

L} = F'A -

The first rotor equation is a phasor equation of frequency
o,. The second rotor equation can be considered to have been
transformed to the stator frequency for computation purposes.
This is universally done in induction motor studies, but is
somewhat less useful when considering the doubly fed
machine. Note that the magnitude of the last term in the
transformed equation is equal to the magnitude of the stator
induced voltage.
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2.2.9.3 Current Relationship

It is also necessary to know the relationship between the stator
and rotor current. Neglecting the magnetizing current for the
moment, the stator amp-turns must match the rotor amp-turns,
as is the case in an ideal transformer. When the rotor is stationary
with the A phase stator and r phase rotor windings aligned, the
currents in these two phases are required to satisfy the equation:

N,iy+N,i,=0 (2.81)

where both stator and rotor currents are going into the winding.
For steady-state, balanced conditions on both the stator and
rotor, it can be shown through dq axis theory that the stator and
rotor phasor currents are similarly related by the equation [32]:

Ny + NI, =0 (2.82)

Recall that these are per-phase currents that combine to create
the rotating air gap flux. Now, if I, is the amount of current

required to magnetize the machine from the stator windings,
the current relationship becomes:

IA + ni,- = i,,r (2-83)

In this equation, I, is a phasor current of frequency ,, while
I, is a phasor of frequency ®,=0.~®,=s®,. Equation 2.83
therefore appears to be untenable as it involves phasor currents
which have different frequencies. Note however that o, is the
rotor shaft speed (in units of electrical radians per second),
while the slip frequency ; is the frequency of the rotor currents,
which add to equal the stator frequency ®,. Stator currents of
frequency o, create a flux wave rotating at speed ®,. Equation
2.83, therefore, is actually a statement of the current that is
required to establish the rotating flux wave.

Equations 2.79, 2.80 and 2.83 can be combined into the
single-phase equivalent circuit of the machine. Figure 2.31
shows two alternate per phase equivalent circuits for this
machine. Figure 2.31a contains the per phase equivalent circuit
with the actual stator and rotor variables. Figure 2.31b shows
the per phase equivalent circuit with rotor quantities referred
to the stator. This second equivalent circuit is more commonly
used in induction motor studies, particularly for squirrel cage
machines where the rotor is short circuited. The first equivalent
circuit can be more useful in DFIM studies as actual rotor
quantities are directly computed.

Note that for a DFIM operating at constant stator voltage,
frequency, and current, the rotor current will be constant while
the rotor voltage will vary with the slip.

2.2.9.4 Power Flow

The power flow in the doubly fed machine is between the
stator circuit, the rotor circuit, and the shaft. The power flowing
into the stator and rotor circuit includes power lost in the
winding and power which is converted. For a three phase
machine, the stator power that is converted is:

Pstator=3EAIA Ccos eA (284)

© 2004 by Taylor & Francis Group, LLC

Types of Motors and Their Characteristics

la Rs  Jogls nl, jswelr Rri

l
@ _r

| im
a. Equivalent circuit of

"'\‘
T\

the DFM, using stator and
rotor variables.

Va

<

i“’eLm

Ll

|
|
b. Alternate per phase equivalent

circuit {all guantities refered to
the stator).

Figure 2.31 Two alternate per phase equivalent circuits.

where 6, is the angle between stator voltage and stator current.
Similarly, the rotor power that is converted is:

P,...=3E,I cos 0, (2.85)

By using Egs. 2.79, 2.80 and 2.80, the power that is converted
from the rotor winding can be written as:

I
—3snE, — cos 6,
" (2.86)

= _SP.N'[HIUF

P rotor —

Equation 2.86 defines the basic relationship between the stator
and rotor power. The power out of the shaft must then equal
the power flowing into the stator and rotor circuits:

Pmcch=Pslutor+Prutor=Pstator(1_s) (287)

2.2.9.4.1 DFIM: Motoring

Equation 2.87 describes the basic relationship of a DFIM.
While it neglects losses and magnetizing requirements, it
usefully describes the basic conversion process. As the
equation is written with the motoring convention, both the
stator and shaft power will be positive when motoring. The
rotor power changes sign with the slip, with power flowing
out of the rotor for positive slip, and power flowing into the
rotor for negative slip. These relationships are shown in Fig.
2.32, for rated stator quntities. This figure shows that both the
shaft power and total electrical power vary proportionately
with speed when the stator power is held constant. Note that
when the stator is operating at rated voltage and current, the
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Figure 2.32 Relationships of power, current, voltage, and frequency with doubly fed induction motor (DFIM) slip and speed. Losses and

magnetizing current are neglected.

rotor current will be constant near the rated value as speed
changes. The rotor voltage and power will vary
proportionately with slip. Power and current values vary
proportionately to changes in mechanical output power.
Frequency is independent of load, as is (nominally) rotor
voltage.

2.2.9.4.2 DFIM: Generating

When the doubly fed machine is used as a generator, the shaft
power and stator power will both reverse, with power flowing
into the machine from the shaft, and out the stator winding.
From Eq. 2.86, the rotor power will flow into the rotor when
slip is positive, and out of the rotor when slip is negative. The
power flows for generating are also shown in Fig. 2.32, for a
doubly fed generator with mechanical power going into the
machine and stator and rotor electrical power flowing out of
the machine. Again the shaft power into the generator and the
total electrical power out of the generator will be proportional
to speed when stator current (and shaft torque) are held
constant.

2.2.9.5 Operating Considerations

The most common mode of operation for the doubly fed
machine is with the stator directly connected to a constant
frequency power system, and the rotor connected to this same
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system through a static power converter, as shown in Fig. 2.33.
Shaft speed and torque signals (or an estimate of torque) are
fed back to the converter to control the converter frequency
and voltage that are fed to the rotor. In order to take advantage
of the machine’s operating range, this power converter must
allow bidirectional power flow. When the operating speed
range is restricted, the power rating of this converter can be
substantially less than the power rating of the machine.

stator
source indi
winding
Doubly
shaft
Fed
Machine
rotar
onverter winding
current,
voltage rotor
feedback converter speed. torque
controller
speed. torque
commands

Figure 2.33 Conceptual diagram of doubly fed induction motor
(DFIM) control.
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Table 2.3 Frequency and Rotor Power Requirements for DEF Drive Speed Range

Speed Max motor Minimum Maximum Maximum Maximum
range frequency speed (pu) speed (pu) shaft power (pu) rotor power (pu)
1.25:1 0.11 0.89 1.11 111 0.11
1.50:1 0.20 0.80 1.20 1.20 0.20
1.75:1 0.27 0.73 1.27 1.27 0.27

2.0:1 0.33 0.67 1.33 1.33 0.33

4.0:1 0.50 0.50 1.50 1.50 0.50

e 1.00 0.00 2.00 2.00 1.00

Losses and magnetizing requirements neglected.

For example, a DFIM with a slip ranging from 0.2 to —0.2
will operate from 80% of rated speed to 120% of rated speed,
and will have a 1.5:1 speed range. Neglecting loss and
magnetizing current, the power converter for this speed range
will equal the product of the rated stator power times the
maximum slip allowed in the drive. Table 2.3 shows the
converter power rating for several speed ranges. While the
rotor power requirement will be somewhat higher due to
machine resistance and magnetizing requirements, it is clear
that the power requirements of the converter feeding the rotor
circuit will be a fraction of the total shaft power.

2.2.9.5.1 DFIM Control

The DFIM is controlled by the magnitude and frequency of
the rotor voltage. As in the synchronous machine, the rotor
terminal voltage magnitude controls var flow when the stator
is connected to a stiff ac system. In many operating systems, it
will be perferable to control the rotor voltage magnitude to
maintain unity power factor on the rotor, and in the rotor
power converter. The machine is then excited with vars drawn
into the stator, directly from the power system, or from a nearby
var source [32].

If the rotor frequency is held constant, the shaft speed will
also be constant, and the DFIM will behave similarly to a
synchronous machine at that speed. In the case of generator
operation, an increase in driving torque will be countered by
an increase in electrical output power, and the steady-state
speed will be unchanged. Alternatively, if the rotor frequency
is allowed to follow the shaft speed, the machine will behave
in a torque control manner, similar to a dc drive [33].

2.2.9.5.2 Cascaded DFIM

The standard doubly fed machine relies on brushes to supply
power to the rotor winding. While these are suitable for many
applications, there are applications where brushless operation
is needed. To obtain brushless operation, two doubly fed
machines are operated in cascade, with rotor windings
connected. The steady state performance of the cascaded
doubly fed machine is similar to that of the doubly fed machine
[32, 33], with the pole numbers of the two machines either
adding or subtracting. The loss and magnetizing requirements
of both machines must be supplied, of course.

2.2.9.6 Summary

DFIMs provide variable speed operation for both motoring
and generating. Aircraft applications were investigated a
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number of years ago [34]. Recent applications include variable
speed constant frequency generation in wind generation [35],
hydro generation, and flywheel energy storage. The advantage
of the doubly fed machine is that it can provide variable speed
operation with a power converter which is rated at a fraction
of the total drive rating.

This section has provided a brief description of the steady
state performance of these machines. Dynamic analysis is
readily performed using dq axis theory, with a DFIMs model
similar to an induction motor model. A variety of control
algorithms can be implemented on the DFIM to obtain different
performance characteristics. These include synchronous
operation and field oriented control, see for example, Refs.
33, and 35-38.

2.3 DIRECT-CURRENT MOTORS
2.3.1 Introduction

This section on dc motors is, in general, descriptive in nature.
Mathematical derivations are kept to a minimum and are
designed to develop the performance characterisitcs of the
various types of dc motors. Transient response is treated in
the section describing load characteristics.

Detailed information on the commercial aspects, such as
standardized voltages, horsepower ratings, markings and
nameplate data, and so forth is given in Ref. 1. IEEE Std. 113
[39] provides information on test procedures for dc machines.
Some test techniques not detailed in Ref. 39 are contained in
this section. (Sources of standards are listed in Appendix B.)

Many excellent textbooks yielding more detailed
descriptions and theory are available. Only a few titles are
listed in the References [40—45].

Chapter 6 provides detailed information on dc motor
design.

2.3.2 General Description

Conventional dc motors consist of one or more field windings,
an armature winding with commutator located on a magnetic
rotor or armature, and a magnetic structure forming a stator
(referred to as the yoke). Also, there are, in larger size motors,
additional windings that produce flux but that are not involved
directly in the electrical-to-mechanical energy conversion
process. These “nonpower” windings assist in the commutation
process.
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Placement of dc motor windings differs from that of ac
motors. The power winding, or armature winding, is on the
rotor. The excitation, or field winding(s), and one nonpower
winding are on the stator. The field windings are concentrated
coils surrounding the steel cores that form the field poles.

The armature winding is composed of a number of coils
dispersed over the surface of the rotor. Each coil spans 180
electrical degrees, that is, from a “north” pole to a “south”
pole. Each coil side under a pole of one polarity has a current
in one direction; the other coil side has current in the opposite
direction. As the coil is rotated, the direction of current in the
coil must be reversed to enable the motor to deliver continuous
torque. The various coils on the armature are interconnected
at the commutator to form the complete armature winding.

The net result of the current-carrying armature coils and
commutator action is a magnetic field, stationary in space. If
there were no magnetic flux from the field coils, the armature
magnetic field would be at 90 electrical degrees with respect
to the center line of the stationary field poles. In order to
develop an average torque, the armature magnetic field and
the magnetic field established by the stator field poles must
remain stationary with respect to each other. This is
accomplished if the current direction in the coil sides is
reversed as the coil rotates through 180 electrical degrees, or
passes from under a north pole to under a south pole. The
commutator accomplishes this current reversal. In effect, it
renders the armature field stationary in space.

The commutator, mounted on the rotor, consists of a number
of copper segments, each insulated from the other segments
by virtue of an insulated spacer, commonly mica material.
One end of each segment is connected to one end of each of
two different coil sides. The exact connection scheme
determines whether the winding is a series (wave) or parallel
(lap) armature winding.

Current is introduced into the armature winding via spring-
loaded carbon brushes. The brushes wear, due to contact
friction and electrical sparking. This results in “filming” of
the commutator, with resulting increase of brush-commutator
contact resistance and a buildup of conducting carbon dust
between commutator segments. The requirement for periodic
maintenance due to brush wear and necessary brush
replacement is often listed as a disadvantage of dc motors. In
addition, brush position must be accurately located with
respect to the fixed field poles in order to secure proper
commutation, or current reversal, in the armature coils. Failure
to properly cornmutate results in electric sparking between
carbon brush and copper commutator segments. Severe failure
to commutate can cause “ring fire,” that is, arcing over the
entire commutator periphery.

Typical dc motor components are shown in Figs. 2.34
through 2.37.

Conventional dc motors are characterized as shunt-, series-
, or compound-connected. Each type has specific and different
characteristics; the application determines which type is
utilized.

The shunt-connected machine has field windings of
relatively many turns of small wire forming the concentrated
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Figure 2.35 A 7000-hp stator segment with main poles, interpoles,
and pole face windings.

Figure 2.36 A 7000-hp interpole with winding.



field pole winding. The field windings may be in parallel
(shunt) with the armature, or may be separately connected
across a constant or variable voltage supply. The flux supplied
by the winding can be varied by controlling the magnitude of
the current through the winding. The field flux, of course, has
an important effect on the output characteristic of the motor.

The series-connected machine has relatively few turns of
large wire forming the field winding, which is connected in
series with the armature. Unless field bypass resistors are used,
the field flux is determined by the armature current, which in
turn is established by the applied voltage and the load-torque
requirements.

As a generalization (theoretical but not strictly accurate),
the shunt-connected motor is a “constant-speed” motor; the
series-connected motor is a “constant-power” motor.

DC machine armature winding conductors are connected
to the commutators in either a series (so-called wave) winding
or in a parallel (so-called lap) winding configuration. Figures
2.38 and 2.39 depict developed lap and wave windings for
four-pole machines. In the simplex lap winding, the armature
coil leads are connected to adjacent commutator segments
and the number of current paths is equal to the number of
poles. In the simplex wave winding, the coil leads are
connected to commutator segments two pole pitches apart
and the number of current paths is always two.

As a generalization, for a given motor power rating, the
voltage rating determines the choice of the lap or wave
connection; that is, low-voltage, high-current machines utilize
the multiple parallel paths of the lap winding, whereas a
relatively high-voltage, low-current motor will likely have a
wave winding with series connection of the coils.

The compound-winding connected motor has both a
winding connected in shunt with the armature (the shunt
winding) and a winding connected in series with the armature
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(the series winding) on each field pole. The windings can
provide mmf in the same direction (cumulative compound) or
in opposite directions (differential compound).

Regardless of the type of motor, generator action is always
present by virtue of moving conductors lying in a magnetic
field. The generator effect is referred to as “back”
electromotive force (emf) or counterelectromotive force,
cemf. The cemf opposes the impressed, or driving, voltage
on the motor. The armature winding has resistance and
inductance, the inductance being measured in flux linkages
per ampere.

The emf, E, can be shown to be:

_ Zpbn  Zpdw
~ 60a  2ma

9

(2.88)

where:

E =cemf

Z = number of active inductors (conductors)

p = the number of poles

n = angular speed (rev/min)

= angular speed (rad/sec)

a = number of parallel paths through the armature
¢ = flux per pole (Wb)
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Figure 2.40 DC motor equivalent circuit.

For a simplex lap (parallel) wound machine, a=p. For a simplex
wave (series) wound machine, a=2.

For purposes of formulating an equivalent circuit for
aspecific machine, Eq. 2.88 becomes:

E =Kibw (2.89)

The product of induced voltage, E, and armature current, I, is
the electromagnetic power, F, in watts. Since power is also the
product of torque, 7, in newton-meters, and speed, m, in radians/
second; the corresponding electromagnetic torque is:

T =K, (2.90)

Actual power output is the electromagnetic power less the
mechanical rotating losses (friction and windage).

The generalized equivalent circuit for dc machines can be
formulated as shown in Fig. 2.40 where the symbols have the
following meanings:

V = Applied voltage (V)
R, = Armature circuit resistance (ohms)
L, = Armature circuit inductance (H)
R, = Field circuit resistance (ohms)
L, = Field circuit inductance (H)
¢ = Flux per pole (Wb)
o = Angular velocity (rad/sec)
K, = The machine constant (also called the torque or
voltage constant)
T = Developed torque (N-m)

The connection of the field circuit(s) determines the type
of dc motor, that is, shunt, series, or compound. In order to
determine performance characteristics of the various types of
motors, the flux is assumed to be directly proportional to the
field current. In an actual motor, it is usually not; the actual
relationship is the B—H characteristic of the magnetic circuit
(steel and air gap). Actual performance characteristics can be
determined only by test.

The following procedure enables one to obtain a calculated
efficiency:

1. Joule losses, P, :
!nger Ir?Rn + "!h]d = P.[I_

Py, is typically 4-11% of motor rating. The voltage V,,
is the contact voltage drop, that is, the voltage drop
from the carbon brush to the copper commutator. It is
typically 1-2 V.

2. Rotational losses, Py, : Brush and bearing friction and
the loss due to windage. Py, is typically 2-13% of
rating.
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3. Stray load losses, Pg: Hysteresis and eddy current
losses in the iron core and the armature conductors.
Py, is typically 1-2% of motor rating.

Efficiency, M, can then be calculated as

( power input — X, losses ) )
= . * 100%
power mnput

The transient, or short-time, overload capability of a dc
motor is limited by its ability to commutate, that is, to reverse
the current in the armature coils. The basic problem is that
each armature coil has self- and mutual-inductance that
opposes the change in current. When the ability to commutate
is exceeded, sparking at the brush results, with attendant
heating of the brushes and commutator.

In the commutation process, the area of contact between
the fixed brush and the leaving commutator segment decreases
linearly with time. Ideally, the current reversal would also
change at a linear rate. The “reactance voltage” associated
with the changing current and coil inductances causes the
current change to lag behind the linear change of contact
area. The result is that the current density increases, and when
contact area goes to zero (the segment leaves the brush) the
current density is extremely high. Sparking may result.

One method of aiding the commutation process is to
introduce a rotational voltage in the coil that opposes the
reactance voltage. This is accomplished by adding auxiliary
poles, called commutating poles or interpoles. The latter name
arises from the fact that the auxiliary poles are located in the
area midway between the main field poles. These poles are
connected in series with the armature circuit.

Determination of the optimal value of interpole flux by
analysis is a very complex problem and has not in general
been successful: that is to say, the exact number of ampere-
turns and the length of the nonmagnetic interpole flux path
are not readily calculable. The motor designer specifies a
maximum number of turns and the insertion of several
magnetic shims between interpole and yoke. By test, the
correct value of interpole flux is determined. There are two
measures that can be taken to adjust the interpole flux.

One method is to shunt the interpole coil with a resistor, which
decreases the current through the coil and reduces the number of
net ampere-turns of excitation. The disadvantage is that the
current does not divide properly during transient-load impacts
as it does during steady-state load situations. The preferred
alternative is to design the pole with magnetic shims between
the pole base and the magnetic yoke structure. The number of
ampere-turns (for a given current) is constant, but the flux from
the pole can be adjusted by replacing some of the magnetic
shims with nonmagnetic shims, in effect increasing the reluctance
of the path and decreasing the flux for a given current.

Testing to establish the interpole commutation configuration
is referred to as the “black band” test. The nomenclature arises
from the net result of achieving sparkless commutation. The
test procedure and setup are described below.

Another type of nonpower winding is the “compensating”
or “pole-face” winding. This winding compensates for
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Neutral

Figure 2.41 Armature reaction effects.

armature reaction and is physically on the pole face (air gap
side). Armature reaction results from the magnetomotive force
(mmf) established by current flow in the armature conductors.
Armature reaction can be visualized by referring to Fig. 2.41.
This is a simplified schematic for purposes of illustration.
The vector OF represents the mmf due to the main field coils
and vector OA represents the mmf due to the armature
inductors. Resolving OA into components OB and BA yields
a demagnetizing component and a cross-magnetizing
component due to the armature mmf. The combination is
armature reaction.

The armature reaction effect can be mitigated by
embedding inductors in the main pole face. These inductors
are connected in series with the armature with current direction
opposite to the direction of the current in the adjacent armature
conductors, that is, the compensating winding inductors in
the south (S) pole face would have current going into the
page. Thus, they neutralize the mmf due to armature current.

Commutating and compensating windings are usually
found on larger machines to be used where heavy overloads
or rapidly changing loads will be experienced or for shunt-
connected motors that will operate over a wide speed range.

2.3.3 Tests

Brush Locations Armature reaction as described above skews
the magnetic field, that is, it distorts the net flux direction. If
there were no distortion, the carbon brushes would be located
at the mechanical neutral position. The armature coil
undergoing commutation would have no flux linkage. With
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Figure 2.42 “Field flashing” test.

cross-magnetization due to armature reaction and the
resulting flux directional distortion, if the brushes are on
mechanical neutral, there will be flux linkage with the coil
being commutated. The brushes may have to be shifted from
mechanical neutral to an electrical neutral position. To
accommodate the need for shifting, the brush rigging is often
adjustable in position off mechanical neutral. Since the
armature reaction effect is proportional to load current,
frequent brush shifting may be required.

To compensate for the cross-magnetizing effect, the brushes
are shifted against the direction of rotation in a motor. Hence
in an application where the motor is operated under load in
both directions of rotation, brush shift is not a viable solution.

To determine mechanical neutral for the brush rigging, the
test known as field flashing is performed. Schematically, the
test setup is as shown in Fig. 2.42. A voltmeter is placed across
the brushes, with no other armature connections made. The
field winding is connected to a voltage source through a
switch. When the switch is closed, the time-changing flux
will induce a voltage in the coil if the brushes are off
mechanical neutral. A deflection of the voltmeter occurs
momentarily. The brush position is moved and the test repeated
until the proper location is achieved.

Black Band Commutation Test The simplified circuit
connection for this test is shown in Fig. 2.43. This test setup

Reversi

{@1% //g'/ T
= Ia =

——

<
it

Field

Figure 2.43 Black band commutation test.
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Amperes, A,

Figure 2.44 Ideal black band test results.

enables current in the interpole field winding to be boosted
and to be bucked.

The boost/buck current is increased until sparking is
observed at the brushes. Buck/boost data are usually taken at
no load, 50% load, full load, and 150% of rated mechanical
load. The data are then plotted as shown in Fig. 2.44. The
ideal result, as shown, exhibits equal values of black band for
buck and boost at the higher loads. Figure 2.45 depicts test
results indicating that the commutating field is too strong
and should be weakened by a parallel-connected shunting
resistor or by increasing the magnetic reluctance of the flux
path by using nonmagnetic shims or air gap increase. A brush
shift with rotation will shift the band toward the boost side.

Reference to Fig. 2.44 indicates that the limits of black
band commutation are decreasing with load and at some load

level the limits will go to zero, that is, the brushes will spark
continuously. Figure 2.44 may well be representative of, for
example, base speed of a shunt-connected motor. For speeds
less than base (armature voltage control range), the band width
will be increased; for speeds above base speed (weakened
field current), the band width will be decreased. Also, if the
motor is powered from a rectified voltage source, with
resulting armature current ripple, the band width will be
reduced and the zero limit (band width goes to zero) of load
current will be reduced. The larger the ripple, the greater the
reductions. Therefore, the black band test should be conducted
with a power supply corresponding to the supply that will be
used in the specific application.

Schemes for loading during tests are presented in the
sections on the various types of dc motors.

1/4 1/2

Amperes, A,
T T
Black Band

3/4
Times rated load current, A1

1.0 11/2

Figure 2.45 Black band test with a commutating field that is too strong.
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2.3.4 Shunt Motors

Shunt motors were originally so designated because the
excitation, or field, winding was connected in parallel, or
shunt, with the source voltage. The actual field current value
was controlled by varying the amount of external resistance
in series with the field winding.

The shunt motor is a nearly-constant-speed motor for
specific values of applied armature voltage and field current.
The no-load speed can be varied over a wide speed range by
control of armature voltage and field current.

From Eq. 2.89 and circuit analysis of Fig. 2.39:

di,
V= Rd‘,u T L:r_ + K|¢JUJ

dt
In order to visualize the operating characteristic of the shunt
motor, assume it is in steady state, that is, dI,/dt=0, and that
the flux ¢ is proportional to I; that is, no magnetic circuit

saturation:

(2.91)

From Eq. 2.90:

I,= r__T

‘Kb KK (2.93)
Equation 2.91 can be rearranged as follows:
V R, T

w = K\ Kol (Kleff-)z (2.94)
This is a classic “straight line” equation of the form:

y=mx+b (2.95)

where b is the y intercept at x=0 and m is the slope. Equation
2.94, for a given value of V and I;; is shown in Fig. 2.46.

A given motor has a rated maximum applied armature
voltage and a maximum permissible field current level. If the
applied armature voltage and field current are at rated values,
the resulting no-load speed is characterized as base speed. If

:

‘ Constant (rated)
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Armature Voltage
Control

-
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Figure 2.46 Shunt motor speed-torque characteristic.

field current is held constant at rated value and the applied
armature voltage is decreased, the no-load speed will
correspondingly decrease. For a specific armature voltage
less than rated, the speed-torque characteristic will be a
straight line parallel to and below the line shown in Fig.
2.46. If the armature voltage is at rated voltage and the field
is weakened, that is, /; is decreased, the no-load speed will
increase above base speed and the slope of the ™ -T
characteristic will increase.

If either V or I;is reversed, the motor will reverse direction
of rotation. As discussed in Section 2.3.3, the commutation
ability of the motor decreases with field weakening. This factor
determines the maximum speed at which the motor can be
operated along with mechanical constraint.

Since torque is proportional to the product of armature
current and field excitation, and power is proportional to the
product of torque and speed, the torque and power limitations
over the permissible speed range of the shunt motor are as
shown in Fig. 2.47.

Figure 2.47 Torque-power limitations for a shunt motor.
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Figure 2.48 Ward-Leonard system.

Shunt motors, by virtue of their easily controlled speed-
torque characteristic, find wide application in industry. Prior
to the advent of controlled rectifier power sources, various
schemes were utilized to obtain desired performance
characteristics. For example, a commonly used variable-speed
system, the Ward-Leonard system, provided adjustable
armature voltage, as shown in Fig. 2.48. Although this system
provided very smooth speed control over a wide range of
speeds, the obvious disadvantage is that the total machine
capacity required is over three times the actual power output.

Other schemes for obtaining specific speed-torque output
characteristics involved adding series resistance in the armature
circuit and/or shunting the armature with various values of
resistance, as shown in Fig. 2.49. This scheme was used to
obtain specific speed-torque characteristics, especially in the
various operational modes other than conventional motoring,
such as “dynamic braking” (inserting a load resistor across the
armature to dissipate stored kinetic energy by causing the motor
to act as a generator) and “plugging” (reversal of polarity of
applied armature voltage.) Both were designed to bring the
motor/load speed to zero quickly. They were also used to control
an overrunning load, such as in lowering a crane or hoist load.
The obvious disadvantage is the joule loss in resistors and its
effect on motor drive efficiency.

Modern solid-state power electronic technology has largely
replaced these control schemes. However, in smallmotor
applications they may still be useful. In order to determine
motor performance using resistor control, the resistance values
can be inserted into the equivalent circuit, Fig. 2.40, and
conventional analysis techniques applied. With modern-day
technology, using appropriate regulators and control systems,
flat speed-torque characteristics are obtainable. In effect, any

h{mm_%

v Field

4

Figure 2.49 Series/shunt armature resistance connections.
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desired operating point within the zero-to-maximum
“rectangle” formed on the speed-torque plot can be obtained.

The foregoing has dealt with the steady-state operation of the
shunt motor. To analyze the behavior under transient conditions,
that is, change in armature voltage, field current, or load,
differential equations involving armature and field inductance,
system inertia, speed-torque characteristics of the load, and the
control system response must be formulated and solved.

Motor control is discussed in detail in Chapter 9. Generally,
the control must be such (for starting) as to provide maximum
field current (to develop maximum starting torque consistent
with inrush current limitations) and to limit the inrush current.
The latter is accomplished by inserting external resistance
into the armature circuit or starting on reduced armature
voltage. Typically, R, is 0.03 to 0.05 per unit. Thus rated
voltage (1.0 per unit) across the armature at standstill would
cause a 20 to 30 per-unit inrush current.

2.3.4.1 Shunt Motor Loading for Tests

A motor-under-load test can be conducted by a friction-type
prony brake, by driving a generator-type dynamometer, or by
the “pump back” method. In the first two of these methods, the
power output of the motor under test is dissipated as heat, either
as friction for the prony brake or as joule loss in the dynamometer
generator load. For larger-sized motors, the “pump back” method
is preferable in that motor output is not dissipated as external
friction or joule loss in generator load resistors.

The pump-back scheme requires a shunt-connected
machine of rating and size similar to that of the motor under
test and an external voltage source. The basic simplified
connection scheme is shown in Fig. 2.50.

This test commences by applying external voltage V to the
motor with the switch open. Motor M is brought up to the
desired speed by adjustment of V and field excitation
(controlled by Rj,. The direct shaft-connected generator G is
self-excited and its voltage builds up. The voltage of G is
adjusted to be equal to the voltage applied to the motor by
adjusting the generator excitation using R,. The voltage of G
must be of the same polarity as the voltage applied to the
motor; this can be checked by observation of the voltmeter
connected across the switch. When that voltmeter reads zero,
the generator output voltage has the correct polarity and the
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Figure 2.50 Pump-back circuit.
same voltage as the supply. When this condition is established, =~ from which:
the switch is closed, and the generator “floats” on the line. v R

Motor M can now be loaded by decreasing the field
excitation on M, causing its internally generated voltage
(cemf) to decrease and armature current to increase (increasing
its torque), and increasing its speed. Alternatively, motor M
can be loaded by reducing Ry, thus increasing the excitation
of the generator and its output voltage. In either case, generator
G sends current (and hence electrical power) toward the external
supply.

That this is not a perpetual motion system is evident from
the fact that there are losses involved in the conversion
processes. These losses are made up by the external power
supply. If M and G each have a rated power of 1.0 per unit and
each is 90% efficient, the external source will supply 0.2 per
unit power.

The pump-back connection can be used for commutation
tests (black band), efficiency determination, actual speed-
torque tests, and others. The main advantage is that it is not
necessary to dissipate the total load power as joule losses in
friction or in a resistance bank.

2.3.5 Series Motors

The series motor has the excitation, or field, winding
connected in series with the armature. Thus, field current varies
with load current.

To visualize the theoretical performance, refer to Egs. 2.89
and 2.90 and the equivalent circuit shown in Fig. 2.40. Again,
assuming a linear relationship between flux ¢ and field current
1, and steady-state operation:

V=R, +K Kl (2.96)

[ = T
“ \/K1K3

(2.97)
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. K=KK; (2.98)
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This is a hyperbolic relationship between speed and the
square root of torque. Two important operating characteristics
are easily noted.

1. At standstill, maximum torque for a given applied
voltage is developed:

VZ

T=—K (2.99)

2. If T is zero, theoretically the speed goes to infinity.

Characteristic (1) dictates the application, that is, loads that
require maximum torque when starting, such as traction
applications, cranes, and hoists. Torque limit is achieved either
by reducing applied voltage or by inserting series resistance
in the fieldarmature circuit.

Characteristic (2) dictates the requirement that a series
motor should never be in a situation where it becomes
unloaded. This dictates direct-drive-connected loads only
(never belt-connected loads). In reality, the load never goes to
zero because of the rotational loss load. However, a speed can
easily be reached that develops centrifugal forces which will
destroy the rotor.

The theoretical speed-torque characteristic of the series
motor with no magnetic saturation is shown in Fig. 2.51. It
should be noted that conventional series motors are designed
to operate on the “knee” of the magnetic saturation curve and
actual performance is affected by magnetic saturation.

Figure 2.52 shows actual characteristics of a 25-hp, 550-
rpm, 230-V series motor with rated full-load current of 100 A.
Note that because of saturation, torque is nearly linear with
armature current and volts/rpm and torque/ampere (values of
K in the English system of units) are not constant but rather
follow the saturation curve of the magnetic circuit.
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Figure 2.51 Theoretical series motor speed-torque characteristics.

Section 3.8.2 gives sample calculations, based on test
values of E/m, or K, as a function of field current and the
procedure to calculate torque and current versus speed for
various values of applied voltage.

2.3.5.1 Tests of Series Motors

To determine the value of E/m, or K, as a function of field
current, the test setup shown in Fig. 2.53 can be used. The
series motor is driven by the drive motor. The speed, open-
circuit voltage, and field current are measured. Data taken can
then be plotted and a curve-fitting technique used to establish
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Figure 2.53 Test to determine K as a function of field current /.
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a mathematical relationship that can then be used in Egs. 2.98
and 2.99.

Actual speed vs. current data can be determined by test
using the test setup shown simplified in Fig. 2.54. If the value
of K is known (preceding test), the speed-torque characteristic
can then be calculated and plotted.

This test requires the availability of another series motor
with a rating similar to the motor under test and a resistor load
bank. Speed and armature current are monitored. The series
fields of the two machines are connected in series, thus assuring
positive generator voltage buildup and load on the motor to
prevent instability and loss of motor load. Variable, adjustable
resistors are utilized to adjust load and maintain precise control
of the voltage applied to the motor.

2.3.5.2 Application of Series Motors

A series motor with laminated yoke and field poles can be
operated from an alternating current supply because the field

Volts/rpm (V/R)
Ft-lbs/ampere (T/A)

w
h
wn
I

0.3

w
=
I

v/
2.5

T/

L1 1 1 1 | 1 1
0 20 40 60 80 100 120 140 160
Field Current in Amperes

-
180

Figure 2.52 Graphs of basic data for a 25-hp, 550-rpm, 230-V series-wound dc motor.
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Figure 2.54 Series motor loading test.

flux and armature current are reversed simultaneously and
thus torque and rotation are always in the same direction.
However, the inductance of the motor will cause the motor to
operate with a relatively poor power factor and poor
commutation, especially at low speeds. The commutating
ability decreases as supply frequency increases. Also, because
of the reactance voltage drop (due to circuit inductance), the
speed with ac operation is lower than it is with a dc supply for
the same load torque.

The series motor speed-torque characteristic is ideal for
traction applications. For relatively short run-distance systems,
such as trolleys, light-rail vehicles, and subways, the series
motor is usually dc supplied. However, electrified railroads,
involving long distances for the power supply, use ac supply.
The ac is transmitted at relatively high voltage (depending
on transmission distance) and then stepped down to utilization
voltage (600 V) by onboard transformers.

In order to reduce commutation problems, frequencies lower
than normal usage frequencies are utilized. In the United States,
25 Hz is common; in Burope, 167 Hz is used. The United
States uses 25 Hz because of the availability of that frequency
in the early years of electrification in this country. Today, the
25 Hz comes from motor-generator sets with an intermediate
gear to obtain the frequency change. Without a gear change,
the ratio of poles on the 60-Hz motor to the 25-Hz generator
would be 12/5. In Europe, with 50 Hz supply for the motor
and 163 Hz for the generator, the pole ratio is 6/2.

Small series motors (less than 1/2 hp) are used in a variety
of small appliances such as electric mowers, vacuum cleaners,
blenders, sewing machines, and power tool. They are usually
rated for either ac or dc supply and are referred to as
“universal” motors. Unlike traction motors, universal motors
usually do not have a compensating or pole-face winding.

2.3.6 Compound-Wound DC Motors

The compound-wound motor has two excitation windings,
both on the main field poles. The majority of the flux results
from the conventional shunt winding with additional
excitation from a relatively small series-connected winding.
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The series-connected field can be connected to add to
(cumulative compounding) or subtract from (differential
compounding) the flux produced by the main (shunt) winding.

The differential connection can be used in motors with a
relatively small series field to reduce the speed droop with
load because it weakens the total flux with an attendant
increase in speed over a shunt-field only motor. However, as
armature current increases, thus causing flux reduction, the
developed magnetic torque decreases. The end result is that
the torque characteristic of the differential compound motor
is not suitable for most applications.

The cumulative compound motor combines the best of the
characteristics of the shunt and series motors in that both
fields contribute flux. This is especially important in
applications that require a high starting torque but require the
general speed-torque characteristic of the shunt motor. Because
the net field flux is strengthened with load and the increased
armature circuit resistance is due to the series field, the
cumulative compound motor will have a greater speed droop
than a straight shunt-wound motor. A typical speed-current
characteristic is depicted in Fig. 2.55. Note that the rate of
decrease of speed becomes less with increasing load because
of saturation of the magnetic circuit. However, with modern
motor control systems this is not a problem if speed sensing
and appropriate control (armature voltage and/or shunt field
weakening) are available.

2.3.7 Permanent Magnet Motors

The performance of permanent magnet-excited dc motors is
similar to that of shunt-wound motors in that the motor speed
is relatively independent of motor loading. The speed can be
lowered by reducing the armature voltage; however, speed
increase by shunt field weakening is not possible as with
wound field motors. This is not a severe limitation in most
modern motor applications.

The elimination of shunt field winding losses improves
machine efficiency and reduces machine heating. This is
particularly helpful with enclosed machines and especially
when the motor is at rest or lightly loaded for lengthy periods.
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Armature Current

Figure 2.55 Speed-load characteristic of a cumulative-compound dc
motor.

In battery-powered applications the elimination of field
excitation power losses reduces battery drain.

Several basic classes of permanent magnet materials are
available, giving the opportunity to optimize motor
characteristics (Table 2.4). Alnico 5-7 magnets once
dominated industrial motors with ratings similar to four-pole
shunt-wound motor ratings. The magnets can be designed to
develop magnetic fields similar to those of shunt-wound
motors using air gap lengths of similar magnitudes, although
often somewhat smaller. The motors are commonly built with
interpoles to aid in machine commutation. The stator and
rotor diameters are similar to those of shunt-wound machines.

Permanent magnet Alnico-excited machines are usually
built using laminated soft steel main pole faces adjacent to

Table 2.4 Characteristics of Selected Permanent Magnets
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the armature to avoid demagnetization of the magnets as a
result of armature reaction flux effects when the machine is
loaded. Even so, machine overloading must be limited to a
degree depending on design. Alnico-excited machines are
usually magnetized after the machine is assembled using a
magnetizing winding located on the main poles. Such
windings are small and relatively inexpensive since they are
used only very briefly. Bonded Nd-Fe-B and standard Nd-Fe-
B as well as better grades of ferritie and better designs have
displaced Anlico in new designs.

Although permanent magnets are relatively expensive,
there are offsetting savings in using these machines compared
with shunt-wound motors, particularly the elimination of the
heavy excitation windings, the shunt field power supply, its
wiring, and its associated control equipment.

Smaller permanent magnet motors, usually less than 5 hp,
are commonly built using ceramic magnets of various types,
most of which are much lower in cost. These magnets are
typically quite limited in magnetic flux density capability
(B), but develop a very high field intensity per unit length
(H).Hence, only a very short magnet length is needed although
a large magnet cross section is required. The armature diameter
and length and the main pole arc are all typically enlarged so
as to increase the pole area. Further, the machine is designed
to operate at a low flux level by using more armature turns
than is typical of wound field machines.

The magnet frame diameter is reduced substantially because
of the much shorter magnet length used and also because of the
omission of the soft iron pole faces, which are not needed to
avoid demagnetization when using ceramic magnets. These
machines are usually built without commutating poles. The
stators of the machines are magnetized using a magnetizing
fixture during manufacture before machine assembly.

Other more exotic magnetic materials with energy products
up to 50 MG-O, are available such that a wide variety of
permanent magnet machines have been built. Some are
designed with axial air gaps and are useful for special
purposes. Others are especially lightweight machines for

Residual flux density Coercive force (H,) Max. energy prod. Recoil
Type (B,) [T(kG)] [kA/m (Oe)] [kI/m*(MG-0e)] permeability
Alnico 5-7 1.35 (13.5) 58.9 (740) 59.6 (7.5) 17.0
Alnico 6 1.05 (10.5) 62.0 (780) 31.0(3.9) 13.0
Alnico 9 1.06 (10.6) 119.3 (1,500) 71.5(9.0) 7.0
Molded Ceramic 2 0.28 (2.8) 190.8 (2,400) 15.6 (1.96) —
Ceramic 5 0.38 (3.8) 190.8 (2,400) 27.0(3.4) 1.1
Ceramic 6 0.32(3.2) 222.6(2,800) 19.5 (2.45) 1.1
Ceramic 8B 0.4 (4.0) 222.6 (2,800) 32.6(4.1) —
Hicorex 22A (Sm-Co) 0.9 (9.0 695.6 (8,750) 175.0 (22.0) 1.03
INCOR 26HE (Sm-Co) 1.06 (10.6) 748.0 (9.,400) 207.0 (26.0) 1.03
Magnequench I (Nd-Fe-B) 0.68 (6.8) =390 (9,900) 75(9.8) 1.22
Magnequench II (Nd-Fe-B) 0.8 (8.0) 516.8 (6,500) 103.3 (13.0) 1.15
Magnequench III (Nd-Fe-B) 1.31(13.1) 979 (12,300) 339 (42.0) 1.06
Neomax 27H (Nd-Fe-B) 1.1(11.0) §11.0(10,200) 223.4(28.1) 1.05
Neomax 35 (Nd-Fe-B) 1.25(12.5) 882.5(11,100) 286.2 (36.0) 1.05
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aircraft and space applications. Automotive applications are
designed for extreme low cost. Variable-speed power tools
constitute another field of application for fractional-
horsepower permanent magnet motors.

2.3.8 Brushless DC Motors

This section briefly introduces the basics of brushless dc
motors. Brushless dc motors are permanent magnet excited
synchronous motors driven by electronic inverters triggered
in accordance with rotor position. An in depth treatment of
this motor is presented in Section 15.2 of Chapter 15,
“Electronic Motors.” An introduction to the basics of power
electronics and inverters may be found in Sections 9.3 to 9.6
in Chapter 9, “Motor Control.”

2.3.8.1 Description

The brushless dc motor can be used for any application where
torque, speed, or position control is required. The most popular
brushless dc motor configuration comprises a three-phase
stator winding and permanent magnets mounted on the rotor
as shown in Fig. 2.56. This type of motor is driven by an
electronic controller that switches the dc bus voltage between
stator windings as the rotor turns. The rotor position is
monitored by one or more optical or magnetic transducers
that supply information to the electronic controller. Based on
information supplied by the rotor position sensors, the
electronic controller decides which stator phases should be
energized at any instant. The controller consists of a set of
power electronic devices (usually transistors, two per phase),
which are controlled by low-level logic or a microprocessor.
This electronic commutation of the armature voltage takes
the place of the commutation that occurs in a conventional dc
machine by action of the commutator and carbon brushes.
Thus the name brushless dc motor. The brushless dc motor
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Figure 2.56 Cross section of the structure of an electronically
commutated (brushless dc) motor.
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and controller eliminate rotating contacts and their associated
wear and reliability problems. However, the complexity and
cost of the electronics must be considered for any application.

2.3.8.2 Power Supply

The power supply for a brushless dc motor is a fixed dc bus.
The bus voltage can be obtained from rectified ac power or
other means. It is not generally necessary to have a ripple-free
dc supply, but some applications will require a smoother dc
voltage to obtain the required motor control. For motor control
schemes that require energy to be returned to the power system
during motor braking, a more complex dc supply will be
required unless other loads on the dc bus can accept the
returned energy and prevent the bus voltage from exceeding
required limits.

2.3.8.3 Torque Control

Torque control in a brushless dc motor is usually accomplished
by direct control of the armature winding current. In a brushless
dc motor, the rotor permanent magnets produce a constant
flux that links the armature windings. The flux density
distribution along the air gap periphery is approximately a
trapezoidal shape with constant flux density for about 120
electrical degrees. If the electronic current control uses 120
degree conduction that corresponds to the period of time that
the stator coil sides for a given phase are located in the constant
flux density region, then the dc bus current and the winding
generated voltage are approximately constant. This
approximation allows a simplified dc analysis of the brushless
dc motor. A calculation of the air gap or rotor surface torque
using a dc motor equation gives:

T

where:

=K x®xI, newton-meters (2.100)

gap

K. = armature winding constant=PolesxN./(2xm)
Poles = number of motor poles
N, = Total number of current-carrying conductors
= 2/3xSlotsxCoil sides per slotxTurns per coil/Circuits

The 2/3 is for the fact that only two of the three phases are
conducting current at a time for 120-degree conduction. (For
180-degree conduction, one phase conducts full current for
120 degrees, and half current for the other 60 degrees, resulting
in a somewhat higher torque per amp, but more complicated
motor controller operation and commutation.)

@, = total flux per pole in webers (found by integrating
the flux density waveshape along the air gap
periphery over one pole pitch)

I, = average dc bus current

The motor-generated armature voltage or back emf can also
be expressed similarly as:

E =K x®xrpmx2xm/60 (2.101)

where:
rpm=rotor speed in revolutions per minute
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This analysis shows an identical winding constant K, being
used for both torque and voltage. Some motor manufacturers
provide a motor torque constant as the product of K, ®,and a
conversion factor for different torque units, and a voltage
constant as the product of K,, @, and 2xr/60, which gives two
numerically different values. Further analyses and derivations
are given in Chapter 15, where the effects of iron saturation
and armature reaction are also considered.

Since output torque is nearly proportional to the product of
flux and current (except for some losses), it is sufficient to use
armature current as a measure of output torque. In a control system
the current can be sensed and fed back to the electronics that
control the power switching devices. The feedback of current is
also used to limit the peak current by chopping the input voltage
available at the motor terminals. When negative or braking torque
is required, the motor current must be reversed, otherwise the
motor would decelerate only due to losses. This requires that the
controller be capable of allowing the motor to act as a generator
and return power to the dc bus or a special braking circuit to
dissipate energy stored in the rotating parts and load.

2.3.8.4 Speed Control

Because of the nearly constant armature flux, the speed of a
brushless dc motor at a steady-state condition is proportional
to applied armature voltage. For applications requiring coarse
speed control it is sufficient to control the voltage applied to
the motor terminals by chopping the dc bus voltage. However,
this form of open-loop control results in the requirement of
some means of current limiting or the current will exceed the
component current ratings. This is because the motor back emf
is substantially less than the applied dc bus voltage. Also, the
actual speed achieved will vary with load since there will be no
compensation for the resistance voltage drop. A more accurate
speed-control system will require a speed feedback from some
form of tachometer or rotary transducer. The tachometer should
also be a brushless device, to maintain the reliability of a system
without rotating contacts. A controller with tachometer feedback
and current control will also be able to provide braking. In
some drives, the signal from the rotor position transducer used
for commutation is differentiated with respect to time to obtain
velocity. This method of obtaining a speed signal is not as
accurate as a precision tachometer since commutation pulses
come only every 60 electrical degrees.

2.3.8.5 Position Control

Position control can be achieved using brushless dc motors if
position feedback is used. The position transducer must be
accurate enough to provide the desired position accuracy. For
high-performance position controllers, velocity feedback is
also added. As before, current limiting must be provided. In
practice, current may be the variable that is controlled in
response to position error and velocity feedback signals.

2.3.9 Ironless Armature DC Motors

These motors are the purest application of the basic principles
of motor operation that we were all taught in our first magnetics
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course. They are simple in principle, but like many applications
of pure science, their construction is quite precise. Moving coil
motor (MCM) is another popular name for them, which is derived
from the concept that only the coils move. It is their low inertia
and high pulse torque capability that combines to yield the
fastest acceleration possible in the servo motor family. An added
bonus is the absence of cogging and torque ripple because
there is no rotating iron such as lamination teeth or magnets
that cause preferred detent positions. By attaching an encoder
or tachometer, this type of motor is capable of following the
most demanding motion profile and position accuracy. Many
motion control applications may not demand the precision and
rapid acceleration offered by this technology. But when these
types of motion profiles will not be compromised, the MCM
must be considered.

2.3.9.1 Principles of Operation

According to the earliest laws of electromagnetic motion, current
moving through a conductor that is perpendicular to a magnetic
field will create a force in the conductor, perpendicular to the
direction of the current. Note that this law is not dependent
upon the use of Iron in the magnetic circuit, as found in most
motors manufactured today. Iron is used because it can
strengthen the field, and serve as mechanical support for the
relatively weak copper conductors. The use of iron, while
generally practical, brings with it certain tradeoffs. Those
tradeoffs include higher inertia, higher inductance, and a
tendency toward uneven torque production. Nor is there
indication of how this conductor might be supported to translate
the resultant force into useful torque. Those embellishments
came later in history, thus the wide variety of motor types popular
today. The MCM exemplifies the practical application of a
motor in its simplest form: “Torque produced by a conductor
carrying current in a magnetic field.” The design equations for
these machines are the same as those covered in the previous
section, except allowing for the absence of rotating iron.

2.3.9.2 Construction

The essential MCM components that were developed after these
early discoveries in the field of physics were: a respectable
magnetic field, ball bearings, and a high temperature fiberglass/
epoxy composite to add reinforcement and attachment of the
conductors. The magnets of choice include Alnico for the
highest temperature stability, samarium-cobalt for compactness
and good thermal stability, and neodymiumiron-boron for
compactness, ruggedness, and lower cost. Other important
developments include a fast, closed loop controller, exacting
manufacturing techniques, high temperature insulation systems,
and an industry in need of a fast, accurate motor.

Those developments have made it possible to: wind
individual conductors into coils, assemble them around a
mandrel to form a cylindrical coil assembly, reinforce the
coil assembly with fiberglass/epoxy and attach it to the hub/
shaft, and then terminate the coils to a commutator (Fig. 2.57).

Typical construction of an MCM, exemplifying the
essential developments that make it possible is shown in
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Fig. 2.58. This motor will be used in the application example
in the next section.

2.3.9.3 Basic Equations

In this configuration, the coil structure (armature) rotates in
the air gap between the inner core and the permanent magnet.
To find the operating point on the magnet B-H curve, the
permeance coefficient is calculated by dividing the magnet
length by the air gap length, assuming that the air gap area
equals the magnet area. By superimposing the load line based
on the permeance coefficient on the B-H curve for Alnico 5—
7 as shown in Fig. 2.59, the operating point is found to be at
12 kilogauss. However, the coercive force at this load point is
only 400 Oersteds, indicating a motor design that could result
in demagnetization from severely high current pulses. To
counteract this tendency, a pole piece is often bonded to the
face of the magnet, and then machined to the diameter of the
armature plus clearance. It short-circuits the circulating current
flux from the high current pulses. With this configuration, the
pulse current can typically be six times the rated current before
demagnetization will occur. The pole piece also serves to
concentrate the lines of flux coming from the face of the
magnet, resulting in a higher flux density across the
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conductors. As a family, these motors are the most efficient dc
machines available. Another characteristic associated with
this type of motor is a low mechanical time constant, resulting
from the small mass of the armature (no rotating Iron). Ironless
armature motors also exhibit the lowest armature inductance,
another factor that must be considered in stabilizing a
servosystem using this type of motor.

Servosystems will exhibit totally different loop stability
problems when an Iron armature motor is replaced by an
ironless armature motor. These differences are due to the more
rapid rise in armature current, providing faster toque delivery,
then the lower inertia results in faster acceleration.

Since these motors use permanent-magnet fields, the flux
per pole, ¢ is treated as a constant. Then:

T, - ,)% Ly = K, 2.102)
and:
zZp
E, 0d, = K,0 (2.103)
Ima
where:
T, = torque developed in the armature (N-m)
E, = generated voltage (V)
K, = torque constant (N-m/A)
K, = voltage constant (V-sec/rad) (and K,=K,)
Z = total armature conductors
P = number of poles
a = number of parallel paths through the armature
1, = armature current (A)
¢, = flux per pole (Wb)
o = shaft speed (rad/sec)

The total power loss is:

P, =I2R, + Tr® + Do’ (2.104)
where:

T; = motor friction loss torque (N-m)

D = viscous damping coefficient (N-m-sec/rad)
The temperture rise is

6=R,, P, (2.105)
where:

0 = temperture rise (°C)

R, = thermal resistance (C/W)

The armature current at the maximum allowable
temperature rise may be found by combining Eqgs. 2.104 and
2.105 to yield:

emax

=J2R, + T;® + Do’
Rth '

(2.106)

where I,,=armature current at the allowable temperature rise

(A).
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Figure 2.58 Cross section—ironless armature motor. (Courtesy of Windings Inc., New Ulm, MN.)

Rearranging Eq. 2.106 and bringing R, outside the resulting
radical:

(2.107)
1 [,
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Figure 2.59 B-H curves for various Alnico alloys.
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The developed torque may now be obtained by multiplying
both sides of Eq. 2.107 by K, yielding:

K.’ emax
— — (T;® + Dw?)
\/Rn th .

The shaft output torque 7, is obtained by subtracting the
internal motor torque losses from the developed torque, so
that:

Ty =K, = (2.108)

T,=T,TrD" (2.109)
Combining Eqs. 2.108 and 2.109:
T, = N \/ B (Ty0 + Do®)— (T;+Dw)  (2.110)
o= "7 — (T @)~ (T + Do .
VRH Rth ! !

Another constant, K,,, is usually specified for servomotors.
This is called the motor constant and is equal to the torque
divided by the power loss in the armature (/2 R,). K,, is also
equal to K,j\/R,.

2.3.9.4 Temperature Effects

Because the developed torque 7, is inversely proportional to
the square root of the armature resistance R,, the actual armature
resistance at the maximum allowable armature temperature
must be used to calculate the maximum continuous torque.
Based on the value of R, at 25°C, the armature resistance
value can be calculated using:

. R0, +234.5)

Ry=—"—" 2111
259.5 ( )
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where:

R, = armature resistance at 25°C (Q2)

R, = armature resistance at the maximum allowable

temperature (£2)
6, = maximum allowable temperature (°C).

An increase in armature temperature of 130°C (to a final
temperature of 155°C) results in an armature resistance equal
to 1.5 times the resistance at ambient temperature, and a
reduction in developed torque of 18.4%.

The developed torque is also affected by changes in magnet
temperature, which may degrade the torque constant K, since
the constant is usually specified at a temperature of 25°C.
Typical K, reduction factors are as follows:

Magnet Type Temperature Coefficient

Ferrite 0.2%°C
Neodymium-iron 0.11%°C
Samarium-cobalt 1-5 0.045 %°C
Samarium-cobalt 2—17 0.025 %°C
Alnico 0.01%°C

The variation in magnetic flux is dependent upon the actual
temperature to which the magnet is subjected. For instance, in
an iron armature structure, the magnet is located in the outer
shell. In this case, the magnet is subjected to a heatgenerating
source at its inner radius with the outer surface at the ambient
temperature. When the magnet material is ferrite, it has been
empirically demonstrated that the actual magnet temperature
rise is approximatly 50% of the armature temperature rise
because of the poor thermal conduction characteristic of the
magnet material. If neodymium-iron material is used, the
magnet temperature rise is approximately-70% of the armature
temperature rise. In the case of the ironless armature motor,
the temperature rise of the armature is so rapid because of the
small thermal mass) that there is a minimal instantaneous effect
on the magnet temperature.

For an iron armature motor with ferrite magnets and an
armature temperature rise of 130°C, K, would be 13% less than
at ambient temperature (130°Cx0.50x0.2%/°C). Combining this
effect with the 18.4% reduction in torque due to the change in
armature resistance determined above, the total developed torque
with 130°C rise would be only 71% of the torque at ambient
temperature. For an ironless armature design using Alnico magnet
material, K, is decreased by only 0.13% (130°Cx0.10x0.01 %/
°C). The developed torque is reduced to 81.5% (0.9987x0.8162)
of the ambient temperature torque.

For a brushless motor with internal rotor structure, the stator
housing, stator winding, and rotor magnet are closer to the
same temperature. Therefore, the temperature coefficient of
the magnet, for worst case analysis, can be applied directly to
the winding temperature to determine the reduction in K.
Thermal measurments of a model, of finite element analysis,
are recommended to determine the temperature coefficient of
a particular motor design. For example, a brushless dc motor
employing samarium-cobalt magnets of the 2—17 variety
would have a K, multiplier of 96.75% for a 130°C rise. Hence
the developed torque would be 79% (0.9657x0.8162) of the
ambient temperature torque.
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The numerical calculations above are all examples of
calculation of the magnet/resistance temperature derating
factor, k. That factor and the factor K, (defined just below Eq.
2.110) may now be used to rewrite Eq. 2.110 as:

e”"'“(-” . a3 - \
T,= K,k \/; (Tyw + Dw”) — (Ty + Dw) (2.112)

th

This equation states that the available torque from a motor
depends on the operating temperature and the thermal
resistance of the motor, the thermal characteristics of the magnet
material, the frictional losses, and the velocity-dependent
losses of the motor. It is important to note that the velocity-
dependent losses vary as the square of the velocity. This
demonstrates why a motor that performs satisfactorily at rated
speed may burn up if the speed is doubled.

Manufacturers of ironless armature motors specify a
maximum voltage rating when characterizing the motor. The
value will be low enough that, if the motor is stalled, the
armature resistance will limit the current to a value that will
not demagnetize the magnet, nor will it cause the motor to
self- destruct by overspeeding when operating at no load.

Another precautionary note is that, because the windings
are not embedded in or surrounded by iron, the thermal time
constant is relatively short. This should be accounted for when
calculating the RMS current, then compare it to the rated
current.

2.3.9.5 The Disk Motor

The disk motor is an ironless armature motor with an axial air
gap. Motors using this construction have another set of
performance tradeoffs. Since the torque per turn of the armature
winding varies directly with the radius of the armature,
doubling the radius double the developed torque. In addition,
doubling the radius allows more wire turns, thus increasing
the torque further. The performance tradeoft is that the inertia
varies by the square of the radius, so if acceleration is important
to the application, this may be the deciding factor. The other
tradeoff is that the axial air gap motor will be shorter, but
larger in diameter.

2.3.9.6 Rare Earth Magnets

MCMs are also designed using rare-earth magnets, but certain
tradeoffs also occur. Because considerably less magnet length
is needed, the overall diameter of the motor is reduced, but
the length is the same. This results in a reduction of the surface
area, which dissipates heat, thus lowers the continuous rated
current. If the motor is air cooled, or of sufficient torque
anyway, this may be of no consequence. Flux loss at higher
temperature is greater with the rare-earth magnets than with
Alnico, especially neodymium-iron-boron. And as the price
of rare-earth magnets is declining faster than Alnico, a price
advantage may be realized (see Fig. 2.60).

2.3.9.7 Application Considerations

There are several types of move profiles to be considered in
the application of these servomotors. A typical move profile
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Figure 2.60 B-H curves for comparison of rare-earth magnets with Alnico magnets.

is usually made up of one or more of the following types of
motion: precise velocity, constant acceleration/deceleration
(torque), driving a load torque, or a combination to obtain
accurate positioning. These profiles are obtained by putting
the system in what is commonly called the velocity mode or
the torque mode. A combination of both is used, with feedback,
for accurate positioning in the minimum time.

MCMs are capable of following most profiles providing
there is enough torque, low enough total inertia, the correct
feedback, current, voltage, and the system rigidity previously
mentioned. The MCM is capable of following virtually any
command, but if the feedback signal is not precise, the desired
motion will not be accomplished. A single, or combination
of, appropriately precise feedback devices must be selected
to detect velocity and/or position.

The equations will demonstrate that velocity is proportional
to voltage, and torque is proportional to current. This means
that the peak speed and peak torque must be known or
estimated to determine the voltage and current requirements
of the amplifier. It must also be noted that there are other
motor constants, such as mechanical and electrical time
constants, inductance, and rotational losses, which would enter
into a precise simulation, but have a negligible effect when
sizing a system. For the purpose of this discussion, they will
not be covered.

Three related motor constants are significant when
calculating for velocity or torque. The bemf constant (Kj)
governs velocity. It is the counter electromotive force
generated by velocity, measured in volts/KRPM (volts/
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thousand RPM). The torque constant (K;) governs the torque
produced. It is the ability of the motor to convert current into
torque, measured in oz. in./amp. A motor with a high K will
have a proportionately high K. If the Kj is high, more voltage
is required to reach velocity, but less current is needed to
create torque. The bemf and K; are proportional to the magnetic
field, number of conductors, and their radius of rotation in the
magnetic field. The terminal resistance (R;) is the effective or
dynamic resistance of the total rotor circuit. It includes
resistance of the conductors, brushes, and brush contact. The
conductors’ resistance is a function of their length, diameter,
conductivity, and number in the circuit. It should be noted
that as the armature warms up, the resistance increases by the
temperature coefficient of resistance of the conductor (Cu or
Al). At a maximum rated armature temperature of 155°C, the
armature resistance is approximately one and one half times
the terminal resistance at room ambient temperature (25°C).
In this event, the power supply must have enough “headroom”
to increase the voltage to maintain the desired speed. A
combination of the motors’ windings and the amplifier outputs
are selected to optimize the system.

A popular motor that will be used in this discussion has the
following performance specifications:

K; = bemf Constant=6.73 V/KRPM

K; = Torque Constant=9.1 oz. in. /Amp

R; = Terminal Resistance=0.89 W (room ambient Temp.)
Tr = Friction Torque=4 oz. in.

Jr = Rotor Inertia=0.00047 oz. in. sec?
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Trx = Rated Torque=60. oz. in.
T, = Peak Torque=500. oz. in.
I = Rated Current=6.6 Amps

Acceleration Rate This motors’ principle of moving only
the torque-producing member (the coil assembly), is why the
inertia is the lowest possible for the same diameter rotor. When
combined with a magnetic circuit that will not demagnetize
from high pulse currents, a motor is created with an ultra high
acceleration rate capability. Using the formula:

Acceleration=torque/inertia (2.113)

The resultant rate of acceleration is over 1,000,000 rad/
sec’. When a reasonable load, of equal inertia is attached, the
rate of acceleration is halved, but remains ultra high. The time
to reach speed with these motors is commonly measured in
single digit milliseconds.

The motor’s armature construction is such that the fiberglass/
epoxy composite results in a cylinder of extremely high torsional
and lateral rigidity. This delivers a “stiff torque to the load that
is needed for controlled, high acceleration rate applications.
This high, stiff torque cannot be properly utilized unless the
attached load and feedback components are proportionately
rigid. The load should be attached as close to the motor face as
possible and coupled to eliminate any windup between motor
and load. Feedback devices should also be of extremely low
inertia and rigidly attached. This keeps the total system’s
resonant frequencies high enough for the controllers closed
loop to properly control the motion at the load.

Velocity MCMs are excellent for smooth, accurate speeds
from zero, to over 5000 rpm. Because they exhibit virtually
no torque ripple, they are uniquely suited for very low speeds;
below 60 rpm. This low speed range is where the typical motor,
with Iron as a rotating member, inherently produces
undesirable torque ripple. There are relatively complicated,
expensive (electronic and mechanical) ways to reduce torque
ripple in a motor with rotating iron, but it is a “free” aspect of
the MCM motor.

The preferred feedback device for monitoring speed is a
moving coil tachometer. This device is constructed in a similar
manner as the motor, adds insignificant inertia, and is integrally
mounted to the motor shaft. The signal is pure to less than 1%
ripple, and less than 0.2% deviation from true linearity.

The steady-state velocity is directly proportional to the dc
voltage applied across the motor terminals. This applied voltage
is divided between counteracting the motors generated bemf
and overcoming the armature resistance to generate torque equal
to the friction and load. The armature resistance is low, so
generally when the speed is over 1000 RPM, and the load
torque is light, most of the applied voltage is used to counter
the bemf. The applicable formula for deriving voltage is:

E=N*Ky+T;*R;/Ky (2.114)
where:

E = DC Voltage at the terminals (volts)
N = The steady state velocity (RPM)
Tr = Total system torque (oz. in.)
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A typical high-speed application may require a minimum of
5000 rpm; have 48 V dc available and a load friction of 20
oz. in.

Using the example motor and the formula for steady-state
speed:

E = (5 KRPM*6.73 V/KRPM)+(24. oz. in.*0.89
Ohms)/(9.1 oz. in./Amp)
E =359 volts (2.115)

If the maximum rated armature temperature is reached, the
terminal resistance would increase by 50%, and the required
voltage would be 37.1 V dc. The analysis shows that the
required speed is obtainable with the 48 voltage provided
even at maximum motor temperature.

Torque The MCM’s extremely low rotor inertia and high
pulse torque capability (5 to 8 times rated) provide the highest
acceleration rate possible for a servomotor. This same
instantaneous pulse torque can be critical to overcome uneven
load torques such as static or dynamic friction. The basic
formula to derive motor torque for a given current is:

T=K;*I (2.116)
where:

T = the torque produced by the armature for a given
current input, (0z. in.)
I = Current input (amperes)

If the move profile involves acceleration, the torque
required for acceleration is:

T=J*o

where:

(2.117)

T = The torque required to accelerate the load inertia
(oz.in.)
Jr = Total inertia including the motor and the load (oz.
in. sec?).
o = Acceleration rate (rad/sec?)
Usually, when sizing a motor and amplifier, the acceleration
rate and load torque are known, and the current must be derived.
The formula to derive the required current is:

1= +T,+Ty)/K; (2.118)
where:
I = Current required (Amps)
Jr = Total motor and load inertia (oz. in. sec?)
o = Acceleration rate (rad/sec?)
T, = Load torque (0z. in.)
Tr = Friction torque including the motor (oz. in.)

When the current available is fixed (by motor rating or
amplifier), but the resulting acceleration rate is desired, the

formula can be rearranged as:
OL=(KT*I—TL—TF)/JT (2.119)

A typical high acceleration rate application may require
250,000 rad/sec* with a load inertia equal to the rotor, load
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torque of 40 oz. in., and 40 amps available. If the example
motor is used in the formula for current:

I = ((0.00047 oz. in. sec*+0.00047 oz. in. sec?)
x(250,000 rad/sec?)+40 oz. in.+4. oz. in)/
(9.1 oz. in. /Ap)

I =307A (2.120)

The motor chosen is capable of a pulse current of 57A, so
the desired acceleration rate is possible.

2.3.9.8 Summary

The MCM is often considered when the highest acceleration
rates are desired. Typical applications include X-Y tables,
incremental positioning, laser beam control, movie film handling,
simulators, semiconductor, manufacturing, component
placement, cut to length, loudspeakers, and mirror drives.

When accurate positioning and/or speed control is
important, the absence of torque ripple and infinite resolution
make the MCM an effective solution. Typical applications
include film processing, tape drives, welding, EDM, object
tracking, measurement/instrumentation, medical dispensing,
medical analysis, and micromachining.

As manufactured products are becoming smaller, made at
faster rates, with dynamic motions more precise, the MCM
may be the best solution.

2.4 ELECTRICTRACTION

Electric traction is the propulsion of vehicles with electric
motors. They operate on the same basic principles as machines
for other applications, but are used in environments and under
conditions that are imposed on few other machines. For
example, traction motor speed varies from standstill to top
speed and the torque varies widely and may do so at any
speed. When used for rail vehicles they can be subjected to
dirt, leaves, trash, and snow along the railway. Some vehicles
obtain their power from third-rail or trolley supply systems
that are frequently interrupted (with consequent current surges
upon regaining contact) and that certainly do not have
constant voltage. Others are supplied from onboard engine-
powered generators or from batteries; in these cases knowledge
and proper use of the characteristics of the power sources are
vital. The technology of electric traction is the understanding
of the applications and how to design, manufacture, and apply
electric machines that will survive and perform well under
these uniquely arduous conditions.

The traction industry has a long history of specialized
practice and, as a result, retains the English system of units.
(The British traction industry was exempted when metrication
was edicted there). Moreover, it has a vocabulary that includes
terminology that may not be familiar to the unaccustomed user.
One such word is adhesion, meaning the coefficient of friction
required between the driving wheels and the running surface to
carry the tractive effort of interest. A vehicle is said to be
“motored to adhesion” when the traction motors will rate
continuously all the tractive effort that maximum available
adhesion will support. The available adhesion depends on the
weather and many other factors; it always decreases as speed
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increases. For rapid transit cars having every axle motored,
about 5% adhesion is required for each 1 mph/sec of accelerating
rate. A dc locomotive can typically attain 28-30% adhesion
and an ac locomotive in the range of 33-35% adhesion on
clean, straight rail. On rubber tired vehicles adhesion is not a
factor of concern. A few more terms unique to traction:

*  Property—A system of physical facilities and vehicles
under one management.

* Horsepower utilization—Percent of maximum vehicle
speed to which rated engine horsepower is available at the
wheels (applicable only to internally powered vehicles).

*  Hotel power—Power for amenities not involved in moving
the vehicle, i.e., air conditioning, lights, heat, etc.

*  Off-highway vehicle (OHV)—For electric transmissions
these are typically large dump trucks used in open pit
mining with payloads in the 150-320+ ton range.

* Speed ratio power—The continuous rated power output
of a traction motor at its continuous rating multiplied
by its maximum speed capability at rated power divided
by its speed at its continuous rating (see Section 2.4.4.8).
A measure of traction motor capability.

*  Consist—A group of two or more locomotives pulling
a single train.

*  Wraparound (internally powered vehicles)}—The ratio
of maximum to minimum volts, amps, speed, or torque
that can be maintained continuously (i.e., without
overheating) at full power. The size of the machine
will be proportional to its wraparound.

DC series wound machines have been the motors of choice for
traction in the past because of their desirable inherent
characteristics. Four pole, lap wound machines are the almost
exclusive choice. Two-pole machines require too much length
for endturns and the total armature current would have to be
handled by one brush holder (hereafter abbreviated, BH). Due
to design limitations on the thickness of the brush this could
lead to a very long axial commutator length. Six-poles and
higher, although not unheard of, would involve a lot of extra
complication and cost (more BHs, poles, etc.). In new
applications, however, three-phase inverter-driven induction
motors with characteristics determined by control logic are
prevalent. This trend is expected to continue, as total
equipment life-cycle cost falls below that of dc drives. AC
traction alternators with diode rectifiers have supplanted d”
generators for all but the lowest power applications. AC
auxiliary machines are supplanting dc machines as they
become feasible on a case-by-case basis.

The main advantage of the ac induction motor is the
elimination of the commutator and brushes and all of the
associated maintenance concerns. Also, by moving the
commutation function from the motor to that inverter, the
case can be made that a more powerful motor can be put into
the same space (see design considerations).

In addition to classification of traction motors, traction
generators, and auxiliary machines as dc or ac, they may also
be classified by their power source as externally powered,
powered from onboard internal combustion engines, or powered
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from a battery or combinations of the three (hybrid vehicles).
Each of these categories is discussed in a following subsection.

Wherever economics govern, electric traction is used where
it works better than the alternatives. The role of electric traction
has changed and may be expected to continue to change not
only with its own development but also with the development
of alternatives. Its use may be driven by overriding
environmental needs for clean energy, as in some locations, or
just because it works better than the alternatives.

The differences in practice in various parts of the world are
not only due to technical preferences, but they also reflect
government policies and participation based on differing
cultural, sociological, economic, and political customs and
values. For example, electric traction for passenger service is
utilized much more in Europe than in the United States as
affected by the price of gasoline, the availability automobiles,
and good road systems and government subsidies.

High-speed intercity ground transportation for passengers has
been proven technically feasible in several forms. Attaining higher
schedule speed on existing rail lines requires the least investment.
The Northeast Corridor running between New York (and later
Boston, Massachusetts) and Washington, D.C., is the most heavily
traveled in the United States. A section of track was upgraded for
testing, and multiple-unit externally powered trains demonstrated
150 mph capability. The equipment was put into service and
schedule time has been reduced. However, the full capability has
not been realized because of limited track upgrading, grade
crossings for which speed must be reduced to 70 mph, and routing
that snakes from track to track through other traffic with speed
reductions at turnouts. The gearing has been changed to 125
mph capability. Between New York and New Haven, Connecticut,
the total of all curves amounts to the equivalent of some seven
complete circles. The line was electrified north of New Haven in
1999, so locomotive-hauled trains are not required anymore there.
Germany’s 200 km/h capability locomotive-hauled externally
powered trains, British Rail’s “125” (mph capability)
dieselelectric services, and Canada’s Montreal to Toronto trains
are other examples of moderate improvement of schedule with
new equipment on existing trackage. Japan’s bullet trains use
new high-quality trackage with 1435 mm gage to make dramatic
improvement in schedule speed. (Japan’s standard track gauge
[width between rails] is 1067 mm [42 inches].) France’s TGV
trains have also made dramatic improvement in schedule speed
on dedicated trackage built with another idea because no freight
is to be hauled and the externally powered locomotives have
plenty of power, grading of the roadbed was minimized, with
considerable cost reduction. Their high-speed trains can use
existing terminals. The reasons that high-speed intercity
passenger ground transportation has or has not developed are
economic and political.

2.4.1 Externally Powered Vehicles
2.4.1.1 Introduction

An externally powered vehicle gets its electric power from
outside itself. Power is generally taken from a wayside contact
system by a collector mounted on the vehicle. The
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requirements of the application determine how good the
collector and contact system must be. The collector and
contact system characteristics greatly affect the voltage
regulation, interruptions, and other transients that affect the
design of motors operated from them.

External power supply gives vehicles major performance
advantages. The power delivery capability of the supply is
large compared to the continuous rating of the traction motors
on any one vehicle or train. Excess power may be drawn within
the short time ratings of the motors. Acceleration at full rate
can be carried to higher speed, knowing that power demand
will be below continuous rating at running speed. Schedule
speed is boosted. Applications involving hill climbing can
use the excess power to climb the hill faster. These performance
advantages are readily apparent in a comparison of a properly
equipped trolley coach with an internally powered bus.

Outdoor overhead contact wire systems usually have
nominal system voltages of 600, 750, 1500, or 3000 V dc or
11-50 kV single-phase ac. The lower dc voltages favor the
traction and auxiliary motor designs but require close
substation spacings; they are optimum for intensive services.
The higher dc voltages reduce contact system cost at the
expense of making the motors bigger, heavier, and more
expensive. High-voltage ac contact wire systems put the final
substation transformer on the vehicle and are optimum for the
extensive services of main line electrification.

Third-rail contact systems supply power through steel rails,
usually alongside and somewhat higher than the running rails.
Third-rail shoes, usually four per car, are mounted on insulating
beams on the trucks. This system is optimum for highplatform
subways, as it is out of reach of passengers in normal operation
and no tunnel dimension need be increased for it. It is unsuited
to services having street running or frequent grade crossings.
While shoes on both sides of the car give some freedom in
physical arrangement of the third rail, gaps occur at most
switches and crossings. In the real world, with low and high
third rail and broken shoes, motors running on these systems
experience frequent power interruptions.

Collecting from one contact system with the return through
the running rails has wide acceptance. The trolley coach with
its dual overhead wires in the absence of steel rails also has one
circuit. Although it has often been tried, collection of polyphase
ac has not been reliable enough to be acceptable in high-speed
service. In some low-speed (30 mph maximum) applications it
has worked, for example the Personal Rapid Transit (PRT)
system used to connect the campuses at West Virginia University
in Morgantown, West Virginia, runs off a 575-V three-phase
supply from power rails mounted at tire level, transformed down
to 355-V ac on the vehicle. A compound-wound dc traction
motor is motored with a combination of armature voltage (from
a phase controlled rectifier) and shunt-field control.

Contact systems have wide voltage regulation compared
to industrial practice. For example, for a nominal 600-V dc
system, IEEE Std. 11 [46] gives 400 V minimum and 720 V
maximum. These are steady-state conditions; usually, though,
extremely low voltage is limited in time and extent. A vehicle
would be expected to travel through a very low-voltage section
in a moderate time. Sustained high voltage is most likely late



Chapter 2

at night and close to a substation, where vehicles are likely to
be parked; auxiliary motors are affected most.

In dynamic braking, traction motors are used as generators
to retard vehicles. This limits wheel and brake shoe heat and
wear while holding heavy loads on favorable grades or while
slowing vehicles that stop frequently. Rheostatic braking is
dynamic braking in which the absorbed energy is dissipated
as heat in resistors. It is widely used on mass-transit, light rail
vehicles, and internally powered vehicles. For the mass-transit
application (short time and intermittent) air flow over the
vehicle suffices to cool the resistor grids. On internal powered
vehicles such as locomotives or OHVs, which can have
sustained periods of retarding, the grids are typically cooled
using blowers driven by dc series wound motors. This is one
application where the dc motor has a unique niche, unlikely
to be replaced by ac. The dc blower motor unit is self loading
and designed to reach its maximum blower speed at maximum
grid amps and is tapped across (put in parallel with) some
portion of the grid resistor such that it will obtain the correct
voltage. The beauty of this arrangement is that no control
system is required since the blower motor unit operates
automatically whenever power is applied to the grids—and it
also uses waste power. In regenerative braking, power is
returned to the line. While transit cars in principle can return
energy to the line when stopping, the process has many
limitations depending on the line’s ability to receive power.
Therefore, a full rheostatic braking system is also needed, for
the foreseeable incidents when the line will be unreceptive.

Substations are generally spaced as far apart as can be tolerated.
At times the system must operate with a substation out of service.
Because of the separation of the conductors and the distance
from the substation, contact systems have considerable
inductance. Whenever a vehicle or train shuts off traction power,
the line and vehicles on it see an inductive spike. On a 600-V dc
system, spikes having a millisecond duration have been recorded
as high as 3000 V. Traction equipment must be designed to
withstand such conditions; again, the auxiliary dc motors are
most affected by this high voltage. Inductive reactance is the
primary line drop on high-voltage ac systems due to the great
separation of the overhead catenary from the return and the long
distance between substations.

In summary, it is seen that the application of motors on
vehicles receiving their power from an external supply is
different from any other. The supplies are more than soft; they
inherently have wide regulation and severe transients.

2.4.1.2 Main Line Electrification

While most railroads have been electrified in developed
countries, especially so in Europe and Japan, only a few were
electrified in the United States and Canada. Of those few, the
lines in the Northeast Corridor are the only important ones
that remain. This is directly related to the propensity of different
governments and societies to subsidize this kind of service.
Historically electrification with high-voltage single-phase ac
had to be accompanied by methods that used ac for traction
before the advent of high power electronic switches for
inverters or converters.
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Hence the development of the low-flux single-phase
traction motor made high-voltage ac electrification possible.
These were dc motors with a well laminated magnetic circuit
that would run on low frequency ac. One drawback of these
motors was that the alternating field current transforms ac
voltage into the armature coils, upsetting commutation. The
resulting heavy sparking can be tolerated in the small
“universal” motors used in household appliances and tools
but not in large traction motors. The recourses in motor design
to minimize the transformed voltage were the use of low flux
per pole and low frequency. In Europe, one-third of the
commercial frequency of 50 Hz, 165 Hz, became the railroad
frequency at 15 kV. Two-phase 25 Hz, already in use as a
commercial frequency, was chosen in the United States. Single-
phase generation was avoided because of vibration. Two phase
could be transmitted to transformers at a section break from
which one phase powered the line at 11 kV in each direction.

The low-flux single-phase traction motor, having low flux
per pole, had to have many poles and be a low-voltage
highcurrent motor. Many poles meant many brush holders to
carry the high current. It had to be designed as an excellent dc
motor from the beginning, lap-wound with pole face
compensating windings and low saturation. The motors were
big, heavy, and had many brushes to maintain but proved to
be reliable. The locomotives could not be motored to adhesion
and thus were not good at heavy drag freight service. They
were a good fit for intensive passenger service and the lighter
tonnage dispatched freight trains typical of the Northeast
Corridor. The European coupler design does not permit the
long, heavy drag freight trains used in American practice, so
the ac motor was a fit everywhere.

Developments in the 1960s and 1970s in the United States
and Europe proceeded in different directions. In the United
States it was recognized that a considerable advance had
occurred in the state of the art in dc traction motors for diesel-
electric locomotives and 600-V suburban cars. If these kinds
of motors could be used for locomotives and cars for ac
railroads, the advantages of large-scale production could be
realized. The size, weight, cost, and maintenance savings were
attractive. Rectifier equipments were developed, first with
mercury arc rectifiers and then solid state. After continued
development, rectifier equipments with dc traction motors
became the norm in the United States.

In Europe, parallel development was limited. Small
quantities of rectifier equipment were developed, sometimes
to create locomotives that could pull intercity passenger (1C)
trains on supplies of 1500- and 3000-V dc as well as 15-kV
16t Hz and 25-kV 50 Hz. Diesel-electric locomotive
production was small and specialized. Commuter car motors
remained axle hung (low performance). The traction motors
were still big, heavy, special, and expensive, whether ac or dc.

By the early 1980s the inverter-driven ac induction motor
drive was in experimental use in Europe. For example, in 1981
a switching locomotive was shown that had been retrofitted
from single-phase traction motors to inverter-driven induction
motors with a dramatic reduction in motor size, weight, and
complexity. Therefore, there was a definite reason to press the
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state of the art to put the inverter drive to use in Europe. In the
United States, no such need existed. Rectifier equipments us
ing standard dc diesel-electric locomotive and commuter car
traction motors remained the standard until the 1990s.

2.4.1.3 Commuter Lines

Externally powered commuter cars were originally operated
by electrified main line railroads in suburban service. Railroad
passenger size cars are, as a rule, 85-ft long. In addition to
being larger than mass-transit cars, in a commuter car the
availability of seats is more important than a large number of
doors. Several properties offer something between commuter
and mass-transit-type services.

Commuter cars have long station spacings. Their
acceleration rates are usually lower than adhesion could support
because top speed matters more. The power demand of greater
accelerating rate cannot be justified by the slight improvement
in schedule speed. Acceleration current is maintained longer
than in mass transit, making thermal excursions greater.

Dynamic braking may or may not be used. With higher car
speed, the amount of dirt swirled up by the train is great. That
dirt at times includes salt from grade crossings in winter and
wet soil that cements brushes in their holders. It was learned on
the first rectifier cars that self-ventilation of the higher-voltage
dc traction motors and auxiliaries was a mistake. Since then,
forced ventilation with clean air taken from above the platform
and preferably at roof level has been used. Moreover, it was
found that the entire ventilating air system needed to be reviewed
carefully to assure good winter and wet-weather performance.

2.4.1.4 Mass Transit

The New York City Transit Authority operates the largest
passenger railway system in the world. Their fleet is
approximately 5000 cars, approximately 10% of which are ac
traction. Electrically propelled multiple-unit cars, in trains to
ten cars long, provide more daily passenger miles than any
other system. Other systems operating in the United States and
Canada include those in Boston, Massachusetts, New York
(Hudson tubes and some Long Island services), Philadelphia,
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Pennsylvania, Baltimore, Maryland, Washington D.C., Atlanta,
Georgia, Montreal, Toronto, Cleveland, Ohio, Chicago, Illinois,
and San Francisco, California. There are a number of large
systems around the world, including Tokyo, Seoul, Calcutta,
Moscow, Berlin, London, and Madrid. Figure 2.61 shows typical
mass transit cars.

These systems are often called subways, but they also may
operate outside on private right-of-way and on elevated
structures. Most use third-rail power supply, an optimum fit
for tunnels. Cars vary from approximately 40 to 75 feet in
length, as limited by curves.

With no standard car size and varying station spacings,
propulsion motor requirements vary. Acceleration at 2.5 mph/
sec and braking at 3.0 mph/sec have been found tolerable for
standing passengers. The historic systems all use nominal
voltages near 600-V dc, but some newer systems use higher
voltages. It would have been to the advantage of both users
and manufacturers if a few motor designs could have covered
all applications. That would have been hard enough with a
common voltage, but each new voltage required a new design
for dc (see design considerations). Higher voltage designs
were heavier and had limited dynamic braking capability.

Figure 2.62 through 2.64 show various mass-transit traction
motors.

Single-reduction parallel-drive gearing minimizes weight
and gear loss, but the physical constraints on its use are severe.
Clearance of approximately 2.5 inches over the rails must be
provided with fully worn wheels, limiting the size of the gear.
The pinion should be small to provide adequate gear ratio,
although there is a minimum diameter for adequate strength.
The sum of the gear and pinion pitch-line radii is the gear
center spacing, which must be the spacing between axle and
motor shaft centers. DC motors are designed with the frame
behind a main pole at the axle, so frame section may be reduced
for axle clearance to maximize motor diameter. American
practice generally uses higher speed motors than the rest of
the world.

Most properties use inboard journal trucks and small wheels
for weight savings, severely squeezing the space available for
the traction motors and their gearing. An advantage is that
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Figure 2.61 Mass-transit cars. (Courtesy of General Electric Co.)
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Figure 2.62 Cutaway view of a force ventilated dc mass-transit traction motor. (Courtesy of General Electric Co.)
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Figure 2.63 Self-ventilated dc traction motor and gear unit for lightweight mass transit car. Expanded metal box on top of motor provides increased air inlet area to decrease trash pickup. (Courtesy
of General Electric Co.)
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Figure 2.64 Cutaway view of self-ventilated ac traction motor for lightweight mass transit car. Fan blades are randomly spaced and tips are

recessed to reduce noise. (Courtesy of General Electric Co.)

smaller axle diameter may be used with the shorter axles. The
hypoid gearing idea from the Presidents’ Confrence Car (PCC;
see Section 2.4.1.5) development was used to position the
motors at right angles to the axles. It was realized that the
rubbing teeth would wear out but only much later was it realized
that they consumed an added 3% of the power transmitted,
more than negating the advantage of the weight saving.
Alternatively, double-reduction helical gearing was used on
other equipments; they consume an added 1.5% of the power
transmitted. Oil-filled gear units have become universal. In
American practice only the New York City Transit Authority
continues to use outboard journal trucks and wheels large
enough to fit their 7.235:1 ratio and 22 in motor with single-
reduction helical gearing. In European practice some builders
use a single-traction motor driving the two axles in one truck
(“monomotor”) through right-angle gear boxes. Most of the
rest of the world continues to use outboard journal trucks, single-
reduction gearing, and axle-hung traction motors.
Mass-transit cars generally use self-ventilated traction
motors. With the swirling of the air due to train motion, the
motors in effect vacuum clean the tracks. Performance
requirements such as acceleration rate have been raised to the
limits of passenger comfort, forcing the motor manufacturers
to increase ventilation and take in more dirt. Even with the
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best precautions by the manufacturers, the motors get very
dirty. This is accepted by the operating properties as cheaper
than using blowers with a clean air system. Maintenance
instructions for dc motors call for wiping the brush holder
insulators and commutator creepage band at brush inspection.
Teflon* is best for these creepage surfaces because its surface
vaporizes under arc, will not track, and makes it difficult for
dirt to stick. Epoxies are also used. Wiping the insulated
windings is not possible at inspection, so the insulation system
must be as unaffected by dirt as is possible. In New York City,
it was necessary to drill the dirt out of the rotor axial air holes
at motor overhaul. When a new design was required it was
specified that it should not use rotor air passages. Replaceable
filters can be used on the motor air inlets. To be at all effective,
they must be replaced often. A few properties have chosen to
add that maintenance expense to reduce the amount of dirt
that gets into their motors.

AC traction is finally a reality in the United States. Being
freed of design limitations on the shape of the rotor imposed
on dc motors by commutation requirements, and free of the
commutator itself, it allows a better arrangement of the traction
equipment in the truck.

* Teflon is a registered trademark of the Dupont Co.
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For a much more thorough discussion of the design and
application of traction motors for mass transportation, see
“Propulsion Motor Requirements for Mass Transportation” [47].

2.4.1.5 Light Rail

Light rail vehicles (LRVs) are a class of electric passenger cars
used in metropolitan transit service. They are named for the
light rail on which they run, as opposed to the heavy rail used
by railroad commuter cars and long train subway systems.
They may run as single, articulated, or multiple unit cars, but
rarely over four cars in multiple. They may run on streets,
reserved or unpaved lanes, or private rights-of-way at grade,
in tunnel, or above grade. They collect power from overhead
trolley wire systems that are nominally 600 V but occasionally
reach 750 V or higher. They generally load and unload at low
platforms or street level when running in the street. They are
descendants of the electric street cars that used to run in every
moderately large city. Major remnants never ceased operation
in Boston, Massachusetts, Philadelphia, Pennsylvania,
Toronto, Ontario, Pittsburgh, Pennsylvania, New Orleans,
Louisiana and San Francisco, California. Many new LRV lines
have been proposed and some are in operation.

The conference of the presidents of many properties
operating in America sponsored the development of what came
to be known as the PCC street car, beginning in the 1930s.
Performance was intended to meet and exceed the internal
combustion competition. The PCC had an accelerating
capability (empty car) of 4 mph/sec, which could throw standing
passengers to the floor if the operator was not judicious. They
used sand to support the required 20% adhesion if needed.
Magnetic track brakes were used to match the emergency
stopping adhesion of rubber tires. There are still some of these
in service as vintage vehicles, for instance in San Francisco.

The PCC trucks were inboard journal, an innovation that
saved weight at the cost of truck space for the drive. The
traction motors were nested at right angles to the axles, driving
oillubricated hypoid single-reduction gear units. This allowed
the motors to be a little higher than the axles, permitting
smaller wheels and lower floors. Space in the trucks was very
limited. The high-speed motors were round-frame, four-pole
motors with four brush studs. They were force-ventilated with
cleaned air, a first for street cars. The standard PCC had no
compressed air on the car, eliminating the air compressor and
other weight. Dynamic braking was the primary brake, so there
was no protection in case a motor should flash over in braking.
It was better that the motor be destroyed to stop the car than to
protect the motor and leave the car without its primary brake.
These small traction motors had to be designed to be
exceptionally resistant to flashover. Even after a flashover
that sustained itself until the car was almost stopped, the motor
still had to have a high probability of continuing to perform
normally after flashover.

In Europe, the sociological environment that made street
cars obsolete in the United States did not prevail, and many
operations remain and are being expanded. European streets
are narrower and have tighter turns than those in America.
Moreover, the cities are more compact, so shorter travel
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distances are the norm. As a result, their cars are smaller than is
appropriate in America.

The European articulated cars (and their American copies)
have used nonpowered trucks, especially under the heavily-
loaded joint of articulated cars. For equal performance, this
increases the required adhesion on the powered axles. The
leading axle often cannot support this performance, so
performance has simply been reduced.

The European LRVs commonly use a truck and motor
arrangement in which one motor with its shaft parallel to the
rails drives the two axles of a truck through individual
rightangle gear units. Because the two axles must run at the
same revolutions per minute in spite of even microscopic
wheel diameter differences, the motor shaft, couplings, and
gear unit must run continuously at slip/grab adhesion. There
are no known data on the extra losses involved. To brake one
half a car on one commutator rather than two, the motor is
bigger and has slower speed. Where performance requirements
are less taxing, the single large motor can do the job.

AC traction is specified on all recent LRVs. When first
applied using one inverter per truck (two motors) there was
concern that driving two axles with one inverter would cause
a wheel and rail wear disadvantage due to the possibility of
unequal torque loading (see design considerations) but it has
not proven to be a problem.

2.4.1.6 Interurbans

The South Shore Line provides commuter rail service between
Chicago Illinois, and South Bend, Indiana, and is operated by
the Northern Indiana Commuter Transportation District. It
calls itself the sole surviving true interurban line in the United
States. It is not at all typical with its high floors and 1500V
line (dictated by its use of the Illinois Central access to its
Chicago terminal) and significant freight traffic. The
concentrated commuter traffic between Chicago and Michigan
City is truly a suburban railroad service. The street-running in
Michigan City and private right-of-way to South Bend are
more typical of an interurban line. Interurbans once tied
together every major city in the eastern half of the United
States from the East Coast well into Iowa.

The dc traction motors were four-pole, wave-wound for
750/1500-V operation (750 V per motor but insulated for 1500
V to ground, two motors in series per truck). The rms motor
rating did not have to be high with the long spacing between
stations. Many properties closed the motors during winter
and opened them for ventilation the rest of the year. About
half the fleet of 58 powered cars now utilize ac traction motors
with plans to convert the remaining cars.

2.4.1.7 Trolley and Hybrid Coaches

The trolley coach was developed to combine the advantages of
the rubber-tired bus and the external power supply systems
already in place for streetcars. The rubber-tired bus offers curb
loading and maneuverability in traffic. The external power
supply offers clean, quiet operation and the excess power needed
for a short time to sustain acceleration, compared to the limited
power available from an internal combustion engine.



Figure 2.65 Self-ventilated dc trolley coach motor. Fan is designed for single rotation (CW from comm. end). (Courtesy of General Electric Co.)
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The trolley coach usually has only one traction motor (see
Fig. 2.65) driving the rear wheels through a differential. In its
fullest development, the dc motor is compound wound to
give variable free running speed in city streets by pedal control
of shunt field current. Regenerative braking is available as
the motor becomes a differentially compounded generator. It
is self-ventilated, with a fan favoring forward travel. AC traction
has been introduced in San Francisco. The trolley coach can
climb hills faster than a diesel coach, and it has found favor in
flat services with moderately dense passenger loading as well.
The reasons that many followed the street car into decline are
the falling ridership that all surface systems experienced and
the large investment in overhead wires and power supply that
is increasingly hard to justify with ever lower use.

The trolley coach motor has a benign environment for
electric traction. It is mounted in a weather protected
compartment in the body of the rubber-tired vehicle, escaping
much of the shock, vibration, and weather exposure other
traction motors must endure. It does see the electrical
environment of wide voltage range and voltage spikes, surges,
steps, and interruptions. Toronto uses a common power supply
for its trolley coaches, LRVs, and subway. Trolley coaches
run alone and have only one traction motor, so there is no
load sharing problem. There is no redundancy, either, so
reliability is very important. The coaches are very quiet, so
objectionable motor noise must be avoided.

The hybrid trolley coach and electric drive bus was a vehicle
that was not developed to its potential. Electric equipment
was developed in the late 1920s for city lines that were already
served by trolley coaches and less intensively used street car
lines that were candidates for conversion to trolley coaches.
The theory was that, as the city expanded, new areas could be
served without capital investment in extending rails or
overhead wire supply. The vehicle ran as a trolley coach, with
its advantages in performance, quietness, and cleanliness, on
the old part of the route. Beyond the end of the trolley wires it
ran as an internal combustion engine electric drive bus. The
great depression brought real estate development to a stop
and dried up the cash needed to buy the vehicles.

2.4.1.8 Underground Mining

In mines, a “mine motor” is an electric locomotive. This
terminology is mentioned because in what follows, a mine
motor is a motor designed for use in a mine. A typical mining
locomotive appears in Fig. 2.66.

Contact wire systems in underground mines are simply
supported and located to one side to permit car loads to the
tunnel roof. Trolley poles are supported on that side of the
locomotives, giving room to swing a trolley pole around in
the tunnel for reversal of direction. Locomotives are never
turned around. The level of track maintenance is such that
derailments are barely avoided. Trolley wire supports appear
as hard spots in an otherwise physically soft wire. As the
locomotive pitches, yaws, and rolls, the trolley pole base
makes wild motions. Voltage regulation usually is high, and
anything any “one” train does affects them all. Thus,
interruptions and surges on the supply are to be expected.
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Figure 2.66 Underground mining locomotive. (Courtesy of General
Electric Co.)

There may be only one supply in a mine. Nominal system
voltage is usually 250 or 500 V dc. Heavy mine haulage had
favored 500V, but 250 V is current in new mines in the United
States because it is less likely to be fatal to a worker who
might make accidental contact with the wire.

Most coal seams in the eastern United States are low, and
tunneling is expensive, so the locomotives and haulage cars
are also low. Many mines are wet, and in many the seams are
folded. Side walls may go down or up. So far as is known,
there have been no serious attempts to introduce ac traction
or auxiliary motors on mine locomotives.

Mine haulage locomotives are sold by rated weight in U.S.
tons and are motored to adhesion. Locomotives formerly
weighed well over rated weight to be sure the user would not
be disappointed in their hauling capabilities. Now each
locomotive may be held to + 2% of rated weight. Up to 20-25
tons they have two axles; 35-50 tons locomotives have two
axles in each of two swivel trucks.

The constraints on the dc traction motors on mine haulage
locomotives are as follows.

1. Wheel size, that with clearance under the motor and
gear case, limits maximum axle-to-motor shaft spacing
with single-reduction gearing and maximum motor
diameter. Most wheels are 31 in diameter new. It is seen
that the cross section available leads to four-pole box
frame motors. The axle preparation is nested deeply
into the back of an exciting pole to maximize motor
diameter across flats. This constraint is similar to that
imposed on the larger motors for railroad locomotives.

2. Track gauge, which governs maximum motor length.
The standard track gauges for heavy mine haulage are
42, 44, and 48 inches; smaller gauges are used in
precious metal mines. Outboard journals are usually
used, leaving the full width between wheels for the
motor and its gearing.

3. There is no pit over which to service the motors (cost
of excavating underground, how to drain it). Brush
access is only from the top; there cannot be bottom
brush studs. The motors must be wave wound to work
with only two brush studs. Commutator length is twice
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what it would be if four studs were available. Being
wave-wound with only two brush studs, two
commutating poles may be used in lower ratings.

4. The 250-V line, dictated by Occupational Safety and
Health Administration (OSHA), doubles the current
compared to a 500-V line. The commutator must be
longer, so the core must be shorter. Modern brush
grades have permitted somewhat higher current
densities.

5. Getting the needed motor rating in the space available
requires forced ventilation and operation at high
temperature rises. The materials and processes
developed for other transportation motors are needed
for mine motors.

6. The environment is dusty, dirty, and may be wet.
Maintenance is minimal. The equipment is expected
to last forever.

2.4.2 Internal Combustion Powered Vehicles
2.4.2.1 Introduction

Internal combustion engines drive ac or dc generators that
produce power for traction motors in internal combustion
powered electric traction. With mechanical, hydraulic, and
other drives as alternatives, electric drive is used only where
it is best.

The combination of the electric generator, traction motors
and control can be thought of as an electric transmission,
because it serves the same purpose, but with some important
advantages, especially on very large equipment like
locomotives and off-highway vehicle (OHV) dump trucks.

Diesel engines predominate, although gasoline and gas
turbine engines burning residual oil have been used. The
typical main line locomotive has six motored axles and a
4000-6000-hp diesel engine. The typical OHV truck has two
motors with a 1800-2700 gross hp engine.

An internal combustion engine can develop its full power
only at full speed. Internal combustion powered vehicles need
full power over a wide range of vehicle speed, from start to full
speed, unless the application calls for less. This implies low
voltage and high current at low speed, and high voltage and
low current at high speed for a series dc motor. On a voltampere
curve, Fig. 2.67, the constant-power portion BGCD of the
generator characteristic is nearly hyperbolic. Point B, beyond
which the generator goes off the constant power curve and into
voltage limit, is called the upper corner point. Point D, beyond
which the generator goes off the constant power curve and into
current limit, is called the lower corner point. Between the corner
points B and D the engine has full power utilization. The upper
corner point (UCP) is limited thermally by field rating and C is
the continuous armature rating of the alternator or generator.
The ratio of B/C (volts) or C/B (amps) is the wraparound of the
machine, approximately 2.4:1 in Fig. 2.67.

On all modern locomotives, except for the very lowest
powered, ac traction alternators with full-wave rectifiers have
replaced the dc generator. Before the advent of the traction
alternator, it was not unusual for the generator’s UCP voltage
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Volts

Armature Amperes

Figure 2.67 Traction alternator/generator volt-ampere characteristic.
A, no load voltage; B, upper corner point (UCP); C, continuous rating
(armature); D, lower corner point; F, current limit, G, operating point
immediately after field shunting at the UCP (if used); H, maximum
speed operating point at<100% hp utilization.

(Fig. 2.67, Point B) to be insufficient to allow 100%
horsepower utilization with 100% motor field strength. To
increase utilization steps of field shunting (connecting
resistance in parallel with the exciting field to reduce the
current in the field) were employed (Fig. 2.68) to produce the
resulting speed-tractive effort characteristic shown in Fig. 2.69.
When the UCP was reached on full field the first step of field
shunting would be cut in. Because the tractive effort (torque)
does not change in this instant the new operating point on the
reduced field characteristic is where the product of (E/
RPM),*I,=(E/RPM),*I, [constant torque implies the product
of (E/RPM) and current is constant; Eq. 2.125 in Section
2.4.4.8]. Note the TE remains the same but the current has
increased while the flux (E/RPM) has decreased. The motor
voltage will come down by the ratio (E/RPM),/(E/RPM), and
the motor can operate to a higher speed (Fig. 2.69) on the full
horsepower characteristic, until it reaches the UCP again, where
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Figure 2.68 DC traction motor load saturation characteristic with full
field strength (FS) and three steps of field shunting shown. %FS is the
percentage of armature current passing through the exciting field.
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Figure 2.69 Speed-tractive effort curve resulting from generator
characteristic Figure 2.67 and motor characteristic Fig. 2.68 with two
steps of field shunting.

field shunting can be repeated again down to the weakest
field strength. Notice field shunting is never desirable from a
commutation standpoint because it takes more current to get
the same TE, and commutation difficulty is proportional to
the product of RPM and current. The number of field shunting
steps is determined by the maximum current step deemed
acceptable at that speed. Typically the minimum field strength
should not be less than a 1:1 ratio of field ampere-turns per
armature reaction ampere-turns under the pole embrace to
avoid high flux distortion in the armature that can result in
high peak voltages between the commutator segments.
Traction alternators typically can operate to much higher UCP
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voltages, obtaining full horsepower utilization with 100%
motor field strength (no field shunting) so it is seldom done
anymore on high performance dc traction motors.

Other methods of increasing horsepower utilization is motor
or alternator “transitioning,” whereby the motors can be
reconnected from a series to a parallel connection say 2S3P to
6P (two motors in series, three pairs connected in parallel for
low speed, high TE, to all motors in parallel for high speed,
low TE). Or the alternator can be built with half of the circuits
brought out to one rectifier and the other brought out to
another. Then they can be put in series or parallel. The effect
in either case is a doubling of the wraparound and a doubling
of the horsepower utilization, but the extra contactors and
complication often makes this approach unattractive. If
possible, it is usually best to build the required wraparound
into the equipment in the first place.

Dynamic braking with dc traction motors on internally
powered vehicles can be sustained for long periods, unlike a
transit car that stops relatively quickly, and is accomplished
by reconnecting the motors across resistors and using them as
separately excited generators (Fig. 2.70). The peak braking
effort occurs with maximum field and armature amps. The
characteristic on the left side of the peak is obtained by holding
the field current constant so (E/RPM) is constant and voltage
(and therefore current and torque) will decrease linearly with
speed to the left of the peak. To the right of the peak constant
armature amps can be held by field control to some higher
speed where commutation and/or peak volts between
commutator bars becomes limiting. In this region braking
power is constant because (E/RPM) is decreasing as speed is
increasing to hold constant voltage. At some speed the armature
amps must be tapered down to a lower value at maximum
speed. The curve shows three steps of extended range braking
with lower resistances to maintain the same values of maximum
braking effort to lower speeds.

Typically, the continuous rating of the armature windings of
the generator/alternator, C in Fig. 2.67, exceeds the continuous
rating of the traction motors, so the short-time overload
capabilities are matched for starting and hill climbing. The
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Figure 2.70 Speed-braking effort characteristic for internally powered vehicle with three steps of extended range.
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current limit, F in Fig. 2.67, should be high enough to assure
that either the vehicle moves or the wheels slip with dc traction.
Typically, the wraparound of an alternator used for ac traction
can be lower because the LCP can be at a higher voltage.

The traction generator characteristic is seen to be quite
different from usual industrial practice. The excitation source
and windings must support operation at points A and B in Fig.
2.67, and the brushes or rectifiers must support the overload
currents at points D and F. The power rating is not the product
of the voltage at B and the current at C, although that may be
used as a figure of merit in evaluating size, weight and cost.

A dc traction generator should have about 10% more current
rating than the motors to have equal short-time capability.
The traction motors are rated at low speed, where core loss is
low. The generator at full power is at full speed, and at high
current the load loss is significant. The traction motors have
cool cores to sink heat into for short-time ratings, while the
generator does not.

2.4.2.2 Main Line Locomotives

The dominant main line locomotive in American practice is
the diesel-electric freight locomotive. Design has been
standardized so that while a user may choose many options,
there is little that has not been predesigned. Users have become
more productive, with longer through runs demanding many
more miles per year of each unit. Locomotives are seldom
changed on dedicated trains hauling containers or coal to
utility generating plants. Users have demanded and received
greatly improved availability and reliability. Fewer units are
needed, creating an excess capacity situation for
manufacturers. As a result, there is now only one U.S.
locomotive manufacturer left. Microprocessor control and
diagnostic monitoring of faults have become available and
required. Most auxiliary motors are three-phase ac running
off dedicated auxiliary alternators with synchronous speeds
determined by the engine speed, auxiliary alternator and motor
poles. One exception is the dynamic braking grid blower
motor, typically series wound dc (see Section 2.4.1.1).
General-purpose freight locomotives are motored to
adhesion. Wheel spin/slide systems have become more
sophisticated, and trains can be dispatched at considerably
higher adhesions. Motor ratings have had to be increased
accordingly within the same space. Main line passenger
locomotives are a small factor in American practice.
Consequently, they have been designed to use available freight
locomotive equipment where possible. The traction motors
are the same with a gear ratio permitting higher speed. There
is no need to be motored to adhesion. Trainlined “head-end
power” (dedicated auxiliary alternator on the locomotive with
power feed lines to the rest of the cars) is used for hotel loads.
The space available for the traction motor generally has a
square cross section. Increasing its height would require larger
wheels, and increasing its width would require longer truck
wheelbase; neither is acceptable. Increasing motor length
would require a wider track gauge, an impossibility. To get
the most motor capability in the space, a four-pole box (see
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Figure 2.71 Main line diesel-electric locomotive dc traction motor.
(Drawing courtesy of General Electric Co.)

Fig. 2.71 and Section 2.4.4.8) frame dc motor is a natural
choice. The exciting poles are on the top, bottom, and two
sides, allowing the axle preparation to nest behind an exciting
pole where full-frame cross section is not needed for flux.
Commutating poles are in the corners at an effectively larger
frame bore than the exciting fields. The iron is worked very
hard; the flux density in the armature teeth at continuous
rating is over twice that at which saturation begins to show.
Starting and short-time rated tractive efforts require even
higher flux densities. Copper current densities and
temperatures exceed those in industrial practice. Special brush
grades have been developed to withstand the high current
densities and temperatures. Forced ventilation greatly exceeds
that of industrial practice. Axle preparation and support
bearings and nose support are integral parts of the motor.

An ac traction motor, having been relieved of the
commutation function, which has been moved above deck to
theinverter, might be expected to be a better fit than the dc
motor. The ac motor stator is round regardless of the number of
poles, therefore, it cannot utilize the corners of the box opening
mentioned above, however, this space is used by the dc motor
only to aid commutation that is not a need in the AC motor so
that can be considered a wash. The armature winding of the dc
machine is at a smaller diameter (below the air gap) than the ac
machine (greater diameter than the air gap) so for the same
number of poles the end turns would be longer. However, this
can be regained by going to a higher number of poles (say from
four to six, which will decrease the endturn axial length allowing
more core length for the same length over the end windings
(LOEW). Flux densities in the teeth will typically be lower in
the ac motor, so a longer core length might be needed. AC
stators are typically better cooled than a dc armature since the
endturns have more area exposed to the cooling air. The dc
armature has endturns tightly packed and banded so not much
heat can get out on the same size motor. For this reason more
copper might have to be in the dc design to rate. However, for
this same reason the dc motor typically has more short time
overload rating compared to its continuous rating.

In comparing traction motors the figure of merit to use is the
concept of speed ratio power (SRP), which is the continuous
rated power at the motor’s continuous rating multiplied by the
ratio of maximum speed capability at that power level divided
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by its speed at its continuous rating. This factors in not only the
power capability but also the wraparound capability (the speed
range over which that power is available) of the motor also. On
this basis a study made by a major manufacturer has shown that
for a 1000-hp traction motor the ac motor had 64% more SRP
and 43% more SRP per pound of motor weight. This dramatic
advantage is due to a good part from the higher speed capability
allowed with an ac traction motor.

2.4.2.3 Suburban Locomotives

Railroads in large metropolitan areas, particularly those having
well located downtown passenger stations, found themselves
in the suburban passenger business. Some were electrified and
are covered under external power. Others were not electrified
and use internally powered locomotive-hauled trains.

Double-decker cars are used on some lines to increase the
number of seats per car. These lines are dead-end, rather than
running through the downtown station. Push-pull trains are
used to avoid having to take the locomotive from the train,
turn it around if front-sensitive, and run it around to the other
end for a return trip.

2.4.2.4 Switching and Industrial Locomotives

As the name implies these are small, relatively low-power
locomotives used to move cars about in switching yards to
make up trains for main line runs or moving cars around within
an industrial site. High TE capability may be needed, but not
high speed. Most switching is done over humps. The
locomotive pushes the cars up the hump where they are cut
loose and switches are thrown to route them to desired tracks.

Yard switching and industrial locomotives seldom need
full power utilization at high speed. Small, high-speed traction
motors drive through double or triple-reduction gearing that
is oil lubricated. Often the traction motors are self ventilated
and usually dc.

2.4.2.5 Off-Highway Trucks

Off-highway trucks are large electric drive trucks used mainly
in open pit mining, usually copper or coal. One shovel may
load a truck with overburden to be hauled to a dump while
another loads ore to be hauled to the crusher or coal to its
processor. Mine pits and ramps are laid out to use the short-
time overload capabilities of the electric traction equipment.
The maximum grade is usually 10% (10 ft of lift for every 100
ft of forward movement).

Electric drive is used where it has lower life-cycle cost
than any other means. With the gradual increase in size of
trucks on which mechanical drive is feasible and with the
pressure for ever bigger trucks, the range where electric drive
is best is gradually moving up. The first electric OHV trucks
were produced in the 1960s in the 85-ton payload class and
utilized two dc series-wound TMs running in parallel powered
from a traction generator. By the 1970s the traction generators
were replaced by traction alternators and full-wave rectifiers.
Typical engine speed for OHV diesels is 1900 rpm, much
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higher than locomotive (900-1050 rpm) so the traction
alternator designs are specialized for the high speed service.
These systems utilized equipment blowers and exciters
mounted off the alternators powered from the engine drive
shaft with belts and pulleys. In 1980 a major manufacturer of
electric drive propulsion systems for OHV trucks introduced
the STATEX (STATic EXcitation) system utilizing two
separately excited dc motors with their armatures connected
in series across the rectifier. Two separate single-phase tertiary
windings in the alternator with phase-controlled rectifiers
powered the separately excited motor and alternator fields.
The belted blowers, which ran above engine speed, were
replaced by a blower with a larger impeller running directly
on the drive shaft at engine speed that could attain the high
pressure needed to cool the equipment. This eliminated the
rotating exciter, blower and all belts and pulleys. In the 1990s
ac traction was introduced and is becoming predominant.

Today most of the trucks using electric drive are rated to
carry 150 to 320+ U.S. tons or more of payload. Most use one
traction motor for each rear wheel (see Fig. 2.72). The
motorized wheel has a flange that is bolted to the axle box
forming the rear axle of the truck. The axle box is a hollow
tube that also serves as the air plenum providing cooling air
to the motors ducted from blowers in the front of the truck.
Most new trucks below 150-ton payload use mechanical
drives. Consideration of the torque to be delivered makes it
desirable that the final reduction gearing be in the wheel.

The dc motorized wheel concept that predominates in the
industry puts the whole motor inside the wheel. Double-
reduction gearing, resembling and often called planetary even
though it is not, drives the rim from the inside. It includes an
arrangement allowing equal sharing of motor torque among
three planet gears. The ring gear drives the torque tube that
drives the wheel hub mounted on very large hub bearings that
seat on the outside of the motor’s magnet frame, which is also
the supporting structure of the wheel. Figure 2.73 shows a
cutaway of a dc motorized wheel so constructed. Figures 2.74
and 2.75 show two different arrangements used for ac
motorized wheels.

Off-highway truck propulsion motors, generators, and
auxiliary machines are built in the same factories that make
equipment for other transportation applications. The dc motors
used are direct derivatives from box frame locomotive traction
motors adapted to a round frame. The dc motors are arranged
with the commutators outboard for brush change access and
commutator inspection. This cooling arrangement is called
backward blowing because it is the reverse of normal practice
of blowing cool air in on the commutator end of the motor. The
air that comes through the motor field coils can be up to 60°C
hotter than ambient, which can make the commutator thermally
limiting for the motor. Ways to alleviate this includes adding
another brush path to lower the current density and increase the
cooling surface and providing air deflectors that direct the air
coming through the field coils down toward the commutator.

Conventional brakes cannot absorb the power needed to
hold the speed of a truck going downhill and last for very
long, so dynamic braking is the primary brake. The braking
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Figure 2.72 Cutaway view of an off-highway vehicle (OHV) showing the main components of the electric propulsion system: two motorized
wheels mounted to the axle box in the rear, traction alternator directly mounted to the diesel engine, control compartment on the front deck.

resistor is cooled by a dc blower motor running off braking
power the same as with a locomotive. Excitation powered
from tertiary windings in the alternator stator slots and “in-
line” blowers (large diameter impellers in with the engine
drive shaft that run at engine speed) have largely replaced
belted blowers and rotating dc exciters to remove the
possibility that a belt failure could cause loss of dynamic
braking and consequently a runaway truck.

Figure 2.73 Cutaway view of a dc motorized wheel. Commutator and
brushes located outboard for accessibility. (The hubcap is at about
shoulder height to a man standing on the ground.) (Drawing courtesy
of General Electric Co.)
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Because an uphill haul requires high tractive effort, even
the full power of a large diesel engine cannot move a heavy
truck very fast (6—7 mph is typical). To go uphill faster and
thus make a significantly longer climb within the short-time
traction motor thermal rating, some properties have found it
economic to install trolley assist. If equipment blowers were
installed that did not depend on engine speed (hydraulic, dc
and ac motors have been used) the engine speed could be
allowed to idle during trolley operation allowing a significant
fuel savings also. This provided a major impetus for use of
OHV trolley assist in RSA mines because they needed to import
most of their petroleum and prices spiked after the 1980 oil
embargo. Equipment similar to that available for trolley
coaches has been further developed to permit a truck to run
into the beginning of trolley power, make contact, and change
over to external power for traction without slowing, using
resistor stepping with the dynamic braking resistors. The
separately excited motor fields had approximately four times
the number of turns/pole as the series field. Operation on trolley
required the exciting fields be in series with the armatures for
interruption protection. To provide this the exciting fields
were brought out of the motor in two circuits, one for the
north poles and one for the south poles. For diesel operation
all the field circuits were connected in series. For trolley
operation the four circuits were connected in parallel (two
circuits from each motor) and then connected in series with
the armatures to provide the equivalent of 100% series field
strength. More information on OHV trolley systems is
available from consultants such as www.hutnyak.com.
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Figure 2.74 Cutaway view of ac motorized wheel with motor inside hub bearings. (Drawing courtesy of General Electric Co.)
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Figure 2.75 Cutaway view of ac motorized wheel with motor cantilevered inside axle box allowing larger motor diameter and smaller hub

bearings. (Drawing courtesy of General Electric Co.)

With the advent of onboard computers transient motor
temperatures can be tracked with thermal models to prevent
overheating of the motors. Another method that has been used
with dc wheels is measuring the resistance of resistance
temperature devices (RTDs) implanted in the commutating
pole coils that can be used to determine the armature
temperatures. Before the use of onboard computers the
allowable time for thermal overloads were predicted by the
use of inverse time curves. IEEE Std. 11 [14] defines a short-
time overload for class H insulation to be the load that, if held
constant for the defined amount of time, will result in the
armature temperature going from 100°C rise to 180°C rise
based on a 40°C ambient. Assuming an exponential rise, it
can be derived that this results in a linear increase in current
allowable plotted against inverse time (see Fig. 2.76). In this
figure the short time rating for a dc motor armature is shown
compared to the de-rectified amps of the traction motor
alternator used with it. This figure shows a dramatic difference
between the dc and ac armatures. The important point to grasp
from this is that there is a substantial ratio between the
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continuous rated amps for a dc armature and it’s short time
rating versus the corresponding ac armature. This is because
the dc armature’s endturns are more thermally insulated so it
needs more copper mass to keep within continuous temperature
rise limits than the ac winding whose endturns are well
ventilated. Therefore, the dc armature will tend to have more
thermal mass and a lower continuous rating than it’s ac
counterpart for the same short time rating.

Most OHV mines have 10% grades (10 ft of lift for every 100
ft of forward movement), which results in 10% of the truck’s
gross vehicle weight (GVW) required in tractive effort to move
the truck up the ramp. Another 1-2% of the GVW is required for
“rolling resistance” (energy lost in deforming the tire as it
rotates). Therefore the total truck tractive effort required to move
the truck up the grade is stated in terms of equivalent grade
(EG), which if multiplied times the GVW of the truck will tell
you the amount of TE required. For example, to move a 850,000-
Ib GVW truck up a 12% EG requires 850,000x.12=102,000 Ibs
of TE. Depending on the length of the grade and the horsepower
of the truck (which determines the speed of the truck) the short
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Figure 2.76 Inverse time curve for predicting short time overload ratings.

time rating of a dc motor truck could be utilized to climb the
grade without overheating the motor. For an ac motor the
thermal time constant is much shorter and it is best to have the
truck rated the 12% EG continuously.

The environment in which electric machines for offhighway
trucks must work requires most of the same features of design
and construction needed in other electric traction applications.
Special attention is given to the wheel motors to be certain
that no part extends beyond the tire and rim, lest it get knocked
off if a truck scrapes against a wall. Hydraulic lines must often
pass through the motor, so it must be designed to allow leaked
fluid to drain out.

Off-highway trucks typically complete a round trip in about
20 to 45 minutes. The trip usually includes a flat run from
shovel to ramp, a slow full-power climb, a flat run to the crusher
or dump, a fast run back to the ramp, down the ramp with
speed controlled by dynamic braking, and a flat run in the pit
back to the shovel. The equipment accumulates many speed
cycles in a short time. Attention must be given to design detail
to avoid fatigue failure due to speed cycling.

Many mines are at high altitudes (up to 16,000 ft) in dry
climates that feature wide temperature swings, including very
low temperatures. Under these conditions the absolute humidity
is very low, so loss of collector ring and commutator film and
very short brush life would be expected. Brush manufacturers
have risen to the challenge and have provided brushes having
treatments that satisfy these severe conditions. Although the
ambient temperature decreases with higher altitude, the density
of the air also does thereby decreasing the cooling effect, and
this needs to be accounted for in the machine ratings. This is
usually done by basing the rating at altitude on the equivalent
amount of airflow in Ibs. of air per minute that would be obtained
with standard air density of .075 Ibs/ft*.

2.4.3 Battery Powered Vehicles

2.4.3.1 Introduction

Battery-powered vehicles share the limitations of their power
source, an onboard storage battery. A battery is a group of
cells in series. Each cell is inherently low voltage, so a battery
of them is needed to get voltage high enough for traction
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motor use. Each cell stores energy by converting electric energy
to chemical energy, and produces electricity by the reverse
process. The classic, economical battery types have been
leadacid and nickel-alkaline. Both offer long life, but lose
some of their rated capacity if discharged in less than the
rated time. Nickel-cadmium cells are more expensive but have
much better rapid discharge and deep cycle performance.
Batteries have been greatly improved, but they still have finite
energy storage capacity. The applications discussed here show
economic viability with this physical limit.

Various exotic cell types have been or could be developed,
but the cost or high temperature required for operation has
confined each to very limited use. A fuel cell oxidizes fuel to
produce electrical energy by way of a chemical link. Fuel
cells can be clean-burning. Solar cells convert sunlight into
electrical energy directly. Development is proceeding, but
efficiently and cost are still problems at this writing. Fuel
cells and solar cells are primary producers of electric energy.
Their use for vehicles is usually combined with a storage
battery that provides excess power during acceleration and
stores excess power when the vehicle does not need all that
can be produced. While much development is still required,
considerable development activity is underway to develop a
fuel cell as a replacement for batteries.

Generally, storage batteries are approximately 80% efficient
in converting electrical to chemical energy, and the same in
the other direction. Thus, in-and-out recovery of energy is
about 64%, not very good. The lost energy appears as heat.
This explains why charging supplies must be well filtered;
trying to use a storage battery as a capacitor may destroy it.

2.4.3.2 Battery Trucks

Internal combustion engine powered fork lift trucks, also called
jitneys, are widely used for material handling. They are
acceptable outdoors, but in most factories, warehouses, and
coolers, battery trucks are used because of their lack of exhaust
gas. This is the main application of electric fork lifts today.
Most fork lift truck use one traction motor and one hydraulic
pump motor. Some trucks use two traction motors. Some also
have power steering motors.
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Battery maintenance and recharging stations are
established, so that when a battery gets low, the operator goes
there and the depleted battery is quickly replaced with a fully
charged one. A pool of extra batteries is kept on charge;
charging may be interrupted during periods of peak power
demand to avoid added utility demand charges.

To thermally protect the motor and control, protection
schemes are programmed into the control algorithm. While a
motor manufacturer may develop possible mission profiles, it
is widely understood that users will work the vehicles as hard
as they can. Moreover, operators have been known to abuse
the vehicles by such nonintended uses as snowplowing and
games, like tug-of-war. The truck manufacturer wants to use
the least expensive motors he can obtain that will just get by
with an acceptable failure rate. The motor manufacturer tries
to build a motor that will meet the truck manufacturer’s speed-
torque curve and rating, fit into the available space, and be as
rugged as possible, all within the constraints of economics.

Battery truck traction and hydraulic pump motors have
historically been open series wound motors. To reduce control
complexity and gain reliability, some traction and hydraulic
pump motor and control designs have been converted to use
shunt-wound dc motors. The current development trend is
toward use of ac motors and controls for these applications.
While ac uses much more complex controls and control
algorithms, it allows for brush elimination (reliability
improvement) and potentially higher motor speeds that could
result in smaller motor size if combined with gearbox ratio
changes. AC is developed from the dc battery with an inverter
in the control.

Battery truck traction motors especially, and auxiliary
motors to a lesser extent, are made as simple, rugged, and
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reliable as cost will allow. This dictates dc series motors
without commutating poles or coils. They have armature fan
ventilation unless total enclosure is required. They must be
protected against grease and oil that may leak from the face-
mounted gearing or pump. The insulation needs to be adequate
only for the low voltage, but it must be able to withstand
severe thermal overloads and all kinds of environmental
conditions. For example, one common application is carrying
food into and out of freezers. A typical battery truck motor is
shown in Fig. 2.77.

Some users require brush wear indicators that signal when
brush replacement is needed, thus eliminating regular motor
inspections entirely. Brushes must have low voltage drop
because of the low battery voltage, even though higher voltage
drop would improve resistance commutation. As stated above,
an ac system eliminates the need for brushes and the reliability
issues associated with them.

Battery truck traction motors are four-pole with wavewound
armatures. Many different winding combinations are needed to
cover the various ratings and characteristics. Standardized iron
sections are used in structured diameters and lengths of
armatures, frames, and poles, with the numbers and dimensions
of the armature slots chosen to maintain constant percent iron
in the armature teeth. This is one of the very few places in
electric traction where industrial motor product structuring
methods can be used. The smallest battery truck motors may be
two-pole, and may have permanent-magnet fields. Their use is
for small pump and other auxiliary drives.

AC motors are typically four or six pole (traction) and four
pole (pump). These motors are designed to fit in the same
place and use the same gearboxes or pumps as their dc
counterparts and therefore look very similar to the dc motor

Figure 2.77 Battery truck traction motor. (Courtesy of General Electric Co.)
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Figure 2.78 Cutaway view of golf cart traction motor. Armature winding is machine inserted. (Courtesy of General Electric Co.)

from the outside, but are typically three phase induction motors
without brushes or commutators.

2.4.3.3 Golf Carts

The storage battery-powered golf car is another application
of electric traction. Its mission is to run for one golf day on
one charge, carrying golfers and their equipment around the
course. It has often replaced the human caddy. The application
is a good one for a battery vehicle; between short runs, it sits
idle. Internal combustion engine driven golf cars are also used
but have the disadvantages of needing a storage battery for
starting, and producing noise and fumes. The application is
easy enough for the battery that motor efficiency is of little
concern. The traction motor (Fig. 2.78) is much like battery
truck motors, and was developed and produce inexpensively
by existing manufacturers of smaller battery truck motors. On
a 36-V battery, motor flashover is not a problem.

2.4.3.4 Underground Mining

Battery-powered mine vehicles are very specialized for the
few applications where they are economical. Within the limit
of energy a battery can supply for a shift, only light hauling
can be done. If heavy haulage is needed, external power must
be provided. One condition in which battery-powered electric
traction is used in mining is in precious metal mines where
the ore is rich. These tend to be deep under ground and hard to
reach. The volume of ore to be hauled from the face to the
hoist is too little and the path too contorted for a conveyor.
Most of these vehicles, once put in place, are never taken out
of the mine. Maintenance capability is limited, so equipment
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must be reliable and maintenance-free.

Where haulage is needed for small volumes of ore, small
battery locomotives, often called trammers, are used. One may
make only one slow trip per day with a few small mine cars.
Only the locomotive has brakes, and they are manual. The rail
gage may be as narrow as 24 inches. Another vehicle is the
personnel carrier, which carries workers to and from the face
in a low vehicle.

2.4.3.5 Electric Vehicles

The storage battery electric vehicle was popular as an
alternative to the early hand-cranked, breakdown-prone
gasoline automobile. A few survived the great depression to
beat gas rationing through World War II and beyond. Speed
and range limited them to short city errands. Interest has been
renewed in response to smog pollution and dependence upon
foreign oil. Until there is a breakthrough in battery capacity,
vehicle mission capability will remain the single factor most
limiting its use.

The implications for vehicle design are straightforward:
minimize weight and drag. Motor considerations are less well
recognized. Traction motor efficiency is crucial in getting the
maximum mission capability out of available battery charge.
Thus, the optimum electric vehicle will have a heavier, more
efficient traction motor than the minimum possible.

In the past 20 years, the dc traction motor has been replaced
by an ac induction motor small enough to be enclosed in the
front or rear axle. Also, hybrid cars have been developed with
both internal combustion engines and electric motors. In
hybrid vehicles, the electric motor can be used as a starter for
the internal combustion engine as well as a generator to
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recharge the batteries and a traction motor to provide a portion
of the acceleration or the vehicle can be propelled only by the
electric motor in congested areas.

As an alternative to the internal combustion engine, the
U.S. Government is encouraging development of the fuel cell.
Fuel cells promise to be more efficient than internal combustion
engines and greatly reduce pollution.

There are many electric delivery trucks in European cities.
They are feasible because they are slow, are stationary for
most of the time, and work in compact communities. Retirement
communities provide a small market niche for personal
vehicles that are based on golf carts. They are used for going
to doctors, shopping, and getting to events. Local drivers’
licenses may be provided to those no longer able to pass the
state driver’s examination.

Almost every other mission cycle given for an electric
vehicle in the United States has a freeway dash in it. This is
extremely hard on classic battery types. If the average current
draw can be kept within the rated capacity of the battery,
usually the 5-hour rate, rated capacity may be reached. The
current draw required to reach freeway speed is well above
rated for any existing commercial battery.

Discharging a battery causes exhaustion of the electrolyte
and gassing at the interface of the metal, and dissipation of
the gas takes time. The faster the discharge, the less energy
may be recovered. Drawing well over rated current decreases
battery efficiency and thus its usable output.

Stop-and-go inner-city traffic need not be hard on the
battery. Although acceleration may exceed rated current draw,
it lasts only a few seconds. During stops, electrolyte continues
to mix and gas dissipates. In such short cycles, average draw
may be used to calculate mission capability.

Regenerative braking can recover some energy of vehicle
motion. As seen above, battery in-and-out efficiency may be
approximately 64%; when gear losses and other rolling
resistances are added, only about half the energy is recoverable.
Perhaps the greater advantage of regeneration is the reversal of
the condition at the electrolyte-metal interface. The momentary
improvement of the energy recovery condition may add more
mission range than the actual energy recovered.

Auxiliary loads can have major effects on the feasibility of
an electric vehicle. Heating or air conditioning from the traction
battery would not be feasible; a fuel-fired system would be
needed. While this seems to be defeating the purpose of electric
drive, such systems can be made to burn far more cleanly than
the automobile engine. Lights must also be provided.

Recharging stations at best would take an order of
magnitude more time than filling a gas tank. High energy
demands for short times are expensive for utilities to serve.
Charging slowly at night when other utility loads are low is
least expensive and best for the battery. While not as desirable,
recharging while the owners are working is possible, but there
is little flexibility because a vehicle will not be ready for its
next mission until recharging is completed. California has
mandated that significant use of electric vehicles must take
place as an attack on smog. Implementation should force a
market large enough to attract car manufacturers.
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It has become clear that it is not likely that austere electric
cars will attain mass production and there will be a limited
market for them. Electric vehicles cannot handle urban sprawl
unaided. Special applications can be found for utility and
delivery vehicles if there is sufficient demand to justify
developing them. However the electric vehicle will not be an
acceptable option to the general-purpose car.

2.4.3.6 Hybrid Vehicles

Gasoline-electric hybrid vehicles have recently become
available and appear to be a viable alternative to the pure
gasolinepowered vehicle while overcoming the drawbacks of
the pure electric vehicle with a significant increase in gas
mileage. A hybrid vehicle combines a small, very fuel-efficient
gas engine with an electric motor/generator powered by
storage batteries. During acceleration, when torque and energy
demand is high, the electric motor adds to the engine’s output.
When coasting or braking the electric motor doubles as a
generator to charge the batteries. By relieving the engine of
the need to handle the extreme energy overloads required for
acceleration, it can be optimized to handle the average
requirements resulting in much higher gas mileage and lower
emissions. In one system, the brushless dc permanent magnet
motor (see Fig. 2.79) provides an additional 25 Ib-ft during

Honda Insight Integrated Motor Assist System
Electric Motor

The electric-motor component of the integrated
motor assist system consists of an ultra-thin
(2.3-inch-wide), permanent-magnet electric
motor with a maximum output of 10 kw,
which provides power assistance to the gaso-
line engine. It also functions as a starter motor
for the idle-stop feature, and as a generator for
the IMA system and batteries.

Figure 2.79 Electric motor used in a hybrid car. Only 2.3 inches wide,
it provides a maximum output of 10 kw, assisting the gasoline engine
in acceleration. (Courtesy of Honda Motor Co.)
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acceleration. Also known as ECMs (electrically commutated
motors) the stator poles are electronically switched between
+, 0, and —dc excitation in the proper sequence to produce the
desired function. A very thin (only 2.3-inch wide) design allows
the motor to be sandwiched in between the engine and
transmission. The motor also serves as a generator to charge
the batteries (144-V nickel-metal hydride) and as a starter
motor to start the engine.

The system will shut off the engine while idling if not
needed. Another innovative feature is the use of the electric
motor to damp engine idle vibration by application of reverse
torque to the crankshaft. The reverse torque pulses are exactly
in phase and opposite the 60-degree torque fluctuations of
the gasoline engine. As a result the hybrid gasoline engine is
remarkably smooth throughout its operation range.

The hybrid vehicle can offer the same amenities (air
conditioning, power assist, etc.) and can be refueled just like
aregular gasoline fueled car. This hybrid has an Environmental
Protection Agency (EPA) rating of 70 mpg highway.

2.4.4 Design Considerations
2.4.4.1 Industry Standards

The industry standard covering most of the machines discussed
in this section is IEEE Std. 11 [46], titled “IEEE Standard for
Rotating Electric Machinery for Rail and Road Vehicles.”
Off-highway trucks are covered, though not in the title. IEEE
Std. 11 is a self-contained standard, including all the tests
needed to prove machines. In the 2000 revision inverter-fed
induction motors were added.

The International Electrotechnical Commission
publication having a scope parallel to IEEE Std. 11 is IEC
349, 3492, and 349-3 [48], “Rotating Electrical Machines
for Rail and Road Vehicles.” While both of these standards
claim to be “international” in practice IEEE Std. 11 tends to
be used in the North America and reflect American practice
and IEC 349 tends to be sited in western Europe. While
agreeing in most things there are some salient differences.

Machines not covered by IEEE Std. 11 include very small
auxiliary motors, battery truck motors except those used as
auxiliaries on large vehicles, automotive and highway truck
auxiliaries, etc. It is not yet clear whether electric automobile
traction motors should be included; historically they have
been derivatives of battery truck motors but quantity
production could change that. IEEE Std. 113 [39], the
industrial dc motor test code, and NEMA MG 1 [1] are generally
used to cover battery truck motors.

2.4.4.2 Voltage and Insulation

Traction motor voltage affects insulation and ventilation
design choices. The armature, the rotor in a dc motor and the
stator in an ac motor, contains an insulated winding in slots in
a grounded laminated steel stack. There are many conductors
that must be insulated from each other and ground. Dielectric
stress can be handled in the selection of materials. The
insulation is also stressed mechanically by differential thermal
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expansion, shock, and vibration. Dirt, contamination, and
moisture add chemical stress. Time and temperature age the
insulation thermally. The higher the motor voltage, the greater
is the risk of creepage failure.

Inverter drives can produce steep voltage wavefronts that can
stress winding insulation unequally (see section 8.4). The
combination of motor voltage and wavefront must be kept below
corona damage level if organic insulations are used. Organic
insulations such as Kapton* (polyimide) are the only high-
temperature materials available that can be sealed against dirt
and moisture, and is used for turn insulation. Nomex* (polyamide)
or mica-mat tape are quite commonly used for ground insulation.

Historically, the need to get the most output in limited space
has forced electric traction equipment to be a leader in the use
of high-temperature insulation materials. Formwound coils with
rectangular shaped copper conductors are used for maximum
copper in the slots. A very important development was a tape
made of polyimide with a thin coating of high-temperature
heat-fusible materials. It is machinetaped and induction heat-
fused on bare copper wire. The heatfusible material fills any
holes and seals the polyimide to produce truly waterproof wire
with full insulation build at the corners for armature coils.

Insulation must have mechanical properties for electric
traction that are not seen in other applications. Short-time
overloads cause differential thermal expansion, with armature
wire growing longer than the steel core. The insulation system
must be flexible enough not to crack under this extreme stress.
Thermal class is usually Class H (200°C).

Electric traction has also been a leader in the development
of vacuum pressure impregnation (VPI). The core is baked to
eliminate all moisture, then put in a vacuum to eliminate trapped
air pockets, and then solventless varnish is impregnated into
the windings under pressure and then baked until set. Properly
done, VPI dramatically improves heat transfer and resistance to
moisture. Two cycles are usually done on the dc and ac armatures
and a single or double VPI on some dc coiled frames. The
insulation needs to be tight enough that capillary attraction
will hold the resin in place until it cures. The viscosity of the
resin goes down as baking begins. Rolling the core slowly
while baking helps keep the resin from running out. Many
materials do not wet well enough to hold resin; surface
treatments such as roughening help. Special mica and glass
tape has been developed specifically for VPI; as a tape alone it
is inferior to many others, but when filled the system is superior.
When insulation failures occur, the few dielectric failures seen
are due to damage in manufacture or excessive thermal aging.
Most failures start with mechanical cracking and chafing in
service, which lead to shorts and creepage grounds.

A quite common line voltage for North American externally
powered vehicles such as mass transit, LRV and trolley buses is
600V dc. Internally powered vehicles such as locomotives and
OHVs go to 1400-1500 V dc. European practice tends to go to
higher voltages, i.e., 2800 V dc link voltages on ac locomotives.

On mass transit cars the braking application calls for high
torque at high speed, and holding that torque to low speed. The

* Kapton and Nomex are registered trademarks of the Du Pont Company.
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Figure 2.80 Resulting speed-tractive effort and speed-braking effort characteristic needed to meet the performance specified in Fig. 2.82.

high-speed point is limiting; the peak power is much greater
than peak motoring power. The same current and flux that
produce the initial accelerating torque produce more braking
torque with the reversal of losses. The peak power in braking (4
in Fig. 2.80) is the motoring full-field corner point power (1)
times the ratio of braking speed to motoring corner point speed
(3/1). That ratio is about 3:1 in most commuter and high-
performance mass-transit applications. Commutating this power,
whether electronically in the inverter for ac machines or by
commutator and brushes in dc machines, is a severe design
constraint.

On 600-V externally powered dc systems, the motor voltage
was 600 V until high-performance dynamic braking was
developed. For three times power the braking voltage would
have been 1800 V or more, well beyond the capability of the
commutator and insulation system. The 300/600-V traction
motor developed was a 300-V motor insulated for 600 V for
operation with two motors in series. The two motors on a
truck are connected in series, requiring only four leads per
truck. The 600-V insulation system developed to handle line
transients is adequate for 1000 V and even more in braking
when not connected to the line. The braking voltage can be
handled on the commutators of motors that will fit in the
truck, making the 300/600-V motor a natural fit.

The commutation problem is removed from the motor with
ac inverter drive. AC motors used on a four-axle mass transit
car are typically designed to run both motors on a truck in
parallel from a single inverter.

2.4.4.3 Line Characteristics, Including Transients

External traction power supplies must be expected to have
voltage transients and interruptions. Transients include
voltage steps and spikes, while interruptions result from loss
of contact with the line. Voltage steps occur when load is shut
off and when the collector passes from one line section to
another. When load is shut off, an inductive spike occurs before
the new steady-state voltage is reached. Spikes up to 3000 V
were measured on 600-V lines before static control became
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prevalent. Motors running from a line help to consume spike
energy; if properly designed and applied, they run successfully.
Static control is generally programmed to turn off into a spike
to avoid a large current surge through the semiconductors.
This can aggravate the spike situation greatly because there
is little place for the inductive energy to go.

Interruptions occur at third-rail gaps and section isolators
and when collectors are unable to follow the third rail or
overhead wire. During an interruption on a dc motored car,
motor flux begins to die, so a current surge occurs upon reclose.
Crossing from one supply section to a less loaded one also
causes a voltage step after the interruption. Modern control
can sense loss of supply and open a line contactor in 100 ms,
and static devices can be shut off even faster.

When the cemf is lower or the line voltage higher after a
transient, circuit resistance is all that limits the current surge.
Small dc auxiliary motors need external resistances, called buffer
or running resistors, to limit surge current and avoid flashover,
however they have the advantage of always operating with full
field strength. Series motors have the advantage that the surge
current goes through the field coil, driving up the flux and
cemf to help shut off the current surge. DC traction motors
running on an external power supply such as a mass transit car
require field shunting to obtain maximum speed (see Section
2.4.4.8). This must be done with an inductive shunt that has an
inductance similar to what the series field they are shunting
have (Fig. 2.81). If the shunt was purely resistive all the current
resulting from a line transient would bypass the motor fields
through the shunt presenting an extremely weak field situation
in the motor and probably flash it over.

On ac cars the main circuit breaker (MCB) is opened upon
detection of a transient or gap and the motors are operated in
a very light generating mode in coast keeping the link voltage
up, until the line power returns to normal and the MCB
reconnects.

The major limitation of the dc series motor is that it tends to
run away and self destruct with no load. Thus, auxiliary loads
that can be direct-driven by the motor shaft (such as blowers
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Figure 2.81 An inductive shunt used on a dc mass-transit car.

with shaft mounted impellers) and have guaranteed minimum
torque load can be and are driven by series motors. Belt drive is
not used because failure of the belt would loose the load. A fan
load is desirable for a series dc motor. This is one function the
series dc motor still excels at: dynamic braking resistor cooling
blowers (see Section 2.4.1.1). Literally all other auxiliary motors
on new equipment are three-phase ac.

2.4.4.4 Priority for Power

DC series motors were found to be best at surviving the electric
environment on traction systems. A favorable synergism also
occurs on an externally powered car. With a given torque
load, the series motor draws a current almost independent of
speed and runs at a speed proportional to the applied voltage.
Hence, when line voltage is low, the traction motors come to
the end of their maximum accelerating current demand earlier;
the car accelerates somewhat more slowly but demands less
average current from the line. The power being drawn from
the line is down by more than the proportion by which the
voltage has dropped. The end result is that the equipment
inherently takes it easy on a weak line rather than dragging it
down farther by trying to demand the same power. Conversely,
if the voltage is high the car performance will increase.

An unregulated dc motor-driven blower varies the amount
of ventilation with line voltage. The speed of a series motor
and consequently the volume of air its blower delivers drops
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less than the voltage because as the blower slows so its load
decreases. This decrease in ventilation is permissible because
the blown equipment’s load has also decreased. In the case of
a grid blower on a OHV truck at high altitude, the air density
can be only 60% of standard air density at sea level, resulting
in decreased cooling effect. However, the decreased load will
cause the blower to speed up blowing more air, partially
compensating for the lower cooling effect of the thinner air.

2.4.4.5 Rotary Inertia

Every transportation vehicle has rotary inertia. It is the sum of
the inertias of all the parts rotating with the wheels. These
parts must be accelerated translationally, the same as all the
other mass of the vehicle. In addition, their masses must be
accelerated rotationally to change the speed of the vehicle.
This makes the vehicle appear heavier than it actually is; if
rotary inertia is neglected, the actual tractive effort required
for acceleration will be greater than calculated.

The added tractive effort needed to accelerate a part
rotationally is proportional to its Wk? where W is the mass or
weight, and k is its radius of gyration. It is also proportional to
gear ratio squared. Motor torque may be taken as proportional
to DL, where D is rotor diameter and L is active rotor core
length. A lightweight mass-transit car or light rail vehicle
may have rotary inertia referred to the wheel rim that exceeds
10% of car mass. Rotary inertia is usually neglected on
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locomotivehauled trains and OH Vs. The total mass of the
vehicle far exceeds any rotary inertia effect.

2.4.4.6 Ventilation

Almost all traction motors require ventilation to get the
required rating in the space available. Traction motors are
more heavily ventilated than industrial motors.

The basic types of ventilation are self, by a fan on the
motor shaft, and separate, from an external blower. Figure
2.64 shows a self-ventilated ac traction motor. The main merit
of self-ventilation is that it is cheap because there are no
external blowers and ducting required.

A fan on a traction motor that must work equally well in
both rotations must have radial blades. The maximum static
efficiency to be expected is 20%. Much of the power that
does not go into moving air goes into making noise; a siren
and a radial fan are very similar. Making blade spacings
unequal can lessen the perceived noise by dividing a single
tone into multiple tones that are less objectionable to the
human ear (this is called random spaced blades). Beyond that,
the only way to reduce the noise generated is to reduce fan
performance and ventilation by recessing the blade tips
sufficiently below the air outlet struts in the frame.

Self-ventilation requires that the inlet air pressure be at a
vacuum. If the inlet is at track level, as is typical, much dirt and
snow will go into the motor. No active air cleaning can be used.
Passive filters can be used but they must be changed often or
they clog and what air does get through pulls dirt with it.
Muffling noise after it has been generated has been tried but
has not found much acceptance. A muffler takes up space and is
prone to damage, and it also causes some reduction in air flow.

Self-ventilation gives most air at high speed, when motor
losses are low, and least air at low speeds, when losses are
high. Separate ventilation provides ventilation at all times,
regardless of motor speed or losses. Over a duty cycle from
station to station, the total losses must be removed by the air
for operating temperature to stabilize. If the thermal time
constant of the motor is long compared to the duty cycle the
temperature excursions will be small enough to be handled
by self-ventilation. This is the case for the typical mass transit
duty cycle of 2-3 minutes compared to the armature thermal
time constant of 15-20 minutes.

Experience has shown that self-ventilation with dirty air is
economic for industrial and light switching locomotives and
for many mass transportation and some light rail applications.
For many mass transportation properties the simplicity of self-
ventilation carries a high cost in motor maintenance, but is
considered worthwhile. Self-ventilation with air ducted from
a clean intake, above the platform at the minimum and
preferably from roof level or the car air exhaust, has been used
successfully in a few commuter applications, especially with
high motor voltage.

Separate (also called forced) ventilation is provided for all
applications where it can be expected that high tractive effort
will be required for times equal to or exceeding the motor’s
thermal time constant.

© 2004 by Taylor & Francis Group, LLC

101

There is less noise from a blower, and it’s intake and outlet
may be muffled by ducting. Its output is at positive pressure,
so the dirtiest part of the air can be skimmed off while spilling
about 10% of the output.

Main line and road switcher locomotives and OHV trucks
use blowers that are engine-driven or motor-driven from
supplies dependent on engine speed. Throttle position
determines power demand, and ventilation is in proportion.
On the locomotives air is taken from the cab side through
inertial filters from which the dirtiest air is sucked away and
exhausted. The cleaned air is used to ventilate the traction
motors and auxiliary machines and for the engine. OHV trucks
typically use unfiltered air ducted in from the highest position
possible (over the control cabinet on the front deck).

2.4.4.7 Auxiliaries

Auxiliary functions are often considered as nuisances by
equipment designers and are not given the attention to detail
that they need. As a result, auxiliaries cause a disproportionate
part of vehicle problems. Auxiliaries include blowers and fans,
air compressors and air conditioning. The smallest auxiliary
motors are run from control voltage. This relatively benign
supply allows nearly commercial motor construction. The major
deviations are total enclosure to protect against the environment,
extra bracing to protect against shock and vibration, and extra
bearing grease for long life between overhauls.

Control voltages in American practice are 28 V on off-highway
trucks, 37 V on most transit cars, and 74 V on locomotives. These
systems use 24 V, 32'V, and 64 V batteries, respectively. This is
suitable only for only the lowest power applications.

Large auxiliary motors used to be dc powered directly from
the line on externally powered vehicles. More recently they
are ac powered from three-phase static power converters which
are replacing the older rotating motor-alternator sets. Large
auxiliary ac machines on internally powered vehicles
typically are supplied from an auxiliary alternator.

2.4.4.8 DC Traction Motor

The torque and speed equations in terms of electrical input
are developed as follows. First equate the power input
(electrical) to the mechanical power output considering there
will be losses in the conversion (we will use horsepower [hp]):

Vv | Torque X RPM

i = 2.12
745.7  5252.1 X Eff. (2.120)
where:
V = terminal volts across armature and series exciting
field
I = amperes

Torque is in Ib-ft.
RPM speed in revolutions/minute
recognizing that:

V=E+IR+ Vbd

where:
E is the back emf of the armature

(2.121)
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R is total resistance of the circuit (i.e. armature, comm.
Field, exciting field, etc.)

Via 1s the contact voltage drop of the brushes (in the order
of 2 volts and considered constant).

Recognizing that

E = (E/RPM)*RPM 2.121 becomes:
V = (E/RPM)*RPM+IR+V,, (2.122)

where the ratio (E/RPM) represents flux and is taken from the
load saturation characteristic for the machine (such as Fig.
2.68), and does not represent any particular value of £ or
RPM. (E/RPM) is a function of exciting field amps and armature
(load) amps.

/ — o V)a o= _ =
Let Eff(s) = % = Speed Efficiency (2.123)
Substituting into Eq. 2.121
Rem = VR Voo Ve
T (ERPM)  (BRPM) THO) (2.124)

Equation 2.124 is the speed equation and implies that speed
is directly proportional to voltage and inversely proportional
to flux level. Eff(s) represents IR losses. Substituting Eq. 2.124
into Eq. 2.120 and letting Eff=Eff(s)*Eff(t):

RPM*(E/RPM)*I _ Torque*RPM
745.7*Eff(s) 5252 1*Eff

Solving for torque:

Torque=7.04*(E/RPM)*I*Eff(t) (2.125)

Equation 2.125 is called the torque equation and indicates
torque is proportional to the product of flux and current. Eff(t),
torque efficiency, represents the other losses other than I’R,
i.e., friction and windage, no-load core loss, and stray load
loss. It can be seen that the loci of constant torque on the
saturation curve (Fig. 2.68) is a hyperbola. Gear loss can be
included as another torque loss and then:

Types of Motors and Their Characteristics

Tractive Effort (Ibs. force)=Kt*Torque (2.126)

where Kt=(Gear Ratio*24)/(Wheel Diameter in inches) and
mph=RPM/(Kt*14). (2.127)

Inspecting the series motor saturation characteristic (Fig.
2.68) reveals why it is ideal for the traction application. When
voltage is applied at standstill all of the applied voltage
produces current since R is small and £=0. The high current
results in a high flux (E/RPM) coincident with the high current
giving the high starting torque needed for acceleration. Once
running the back emf (E) will reduce the current and likewise
the (E/RPM). With a constant power generator volt-ampere curve
the voltage goes up as the current decreases, therefore from
2.124, Visincreasing and (E/RPM) is decreasing as I decreases,
which will increase the motor speed as torque decreases. It can
also be seen that since the (E/RPM) characteristic is increasing
with increasing current, series motors can be run in parallel
from the same voltage source and will share load. If the current
increases in one motor its (£/RPM) is increased that balances
the voltage between the motors. Separately excited motors in
parallel have no tendency to share load.

A dc traction motor intended for rapid transit duty has to
have its load saturation characteristic custom designed to meet
the performance and line voltage specified as follows. While
line voltage will vary considerably over and under the nominal
(i.e., 400-720 V on a 600-V nominal line is allowed per IEEE
Std. 11) one voltage (e.g., 575-V dc) will be specified to meet
the specified performance. Specified performance will consist
of an initial acceleration rate and obtaining a certain distance
in a certain time with a fully loaded car (Fig. 2.82). These
requirements translate directly into a speed-tractive effort
characteristic as shown in Fig. 2.80. The initial acceleration
rate dictates the maximum TE level at 1 in Fig. 2.80 per F=m*
a. The motor is operated with full field strength initially and
held at its maximum current by stepping out resistance in
series with the motor as it speeds up. At point 1 all the resistance

Speed &
Distance Traveled

Time

Figure 2.82 Performance requirement for a rapid transit car. Time between stops typically 2-3 minutes. Speed, solid line; distance traveled,

dashed line.
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Figure 2.83 DC traction motor load saturation characteristic needed to obtain speed-tractive effort requirements in Fig. 2.82.

is out of the circuit and the motor is at line voltage. Shifting 1,
2, 3 to the right will give higher performance, shifting to the
left lower, and at one point the specified distance will be
covered in the specified time. Point 1 to 2 is obtained by field
weakening at the maximum armature current. This is done in
several steps of field shunting (diverting some current around
the exciting field by connecting the appropriate resistance in
parallel with it). The minimum field strength is typically one
third of full field strength. Further increases in speed beyond
(2) is accomplished by staying on the minimum field strength
characteristic at an ever slowing acceleration rate until the TE
balances the drag on the car (the balance point), or the
maximum desired speed is reached, or braking is initiated.
Points 1, 2, and 3 have specific motor torques and speeds and
using the torque and speed equations derived above with the
specified line voltage will translate into the corresponding
(E/RPM), ampere points necessary on the load saturation curve
(Fig. 2.83). Braking on a rapid transit car is typically always
done in full field and maximum current by staging resistors to
obtain maximum deceleration. Maximum speed in braking
(4) is typically at three times the power level as in motoring
and needs to be done at less than maximum current to stay
within commutation and maximum volts between commutator

segment (peak volts/bar) limits. Braking torque can then be
tapered up to maximum amps (5) at a lower speed. Typical full
field characteristics for different rated voltages are shown in
Fig. 2.84. Hyperbolas overlaying the saturation characteristics
indicate torque levels. Compare the two 300/600 V
characteristics. The one with the lower (£/RPM) characteristic
will have higher performance because it will cause the curve
defined by 1, 2, and 3 to shift to the right in Fig. 2.80.

For the dc traction motor used on mass-transit cars the
motor rating is based on the RMS amps of the anticipated
duty cycle. The exciting field is designed to rate at a lower
RMS current rating than the armature circuit, since the field is
shunted regularly. Minimum field strength should be no less
than a 1:1 ratio of armature reaction ampere-turns times the
per unit pole embrace to exciting field ampere-turns. This is
to limit flux distortion which can cause unequal voltage
distribution between the commutator segments. The
overcompensation ratio (turns of commutator pole/turns of
armature reaction per pole) should be higher than traction
motors running on internal power, approximately 1.4, which
provides faster response for externally powered motors which
have to deal with transients. The real estate per pole pitch on
the armature is divided into three zones: (1) excitation, (2)
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Figure 2.84 Full field saturation characteristics of dc traction motors designed for externally powered vehicles.
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Figure 2.85 Transverse section of locomotive “box” frame dc traction
motor. Axle preparation is at center of exciting pole where flux is
minimum. Three rows of cooling air duct holes in armature. Magnet
frame carries exciting and commutating pole flux. (Courtesy of General
Electric Co.)

commutating, (3) “free zone,” or what is left over. It is very
desirable to have “one slot” of free zone on each side of the
commutating zone for good commutation, although this is
often difficult to achieve on highly rated traction motors for
which the excitation zone is approximately 70%. One slot
would correspond to four commutator segments with a four
coil/slot armature coil.

There are strict outline limitations that must be met to fit
into the allowable space. Space between the rails limits the

Types of Motors and Their Characteristics

length. Wheel diameter and rail clearance limit the diameter.
The four pole box frame maximizes the space utilization by
maximizing the rail clearance and minimizing the axle prep,
incursion into the frame for a given armature diameter (Figs.
2.85 and 2.86). Field coils use a molded and baked insulation
system for maximum heat transfer. On very high brush current
density motors a spiral groove can be cut into the commutator
surface which helps maximize brush life by forcing the brush
hotspots to move around.

The lap winding is used on all high performance traction
motors because it commutates better than the wave winding.
The wave, or “frogleg,” winding is used on lower performance
high voltage auxiliary machines because it only has two
circuits no matter how many poles it has. Traction motors are
usually force ventilated since their highest losses (I’R) occur
at their lowest speeds making self ventilation prohibitive
(except for rapid transit duty cycles). Axial cooling ducts are
used (Figs. 2.85 and 2.86) in the armature yoke to provide
cooling.

It is desirable for commutation to have a shallow and wide
slot since that decreases the reactance voltage in the armature
coil. A higher number of slots may allow one slot of free zone
on each side of the commutating zone, however more motor
coils add cost. On the larger box frame traction motors a triple
deck steel band is used on the pinion end to hold the endturns
down on the armature head. A glass band can be used on the
commutator end since the armature coil leads are tungsten
inert gas (TIG) welded to the risers of the commutator
segments. Smaller mass transit motors typically are glass
banded on both ends. Commutating poles are provided with
nonmagnetic shims between the pole and the frame and
nonmagnetic bolts. This is to keep the commutation linear in
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Figure 2.86 Longitudinal section of locomotive “box” frame dc traction motor. Cooling air passes under commutator and is ducted to cooling

ducts in armature core. (Courtesy of General Electric Co.)
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Figure 2.87 “Black band” for dc traction motor on constant horsepower characteristic. A band is taken for each polarity and in both rotations.

Dashedline, negative polarity; solidline, positive polarity.

the most important high speed region. If the bolts were
magnetic they would cause overcompensation at low amps
until they saturated. Most high performance traction motors
have too narrow a black band at high speed to permit this.

One of the primary measures of a traction motor is its
“continuous” rating defined as the maximum current capability
of the motor that it can withstand continuously (i.e., until
winding temperatures reach equilibrium) or, consequently the
maximum tractive effort (torque) that the motor can produce
continuously, with allowable temperature rise, and at a
specified power level. The power level indicates the level of
core losses which has a second order effect on the armature
heating. This current rating will correspond to a torque level
and most of the heating will be from I°R losses. The ventilation
level must also be specified in the continuous rating.

The commutator and brushes are generally the most
sensitive areas to abuse and if something is wrong with the
machine it usually will show symptoms at the brushes and
commutator. On a new machine the proper nonmagnetic shim
thickness under the comm. pole must be determined by test to
get the correct amount of compensating flux. The proper
amount of flux is determined by running “black band” testing
on the first machines of a new design where amps are added
(“boost”) or subtracted (“buck”) from the commutating field
over the operating range of the motor to determine the range
of sparkless commutation (the black band). If the center of the
band is in the boost region the machine is said to be
“undercompensated” since amps need to be added to get to
the center of the band (indicating a thinner shim is needed).
Likewise, if the center of the band is in the buck region the
machine is “overcompensated” (indicating a thicker shim is
needed). A typical black band for a locomotive traction motor
after final adjustment of the shims is seen in Fig. 2.87. Note
that the band is smallest at the lowest amps and widest at the
highest. The band shifts toward the boost side at high amps
due to the comm. pole magnetic circuit saturating. The band

© 2004 by Taylor & Francis Group, LLC

is small at the low amp end because this is where the speed is
the highest and the commutation is the hardest. This is where
you adjust the shims on a new machine to get the band to
straddle zero. If the machine runs on weak field the adjustment
is done for the weakest field strength used in service (highest
speed). The “zero” buck/boost line is where the machine will
be running normally. Once the proper nonmagnetic shim
thickness is determined it is fixed for all production machines
of that design. If there is sparking at high load due to the
commutating pole magnetic circuit saturating, it is not of
much concern because the motor doesn’t spend that much
time at high amps. However, the motor can spend considerable
time at the high speed point, where the band is the smallest, so
it needs to be set right at the highest speed point.

Current collection is the ability of the carbon brushes to
maintain good contact with the commutator at commutator
speeds of up to 12,000 ft/min. The commutator must be very
round and the spring system of the brush holder must maintain
adequate pressure on the brush over its entire wear range. If
the spring pressure is too low the brushes will bounce causing
arcing and electrical erosion. Too high and they will wear
from mechanical abrasion. In transportation it is desirable to
err on the side of higher spring pressure rather than too light
due to the rather high vibration and shock levels on a axle
hung motor. Typically, a new commutator is to have TIR<.001
inch and less than .0001-inch difference between adjacent
bars. The commutator is spin-seasoned to ensure mechanical
stability at 20% over its normal maximum speed at a
temperature higher than it should see in service and then
tightened until stable.

It has been found that “reaction” or stabilized brush holders
are most stable at very high commutator surface speeds.
Reaction brush holders (Fig. 2.88A) position the brushes at a
slant to the normal commutator surface as opposed to the
radial position (Fig. 2.88B) common on lower performance
machines. This results in part of the spring force pushing the
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Figure 2.88 Side view of a reaction (A) and radial (B) brush holder. Bistable spring arrangement snaps out of the way for brush replacement.

(Courtesy of General Electric Co.)

brush into the long side of the carbon way so the brush is
always “reacting” against and riding on this surface as opposed
to the radial holder where it is possible for the brush to flop
back and forth from one side of the brush box to the other
(“chatter”). The force must be sufficient to keep the brush
“pinned” against the long side of the brush box even if the
commutator rotation is trying to push it away (“stubbing”).
Care must be taken with the reaction brush holder to make
sure the brush spacing is equal since the brush position can be
shifted depending on the gap between the brush holder and
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the commutator surface. The brush holder mounting blocks
are precisely located in a fixed position so shifting the brushes
is not allowed. The four brush positions are expected to be
within 4/64 of an inch of one another.

In addition to the problem of current collection at high
speed the rotor must stay together and not move appreciably
under the high centrifugal forces present at high speed. The
motor is mechanically designed for 20% above its maximum
design speed. Armature banding to hold down the end turns is
typically nonmagnetic steel banding on the pinion end and
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Figure 2.89 Transverse section of an ac traction motor. Round cooling
air ducts are provided in both the stator and rotor yokes. (Courtesy of
General Electric Co.)

fiberglass on the commutator end. On the commutator end the
coil is partially restrained by the TIG weld to the commutator
riser so the weaker glass can be used. It is also an insulator so
it will not conduct a flashover if one occurs. It is also,
unfortunately, a good thermal insulator but this is not as
important on the cool end of the motor (ventilating air is
always directed at the commutator end first if possible). On
the pinion end, normally the hot spot, the steel band is a
better thermal conductor. In the core portion the coils are held
in place with wedges.

A roller bearing is used on the drive end of the motor with
the pinions where there are high side forces. A ball bearing is
commonly used on the commutator end and ensures the axial
location of the armature.
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A good general reference on the dc traction motor is found
in Ref. 49.

2.4.4.9 AC Traction Motors

By the 1990s high-power electronic switching devices such
as the gate turn-off silicon controlled rectifier (GTO) and later
the IGBT became available at reasonable cost with good
reliability for locomotive application. Prior to that they were
being applied to mass transit cars. This made possible, on a
large scale, the transition to ac induction traction motors,
which require a variable frequency power supply to change
speed and also eliminated the need for commutators and
brushes. The rugged, uninsulated squirrel-cage rotor is much
more suitable to the traction environment.

Typical cross sections for an ac locomotive motor are
shown in Figs. 2.89 and 2.90 and a cutaway picture of a transit
car motor is shown in Fig. 2.64.

AC traction motors can be applied with a single inverter
per motor, which is typical for locomotive and OHVs. Or they
can be applied with multiple motors per inverter such as all
the motors in a truck (typical for mass transit). If more than
one motor is running off one inverter some consideration needs
to be made for the wheel diameter differences that will be
allowed. If a low slip (low rotor resistance) design is used with
a very steep torque versus slip characteristic the load sharing
will be poorer than a higher slip (higher resistance) rotor for
the same differences in motor speed. The motor with the larger
wheels will take more load because it will run slower and
have more slip. In practice, this has not proven to be a big
problem.

Large motors usually have low slip rotors fabricated from
copper alloy bars and endrings. The alloy increases the
resistivity of the copper but greatly improves it’s mechanical
strength. The bars are brazed into slots or grooves in the
endring. Since the frequency can be varied the motor will
always be operating on the right side of the maximum torque
point (low slip) and never has to start “across the line” with
five times or more current draw like a fixed frequency motor.

Figure 2.90 Longitudinal section of ac traction motor. (Courtesy of General Electric Co.)
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Figure 2.91 Close up of ac traction motor transverse section of rotor
bars. (Courtesy of General Electric Co.)

Therefore, no special provisions are needed to get starting
torque up or starting current down, like a double cage rotor
slot. Traction motors are built with trapezoidal (also called
“flower pot” or “coffin”) shaped rotor slots that result in
straight sided teeth (Fig. 2.91) and maximizes the bar cross
sectional area for minimum resistance to harmonics.

It can be seen that the overall length of the motor is fixed
by the LOEW. Since only the core portion of the motor
produces torque, proportional to D?L, the core length for a
given LOEW can be increased by selecting a higher number
of poles (P). This is because for a given air gap diameter a full
pitch of the coil is roughly D”/P and the smaller the span
between the coil sides the shorter the axial length extension
of the end turns. There are other reasons why the number of
poles should be minimized, such as magnetizing current
proportional to P2. Therefore, there are trade offs involved
and each application must be analyzed for the best
compromise. Also for the:

120%f
1)

RPMs (Synchronous Speed) = (2.128)

same maximum vehicle speed the maximum inverter frequency
increases directly with the number of poles. For these and
other reasons traction motors are never made two pole, small
(rapid transit) motors are almost always four pole, and larger
locomotive and OHV motors are typically six pole. In the
case of very narrow gauge (meter) motors with limited length

TORQUE
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but the same allowable diameter as other locomotive motors,
eight poles might prove beneficial.

AC propulsion systems have an external power supply or a
traction alternator’s rectified dc output feeding the dc link or
bus that is filtered with capacitor banks. The inverters take
their power from the dc link and create ac at the desired
frequency to supply the speed call for the motors. The flux
level in the motors corresponds to the V/Hz applied, or more
correctly the internal or air gap V/Hz which is the voltage
applied to the magnetizing inductance with the stator leakage
reactance voltage drop subtracted from the terminal volts.
There will be a V/Hz level that corresponds to the desired
maximum flux level for each design. It is desired to operate in
the full flux mode from start to well beyond the torque corner
point (TCP), because this will minimize the current required,
and we will want high torque to accelerate at low speed (Fig.
2.92). The inverter modulates the voltage in this region with
pulse width modulation (PWM) to obtain a fairly harmonic
free waveform (at least in the lower harmonic orders such as
fifth, seventh, etc.). The maximum fundamental phase voltage
output an inverter can produce for given dc link voltage is:

Vph = (Vde — DD)*\V2/n (2.129)
where DD=device voltage forward drop (usually about 10 V).
When the inverter reaches this voltage holding constant V/Hz
the voltage level is tied to the dc link voltage level at higher
frequencies. This mode of inverter operation is called six-step
or square wave (SW; consult Sections 9.3 to 9.6 for further
details) because the line to line voltage is simply positive and
negative pulses of 120-degree conduction periods. The
harmonic voltages produced by the inverter in SW are very
high in the nontriplen odd harmonics (i.e., Sth, 7th, 11th,
13th,..., etc.). The amplitudes of the harmonic voltages in SW
are Vph(f)/n where n is the harmonic number and Vph(f) is the
fundamental phase voltage. The impedance to these harmonic
phase voltages is the sum of the stator and rotor leakage
reactances X;+X,(n) at their respective harmonic frequencies.
Little if any harmonic current passes through the magnetizing
reactance since it is very large compared to the rotor leakage

4— HP
Reduced
--_"‘—————-

Speed/Frequency

Figure 2.92 AC traction motor characteristic.
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reactance. The rotor leakage reactance is denoted X,(n) to
indicate it is a function of frequency. Due to the deep bar effect
the harmonic currents are crowded into the top of the rotor bar
in the rotor core. This causes the rotor leakage inductance to
decrease significantly. It also increases the effective bar
resistance to the harmonic currents significantly. As a result,
there is a significant increase in rotor bar heating when operating
in S W. It will be worst at the PWM corner point if voltage is
held constant for higher frequencies because the harmonic
voltage amplitudes will stay the same (if the link voltage stays
the same) but the impedance increases linearly with frequency,
so the harmonic currents will decrease linearly with frequency.
Therefore, even though the PWM corner point is usually at a
lower torque value than the continuous rating the rotor heating
at this point needs to be checked to see it is not limiting.

Once on the constant voltage characteristic the motor flux
(V/Hz) will decrease linearly with frequency and maximum
torque (also known as pullout or breakdown torque) decreases
with the square of the flux. If we are on a constant horsepower
power supply (internally powered) the torque will be coming
down as speed (frequency) increases. Therefore, at some speed
we will have insufficient torque to continue holding constant
horsepower and will have to decrease power to maintain a
minimal torque margin (say 125-130%) between the
breakdown torque and operating torque. For example, say
you have 300% BDT at speed “X” at constant horsepower
and voltage and you wish to have a minimum torque margin
of 130% at the same horsepower at higher speed. You would
have to start decreasing horsepower demand when the speed
reaches approximately Xx300/130. Also notice that since
torque is the product of flux (V/Hz) and current, where torque
is constant current stays about the same as long as V/Hz stays
the same. If we are on the horsepower curve and the V/Hz is
constant, current will come down linearly with speed increase.
On constant voltage flux is decreasing as speed increases as
well as torque, so the current stays relatively constant.

2.5 MOTORS FOR SPECIAL APPLICATIONS
2.5.1 Stepper Motors
2.5.1.1 Introduction

Stepper motors are a class of electromechanical devices used to
produce discrete or noncontinuous motion. The name “stepper
motor” describes its principal functions: “motor” means that
electrical input energy is converted to mechanical output energy,
and “stepper” means that the energy conversion process is
performed in discrete steps or increments. Stepper motors fall
within a broader class of devices known as incremental motion
devices, which includes incremental actuators and other digital
control devices used in motion control. Stepper motors have
been developed and are available commercially in several
different physical technologies, primarily hydraulic, pneumatic,
and electrical systems, and sometimes, combinations of two or
more technologies. Pneumatic and hydraulic stepper motors
generally have higher torque/weight ratios than electrical
steppers. For very high torque positioning systems, hydraulic

© 2004 by Taylor & Francis Group, LLC

109

and pneumatic stepper devices often provide the most cost-
effective system, and are used in many robotic applications.
However, where precise position, velocity, or acceleration
control is required and/or when very small steps of control are
necessary, electrical stepper motors have many advantages. Also,
electrical stepper motors are much more compatible with digital
control systems which are the norm for many control systems
today. This section is concerned only with electrical stepper
motors.

The input to a stepper motor is digital, that is, an electrical
pulse or series of discrete pulses, in contrast to the sinusoidal
ac or steady dc used to energize common household and
industrial motors. If the input pulse train is continuous and
applied at the proper timing intervals, a stepper motor can be
operated in a constant-velocity mode just as the more common
motors are. One of the most common types of stepper motors
of the reluctance variety has been developed recently for
continuous output speed and is known as the switched
reluctance motor. The operation of stepper motors in either
the stepping or continuous modes has been made
economically viable by the recent rapid development and
availability of low-cost power semiconductors. Thyristors
(silicon-controlled rectifiers [SCRs]), power transistors, power
metal oxide semiconductor field-effect transistors (MOSFETs),
IGBTs, and so forth are widely used in stepper motor and
switched reluctance motor control in current ratings of a few
milliamperes up to hundreds of amperes. Although stepper
motors can be controlled from conventional ac or dc power
sources by means of mechanical switches, such as relays,
contactors, or stepper switches, most modern controllers are
of the semiconductor type. A stepper motor controller has two
functions: supply of electrical energy to the motor so that it
develops the torque required to drive the load and control the
position, velocity, and or acceleration of the motor shaft.
Obviously, many safety and protection features are also
required, such as voltage limits and overcurrent protection.

Stepper motors are used primarily to control motion—the
position, speed, or acceleration of the device connected to
the motor’s output shaft, or a combination of any of these.
Stepper motors can also be used to sense position and to
recover energy from the output shaft motion in a regenerative
mode as in continuous types of motors. Stepper motors are
applied in many computer peripherals, such as printers, tape
drives, disk drives, and memory access mechanisms; in
machine tool control applications of many types; in robotic
control; in all sorts of position control, such as antenna control,
telescope positioning, gun turret control, fiber optics
alignment, and optical interferometry; in automotive throttle
control and other automotive applications; and in many
military guidance control applications.

Stepper motors are designed and produced for both rotary
and linear motion. In the latter case, the terms “motor” and
“actuator” are used somewhat interchangeably. Since most
applications are of the control and low-power variety,
commercial stepper motors are available in relatively low
torque ratings, up to about 14 N-m (2000 oz-in), except for
the switched reluctance variety. Maximum electrical input
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pulse rates are from 1500 to 2500 pulses per second (pps).
Stepper motors are brushless and most continuous motors
known as brushless dc motors can be operated in a step mode,
although with relatively large step increments. Stepper motors
are constructed of the same types of materials as continuous
motors, generators, and transformers, which are adequately
discussed in other sections of this handbook. Also, standard
electromagnetic terms are used to describe most stepper motor
characteristics and will not be defined except as peculiar to
stepper motors. Likewise, many commercial stepper motors
are designed for standard NEMA frame sizes, just as
continuous machines of similar ratings.

In control applications, the stepper motor/controller system
must be compared with the more conventional feedback
control systems using continuous motors. Stepper motor
systems are inherently open-loop systems and as such avoid
the complexity, stability problems, and steady-state errors
associated with feedback control. The stepper motor is a digital
device, compatible with most digital power sources, and the
number of input pulses determines output position and pulse
frequency determines output velocity. Other merits of stepper
motor systems include:

1. Freedom from drift

2. Noncumulative error

3. Low maintenance and high reliability due to their
brushless design

4. For permanent-magnet and hybrid steppers, the highest
developed torque per input ampere and, generally, the
highest torque for a given package size of all types of
motors

5. For PM and hybrid types, a holding torque at standstill

For all steppers, stability at zero speed

7. Capability of bidirectional operation with no switching
of electrical connections

&

2.5.1.2 Basic Types and Construction

There are four basic types of stepper motors: reluctance,
permanent magnet (PM), hybrid, and piezoelectric. These
designations refer to the structural differences and to the
mechanism by which torque is developed in the motor. The
designation “hybrid” implies that torque is developed by both
reluctance and PM action. Actually, in most PM stepper motors
(as well as in continuous PM motors), some reluctance torque
is developed, but it may be quite small compared to the PM
torque. A hybrid motor is one in which both PM and reluctance
torque are significant. Within each designation, there is a great
diversity of configuration and shape, in both rotary and linear
designs. Only a few of the more common types will be
discussed in this section.

Stepper motors are classified in motor terminology as
“doubly salient”; that is, both rotor and stator are constructed
with salient or projecting poles. These saliencies may consist
of conventional-appearing poles, or tiny teeth, or combinations
of both. The stepper motor is inherently simple due to the
lack of brushes or slip rings, and consists of a salient stator
magnetic member (generally laminated), insulated windings
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Figure 2.93 Cross section of a reluctance stepper motor; dotted sections
are composed of a soft magnetic material.

filling the slots between stator poles, a rotor consisting of soft
steel (in reluctance machines) with imbedded permanent
magnets in PM and hybrid machines, a stainless steel shaft, a
housing containing and supporting the stator (generally
constructed of aluminum or plastic), and a set of prelubricated
bearings supporting the rotor. The bearings are generally the
only parts requiring maintenance in stepper motors operated
within the rated voltage, current, and temperature values stated
on the motor nameplate.

2.5.1.3 Reluctance Stepper Motors
2.5.1.3.1 Theory

The reluctance configuration is generally the simplest and
lowest-cost type of stepper motor. The simplest reluctance
motors are assembled of low-cost stamped parts using modern
automated assembly techniques and are often called “tin-can”
motors. The simplest form of a reluctance stepper motor is
that known as the switched reluctance motor, shown in Fig.
2.93. As has been noted, this configuration is also used in
higher-power, continuous-speed power applications as a
replacement for induction motors [50-52]. Figure 2.93,
although not the most prominent stepper configuration, will
be used to illustrate some of the parameters and technical
characteristics of the reluctance motor. The following symbols
and abbreviations will be used.

i Coil current (A)
I RMS coil current (A)
m  Number of phase windings
N  Turns
P. Number of rotor poles
P, Number of stator poles
PR Permeance (reciprocal of reluctance) (henrys)
RPM Motor shaft speed (rev/min)
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Td Motor developed torque (N-m)
® Motor shaft speed (rad/s=21 RPM/60)

Reluctance machines are termed “singly excited” machines.
That is, there is only one source of excitation of the magnetic
field that sets up the conditions for producing torque or force.
In Fig. 2.93, the only input to the motor is the electical input
to the windings; in the case shown, there would be four phase
windings, m, each of which would be wound on two sets of
diametrically opposite poles or saliencies, only the winding
of phase 1 being shown in this figure. When current flows in
the windings, a magnetic flux is developed in the two air gaps
associated with a pair of windings. The magnitude of the flux
crossing the air gap and the flux density (flux divided by the
surface area of the pole) for a given applied mmf (product of
current and turns in the coils) depends upon the length of the
air gap and the nature of the rest of the magnetic circuit, which
includes the stator and rotor poles, the stator and rotor yokes,
and, to a lesser extent, the other three sets of poles and air
gaps. Analysis of relatively simple magnetic circuits such as
shown in Fig. 2.93 is presented in Section 1.4. The radial air
gap between the stator and rotor poles is the most influential
parameter in determining the flux density in most cylindrical
reluctance machines; in disk or “pancake” configurations,
the axial air gaps play a similar role. In Fig. 2.93, the poles of
phase 1 are said to be in the aligned position or a minimum
reluctance position. A magnetic circuit tends always to seek
this minimum reluctance position and there is a strong force
tending to maintain this position. As long as the phase 1 coils
are energized, the rotor will remain in this position. In a
reluctance stepper motor, this technique is used to “hold” the
rotor in a certain position. The magnitude of current required
for the holding phase coil depends upon the magnitude of the
holding torque that must be maintained. When a rotor pole is
exactly half-way between two stator poles, the poles are said
to be in an unaligned or maximum reluctance position.

Theoretically, no torque is developed in the unaligned
position, and it is considered a “neutral” position. In practice, it
may be difficult to find an exact neutral position due to pole
flux fringing effects, stator-rotor pole overlap, and dimensional
inaccuracies. In Fig. 2.93, the rotor poles adjacent to phase 3
are approximately in the unaligned position. In all other relative
positions of rotor and stator poles, a torque is developed when
a phase is energized, always tending to move the poles into the
aligned or minimum reluctance position. For example, in Fig.
2.93, if phase 1 is deenergized (current in the coils of phase
1=0) and the coils of phase 2 are energized, the rotor poles near
the phase 2 stator poles will tend to move into alignment with
the stator poles. This will result in a counter-clockwise “step”
of motion. On the other hand, if phase 4 were energized, a
clockwise step of motion would result.

Assuming that phase 2 has been energized, phase 3 will then
have rotor poles in a position to produce torque resulting in
another counterclockwise step of motion. Following this step,
phase 4 will have rotor poles in the proper position for another
counterclockwise step, and so forth. Counterclockwise motion
is produced by the phase sequence 1-2-3—4; clockwise motion
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by the sequence 1-4-3-2. It is important to note that the rotation
(or linear) direction of reluctance stepper motors is determined
by the phase switching sequence, not by the polarity of the
voltage applied to the exciting winding. Reluctance torque is
independent of the direction of the magnetic flux in the air gap.

The configuration of Fig. 2.93 is known as an 8/6
configuration, that is, P,=8 and P,=6. Looking at the geometry
of this figure, it is easily seen that the magnitude of one step is
15 mechanical degrees. In general, it can be shown that for
any pole configuration:

Step size = 360 X M degrees (2.130)

P. X P, :

Thus, a 12/10 configuration would produce steps of 6 degrees,
but would require a 6-phase excitation. This type of stepper
motor has a structure that becomes difficult and costly to
manufacture if the number of poles is greater than 12, and
thus smaller steps are not economically viable with the
configuration of Fig. 2.93. There are a number of means of
producing smaller steps, both through structural changes from
the simple configuration of Fig. 2.93 and by altering the
electrical excitation scheme by electronic techniques. Before
looking at this important topic, a look at the torque developed
in a reluctance stepper motor is appropriate.

It can be shown [50] that the instantaneous developed
torque in a reluctance machine is:

I, = (iN)~ d(PR) (N-m)

20 dt

(2.131)

In Eq. 2.131, if the two coils of the pole pair of one phase are
connected in series, as is usual, N is the total number of turns
per phase, that is, twice the turns per coil. Note that the speed
term, ®, will cancel out of Eq. 2.131 because the permeance
change, d(PR)/dt, is also a function of speed. Equation 2.131
does not account for the effects of saturation of the magnetic
circuit. Saturation is a complex phenomenon to evaluate in
reluctance machines, since the regions of saturation vary as the
rotor poles move into alignment with the stator poles. Equation
2.131 is adequate for low levels of saturation, such as in the
pole tips. For cases where most of a rotor or stator pole or both
become saturated, often called “global saturation,” the first term
in parentheses in Eq. 2.131 becomes a product of iN and the
saturation flux density (a constant value) in the air gap. Thus,
the developed torque changes from a function of the square of
the exciting coil current to a first power of the current as
saturation increases in the magnetic members of the machine.
The permeance variation term in Eq. 2.131, d(PR)/dt,
introduces the structural characteristics of the stepper motor.
In the aligned position, the permeance (reciprocal of
reluctance) is maximum and can be expressed as:

PR, = o o
max 21, ¢ enrys) (2.132)
where:
U, = 4nx107=permeability of free space
Ap = pole face area facing air gap (m?)
I, = radial length of air gap (m)
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Figure 2.94 Idealized inductance variation in a reluctance stepper
motor as a function of rotor angle 0 or of time ¢ if the rotor is turning.

The minimum permeance, which is when the poles are
unaligned, is difficult to calculate analytically except by finite
element methods or mapping techniques. Permeance or
reluctance cannot be measured directly. However, permeance
is related to inductance by the square of the turns of the exciting
coil and inductance can be readily measured by many
techniques. Stepper motor torque is usually expressed in terms
of the inductance variation as seen at the terminals of the
exciting coil. An idealized variation is illustrated in Fig. 2.94
for a motor configuration of the type shown in Fig. 2.93. Taking
the average of Eq. 2.131 over a time period equal to the time
for a rotor pole to move from the unaligned position to the
aligned position, the average torque developed in one phase
of a stepper motor is:
PP,

—K (Lmux - Lmin) {N-ll‘l) (2133)

".a’l'\uvgj =

where the, L terms equal N? times the respective permeances.
This is the average torque available to move a load inertia one
step as the result of the energizing of one phase winding. In
practice, there may be more than one phase winding energized
over some periods of time, a technique called phase overlap,
which will increase the motor developed torque over that given
in Eq. 2.133. But Eqgs. 2.132 and 2.133 show that torque is
primarily a function of the pole face area and an inverse function
of the air gap between the rotor and stator poles. These two
parameters largely determine the size of a stepper motor to
move a given load inertia, even in physical configurations
considerably different from that shown in Fig. 2.93.

The preceding analysis has been based upon a stepper motor
configuration used in relatively high-torque applications. The
steps available with this configuration are relatively large, as
has been noted, and it is sometimes referred to as a large-angle
stepper. To achieve a smaller step, many techniques and many
different physical configurations are available. The most
obvious technique to get a smaller step angle is to place a
gearhead with the appropriate ratio on the shaft. This solution
adds weight and losses and decreases the precision of the step
due to gear dead band.

2.5.1.3.2 Small-Angle Reluctance Stepper Motors

From Eq. 2.130 it is seen that the number of stator and rotor
poles determine the step angle. To achieve small step angles,
the number of poles can be increased and they are often in
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Figure 2.95 Cross section of the magnetic circuit of a multitooth
reluctance stepper motor.

appearance more like teeth than salient pole projections.
Figure 2.95 illustrates a modification of the configuration of
Fig. 2.93 that results in a much smaller step angle [53]. For
this configuration:
360
Step = ——

7
mN,

(2.134)

The number of stator teeth is related to the number of rotor
teeth by:

N,
m

k>x TH, = N, = (2.135)

where TH; is the number of stator teeth. For the configuration
of Fig. 2.95, m=4, N,=18, N,=8, and TH=16, giving Step=>5
degrees and k (a positive integer)=1.

Investigation of a few more combinations of teeth is
instructive. For example, assume a 2-degree step is desired
with a 10-pole, 5-phase stator. This requires 360/(5x2)=36
poles from Eq. 2.134; checking the number of required stator
teeth using Eq. 2.135 gives the value of AxTH,=36+2. It is
seen that there is no combination of the + sign and k value
that results in a value of TH; that is an integral multiple of 10
stator poles. Therefore, this combination is not realizable. If
the stator is changed to 12 poles and 4 phases, then N,=45
from Eq. 2.134. Equation 2.135 then becomes kxTH=45+3,
and it is seen that, using the+sign, several stator tooth
combinations are possible: With k=1, TH,=48; with k=2, TH,=
24; with k=4, TH,=12, and all of these are multiples of 12.

The configuration of Fig. 2.95 and variations of it are among
the most common and least expensive of step motors, and as
pointed out earlier are often called “tin-can” motors [54].
Lamination stacks for the rotor and stator magnetic members
are readily mass-produced using stamping techniques and
simple lamination assembly techniques. The minimum step
size is limited to about 4 degree due to stamping tolerances.
As the number of rotor poles or teeth increases, such as the 45
in the example above, a larger rotor diameter is required and
the difference between maximum and minimum inductance
(Fig. 2.94) decreases, decreasing the developed torque per
unit motor size. However, step size can be de creased through
various winding and electronic techniques, as discussed below.
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Figure 2.96 (a) Torque response of a “tin can” stepper motor as a function of applied pulse rate, (b) Unipolar drive scheme with added resistance

to decrease winding time constant.

Figure 2.96 [54] illustrates torque characteristics as a function
of input pulse rate for a commercial tin-can motor; the
schematic diagram for a four-phase winding is also shown in
Fig. 2.96 and is discussed below.

Smaller steps can also be realized by “mechanically phasing”
individual motors on the same shaft. In this approach, the
individual motors are disk or pancake shaped with axial air
gaps. In one mechanical phase, or individual motor, the rotor
and stator have equal numbers of poles, which are constructed
of radial magnetic sectors separated by nonmagnetic (usually
nonconducting) radial sectors. Only one coil of solenoidal shape
is required to excite a single phase. One phase of the axial gap
type of reluctance stepper motor develops zero starting torque
in either the aligned or unaligned position, and the torque in
intermediate positions may be insufficient to overcome the
load and motor inertias. However, with two or more individual
motors displaced in rotary position from each other by the
proper angle and affixed to a common shaft, starting torque is
developed at all angular positions.

Figure 2.97 illustrates the geometry of a disk used as the
rotor of one phase in this type of step motor; Fig. 2.98
illustrates a cutaway of a schematic diagram of a three-phase
disk motor. Smaller versions of this configuration are
manufactured with up to nine phases. Figure 2.98 shows 12
sectors per disk; in single-phase operation, each pulse in the
exciting coil would result in a 360/12=30-degrees steps. With
two additional disks on the same shaft and two additional
exciting coils, steps of 30/3=10 degrees can be realized; with
nine phases, 3.33-degree steps are realized. In low-power
applications, stamped parts or powdered iron parts can be
used for both rotor and stator magnetic sectors. Considering
also the simplicity of the solenoidal coil, this stepper motor
configuration is among the lowest in cost.

2.5.1.3.3 Reluctance Motor Excitation Systems

The small-angle reluctance stepper motors described above
provide steps down to the 3-degree range. Much smaller steps
can be realized by various schemes of coil excitation. Thus far,
a full pulse of excitation current has been assumed in one coil
of systems excited as in Fig. 2.93 or in one phase of systems
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Figure 2.97 A 29-sector disk for a radial-gap reluctance stepper motor.
(Only six of the magnetic sectors have been inserted.)

Figure 2.98 Cutaway view of a three-phase axial gap stepper
motor.
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excited as in Fig. 2.98. There are two principal functions of the
stepper motor controller: (1) to supply current to the motor
coils that is sufficient to overcome the inertial, friction, and
load torques of the system; and (2) to supply current pulses at
the proper rate to achieve the shaft velocity or the time to reach
a specified position that is required. There are also several
ancillary functions, such as overvoltage and overcurrent
protection and short-circuit protection. In more exacting
applications, the controller is often required to optimize system
efficiency, reduce audible noise and mechanical vibrations and
aid in many other system considerations. The principal
nameplate parameters of a stepper motor controller are rated
voltage, maximum output current, maximum output power or
power per phase, and maximum pulse rate. In applying a
controller to a given motor application, it is also necessary to
determine the motor torque that will be developed at maximum
controller current. This requires knowledge of the motor coil
characteristics and the torque constant of the motor. Most
manufacturers supply speed-torque motor characteristics,
examples of which are discussed below.

Almost all modern motor controllers use solid-state devices
of one type or another, including power transistors, thyristors,
MOSFETSs, and many of the newer hybrid devices, such as
IGBTs and MBTs. All semiconductors are voltage-sensitive
and, in many types, dV/dt-sensitive. Therefore, the controller
voltage rating is most important, and a 3:1 safety margin is
generally recommended. For further safety in matching a
controller to its motor and power supply, an analysis of the
system voltage transients should be made due to the highly
inductive nature of the motor. There is virtually no voltage
overload capability in a semiconductor controller.

Figure 2.99 shows a schematic diagram of the windings in
a four phase reluctance stepper motor. Note that if this diagram
represents the windings of a reluctance machine of the type
shown in Fig. 2.93, there will be two physical coils in each
winding (on opposite poles for torque balance). This center-
tapped arrangement is for unipolar excitation, that is, the
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Figure 2.99 Electrical connections for a four-phase stepper motor.
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current and hence its magnetic flux are unidirectional. In
reluctance machines of any type, the torque developed in the
machine is independent of the direction of the exciting
winding current, as can be seen from Eq. 2.131. Controller
configurations in which the winding current is reversed are
known as bipolar windings. These are more common in hybrid
and PM steppers, where the developed torque is reversed by
current polarity. In reluctance steppers, direction of rotation
can be reversed only by reversing the phase sequence, that is,
the sequence in which the phase windings are excited.

Figure 2.100 shows a schematic of a simple transistor
controller for two phases of a step motor. It is seen that this is a
unipolar controller, since there is no means for reversing coil
winding current. In Fig. 2.100 the reverse diode across the
windings is present to prevent voltage buildup in the windings
when the winding transistor is turned off. The energy stored in:
the winding at the instant of turn-off is returned to the source or
used to charge another winding. Such diodes are often termed
freewheeling diodes. The timing and sequence of the base
triggers determines the speed and rotation direction of the motor.

There are many integrated circuit (IC) chips commercially
available today to supply the logic and control functions for
controlling stepper motors, including many of the common
microcomputers, such as the Intel 8051 and Motorola 6801.
These devices generally have far more capacity than required
for stepper motor control alone, and there are a number of
chips designed specifically for both reluctance and PM stepper
motor control, such as the Sprague UCN 4204A, Siliconix Si
7250,