The
Induction

Machine
Handbook



The ELECTRIC POWER ENGINEERING Series
Series Editor Leo Grigshy
Published Titles

Electromechanical Systems, Electric Machines,
and Applied Mechatronics

Sergey E. Lyshevski

Electrical Energy Systems
Mohamed E. E-Hawary

Electric Drives
lon Boldea and Syed Nasar

Distribution System Modeling and Analysis
William H. Kersting

Linear Synchronous Motors:
Transportation and Automation Systems

Jacek Gieras and Jerry Piech

The Induction Machine Handbook
lon Boldea and Syed Nasar

Forthcoming Titles

Power System Operations
in a Restructured Business Environment

Fred I. Denny and David E. Dismukes

Power Quality
C. Sankaran

© 2002 by CRC Press LLC



The

Induction
Machine

Handbook

lon Boldea
IEEE Fellow

Syed A. Nasar

|[EEE Life Fellow

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



Library of Congress Cataloging-in-Publication Data

Boldea, 1.
Induction Machines Handbook / Ion Boldea, Syed A. Nasar
p- cm. -- (Electric power engineering series)
Includes bibliographical references and index.
ISBN 0-8493-0004-5 (alk. paper)
1. Electric machinery, Induction--Handbooks, manuals, etc. I. Nasar, S.A. II Title.

III. Series.
TK2711.B65 2001
621.31'042—dc21 2001043027

CIP

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 authors and the publisher cannot
assume responsibility for the validity of all materials or for the consequences of their use.

Neither this book nor any part may be reproduced or transmitted in any form or by any means, electronic
or mechanical, including photocopying, microfilming, and recording, or by any information storage or
retrieval system, without prior permission in writing from the publisher.

The consent of CRC Press LLC does not extend to copying for general distribution, for promotion, for
creating new works, or for resale. Specific permission must be obtained in writing from CRC Press LLC
for such copying.

Direct all inquiries to CRC Press LLC, 2000 N.W. Corporate Blvd., Boca Raton, Florida 33431.

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

Visit the CRC Press Web site at www.crcpress.com

© 2002 by CRC Press LLC

No claim to original U.S. Government works
International Standard Book Number 0-8493-0004-5
Library of Congress Card Number 2001043027
Printed in the United States of America 1 2 3 4 56 7 8 9 0
Printed on acid-free paper



http://www.crcpress.com

A humble tribute to Nikola Tesla and
Galileo Ferraris

© 2002 by CRC Press LLC



PREFACE

The well being of the environmentally-conscious contemporary world is
strongly dependent on its efficient production and use of electric energy.

Electric energy is produced with synchronous generators, but for the
flexible, distributed, power systems of the near future, the induction machine as
an electric generator/motor at variable speeds, is gaining more and more ground.

Pump storage hydroelectric plants already usc doubly fed induction
machines up to 300MW/unit with the power electronic converter on the rotor
side.

On the other hand, the induction motor is the work horse of industry due to
its ruggedness, low cost, and good performance, when fed from the standard a.c.
power grid.

The developments in power electronics and digital control have triggered
the widespread use of induction motors for variable speed drives in most
industries.

We can safely say that in the last decade the variable speed induction motor
has already become the race horse of industry.

While in constant speed applications better efficiency and lower costs are
the main challenges, in variable speed drives, motion control response
quickness, robustness, and precision for ever wider speed and power ranges are
the new-added performance indexes.

The recent development of super-high-speed variable drives for speeds up
to 60,000 rpm and power in the tens of kW also pose extraordinary
technological challenges.

In terms of research and development, new analysis tools such as finite
element field methods, design optimization methods, advanced nonlinear circuit
models for transients, vector and direct torque control, and wide frequency
spectrum operation with power electronics have been extensively used in
connection with induction machines in the last 20 years.

There is a dynamic worldwide market for induction machines for constant
and variable speed applications; however, an up-to-date comprehensive and
coherent treatise in English, dedicated to the induction machine (three phase and
single phase)-embracing the wide variety of complex issues of analysis and
synthesis (design)-is virtually nonexistent as of this writing. The chapters on
IMs in Electric Motor handbooks contain interesting information but lack
coherency and completeness.

This book is a daring attempt to build on the now classical books of R.
Richter, P. Alger, Heller & Hamata, C. Veinott, and P. Cochran, on induction
machines.

It treats in 28 chapters a wide spectrum of issues such as induction machine
applications, principles and topologies, materials, windings, electric circuit
parameter computation, equivalent circuits (standard and new) and steady state
performance, starting and speed control methods, flux harmonics and parasitic
torques, skin and saturation effects, fundamental and additional (space and time
harmonics) losses, thermal modeling and cooling, transients, specifications and

© 2002 by CRC Press LLC



design principles, design below 100 kW, design above 100 kW, design for
variable speed, design optimization, three-phase induction generators, linear
induction motors, super-high-frequency modelling and behaviour of IMs,
testing of three-phase induction machines and single-phase IMs (basics, steady
state, transients, generators, design, testing).

Numerical examples, design case studies, and transient behavior waveforms
are presented throughout the chapters to make the book self sufficient and easy
to use by either young or experienced readers from academia and industry.

It is aimed to be usable and inspiring at the same time it treats both standard
and new subjects in induction machines. The rather detailed table of contents is
self explanatory in this regard.

Input from readers is most welcome,

The authors
June 2001
Timisoara, RO-1900
Lexington, KY-40506
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Chapter 1

INDUCTION MACHINES: AN INTRODUCTION

1.1. ELECTRIC ENERGY AND INDUCTION MOTORS

The level of prosperity of a community is related to its capability to produce
goods and services. But producing goods and services is strongly related to the
use of energy in an intelligent way.

Motion and temperature (heat) control are paramount in energy usage.
Energy comes into use in a few forms such as thermal, mechanical and
electrical.

Electrical energy, measured in kWh, represents more than 30% of all used
energy and it is on the rise. Part of electrical energy is used directly to produce
heat or light (in electrolysis, metallurgical arch furnaces, industrial space
heating, lighting, etc.).

The larger part of electrical energy is converted into mechanical energy in
electric motors. Among electric motors, induction motors are most used both for
home appliances and in various industries [1-11].

This is so because they have been traditionally fed directly from the three-
phase a.c. electric power grid through electromagnetic power switches with
adequate protection. It is so convenient.

Small power induction motors, in most home appliances, are fed from the
local single phase a.c. power grids. Induction motors are rugged and have
moderate costs, explaining their popularity.

In developed countries today there are more than 3 kW of electric motors
per person, today and most of it is from induction motors.

While most induction motors are still fed from three-phase or single-phase
power grids, some are supplied through frequency changers (or power
electronics converters) to provide variable speed.

In developed countries, 10% of all induction motor power is converted in
variable speed drives applications. The annual growth rate of variable speed
drives has been 9% in the last decade while the electric motor markets showed
an average annual growth rate of 4% in the same time.

Variable speed drives with induction motors are used in transportation,
pumps, compressors, ventilators, machine tools, robotics, hybrid or electric
vehicles, washing machines, etc.

The forecast is that, in the next decade, up to 50% of all electric motors will
be fed through power electronics with induction motors covering 60 to 70% of
these new markets.

The ratings of induction motors vary from a few tens of watts to 33120 kW
(45000 HP). The distribution of ratings in variable speed drives is shown in
Table 1.1. [1]
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Table 1.1. Variable speed a.c. drives ratings

Power (kW)

1-4

5-40

40 - 200

200 - 600

>600

Percentage

21%

26%

26%

16%

11%

Intelligent use of energy means higher productivity with lower active
energy and lower losses at moderate costs. Reducing losses leads to lower
environmental impact where the motor works and lower thermal and chemical
impact at the electric power plant that produces the required electrical energy.
Variable speed through variable frequency is paramount in achieving such
goals. As a side effect, the use of variable speed drives leads to current
harmonics pollution in the power grid and to electromagnetic interference (EMI)
with the environment. So power quality and EMI have become new constraints
on electric induction motor drives.

Digital control is now standard in variable speed drives while autonomous
intelligent drives to be controlled and repaired via Internet are on the horizon.
And new application opportunities abound: from digital appliances to hybrid
and electric vehicles and more electric aircraft.

So much in the future, let us now go back to the first two invented induction
motors.

1.2. A HISTORICAL TOUCH

Faraday discovered the electromagnetic induction law around 1831 and
Maxwell formulated the laws of electricity (or Maxwell’s equations) around
1860. The knowledge was ripe for the invention of the induction machine which
has two fathers: Galileo Ferraris (1885) and Nicola Tesla (1886). Their
induction machines are shown in Figure 1.1 and Figure 1.2.

of

Figure 1.1 Ferrari’s induction motor (1885) Figure 1.2 Tesla’s induction motor (1886)

Both motors have been supplied from a two-phase a.c. power source and
thus contained two phase concentrated coil windings 1-1° and 2-2’ on the
ferromagnetic stator core.
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In Ferrari’s patent the rotor was made of a copper cylinder, while in the
Tesla’s patent the rotor was made of a ferromagnetic cylinder provided with a
short-circuited winding.

Though the contemporary induction motors have more elaborated
topologies (Figure 1.3) and their performance is much better, the principle has
remained basically the same.

That is, a multiphase a.c. stator winding produces a traveling field which
induces voltages that produce currents in the short-circuited (or closed)
windings of the rotor. The interaction between the stator produced field and the
rotor induced currents produces torque and thus operates the induction motor.
As the torque at zero rotor speed is nonzero, the induction motor is self-starting.
The three-phase a.c. power grid capable of delivering energy at a distance to
induction motors and other consumers has been put forward by Dolivo-
Dobrovolsky around 1880.

In 1889, Dolivo-Dobrovolsky invented the induction motor with the wound
rotor and subsequently the cage rotor in a topology very similar to that used
today. He also invented the double-cage rotor.

Thus, around 1900 the induction motor was ready for wide industrial use.
No wonder that before 1910, in Europe, locomotives provided with induction
motor propulsion, were capable of delivering 200 km/h.

However, at least for transportation, the d.c. motor took over all markets
until around 1985 when the IGBT PWM inverter was provided for efficient
frequency changers. This promoted the induction motor spectacular comeback
in variable speed drives with applications in all industries.

Energy efficient, totally enclosed squirrel cage three phase motor
Type M2BA 280 SMB, 80 kW, IP 55, IC 411, 1484 r/min, weight 630 kg

Figure 1.3 A state-of-the-art three-phase induction motor (source ABB motors)
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Mainly due to power electronics and digital control, the induction motor

may add to its old nickname of “the workhorse of industry” the label of “the
racehorse of high-tech”.

A more complete list of events that marked the induction motor history

follows.

Better and better analytical models for steady state and design purposes

The orthogonal (circuit) and space phasor models for transients

Better and better magnetic and insulation materials and cooling systems
Design optimization deterministic and stochastic methods

IGBT PWM frequency changers with low losses and high power density
(kW/m®) for moderate costs

Finite element methods (FEMs) for field distribution analysis and coupled
circuit-FEM models for comprehensive exploration of IMs with critical
(high) magnetic and electric loading

Developments of induction motors for super-high speeds and high powers
A parallel history of linear induction motors with applications in linear
motion control has unfolded

New and better methods of manufacturing and testing for induction
machines

Integral induction motors: induction motors with the PWM converter
integrated into one piece

1.3. INDUCTION MACHINES IN APPLICATIONS

Induction motors are, in general, supplied from single-phase or three-phase

a.c. power grids.

Figure 1.4 Start-run capacitor single phase induction motor (Source ABB)
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Single-phase supply motors, which have two phase stator windings to
provide selfstarting, are used mainly for home applications (fans, washing
machines, etc.): 2.2 to 3 kW. A typical contemporary single-phase induction
motor with dual (start and run) capacitor in the auxiliary phase is shown in
Figure 1.4.

Three-phase induction motors are sometimes built with aluminum frames
for general purpose applications below 55 kW (Figure 1.5).

Figure 1.5 Aluminum frame induction motor (Source: ABB)

Table 1.2. EU efficiency classes

EUefficiency classes

2-pole 4-pole
Qutput Boarderline . Boarderline
kW EFF2/EFF3 EFF1/EFF2 EFF2/EFF3 EFF1/EFF2
11 76.2 82.8 76.2 83.8
15 785 84.1 78.5 85.0
22 81.0 85.6 81.0 86.4
3 82.6 86.7 82.6 87.4
4 84.2 87.6 84.2 88.3
55 85.7 88.6 85.7 89.2
7.5 87.0 89.5 87.0 90.1
11 88.4 90.5 88.4 91.0
15 89.4 91.3 89.4 91.8
18.5 90.0 91.8 90.0 92.2
22 90.5 922 905 92.6
30 91.4 92.9 914 93.2
37 92.0 93.3 92.0 93.6
45 92.5 93.7 925 93.9
55 93.0 94.0 93.0 94.2
75 93.6 94.6 93.6 94.7
90 93.9 95.0 93.9 95.0
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Besides standard motors (class B in the U.S.A. and EFF1 in EU), high
efficiency classes (class E in U.S.A. and EFF2 and EFF3 in EU) have been
developed. Table 1.2. shows data on EU efficiency classes EFF1, EFF2 and
EFF3.

Even, 1 to 2% increase in efficiency produces notable energy savings,
especially as the motor ratings go up.

Cast iron finned frame efficient motors up to 2000 kW are built today with
axial exterior air cooling. The stator and rotor have laminated single stacks.

Typical values of efficiency and sound pressure for such motors built for
voltages of 3800 to 11,500 V and 50 to 60 Hz are shown on Table 1.3 (source:
ABB). For large starting torque, dual cage rotor induction motors are built
(Figure 1.6).

Table 1.3.
Typical values of high voltage 4-pole machines. Typical sound pressure levels in
Oﬁput & Efficiency ;o dB(A) at 1 meter distance
KW 4/4 |oad 3/4 load 1/2 load w}m 3000 1500 1000 <750
500 96.7 96.7 96.1 frame
630 g7.0 97.0 96.4 315 79 78 76 &
710 g7.1 97.1 96.5 355 79 78 78 =
800 97.3 97.2 96.8 400 79 78 76 75
900 97.4 97.4 96.9 450 80 78 76 75
1000 97.4 97.4 97.1 500 80 78 78 75
1250 97.6 97.7 97.5 560 80 78 76 75
200 97.8 97.8 97.5 The variation and measuring
2000 97.9 97.8 97.5 tolerance of the figures is =3 dB(A).

e

Figure 1.6 Dual cage rotor induction motors for large starting torque (source: ABB)
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There are applications (such as overhead cranes) where for safety reasons,
the induction motor should be braked quickly, when the motor is turned off.
Such an induction motor with integrated brake is shown on Figure 1.7.

Figure 1.8 Induction motor in pulp and paper industries (source: ABB)
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Induction motors used in the pulp and paper industry need to be kept clean
from excess pulp fibres. Rated to IP55 protection class, such induction motors
prevent the influence of ingress, dust, dirt, and damp (Figure 1.8).

Aluminum frames offer special corrosion protection. Bearing grease relief
allows for greasing the motor while it is running.

Induction machines are extensively used for wind turbines up to 750 kW
per unit and more. A typical dual winding (speed) induction generator with cage
rotor is shown in Figure 1.9.

Generator type M2BA 355 MLA 6/8 B3 E

P, = 225/50 kW U, = 400/400 VD/D f, =50 Hz
n, = 1007/756 r/min | = 410/95 A I/l =5.2/3.7
T, =2230/678 Nm T /T, = 1.6/1.4 T /T, =40/2.1

cos¢ = 0.80/0.73 n=95.7/93.1%
Q, =120/29.8 kvar Q= 169/46.8 kVAr

Figure 1.9 Dual stator winding induction generator for wind turbines (source: ABB)

Wind power to electricity conversion has shown a steady growth since
1985. [2] The EU is planning to have 8000 MW of wind power plants by the
year 2008. Today, about 3000 MW of wind power generators are at work
worldwide, a good part in California.

The environmentally clean solutions to energy conversion are likely to grow
in the near future. A 10% coverage of electrical energy needs in many countries
of the world seems within reach in the next 20 years. Also small power
hydropower plants with induction generators may produce twice as that amount.

Induction motors are used more and more for variable speed applications in
association with PWM converters.

Up to 2500 kW at 690 V (line voltage, RMS) PWM voltage source IGBT
converters are used to produce variable speed drives with induction motors. A
typical frequency converter with a special induction motor series are shown on
Figure 1.10.

Constant cooling by integrated forced ventilation independent of motor
speed provides high continuous torque capability at low speed in servodrive
applications (machine tools, etc.).
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SDM 602 motors

1.1 10 75 kW

Maximum speed 6000 rpm

Thermal reserves for high pull-out torque and
good inverter efficiency

Enhanced protection against voltage peaks
Type of enclosure IP 54

Constant cooling by integrated forced ventilation,
independent of motor speed

Figure 1.10 Frequency converter with induction motor for variable speed applications
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Raoller table motor,
frame size 355 SB, 35 kW

Roller table motor with a gear,
frame size 200 LB, 9.5 kW

Figure 1.11 Roller table induction motors without a.) and with b.) a gear (source: ABB)
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Roller tables use several low speed, (2p; = 6-12 poles) induction motors
with or without mechanical gears, supplied from one or more frequency
converters for variable speeds.

The high torque load and high ambient temperature, humidity and dust may
cause damage to induction motors unless they are properly designed and built.

Totally enclosed induction motors are fit for such demanding applications
(Figure 1.11). Mining applications (hoists, trains, conveyors, etc.) are somewhat
similar.

Induction motors are extensively used in marine environments for pumps,
fans, compressors, etc. for power up to 700 kW or more. Due to the aggressive
environment, they are totally enclosed and may have aluminum (at low power),
steel, or cast iron frames (Figure 1.12).

Figure 1.12 Induction motor driving a pump aboard a ship (source: ABB)

Aboard ship, energy consumption reduction is essential, especially money-
wise, as electric energy is produced through a diesel engine electrical generator
system.

Suppose that electric motors aboard a ship amount to 2000 kW running
8000 hours/year. With energy cost of U.S.$ 0.15/kWh, the energy bill difference
per year between two induction motor supplies with 2% difference in motor
efficiency is 0.02 x 2000 x 8000h x 0.15 =U.S.$ 55,200 per year.

Electric trains, light rail people movers in or around town, or trolleybuses of
the last generation are propulsed by variable speed induction motor drives.

Most pumps, fans, conveyors, or compressors in various industries are
driven by constant or variable speed induction motor drives.
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Figure 1.14 The BC transit system in Vancouver: with linear motion induction motor propulsion
(source: UTDC)
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The rotor of a 2500 kW, 3 kV, 400 Hz, 2 pole (24,000 rpm) induction motor
in different stages of production as shown on Figure 1.13, proves the suitability
of induction motors to high speed and high power applications.

Figure 1.15 shows a 3.68 kW (5 HP), 3200 Hz (62,000 rpm) induction
motor, with direct water stator cooling, which weighs only 2.268 Kg (5 Pds).
This is to show that it is the rather torque than the power that determines the
electric motor size.

In parallel with the development of rotary induction motor, power
electronics drives linear motion induction motors have witnessed intense studies
with quite a few applications. [9, 10] Among them Figure 1.14 shows the
UTDC-built linear induction motor people mover (BC transit) in Vancouver
now in use for more than a decade.

The panoramic view of induction motor applications sketched above is only
to demonstrate the extraordinary breadth of induction machine speed and power
ratings and of its applications both for constant and variable speeds.

Figure 1.15 3.68 kW (5 HP), 3200 Hz (62,000 rpm) induction motor with forced liquid cooling
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1.4. CONCLUSION

After 1885, more than one century from its invention, the induction motor
steps into the 21st century with a vigour unparalleled by any other motor.

Power electronics, digital control, computer-added design, and new and
better materials have earned the induction motor the new sobriquet of “the
racehorse of industry” in addition to the earlier one of “the workhorse of
industry”.

Present in all industries and in home appliances in constant and variable
speed applications, the induction motor seems now ready to make the electric
starter/generator system aboard the hybrid vehicles of the near future.

The new challenges in modeling, and optimization design in the era of finite
element methods, its control as a motor and generator for even better
performance when supplied from PWM converters, and its enormous
application potential hopefully justifies this rather comprehensive book on
induction machines at the dawn of 21st century.
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Chapter 2

CONSTRUCTION ASPECTS AND OPERATION
PRINCIPLES

The induction machine is basically an a.c. polyphase machine connected to
an a.c. power grid, either in the stator or in the rotor. The a.c. power source is, in
general, three phase but it may also be single phase. In both cases the winding
arrangement on the part of the machine—the primary—connected to the grid (the
stator in general) should produce a traveling field in the machine airgap. This
traveling field will induce voltages in conductors on the part of the machine not
connected to the grid (the rotor, or the mover in general), - the secondary. If the
windings on the secondary (rotor) are closed, a.c. currents occur in the rotor.

The interaction between the primary field and secondary currents produces
torque from zero rotor speed onward. The rotor speed at which the rotor
currents are zero is called the ideal no-load (or synchronous) speed. The rotor
winding may be multiphase (wound rotors) or made of bars shortcircuited by
end rings (cage rotors).

All primary and secondary windings are placed in uniform slots stamped
into thin silicon steel sheets called laminations.

The induction machine has a rather uniform airgap of 0.2 to 3 mm. The
largest values correspond to large power, 1 MW or more. The secondary
windings may be short-circuited or connected to an external impedance or to a
power source of variable voltage and frequency. In the latter case however the
IM works as a synchronous machine as it is doubly fed and both stator and
rotor-slip frequencies are imposed.

Though historically double stator and double rotor machines have also been
proposed to produce variable speed more conveniently, they did not make it to
the markets. Today’s power electronics seem to move such solutions even
further into oblivion.

In this chapter we discuss construction aspects and operation principles of
induction machines. A classification is implicit.

The main parts of any IM are
The stator slotted magnetic core
The stator electric winding

The rotor slotted magnetic core
The rotor electric winding

The rotor shaft

The stator frame with bearings
The cooling system

The terminal box
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The induction machines may be classified many ways. Here are some of
them:
e  With rotary or linear motion
e Three phase supply or single-phase supply
e  With wound or cage rotor

In very rare cases the internal primary is the mover and the external
secondary is at a standstill. In most rotary IMs, the primary is the stator and the
secondary is the rotor. Not so for linear induction machines. Practically all IMs
have a cylindrical rotor and thus a radial airgap between stator and rotor,
though, in principle, axial airgap IMs with disk-shaped rotor may be built to
reduce volume and weight in special applications.

First we discuss construction aspects of the above mentioned types of IMs
and than essentials of operation principles and modes.

2.1. CONSTRUCTION ASPECTS OF ROTARY IMs
Let us start with the laminated cores.
2.1.1. The magnetic cores

The stator and rotor magnetic cores are made of thin silicon steel
laminations with unoriented grain-to reduce hysteresis and eddy current losses.
The stator and rotor laminations are packed into a single stack (Figure 2.1) or in
a multiple stack (Figure 2.2). The latter has radial channels (5-15 mm wide)
between elementary stacks (50 to 150 mm long) for radial ventilation.

Single stacks are adequate for axial ventilation.

stator frame
stator single
stack

rotor single
stack

shaft

Figure 2.1 Single stack magnetic core

Single-stack IMs have been traditionally used below 100 kW but recently
have been introduced up to 2 MW as axial ventilation has been improved
drastically. The multistack concept is necessary for large power (torque) with
long stacks.

The multiple stacks lead to additional winding losses, up to 10%, in the
stator and in the rotor as the coils (bars) lead through the radial channels without
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producing torque. Also, the electromagnetic field energy produced by the coils
(bar) currents in the channels translate into additional leakage inductances
which tend to reduce the breakdown torque and the power factor. They also
reduce the starting current and torque. Typical multistack IMs are shown in
Figure 2.2.

“— —~

‘W

I nu
pu Ly

Figure 2.2 Multiple stack IM

For IMs of fundamental frequency up to 300 Hz, 0.5 mm thick silicon steel
laminations lead to reasonable core losses 2 to 4 W/Kg at 1T and 50 Hz.

For higher fundamental frequency, thinner laminations are required.
Alternatively, anisotropic magnetic powder materials may be used to cut down
the core losses at high fundamental frequencies, above 500 Hz, however at
lower power factor (see Chapter 3 on magnetic materials).

2.1.2. Slot geometry

The airgap, or the air space between stator and rotor, has to be traveled by
the magnetic field produced by the stator. This in turn will induce voltages and
produce currents in the rotor windings. Magnetizing air requires large
magnetomotive forces (mmfs) or amperturns. The smaller the air (nonmagnetic)
gap, the smaller the magnetization mmf. The lower limit of airgap g is
determined by mechanical constraints and by the ratio of the stator and slot
openings by, b, to airgap g in order to keep additional losses of surface core
and tooth flux pulsation within limits. The tooth is the lamination radial sector
between two neighbouring slots.

Putting the windings (coils) in slots has the main merit of reducing the
magnetization current. Second, the winding manufacture and placement in slots
becomes easier. Third, the winding in slots are better off in terms of mechanical
rigidity and heat transmission (to the cores). Finally the total mmf per unit
length of periphery (the coil height) could be increased and thus large power
IMs could be built efficiently. What is lost is the possibility to build windings
(coils) that can produce purely sinusoidal distributed amperturns (mmfs) along

© 2002 by CRC Press LLC



the periphery of the machine airgap. But this is a small price to pay for the
incumbent benefits.

The slot geometry depends mainly on IM power (torque) level and thus on
the type of magnetic wire—with round or rectangular cross section—from which
the coils of windings are made. With round wire (random wound) coils for small
power IMs (below 100 kW in general), the coils may be introduced in slots wire
by wire and thus the slot openings may be small (Figure 2.3a). For preformed
coils (in large IMs), made, in general, of rectangular cross-section wire, open or
semiopen slots are used (Figure 2.3b, c).

In general, the slots may be rectangular, straight trapezoidal, or rounded
trapezoidal. Open and semiopen slots tend to be rectangular (Figure 2.3b, c) in
shape and the semiclosed are trapezoidal or rounded trapezoidal (Figure 2.3a).

In an IM, only slots on one side are open, while on the other side, they are
semiclosed or semiopen.

/O :
9 8 | E

bOS
a.) b.) c)

Figure 2.3 Slot geometrics to locate coil windings
a.) semiclosed b.) semiopen c.) open

The reason is that a large slot opening, b, per gap, g, ratio (b.s/g > 6) leads
to lower average flux density, for given stator mmf and to large flux pulsation in
the rotor tooth, which will produce large additional core losses. In the airgap
flux density harmonics lead to parasitic torques, noise, and vibration as
presented in subsequent, dedicated, chapters. For semiopen and semiclosed
slots, b,s/g = (4-6) in general. For the same reasons, the rotor slot opening per
airgap b,/g = 3-4 wherever possible. Too small a slot opening per gap ratio
leads to a higher magnetic field in the slot neck (Figure 2.3) and thus to a higher
slot leakage inductance, which causes lower starting torque and current and
lower breakdown torque.

Slots as in Figure 2.3 are used both for stator and wound rotors. Rotor slot
geometry for cage-rotors is much more diversified depending upon
e Starting and rated load constraints (specifications)

e Constant voltage/frequency (V/f) or variable voltage/frequency supply
operation
e Torque range.

Less than rated starting torque, high efficiency IMs for low power at

constant V/f or for variable V/f may use round semiclosed slots (Figure 2.4a).

© 2002 by CRC Press LLC



Rounded trapezoidal slots with rectangular teeth are typical for medium starting
torque (around rated value) in small power IMs (Figure 2.4b).

Closed rotor slots may be used to reduce noise and torque pulsations for
low power circulating fluid pumps for homes at the expense of large rotor
leakage inductance; that is, lower breakdown torque. In essence the iron bridge
(0.5 to 1 mm thick), above the closed rotor slot, already saturates at 10 to 15%
of rated current at a relative permeability of 50 or less that drops further to 15 to
20 for starting conditions (zero speed, full voltage).

c.)

Figure 2.4 Rotor slots for cage rotors
a.) semiclosed and round b.) semiclosed and round trapezoidal c.) closed slots

a bt

a.) b.) c.)

Figure 2.5 Rotor slots for low starting current IMs
a.) high slip, high starting torque ~ b.) moderate starting torque  c.) very high starting torque

For high starting torque, high rated slip (lower rated speed with respect to
ideal no-load speed), rectangular deep bar rotor slots are used (Figure 2.5a).
Inverse trapezoidal or double cage slots are used for low starting current and
moderate and large starting torque (Figure 2.5b, c). In all these cases, the rotor
slot leakage inductance increases and thus the breakdown torque is reduced to
as low as 150 to 200% rated torque.
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More general, optimal shape cage rotor slots may be generated through
direct FEM optimization techniques to meet desired performance constraints for
special applications. In general, low stator current and moderate and high
starting torque rely on the rotor slip frequency effect on rotor resistance and
leakage inductance.

At the start, the frequency of rotor currents is equal to stator (power grid)
frequency f;, while at full load f;; = S,f}; S,, the rated slip, is about 0.08 and less
than 0.01 in large IMs:

fy—np, .

Szf—, n - speed in rps 2.1
1

p1 is the number of spatial periods of airgap traveling field wave per revolution
produced by the stator windings:

B,, (x, t): B, . cos(plel - colt) (2.2)

6;-mechanical position angle; o, = 27f].

Remember that, for variable voltage and frequency supply (variable speed),
the starting torque and current constraints are eliminated as the rotor slip
frequency Sf) is always kept below that corresponding to breakdown torque.

Very important in variable speed drives is efficiency, power factor,
breakdown torque, and motor initial or total costs (with capitalized loss costs
included).

2.1.3. IM windings

The IM is provided with windings both on the stator and on the rotor. Stator
and rotor windings are treated in detail in Chapter 4.
Here we refer only to a primitive stator winding with 6 slots for two poles

(Figure 2.6).
a

b.)

Figure 2.6 Primitive IM with 6 stator slots and cage rotor
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Each phase is made of a single coil whose pitch spans half of rotor
periphery. The three phases (coils) are space shifted by 120°. For our case there
are 120° mechanical degrees between phase axes as p; = 1 pole pair. For p; =2,
3,4, 5, 6, there will be 120°/p; mechanical degrees between phase axes.

The airgap field produced by each phase has its maximum in the middle of
the phase coil (Figure 2.6) and, with the slot opening eliminated, it has a
rectangular spatial distribution whose amplitude varies sinusoidally in time with
frequency f (Figure 2.7).

It is evident from Figure 2.7 that when the time angle 0, electrically varies
by m/6, so does the fundamental maximum of airgap flux density with space
harmonics neglected, a travelling wavefield in the airgap is produced. Its
direction of motion is from phase a to phase b axis, if the current in phase a
leads (in time) the current in phase b, and phase b leads phase c. The angular
speed of this field is simply ®,, in electrical terms, or @;/p; in mechanical terms
(see also Equation (2.2)).

Q, =2mn; =, /p, (2.3)

phasea 1] 2 3 4 5.6 1=t phasea 1, 2 3 4 5 6 i=H3/2
phase b 1=-1/2 phase b =B
. i=0
phase ¢ =-1/2
47,
] e resultant
irgap
] field
: 60
90 ] L]
resultant —
airgap
field

Figure 2.7 Stator currents and airgap field at times t; and t,.
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So n,, the traveling field speed in 1ps, is
n, =1 /p, 2.4

This is how the ideal no load speed for 50(60) Hz is 3000/3600 rpm for p, =
1, 1500/1800 rpm for p; = 2 and so on.

As the rated slip S, is small (less than 10% for most IMs), the rated speed is
only slightly lower than a submultiple of f; in rps. The crude configuration in
Figure 2.7 may be improved by increasing the number of slots, and by using two
layers of coils in each slot. This way the harmonics content of airgap flux
density diminishes, approaching a better pure traveling field, despite the
inherently discontinuous placement of conductors in slots.

A wound stator is shown in Figure 2.8. The three phases may be star or
delta connected. Sometimes, during starting, the connection is changed from star
to delta (for delta-designed IMs) to reduce starting currents in weak local power
grids.

Bearings

Stator windings

Figure 2.8 IM wound three-phase stator winding with cage rotor

Wound rotors are built in a similar way (Figure 2.9). The slip rings are
visible to the right. The stator-placed brush system is not. Single-phase-supply
IMs have, on the other hand, in general, two windings on the stator.

The main winding (m) and the auxiliary (or starting) one (a) are used to
produce a traveling field in the airgap. Similar to the case of three phases, the
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two windings are spatially phase shifted by 90° (electrical) in general. To phase
shift the current in the auxiliary winding, a capacitor is used.

Figure 2.9 Three-phase wound rotor

In reversible motion applications, the two windings are identical. The
capacitor is switched from one phase to the other to change the direction of
traveling field.

When auxiliary winding works continuously, each of the two windings uses
half the number of slots. Only the number of turns and the wire cross-section
differ.

The presence of auxiliary winding with capacitance increases the torque,
efficiency, and power factor. In capacitor-start low-power (below 250 W) IMs,
the main winding occupies 2/3 of the stator slots and the auxiliary (starting)
winding only 1/3. The capacitor winding is turned off in such motors by a
centrifugal or time relay at a certain speed (time) during starting. In all cases, a
cage winding is used in the rotor (Figure 2.10). For very low power levels
(below 100 W in general), the capacitor may be replaced by a resistance to cut
cost at the expense of a lower efficiency and power factor.

Finally, it is possible to produce a traveling field with a single phase
concentrated coil winding with shaded poles (Figure 2.11). The short-circuiting
ring is retarding the magnetic flux of the stator in the shaded pole area with
respect to the unshaded pole area.
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Figure 2.10 Single phase supply capacitor IMs
a.) primitive configuration with equally strong windings
b.) primitive configuration with 2/3, 1/3 occupancy windings
c.) reversible motor d.) dual capacitor connection
e.) capacitor start-only connection

. —— Cage—type rotor

—— Shading band

Figure 2.11 Single phase (shaded pole) IM
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The airgap field has a traveling component and the motor starts rotating
from the unshaded to the shaded pole zone. The rotor has a cage winding. The
low cost and superior ruggedness of shaded pole single phase IM is paid for by
a lower efficiency and power factor. This motor is more of historical importance
and is seldom used, usually below 100 W, where cost is the prime concern.

2.1.4. Cage rotor windings

As mentioned above, the rotor of IMs is provided with single or double
cage windings (Figure 2.12), in addition to typical three phase windings on
wound rotors.

a.)
. f///////%///é Insulation Z/////////////////
b.)

Figure 2.12 Cage rotor windings
a.) single cage b.) double cage

The cage bars and end rings are made of diecast aluminum for low and
medium power and from brass or copper for high powers. For medium and high
powers, the bars are silver-rings—welded to end to provide low resistance
contact.

For double cages brass may be used (higher resistivity) for the upper cage
and copper for the lower cage. In this case, each cage has its own end ring,
mainly due to thermal expansion constraints.

For high efficiency IMs copper tends to be preferred due to higher
conductivity, larger allowable current density, and working temperatures.

The diecasting of aluminum at rather low temperatures results in low rotor
mass production costs for low power IMs.
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Energy efficient, totally enclosed squirrel cage three phase motor
Type M2BA 280 SMB, 90 kW, IP 55, IC 411, 1484 r/min, welght 630 kg

Figure 2.13 Cutaway view of a modern induction motor

The debate over aluminum or copper is not yet decided and both materials
are likely to be used depending on the application and power (torque) level.

Although some construction parts such as frames, cooling system, shafts,
bearings, and terminal boxes have not been described here, we will not dwell on
them at this time as they will be discussed again in subsequent chapters. Instead,
Figure 2.13 presents a rather complete cutaway view of a fairly modern
induction motor. It has a single stack magnetic core, thus axial ventilation is
used by a fan on the shaft located beyond the bearings. The heat evacuation area
is increased by the finned stator frame. This technology has proven practical up
to 2 MW in low voltage IMs.

The IM in Figure 2.13 has a single-cage rotor winding. The stator winding
is built in two layers out of round magnetic wire. The coils are random wound.
The stator and rotor slots are of the semiclosed type. Configuration in Figure
2.13 is dubbed as totally enclosed fan cooled (TEFC), as the ventilator is placed
outside bearings on the shaft.

It is a low voltage IM (below 690 V RMS-line voltage).

2.2. CONSTRUCTION ASPECTS OF LINEAR INDUCTION MOTORS

In principle, for each rotary IM there is a linear motion counter-part. The
imaginary process of cutting and unrolling the rotary machine to obtain the
linear induction motor (LIM) is by now classic (Figure 2.14). [1]

The primary may now be shorter or larger than the secondary. The shorter
component will be the mover. In Figure 2.14 the primary is the mover. The
primary may be double sided (Figure 2.14d) or single sided (Figure 2.14 c, e).
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The secondary material is copper or aluminum for the double-sided LIM
and it may be aluminum (copper) on solid iron for the single-sided LIM.
Alternatively, a ladder conductor secondary placed in the slots of a laminated
core may be used, as for cage rotor rotary IMs (Figure 2.14c¢). This latter case is
typical for short travel (up to a few meters) low speed (below 3 m/s)
applications.

“Cut” along
this line

(@) (b)

(©)

“Stator” or Slot-embedded

primary windings iron
“Rotor” or copper
secondary
E OONMOMNO ;
OO MO MO MO IOIOIOIOIOI
-

(d) (e)

Figure 2.14 Cutting and unrolling process to obtain a LIM

Finally, the secondary solid material may be replaced by a conducting fluid
(liquid metal), when a double sided linear induction pump is obtained. [2]

All configurations on Figure 2.14 may be dubbed as flat ones. The primary
winding produces an airgap field with a strong traveling component at the linear
speed us.

=21f, 2.5)

The number of pole pairs does not influence the ideal no-load linear speed
u,. Incidentally, the peripheral ideal no-load speed in rotary IMs has the same
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formula (2.5) where t is the pole pitch (the spatial semiperiod of the traveling
field).

In contrast to rotary IMs, the LIM has an open magnetic structure along the
direction of motion. Additional phenomena called longitudinal effects occur due
to this. They tend to increase with speed, deteriorating the thrust, efficiency, and
power factor performance. Also, above 3 to 5 m/s speed, the airgap has to be
large (due to mechanical clearance constraints): in general, 3 to 12 mm. This
leads to high magnetization currents and thus a lower power factor than in
rotary IMs.

However, the LIM produces electromagnetic thrust directly and thus
climinates any mechanical transmission in linear motion applications
(transportation).

Apart from flat LIM, tubular LIMs may be obtained by rerolling the flat
LIM around the direction of motion (Figure 2.15).

Direction of field travel

Tubular motor

Conventional
motor
[Mlin ﬂu:\
A———F1t—— -...J._.__.\ s g B
{
| | B
|
Secondary | | 1]
core ——r 1l
= AN
- - - - < Air gap
A m———————— e —_ e, —————
L
il
Secondary "
conducting | | I |~ Primary
sleeve I I e, coils
J\ -
P . — ———— — —— A — — —— — P — e — —
~ e Primary
plates

Figure 2.15 The tubular linear induction motor

The coils of primary winding are now of circular shape. The rotor may be
an aluminum cylinder on solid iron. Alternatively, a secondary cage may be
built. In this case the cage is made of ring shape-bars. Transverse laminations of
disc shape may be used to make the magnetic circuit easy to manufacture, but
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care must be excersized to reduce the core losses in the primary. The blessing of
circularity renders this LIM more compact and proper for short travels (1 m or
less).

In general, LIMs are characterized by a continuous thrust density (N/cm® of
primary) of up to 2 (2.5) N/cm® without forced cooling. The large values
correspond to larger LIMs. The current LIM use for a few urban transportation
systems in North America, Middle East, and East Asia has proved that they are
rugged and almost maintenance free. More on LIMs in Chapter 20.

2.3. OPERATION PRINCIPLES OF IMs

The operation principles are basically related to torque (for rotary IMs) and,
respectively, thrust (for LIMs) production. In other words, it is about forces in
traveling electromagnetic fields. Or even simpler, why the IM spins and the
LIM moves linearly. Basically the torque (force) production in IMs and LIMs
may be approached via
e Forces on conductors in a travelling field
o  The Maxwell stress tensor [3]

e The energy (coenergy) derivative
e Variational principles (Lagrange equations) [4]

The electromagnetic traveling field produced by the stator currents exists in
the airgap and crosses the rotor teeth to embrace the rotor winding (rotor
cage)—Figure 2.16. Only a small fraction of it radially traverses the top of the
rotor slot which contains conductor material.

It is thus evident that, with rotor and stator conductors in slots, there are no
main forces experienced by the conductors themselves. Therefore, the method
of forces experienced by conductors in fields does not apply directly to rotary
IMs with conductors in slots.

main field
lines

Figure 2.16 Flux paths in IMs

The current occurs in the rotor cage (in slots) because the magnetic
traveling flux produced by the stator in any rotor cage loop varies in time even
at zero speed (Figure 2.17). If the cage rotor rotates at speed n (in rps), the
stator-produced traveling flux density in the airgap (2.2) moves with respect to
the rotor with the relative speed n.
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nsrzi—n:S-i (2.6)
b1 Py
In rotor coordinates, (2.2) may be written as.
B(Or,t) =B, cos(plez - Smlt) 2.7)

stator current

travelling main field
field 4 rotor current
- > v .
v main field
Ibl Ib2 ll .
loop Bl Bxar be,

0, 0,+2nMNT

Figure 2.17 Traveling flux crossing the rotor cage loops (a), leakage and main fields (b)

Consequently, with the cage bars in slots, according to electromagnetic
induction law, a voltage is induced in loop 1 of the rotor cage and thus a current
occurs in it such that its reaction flux opposes the initial flux.

The current which occurs in the rotor cage, at rotor slip frequency Sf (see
(2.7)), produces a reaction field which crosses the airgap. This is the main
reaction field. Thus the resultant airgap field is the product of both stator and
rotor currents. As the two currents tend to be more than 2n/3 when shifted, the
resultant (magnetization) current is reasonably low; in fact, it is 25 to 60% of
the rated current depending on the machine airgap g to pole pitch t ratio. The
higher the ratio t/g, the smaller the magnetization current in p.u.

The stator and rotor currents also produce leakage flux paths crossing the
slots: B, and B,,.

According to the Maxwell stress tensor theory, at the surface border
between mediums with different magnetic fields and permeabilities (L, in air, p
# W in the core), the magnetic field produces forces. The interaction force
component perpendicular to the rotor slot wall is. [3]

F, - B, (6,,t)B,(6,,1)~ (2.8)

n =" ———  Ttooth

Ho

The magnetic field has a radial (B,;) and a tangential (B,;) component only.
Now, for the rotor slot, B,(6,)—tangential flux density—is the slot leakage
flux density.

Bar(er) Ko b(e t) (29)

ST
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The radial flux density that counts in the torque production is that produced
by the stator currents, B,(6,), in the rotor tooth.

btr + bsr

Btr(er’t):B(ewt)' b

(2.10)

Sr

In (2.10), b, is the mean rotor tooth width while B(0,,t) is the airgap flux
density produced by the stator currents in the airgap.

When we add the specific Maxwell stress tensors [1] on the left and on the
right side walls of the rotor slot we should note that the normal direction
changes sign on the two surfaces. Thus the addition becomes a subtraction.

ftooth (N /m2 ): _(Bar(er + Ae’ t)Btr (er + Ae’ t) Bar(er’ t)Btr (er’ t)) (2.1 1)

Mo Mo

Essentially the slot leakage field B, does not change with A6—the radial
angle that corresponds to a slot width.

Jftooth (N /mz): _W(Btr (er + Ae’ t)_ Btr (er’ t)) (2 12)
0

The approximate difference may be replaced by a differential when the

number of slots is large. Also from (2.9):
— Ib(er’ t) . AB(er’ t) . (btr + bsr)
b AB b

-AB

(2.13)

slot

ftooth (N /m2 ): -

sr slot sr

Therefore it is the change of stator produced field with 6,, the traveling field
existence, that produces the tangential force experienced by the walls of each
slot. The total force for one slot may be obtained by multiplying the specific
force in (2.13) by the rotor slot height and by the stack length.

It may be demonstrated that with a pure traveling field and rotor current
traveling wave I,(0,,t), the tangential forces on each slot pair of walls add up to
produce a smooth torque. Not so if the field is not purely traveling.

Based on same rationale, an opposite direction tangential force on stator slot
walls may be calculated. It is produced by the interaction of stator leakage field
with rotor main reaction field. This is to be expected as action equals reaction
according to Newton’s third law. So the tangential forces that produce the
torque occur on the tooth radial walls. Despite this reality, the principle of IM is
traditionally explained by forces on currents in a magnetic field.

It may be demonstrated that, mathematically, it is correct to “move” the
rotor currents from rotor slots, eliminate the slots and place them in an infinitely
thin conductor sheet on the rotor surface to replace the actual slot-cage rotor
configuration (Figure 2.18). This way the tangential force will be exerted
directly on the “rotor” conductors. Let us use this concept to explain further the
operation modes of IM.
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Figure 2.18 Operation modes of IMs

- -
a.) motoring: U < U, both in the same direction

- -
b.) generating: U > U both in the same direction

c.) braking: U opposite to U, ; either U or U, changes direction.

field

A=)

The relative speed between rotor conductors and stator traveling field is

U- Us, so the induced electrical field in the rotor conductors is.

E=

©-0.)

(2.14)

As the rotor cage is short-circuited, no external electric field is applied to it,

so the current density in the rotor conductor T is

ooy

(2.15)

Finally, the force (per unit volume) exerted on the rotor conductor by the

traveling field, f, is
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Applying these fundamental equations for rotor speed U and field speed
— - o
Us in the same direction we obtain the motoring mode for U< U, , and,

- -
respectively, the generating mode for U > Uy , as shown on Figure 2.17a, b. In

the motoring mode, the force on rotor conductors acts along the direction of
motion while, in the generating mode, it acts against it. In the same time, the
electromagnetic (airgap) power P, is negative.

P, :ft -ﬁs > 0 ; for motoring (f; > 0, U > 0)

P, = fi-Us <0; for generating (f; <0, U>0) 2.17)

This simply means that in the generating mode the active power travels
from rotor to stator to be sent back to the grid after losses are covered. In the
braking mode (U < 0 and U > 0 or U > 0 and U < 0), as seen in Figure 2.18c,
the torque acts against motion again but the electromagnetic power P, remains

positive (Us >0 and f: >0 or Us<0 and f¢<0). Consequently, active
power is drawn from the power source. It is also drawn from the shaft. The
summation of the two is converted into induction machine losses.

The braking mode is thus energy intensive and should be used only at low
frequencies and speeds (low U and U), in variable speed drives, to “lock” the
variable speed drive at standstill under load.

The linear induction motor operation principles and operation modes are
quite similar to those presented for rotary induction machines.

2.4. SUMMARY

e The IM is an a.c. machine. It may be energized directly from a three phase
a.c. or single phase a.c. power grid. Alternatively it may be energized
through a PWM converter at variable voltage (V) and frequency ().

e The IM is essentially a traveling field machine. It has an ideal no-load
speed n; = fi/p;; p; is the number of traveling field periods per one
revolution.

e The IM main parts are the stator and rotor slotted magnetic cores and
windings. The magnetic cores are, in general, made of thin silicon steel
sheets (laminations) to reduce the core losses to values such as 2 to 4 W/Kg
at60 Hzand 1 T.

e Three or two phase windings are placed in the primary (stator) slots.
Windings are coil systems connected to produce a travelling mmf
(amperturns) in the airgap between the stator and the rotor cores.

e The slot geometry depends on power (torque) level and performance
constraints.

Starting torque and current, breakdown torque, rated efficiency, and power
factor are typical constraints (specifications) for power grid directly
energized IMs.
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Two phase windings are used for capacitor IMs energised from a single
phase a.c. supply to produce traveling field. Single phase a.c. supply is
typical for home appliances.

Cage windings made of solid bars in slots with end rings are used on most
IM rotors. The rotor bar cross-section is tightly related to all starting and
running performances. Deep-bar or double-cage windings are used for high
starting torque, low starting current IMs fed from the power grid (constant
V and f).

Linear induction motors are obtained from rotary IMs by the cut-and-unroll
process. Flat and tubular configurations are feasible with single sided or
double sided primary. Either primary or secondary may be the mover in
LIMs. Ladder or aluminum sheet or iron are typical for single sided LIM
secondaries. Continuous thrust densities up to 2 to 2.5 N/cm? are feasible
with air cooling LIMs.

In general, the airgap g per pole pitch t ratio is larger than for rotary IM and
thus the power factor and efficiency are lower. However, the absence of
mechanical transmission in linear motion applications leads to virtually
maintenance-free propulsion systems. Urban transportation systems with
LIM propulsion are now in use in a few cities from three continents.

The principle of operation of IMs is related to torque production. By using
the Maxwell stress tensor concept it has been shown that, with windings in
slots, the torque (due to tangential forces) is exerted mainly on slot walls
and not on the conductors themselves.

Stress analysis during severe transients should illustrate this reality. It
may be demonstrated that the rotor winding in slots can be
“mathematically” moved in the airgap and transformed into an equivalent
infinitely thin current sheet. The same torque is now exerted directly on the
rotor conductors in the airgap. The LIM with conductor sheet on iron
naturally resembles this situation.

Based on the JxB force principle, three operation modes of IM are easily
identified.

» Motoring: |U| <|Uy; U and U; either positive or negative

» Generating: |U| > |Uy|; U and U; either positive or negative

» Braking: (U>0 & U;<0) or (U<0 & Ug>0)

For the motoring mode, the torque acts along the direction motion while,
for the generator mode, it acts against it as it does during braking mode.
However, during generating the IM returns some power to the grid, after
covering the losses, while for braking it draws active power also from the
power grid.

Generating is energy—conversion advantageous while braking is energy
intensive. Braking is recommended only at low frequency and speed, with
variable V/f PWM converter supply, to stall the IM drive on load (like in
overhead cranes). The energy consumption is moderate in such cases (as the
frequency is small).
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Chapter 3

MAGNETIC, ELECTRIC,
AND INSULATION MATERIALS FOR IM

3.1. INTRODUCTION

Induction machines contain magnetic circuits traveled by a.c. and traveling
magnetic fields and electric circuits flowed by alternative currents. The electric
circuits are insulated from the magnetic circuits (cores). The insulation system
comprises the conductor, slot and interphase insulation.

Magnetic, electrical, and insulation materials are characterized by their
characteristics (B(H) curve, electrical resistivity, dielectric constant, and
breakdown electric field (V/m)) and their losses.

At frequencies encountered in IMs (up to tens of kHz, when PWM inverter
fed), the insulation losses are neglected. Soft magnetic materials are used in IM
as the magnetic field is current produced. The flux density (B)/magnetic field
(H) curve and cycle depend on the soft material composition and fabrication
process. Their losses in W/kg depend on the B-H hysteresis cycle, frequency,
electrical resistivity, and the a.c. (or) traveling field penetration into the soft
magnetic material.

Silicon steel sheets are standard soft magnetic materials for IMs.
Amorphous soft powder materials have been introduced recently with some
potential for high frequency (high speed) IMs. The pure copper is the favorite
material for the stator electric circuit (windings), while aluminum or brass is
used for rotor squirrel cage windings.

Insulation materials are getting thinner and better and are ranked into a few
classes: A (105°C), B (130°C), F (155°C), H (180°C).

3.2. SOFT MAGNETIC MATERIALS

In free space the flux density B and the magnetic field H are related by the
permeability of free space o = 4w107H/m (S.L.)

R e

Within a certain material a different magnetization process occurs.
B=p-H; p=popg (3.2)

In (3.2) p is termed as permeability and pr relative permeability
(nondimensional).

Permeability is defined for homogenous (uniform quality) and isotropic
(same properties in all directions) materials. In nonhomogeneous or (and)
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nonisotropic materials, @ becomes a tensor. Most common materials are
nonlinear: p varies with B.

A material is classified according to the value of its relative permeability,
Ur, Which is related to its atomic structure.

Most nonmagnetic materials are either paramagnetic-with pg slightly
greater than 1.0, or diamagnetic with pg slightly less than 1.0. Superconductors
are perfect diamagnetic materials. In such materials when B 2 0, pr = 0.

Magnetic properties are related to the existence of permanent magnetic
dipoles within the matter.

There are quite a few classes of more magnetic materials (ug >> 1). Among,
them we will deal here with soft ferromagnetic materials. Soft magnetic
materials include alloys made of iron, nickel, cobalt and one rare earth element
and/or soft steels with silicon.

There is also a class of magnetic materials made of powdered iron particles
(or other magnetic material) suspended in an epoxy or plastic (nonferrous)
matrix. These softpowder magnetic materials are formed by compression or
injection, molding or other techniques.

There are a number of properties of interest in a soft magnetic material such
as permeability versus B, saturation flux density, H(B), temperature variation of
permeability, hysteresis characteristics, electric conductivity, Curie temperature,
and loss coefficients.

The graphical representation of nonlinear B(H) curve (besides the pertinent
table) is of high interest (Figure 3.1). Also of high interest is the hysteresis loop
(Figure 3.2).

A
B(tY I

II

o, |l ,
H H(A/m)

Figure 3.1 Typical B-H curve

There are quite a few standard laboratory methods to obtain these two
characteristics. The B-H curve can be obtained two ways: the virgin (initial) B-
H curve, obtained from a totally demagnetized sample; the normal (average) B-
H curve, obtained as the tips of hysteresis loops of increasing magnitude. There
is only a small difference between the two methods.
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Figure 3.2 Deltamax tape-wound core 0.5 mm strip hysteresis loop

The B-H curve is the result of domain changes within the magnetic
material. The domains of soft magnetic materials are 10*-10"m in size. When
completely demagnetized, these domains have random magnetization with zero
flux in all finite samples.

When an external magnetic field H is applied, the domains aligned to H
tend to grow when increasing B (region I on Figure 3.1). In region II, H is
further increased and the domain walls move rapidly until each crystal of the
material becomes a single domain. In region III, the domains rotate towards
alignment with H. This results in magnetic saturation B,. Beyond this condition,
the small increase in B is basically due to the increase in the space occupied by
the material for B = poH,.

This “free space” flux density may be subtracted to obtain the intrinsic
magnetization curve. The nonlinear character of B-H curve (Figure 3.1) leads to
two different definitions of relative permeability.

e  The normal permeability pg,:

B tana,

Hgy = = (3.3)
« HoH Mo
e  The differential relative permeability pgq:
dB t,, O
by = =2 G4)
HodH Ho

Only in region II, pg, = pre. In region I and I1I, in general, pg, > prq (Figure
3.3). The permeability is maximum in region II. For M19 silicon steel sheets (B
=2T, H; = 40,000 A/m, rma= 10,000).

So the minimum relative permeability is

2.0

— = -398! 35
471077 - 40000 3:5)

(HRn )BS =20T =
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UR 4

Figure 3.3 Relative permeability versus H

mv

The second graphical characteristic of interest is the hysteresis loop (Figure
3.2). This is a symmetrical hysteresis loop obtained after a number of reversals
of magnetic field (force) between +H,.. The area within the loop is related to the
energy required to reverse the magnetic domain walls as H is reversed. This
nonreversible energy is called hysteresis loss, and varies with temperature and
frequency of H reversals in a given material (Figure 3.2). A typical
magnetization curve B-H for silicon steel nonoriented grain is given in Table

3.1.
Table 3.1. B-H curve for silicon (3.5%) steel (0.5mm thick) at 50Hz
B(T) 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
H(A/m) | 228 35 45 49 57 65 70 76 83 90
B(T) 0.55 0.6 0.65 0.7 0.75 0.8 0.85 0.9 0.95 1
H(A/m) 98 106 115 124 135 148 162 177 198 220
B(T) 1.05 1.1 1.15 1.2 1.25 1.3 1.35 1.4 1.45 1.5
H(A/m) | 237 273 310 356 417 482 585 760 1050 | 1340
B(T) 1.55 1.6 1.65 1.7 1.75 1.8 1.85 1.9 1.95 2.0
H(A/m) | 1760 | 2460 | 3460 | 4800 | 6160 | 8270 | 11170 | 15220 | 22000 | 34000
Table 3.2.
Inducfion Typical DT and Derived AC Magnetizing Force [Oe) of As-Sheared 2% Gage M 19 Fully Processed CRNO at Various Frequencies
kC] DC a0 Hz &0 Hz 100 Hz 150 Hz 200 Hz 200 Hz 400 Hz 600 Hz 1000 Hz 1500 Hz 2000 Hz
0 0333 0.334 0.341 0.349 DA34 0372 0.385 0.412 0.485 0.584 0642
20 0.401 0.475 0.480 0.495 0513 0533 0.567 0.599 0441 0.808 0.955 1.092
40 0,344 0,857 0.68% 0.700 0.73% ey 0.84& Qe 1.040 1.298 1.a57 |.800
70 0845 0.504 0.314 0968 1.030 1058 121 1.325 1.553 2000 2483 2.954
100 1.235 1.248 1.283 1.324 1.403 1.421 1642 1.822 2149 2847 2.497 4.534
120 2058 1.705 1me 1777 1.859 1942 217% 2324 2738 3.457 4749 5.E8%
130 2951 2211 2223 2273 2.342 2424 2608 2815 32a4 4245 5439
140 5.470 3.508 3310 3571 2633 3491 3.835 4.132
150 12928 a.274 81132 B368 8346 BA7E 651 9737
155 22784 13.615 13.587 13.754 12725 13774 14.102 14496
160 35201 21.589 2175 21800 21.842 21838
16.5 50940 32383 3250 32.42% 32.547 a2.588
170 FOZ40 45115 46234 44992 44 444 28430
1a.0 12200
19.0 0158
2000 3%3.50
210 11184
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It has been shown experimentally that the magnetization curve varies with
frequency as in Table 3.2. This time the magnetic field is kept in original data
(0Oe=79.55A/m). [1]

In essence the magnetic field increases with frequency for same flux density
B. Reduction of the design flux density is recommended when the frequency
increases above 200 Hz as the core losses grow markedly with frequency.

3.3. CORE (MAGNETIC) LOSSES

Energy loss in the magnetic material itself is a very significant characteristic
in the energy efficiency of IMs. This loss is termed core loss or magnetic loss.

Traditionally, core loss has been divided into two components: hysteresis
loss and eddy current loss. The hysteresis loss is equal to the product between
the hysteresis loop area and the frequency of the magnetic field in sinusoidal
systems.

P, ~ kthmz[W/kg]; B,, - maximum flux density (3.6)

Hysteresis losses are 10 to 30% higher in traveling fields than in a.c. fields
for B, < 1.5(1.6)T. However, in a traveling field they have a maximum, in
general, between 1.5 to 1.6T and then decrease to low values for B > 2.0T. The
computation of hysteresis losses is still an open issue due to the hysteresis cycle
complex shape, its dependence on frequency and on the character of the
magnetic field (traveling or a.c.) [2].

Preisach modelling of hysteresis cycle is very popular [3] but neural
network models have proved much less computation time consuming. [4]

Eddy current losses are caused by induced electric currents in the magnetic
material by an external a.c. or traveling magnetic field.

P, ~k f’B,’[W/kg] (3.7)

Finite elements are used to determine the magnetic distribution-with zero
electrical conductivity, and then the core losses may be calculated by some
analytical approximations as (3.6)-(3.7) or [5]

2 2 15
Pcore ~ kthmaK(Bm)+ EEI (d_B) dt + Kexf J. (d_B] dt
1/f

12 vy, dt el dt (3.8)
where K=1 +%ZABi

B, -maximum flux density

F -frequency

Yre -material density

d -lamination thickness

Ky -hysteresis loss constant

K., -excess loss constant

AB; -change of flux density during a time step
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n -total number of time steps

Equation (3.8) is a generalization of Equations (3.6) and (3.7) for
nonsinusoidal time varying magnetic fields as produced in PWM inverter IM

drives.
For sinusoidal systems, the eddy currents in a thin lamination may be

calculated rather easily by assuming the external magnetic field H,e'™" acting
parallel to the lamination plane (Figure 3.4).
LalfZ
o 74 180+ itiy]

E\ =
Jp(x) ' :
22— . . : ;
’ ' .
' [
1 '
; ,

; |5
: :
: :

-d/2f— iS5
124 |
Figure 3.4 Eddy currents paths in a soft material lamination
Maxwell’s equations yield
oH .
(3.9

where J is current density and E is electric field.
As the lamination thickness is small in comparison with its length and
width, J, contribution is neglected. Consequently (3.9) is reduced to

o°H, _
?—JCOMGFeHy = jo,0g.Bg (3.10)

By = poHj is the initial flux density on the lamination surface.
The solution of (3.10) is

H(x)=Ae™ + Ay ™ +% (.11
0

v =B+ j) B=,/% (3.12)
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The current density J,(x) is

H
1,(x)= aaxy —ylae™ + Ae™) (3.13)

The boundary conditions are

Hy(%j:Hy[—%j:O (3.14)
Finally
A=A, =B—°d (3.15)
2ucoshp 5 (l + j)
JZ(X):_ﬁ(l+j) B, sinh(l + j)Bx G.16)

M coshp % (1+j)
The eddy current loss per unit weight P, is

2y 1Y 2 PBrrdo, o of sinh(pd)—sin(pd) T W
Fe= dog, 2 -([(JZ(X)) e = p Bo Losh(ﬁd)-k cos(Bd) kg 3-17)

The iron permeability has been considered constant within the lamination
thickness although the flux density slightly decreases.

For good utilization of the material, the flux density reduction along
lamination thickness has to be small. In other words Bd << 1. In such
conditions, the eddy-current losses increase with the lamination thickness.

The electrical conductivity o, is also influential and silicon added to soft
steel reduces o, to (2-2.5)10° (m)™". This is why 0.5-0.6 mm thick laminations
are used at 50(60) Hz and, in general, up to 200-300Hz IMs.

For such laminations, eddy current losses may be approximated to

w o, cpd?
Pe ~ Kme2|:k_g:|; Kw :%YFe (318)

The above loss formula derivation process is valid for a.c. magnetic field
excitation. For pure traveling field the eddy current losses are twice as much for
same laminations, frequency, and peak flux density.

In view of the complexity of eddy current and hysteresis losses, it is
recommended tests be run to measure them in conditions very similar to those
encountered in the particular IM.

Soft magnetic material producers manufacture laminations for many
purposes. They run their own tests and provide data on core losses for practical
values of frequency and flux density.
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Besides Epstein’s traditional method, made with rectangular lamination
samples, the wound toroidal cores method has also been introduced [6] for a.c.
field losses. For traveling field loss measurement, a rotational loss tester may be
used. [7]

Typical core loss data for M15-3% silicon 0.5 mm thick lamination
material-used in small IMs, is given in Figure 3.5. [8]

Core loss (W/lb)

0.1 | | | ] I |
50 100 200 500 1000 2000 5000 10,000
Frequency (Hz)

Figure 3.5 Core losses for M15-3% silicon 0.5 mm thick laminations [8]
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Table 3.3. [1]

Induetion Typical Core Lots [W/b) of As-Sheared 29 Gage M19 Fully Processed CRNG at Varous Frequencies

{kC) 50 Hx 40 Hz 100 Hz 150 Hx 200 Hz 300 Hr 400 Hx 600 Hz 1000 Hz 1500 Hz 2000 Hz
10 0.008 o.ooe ool ooze 0042 0.074 o112 0.205 0465 0.500 1.451
20 0031 0.03% 0.072 o119 0173 0.300 0.451 0812 1.786 230 5318
40 0.109 0138 0252 0424 821 1085 1.635 940 £.340 11.834 12523
70 0273 0.340 0447 1.104 1.440 2520 4450 a.180 17.753 Az720 52571
100 0.454 o817 1182 2,040 3.040 5.530 a.5%0 18180 36,303 71829 1é.702
120 0.487 0858 1648 2840 4290 7830 12203 23.500 54.250 108525 179321
120 0812 1018 1742 330 5040 3230 14.40% 27310 45,100 131518

140 0.969 1.20¢ 2310 4.000 5.000 10520 17.000

130 1.141 1.447 2770 4740 7150 13.000 20144

155 1.256 1.55¢ 29%0 5150 7710 13342 21519

140 1.342 1.867 3.179 S.Add 8.18%

165 1.420 1.763 3375 5788 8.674

170 1.452 1.852 3.540 4089 2129

As expected, core losses increase with frequency and flux density. A similar
situation occurs with a superior but still common material: steel M19 FP (0.4
mm) 29 gauge (Table 3.3). [1]

A rather complete up-to-date data source on soft magnetic materials
characteristics and losses may be found in Reference 1.

Core loss represents 25 to 35% of all losses in low power 50(60) Hz IMs
and slightly more in medium and large power IMs at 50(60) Hz. The
development of high speed IMs, up to more than 45,000 rpm at 20 kW [9], has
caused a new momentum in the research for better magnetic materials as core
losses are even larger than winding losses in such applications.

Thinner (0.35 mm or less) laminations of special materials (3.25% silicon)
with special thermal treatment are used to strike a better compromise between
low 60 Hz and moderate 800/1000 Hz core losses (1.2 W/kg at 60 Hz, 1T; 28
W/kg at 800 Hz, 1T).

6.5% silicon nonoriented steel laminations for low power IMs at 60 Hz have
been shown capable of a 40% reduction in core losses. [10] The noise level has
also been reduced this way. [10] Similar improvements have been reported with
0.35mm thick oriented grain laminations by alternating laminations with
perpendicular magnetization orientation or crossed magnetic structure (CMS).
[11]

Soft magnetic composites (SFC) have been produced by powder metallurgy
technologies. The magnetic powder particles are coated by insulation layers and
a binder which are compressed to provide
e Large enough magnetic permeability
e Low enough core losses
e Densities above 7.1 g/cm’ (for high enough permeability)

The hysteresis loss tends to be constant with frequency while the eddy
current loss increases almost linearly with frequency (up to 1 kHz or so).

At 400 to 500 Hz and above, the losses in SFC become smaller than for 0.5
mm thick silicon steels. However the relative permeability is still low: 100 to
200. Only for recent materials, fabricated by cold compression, the relative
permeability has been increased above 500 for flux densities in the 1T range.
[12, 13]
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Added advantages such as more freedom in choosing the stator core
geometry and the increase of slot-filling factor by coil in slot magnetic
compression embedded windings [14] may lead to a wide use of soft magnetic
composites in induction motors. The electric loading may be thus increased. The
heat transmissivity also increases. [12]

In the near future, better silicon 0.5 mm (0.35 mm) thick steel laminations
with nonoriented grain seem to remain the basic soft magnetic materials for IM
fabrication. For high speed (frequency above 300 Hz) thinner laminations are to
be used. The insulation coating layer of each lamination is getting thinner and
thinner to retain a good stacking factor (above 85%).

3.4. ELECTRICAL CONDUCTORS

Electric copper conductors are used to produce the stator three (two) phase
windings. The same is true for wound rotor windings.

Electrical copper has a high purity and is fabricated by an involved
electrolysis process. The purity is well above 99%. The cross-section of copper
conductors (wires) to be introduced in stator slots is either circular or
rectangular (Figure 3.6). The electrical resistivity of magnetic wire (electric
conductor) peo = (1.65-1.8) x 10*Qm at 20°C and varies with temperature as

Pco(T)=(Pco )ogo [1+ (T —20)/273] (3.19)
d a
O
a.) b.)

Figure 3.6 Stator slot with round (a) and rectangular (b) conductors

Round magnetic wires come in standardized gauges up to a bare copper
diameter of about 2.5mm (3mm) (or 0.12inch), in general (Tables 3.4 and 3.5).

The total cross-section A, of the coil conductor depends on the rated phase
current I}, and the design current density J.p.

Acon = Iln /Jcon (320)

The design current density varies between 3.5 and 15 A/mm?” depending on
the cooling system, service duty cycle, and the targeted efficiency of the IM.
High efficiency IMs are characterized by lower current density (3.5 to 6
A/mm?). If the Ao, in (3.19) is larger than the cross section of the largest round
wire gauge available, a few conductors of lower diameter are connected in
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parallel and wound together. Up to 6 to 8 elementary conductors may be
connected together.

Table 3.4. Round magnetic wire gauges in inches

Bars Wire | FILM ADDITIONS (Inches) OVERALL DIAMETER (Inches) WEIGHT AT 20" C68°F RESISTANCE AT 20°C-68°F
B e o T W B 1 ke Lo /M P B onms/N e | ha |
sa | Nomlent Min, ua Wi Nom. Mar, L i -
1 285 0016 0026 1288 1306 132 50.20 5281 766 [}
9 1144 0016 0026 1149 1185 181 3981 858 1]
1w 1013 015 0025 1024 1039 plily 3159 962 L]
n 0907 0015 0025 013 . 0927 0941 2504 s 1
0808 0014 0024 0gla 0827 0840 1992 121 1
o7 0014 0023 a2 0738 0750 1581 135 n
064l oo 0023 0649 0639 0670 1249 152 "
w71 013 w | esr | osas 09 | 9% 76 s
0508 201z 0021 0515 0825 0534 7880 190 "
0453 0otz o020 0460 0468 o478 6269 213 1
0403 01l 0019 0410 0418 D426 4870 29 L]
0358 ol o019 0366 0374 0382 3943 %7 13
0320 0010 ons 0327 0332 0341 118 29 n
o285 0010 0018 292 0299 0306 2492 334 n
0253 00ig o017 0260 0267 0 1969 s n
0226 0009 0016 0233 0238 0244 1572 420 n
0201 0008 0015 0208 0213 s 1.240 463 u
oLs 0009 ol 186 q191 0185 488 524 5
0159 0008 0013 0165 0169 oL 73 592 %
E o1z 0008 w12 o1 0158 0156 s8 | G Ei]
H 0126 0007 w2 mn3 0136 0i39 431 735 n
2 o1 0007 0012 o118 oLz 0128 38 820 n
n 0100 D006 o011 0105 o8 QLR B 310 817 0
a [T 0006 E 208 o | oo 246 103 0
32 0080 0006 0010 0085 ) 0091 19 114 n
] A071 0005 0009 0075 oore 0081 157 128 B
M 0063 0005 0008 . 0087 070 2072 123 143 u
kS 0036 0004 0007 0053 0062 0064 T 161 5
* 0050 o004 o007 w53 06 o058 o183 1] »
k) 0045 0003 0006 0047 0050 0052 0632 00 n
n 0040 0003 0006 0042 0045 0047 0501 prid »
T 0035 o002 | ooos 003 | 008 0041 0381 26 ]
@ 31 2062 0008 o 03 0037 o3t % 0
41 0028 0002 0004 002% 0021 0033 0234 3 L
ar 0025 0002 0004 0026 0028 0030 0185 357 2
a 002z o062 | Dees | 002 Tows | ooz a1s3 200 [
_ " 0020 0001 0303 DD}D 0022 0024 0124 455 “
Table 3.5. Typical round magnetic wire gauges in mm
Rated diameter [mm] Insulated wire diameter [mm]
0.3 0.327
0.32 0.348
0.33 0.359
0.35 0.3795
0.38 0.4105
0.40 0.4315
0.42 0.4625
0.45 0.4835
0.48 0.515
0.50 0.536
0.53 0.567
0.55 0.5875
0.58 0.6185
0.60 0.639
0.63 0.6705
0.65 0.691
0.67 0.7145
0.70 0.742
0.71 0.7525
0.75 0.7949
0.80 0.8455
0.85 0.897
0.90 0.948
0.95 1.0
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1.00 1.051
1.05 1.102
1.10 1.153
1.12 1.173
1.15 1.2035
1.18 1.2345
1.20 1.305
1.25 1.325
1.30 1.356
1.32 1.3765
1.35 1.407
1.40 1.4575
1.45 1.508
1.50 1.559

If Acon s larger than 30 to 40 mm’ (that is 6 to 8, 2.5 mm diameter wires in
parallel), rectangular conductors are recommended.

In many countries rectangular conductor cross sections are also
standardized. In some cases small cross sections such as (0.8 to 2)-2 mm x mm
or (0.8 to 6) x 6 mm x mm.

In general the rectangular conductor height a is kept low (a < 3.55 mm) to
reduce the skin effect; that is, to keep the a.c. resistance low. A large cross
section area of 3.55 x 50 mm x mm would be typical for large power IMs.

The rotor cage is generally made of aluminum: die-casted aluminum in low
power IMs (up to 300 kW or so) or of aluminum bars attached through brazing
or welding processes to end rings.

Fabricated rotor cages are made of aluminum or copper alloys and of brass
(the upper cage of a double cage) for powers above 300 kW in general. The
casting process of aluminum uses the rotor lamination stack as a partial mold
because the melting point of silicon steel is much higher than that of aluminum.
The electrical resistivity of aluminium pa; = (2.7-3.0)10®° Qm and varies with
temperature as shown in (3.19).

Although the rotor cage bars are insulated from the magnetic core, most of
the current flows through the cage bars as their resistivity is more than 20 to 30
times smaller than that of the laminated core.

Insulated cage bars would be ideal, but this would severely limit the rotor
temperature unless a special high temperature (high cost) insulation coating is
used.

3.5. INSULATION MATERIALS

The primary purpose of stator insulation is to withstand turn-to-turn, phase-
to-phase and phase-to-ground voltage such that to direct the stator phase
currents through the desired paths of stator windings.

Insulation serves a similar purpose in phase-wound rotors whose phase
leads are connected to insulated copper rings and then through brushes to
stationary devices (resistances or/and special power electronic converters).
Insulation is required to withstand voltages associated to: brush rigging (if any)
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winding connections, winding leads and auxiliaries such as temperature probes
and bearings (especially for PWM inverter drives).

The stator laminations are insulated from each other by special coatings
(0.013 mm thick) to reduce eddy current core losses.

In standard IMs the rotor (slip) frequency is rather small and thus
interlamination insulation may not be necessary, unless the IM is to work for
prolonged intervals at large slip values.

For all wound-rotor motors, the rotor laminations are insulated from each
other. The bearing sitting is insulated from the stator to reduce the bearing
(shaft) voltage (current), especially for large power IMs whose stator
laminations are made of a few segments thus allowing a notable a.c. axial flux
linkage. This way premature bearing damage may be prevented and even so in
PWM inverter fed IMs, where additional common voltage mode superhigh
frequency capacitor currents through the bearings occur (Chapter 21).

Stator winding insulation systems may be divided in two types related to
power and voltage level.

e Random-wound conductor IMs-with small and round conductors
e Form-wound conductor IMs-with relatively large rectangular conductors

Insulation systems for IMs are characterized by voltage and temperature
requirements. The IM insulation has to withstand the expected operating
voltages between conductors, (phase) conductors and ground, and phase to
phase.

The American National Standards Institute (ANSI) specifies that the
insulation test voltage shall be twice the rated voltage plus 100 V applied to the
stator winding for 1 minute.

The heat produced by the winding currents and the core losses causes hot-
spot temperatures that have to be limited in accordance to the thermal capability
of the organic (resin) insulation used in the machine, and to its chemical
stability and capability to prevent conductor to conductor, conductor to ground
short-circuits during IM operation.

There is continuous, but slow deterioration of the organic (resin) insulation
by internal chemical reaction, contamination, and chemical interactions.
Thermal degradation develops cracks in the enamel, varnish, or resin, reducing
the dielectric strength of insulation.

Insulation materials for electric machines have been organized in stable
temperature classes at which they are able to perform satisfactorily for the
expected service lifetime.

The temperature classes are (again)

Class A: 105°C Class F: 155°C
Class B: 130°C Class G: 180°C

The main insulation components for the random-wound coil windings are

the enamel insulation on the wire, the insulation between coils and ground/slot
walls-slot liner insulation, and between phases (Figure 3.7).
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The connections between the coils of a phase and the leads to the terminal
box have to be insulated. Also the binding cord used to tie down endwindings to
reduce their vibration is made of insulation materials.

Random-wound IMs are built for voltages below 1 kV. The moderate
currents involved can be handled by wound conductors (eventually a few in
parallel) where enamel insulation is the critical component. To apply the
enamel, the wire is passed through a solution of polymerizable resin and into the
high-curing temperature tower where it turns into a thin, solid, and flexible
coating.

3.5.1. Random-wound IM insulation

slot liner insulation

enamel conductor insulation

interphase

interlayer liner insulation insulation sheet

Figure 3.7 Random-wound coils insulation

Several passes are required for the desired thickness (0.025 mm thick or so).
There are dedicated standards that mention the tests on enamel conductors
(ASTMD-1676; ASTM standards part 39 electric insulation-test methods: solids
and solidifying liquids should be considered for the scope.

Enamel wire, stretched and scraped when the coils are introduced into the
slots, should survive this operation without notable damage to the enamel. Some
insulation varnish is applied over the enamel wire after the stator winding is
completed. The varnish provides additional enamel protection against moisture,
dirt, and chemical contamination and also provides mechanical support for the
windings.

Slot and phase-to-phase insulation for class A temperatures is a somewhat
flexible sheet material (such as cellulose paper), 0.125 to 0.25 mm thick, or a
polyester film. In some cases fused resin coatings are applied to stator slot walls
by electrostatic attraction of a polymerizable resin powder. The stator is heated
to fuse and cure the resin to a smooth coating.

For high temperature IMs (class F, H), glass cloth mica paper or asbestos
treated with special varnishes are used for slot and phase-to-phase insulation.
Varnishes may interact with the emanel to reduce the thermal stability. Enamels
and varnishes are tested separately according to ASTM (D2307, D1973, D3145)
and IEC standards and together.

Model motor insulation systems (motorettes) are tested according to IEEE
standards for small motors.
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All these insulation accelerated life tests involve the ageing of insulation
test specimens until they fail at temperatures higher than the operating
temperature of the respective motor. The logarithms of the accelerated ageing
times are then graphed against their reciprocal Kelvin test temperatures
(Arhenius graph). The graph is then extrapolated to the planed (reduced)
temperature to predict the actual lifetime of insulation.

3.5.2. Form-wound windings

Form-wound windings are employed in high power IMs. The slots are
rectangular and so are the conductors. The slot filling factor increases due to this
combination.

The insulation of the coil conductors (turns) is applied before inserting the
coils in slots. The coils are vacuum also impregnated outside the machine. The
slot insulation is made of resin-bonded mica applied as a wrapper or tape with a
fibrous sheet for support (in high voltage IMs above 1 to 2 kV).

Vacuum impregnation is done with polymerizable resins which are then
cured to solids by heating. During the cure, the conductors may be constrained
to size to enter the slot as the epoxy-type resins are sufficiently elastic for the
scope.

Voltage, through partial discharges, may cause insulation failure in higher
voltage IMs. Incorporating mica in the major insulation schemes solves this
problem to a large degree.

A conducting paint may be applied over the slot portion of the coils to fill
the space between the insulated preformed coil and slot wall, to avoid partial
discharges. Lower and medium voltage coil insulation is measured in
accelerated higher temperature tests (IEEE standard 275) by using the model
system called formette. Formette testing is similar to motorette testing for
random-wound IMs [15].

Diagnostic nondestructive tests to check the integrity and capability of large
IM insulation are also standardized [15 - 17].

3.6. SUMMARY

e  The three main materials used to build IMs are of magnetic, electric, and
insulation type.

e As the IM is an a.c. machine, reducing eddy current losses in its magnetic
core is paramount.

e [t is shown that these losses increase with the soft magnetic sheet thickness
parallel to the external a.c. field.

e Soft magnetic materials (silicon steel) used in thin laminations (0.5 mm
thick up to 200Hz) have low hysteresis and eddy current losses (about or
less 2 W/kg at 1 T and 60 Hz).

e Besides losses, the B-H (magnetization) curve characterizes a soft magnetic
material.
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The magnetic permeability p = B/H varies from (5000 to 8000) p, at 1T to
(40 to 60) at 2.0 T in modern silicon steel laminations. High permeability
is essential to low magnetization (no load) current and losses.

High speed IMs require frequencies above 300 Hz (and up to 800 Hz and
more). Thinner silicon lamination steels with special thermal treatments are
required to secure core losses in the order of 30-50 W/kg at 800 Hz and 1
T.

6.5% silicon steel lamination for small IMs have proven adequate to reduce
core losses by as much as 40% at 50 (60) Hz.

Also, interspersing oriented grain (transformer) laminations (0.35 mm
thick) with orthogonal orientation laminations has been shown to produce a
30 to 40% reduction in core losses at 50 (60) Hz and 1T in comparison with
0.5 mm thick nonoriented grain silicon steel used in most IMs.

Soft magnetic composites have been introduced and shown to produce
lower losses than silicon steel laminations only above 300Hz, but at the
expense of lower permeability ((100 to 200) po in general). Cold
compression methods are expected to increase slot filling factor notably and
thus increase the current loading. Size reduction is obtained also due to the
increase of heat transmissivity through soft magnetic composites.

Electric conductors for stator windings and for wound rotors are made of
pure (electrical) copper.

Cast aluminum is used for rotor cage windings up to 300kW.

Fabricated aluminum or copper bars and rings are used for higher power IM
cage rotors.

The rotor cage bars are not, in general, insulated from the rotor lamination
core. Interbar currents may thus occur.

The windings are made out of random-wound coils with round wire, and of
form-wound coils for large IMs with rectangular wire.

The windings are insulated from the magnetic core through insulation
materials. Also, the conductors are enameled to insulate one conductor from
another.

Insulation systems are classified according temperature limits in four
classes: Class A-105°C, Class B-130°C, Class F-155°C, Class G-180°C.
Insulation testing is thoroughly standardised as the insulation breakdown
finishes the operation life of an IM through short-circuit.

Thinner and better insulation materials keep surfacing as they are crucial to
better performance IMs fed from the power grid and from PWM inverters.
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Chapter 4

INDUCTION MACHINE WINDINGS AND THEIR M.M.Fs

4.1. INTRODUCTION

As shown in Chapter 2, the slots of the stator and rotor cores of induction
machines are filled with electric conductors, insulated (in the stator) from cores,
and connected in a certain way. This ensemble constitutes the windings. The
primary (or the stator) slots contain a polyphase (triple phase or double phase)
a.c. winding. The rotor may have either a 3(2) phase winding or a squirrel cage.
Here we will discuss the polyphase windings.

Designing a.c. windings means, in fact, assigning coils in the slots to
various phases, establishing the direction of currents in coil sides and coil
connections per phase and between phases, and finally calculating the number
of turns for various coils and the conductor sizing.

We start with single pole number three-phase windings as they are most
commonly used in induction motors. Then pole changing windings are treated in
some detail. Such windings are used in wind generators or in doubly fed
variable speed configurations. Two phase windings are given special attention.
Finally, squirrel cage winding m.m.fs are analyzed.

Keeping in mind that a.c. windings are a complex subject having books
dedicated to it [1,2] we will treat here first its basics. Then we introduce new
topics such as “pole amplitude modulation,” ”polyphase symmetrization” [4],
“intersperse windings” [5], “simulated annealing” [7], and “the three-equation
principle” [6] for pole changing. These are new ways to produce a.c. windings
for special applications (for pole changing or m.m.f. chosen harmonics
elimination). Finally, fractional multilayer three-phase windings with reduced
harmonics content are treated in some detail [8,9]. The present chapter is
structured to cover both the theory and case studies of a.c. winding design,
classifications, and magnetomotive force (mmf) harmonic analysis.

4.2. THE IDEAL TRAVELING M.M.F. OF A.C. WINDINGS

The primary (a.c. fed) winding is formed by interconnecting various
conductors in slots around the circumferential periphery of the machine. As
shown in Chapter 2, we may have a polyphase winding on the so-called wound
rotor. Otherwise, the rotor may have a squirrel cage in its slots. The objective
with polyphase a.c. windings is to produce a pure traveling m.m.f., through
proper feeding of various phases with sinusoidal symmetrical currents. And all
this in order to produce constant (rippleless) torque under steady state:

F, (x,t) =F,, COS[EX —ot— Goj 4.1
T
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where
X - coordinate along stator bore periphery
T - spatial half-period of m.m.f. ideal wave
®; - angular frequency of phase currents
6y - angular position att=0

We may decompose (4.1) into two terms

F, (x,t) = Fslm{cos(ﬁx - Gojcosmlt + sin(ﬁx - Oojsin mlt} (4.2)
T T

Equation (4.2) has a special physical meaning. In essence, there are now
two mmfs at standstill (fixed) with sinusoidal spatial distribution and sinusoidal
currents. The space angle lag and the time angle between the two mmfs is /2.
This suggests that a pure traveling mmf may be produced with two symmetrical
windings ©/2 shifted in time (Figure 41.a). This is how the two phase induction
machine evolved.

Similarly, we may decompose (4.1) into 3 terms

F, (x,t) = EFSlm |:COS[£X - Go)cos ot+ COS[EX -0, - 2—njcos(wlt - 2—nj +
3 T T 3 3

T 2n 2n
+cos| —x —0, + — [cos| ot +—
T 3 3

Consequently, three mmfs (single-phase windings) at standstill (fixed) with
sinusoidal spatial (x) distribution and departured in space by 27/m radians, with
sinusoidal symmetrical currents—equal amplitude, 2n/3 radians time lag
angle—are also able to produce also a traveling mmf (Figure 4.1.b).

In general, m phases with a phase lag (in time and space) of 2m/3 can
produce a traveling wave. Six phases (m = 6) would be a rather practical case
besides m = 3 phases. The number of mmf electrical periods per one revolution
is called the number of pole pairs p;

P =E; 2p, =2,4,6,8,... 4.4
21

(4.3)

where D is the stator bore diameter.
It should be noted that, for p; > 1, according to (4.4), the electrical angle o,
is p; times larger than the mechanical angle o,

o, =P, (4.5)

A sinusoidal distribution of mmfs (ampereturns) would be feasible only
with the slotless machine and windings placed in the airgap. Such a solution is
hardly practical for induction machines because the magnetization of a large
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total airgap would mean very large magnetization mmf and, consequently, low
power factor and efficiency. It would also mean problems with severe
mechanical stress acting directly on the electrical conductors of the windings.

A A
sinmx/t L(®)
X T 2n S)lt
PRI N 2ppt L
A 6,~0 DA
COSTIX/T 5 o \2\{[ oft
2];1‘5 \\ "
a.)
y A . L(Oa
COSTIX/T H /\} ) X o /\2@ ot
5 A 2 1RGN
X 27 —~ . o~
cos(T—ﬁj) g \\\ / AN X \ﬂ on wlt;
)\ NS N 2pt /2 { N
cos EX...%}T\ SN A U l«® T 2ot
T P N > qan P N A
y N 2pl‘[ max’ <4 . S

b))

Figure 4.1 Ideal multiphase mmfs
a.) two-phase machine  b.) three-phase machine

In practical induction machines, the coils of the windings are always placed
in slots of various shapes (Chapter 2).

The total number of slots per stator N should be divisible by the number of
phases m so that

N, /m = integer (4.6)

A parameter of great importance is the number of slots per pole per phase q:

q= N 4.7
2p,m

The number q may be an integer (q = 1,2, ... 12) or a fraction.

In most induction machines, q is an integer to provide complete (pole to
pole) symmetry for the winding.

The windings are made of coils. Lap and wave coils are used for induction
machines (Figure 4.2).

The coils may be placed in slots in one layer (Figure 4.2a) or in two layers
(Figure 4.3.b).
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a.) b.)

Figure 4.2 Lap a.). and wave b.) single-turn (bar) coils

end
%onnections \

0
\Q‘Q
% a
f 7o g
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Figure 4.3 Single-layer a.) and double-layer b.) coils (windings)

Single layer windings imply full pitch (y = 1) coils to produce an mmf
fundamental with pole pitch .

Double layer windings also allow chorded (or fractional pitch) coils (y < 1)
such that the end connections of coils are shortened and thus copper loss is
reduced. Moreover, as shown later in this chapter, the harmonics content of
mmf may be reduced by chorded coils. Unfortunately, so is the fundamental.

4.3. A PRIMITIVE SINGLE-LAYER WINDING

Let us design a four pole (2p; = 4) three-phase single-layer winding with q
= 1 slots/pole/phase. Ny = 2p;qm = 2-2-1-3 = 12 slots in all.

From the previous paragraph, we infer that for each phase we have to
produce an mmf with 2p; = 4 poles (semiperiods). To do so, for a single layer
winding, the coil pitch y = 1 = Ny/2p, = 12/4 = 3 slot pitches.

For 12 slots there are 6 coils in all. That is, two coils per phase to produce 4
poles. It is now obvious that the 4 phase A slots are y = © = 3 slot pitches apart.
We may start in slot 1 and continue with slots 4, 7, and 10 for phase A (Figure
4.4a).

Phases B and C are placed in slots by moving 2/3 of a pole (2 slots pitches
in our case) to the right. All coils/phases may be connected in series to form one
current path (a = 1) or they may be connected in parallel to form two current
paths in parallel (a = 2). The number of current paths a is obtained in general by
connecting part of coils in series and then the current paths in parallel such that
all the current paths are symmetric. Current paths in parallel serve to reduce
wire gauge (for given output phase current) and, as shown later, to reduce
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uncompensated magnetic pull between rotor and stator in presence of rotor
eccentricity.

pole pitch:t >

) 3 4 5 6 7 8 o 10 11 12
w A 2] sy Bx ] v A (2] (e X e Y
slot Do Tsp 23,
pitch g — e — e
Nesiz 7 \ 7 \ >
ja/8 /
b.) E— A
’ : I
n.lg RS
C.) Anci(“ >
v

Figure 4.4 Single-layer three-phase winding for 2p, = 4 poles and q = 1 slots/pole/phase: a.)
slot/phase allocation;
b.), c.), d.) ideal mmf distribution for the three phases when their currents are maximum,;
e.) star series connection of coils/phase; f.) parallel connection of coils/phase

If the slot is considered infinitely thin (or the slot opening b,s = 0), the mmf
(ampereturns) jumps, as expected, by nia g c, along the middle of each slot.

For the time being, let us consider b,, = 0 (a virtual closed slot).

The rectangular mmf distribution may be decomposed into harmonics for
each phase. For phase A we simply obtain

2 nch\/Ecosco t  vix
FAI(X,t): ;'%}COST (48)
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For the fundamental, v = 1, we obtain the maximum amplitude. The higher
the order of the harmonic, the lower its amplitude in (4.8).

While in principle such a primitive machine works, the harmonics content is
too rich.

It is only intuitive that if the number of steps in the rectangular ideal
distribution would be increased, the harmonics content would be reduced. This
goal could be met by increasing q or (and) via chording the coils in a two-layer
winding. Let us then present such a case.

4.4. A PRIMITIVE TWO-LAYER CHORDED WINDING

Let us still consider 2p; = 4 poles, m = 3 phases, but increase q from 1 to 2.
Thus the total number of slots Ny = 2p;qm = 2-2-2:3 = 24.

The pole pitch t measured in slot pitches is T = Ny¢2p; = 24/4 = 6. Let us
reduce the coil throw (span) y such that y = 51/6.

We still have to produce 4 poles. Let us proceed as in the previous
paragraph but only for one layer, disregarding the coil throw.

In a two, layer winding, the total number of coils is equal to the number of
slots. So in our case there are Ny/m = 24/3 coils per phase. Also, there are 8 slots
occupied by one phase in each layer, four with inward and four with outward
current direction. With each layer each phase has to produce four poles in our
case. So slots 1, 2; 7°, 8°; 13, 14; 19°, 20’ in layer one belong to phase A. The
superscript prime refers to outward current direction in the coils. The distance
between neighbouring slot groups of each phase in one layer is always equal to
the pole pitch to preserve the mmf distribution half-period (Figure 4.5).

Notice that in Figure 4.5, for each phase, the second layer is displaced to the
left by t-y = 6-5 = 1 slot pitch with respect to the first layer. Also, after two
poles, the situation repeats itself. This is typical for a fully symmetrical winding.

Each coil has one side in one layer, say, in slot 1, and the second one in slot
y+ 1=5+1=6. In this case all coils are identical and thus the end connections
occupy less axial room and are shorter due to chording. Such a winding is
typical with random wound coils made of round magnetic wire.

For this case we explore the mmf ideal resultant distribution for the
situation when the current in phase A is maximum (ip = ip.). For symmetrical
currents, ig = ic = —imay/2 (Figure 4.1b).

Each coil has n. conductors and, again with zero slot opening, the mmf
jumps at every slot location by the total number of ampereturns. Notice that half
the slots have coils of same phase while the other half accommodate coils of
different phases.

The mmf of phase A, for maximum current value (Figure 4.5b) has two
steps per polarity as q = 2. It had only one step for q = 1 (Figure 4.4). Also, the
resultant mmf has three unequal steps per polarity (q + -y =2 + 6-5 = 3). It is
indeed closer to a sinusoidal distribution. Increasing q and using chorded coils
reduces the harmonics content of the mmf.
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Figure 4.5 Two-layer winding for Ns = 24 slots, 2 p; = 4 poles, y/t = 5/6
a.) slot/phase allocation, b.) mmfs distribution

Also shown in Figure 4.5 is the movement by 21/3 (or 27/3 electrical
radians) of the mmf maximum when the time advances with 2m/3 electrical
(time) radians or T/3 (T is the time period of sinusoidal currents).

4.5. THE MMF HARMONICS FOR INTEGER ¢

Using the geometrical representation in Figure 4.5, it becomes fairly easy to
decompose the resultant mmf in harmonics noticing the step-form of the
distributions.

Proceeding with phase A we obtain (by some extrapolation for integer q),

FAl(x,t) an\/_K K, cos— Xcosu)lt 4.9)
T

with K, =sin7t/6/(qsin7t/6q)£l;Kyl =singy/rsl (4.10)

Ky is known as the zone (or spread) factor and K, the chording factor. For q =
1, Kql = 1 and for full pitch coils, y/t = 1, Ky, = 1, as expected.

To keep the winding fully symmetric y/t > 2/3. This way all poles have a
similar slot/phase allocation.

Assuming now that all coils per phase are in series, the number of turns per
phase W is

© 2002 by CRC Press LLC



W, =2pgn, (4.11)
With (4.11), Equation (4.9) becomes

F, (xt)= iwllﬁquKyl cos%x cos ot (4.12)
1

For three phases we obtain

F,(x,t)=F,, cos[%x - mltj (4.13)
3W,IV2K K
with = @ (ampereturns per pole) (4.14)
P,

The derivative of pole mmf with respect to position x is called linear current
density (or current sheet) A (in Amps/meter)

A,(x,t):M:Almsin(—ﬁxmltj (4.15)
ox T
3V2W V2K K
o :@ =Ip (4.16)
Pt T

A is the maximum value of the current sheet and is also identified as current
loading. The current loading is a design parameter (constant) A, = 5,000A/m to
50,000 A/m, in general, for induction machines in the power range of kilowatts
to megawatts. It is limited by the temperature rise and increases with machine
torque (size).
The harmonics content of the mmf is treated in a similar manner to obtain
3IW V2K K,

F(X,t) p—
1

. {KBI cos(ﬂ X—ot— (v - 1)2—;) Ky, cos(ﬂx + ot - (v + 1)?)}
T T

(4.17)
with
K, = —Sl.nVTl:/6 K, = sin(—vnyj (4.18)
¥ gsinve/6q " T
_ sin(v - l)rc . sin(v + 1)7: (4.19)

® 7 3sin(v-1)n/3 o = 3sin(v +1)r/3
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Due to mmf full symmetry (with q = integer), only odd harmonics occur.
For three-phase star connection, 3K harmonics may not occur as the current sum
is zero and their phase shift angle is 3K-27/3 = 2nK.

We are left with harmonics v=3K + 1; thatisv=15,7,11, 13,17, ....

We should notice in (4.19) that for vq = 3K + 1, Kg; = 1 and Kg;; = 0. The
first term in (4.17) represents however a direct (forward) traveling wave as for a
constant argument under cosinus, we do obtain

(d—xj _or 2 o, (4.20)
dt v %

On the contrary, for v = 3K-1, Kg; = 0, and Kg;; = 1. The second term in
(4.17) represents a backward traveling wave. For a constant argument under
cosinus, after a time derivative, we have

(d_xj -yt —2tf) 421
dt ) 5 mv v '

We should also notice that the traveling speed of mmf space harmonics, due
to the placement of conductors in slots, is v times smaller than that of the
fundamental (v =1).

The space harmonics of the mmf just investigated are due both to the
placement of conductors in slots and to the placement of various phases as
phase belts under each pole. In our case the phase belts spread is m/3 (or one
third of a pole). There are also two layer windings with 27t/3 phase belts but the
/3 (60°) phase belt windings are more practical.

So far the slot opening influences on the mmf stepwise distribution have not
been considered. It will be discussed later in this chapter.

Notice that the product of zone (spread or distribution) factor Ky, and the
chording factor Ky, is called the stator winding factor K.

K,, =K K,, (4.22)

As in most cases, only the mmf fundamental (v = 1) is useful, reducing most
harmonics and cancelling some is a good design attribute. Chording the coils to
cancel K,, leads to

sin[ YY) 20, Y ¥ 5 2 (4.23)
2T 21 T 3

As the mmf harmonic amplitude (4.17) is inversely proportional to the
harmonic order, it is almost standard to reduce (cancel) the fifth harmonic (v =
5) by making n =2 in (4.23).

¥ (4.23")
T

VRN
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In reality, this ratio may not be realized with an integer q (q = 2) and thus
y/t =5/6 or 7/9 is the practical solution which keeps the 5th mmf harmonic low.

Chording the coils also reduces Ky,. For y/t = 5/6, sin%% =0.966<1.0 but a

4% reduction in the mmf fundamental is worth the advantages of reducing the
coil end connection length (lower copper losses) and a drastical reduction of 5
mmf harmonic.

Mmf harmonics, as will be shown later in the book, produce parasitic
torques, radial forces, additional core and winding losses, noise, and vibration.

Example 4.1.

Let us consider an induction machine with the following data: stator core
diameter D = 0.1 m, number of stator slots Ny = 24, number of poles 2p, =4, y/t
= 5/6, two-layer winding; slot area Ay, = 100 mm?, total slot fill factor Ky =
0.5, current density jc, = 5 A/mm?, number of turns per coil n, = 25. Let us
calculate
a.) The rated current (RMS value), wire gauge
b.) The pole pitch t
C.) qu and Ky17 le
d.) The amplitude of the mmf F,,, and of the current sheet A,

e.) Kg7, Kyyand Fopy (v=17)
Solution

Part of the slot is filled with insulation (conductor insulation, slot wall
insulation, layer insulation) because there is some room between round wires.
The total filling factor of a slot takes care of all these aspects. The mmf per slot
is

2nI=A,, Ky Jo, =100-0.5-5=250Aturns

slot

Asn,=25;1=250/(2-25) = SA (RMS). The wire gauge dc, is:
4 :wfii =1.128 mm
Jeo nS

nD m-0.15
T=——=

The pole pitch 1 is

= =0.11775m
2p,
From (4.10)
.
sin—
K, =—9%—=09659
.om
2sin——
6-2
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el

K, =sin~ 2 =0966; K, =K_ K., =0.9659-0.966 = 0.933
2 6 w q y

yl

The mmf fundamental amplitude, (from 4.14), is
W, =2p,qn, =2-2-2-25=200turns/ phase

C3WIV2K,,  3-200-542-0.933
" np, 72

= 628Aturns/ pole

From (4.16) the current sheet (loading) Ay, is,

A, =F, = =628~ =131553Aturns/m
T 0.15

m

From (4.18),
sin(7n/6) Tn 5

=—r =) =-02588 K, =sin— ==0.2588
7 2sin(7n/6-2) v 6 6
K,, =-0.2588-0.2588 = —0.066987

From (4.18),

C3WIW2K Ky, 3-200-542 -0.066987
m np,7 n-2-7

= 6.445Aturns/ pole

This is less than 1% of the fundamental F,,,, = 628 Aturns/pole.
It may be shown that for 120° phase belts [10], the distribution (spread)
factor K, is

sin v(n/3)

K =YY"
qsin(vn/3~q)

av (4.24)
For the same case q = 2 and v = 1, we find K;; = sinn/3 = 0.867. This is
much smaller than 0.9659, the value obtained for the 60° phase belt, which
explains in part why the latter case is preferred in practice.
Now that we introduced ourselves to a.c. windings through two case
studies, let us proceed and develop general rules to design practical a.c.
windings.

4.6. RULES FOR DESIGNING PRACTICAL A.C. WINDINGS

The a.c. windings for induction motors are usually built in one or two
layers.

The basic structural element is represented by coils. We already pointed out
(Figure 4.2) that there may be lap and wave coils. This is the case for single turn
(bar) coils. Such coils are made of continuous bars (Figure 4.6a) for open slots
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or from semibars bent and welded together after insertion in semiclosed slots
(figure 4.6b).

semi-bar /l
[ (

semiclosed slot
Wedge

a.) b.)

bent after
insertion
into the slot

Figure 4.6 Bar coils: a.) continuous bar, b.) semi bar

These are preformed coils generally suitable for large machines.

Continuous bar coils may also be made from a few elementary conductors
in parallel to reduce the skin effect to acceptable levels.

On the other hand, round-wire, mechanically flexible coils forced into
semiclosed slots are typical for low power induction machines.

Such coils may have various shapes such as shown in Figure 4.7.

A few remarks are in order.

e  Wire-coils for single layer windings, typical for low power induction
motors (kW range and 2p; = 2pole) have in general wave-shape;

e Coils for single layer windings are always full pitch as an average

e The coils may be concentrated or identical

e The main concern should be to produce equal resistance and leakage
inductance per phase

e From this point of view, rounded concentrated or chain-shape identical
coils are to be preferred for single layer windings

Double-layer winding coils for low power induction machines are of
trapezoidal shape and round shape wire type (Figure 4.8a, b).

For large power motors, preformed multibar (rectangular wire) (Figure
4.8c) or unibar coils (Figure 4.6) are used.

Now to return to the basic rules for a.c. windings design let us first
remember that they may be integer q or fractional q (q = a+b/c) windings with
the total number of slots Ny = 2p;qm. The number of slots per pole could be
only an integer. Consequently, for a fractional q, the latter is different and
integer for a phase under different poles. Only the average q is fractional.
Single-layer windings are built only with an integer q.

As one coil sides occupy 2 slots, it means that Ny/2m = an integer (m—
number of phases; m = 3 in our case) for single-layer windings. The number of
inward current coil sides is evidently equal to the number of outward current
coil sides.
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For two-layer windings the allocation of slots per phase is performed in one
(say, upper) layer. The second layer is occupied “automatically” by observing
the coil pitch whose first side is in one layer and the second one in the second
layer. In this case it is sufficient to have Ny/m = an integer.

stator

stack t=6slot

pitches=

storel =Y average

111
end connections

end connections
1424 7 vy
/v
4;
q=2
c.)

Figure 4.7 Full pitch coil groups/phase/pole—for q = 2—for single layer a.c. windings:
a.) with concentrated rectangular shape coils and 2 (3) store end connections;
b.) with concentrated rounded coils; c.) with chain shape coils.

A pure traveling stator mmf (4.13), with an open rotor winding and a
constant airgap (slot opening effects are neglected), when the stator and iron
core permeability is infinite, will produce a no-load ideal flux density in the
airgap as

F
Bglo(x,t)z%cos(%x—colt) (4.25)

according to Biot — Savart law.
This flux density will self-induce sinusoidal emfs in the stator windings.
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The emf induced in coil sides placed in neighboring slots are thus phase
shifted by oL

2mp,
o =% 4.26
-= (4.26)

S

% slot filling

wedge
PR ' SN

R

T
t

T
i

open slot
filling

end connections

preformed wound
coil with
rectangular conductors

Figure 4.8 Typical coils for two-layer a.c. windings:
a. trapezoidal flexible coil (round wire);
b. rounded flexible coil (rounded wire);
c. preformed wound coil (of rectangular wire) for open slots.

The number of slots with emfs in phase, t, is
t = greatest common divisor (Ns,p;) = g.c.d. (Ng,p1) < p; (4.27)

Thus the number of slots with emfs of distinct phase is Ny/t. Finally the
phase shift between neighboring distinct slot emfs o is

_2mt

Olgg N (4.28)

S

If aes = 04, that is t = p;, the counting of slots in the emf phasor star
diagram is the real one in the machine.
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Now consider the case of a single winding with Ny = 24, 2p; = 4. In this
case

_2mp, _2m-2 T
® N 24 6

s

o (4.29)

t=g.c.d. Ng,py) =g.c.d.(24,2) =2 =p, (4.30)

So the number of distinct emfs in slots is Ny/t = 24/2 = 12 and their phase
shift ol,; = 0les = /6. So their counting (order) is the natural one (Figure. 4.9).

Figure 4.9 The star of slot emf phasors for a single-layer winding
with q =2, 2p, =3, m =3, N, = 24 slots.

The allocation of slots to phases to produce a symmetric winding is to be

done as follows for
» single-layer windings

e Built up the slot emf phasor star based on calculating oL, Oes, N/t
distinct arrows counting them in natural order after o.

e Choose randomly Ny¢2m successive arrows to make up the inward
current slots of phase A (Figure 4.9).

e The outward current arrows of phase A are phase shifted by = radians
with respect to the inward current ones.

e By skipping Ny/2m slots from phase A, we find the slots of phase B.

e Skipping further Ny/2m slots from phase B we find the slots of phase C.

» double-layer windings

e Build up the slot emf phasor star as for single-layer windings.

e Choose Nym arrows for each phase and divide them into two groups
(one for inward current sides and one for outward current sides) such
that they are as opposite as possible.

e The same routine is repeated for the other phases providing a phase
shift of 27t/3 radians between phases.

It is well understood that the above rules are also valid for the case of

fractional q. Fractional q windings are built only in two-layers and small g, to
reduce the order of first slot harmonic.
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» Placing the coils in slots

For single-layer, full pitch windings, the inward and outward side coil
occupy entirely the allocated slots from left to right for each phase. There will
be Ny¢/2m coils/phase.

The chorded coils of double-layer windings, with a pitch y (2t/3 <y <t for
integer q and single pole count windings) are placed from left to right for each
phase, with one side in one layer and the other side in the second layer. They are
connected observing the inward (A, B, C) and outward (A’, B’, C’) directions of
currents in their sides.

» Connecting the coils per phase

The Ny/2m coils per phase for single-layer windings and the Ny/m coils per
phase for double-layer windings are connected in series (or series/parallel) such
that for the first layer the inward/outward directions are observed. With all
coils/phase in series, we obtain a single current path (a = 1). We may obtain “a”
current paths if the coils from 2p,/a poles are connected in series and, then, the

[T}

a ” chains in parallel.

Example 4.2. Let us design a single-layer winding with 2p; = 2 poles, ¢ =4, m
= 3 phases.
Solution

Figure 4.10 The star of slot emf phasors for a single-layer winding: q =1, 2p; =2, m =3, N, =24.
The angle o (4.26), t (4.27), oL, (4.28) are

27P, 2n-1 0w
N.=2pgqm=24; o, =——~L="2T"=—
s =P SN 24 12

S

t=g.c.d.(Ns, P))=g.cd(24,1)=1
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ﬂ_%t-l_ﬂ:

(x_
TN 24 12

S

Also the count of distinct arrows of slot emf star N/t = 24/1 = 24.

Consequently the number of arrows in the slot emf star is 24 and their order
is the real (geometrical) one (1, 2, ... 24)-Figure 4.10.

Making use of Figure 4.10, we may thus alocate the slots to phases as in
Figure 4.11.

a) |AlAla|alc]clclc’B|B|B|B|alalalalc|c|c|c|BBiB1B]
b) 12345678 910111213181516171810202]1 202524
A A A AT YYVYY + T+ £ T
v
A X
16” 157 S14°| S13° 24° 2371 22713217
nCS
conductors per
1 2 |53 9 10| ~11 ] »12 slot (half coils slot)
A X B v
Z

57 6 | <7 | <y

20 19 | >18 | >17

C

Figure 4.11 Single-layer winding layout
a.) slot/phase allocation; b.) rounded coils of phase A; c.) coils per phase
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Example 4.3. Let us consider a double-layer three-phase winding with q = 3,
2p; = 4, m = 3, (Ns = 2p;gqm = 36 slots), chorded coils y/t = 7/9 with a = 2
current paths.

Solution
Proceeding as explained above, we may calculate o, t, Ol
_ 27 2m-2 m
N 36 9

S

t=g.c.d.(36,2)=2

Figure 4.12 The star of slot emf phasors for a double-layer winding (one layer shown) with 2p, = 4
poles,
q = 3 slots/pole/phase, m = 3, Ny = 36

2t 2m-2 0w
Oy =—= =
N

—=0, N,/t=36/2=18
s 36 9 €s S

There are 18 distinct arrows in the slot emf star as shown in Figure 4.12.

The winding layout is shown in Figure 4.13. We should notice the second
layer slot allocation lagging by T —y =9 — 7 = 2 slots, the first layer allocation.

Phase A produces 4 fully symmetric poles. Also, the current paths are fully
symmetric. Equipotential points of two current paths U - U’, V-V’ W - W’
could be connected to each other to handle circulating currents due to, say, rotor
eccentricity.
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Figure 4.13 Double-layer winding: 2p; = 4 poles, q = 3, y/t = 7/9, Ny = 36 slots, a = 2 current paths.

Having two current paths, the current in the coils is half the current at the
terminals. Consequently, the wire gauge of conductors in the coils is smaller and
thus the coils are more flexible and easier to handle.

Note that using wave coils is justified in single-bar coils to reduce the external
leads to one by which the coils are connected to each other in series. Copper,
labor, and space savings are the advantages of this solution.

4.7. BASIC FRACTIONAL q THREE-PHASE A.C. WINDINGS

Fractional q a.c. windings are not typical for induction motors due to their
inherent pole asymmetry as slot/phase allocation under adjacent poles is not the
same in contrast to integer q three-phase windings. However, with a small q (q <
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3) to reduce the harmonics content of airgap flux density, by increasing the
order of the first slot harmonic from 6q + 1 for integer q to 6(ac +b) + 1 for q =
(ca + b)/c = fractional two-layer such windings are favoured to single-layer
versions. To set the rules to design such a standard winding—with identical
coils—we proceed with an example.

Let us consider a small induction motor with 2p; = 8 and q = 3/2, m = 3.
The total number of slots Ng = 2p;qm = 2-4-3/2-3 = 36 slots. The coil span y is

y = integer(Ny/2p,) = integer(36/8) = 4slot pitches (4.31)
The parameters t, O, Ol are

t=g.c.d.(Ns, p1) =g.c.d.(36,4)=4=p, (4.33)

2np, m-8 2m
0(’es :_:_:_:a’et
N, 36 9

s

(4.34)

The count of distinct arrows in the star of slot emf phasors is Ny/t = 36/4 =
9. This shows that the slot/phase allocation repeats itself after each pole pair (for
an integer q it repeats after each pole). Thus mmf subharmonics, or fractional
space harmonics, are still absent in this case of fractional q. This property holds
for any q = (21 + 1)/2 for two-layer configurations.
The star of slot emf phasors has q arrows and the counting of them is the
natural one (0Oles = 0Oly) (Figure 4.14a).
A few remarks in Figure 4.14 are in order
e The actual value of q for each phase under neighboring poles is 2 and 1,
respectively, to give an average of 3/2
e Due to the periodicity of two poles (2t), the mmf distribution does not
show fractional harmonics (v <1)
e There are both odd and even harmonics, as the positive and negative
polarities of mmf (Figure 4.14c) are not fully symmetric
e Due to a two pole periodicity we may have a =1 (Figure 4.14d), ora=2, 4
e The chording and distribution (spread) factors (Ky;, Kg) for the
fundamental may be determined from Figure 4.14e using simple phasor
composition operations.

K, = sin{%int eger(N, /2p, )} (4.35)
1+2cos S
NS

Ky = — (4.36)

This is a kind of general method valid both for integer and fractional q.
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Extracting the fundamental and the space harmonics of the mmf distribution
(Figure 4.14c) takes implicit care of these factors both for the fundamental and

for the harmonics.
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oeg Integer(Ng /2p1)

Figure 4.14 Fractionary q (q = 3/2, 2p, = 8, m = 3, N, = 36) winding
a.) emf star, b.) slot/phase allocation, ¢.) mmf,
d.) coils of phase A, e.) chording and spread factors

4.8. BASIC POLE-CHANGING THREE-PHASE A.C. WINDINGS

From (4.20) the speed of the mmf fundamental dx/dt is

[d_xj =21f, (4.37)
dt v=1
The corresponding angular speed is
&x2 2y 6 (4.38)
aD p P

The mmf fundamental wave travels at a speed n; = f}/p;. This is the ideal
speed of the motor with a cage rotor.

Changing the speed may be accomplished either by changing the frequency
(through a static power converter) or by changing the number of poles.

Changing the number of poles to produce a two-speed motor is a traditional
method. Its appeal is still strong today due to low hardware costs where
continuous speed variation is not required. In any case, the rotor should have a
squirrel cage to accommodate both pole pitches. Even in variable speed drives
with variable frequency static converters, when a very large constant power
speed range (over 2(3) to 1) is required, such a solution should be considered to
avoid a notable increase in motor weight (and cost).

Two — speed induction generators are also used for wind energy conversion
to allow a notable speed variation to extract more energy from the wind speed.

There are two possibilities to produce a two-speed motor. The most obvious
one is to place two distinct windings in the slots. The number of poles would be
2p; > 2p,. However the machine becomes very large and costly, while for the
winding placed on the bottom of the slots the slot leakage inductance will be
very large with all due consequences.
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Figure 4.15 2/4 pole winding (N = 24)
a.) emf star, b.) slot/phase allocation, c.) coils of phase A, d.), e.) mmf for 2p, =4 and 2p, =2
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Using a pole-changing winding seems thus a more practical solution.
However standard pole-changing windings have been produced mainly for
2pi/2p, = 1/2 or 2p,/2p, = 1/3.

The most acclaimed winding has been invented by Dahlander and bears his
name.

In essence the current direction (polarity) in half of a 2p, pole winding is
changed to produce only 2p; = 2p,/2 poles. The two-phase halves may be
reconnected in series or parallel and Y or A connections of phases is applied.
Thus, for a given line voltage and frequency supply, with various such
connections, constant power or constant torque or a certain ratio of powers for
the two speeds may be obtained.

Let us now proceed with an example and consider a two-layer three-phase
winding with q = 2, 2p, =4, m = 3, N, = 24slots, y/t = 5/6 and investigate the
connection changes to switch it to a two pole (2p; = 2) machine.

The design of such a winding is shown on Figure 4.15. The variables are t =
g.c.d(Ns, p2) = 2 = pa, Oes = O = 21po/Ng = /6, and N/t = 12. The star of slot
emf phasors is shown in Figure 5.15a.

Figure 4.15¢ illustrates the fact that only the current direction in the section
A2 -—X2 of phase A is changed to produce a 2p; = 2 pole winding. A similar
operation is done for phases B and C.

A possible connection of phase halves called A/2Y is shown in Figure 4.16.

It may be demonstrated that for the A (2p, = 4)/2Y (2p, = 2) connection, the
power obtained for the two speeds is about the same.

We also should notice that with chorded coils for 2p, = 4 (y/t = 5/6), the
mmf distribution for 2p; = 2 has a rather small fundamental and is rich in
harmonics.

B A B

X

e
28
QUJ\Q’

Figure 4.16 2/4 pole winding connection for constant power
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In order to achieve about the same winding factor for both pole numbers,
the coil span should be greater than the pole pitch for the large number of poles
(y =7, 8 slot pitches in our case). Even if close to each other, the two winding
factors are, in general, below 0.85.

The machine is thus larger than usual for the same power and care must be
exercised to maintain the acceptable noise level.

Various connections of phases may produce designs with constant torque
(same rated torque for both speeds) or variable torque. For example, a Y — YY
parallel connection for 2p,/2p; = 2/1 is producing a ratio of power P,/P; = 0.35
— 0.4 as needed for fan driving. Also, in general, when switching the pole
number we may need modify the phase sequence to keep the same direction of
rotation.

One may check if this operation is necessary by representing the stator mmf
for the two cases at two instants in time. If the positive maximum of the mmfs
advances in time in opposite directions, then the phase sequence has to be
changed.

4.9. TWO-PHASE A.C. WINDINGS

When only single phase supply is available, two-phase windings are used.
One is called the main winding (M) and the other, connected in series with a
capacitor, is called the auxiliary winding (Aux).

The two windings are displaced from each other, as shown earlier in this
chapter, by 90° (electrical), and are symmetrized for a certain speed (slip) by
choosing the correct value of the capacitance. Symmetrization for start (slip = 0)
with a capacitance Cstart and again for rated slip with a capacitance C,,, is
typical (Cstart >> C,,,).

When a single capacitor is used, as a compromise between acceptable
starting and running, the two windings may be shifted in space by more than 90°
(105° to 110°) (Figure 4.17).

y=900 (general)
y=105"-110°

a) b)

Figure 4.17 Two-phase induction motor
a.) for unidirectional motion,
b.) for bidirectional motion (1 - closed for forward motion; 2 - closed for backward motion)
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Single capacitor configurations for good start are characterized by the
disconnection of the auxiliary winding (and capacitor) after starting. In this case
the machine is called capacitor start and the main winding occupies 66% of
stator periphery. On the other hand, if bi-directional motion is required, the two
windings should each occupy 50% of the stator periphery and should be
identical.

1 2 3 4 5 6 7 8 9 10 11 12
a.) ‘ M‘ M ‘Aux‘Aux‘ M" M| M’| M’|Aux’ Aux] M‘ M‘
N
4 4 NM, Y VY Vv v S(M r 1
b) — —
A A - 4 v
!
M Aux M Aux’
__AMI
Ru(xit) iy )
c)
TAMS3 N
/Fa/’x'()T’ﬁ iﬂ\lX :(i au: )max
40 — Pt S
A ~__

NN\ oZ

NNV g
M’ Aux’ Aux

Figure 4.18 Capacitor start motor two-phase single-layer winding; 2p; = 2 poles, Ny = 12 slots
a.) slot/phase allocation: M/Aux = 2/1, b.) coils per phase connections,
c.) mmf distribution for main phase (M), d.) mmf distribution for auxiliary phase (Aux)

Two-phase windings are used for low power (0.3 to 2 kW) and thus have
rather low efficiency. As these motors are made in large numbers due to their
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use in home appliances, any improvement in the design may be implemented at
competitive costs. For example, to reduce the mmf harmonics content, both
phases may be placed in all (most) slots in different proportions. Notice that in
two-phase windings multiple of three harmonics may exist and they may
deteriorate performance notably.

Let us first consider the capacitor-start motor windings.

As the main winding (M) occupies 2/3 of all slots (Figure 4.18a, b), its mmf
distribution (Figure 4.18c¢) is notably different from that of the auxiliary winding
(Figure 4.18d). Also the distribution factors for the two phases (Kqm and
Kyiau) are expected to be different as qy = 4 and qaux = 2.

For N = 16, 2p; = 2, the above winding could be redesigned for reversible
motion where both windings occupy the same number of slots. In that case the
windings look like those shown in Figure 4.19.

The two windings have the same number of slots and same distribution
factors and, have the same number of turns per coil and same wire gauge only
for reversible motion when the capacitor is connected to either of the two
phases. The quantity of copper is not the same since the end connections may
have slightly different lengths for the two phases.

Double-layer windings, for this case (qu = qaux — slot/pole/phase), may be
built as done for three-phase windings with identical chorded coils. In this case,
even for different number of turns/coil and wire gauge—capacitor run motors—
the quantity of copper is the same and the ratio of resistances and self
inductances is proportional to the number of turns/coil squared.

M| M |Aux|Aux|Aux|Aux| M1 M’| M’| MAux’|Aux’|Aux’|Aux’| M| M

Aux M’ Aux

Figure 4.19 Reversible motion (capacitor run) two-phase winding with 2p, = 2, N, = 16, single-layer

As mentioned above and in Chapter 2, capacitor induction motors of high
performance need almost sinusoidal mmf distribution to cancel the various bad
space harmonic influences on performance.
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Figure 4.20. Quasi-sinusoidal winding (main winding M shown)
a.) coils in slot/one layer, b.) turns/coil/slot, ¢.) mmf distribution

One way to do it is to build almost sinusoidal windings; that is, all slots
contain coils of both phases but in different proportions (number of turns) so as
to obtain sinusoidal mmf. An example for the 2 pole 12 slot case is given in
Figure 4.20.

Now if the two windings are equally strong, having the same amount of
copper, the slots could be identical. If not, in the case of a capacitor-start, only
auxiliary winding, part of the slots may have a smaller area. This way, the motor
weight may be reduced. It is evident from Figure 4.20c that the mmf distribution
is now much closer to a sinusoid.

Satisfactory results may be obtained for small power resistor started
induction motors if the distribution of conductor/slot/phase runs linear rather
than sinusoidal with a flat (open) zone of one third of a pole pitch. In this case,
however, the number of slots N should be a multiple of 6p;.

An example of a two one-layer sinusoidal winding is shown in Figure 4.21,
for 2p; = 2, Ny = 24 slots.
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oL os=21p/Ns=27/24
» <

M Aux’ M’ Aux

Figure 4.21 Two-pole two-phase winding with sinusoidal conductor count/slot/phase distribution

Similar to Figure 4.20b, the number of turns/coils for the main winding in
slots 1 to 5 is

m _ _.m _ . m _ ..m _
ng =Ky cosa/2=ng, =ng; =ngy =0991-Ky,

ng =Ky, cos%oces /2=ng); =ng, =ng; =0.924-Kyy

ng =Ky cos%o{es /2=ng, =ngs =Ng, =0.7933-Ky (4.39)
ng =Ky cos%oces /2=nj =njs =ng; =0.6087-Ky,

ngs =Ky cos%oceS /2=ng =ng; =ng, =0.38268-K,,

A similar division of conductor counts is valid for the auxiliary winding.
ny, =K, coso,/2=n}, =n}; =n,=0.991-K,
ng; =K, cos%oceS /2=n} =n},=n), =0924-K,
(4.40)

n;, =K, cos%oces /2=n}y=n},=n’, =0.7933-K

7
n;, =K, cos— /2=n},=n};=n,, =0.6087-K,

n;, =K, COS%OLeS /2=n},=ni,=n),,=038268-K,
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4.10. POLE-CHANGING WITH SINGLE-PHASE SUPPLY INDUCTION
MOTORS

A 2/1 = 2p,/2p; pole-changing winding for single-phase supply can be

approached with a three-phase pole-changing winding. The Dahlander winding
may be used (see Figure 4.16) as in Figure 4.22.

e~ s
. Y
(A\Ew,svw 4 y
W
N 2p=
Cg C

2p,~4
Zg 7,Cy

(@]
YY-series YY-paralell

‘7

Figure 4.22 4/2 pole two-phase winding for single-phase supply made from a three-phase winding

4.11. SPECIAL TOPICS ON A.C. WINDINGS

Most of the windings treated so far in this chapter are in industrial use
today. At the same time, new knowledge has surfaced recently. Here we review
the most significant part of it.

> A new general formula for mmf distribution

Let us consider the slot opening angle B, n—conductors/slot/phase, ix(t)
current in slot K, Ox—slot position per periphery.

A linear current density in a slot Ix(6,t) may be defined as

IK(G,t):ZHCKB—];K(t) for0 e (0, —B/2,0x +B/2) (441)

1,(6,1)=0 for 0 ¢ (0, —B/2.04 +p/2)

For a single slot, the linear current density may be decomposed in
mechanical harmonics as

2ng ciglt)] 1 <=
I (6,t)= Krc—DK(){E + ZK cos(0 -6, )} (4.42)
with K, = 2 in¥B (4.43)
v 2
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The number n may be positive or negative depending on inward/outward
sense of connections and it is zero if no conductors belong to that particular
phase. By adding the contributions of all slots per phase A, we obtain its mmf
[10,11].

0

2. KK, .
FA(Q,t)zgwllA(t)z VVWV sin(0-0,,) (4.44)

N 2 N 2
1 S S
with K, =—- E n.x cosvo + 2 n.g sin vo 4.45
wv 2W1 [K=l cK K] (Kﬂ cK K] ( )

N N
1 _ S . S
04y :;tan ll(z ng sin VGK]{Z Nk COS VOKJ] (4.46)

K=1 K=1

where W; is the total number of turns/phase. When there is more than one
current path (a > 1), W, is replaced by W, (turns/phase/path) and only the
slots/phase/path are considered.

Ky is the total winding factor: spread and chording factors multiplied. This
formula is valid for the general case (integer q or fractional q windings,
included). The effect of slot opening on the phase mmf is considered through
the factor K, < 1(which is equal to unity for zero slot opening — ideal case). In
general, in an ideal case, the mmf harmonics amplitude is reduced by slot
opening, but so is its fundamental.

» Low space harmonic content windings

Fractional pitch windings have been, in general, avoided for induction
motor, especially due to low order (sub or fractional) harmonics and their
consequences: parasitic torques, noise, vibration, and losses.

However, as basic resources for IM optimization are exhausted, new ways
to reduce copper weight and losses are investigated. Among them, fractional
windings with two pole symmetry (q = (21 + 1)/2) are investigated thoroughly
[9,12]. They are characterised by the absence of sub (fractional) harmonics. The
case of q = 3/2 is interesting low power motors for low-speed high-pole-count
induction generators and motors. In essence, the number of turns of the coils in
the two groups/phase belonging to neighboring poles (one with q; = 1 and the
other with qy =1 + 1) varies so that designated harmonics could reduce or
destroy. Also, using coils of a different number of conductors in various slots of
a phase with standard windings (say q = 2) should lead to the cancellation of
low order mmf harmonics and thus render the motors less noisy.

A reduction of copper weight and (or) an increase in efficiency may thus be
obtained. The price is using nonidentical coils.
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The general formula of the winding factor (4.45) may be simplified for the
case of q = 3/2, 5/2, 7/2 ... where two-pole symmetry is secured and thus the
summation in (4.45) extends along only two poles.

With y; the coil pitch, the winding factor K, for two poles, is [9]

ZHCI s1n——(— )

q=1+1

(4.47)

ng' and ng' are relative numbers of turns with respect to total
turns/polepair/phase; therefore the coil pitches may be different under the two
poles. Also, the number of such coils for the first pole is q; = 1 and for the
secondis qu =1+ 1 (q=(21+ 1)/2).

As q = (21 + 1)/2, the coil pitch angles y; will refer to an odd number of slot
pitches while yx refers to an even number of slot pitches. So it could be shown
that the winding factor K,,, of some odd and even harmonics pairs are equal to
each other. For example, for q = 3/2, K4 = Kys, Kyo = Ky, K1 = Kys. These
relationships may be used when designing the windings (choosing y;, yx and n{/,
ne') to cancel some harmonics.

» A quasisinusoidal two-layer winding [8]

Consider a winding with 21 + 1 coils/phase/pole pairs. Consquently, q = (21
+ 1)/2 slot/pole/phase.

There are two groups of coils per phase. One for the first pole containing K
+ 1 coils of span 31+ 1, 31— 1 ... and, for the second pole, K coils of span 31, 31
— 2. The problem consists of building a winding in two-layers to cancel all
harmonics except those in multiples of 3 (which will be inactive in star
connection of phases anyway) and the 3(21 + 1) £ 1, or slot harmonics.

D Ky (ng+ng')=0;v =245, (in all 21 values) (4.48)
21+1
with D (ng+ng')=1 (4.49)

i=l1

This linear system has a unique solution, which, in the order of increased
number of turns, yields

n'=4sin| —— sin(zi_l)n;izl,2,3...2l+l (4.50)
“ 6(21+1) ) 6(21+1)

For the fundamental mmf wave, the winding factor K is

(21+1W3 sin 4.51)

wl_

T
6(21+1)
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For1=1, 21 +1 = 3 coils/phase/pole pair. In this case the relative number of
turns per coil for phase A are (from 4.50): n,,' = 0.1206, n,’ = 0.3473, n,;' =
0.5321.

As we can see, n.;' + ng' =2 ny,' so the filling of all slots is rather uniform
though not identical.

The winding layout is shown in Figure 4.23.

n,"=0.347

Figure 4.23 Sinusoidal winding with q = 3/2 in two-layers

The fundamental winding factor of this winding is Ky,; = 0.9023, which is
satisfactory (both distribution and chording factors are included). To further
cancel the multiples of 3 (31) harmonics, two/three layer windings based on the
same principle have been successfully tested [9] though their fundamental
winding factor is below 0.8.

The same methodology could be applied for q = integer, by using
concentrated coils with various numbers of turns to reduce mmf harmonics.
Very smooth operation has been obtained with such a 2.2 kW motor with q =2,
2p; =4, Ny =24 slots up to 6000 rpm. [12]

In general, for the same copper weight, such sinusoidal windings are
claimed to produce a 20% increase in starting torque and 5 to 8dB noise
reduction, at about the same efficiency.

> Better pole-changing windings

Pole amplitude modulation [3-5] and symmetrization [13—14] techniques
have been introduced in the sixties and revisited in the nineties. [15] Like
interspersing [10, pp.37-39], these methods have produced mixed results so far.
On the other hand, the so called "3 equation principle” for better pole-changing
winding has been presented in [7] for various pole count combinations. This is
also a kind of symmetrization method but with a well defined methodology. The
connections of phases is A/A and (3Y +2Y)/3Y for 2p, and 2p; pole counts,
respectively. Higher fundamental winding factor, lower harmonics content,
better winding and core utilisation, and simpler switching devices from 2p, to
2p; poles than with Dahlander connections are all merits of such a methodology.
Two single-throw switches (soft starters) suffice (Figure 4.24) to change speed.
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Figure 4.24 2p,/2p, pole connections
a.) A/A; b.) BY +2Y)/3Y

The principle consists of dividing the slot periphery into three equivalent
parts by three slots counted n, n + N¢/3, and n + 2Ny/3. Now the electrical angle
between these slots mmf is 27/3p; as expected (p; = p1, p2)- If 2p; is not a
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multiple of three the coils in slots n, n + N¢/3 and n + 2Ny/3 belong to all three-
phases and the winding is to be symmetric. The A connection is used (Figure
4.24). In contrast, if 2p; is a multiple of 3, the emfs in slots n, n + Ny¢/3, n + N +
2Ny/3 are in phase and thus belong to the same phase and we may build three
parallel branches (paths) per phase in a 3Y connection (Figure 4.24b). In
general,n=1, 2, ... NJ/3.

As already meantioned, the A/A connection (Figure 4.24a) is typical for
nonmultiple of 3 pole counts (2p;/2p, = 8/10, for example).

Suppose every coil group A;,3, B3, Ci23 is made of t; coils (t; < Ny/6).
The coil group A, is made of t; coils in slots ny, ny, ..., ny while groups B; and
C,; are displaced by Ny/3 and 2Ny/3, respectively. The sections A;, By, C;, which
belong to the three-phases, do not change phase when the number of poles is
changed from 2p; to 2p,.

On the other hand, coil groups A,, B,, C, are composed of t, < Ny/6 coils
and thus coil group A, refers to slots n,’, n,', ..., ny" while coil groups B, and C,
are displaced by N¢/3 and 2Ny/3 with respect to group A,. Again, sections A,,
B,, C, are symmetric.

It may be shown that for 2p; and 2p, equal to 2p; = 6K; + 2(4) and 2p, =
6K, + 1, respectively, the mmf waves for the two pole counts travel in the same
direction.

On the other hand, if 2p; = 6K, + 2(4) and 2p, = 6K, + 4(2), the mmf waves
for the two pole counts move in opposite directions. Swapping two phases is
required to keep the same direction of motion for both pole counts (speeds).

In general, t; or t, are equal to Ny/6. For voltage adjustment for higher pole
counts, t3; = Ny/3-t; slots/phase are left out and distributed later, also with
symmetry in mind.

Table 4.1. (8/6 pole, A/A, N, = 72 slots)

Coil group Slot (coil) distribution Slot (coil) number
principle

A n(t; = 10) 72,1,2,3,-10,-11,-65,-66,-67,-68
B, n+ Ny/3 24,25,26,27,-34,-35,-17,-18,-19,-20
C n+ 2Ny/3 48,49,50,51,-58,-59,-41,-42,-43 -44
A, n'(t, = 10) 21,22,23,-29,-30,-31,-32,37,38,39
B, n' + NyJ/3 45,46,47,-53,-54,-55,-56,61,62,63
&3 n' +2Ny/3 69,70,71,-5,-6,-7,-8,13,14,15
a n' (=4 -52,60,-9,16
b, n" +Ny/3 -4,12,33,40
Cy n'’ +2Ny/3 -28,26,-57,64

Adjusting groups of t; slots/phase should not produce emfs phase shifted by
more than 30° with respect to groups A;B;C; to secure a high spread
(distribution) factor.

An example of such an 8/6 pole A/A winding is shown in Table 4.1 [7]; the
coil connections from table 4.1 are shown in Figure 4.25. [7]
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Figure 4.25 8/6 pole winding with 72 slots

Such a pole-changing winding seems suitable for fan or windmill
applications as the power delivered is reduced to almost half when switching
from 8 to 10 poles, that is, with a 20% reduction in speed. The procedure is
similar for the (3Y +2Y)/3Y connection. [6]

This type (Figure 4.24b) for a; = a;’ =b; = b’ = ¢; = ¢;' = 0 and pole count
ratio of say 2p,/2p; = 6/2 has long been known and recently proposed for dual
winding (doubly fed) stator nest — cage rotor induction machines [16].

Once the slot/phase allocation is completed the general formula for the
winding factor (4.45) or the mmf step-shape distribution with harmonics
decomposition may be used to determine the mmf fundamental and harmonics
content for both pole counts. These results are part of any IM design process.

> A pure mathematical approach to a.c. winding design

As we have seen so far, a.c. winding design is more an art than a science.
Intuition and symmetry serve as tools to this aim.

Since we have a general expression for the harmonics winding factor valid
for all situations when we know the number of turns per coil and what current
flows through those coils in each slot, we may develop an objective function to
define an optimum performance.
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Maximum airgap flux energy for the fundamental mmf, or minimum of
some harmonics squared winding factors summation, or the maximum
fundamental winding factor, may constitute practical objective functions. Now
copper weight may be considered a constraint. So is the pole count 2p;. Some of
the above objectives may become constraints. What then would the variables be
for this problem? It seems that the slot/phase allocation and ultimately, the
number of turns/coil are essential variables to play with, together with the
number of slots.

In a pole-changing (2p./2p;) winding, the optimization process has to be
done twice. This way the problem becomes typical: non-linear, with constraints.

All optimization methods used now in electric machine design also could
apparently be applied here.

The first attempt has been made in [7] by using the “simulated annealing
method”—a kind of direct (random) search method, for windings with identical
coils. The process starts with fixing the phase connection: Y or A and with a
random allocation of slots to phases A, B, C. Then we take the instant when the
current in phase A is maximum iy, and ig = ic = —ip./2. Allowing for a given
number of turns per coil n. and 1 or 2 layers, we may start with given (random)
mmfs in each phase.

Then we calculate the objective function for this initial situation and
proceed to modify the slot/phase allocation either by changing the connection
(beginning or end) of the coil or its position (see Figure 4.26). Various rules of
change may be adopted here.

a

abc:2p=2

A B ABC:2p=4
N,=18

C

Figure 4.26 Initial (random) winding on the way to “rediscover” the Dahlander connection

The objective function is calculated again. The computation cycle is redone
until sufficient convergence is obtained for a limited computation time.

© 2002 by CRC Press LLC



n [7] by using such an approach the 4/2 pole Dahlander connection for an
18 slot IM is rediscovered after two hours CPU time on a large main frame
computer. The computer time is still large, so the direct (random) search
approach has to be refined or changed, but the method becomes feasible,
especially for some particular applications.

4.12. THE MMF OF ROTOR WINDINGS

Induction machine rotors have either three-phase windings star-connected
to three-phase slip rings or have squirrel cage type windings. The rotor three-
phase windings are made of full pitch coils and one or two-layers located in
semiclosed or semiopen slots. Their end connections are braced against
centrifugal forces. Wound rotors are typical for induction machines in the
hundreds and thousands of kW ratings and more recently in a few hundreds of
MW as motor/generators in pumped storage hydro power plants.

The voltage rating of rotor windings is of the same order as that in the stator
of the same machine. The mmf of such windings is similar to that of stator
windings treated earlier in this chapter.

Squirrel-cage windings—single cage, double cage, deep bar, solid rotor, and
nest cage types were introduced in Chapter 2. Here we deal with the mmf of a
single cage winding. We consider a fully symmetrical cage (no broken bars or

end rings) with straight slots (no skewing)-Figure 4.27a.
AY AY

Il

Sl

a) b)

v
v

Figure 4.27 Rotor cage with; a.) straight rotor slots, b.) with skewed rotor slots

By replacing the cage with an N,/p; phase winding (m = N,/p;) with one
conductor per slot, ¢ = 1 and full pitch coils [17], we may use the formula for
the three winding (4.44) to obtain

( )— - I \/_Z s1n— [KfV cos(0) t— u9)+ K,, cos(o) t+ ue)] (4.52)

r

where I, is the RMS bar current and

) N, 2n
K —1|cosluxp, ) — 4.53
fv,bv T N |: ( p] J (“’ pl ) N :| ( )

S T
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Let us remember that p is a spatial harmonic and 0 is a geometrical angle: 6,
=p,0. Also, p = p; means the fundamental of mmf.

There are forward (f) and backward (b) harmonics. Only those of the order
pn = KN; + py, have Ky, = 1 while for p = KN, — p;, they have K, = 1. All the
other harmonics have Ky, ;,, as zero. But the above harmonics are, in fact, caused
by the rotor slotting. The most important, are the first ones obtained for K = 1:
Mfmin = Nr —Ph1 and Homin = Nr + pi.

For many sub-MW-power induction machines, the rotor slots are skewed, in
general by about one stator slot pitch or more, to destroy the first stator-slot-
caused stator mmf harmonic (v = N — p;). Again v is a spatial harmonic; that is
v = p; for the fundamental.

In this situation let us take only the case of the fundamental. The situation is
as if the rotor position in (4.54) varies with y (Figure 4.27b).

F, (9, t)v:pl ~ %Ibﬁ . cos{(olt - [Ge —%) - (rc ~Yia )} 0, = n—TX (4.54)
1

for y €[0.0,+c/2]

Now as w;, the stator frequency, was used in the rotor mmf, it means that
(4.54) is written in a stator reference system,

o =0,+0;0 =Qp (4.56)
1 2 T T rF1

with o, as the rotor speed in electrical terms and ®, the frequency of the currents
in the rotor. The angle v, , is a reference angle (at zero time) between the stator
F(0,t) and rotor F,(6,t) fundamental mmfs.

4.13. THE “SKEWING” MMF CONCEPT

In an induction motor on load, there are currents both in the stator and rotor.

Let us consider only the fundamentals for the sake of simplicity. With 6, = ntx/z,
(4.13) becomes

F(0.,t)=F,, cos(ot —6,) (4.57)

with F1m from (4.14).
The resultant mmf is the sum of stator and rotor mmfs, F;(6.,t), and F,(0,,t).
It is found by using (4.54) and (4.57).

F,(0,.t)=F,, cos(e,t— 0, )+F,y, cos(wlt -0,- 2 _(n- ym)) (4.58)
T

with

(4.59)

Im b F2m =

3W,IV2K N
VT hwl . r Ib\/i
p, Tp,
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The two mmf fundamental amplitudes, F,, and F,,, are almost equal to
each other at standstill. In general,

Bu o i —(I_Oj (4.60)

where I is the no load current.
For rated current, with Iy = (0.7 to 0.3)Iraed, Fou/F1m 1s about (0.7 to 0.95) at
rated load. As at start (zero speed) I = (4.5 to 7)1, it is now obvious that in this

case,
Bl L0 (4.61)
E -1

Im

The angle between the two mmfs y,, varies from a few degrees at standstill
(S =1) to 45° at peak (breakdown) slip Sk and then goes to zero at S = 0. The
angle y;, > 0 for motoring and v, , < 0 for generating.

The resultant mmf F (0,,t), with (4.54) and (4.57), is

Frl(ee , t) = [Flm cos(colt . 95)— F. cos(colt -0, +7,, )cosﬂ} +
t (4.62)
+F,, sin(colt -0, +7,, ) sinﬂ; yE (- c/2,+c/2)
T

The term outside the square brackets in (4.62) is zero if there is no skewing.
Consequently the term inside the square brackets is the compensated or the
magnetizing mmf which tends to be small as cosny/t = 1 and thus the skewing ¢
= (0.5 to 2.0)t/mq is small and the angle y,, € (n/4,—m/4) for all slip values
(motoring and generating).

Therefore, we define Fagey by

Fogew = Fom sin(u)lt -0, + Y12 )Sin%; ye (- c/2,+c/2) (4.63)

the uncompensated rotor-produced mmf, which is likely to cause large airgap
flux densities varying along the stator stack length at standstill (and large slip)
when the rotor currents (and F2m) are large. Thus, heavy saturation levels are
expected along main flux paths in the stator and rotor core at standstill as a form
of leakage flux, which strongly influences the leakage inductances as shown
later in this book.

4.14. SUMMARY

e A.C. windings design deals with assigning coils to slots and phases,
establishing coil connections inside and between phases, and calculating the
number of turns/coil and the wire gauge.
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The mmf of a winding means the spatial/time variation of ampere turns in
slots along the stator periphery.

A pure traveling mmf is the ideal; it may be approximately realized through
intelligent placing of coils of phases in their slots.

Traveling wave mmfs are capable producing ripple-free torque at steady
state.

The practical mmf wave has a spacial period of two pole pithces 21.

There are p; electrical periods for one mechanical revolution.

The speed of the traveling wave (fundamental) n; = fi/p;; fi—current
frequency.

Two phases with step-wise mmfs, phase shifted by m/2p; mechanical
degrees or m phases (3 in particular), phase shifted by n/mp; geometrical
degrees, may produce a practical traveling mmf wave characterized by a
large fundamental and small space harmonics for integer q. Harmonics of
order v =5, 11, 17 are reverse in motion, while v = 7, 13, 19 harmonics
move forward at speed n, = f,/(vpy).

Three-phase windings are built in one or two-layers in slots; the total
number of coils equals half the number of stator slots Ny for single-layer
configurations and is equal to Ny for two-layer windings.

Full pitch and chorded coils are used; full pitch means n/p; mechanical
radians and chorded coils means less than that; sometimes elongated coils
are used; single-layer windings are built with full pitch coils.

Windings for induction machines are built with integer and, rarely,
fractional number of slots/pole/phase, q.

The windings are characterized by their mmf fundamental amplitude (the
higher the better) and the space harmonic contents, (the lower, the better);
the winding factor K, characterizes their performance.

The star of slot emf phasors refers to the emf phasors in every slot
conductor drawn with a common origin and based on the fact that the
airgap field produced by the mmf fundamental is also a traveling wave; so,
the emfs are sinusoidal in time.

The star phasors are allocated to the three-phases to produce three resultant
phasors 120° (electrical) apart; in partly symmetric windings, this angle is
only close to 120°.

Pole-changing windings may be built by changing the direction of
connections in half of each phase or by dividing each phase into a few
sections (multiples of 3, in general) and switching them from one phase to
another.

Pole-changing is used to modify the speed as n; = fi/p;.

New pole-changing windings need only two single throw switches while
standard ones need more costly switches.

Single phase supplies require two-phase windings—at least to start; a
capacitor (or a resistor at very low power) in the auxiliary phase provides a
traveling mmf for a certain slip (speed).
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Reducing harmonics content in mmfs may be achieved by varying the
number of turns per coil in various slots and phases; this is standard in two-
phase (single-phase supply) motors and rather new in three-phase motors,
to reduce the noise level.

Two phase (for single phase supply) pole-changing windings may be
obtained from three-phase such windings by special connections.

Rotor three-phase windings use full pitch coils in general.

Rotor cage mmfs have a fundamental (u = p;) and harmonics (in
mechanical angles) p = kn, £ p;, N, — number of rotor slots.

The rotor cage may be replaced by an N,/p; phase winding with one
conductor per slot.

The rotor mmf fundamental amplitude F,,, varies with slip (speed) up to Fyp,,
(of the stator) and so does the phase shift angle between them 7y,,. The
angle y; , varies in the interval y,, € (0, £ w/4).

For skewed rotor slots a part of rotor mmf, variable along stator stack
length (shaft direction), remains uncompensated; this mmf is called here the
“skewing” mmf which may produce heavy saturation levels at low speed
(and high rotor currents).

The sum of the stator and rotor mmfs, which solely exist in absence of
skewing constitutes the so called “magnetisation” mmf and produces the
main (useful) flux in the machine.

Even this magnetising mmf varies with slip (speed) — for constant voltage
and frequency; however it decreases with slip (reduction in speed); this
knowledge is to be used in later Chapters (5, 6, 8).
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Chapter 5

THE MAGNETIZATION CURVE AND INDUCTANCE

5.1 INTRODUCTION

As shown in Chapters 2 and 4, the induction machine configuration is quite
complex. So far we elucidated the subject of windings and their mmfs. With
windings in slots, the mmf has (in three-phase or two-phase symmetric
windings) a dominant wave and harmonics. The presence of slot openings on
both sides of the airgap is bound to amplify (influence, at least) the mmf step
harmonics. Many of them will be attenuated by rotor-cage-induced currents. To
further complicate the picture, the magnetic saturation of the stator (rotor) teeth
and back irons (cores or yokes) also influence the airgap flux distribution
producing new harmonics.

Finally, the rotor eccentricity (static and/or dynamic) introduces new
harmonics in the airgap field distribution.

In general, both stator and rotor currents produce a resultant field in the
machine airgap and iron parts.

However, with respect to fundamental torque-producing airgap flux density,
the situation does not change notably from zero rotor currents to rated rotor
currents (rated torque) in most induction machines, as experience shows.

Thus it is only natural and practical to investigate, first, the airgap field
fundamental with uniform equivalent airgap (slotting accounted through
correction factors) as influenced by the magnetic saturation of stator and rotor
teeth and back cores, for zero rotor currents.

This situation occurs in practice with the wound rotor winding kept open at
standstill or with the squirrel cage rotor machine fed with symmetrical a.c.
voltages in the stator and driven at mmf wave fundamental speed (n, = f;/p,).

As in this case the pure travelling mmf wave runs at rotor speed, no induced
voltages occur in the rotor bars. The mmf space harmonics (step harmonics due
to the slot placement of coils, and slot opening harmonics etc.) produce some
losses in the rotor core and windings. They do not notably influence the
fundamental airgap flux density and, thus, for this investigation, they may be
neglected, only to be revisited in Chapter 11.

To calculate the airgap flux density distribution in the airgap, for zero rotor
currents, a rather precise approach is the FEM. With FEM, the slot openings
could be easily accounted for; however, the computation time is prohibitive for
routine calculations or optimization design algorithms.

In what follows, we first introduce the Carter coefficient K, to account for
the slotting (slot openings) and the equivalent stack length in presence of radial
ventilation channels. Then, based on magnetic circuit and flux laws, we
calculate the dependence of stator mmf per pole Fy, on airgap flux density

© 2002 by CRC Press LLC



accounting for magnetic saturation in the stator and rotor teeth and back cores,
while accepting a pure sinusoidal distribution of both stator mmf F,,, and airgap
flux density, By,.

The obtained dependence of By (Fy) is called the magnetization curve.
Industrial experience shows that such standard methods, in modern, rather
heavily saturated magnetic cores, produce notable errors in the magnetizing
curves, at 100 to 130% rated voltage at ideal no load (zero rotor currents). The
presence of heavy magnetic saturation effects such as airgap, teeth or back core
flux density, flattening (or peaking), and the rough approximation of mmf
calculations in the back irons are the main causes for these discrepancies.

Improved analytical methods have been proposed to produce satisfactory
magnetization curves. One of them is presented here in extenso with some
experimental validation.

Based on the magnetization curve, the magnetization inductance is defined
and calculated.

Later the emf induced in the stator and rotor windings and the mutual
stator/rotor inductances are calculated for the fundamental airgap flux density.
This information prepares the ground to define the parameters of the equivalent
circuit of the induction machine, that is, for the computation of performance for
any voltage, frequency, and speed conditions.

5.2 EQUIVALENT AIRGAP TO ACCOUNT FOR SLOTTING

The actual flux path for zero rotor currents when current in phase A is
maximum i, = W2 and ig =i¢ = ~IW27/2 , obtained through FEM, is shown in
Figure 5.1. [4]

Bg] max

Figure 5.1 No-load flux plot by FEM when ig = ic = -is/2.

The corresponding radial airgap flux density is shown on Figure 5.1b. In the
absence of slotting and stator mmf harmonics, the airgap field is sinusoidal, with
an amplitude of Byjmax.

In the presence of slot openings, the fundamental of airgap flux density is
By;. The ratio of the two amplitudes is called the Carter coefficient.

B
KC _ gl max (51)

By
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When the magnetic airgap is not heavily saturated, Kc may also be written as
the ratio between smooth and slotted airgap magnetic permeances or between a
larger equivalent airgap g. and the actual airgap g.

Ke=2e>1 (5.2)
g

FEM allows for the calculation of Carter coefficient from (5.1) when it is
applied to smooth and double-slotted structure (Figure 5.1).

On the other hand, easy to handle analytical expressions of K¢, based on
conformal transformation or flux tube methods, have been traditionally used, in
the absence of saturation, though. First, the airgap is split in the middle and the
two slottings are treated separately. Although many other formulas have been
proposed, we still present Carter’s formula as it is one of the best.

TS T
: (5.3)

Tsr —Y12°8/2
bOSr 2
4lb 2=y
g (5.4)

2
. b,. b,.
'Yl,z _ 3| Zosr /tan( os,rj_ln 1+( Ob,l‘j ~ -
T g g g 54 0T
g

Kc1,2 =

T, ,—stator/rotor slot pitch, g—the actual airgap, and

for bys,/g >>1. In general, by, = (3 - 8)g. Where by, is the stator(rotor) slot
opening.
With a good approximation, the total Carter coefficient for double slotting is

Ke =Ker-Kez (-5
B- Bgmax
A
Bgav
Bgmin
h 4 v v
PLEEN
P Tor

Figure 5.2 Airgap flux density for single slotting

The distribution of airgap flux density for single-sided slotting is shown on
Figure 5.2. Again, the iron permeability is considered to be infinite. As the
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magnetic circuit becomes heavily saturated, some of the flux lines touch the slot
bottom (Figure 5.3) and the Carter coefficient formula has to be changed. [2]
In such cases, however, we think that using FEM is the best solution.

If we introduce the relation

B = Bgmax _Bgmin = 2BBgmax (56)
the flux drop (Figure 5.2) due to slotting A® is
bOS T
AD . = GT’ B, 5.7
From [3], Bobo,, =112 (5.8)

K

Figure 5.3 Flux lines in a saturated magnetic circuit

The two factors B and o are shown on Figure 5.4 as obtained through
conformal transformations. [3]
When single slotting is present, g/2 should be replaced by g.

0.4t
031
02+

0.1

2 4 6 8 10 12
—Pbos,r/g

Figure 5.4 The factor B and o as function of by, /(g/2)

Another slot-like situation occurs in long stacks when radial channels are
placed for cooling purposes. This problem is approached next.
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5.3 EFFECTIVE STACK LENGTH

Actual stator and rotor stacks are not equal in length to avoid notable axial
forces, should any axial displacement of rotor occured. In general, the rotor
stack is longer than the stator stack by a few airgaps (Figure 5.5).

I, =1, +(4-6)g (5.9)
]

\ s
<« 5

stator
Y/ EREREEEE NY

rotor

L

4
»>

<

Figure 5.5. Single stack of stator and rotor

Flux fringing occurs at stator stack ends. This effect may be accounted for
by apparently increasing the stator stack by (2 to 3)g,

le =1, +(2+3)g (5.10)
The average stack length, 1,,, is thus
Ly =S (5.11)

As the stacks are made of radial laminations insulated axially from each
other through an enamel, the magnetic length of the stack L, is

Le = lav : KFe (512)

The stacking factor K, (Kge = 0.9 — 0.95 for (0.35 — 0.5) mm thick
laminations) takes into account the presence of nonmagnetic insulation between

laminations.
b

e

Figure 5.6 Multistack arrangement for radial cooling channels

When radial cooling channels (ducts) are used by dividing the stator into n
elementary ones, the equivalent stator stack length L. is (Figure 5.6)
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L, = (n+1)1'K,, +2ng +2g (5.12)

with b, =5-10mm;I'=100-250 mm (5.13)

It should be noted that recently, with axial cooling, longer single stacks up
to 500mm and more have been successfully built. Still, for induction motors in
the MW power range, radial channels with radial cooling are in favor.

5.4 THE BASIC MAGNETIZATION CURVE

The dependence of airgap flux density fundamental B, on stator mmf
fundamental amplitude Fy,, for zero rotor currents is called the magnetization
curve.

For mild levels of magnetic saturation, usually in general, purpose induction
motors, the stator mmf fundamental produces a sinusoidal distribution of the
flux density in the airgap (slotting is neglected). As shown later in this chapter
by balancing the magnetic saturation of teeth and back cores, rather sinusoidal
airgap flux density is maintained, even for very heavy saturation levels.

The basic magnetization curve (Fim(Bgi) or Io(Bgi) or I/1, versus Bg) is
very important when designing an induction motor and notably influences the
power factor and the core loss. Notice that I, and I, are no load and full load
stator phase currents and F g is

_3V2WK

F_ ,=——1w0 (5.14)
Tp,

The no load (zero rotor current) design airgap flux density is By = 0.6 —
0.8T for 50 (60) Hz induction motors and goes down to 0.4 to 0.6 T for (400 to
1000) Hz high speed induction motors, to keep core loss within limits.

On the other hand, for 50 (60) Hz motors, Iy/I, (no-load current/rated
current) decreases with motor power from 0.5 to 0.8 (in subkW power range) to
0.2 to 0.3 in the high power range, but it increases with the number of pole
pairs.

Bgl[T] A
0.8 D12
0.6 1
0.4 + P8
02

01 02 03 04 05 Lo/

Figure 5.7 Typical magnetization curves
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For low airgap flux densities, the no-load current tends to be smaller. A
typical magnetization curve is shown in Figure 5.7 for motors in the kW power

range at 50 (60) Hz.
Now that we do have a general impression on the magnetising (mag.) curve,
let us present a few analytical methods to calculate it.

5.4.1 The magnetization curve via the basic magnetic circuit

We shall examine first the flux lines corresponding to maximum flux
density in the airgap and assume a sinusoidal variation of the latter along the
pole pitch (Figure 5.8a,b).

B, (6,,t)=B,,, cos(p,0-wt); 0, =p,6 (5.15)

Fort=0 B,(6,0)=B,,, cosp,0 (5.16)

The stator (rotor) back iron flux density B, is

1 ¢ D
Bcs,r = 2h IBgl(e,t)de'? (517)

cs,r

where h, is the back core height in the stator (rotor). For the flux line in Figure
5.8a (0 =0to n/py),

12 , D
B,,(0,t)= E;hi By sin(p,0—o,t); T= ;T
cs 1

(5.18)

equivalent T
flux line / |/

b)

o
~

Figure 5.8 Flux path a.) and flux density types b.): ideal distribution in the airgap and stator core
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Due to mmf and airgap flux density sinusoidal distribution along motor
periphery, it is sufficient to analyse the mmf iron and airgap components F, Fy
in teeth, F, in the airgap, and F, F, in the back cores. The total mmf is
represented by Fy,, (peak values).

2K, =2F, +2F  + 2K, + F  + F,; (5.19)

Equation (5.19) reflects the application of the magnetic circuit (Ampere’s)
law along the flux line in Figure 5.8a.

In industry, to account for the flattening of the airgap flux density due to
teeth saturation, By, is replaced by the actual (designed) maximum flattened
flux density B,m, at an angle 8 = 30°/p;, which makes the length of the flux lines
in the back core 2/3 of their maximum length.

Then finally the calculated I,,, is multiplied by 2/ NE) (1/c0s30°) to find the
maximum mmf fundamental.

At 0, = p16 = 30°, it is supposed that the flattened and sinusoidal flux
density are equal to each other (Figure 5.9).

B, (0%

30° T

Figure 5.9 Sinusoidal and flat airgap flux density

We have to again write Ampere’s law for this case (interior flux line in
Figure 5.8a).

2(F )y = 2F,(Byy )+ 2F, +2F, +E, +F, (5.20)
2(F,

and finally, m = (1—}8; (5.21)
COoS

For the sake of generality we will use (5.20) — (5.21), remembering that the
length of average flux line in the back cores is 2/3 of its maximum.

Let us proceed directly with a numerical example by considering an
induction motor with the geometry in Figure 5.10.

2p,=4;D=0.1m; D, =0.176m; h, = 0.025m; N_ = 24;
N, =18b, =12b,;b, =1.4b ;2=0.5-10"m; (5.22)
h, =0.018m; D, = 0.035m; B, =0.7T
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60%p

Figure 5.10 IM geometry for magnetization curve calculation
The B/H curve of the rotor and stator laminations is given in Table 5.1.

Table 5.1 B/H curve a typical IM lamination

B[T] 0.0 [005] 0.1 {0.15] 0.2 ]0.25] 03 |035| 04 [045] 0.5 |0.55]| 0.6
H[A/m] 0 |228] 35 | 45 | 49 | 57 | 65 | 70 | 76 | 83 | 90 | 98 | 206
B[T] 065107 ]075| 08 |085] 09 [095] 1 |1.05| 1.1 |1.15] 1.2 |1.25
H[A/m] | 115 | 124 | 135 | 148 | 177 | 198 | 198 | 220 | 237 | 273 | 310 | 356 | 417
1.3 1.35 1.4 1.45 1.5 1.55 1.6 1.65 1.7
482 585 760 1050 1340 1760 2460 3460 4800
1.75 1.8 1.85 1.9 1.95 2.0
6160 8270 | 11170 | 15220 | 22000 | 34000

Based on (5.20) — (5.21), Gauss law, and B/H curve in Table 5.1, let us
calculate the value of F .
To solve the problem in a rather simple way, we still assume a sinusoidal

flux distribution in the back cores, based on the fundamental of the airgap flux
density Bgim.

B
By =—2-= 0.7-2 =0.809T (5.23)

- cos30° \/5

The maximum stator and rotor back core flux densities are obtained from
(5.18):
1 nD 1
csm - 2p1 h glm

cs

(5.24)
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1 nD 1
crm :_';C_h_Bglm (525)
T Zzp

cr

with o _(D,=D-2h,) 0.174-0.100-2-0.025

=0.013m  (5.26)

CcS 2 2
h = (D—2g —Dyp—2h,) _ 0.100-0.001-2-0.018-0.036 _ 0.0135m
2 2
Now from (5.24) — (5.25),

0.1-0.809
= "7 —1.555T 5.28
SMT4.0.013 (5-28)
om = 010809, 4og7 (5.29)

4.0.0135

As the core flux density varies from the maximum value cosinusoidally, we
may calculate an average value of three points, say B, Beanc0s60° and
Benc0s30°;

0 0

B, = Bcsm(l+4c°8606 Fcos30 j: 1.555-0.8266=1.285T  (5.30)
(1] 0

B, = ch[l+4COS6O6 +cos30 J: 1.498-0.8266 =1.238T  (5.31)

From Table 5.1 we obtain the magnetic fields corresponding to above flux
densities. Finally, H,, (1.285) =460 A/m and H,, (1.238) =400 A/m.
Now the average length of flux lines in the two back irons are

_2 n(D,—h,) :gn(o.176—0.013)

sy =0.0853m (5.32)
’ 3 2p, 3 4
L ~2 mDyun the) 2 (036+0.135) 5 0rson (533
3 2p, 3 4
Consequently, the back core mmfs are
F,, =1,y - Hegay = 0.0853-460 = 39.238 Aturns (5.34)
F.. =14 - Heay = 0.0259-400 =10.362Aturns (5.35)

The airgap mmf Fg is straightforward.
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Bgem
2F, =2g-——=2-05-10 ¢ =557.324Aturns (5.36)

1o 1.256-10"

Assuming that all the airgap flux per slot pitch traverses the stator and rotor
teeth, we have

D D+h_,
R e I

s, S,T s,r ts,r

Considering that the teeth flux is conserved (it is purely radial), we may
calculate the flux density at the tooth bottom and top as we know the average
tooth flux density for the average tooth width (bys,),y. An average can be applied
here again. For our case, let us consider (By,),y all over the teeth height to
obtain

(b, )., ng) 11+f)025) 6.8110"m
+
(5.38)
(b0 )., ng)llzo)m) 6.00-10"m
+
0.7-1-100
(By )y =————— =1.344T
& 24.743.10 (5.39)
(tr) _ 071‘[100 21878T

v 18.6.56-107

From Table 5.1, the corresponding values of Higy(Bisay) and Hy (Byay) are
found to be Hy,, = 520 A/m, Hy,y = 13,600 A/m. Now the teeth mmfs are

2F, = H,g, (2h;)=520-(0.025-2) = 26 Aturns (5.40)

2F, ~ H,,,(2h,)=13600-(0.018-2)=489.6Aturns (5.41)
The total stator mmf (F1 )300 is calculated from (5.20)
2(F, )30 =557.324+ 26+ 489.6 + 39.238 +10.362 = 1122.56 Aturns (5.42)

The mmf amplitude F ;o (from 5.21) is

2(F,
2 _ 1122.56-—2 = 1297.764Aturns (5.43)

cos30° - ' \/5

Based on (5.14), the no-load current may be calculated with the number of
turns/phase W, and the stator winding factor K,; already known.

Varying as the value of By, desired the magnetization curve—Bp(Fim)-is
obtained.

2F o =
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Before leaving this subject let us remember the numerous approximations
we operated with and define two partial and one equivalent saturation factor as
Ksta KSCJ KS‘

Kst:1+2(Fts+Ftr); KSC:1+(FCS+Fcr) (544)
2F, 2F,
F
K, :mszt +K -1 (5.45)
2F,

The total saturation factor K accounts for all iron mmfs as divided by the
airgap mmf. Consequently, we may consider the presence of iron as an
increased airgap g.

g..=egK K K, = K{i—OJ (5.46)
Let us notice that in our case,
L1+ 26 +489.6 —1.925; K =1+ 39.23+10.362 ~1.089
557.324 557.324 (5.47)

K, =1.925+1.089-1=2.103

A few remarks are in order.

e The teeth saturation factor K, is notable while the core saturation factor is
low; so the tooth are much more saturated (especially in the rotor, in our
case); as shown later in this chapter, this is consistent with the flattened
airgap flux density.

e In a rather proper design, the teeth and core saturation factors K and K,
are close to each other: K ~ K; in this case both the airgap and core flux
densities remain rather sinusoidal even if rather high levels of saturation are
encountered.

e In 2 pole machines, however, K. tends to be higher than K as the back
core height tends to be large (large pole pitch) and its reduction in size is
required to reduce motor weight.

e In mildly saturated IMs, the total saturation factor is smaller than in our
case: Ki=13-1.6.

Based on the above theory, iterative methods, to obtain the airgap flux
density distribution and its departure from a sinusoid (for a sinusoidal core flux
density), have been recently introduced [2,4]. However, the radial flux density
components in the back cores are still neglected.
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5.4.2 Teeth defluxing by slots

So far we did assume that all the flux per slot pitch goes radially through the
teeth. Especially with heavily saturated teeth, a good part of magnetic path
passes through the slot itself. Thus, the tooth is slightly “discharged” of flux.

We may consider that the following are approximates:

B, =B, —cB,b,,/b,,; ¢, <<1.0 (5.48)
bts,r + bs,r
By = B, — (5.49)

ts,r

The coefficient c, is, in general, adopted from experience but it is strongly
dependent on the flux density in the teeth B; and the slotting geometry
(including slot depth [2]).

5.4.3 Third harmonic flux modulation due to saturation

As only inferred above, heavy saturation in stator (rotor) teeth and/or back
cores tends to flatten or peak, respectively, the airgap flux distribution.

This proposition can be demonstrated by noting that the back core flux
density B, is related to airgap (implicitly teeth) flux density by the equation

eél’
Bcs,r = Cs,r _’.Bls,r(eer)deer; eer = p]e (550)
0
' . AB
relative | > . relative| "tl
flux Kol teeth flux [T [\ teeth
; \ . N
density NN density AN
AN o T N2 T
B NN ] o N O
A 3 . \\ A 3 N
core N oo core/ ) ]
\ S
/ N\ AN
/j// Bcl N i\ /CBCI NN
// A / ;// \\\\
Bs w2 N / B;/ AN .
6. /2 T 0
Bts r>0 Bts,r<0
Figure 5.11 Tooth and core flux density distribution
a.) saturated back core (B3 > 0); b.) saturated teeth (B3 < 0)
Magnetic saturation in the teeth means flattening By (0) curve.

Bts,r(e) = Bts,rl cos(@er - (Dlt)+ Bts,rS COS(3eer - (Dlt) (5.51)
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Consequently, B3 > 0 means unsaturated teeth (peaked flux density,
Figure 5.11a). With (5.51), equation (5.50) becomes

B
By, = CS{BM] sin(0,, — wlt)+L3’r35in(393r - colt)} (5.52)

Analyzing Figure 5.11, based on (5.51) — (5.52), leads to remarks such as
e Oversaturation of a domain (teeth or core) means flattened flux density in

that domain (Figure 5.11b).

e In paragraph 5.4.1. we have considered flattened airgap flux density—that is
also flattened tooth flux density—and thus oversaturated teeth is the case
treated.

e  The flattened flux density in the teeth (Figure 5.11b) leads to only a slightly
peaked core flux density as the denominator 3 occurs in the second term of
(5.52).

e On the contrary, a peaked teeth flux density (Figure 5.11a) leads to a flat
core density. The back core is now oversaturated.

e We should also mention that the phase connection is important in third
harmonic flux modulation. For sinusoidal voltage supply and delta
connection, the third harmonic of flux (and its induced voltage) cannot
exist, while it can for star connection. This phenomenon will also have
consequences in the phase current waveforms for the two connections.
Finally, the saturation produced third and other harmonics influence,
notably the core loss in the machine. This aspect will be discussed in
Chapter 11 dedicated to losses.

After describing some aspects of saturation — caused distribution
modulation, let us present a more complete analytical nonlinear field model,
which also allows for the calculation of actual spatial flux density distribution in
the airgap, though with smoothed airgap.

5.4.4 The analytical iterative model (AIM)

Let us remind here that essentially only FEM [5] or extended magnetic
circuit methods (EMCM) [6] are able to produce a rather fully realistic field
distribution in the induction machine. However, they do so with large
computation efforts and may be used for design refinements rather than for
preliminary or direct optimization design algorithms.

A fast analytical iterative (nonlinear) model (AIM) [7] is introduced here
for preliminary or optimization design uses.

The following assumptions are introduced: only the fundamental of m.m.f.
distribution is considered; the stator and rotor currents are symmetric; - the IM
cross-section is divided into five circular domains (Figure 5.12) with unique
(but adjustable) magnetic permeabilities essentially distinct along radial (r) and
tangential (8) directions: L, and p,; the magnetic vector potential A lays along
the shaft direction and thus the model is two-dimensional; furthermore, the
separation of variables is performed.
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Magnetic potential, A, solution

Figure 5.12 The IM cross-section divided into five domains

The Poisson equation in polar coordinates for magnetic potential A writes

1(106A 3°A) 1 138°A
—| Tt 2 2
U, r° 00

—t—|[t——=—=-] 5.53
pelr or o’ (5-53)
Separating the variables, we obtain
A(1,0) =R(r) - T(0) (5.54)

Now, for the domains with zero current (D, D3, Ds) — J = O, Equation
(5.53) with (5.54) yields

L[ 4RE), 2 dRO))_ o 0 &'T(O) (5.55)
R(r) dr dr? T(6) d6*
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with o = /g, and A a constant.

Also a harmonic distribution along 0 direction was assumed. From (5.55):

dzR(r) dR(r)

r2—2+r——k2R=O
dr dr
2 2
and dLge)+7h—2T:0
do o

The solutions of (5.56) and (5.57) are of the form
R(r) = C1r>L + Czr’)‘

T(6)=C; cos[A Gj +C, sin[& 9)
o o

as longasr#0.

(5.56)

(5.57)

(5.58)

(5.59)

Assuming further symmetric windings and currents, the magnetic potential

is an aperiodic function and thus,

A(r,0)=0

A(r,lj =0
P
Consequently, from (5.59), (5.57) and (5.53), A(1,0) is
A(r, 9) = (g P 4 herP )sin(p,@)
Now, if the domain contains a homogenous current density J,
I=J, sin(ple)
the particular solution A,(r,0) of (5.54) is:

A, (r, 9) =Kr? sin(Ple)

with K=-—2Hdo 5
41, =P Mo

Finally, the general solution of A (5.53) is
Alr,0)= (g P +her P+ Kr? )sin(ple)

(5.60)

(5.61)

(5.62)

(5.63)

(5.64)

(5.65)

(5.66)

As (5.66) is valid for homogenous media, we have to homogenize the
slotting domains D, and D,, as the rotor and stator yokes (D;, Ds) and the airgap

(D3) are homogenous.
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Homogenizing the Slotting Domains.

The main practical slot geometries (Figure 5.13) are defined by equivalent
center angles 0, and 6,, for an equivalent (defined) radius 1,4, (for the stator)
and r,, (for the rotor). Assuming that the radial magnetic field H is constant
along the circles 1, and 1,4, the flux linkage equivalence between the
homogenized and slotting areas yields

wHOr L, +u,HOr L, = H(0, +6,)r,L, (5.67)
Consequently, the equivalent radial permeability p,, is

[IPCAETING]

L= HiP KoY. (5.68)
0, +0

For the tangential field, the magnetic voltage relationship (along A, B, C

trajectory on Figure 5.13), is

Vinac = Vinas + Vmse (5.69)

Figure 5.13 Stator and rotor slotting

With By the same, we obtain

Boo,+0,) = Bogr +Bog, (5.70)
) M Ho
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Consequently,

_ HtHO(et +es) (571)

)
RO + 105

Thus the slotting domains are homogenized to be characterized by distinct
permeabilities ,, and pg along the radial and tangential directions, respectively.

We may now summarize the magnetic potential expressions for the five
domains:

(r,0)= (glrpl +hr™ )sin(ple), a':% <r<b

0)= (g:,rpl +h,r™ )sin(plel c<r<d

0) (gsr"' +hg™ )sin(ple), e<r<f (5.72)
,(r,0)= (gzrp‘“‘2 +h,r7 +k2r2)sin(p19); b<r<c

(r,0)= (gé‘rp‘“‘4 +h, s +k4r2)sin(p19), d<r<e

K, :_MJ

4 _ 2 m4
with His =P Heg (5.73)

K, =+ Hrzuei
4l =Py Hoo

m2

Jmo represents the equivalent demagnetising rotor equivalent current density
which justifies the @ sign in the second equation of (5.73). From geometrical
considerations, J, and J,4 are related to the reactive stator and rotor phase
currents ;s and I, by the expressions (for the three-phase motor),

62 1

Jm2 2 2 WIKWII'Zr
3_ ¢ b (5.74)
6v2 1
Joa = THWIKWIIIS

The main pole-flux-linkage ¥, is obtained through the line integral of A;
around a pole contour I' (L, the stack length):

-~ T T
Wy = ‘EAz dl= 2L1A3(d,2—P1J (5.75)

Notice that Az(d, n/2p;,) = —Asz(d,— ©/2p;,) because of symmetry. With Az from
(5.72), Ym1 becomes
Yo = 2L, (g,d" +h,d ™) (5.76)

Finally, the e.m.f. E;, (RMS value) is
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E, = m/2f, WK (5.77)

Now from boundary conditions, the integration constants g; and h; are
calculated as shown in the appendix of [7].

The computer program

To prepare the computer program, we have to specify a few very important
details. First, instead of a (the shaft radius), the first domain starts at a’=a/2 to
account for the shaft field for the case when the rotor laminations are placed
directly on the shaft. Further, each domain is characterized by an equivalent (but
adjustable) magnetic permeability. Here we define it. For the rotor and stator
domains D;, and Ds, the equivalent permeability would correspond to 1, =
(at+b)/2 and 1,5 = (e+f)/2, and tangential flux density (and 0, = n/4).

a+b p1-1 a+b -p1-1 o
Ble(rml’e()) = _pl[gl(TJ _hl( b ] Slnz
e+f ) e+f )™ T
By (65,0, )=— —_— -h| — sin—
50(m5 0) pl{gSE ) j 5( ) j 4

For the slotting domains D, and Dy, the equivalent magnetic permeabilities
correspond to the radiuses 1., and 1,4 (Figure 5.13) and the radial flux densities
B,,, and By,.

(5.78)

BZr(rm2790 ) =P (gzrmzpla2 T hzrmziplar] +Kor,, )Cospleo

(5.79)
B, (rm4 ,0, ) =P (g4rm4

Pt T +K4rm4)cosp,90
with cosP16p = 0.9 ... 0.95. Now to keep track of the actual saturation level, the
actual tooth flux densities By, and B,,, corresponding to B,,, H,, and By, Hy, are

0,+6 0
B, :%BZr —Cp eiHOHzr
12 12 (5.80)
0, +0

The empirical coefficient ¢, takes into account the tooth magnetic unloading due
to the slot flux density contribution.

Finally, the computing algorithm is shown on Figure 5.14 and starts with
initial equivalent permeabilities.

For the next cycle of computation, each permeability is changed according
to

u#) Z 0 cl(u(”‘) _ H(i)) (5.81)

It has been proved that ¢c;= 0.3 is an adequate value, for a wide power range.
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Figure 5.14 The computation algorithm

Model validation on no-load

The AIM has been applied to 12 different three-phase IMs from 0.75 kW to
15 kW (two-pole and four-pole motors), to calculate both the magnetization
curve I,y = f(E,) and the core losses on no load for various voltage levels.

The magnetizing current is I, = I;, and the no load active current Iy, is
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_ P, +P., +P

[ =———————=% 5.82
oA v, (5.82)

The no-load current I, is thus

Ly =1, +1,, (5.83)

and E, =V, -oL,L, (5.84)

where L, is the stator leakage inductance (known). Complete expressions of
leakage inductances are introduced in Chapter 6.

Figure 5.15 exhibits computation results obtained with the conventional
nonlinear model, the proposed model, and experimental data.

KW - 3000 r/
1, [(A] 075 KW -3000r/m I, [1A] Z-J—-cultu\ i om
0 — caleul. 1 \ l‘Z
- = calcul. 2 = = calcut- T
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! s L 77
>
1
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/| 'I /
. 7 . ‘///
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Figure 5.15 Magnetization characteristic validation on no load
1. conventional nonlinear model (paragraph 5.4.1); 2. AIM; 3. experiments
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Figure 5.15 (continued)
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Figure 5.15 (continued)

It seems clear that AIM produces very good agreement with experiments
even for high saturation levels.

A few remarks on AIM seem in order.

e The slotting is only globally accounted for by defining different tangential
and radial permeabilities in the stator and rotor teeth.

e A single, but variable, permeability characterizes each of the machine
domains (teeth and back cores).

e AIM is a bi-directional field approach and thus both radial and tangential
flux density components are calculated.

e Provided the rotor equivalent current I, (RMS value and phase shift with
respect to stator current) is given, AIM allows calculation of the
distribution of main flux in the machine on load.

e Heavy saturation levels (V¢/V,, > 1) are handled satisfactorily by AIM.

e By skewing the stack axially, the effect of skewing on main flux
distribution can be handled.

e The computation effort is minimal (a few seconds per run on a
contemporary PC).

So far AIM was used considering that the spatial field distribution is
sinusoidal along stator bore. In reality, it may depart from this situation as
shown in the previous paragraph. We may repeatedly use AIM to produce the
actual spatial flux distribution or the airgap flux harmonics.

AIM may be used to calculate saturation-caused harmonics. The total mmf
Fin is still considered sinusoidal (Figure 5.16).

The maximum airgap flux density By, (sinusoidal in nature) is considered
known by using AIM for given stator (and eventually also rotor) current RMS
values and phase shifts.

By repeatedly using the Ampere’s law on contours such as those in Figure
5.17 at different position 0, we may find the actual distribution of airgap flux
density, by admitting that the tangential flux density in the back core retains the
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sinusoidal distribution along 0. This assumption is not, in general, far from
reality as was shown in paragraph 5.4.3.
Ampere’s law on contour I" (Figure 5.17) is

P
$Hdl= [F,,sinp,0d(p,0)= 2F,, cosp,0 (5.85)
T

-P6

The left side of (5.85) may be broken into various parts (Figure 5.17). It
may easily be shown that, due to the absence of any mmf within contours
ABB'B”A”A’A and DCC''D",

jﬁ: jﬁ; jﬁ: jﬁ (5.86)
ABB'A"B'A"  AA" cpD'C"  CC

Figure 5.16 Ampere’s law contours
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Fu,(8) = F,(8) + F,,(8) + F, (6)
Fc(6) = F,(8) +F,,(6)

FllA]

2F,,,cosP,8

Figure 5.17 Mmf-total and back core component F

We may now divide the mmf components into two categories: those that depend
directly on the airgap flux density B,(0) and those that do not (Figure 5.17).

2F,,, = 2F,(0)+ 2F(0)+ 2F,(0) (5.87)
Fc(e): Fe (9)+ Fcr(e) (5.88)
Also, the airgap mmf Fy(0) is
gk,
Fg(e)zu—OBg(G) (5.89)

Suppose we know the maximum value of the stator core flux density, for
given F |, as obtained from AIM, Bcsm,

B, (0)=B,,, sinp,0 (5.90)

— Hesm

We may now calculate F (0) as

F.(0)= 2f[H (B, sina)fedot (5.91)

pi0
The rotor core maximum flux density Berm is also known from AIM for the
same mmf F1m. The rotor core mmf F(0) is thus

F,(0)= 2j2[H (B, sin o) Jpdat (5.92)

P10

© 2002 by CRC Press LLC



From (5.88) F.(0) is obtained. Consequently,
F.,, = 2F,, cospd —F, (6)-F.,(6) (5.93)

t+g =
Now in (5.87) we have only to express F(0) and F(6)-tooth mmfs—as
functions of airgap flux density By(6). This is straightforward.

B ()
Bts(e)—gs B,(0) ¢, [b] (5.94)

t—stator slot pitch, bi—stator tooth, By < 1-ratio of real and apparent tooth flux
density (due to the flux deviation through slot).
Similarly, for the rotor,

B s ()
Bn(e)—él B,(0) ér—(bj (5.95)

t+g
Mo

S T

Now  F_,(0)=2B,(0)5+2nH, {%Bg(e)} +2h H, {%Bg(e)} (5.96)

In (5.96) Fi.4(0) is known for given 0 from (5.93). By(0) is assigned an
initial value in (5.96) and then, based on the lamination B/H curve, Hy and H,,
are calculated. Based on this, Fy, is recalculated and compared to the value
from (5.93). The calculation cycle is reiterated until sufficient convergence is
reached.

The same operation is performed for 20 to 50 values of 6 per half-pole to
obtain smooth By(0), By(0), B«(0) curves per given stator (and rotor) mmfs
(currents). Fourier analysis is used to calculate the harmonics contents. Sample
results concerning the airgap flux density distribution for three designs of the
same motor are given in Figures 5.18 though 5.21. [8]

[*/a) 5 MOTOR M1
12 gl,v R i
Bgq,1 v=3 Kso /T/
8 ”z 2 / /
‘ > A f
v= Ttk
0 N 1 / / i
\____‘_‘:_ - ;_\I, el
-5 1 Bg max
AN /;_\‘K N - B
-8 . ;
T v=5
2 2 3 b Kqg 1 2 3 b Ky

Figure 5.18 IM with equally saturated teeth and back cores
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20

(/6] /<V:3 MOTOR M2 kst\\/

16 T —9—-—2 Ly ‘
91,1 / ‘ l y
12 L 2
v=5
AW s
Y L — ke
3 - 1
/ A/ v=7 I r
0 S /, 1 Bg max
—< N Bg1,1
Iy B 09
\'———_
— 8 v=0
1 2 3 kb Kt 1 2 3 4 Kge
Figure 5.19 IM with saturated teeth (Ky > Ky.)
8 I K
o = M R M3 SC
ll/t'l Bqy; . /I‘Z_..V 0 0T0 e P
B, — k
91,1 | v=7 [ st
0 = '/— 2 // L—
RN ; A
V=,
—8 N\ L 5 |
\< -~ T
-12 - 11 /./\ B
N e
-1 N 1.0 £
1 2 a 3 4 Ky 1 2 p 3 4 Kee

Figure 5.20 IM with saturated back cores
a.) airgap flux density b.) saturation factors Ky, K, versus total saturation factor K

The geometrical data are
MIl1-optimized motor = equal saturation of teeth and cores: a = 0.015 m, b =
0.036 m, ¢ = 0.0505 m, d = 0.051 m, ¢ = 0.066 m, f =0.091 m, & = 0.54, &, =
0.6
M2—oversaturated stator teeth (K > Kg): b=0.04 m, e =0.06 m, & =042, &, =
0.48
M3—-oversaturated back cores (K. > Kg): b=0.033 m, e = 0.069 m, & = 0.6, &;
=0.65

The results on Figure 5.18 — 5.21 may be interpreted as follows:

e If the saturation level (factor) in the teeth and back cores is about the same
(motor M1 on Figure 5.21), then even for large degrees of saturation (K, =
2.6 on Figure 5.18b), the airgap flux harmonics are small (Figure 5.18a).
This is why a design may be called optimized.
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e If the teeth and back core saturation levels are notably different
(oversaturated teeth is common), then the harmonics content of airgap flux
density is rich. Flattened airgap flux distribution is obtained for
oversaturated back cores (Figure 5.20).

B IT]

M2 ] M3
12

10+
08+
061
04

021

]

-z 7P
3 o z 76

Figure 5.21 Airgap flux density distribution for three IM designs, M1, M2, M3.

e The above remarks seem to suggest that equal saturation level in teeth and
back iron is to be provided to reduce airgap flux harmonics content.
However, if core loss minimization is aimed at, this might not be the case,
as discussed in Chapter 11 on core losses.

5.5 THE EMF IN AN A.C. WINDING
As already shown, the placement of coils in slots, the slot openings, and

saturation cause airgap flux density harmonics (Figure 5.22).

Bg[T]A
0.7

Figure 5.22 Airgap flux density and harmonics v

The voltage (emf) induced in the stator and rotor phases (bars) is of
paramount importance for the IM behavior. We will derive its general

© 2002 by CRC Press LLC



expression based on the flux per pole (®,) for the v harmonic (v = 1 for the
fundamental here; it is an “electrical” harmonic).

D, = grVLeBgv (5.97)
T

For low and medium power IMs, the rotor slots are skewed by a distance ¢

(in meters here). Consequently, the phase angle of the airgap flux density along

the inclined rotor (stator) slot varies continuously (Figure 5.23).

S; -side-in
S, -side-out

A X
a.) b.) c.)

Figure 5.23 Chorded coil in skewed slots
a.) coil b.) emf per conductor c.) emf per turn

Consequently, the skewing factor Ky is (Figure 5.23b)

- sincvn

AB R
K =5 =— =2 <1 (5.98)

AOB —V—

T 2

The emf induced in a bar (conductor) placed in a skewed slot Ey,, (RMS) is
1
Ebv = mleskewchv (599)

with —the primary frequency (time harmonics are not considered here).

As a turn may have chorded throw (Figure 5.23a), the emfs in the two turn
sides S; and S, (in Figure 5.23c) are dephased by less than 180°. A vector
composition is required and thus E,, is

E, =2K, Ey; K, :sinv%%ﬁl (5.100)

K,y is the chording factor.
There are n, turns per coil, so the coil emf E,, is

E., =n.E, (5.101)
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In all there are q neighbouring coils per pole per phase. Let us consider
them in series and with their emfs phase shifted by o.., = 2np;v/N; (Figure
5.24). The resultant emf for the q coils (in series in our case) E., is

ECV = qECVKqV (5102)

Ky is called the distribution factor. For an integer q (Figure 5.24) K, is

__sinvr/6 (5.103)

™ gsin(va/6q)

The total number of q coil

groups is p; (pole pairs) in single

Eay Ecqy layer and 2p; in double layer

‘ windings. Now we may introduce
a<p,; current paths in parallel.

The total number of turns/phase

W is Wy = piqn, for single layer and,

. W, 2piqn, for double layer

= windings, respectively. Per current

path, we do have W, turns.

Figure 5.24 Distribution factor Kqy

W, = (5.104)
a
Consequently the emf per current path E, is
E, = /2, WK K K @, (5.105)

For the stator phase emf, when the stator slots are straight, K, = 1.
For the emf induced in the rotor phase (bar) with inclined rotor slots, K., #
1 and is calculated with (5.98).

(Eav )stator = Tc\/Efl WaKSqVKS)'VcDV (5 . 106)
(Ebv )rotor = % flekequ)v (5.107)
(Eyy or = T2, W,K oK @, (5.108)

The distribution Ky, and chording (K,,) factors may differ in the wound
rotor from stator.

Let us note that the distribution, chording, and skewing factors are identical
to those derived for mmf harmonics. This is so because the source of airgap
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field distribution is the mmf distribution. The slot openings, or magnetic
saturation influence on field harmonics is lumped into ®,,.

The harmonic attenuation or cancellation through chording or skewing is
also evident in (5.102) — (5.104). Harmonics that may be reduced or cancelled
by chording or skewing are of the order

v=Km=*l (5.109)
For one of them
vIE_Knoor vEE-K'n (5.110)
T2 T2

These are called mmf step (belt) harmonics (5, 7, 11, 13, 17, 19). Third mmf
harmonics do not exist for star connection. However, as shown earlier, magnetic
saturation may cause 3rd order harmonics, even 5th, 7th, 11th order harmonics,
which may increase or decrease the corresponding mmf step harmonics.

Even order harmonics may occur in two-phase windings or in three-phase
windings with fractionary q. Finally, the slot harmonics orders v, are:

v, =2Kgqm=1 (5.111)
For fractionary q = a+b/c,
K
v, =2(ac, +b{—]mil (5.112)
G

We should notice that for all slot harmonics,

B sin(2quil)Tc/6 B
™ gsin|2Kgqm+1)n/6q] "

(5.113)

Slot harmonics are related to slot openings presence or to the corresponding
airgap permeance modulation. All slot harmonics have the same distribution
factor with the fundamental, they may not be destroyed or reduced. However, as
their amplitude (in airgap flux density) decreases with v, increasing, the only
thing we may do is to increase their lowest order. Here the fractionary windings
come into play (5.112). With q increased from 2 to 5/2, the lowest slot integer
harmonic is increased (see (5.111) — (5.112)) from vepin = 11 t0 Vemin = 29! (K/cy
=2/2). As K is increased, the order v of step (phase belt) harmonics (5.111) may
become equal to v..

Especially the first slot harmonics (K = 1, K/c; = 1) may thus interact and
amplify (or attenuate) the effect of mmf step harmonics of the same order.
Intricate aspects like this will be dealt with in Chapter 10.
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5.6 THE MAGNETIZATION INDUCTANCE

Let us consider first a sinusoidal airgap flux density in the airgap, at no load
(zero rotor currents). Making use of Ampere’s law we get, for airgap flux
amplitude,

- Mo (Fl )phase .

= ;o Ko >1 5.114
g7 gK K, : G

where F; is the phase mmf/pole amplitude,

2W,I,42K K
(F ) e = ————2—2 (5.115)
Tp,
For a three-phase machine on no load,
3IW,I 2K K
= — VKK, (5.116)
TP,

Now the flux per pole, for the fundamental @, is

@, =3BglrLe (5.117)
T

So the airgap flux linkage per phase (a=1) ¥y, is
Vi = WiKg Ky @, (5.118)

The magnetization inductance of a phase, when all other phases on stator
and rotor are open, L, is

4u,\WK_ K
L, = Vin _ Ho( lqu yi L.t (5.119)
Io\/E T pngcKs
K—total saturation factor.
In a similar manner, for a harmonic v, we obtain
4u,\WK K
L. = HoWKKyf L K, ~(1-12) (5.120)

e Tcz pngcst ,

The saturation coefficient K, tends to be smaller than K, as the length of
harmonics flux line in iron is usually shorter than for the fundamental.

Now, for three-phase supply we use the same rationale, but, in the (5.114)
Fim will replace (F))phase-

_ 6I/L0(VVIKC1VK>'V)2 Lt
TEZVZ pngcst

(5.121)

Imy

© 2002 by CRC Press LLC



When the no-load current (I,/1,,) increases, the saturation factor increases, so
the magnetization inductance Ly, decreases (Figure 5.25).

_ S (WK K, L.t (5.122)
" th p]chKs (IO / In ) .
In general, a normal inductance, L, is defined as
L,= Vi = Lin (5.123)

Lo, ™ L,
V., L, @1, rated phase voltage, current, and frequency of the respective machine.

Well designed induction motors have 1, (Figure 5.25) in the interval 2.5 to
4; in general, it increases with power level and decreases with large number of
poles.

— L]m
11m_ I—’]n 2p1:4

35

25 [ design zone

0.25 05 T/,

Figure 5.25 Magnetization inductance versus no load current Io/I,

It should be noticed that Figure 5.25 shows yet another way (scale) of
representing the magnetization curve.

The magnetization inductance of the rotor Ly, has expressions similar to
(5.119) — (5.120), but with corresponding number of turns phase, distribution,
and chording factors.

However, for the mutual magnetising inductance between a stator and rotor
phase Li,,, we obtain

4 L.t
L, =—XWK ‘K ‘WK_'K 'K ' < 5.124
12mv th ( 1 *qv yv 27 qv yv cv pngsv ( )
This time, the skewing factor is present (skewed rotor slots).
From (5.124) and (5.120),
T T T
L12mv — WZKqV KYV KCV (5125)

Lllmv WquVSKyVS
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It is now evident that for a rotor cage, K," = K, = I as each bar (slot) may
be considered as a separate phase with W, = % turns.

The inductance L;j, or Ly, are also called main (magnetization) self
inductances, while Ly, is called the cyclic (multiphase supply) magnetizing
inductance. In general, for m phases,

L, = %an ; m = 3 for three phases (5.126)
Example 5.1. The magnetization inductance L, calculation

For the motor M1 geometry given in the previous paragraph, with double-
layer winding and N = 36 slots, N, = 30 slots, 2p; =4, y/t = 8/9, let us calculate
L and no-load phase current I, for a saturation factor K = 2.6 and By, = 0.9T,
Ky =K = 1.8, K. = 1.3 (Figure 5.20, 5.21).

Stator (rotor) slot opening are: b, = 6g, b, = 3g, Wy = 120turns/phase, L. =
0.12m, and stator bore diameter D;/2= 0.051m.

Solution
e The Carter coefficient Kc ((5.4), (5.3)) is
Tg 1.280
Ky,=—>——= (5.127)
Tt —Yi20g/2 |1.0837
T, :TC_DI :M =959.10m
N, 36 (5.128)
.- n(D; —2g) _ w(2-0.051-2-0.0005) 10.57-10°m
N, 30
2b, /gf 127
v1=( o8 _ 47
5+2b,/g 5+12
5 , (5.129)
2b,,. /
yz — ( or g) — 6 — 3.27
5+2b,, /g 5+6
K. =K, K, =1280-1.0837=1.327 (5.130)

e  The distribution and chording factors Kql, Ky1, (5.100), (5.103) are

_ sinm/6
a7 35inn/6-3

From (5.122),

=0.9598; K| = sin ST~ 0.0848 (5.131)
92
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1.25-10°° 5
m=6-————:(300-0.9598-0.9848)" -

T . (5.132)
9-9.59-10°-012 _ o

2.05-107°1.327-2.6

L,

e  The no load current Iy from (5.114) is

 uoFnm  1.256-107-34/2-300-1, - 0.9598-0.9848

g7 oK K, 3.14-2-0.5-107° -1.327-2.6 Z09T A3
So theno load phase current I, is
I, =3.12A (5.134)
Let us consider rated current I,, = 2.5I,.
e  The emf per phase for f; = 60Hz is
E, =2nf|L, I, =2160-0.1711-3.12=201.17V (5.135)
With a rated voltage/phase V; =210 V, the relative value of Ly, is
Lin 0.1711 =2.39 (5.136)

1, = =
"V (o1,)  210/(2160-2.5-3.12)

It is obviously a small relative value, mainly due to the large value of
saturation factor K = 2.6 (in the absence of saturation: K = 1.0).

In general, E{/V; ~ 0.9 — 0.98; higher values correspond to larger power
machines.

5.7 SUMMARY

e In absence of rotor currents, the stator winding currents produce an airgap
flux density which contains a strong fundamental and spatial harmonics due
to the placement of coils in slots (mmf harmonics), magnetic saturation, and
slot opening presence. Essentially, FEM could produce a fully realistic
solution to this problem.

e To simplify the study, a simplified analytical approach is conventionally
used; only the mmf fundamental is considered.

e  The effect of slotting is “removed” by increasing the actual airgap g to gK,
(K. > 1); K—the Carter coefficient.

e The presence of eventual ventilating radial channels (ducts) is considered
through a correction coefficient applied to the geometrical stack axial
length.

e The dependence of peak airgap flux density on stator mmf amplitude (or
stator current) for zero rotor currents, is called the magnetization curve.
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When the teeth are designed as the heavily saturated part, the airgap flux
“flows” partially through the slots, thus “defluxing” to some the teeth
extent.

To account for heavily saturated teeth designs, the standard practice is to
calculate the mmf (F1 )300 required to produce the maximum (flat) airgap

flux density and then increase its value to F,, = (F1 )300 /cos30°.

A more elaborate two dimensional analytical iterative model (AIM), valid
both for zero and nonzero rotor currents, is introduced to refine the results
of the standard method. The slotting is considered indirectly through given
but different radial and axial permeabilities in the slot zones. The results are
validated on numerous low power motors, and sinusoidal airgap and core
flux densities.

Further on, AIM is used to calculate the actual airgap flux density
distribution accounting for heavy magnetic saturation. For more saturated
teeth, flat airgap flux density is obtained while, for heavier back core
saturation, a peaked airgap and teeth flux density distribution is obtained.
The presence of saturation harmonics is bound to influence the total core
losses (as investigated in Chapter 11). It seems clear that if teeth and back
iron cores are heavily but equally saturated, the flux density is still
sinusoidal all along stator bore. The stator connection is also to be
considered as for star connection, the stator no-load current is sinusoidal,
and flux third harmonics may occur, while for the delta connection, the
opposite is true.

The expression of emf in a.c. windings exhibits the distribution, chording,
and skewing factors already derived for mmfs in Chapter 4.

The emf harmonics include mmf space (step) harmonics, saturation-caused
space harmonics, and slot opening (airgap permeance variation) harmonics
Ve.

Slot flux (emf) harmonics v, show a distribution factor K, equal to that of
the fundamental (K4, = K;) so they cannot be destroyed. They may be
attenuated by increasing the order of first slot harmonics vepi, = 2qm — 1
with larger q slots per pole per phase or/and by increased airgap, or by
fractional q.

The magnetization inductance Ly, valid for the fundamental is the ratio of
phase emf, to angular stator frequency to stator current. L;,, is decreasing
with airgap, number of pole pairs, and saturation level (factor), but it is
proportional to pole pitch and stack length and equivalent number of turns
per phase squared.

In relative values, 1, increases with motor power and decreases with larger
number of poles, in general.
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Chapter 6

LEAKAGE INDUCTANCES AND RESISTANCES

6.1. LEAKAGE FIELDS

Any magnetic field (H;, B;) zone within the IM is characterized by its stored
magnetic energy (or coenergy) Wi,.

W, =%J.H(§-ﬁ)dV=Li% (6.1)
A

Equation (6.1) is valid when, in that region, the magnetic field is produced
by a single current source, so an inductance “translates” the field effects into
circuit elements.

Besides the magnetic energy related to the magnetization field (investigated
in Chapter 5), there are flux lines that encircle only the stator or only the rotor
coils (Figure 6.1). They are characterized by some equivalent inductances called
leakage inductances Ly, L.

stator slot leakage
flield lines

flux lines

zig - zag
leakage
flux lines

end turn (connection)
leakage field lines

magnetisation

rotor slot leakage flux lines

flield lines

Figure 6.1 Leakage flux lines and components

There are leakage flux lines which cross the stator and, respectively, the
rotor slots, end-turn flux lines, zig-zag flux lines, and airgap flux lines (Figure
6.1). In many cases, the differential leakage is included in the zig-zag leakage.
Finally, the airgap flux space harmonics produce a stator emf as shown in
Chapter 5, at power source frequency, so it should also be considered in the
leakage category. Its torques occur at low speeds (high slips) and thus are not
there at no—load operation.
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6.2. DIFFERENTIAL LEAKAGE INDUCTANCES

As both the stator and rotor currents may produce space flux density
harmonics in the airgap (only step mmf harmonics are considered here), there
will be both a stator and a rotor differential inductance. For the stator, it is
sufficient to add all L, harmonics, but the fundamental (5.122), to get L.

2

2
SOk W o K k41 (6.2)
T pngc vzl V st

ds

The ratio 64 of Ly to the magnetization inductance L, is

2
Gaso = Lds :Z I2<wsv = |- Ks (6.3)
le vzl vV I<wsl KSV

where Kys,, Kwsi are the stator winding factors for the harmonic v and for the
fundamental, respectively.

K, and K, are the saturation factors for the fundamental and for harmonics,
respectively.

As the pole pitch of the harmonics is t/v, their fields do not reach the back
cores and thus their saturation factor K, is smaller then K;. The higher v, the
closer K, is to unity. In a first approximation,

Ky = Ky <K (6.4)

That is, the harmonics field is retained within the slot zones so the teeth
saturation factor K may be used (K and K have been calculated in Chapter 5).
A similar formula for the differential leakage factor can be defined for the rotor
winding.

K. | K
%fZL—“ JK (6.5)

2 2
n#l u Kwrl SH
As for the stator, the order p of rotor harmonics is
p=K,m, 1 (6.6)

my—-number of rotor phases; for a cage rotor m, = Z,/py, also Ky = Ky = 1.
The infinite sums in (6.3) and (6.5) are not easy to handle. To avoid this, the
airgap magnetic energy for these harmonics fields can be calculated. Using (6.1)

woF,
=y (6.7)
gk Ky,

We consider the step-wise distribution of mmf for maximum phase A
current, (Figure 6.2), and thus
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(6.8)

A F(O)

AA C|C |B B A
AC C|B |B A A

Figure 6.2 Step-wise mmf waveform (q = 2, y/t = 5/6)

The final result for the case in Figure 6.2 is 64, = 0.0285.

This method may be used for any kind of winding once we know the
number of turns per coil and its current in every slot.

For full-pitch coil three-phase windings [1],

Cpr . (6.9)

Also, for standard two-layer windings with chorded coils with chording
length €, 645 1s [1]

£=T—y=(1—y/1:)3q

2
i 5q> +1_431[1 —y){%ﬁ{l—(yj }rl} (6.10)
27'[ T T

Gy = . -1
T mK,, 12

wl

In a similar way, for the cage rotor with skewed slots,

1
Cp=—7— -1 (6.11)
K skew2 T]rl2
. C
sm| o, - J ( /2)
with K'jew = L, = ae/rz e :M% (¢12)
o — er r
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The above expressions are valid for three-phase windings. For a single-
phase winding, there are two distinct situations. At standstill, the a.c. field
produced by one phase is decomposed into two equal traveling waves. They
both produce a differential inductance and, thus, the total differential leakage
inductance (Lgg)s=1 = 2L

On the other hand, at S = 0 (synchronism) basically the inverse (backward)
field wave is almost zero and thus (Lgs;)s—o~ Lgs.

The values of differential leakage factor o4 (for three- and two-phase
machines) and G, as calculated from (6.9) and (6.10) are shown on Figures 6.3
and 6.4. [1]

A few remarks are in order.

e For q = 1, the differential leakage coefficient 645 is about 10%, which
means it is too large to be practical.

e The minimum value of o4y is obtained for chorded coils with y/t = 0.8 for
all g, (slots/pole/phase).

e For same q, the differential leakage coefficient for two-phase windings is
larger than for three-phase windings.

e Increasing the number of rotor slots is beneficial as it reduces 64, (Figure

6.4).

Figures 6.3 do not contain the influence of magnetic saturation. In heavily
saturated teeth IMs as evident in (6.3), K/K > 1, the value of o4 increases
further.

higd ot
) . | T2
<L ¥ 10005
12 oo T3 6H T
:.r T o =
L R AR oAl SRS
NN s Jor o =~do ] ~
e e R A N
N S SN
a‘%;- x{;’e_ _r Oy/f« e A
w29 08 a7 09 a8 a7
@ b

Figure 6.3 Stator differential leakage coefficient Ggs
for three phases a.) and two-phases b.) for various g

The stator differential leakage flux (inductance) is attenuated by the reaction
of the rotor cage currents.
Coefficient A4 for the stator differential leakage is [1]

1 2mq; +1 K 2
Ay =1- K' —— |} O4 = OgoA 6.13
d Oy ; skewv Mrv VKWl d: ds0=d ( )
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Figure 6.4 Rotor cage differential leakage coefficient g for various g
and straight and single slot pitch skewing rotor slots (c/t,=0,1,...)
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Figure 6.5. Differential leakage attenuation coefficient A4 for cage rotors
with straight (c/t, = 0) and skewed slots (c/t,= 1)

As the stator winding induced harmonic currents do not attenuate the rotor
differential leakage: 64, = Ggro-

A rather complete study of various factors influencing the differential
leakage may be found in [Reference 2].

Example 6.1. For the IM in Example 5.1, with q = 3, Ny = 36, 2p; = 4, y/t =
8/9, Ky1 = 0.965, K = 2.6, K, = 1.8, N; = 30, stack length L. = 0.12m, L,,, =
0.1711H, W, = 300 turns/phase, let us calculate the stator differential leakage
inductance Ly including the saturation and the attenuation coefficient Ay of
rotor cage currents.
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Solution
We will find first from Figure 6.3 (for q = 3, y/t = 0.88) that 64 = 1.16-10™%
Also from Figure 6.5 for ¢ = 174 (skewing), Z,/p; = 30/2 = 15, Ay = 0.92.
Accounting for both saturation and attenuation coefficient Ay, the differential
leakage stator coefficient K is
Ky =Ko -%Ad =1.16-10" ~%.0.92 =1.5415-10"" (6.14)

st
Now the differential leakage inductance Ly is
Ly =KyL,, =1.5415-1072-0.1711=0.2637-10°H (6.15)

As seen from (6.13), due to the rather large q, the value of Ky is rather
small, but, as the number of rotor slots/pole pair is small, the attenuation factor
Aq is large.

Values of q = 1,2 lead to large differential leakage inductances. The rotor
cage differential leakage inductance (as reduced to the stator) Ly, is

K, o 2 .
Ly :odrOK—Sle =2.8-1077 -%le =4.04-10°L,,, (6.16)

ts

o4 18 taken from Figure 6.4 for Zy/p; = 15, ¢/t =1, : 640 = 2.8:107.
It is now evident that the rotor (reduced to stator) differential leakage
inductance is, for this case, notable and greater than that of the stator.

6.3. RECTANDULAR SLOT LEAKAGE INDUCTANCE/SINGLE
LAYER

The slot leakage flux distribution depends notably on slot geometry and less
on teeth and back core saturation. It also depends on the current density
distribution in the slot which may become nonuniform due to eddy currents
(skin effect) induced in the conductors in slot by their a.c. leakage flux.

Let us consider the case of a rectangular stator slot where both saturation
and skin effect are neglected (Figure 6.6).

‘ { H(X)I J ‘ slot mmf nJ.X
. ns
hs : ncI/bs | < bs >
22 bs > ]
hos b %1 3 S
A ) os | n /by l¢Dos)

Figure 6.6 Rectangular slot leakage
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Ampere’s law on the contours in Figure 6.6 yields

H(x)bS o cix ; 0<x<hq
h, (6.17)

H(x)bS:ns~i ; hy <x<hg+h

The leakage inductance per slot, Ly, is obtained from the magnetic energy
formula per slot volume.

1 2 2 hs hos
les = ) Wms = -2 5 .[HOH(X) dX'Lebs = I"LOns Le|:3_bs+b_os (618)
The term in square parenthesis is called the geometrical specific slot
permeance.

A, b B gsias: h, =(1+3)107m (6.19)
3bS 0s
It depends solely on the aspect of the slot. In general, the ratio hy/bs < (5—6)
to limit the slot leakage inductance to reasonable values.
The machine has N stator slots and Nym; of them belong to one phase. So
the slot leakage inductance per phase Ly is

2
:_Sles = BT les = 2“0W12Le )\‘S
m, m, P4

(6.20)

The wedge location has been replaced by a rectangular equivalent area on
Figure 6.6. A more exact approach is also possible.

The ratio of slot leakage inductance Ly to magnetizing inductance Ly, is
(same number of turns/phase),

le :n_ngcKs 17\‘
L 3 (Ky)Ja”

Suppose we keep a constant stator bore diameter D; and increase two times
the number of poles.

The pole pitch is thus reduced two times as t© = nD/2p;. If we keep the
number of slots constant q will be reduced twice and, if the airgap and the
winding factor are the same, the saturation stays low for the low number of
poles. Consequently, Ly/L, increases two times (as A is doubled for same slot
height).

Increasing q (and the number of slots/pole) is bound to reduce the slot
leakage inductance (6.20) to the extent that A; does not increase by the same
ratio. Our case here refers to a single-layer winding and rectangular slot.

Two-layer windings with chorded coils may be investigated the same way.

(6.21)
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6.4. RECTANGULAR SLOT LEAKAGE INDUCTANCE/TWO LAYERS

We consider the coils are chorded (Figure 6.7).

Let us consider that both layers contribute a field in the slot and add the
effects. The total magnetic energy in the slot volume is used to calculate the
leakage inductance L.

h
2L st
L =3¢ [ ol () + H (x)P dx - b(x) (6.22)
0
) _self
’4—”5 mmfs
I mutual |
y
hg — T \ fields (H(x)) b,
L - \ )
% b(x)
5 e S
\kOJL ; hw
T 3 3 «
A hos ] ' | q;‘
bOS

4 Lb_ﬁ X | X

mutual field zone

Figure 6.7 Two-layer rectangular semiclosed slots: leakage field

I

=

cl

X
-—; for0<x <h

s sl

—

forhy <x <hy+h,

o

=
T—

o nglcosy, (x—hy—h,
e . h, . (6.23)
forhy+h, <x<hy+h;+h
nL‘I+%;forx>hsl+hi+hsLl

i i

with b, =b_ orb,

The phase shift between currents in lower and upper layer coils of slot K is
vk and ng, ng, are the number of turns of the two coils. Adding up the effect of
all slots per phase (1/3 of total number of slots), the average slot leakage
inductance per phase L is obtained.
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While (6.23) is valid for general windings with different number of turn/coil
and different phases in same slots, we may obtain simplified solutions for
identical coils in slots ny = n., = n,.

Ay = Ly :l{(hsl +h,, cos’ yk)+ hy, N hg, cosy, N
s 2
2n )L, 4 3b b
Ho( c) e S s (624)
+£+(l+cosy)2 h—°+h—w+%
bS bS bW bOS

Although (6.24) is quite general—for two-layer windings with equal coils in
slots—the eventual different number of turns per coil can be lumped into cosy as
Kczosy with K = n.,/n.. In this latter case the factor 4 will be replaced by (1 +
K)“.

In integer and fractionary slot windings with random coil throws, (6.24)
should prove expeditious. All phase slots contributions are added up.

Other realistic rectangular slot shapes for large power IMs (Figure 6.8) may
also be handled via (6.24) with minor adaptations.

For full pitch coils (cosyx = 1.0) symmetric winding (hg, = hy = hy') (6.24)
becomes

(ksk)Vk :%+£+h_0+h_ &

=0 w4
b hy=h  3b,  4b, b, by, by,

w

(6.25)

S S S

Further on with h; = h, = h,, = 0 and 2hy' = h,, we reobtain (6.19), as
expected.

bs bs
8 y
~ h h,
Y/ Jnan | |
\‘E <> i fhi
7/2' A
) nlcosy,| h, h,
> ! h,
AL
0s h
/ - bos bos X 08

ncI(1+cosyk)/b;
a.) b.)

Figure 6.8 Typical high power IM stator slots
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6.5. ROUNDED SHAPE SLOT LEAKAGE INDUCTANCE/TWO
LAYERS

Although the integral in (6.2) does not have exact analytical solutions for
slots with rounded corners, or purely circular slots (Figure 6.9), so typical to
low-power IMs, some approximate solutions have become standard for design
purposes:

e Forslots a.) in Figure 6.9,

2h, K ho, b
LA s,r>1 + 0s,1 +&—ﬂ+0.785 K2 (626)
’ 3(b1 + bz) bos,r bl 2b1
1+ 3[3y 2 y
~ ; for=<B, =<1
2 3 By T
6B, —1
Kzz By ; fOI‘lSByS3
with 4 3 3 (6.27)
32—, )+1
yy— forlSBy <2
1 3
K,=—+=K
174742
e Forslotsb.),
2h. K h
LA s, 1™ " 08,1 +h_0+ Shw K2 (628)
’ 3(b1 + bz) bos,r bl bl + 2bos,r
e Forslotsc.),
A, =0.785— Doy +& ~0.66 + b, (6.29)
2b, b, b,
e Forslots d.),
b p2) h, h
My = [ 1= 2L | 40,66 - —o 4 o (6.30)
3b, 8A, 2b; by,

where Ay, is the bar cross section.
If the slots in Figure 6.9¢c, d are closed (h, = 0) (Figure 6.9¢) the terms
h, /b, in Equations (6.29, 6.30) may be replaced by a term dependent on the bar
current which saturates the iron bridge.
h,, 10’ -
b——>z0.3+1.12hm1—2, I, >5b,10°; b, in [m] (6.31)

or b
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a.)
h ¥ v
b.)
b bor
1 b bor bl h »( K
o h0 v o hor
x
6 hr
hr
A A
0.1b, by
bz
c.) d.) e.) f)
Figure 6.9 Rounded slots: oval, trapezoidal, and round

This is only an empirical approximation for saturation effects in closed rotor
slots, potentially useful for very preliminary design purposes.

For the trapezoidal slot (Figure 6.9f), typical for deep rotor bars in high
power IMs, by conformal transformations, the slot permeance is, approximately
(3]

2 2
o o] 2
szl In—= -1

-1
h
= or 4o (6.32)
n 4]:)72 biz biz +1 bor
bOI' bor b

The term in square brackets may be used to calculate the geometrical
permeance of any trapezoidal slot section (wedge section, for example).

© 2002 by CRC Press LLC



Finally for stator (and rotors) with radial ventilation ducts (channels)

additional slot leakage terms have to be added. [8]

For more complicated rotor cage slots used in high skin effect (low starting
current, high starting torque) applications, where the skin effect is to be
considered, pure analytical solutions are hardly feasible, although many are still
in industrial use. Realistic computer-aided methods are given in Chapter 8.

6.6 ZIG-ZAG AIRGAP LEAKAGE INDUCTANCES

zig-zag stator leakage flux

i

J U
g X x
A
zig-zag rotor leakage flux
a.) b.)

Figure 6.10 Airgap a.) and zig-zag b.) leakage fields

The airgap flux does not reach the other slotted structure (Figure 6.10a)
while the zig-zag flux “snakes” out through the teeth around slot openings.

In general, they may be treated together either by conformal transformation
or by FEM. From conformal transformations, the following approximation is

given for the geometric permeance A [3]

5¢K, /b, 3By +1
754 4gK, /b 4

08,1

<1.0; B, =1for cage rotors

The airgap zig-zag leakage inductance per phase in stator-rotor is
WlLe
P9

Lzls ~ 2“’0

}\‘zs,r

In [4], different formulas are given

L P {1_ a(1+a)(1_Kv)}

AN 2 2K

for the stator, and
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(6.32)

(6.33)

(6.34)



’p,’ [ N’ a(l + a)(l - K')}

4 =L >| =5 ' (6.35)
I2N"| N, 2K

for the rotor with K’ = 1/K, a = by,/1s, T, = stator (rotor) slot pitch, by ,—stator

(rotor) tooth-top width.

It should be noticed that while expression (6.32) is dependent only on the
airgap/slot opening, in (6.34) and (6.35) the airgap enters directly the
denominator of Li, (magnetization inductance) and, in general, (6.34) and
(6.35) includes the number of slots of stator and rotor, N and N,.

As the term in parenthesis is a very small number an error here will notably
“contaminate” the results. On the other hand, iron saturation will influence the
zig-zag flux path, but to a much lower extent than the magnetization flux as the
airgap is crossed many times (Figure 6.10b). Finally, the influence of chorded
coils is not included in (6.34) to (6.35). We suggest the use of an average of the
two expressions (6.33) and (6.34 or 6.35).

In Chapter 7 we revisit this subject for heavy currents (at standstill)
including the actual saturation in the tooth tops.

Example 6.2. Zig-zag leakage inductance

For the machine in Example 6.1, with g = 0.5-10°m, b, = 6g, by, =3g, K. =
1.32, L;,, = 0.1711H, p; = 2, N = 36 stator slots, N, = 30 rotor slots, stator bore
D; = 0.102m, By = y/t = 8/9 (chorded coils), and W; = 300 turns/phase, let us
calculate the zig-zag leakage inductance both from (6.32 — 6.33) and (6.34 —
6.35).
Solution. Let us prepare first the values of K' = 1/K, = 1/1.32 = 0.7575.

Tsr_bosr
aSl" = - - =
' TS,I’
-3
_buNo | 6:0510736 (6.37)
_ nD; n-0.102
- -3
o byN, 30510730 oo
(D, - 2g) n-0.101
5.0.5-107-1.32
-3
From (6.32), Ay =%=0.187 (6.38)
5+%
6-0.1
5.0.1-107-1.32
__3.01-107°  _
A =— 6 = 0-101 (6.39)
Sy
3-0.1
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The zig-zag inductances per phase L, are calculated from (6.33).

-6 2
2:1.256-10°°-300%-0.12 oo o oo ey

Lo =151 256-102‘.63-3002 .0.12 (6.40)
: 2 .0.101=4.566-10"*H

2.3
Now from (6.34) — (6.35),

242
Ly =071 22 1 - 0-6628(1+ 0.6628Y1 - 0.7575) ~3.573.107H (6.41)
12-36 2-0.7575
L o171 m 2 |(36Y _0.858(1+0.858(1-0.7575) |
o 12:367 [\ 30 2-0.7575 (6.42)

=3.723-10*H

All values are small in comparision to L, = 1711-10* H, but there are
notable differences between the two methods. In addition it may be inferred that
the zig-zag flux leakage also includes the differential leakage flux.

6.7. END-CONNECTION LEAKAGE INDUCTANCE

As seen in Figure 6.11, the three-dimensional character of end connection
field makes the computation of its magnetic energy and its leakage inductance
per phase a formidable task.

Analytical field solutions need bold simplifications. [5]. Biot-Savart
inductance formula [6] and 3D FEM have all been also tried for particular cases.

Y X
@ z
a.) b.)

Figure 6.11 Three-dimensional end connection field

Some widely used expressions for the end connection geometrical
permeances are as follows:
e Single-layer windings (with end turns in two “stores”).
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qs,r

Moy =067 (1., —0.647) (6.43)

e

e Single-layer windings (with end connections in three “stores”).

b, =047 ~%(1 ~0.647) (6.44)

e

es,r

e Double-layer (or single-layer) chain windings.

qs,r
L

e

heoo, =0.34-251(1 ~0.64y) (6.45)

with qs,—slots/pole/phase in the stator/rotor, L—stack length, y—coil throw, l.,—
end connection length per motor side.
For cage rotors,
e  With end rings attached to the rotor stack.
2-3-D, D,

1 4.7—& (6.46)

A
] £ a+2b

ei

r

4N,L, sinz(m
N

e  With end rings distanced from the rotor st.ck:

2:3-D, 147D (6.47)

J ¢ 2(a+b)

A=

ei

4N,L, sinz[npl
N

r

with a and b the ring axial and radial dimensions, and D;, the average end ring
diameter.

6.8. SKEWING LEAKAGE INDUCTANCE

In Chapter 4 on windings, we did introduce the concept of skewing
(uncompensated) rotor mmf, variable along axial length, which acts along the
main flux path and produces a flux which may be considered of leakage
character. Its magnetic energy in the airgap may be used to calculate the
equivalent inductance.

This skewing inductance depends on the local level of saturation of rotor
and stator teeth and cores, and acts simultancously with the magnetization flux,
which is phase shifted with an angle dependent on axial position and slip. We
will revisit this complex problem in Chapter 8. In a first approximation, we can
make use of the skewing factor K., and define Ly, as

Lskew,r = (1 - KszeW )le (648)
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sin o cT
_ skew . _
skew 5 Olgkew __E (649)
Olskew T

K

As this inductance “does not act” when the rotor current is zero, we feel it
should all be added to the rotor.
Finally, the total leakage inductance of stator (rotor) is:

WL
pq

Lls = Ldls + Lzls + les + Lels = 2“0

<N A (6.50)

Llr = Ldlr + Lzlr + ler + Lelr +L (651)

skew,r

Although we discussed rotor leakage inductance as if basically reduced to
the stator, this operation is due later in this chapter.

6.9. ROTOR BAR AND END RING EQUIVALENT LEAKAGE
INDUCTANCE

The differential leakage Lg,, zig-zag leakage L, and Ly, in (6.51) are
already considered in stator terms (reduced to the stator). However, the terms
Ly, and L, related to rotor slots (bar) leakage and end connection (end ring)
leakage are not clarified enough.

To do so, we use the equivalent bar (slot) leakage inductance expression
Lbea

where Ly is the slot (bar) leakage inductance and L; is the end ring (end

connection) segment leakage inductance (Figure 6.13)
Using (6.18) for one slot with n. = 1 conductors yields:

Ly =1Ly (6.53)

Lei = “OLik‘er (654)

where A, is the slot geometrical permeance, for a single layer in slot as
calculated in paragraphs 6.4 and 6.5 for various slot shapes and A is the
geometrical permeance of end ring segment as calculated in (6.46) and (6.47).

Now all it remains to obtain Ly, and L, in (6.51), is to reduce Ly, in (6.52)
to the stator. This will be done in paragraph 6.13.

6.10. BASIC PHASE RESISTANCE

The stator resistance R is plainly

W, 1
Rs = pColc Ta A

Ky (6.55)

Ccos
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where p, is copper resistivity (pc, = 1.8:10°Qm at 25°C), 1, the turn length:
I, =2L, +2b+2l (6.56)

b—axial length of coil outside the core per coil side; l..—end connection length
per stack side, L.—stack length; A ,s—actual conductor area, a—number of current
paths, W,—number of turns per path. With a = 1, W, = W, turns/phase. Ky is the
ratio between the a.c. and d.c. resistance of the phase resistance.

R

—sac 6.57
dec ( )

~

R =

For 50 Hz in low and medium power motors, the conductor size is small
with respect to the field penetration depth 8¢, in it.

B = .| <d, (6.58)

In other words, the skin effect is negligible. However, in high frequency
(speed) special IMs, this effect may be considerable unless many thin
conductors are transposed (as in litz wire). On the other hand, in large power
motors, there are large cross sections (even above 60 mm?®) where a few
elementary conductors are connected in parallel, even transposed in the end
connection zone, to reduce the skin effect (Figure 6.12). For Ky expressions,
check Chapter 9. For wound rotors, (6.55) is valid.

T

Figure 6.12 Multi-conductor single-turn coils for high power IMs

6.11. THE CAGE ROTOR RESISTANCE

The rotor cage geometry is shown in Figure 6.13.
Let us denote by Ry, the bar resistance and by R; the ring segment resistance:

Rb:PbA—bb; Ri:PiA—; Aj=a-b (6.59)

i
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As the emf in rotor bars is basically sinusoidal, the phase shift o, between
neighbouring bars emf is

2m
a, =P (6.60)
NT
N
= = -
1;; ) ]
'y R,
L Im Ik€+l 7 Lb Jbi Jbi+l
pam (bar length) Ay
= < (bar area) end ring
v

— |2

Li=nD;/N,

Figure 6.13. Rotor cage geometry

The current in a bar, I, is the difference between currents in neighboring
ring segments I;; and I;;;; (Figure 6.13).

Iy =Ly — L =21 sin(OLer /2) (6.61)

The bar and ring segments may be lumped into an equivalent bar with a
resistance Ry.

R, I, > =R,I,” +2R,I;* (6.62)
With (6.61), Equation (6.62), leads to

R, =R, +———— (6.63)
2sin?| Pr
N,

When the number of rotor slot/pole pair is small or fractionary (6.49) becomes
less reliable.

Example 6.3. Bar and ring resistance

For N, = 30 slots per rotor 2p; = 4, a bar current I, = 1000 A with a current
density je» = 6 A/mm’ in the bar and jo,; = 5 A/mm” in the end ring, the average
ring diameter D;, = 0.15 m, 1, = 0.14 m, let us calculate the bar, ring cross
section, the end ring current, and bar and equivalent bar resistance.
Solution

The bar cross-section Ay is

A, = I—b =1000/6 =166mm> (6.64)
Jeob
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The current in the end ring I; (from (6.61)) is:

L I, _ 1000
' 2sino, /2

=2404.86A (6.65)
. 2:m
2sin—

30

In general, the ring current is greater than the bar current. The end ring
cross-section A; is

1.

A =—1= 240486 _ 450.97mm> (6.66)
Jeoi
The end ring segment length,
L =i 7010657 (6.67)
Nr
The end ring segment resistance R; is
L. 3-107%.0.0157 6
Ri=py—=——""—"—"-=09-10"Q 6.68
P T 480971070 (069
The rotor bar resistance Ry, is
-8
Rb:pAIEZM:2,7.10*5Q (6.69)

A,  166-107°
Finally, (from (6.63)), the equivalent bar resistance Ry, is
0.9-10°°

2sin2—7t
30

Ry, =2.7-107 + =3.804-107°Q (6.70)

As we can see from (6.70), the contribution of the end ring to the equivalent
bar resistance is around 30%. This is more than a rather typical proportion. So
far we did consider that the distribution of the currents in the bars and end rings
are uniform. However, there are a.c. currents in the rotor bars and end rings.
Consequently, the distribution of the current in the bar is not uniform and
depends essentially on the rotor frequency f, = sfj.

Globally, the skin effect translates into resistance and slot leakage
correction coefficients Kg > 1, K, <1 (see Chapter 9).

In general, the skin effect in the end rings is neglected. The bar resistance
Ry, in (6.69) and the slot permeance A, in (6.53) are modified to

Ly

R, =p,—L2K 6.71
b pAIAb R ( )

Ly = koLprpKy (6.72)

© 2002 by CRC Press LLC



6.12. SIMPLIFIED LEAKAGE SATURATION CORRECTIONS

Further on, for large values of currents (large slips), the stator (rotor) tooth
tops tend to be saturated by the slot leakage flux (Figure 6.14).

Neglecting the magnetic saturation along the tooth height, we may consider
that only the tooth top saturates due to the slot neck leakage flux produced by
the entire slot mmf.

bor Ab‘;';
e

Figure 6.14 Slot neck leakage flux
a.) stator semiclosed slot b.) rotor semiclosed slot c.) rotor closed slot

A simple way to account for this leakage saturation that is used widely in
industry consists of increasing the slot opening by, by the tooth top length t;
divided by the relative iron permeability p,e within it.

t, (6.73)

For the closed slot (Figure 6.14), we may use directly (6.31). To calculate
e, We apply the Ampere’s and flux laws.

B =poH,
(6.74)
1’151\/5 = tth + H()bos,r
Mo W2 =gt H +Bb,, 5 B, =B, (6.75)

We have to add the lamination magnetization curve, B,(H,), to (6.75) and
intersect them (Figure 6.15) to find B, and H,, and, finally,

B[
roH;

oy = (6.76)

Hy—magnetic field in the slot neck.
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B 4 (6.75)
un V2 B(H
os,r A
Bt
H
H L

t
Figure 6.15 Tooth top flux density B,

Given the slot mmf nSI\/E (the current, in fact), we may calculate

iteratively L (6.76) and, from (6.73), the corrected by, (b’4s,) then to be used
in geometrical slot permeance calculations.

As expected, for open slots, the slot leakage saturation is negligible. Simple
as it may seem, a second iteration process is required to find the current, as, in
general, a voltage type supply is used to feed the IM.

It may be inferred that both differential and skewing leakage are influenced
by saturation, in the sense of reducing them. For the former, we already
introduced the partial teeth saturation factor K = K4 to account for it (6.14).
For the latter, in (6.48), we have assumed that the level of saturation is
implicitly accounted for Ly, (that is, it is produced by the magnetization current
in the machine). In reality, for large rotor currents, the skewing rotor mmf field,
dependent on rotor current and axial position along stack, is quite different from
that of the main flux path, at standstill.

However, to keep the formulas simple, Equation (6.73) has become rather
standard for design purposes.

Zig-zag flux path tends also to be saturated at high currents. Notice that the
zig-zag flux path occupies the teeth tops (Figure 6.10b). This aspect is
conventionally neglected as the zig-zag leakage inductance tends to be a small
part of total leakage inductance.

So far, we considered the leakage saturation through simple approximate
correction factors, and treated skin effects only for rectangular coils. In Chapter
9 we will present comprehensive methods to treat these phenomena for slots of
general shapes. Such slot shapes may be the result of design optimization
methods based on various cost (objective) functions such as high starting
torque, low starting current, large peak torque, etc.
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6.13. REDUCING THE ROTOR TO STATOR

The main flux paths embrace both the stator and rotor slots passing through
an airgap. So the two emfs per phase E; (Chapter 5.10) and E, are

. 2

E, =—jm2WK K fid; @ =ZByL, (6.77)
Y

E, = —jm/2W,K ,K ,K ,f,S®, (6.77)

We have used phasors in (6.77) and (6.78) as E,, E, are sinusoidal in time
(only the fundamental is accounted for).

Also in (6.78), E, is already calculated as “seen from the stator side,” in
terms of frequency because only in this case @, is the same in both stator and
rotor phases. In reality the flux in the rotor varies at Sf; frequency, while in the
stator at f; frequency. The amplitude is the same and, with respect to each other,
they are at stall.

Now we may proceed as for transformers by dividing the two equations to
obtain

B W g oY (6.79)
E2 WZKWZ Vr

K. is the voltage reduction factor to stator.
Eventually the actual and the stator reduced rotor mmfs should be identical:

m V2K, L'W, - m,a2K LW,

(6.80)
P, TPy
From (6.80) we find the current reduction factor K;.
g, =l Mok, Wy (6.81)
L mK, W,

For the rotor resistance and reactance equivalence, we have to conserve the
conductor losses and leakage field energy.

mR,'T,?=m,R I° (6.82)
L, L
m, Trllr 2= sz”Ir (6.83)
S Roor M2 Loy Mo | 6.84
o, P = r?l?, H= rl:]? (6.84)

1

For cage rotors, we may still use (6.81) and (6.84) but with m, = N,, W, =
Y, and K» = Kyew (skewing factor); that is, each bar (slot) represents a phase.
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R,'=Ry —— (6.85)
rKskew
2vx7 2

L.=L 12K "Wy (6.86)
be be 2
NrKskew

Notice that only the slot and ring leakage inductances in (6.86) have to be
reduced to the stator in L, (6.81).

Lyy'= (Lar + Lot + Lyeew.r )+ Lie' (6.87)

skew,r

Example 6.4. Let us consider an IM with q =3, p; =2, (N = 36slots), W; =300
turns/phase, K, = 0.965, N, = 30 slots, one stator slot pitch rotor skewing (c/t =
1/3q) (Kgkew = 0.9954), and the rotor bar (slot) and end ring cross sections are
rectangular (h/b; = 2/1), hy, = 1.5-10°m, and b,, = 1.5-10°m, L, = 0.12m. Let us
find the bar ring resistance and leakage inductance reduced to the stator.
Solution

From Example 6.3, we take D;; = 0.15 m, Ai =a x b =481 mm? for the end
ring. We may assume a/b = % and, thus, a = 15.51-10°m and b = 31 mm.

The bar cross-section in example 6.3 is A, = 166 mm®.

b, = Ap :Jﬂw.lmm; h, =18.2mm (6.88)
(h,/b;) 2

From example 6.3 we already know the equivalent bar resistance (6.70) Ry,
=3.804-10" Q.
Also from (6.19), the rounded geometrical slot permenace A, is,

h, hy 182 L5 _

or

3b, b, 391 L5

7\’r = 7\‘bar ~

1.66 (6.89)

From (6.46), the end ring segment geometrical permeance A.; may be found.

23D, | 47D, _

A= =
Y OANLsint ™ “ar2b
T (3 Nr
23.0.15 47-0.15

- 1 =0.1964 (6.90)

4:30-0.12-5in2 %2 *5+23010°
' 18

with L; = DyN, = 7 -150/30 = 15.7-10"m.
Now from (6.39) and (6.40), the bar and end ring leakage inductances are
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Ly = tolyhpy =1.256-107°-0.14-1.66 = 0.292-10 °H 691)
Ly = polhy =1.256-107°-0.0157-1.964 = 0.3872-10°H
The equivalent bar leakage inductance Ly (6.52) is written:
Ly =L, +2L,; =0.292-107° +2-0.3872-10* =0.2997-10°H (6.92)

From (6.85) and (6.86) and we may now obtain the rotor slot (bar) and end
ring equivalent resistance and leakage inductance reduced to the stator,

12K,,°W,”  3.804-107° -12-0.9657 - 300°

R,'=R =1.28Q (6.93)
N K o 30-0.992
2 2
Lyo'=Lye IZKW—IWQ =0.2997-107%-0.36-107> =1.008-10*H (6.94)
skew

As a bonus, knowing from Example 6.3 that the magnetization inductance
Lin = 0.1711H, we may calculate the rotor skewing leakage inductance (from
6.48), which is already reduced to the stator because it is a fraction of Ly,

Lyers = (1= Ky? )} Ly = (1-0.99542).0.1711=1.57-10°H  (6.95)

In this particular case the skewing leakage is more than 6 times smaller than
the slot (bar) and end ring leakage inductance. Notice also that Ly.'/L;, = 0.059,
a rather practical value.

6.14. SUMMARY

e Besides main path lines which embrace stator and rotor slots, and cross the
airgap to define the magnetization inductance Ly, there are leakage fields
that encircle either the stator or the rotor conductors.

e The leakage fields are divided into differential leakage, zig-zag leakage,
slot leakage, end-turn leakage, and skewing leakage. Their corresponding
inductances are calculated from their stored magnetic energy.

e  Step mmf harmonic fields through airgap induce emfs in the stator, while
the space rotor mmf harmonics do the same. These space harmonics
produced emfs have the supply frequency and this is why they are
considered of leakage type. Magnetic saturation of stator and rotor teeth
reduces the differential leakage.

e Stator differential leakage is minimum for y/t = 0.8 coil throw and
decreases with increasing q (slots/pole/phase).

e A quite general graphic-based procedure, valid for any practical winding, is
used to calculate the differential leakage inductance.

e The slot leakage inductance is based on the definition of a geometrical
permeance A, dependent on the aspect ratio. In general, A; € (0.5 to 2.5) to
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keep the slot leakage inductance within reasonable limits. For a rectangular
slot, some rather simple analytical expressions are obtained even for
double-layer windings with chorded, unequal coils.

The saturation of teeth tops due to high currents at large slips reduces A
and it is accounted for by a pertinent increase of slot opening which is
dependent on stator (rotor) current (mmf).

The zig-zag leakage flux lines of stator and rotor mmf snake through airgap
around slot openings and close out through the two back cores. At high
values of currents (large slip values), the zig-zag flux path, mainly the teeth
tops, tends to saturate because the combined action of slot neck saturation
and zig-zag mmf contribution.

The rotor slot skewing leads to the existence of a skewing (uncompensated)
rotor mmf which produces a leakage flux along the main paths but its
maximum is phase shifted with respect to the magnetization mmf maximum
and is dependent on slip and position along the stack length. As an
approximation only, a simple analytical expression for an additional rotor-
only skewing leakage inductance Ly, 1S given.

Leakage path saturation reduces the leakage inductance.

The a.c. stator resistance is higher than the d.c. because of skin effect,
accounted for by a correction coefficient Ky, calculated in Chapter 9. In
most IMs, even at higher power but at 50 (60) Hz, the skin effect in the
stator is negligible for the fundamental. Not so for current harmonics
present in converter-fed IMs or in high-speed (high-frequency) IMs.

The rotor bar resistance in squirrel cage motors is, in general, increased
notably by skin effect, for rotor frequencies f, = Sf; > (4 — 5)Hz; Kg > 1.
The skin effect also reduces the slot geometrical permeance (K, < 1) and,
finally, also the leakage inductance of the rotor.

The rotor cage (or winding) has to be reduced to the stator to prepare the
rotor resistance and leakage inductance for utilization in the equivalent
circuit of IMs. The equivalent circuit is widely used for IM performance
computation.

Accounting for leakage saturation and skin effect in a comprehensive way
for general shape slots (with deep bars or double rotor cage) is a subject
revisited in Chapter 9.

Now with Chapters 5 and 6 in place, we have all basic parameters—
magnetization inductance L;,, leakage inductances Ly, Ly and phase
resistances Rg, R,.

With rotor parameters reduced to the stator, we are ready to approach the
basic equivalent circuit as a vehicle for performance computation.
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Chapter 7

STEADY STATE EQUIVALENT CIRCUIT AND
PERFORMANCE

7.1 BASIC STEADY-STATE EQUIVALENT CIRCUIT

When the IM is fed in the stator from a three-phase balanced power source,
the three-phase currents produce a traveling field in the airgap. This field
produces emfs both in the stator and in the rotor windings: E; and E,. A
symmetrical cage in the rotor may be reduced to an equivalent three-phase
winding.

The frequency of Eq is f,.

f n,—n
f, =f —np, :(_]_njpl = ln n,p, =Sf, (7.1

1 1

This is so because the stator mmf travels around the airgap with a speed n;
= fi/p; while the rotor travels with a speed of n. Consequently, the relative speed
of the mmf wave with respect to rotor conductors is (n; — n) and thus the rotor
frequency f; in (7.1) is obtained.

Now the emf in the short-circuited rotor “acts upon” the rotor resistance R;
and leakage inductance L,

E,, =SE, =(R, + jSo,Ly )L, (7.2)
E R, .
_TB =E, = (? + J(’)lLrl)lr (7.3)

If Equation (7.2) includes variables at rotor frequency Sw;, with the rotor in
motion, Equation (7.3) refers to a circuit at stator frequency ®;, that is with a
“fictious” rotor at standstill.

Now after reducing E,, I, R;,and L, to the stator by the procedure shown in
Chapter 6, Equation (7.3) yields

E,'=E :|:Rr'+Rr'(é_lj+jwlLrly:|lr' (7.4)
E, :M =K;; K, =1, W, =1/2for cage rotors
El KWIWI
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L mK, W

L= =K;; W, =1/2,m, =N, for cage rotors (7.5)
L' myK,W,
R, = Ly :& (7.6)
R'" Ly K
le = qu : Kyl; I<w2 = Kq2 'KyZ : Kskew (7.7

W, W, are turns per phase (or per current path)

K1, Ky are winding factors for the fundamental mmf waves

m;, m, are the numbers of stator and rotor phases, N; is the number of rotor slots
The stator phase equation is easily written:

—E =V, - LR, +joL,) (7.8)
because in addition to the emf, there is only the stator resistance and leakage
inductance voltage drop.

Finally, as there is current (mmf) in the rotor, the emf E; is produced
concurrently by the two mmfs (I, L").

d .
By =-=im = —jorLin L, +1,) (7.9)

If the rotor is not short-circuited, Equation (7.4) becomes

E, _Ysr {R;mr'&—l}jmlLﬂ};r' (7.10)

The division of V, (rotor applied voltage) by slip (S) comes into place as the
derivation of (7.10) starts in (7.2) where

SE, -V, =(R, +jSoL,)I, (7.11)

The rotor circuit is considered as a source, while the stator circuit is a sink.
Now Equations (7.8) — (7.11) constitute the IM equations per phase reduced to
the stator for the rotor circuit.

Notice that in these equations there is only one frequency, the stator
frequency ®;, which means that they refer to an equivalent rotor at standstill,
but with an additional “virtual” rotor resistance per phase R,(1/S—1) dependent
on slip (speed).

It is now evident that the active power in this additional resistance is in fact
the electro-mechanical power of the actual motor

P, =T, -2m= 3Rr'(é—lj(lr')z (7.12)
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with n =i(1-s) (7.13)

— T, =——"==P,, (7.14)

P is called the electromagnetic power, the active power which crosses the
airgap, from stator to rotor for motoring and vice versa for generating.

Equation (7.14) provides a definition of slip which is very useful for design
purposes:

S= SRry(lry)z _h
P P

elm elm

(7.15)

Equation (7.15) signifies that, for a given electromagnetic power P, (or
torque, for given frequency), the slip is proportional to rotor winding losses.

SAAA VY A
 (1-S)
S
v, ‘E| 2 %-El j
v,
| S

®) Bl D)ok, ,
L R joLy=iX, R; jo L'y =X,
o NNAN—— VN AN

b.)

Figure 7.1 The equivalent circuit
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Equations (7.8) — (7.11) lead progressively to the ideal equivalent circuit in
Figure 7.1.

Still missing in Figure 7.1a are the parameters to account for core losses,
additional losses (in the cores and windings due to harmonics), and the
mechanical losses.

The additional losses P,y will be left out and considered separately in
Chapter 11 as they amount, in general, to up to 3% of rated power in well-
designed IM.

The mechanical and fundamental core losses may be combined in a
resistance Ry, in parallel with X, in Figure 7.1b, as at least core losses are
produced by the main path flux (and magnetization current L,)). Ry,;, may also be
combined as a resistance in series with X;,, for convenience in constant
frequency IMs. For variable frequency IMs, however, the parallel resistance R,
varies only slightly with frequency as the power in it (mainly core losses) is
proportional to E;? = ©,°K,,;*®,, which is consistent to eddy current core loss
variation with frequency and flux squared.

Ry, may be calculated in the design stage or may be found through standard
measurements.

— 3E12

m_P

mron

P.

ron

R, ; 1, <<1 (7.16)

oa m

7.2 CLASSIFICATION OF OPERATION MODES

The electromagnetic (active) power crossing the airgap Pg, (7.14) is
positive for S > 0 and negative for S <0.

That is, for S < 0, the electromagnetic power flows from the rotor to the
stator. After covering the stator losses, the rest of it is sent back to the power
source. For ®; > 0 (7.14) S < 0 means negative torque T,. Also, S <0 means n >
n; = fi/p;. For S > 1 from the slip definition, S = (n; — n)/ny, it means that either
n <0 and n;(f;) >0 or n > 0 and n,(f;) <O0.

In both cases, as S > 1 (S > 0), the electromagnetic power P, > 0 and thus
flows from the power source into the machine.

On the other hand, with n > 0, n;(®;) < 0, the torque T, is negative; it is
opposite to motion direction. That is braking. The same is true for n < 0 and
ni(®;) > 0. In this case, the machine absorbs electric power through the stator
and mechanical power from the shaft and transforms them into heat in the rotor
circuit total resistances.

Now for 0 <S <1, T, >0, 0<n <ny, @ >0, the IM is motoring as the
torque acts along the direction of motion.

The above reasoning is summarized in Table 7.1.

Positive o;(f;) means positive sequence-forward mmf traveling wave. For
negative m(f]), a companion table for reverse motion may be obtained.
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Table 7.1 Operation modes (f,/p, > 0)

S ---- 0 ++++ 1 ++++
n ++++ fi/p ++++ 0
T, 0---- 0 ++++ ++++ 0
Peim 0 ++++ ++++ 0
Operation Generator Motor Braking
mode

7.3 IDEAL NO-LOAD OPERATION

The ideal no-load operation mode corresponds to zero rotor current. From
(7.11), for I,o = 0 we obtain

SeE, -Vg =0; S, = (7.17)

It |I<
S|

The slip S, for ideal no-load depends on the value and phase of the rotor
applied voltage Vg. For Vi in phase with E;: Sy > 0 and, with them in opposite
phase, Sy <O0.

The conventional ideal no — load-synchronism, for the short-circuited rotor
(Vr = 0) corresponds to Sy = 0, ny = fi/p,. If the rotor windings (in a wound
rotor) are supplied with a forward voltage sequence of adequate frequency f, =
Sty (f; > 0, f, > 0), subsynchronous operation (motoring and generating) may be
obtained. If the rotor voltage sequence is changed, f, = sf; < 0 (f; > 0),
supersynchronous operation may be obtained. This is the case of the doubly fed
induction machine. For the time being we will deal, however, with the
conventional ideal no-load (conventional synchronism) for which S, = 0.

The equivalent circuit degenerates into the one in Figure 7.2a (rotor circuit
is open).

Building the phasor diagram (Figure 7.2b) starts with I, continues with
jXImlms then lOa

JX l”l’lll]’l
1,= R]T (7.18)
and Io=1,+1, (7.19)

Finally, the stator phase voltage V (Figure 7.2b) is
YS = lemlm + RslsO + szllsO (720)

The input (active) power Py is dissipated into electromagnetic loss,
fundamental and harmonics stator core losses, and stator windings and space
harmonics caused rotor core and cage losses. The driving motor covers the
mechanical losses and whatever losses would occur in the rotor core and
squirrel cage due to space harmonics fields and hysteresis.
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Figure 7.2 Ideal no-load operation (Vg = 0):
a.) equivalent circuit b.) phasor diagram c.) power balance d.) test rig

For the time being, when doing the measurements, we will consider only
stator core and winding losses.

X’ )
%+3R5]180 =

PsO ~ 3leIOa2 + 3RsISO2 = [3R1m
le +R1m

721)
2
= Piron T 3RSISO

From d.c. measurements, we may determine the stator resistance R;. Then, from
(7.21), with Py, 1o measured with a power analyzer, we may calculate the iron
losses pion fOr given stator voltage V; and frequency f;.

We may repeat the testing for variable f; and V; (or variable V/f}) to
determine the core loss dependence on frequency and voltage.

The input reactive power is

2

R
QsO = {3X1m 2 m 2 +?’)(sl]ls()z (722)
m t le

From (7.21)-(7.22), with R known, Qy, L5, Py measured, we may calculate
only two out of the three unknowns (parameters): Xy, Rim, Xy

We know that Ry, >> X, >> X;. However, X, may be taken by the design
value, or the value measured with the rotor out or half the stall rotor (S = 1)
reactance X, as shown later in this chapter.

Consequently, X;,, and R;,, may be found with good precision from the
ideal no-load test (Figure 7.2d). Unfortunately, a synchronous motor with the
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same number of poles is needed to provide driving at synchronism. This is why
the no-load motoring operation mode has become standard for industrial use,
while the ideal no-load test is mainly used for prototyping.

Example 7.1 Ideal no-load parameters

An induction motor driven at synchronism (n = n; = 1800rpm, f; = 60Hz, p; =
2) is fed at rated voltage V| = 240 V (phase RMS) and draws a phase current Iy
= 3 A, the power analyzer measures Py, = 36 W, Q4 = 700 VAR, the stator
resistance Ry = 0.1 Q, Xy = 0.3 Q. Let us calculate the core 10SS Piron, Xim» Rim-
Solution

From (7.21), the core 10sS Pion 1S

Piron = Pso —3Rslso2 =36-3-0.1-3 =33.3W (7.23)
Now, from (7.21) and (7.22), we get

R Xim® _ Po—3RJI," 36-3-0.1-37 333

Xim® + Ry’ 31,,° 3.3 27

=1233Q (7.24)

X, +R,> 3L, 3.3?

lelem Qs _3X511502 _ 700-3-0.3-3’ =25.6260 (7.25)

Dividing (7.25) by (7.26) we get

Rip 25626 20.78 (7.26)
X, 1233
From (7.25),
Xim 25.626; Xim  _25626= X, =25.685 (7.27)
2 (20.78) +1 "
(le J +1
le

Rin, is calculated from (7.26),
R, =X, - 20.78 =25.626-20.78 = 533.74Q2 (7.28)

By doing experiments for various frequencies f; (and V/f; ratios), the slight
dependence of Ry, on frequency f1 and on the magnetization current I, may be
proved.

As a bonus, the power factor cos@,; may be obtained as

oS Pg; = cos(tan{%D =0.05136 (7.29)

sO
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The lower the power factor at ideal no-load, the lower the core loss in the
machine (the winding losses are low in this case).

In general, when the machine is driven under load, the value of emf (E, =
Ximlm) does not vary notably up to rated load and thus the core loss found from
ideal no-load testing may be used for assessing performance during loading,
through the loss segregation procedure. Note however that, on load, additional
losses, produced by space field harmonics,occur. For a precise efficiency
computation, these “stray load losses” have to be added to the core loss
measured under ideal no-load or even for no-load motoring operation.

7.4 SHORT-CIRCUIT (ZERO SPEED) OPERATION

At start, the IM speed is zero (S = 1), but the electromagnetic torque is
positive (Table 7.1), so when three-phase fed, the IM tends to start (rotate); to
prevent this, the rotor has to be stalled.

First, we adapt the equivalent circuit by letting S = 1 and R, and X, X, be
replaced by their values as affected by skin effect and magnetic saturation
(mainly leakage saturation as shown in Chapter 6): X, R'rstarts X' ristare (Figure
7.3).

k]

RS szlstart T R;Staﬂ J Xrlstart
AYA AYA

\Y X =X

—ssc sc “slstart

).
+Xrlstart>J 5

b))
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n=0 phase VARIAC 3
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& c analyser

Z .- impedance per phase

e.)
< i I
a s Single
n=0 phase VARIAC 1~
=1 Q power f,

[: c analyser

% Z .- impedance per phase
f)

Figure 7.3 Short-circuit (zero speed) operation:
a.) complete equivalent circuit at S = 1, b.) simplified equivalent circuit S = 1, c.) power balance, d.)
phasor diagram, e.) three-phase zero speed testing, f.) single-phase supply zero speed testing

For standard frequencies of 50(60) Hz, and above, X;,, >> R’ 4. Also, Xy,
>> X' 1sarts SO it 18 acceptable to neglect it in the classical short-circuit equivalent
circuit (Figure 7.3b).

For low frequencies, however, this is not so; that is, X, <> R’ , S0 the
complete equivalent circuit (Figure 7.3a) is mandatory.

The power balance and the phasor diagram (for the simplified circuit of
Figure 7.3b) are shown in Figure 7.3c and d. The test rigs for three-phase and
single-phase supply testing are presented in Figure 7.3¢ and f.

It is evident that for single-phase supply, there is no starting torque as we
have a non-traveling stator mmf aligned to phase a. Consequently, no rotor
stalling is required.
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The equivalent impedance is now (3/2)Z. because phase a is in series with
phases b and c in parallel. The simplified equivalent circuit (Figure 7.3b) may
be used consistently for supply frequencies above 50(60) Hz. For lower
frequencies, the complete equivalent circuit has to be known. Still, the core loss
may be neglected (R;,, = ) but, from ideal no-load test at various voltages, we
have to have L,(I,,) function. A rather cumbersome iterative (optimization)
procedure is then required to find R’y X'isars and X With only two
equations from measurements of Ry, Vi /I

PSC = 3RSIS(32 + 3R'rstan I’l‘SC2 (7'30)

lem (R'rlstart +jX'rlstart) (73 1)
R'rlslart+j(le + X'rlslart)

This particular case, so typical with variable frequency IM supplies, will not
be pursued further. For frequencies above 50(60) Hz the short-circuit impedance
is simply

Zsc = Rs + szlstart +

Zsc ~ Rsc + szc; Rsc = Rs + R'rlstan; Xsc = Xslstart + X'rlstart (732)

and with Py, Vi, I;. measured, we may calculate

2
R = Psc . Xsc: (&J _RSC2 (733)

for three phase zero speed testing and

2 2
2P 2 |V 3
R =2 se~ X . == —sse~ | | ZR 7.34
¢ T3 ISCNZ ¢ 7 3 ‘/( ISCN j (2 scj ( )

for single phase zero speed testing.
If the test is done at rated voltage, the starting current Iy (Is)vs, is much
larger than the rated current,

ISIt—ar‘z4.5+8.O (7.35)

n
for cage rotors, larger for high efficiency motors, and
Islt_anz10+12 (7.36)

n

for short-circuited rotor windings.
The starting torque T, is:
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with

for cage rotors and

3R' T2

T — rstart " start

es pl

o,

T, =(0.7+2.3)T,,

T, =(0.1+0.3)T,,

for short-circuited wound rotors.
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e closed
/ 7 rotor
/ slots
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RS -]Xsl JmlLrl
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le % J)(lm

Figure 7.4 Stator voltage versus short-circuit current

(7.37)

(7.38)

(7.39)

Thorough testing of IM at zero speed generally completed up to rated
current. Consequently, lower voltages are required, thus avoiding machine
overheating. A quick test at rated voltage is done on prototypes or random IMs
from, production line to measure the peak starting current and the starting
torque. This is a must for heavy starting applications (nuclear power plant
cooling pump-motors, for example) as both skin effect and leakage saturation

notably modify the motor starting parameters: Xseare, X ristarts R rstart-
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Also, closed slot rotors have their slot leakage flux path saturated at rotor
currents notably less than rated current, so a low voltage test at zero speed
should produce results as in Figure 7.4.

Intercepting the I/V curve with abscissa, we obtain, for the closed slot
rotor, a non-zero emf E..[1] E; is in the order of 6 to 12V for 220 V phase RMS,
50(60) Hz motors. This additional emf is sometimes introduced in the
equivalent circuit together with a constant rotor leakage inductance to account
for rotor slot—bridge saturation. Es is 90° ahead of rotor current I, and is equal
to

4
Es ~ ;nﬁfl (2W1 )d)bridgele; (Dbridge = Bsbridge : hor : Le (740)

Bgprigee 18 the saturation flux density in the rotor slot bridges (Bgprigee = (2 —
2.2)T). The bridge height is h,, = 0.3 to 1 mm depending on rotor peripheral
speed. The smaller, the better.

A more complete investigation of combined skin and saturation effects on
leakage inductances is to be found in Chapter 9 for both semiclosed and closed
rotor slots.

Example 7.2 Parameters from zero speed testing
An induction motor with a cage semiclosed slot rotor has been tested at zero
speed for V. =30 V (phase RMS, 60 Hz). The input power and phase current
are: Py, = 810 kW, I, = 30 A. The a.c. stator resistance R, = 0.1Q2. The rotor
resistance, without skin effect, is good for running conditions, R, = 0.1C. Let us
determine the short-circuit (and rotor) resistance and leakage reactance at zero
speed, and the start-to-load rotor resistance ratio due to skin effect.
Solution

From (7.33) we may determine directly the values of short-circuit resistance
and reactance, Ry, and X,

P
R =—"5= 8102 =0.3Q;
31, 3-30
(7.41)
0\
X = —Oj -0.3% =0.954Q
The rotor resistance at start R’ g 1S

Ryt =R Ry =0.3-0.1=0.2Q (7.42)

So, the rotor resistance at start is two times that of full load conditions.
R'rstart _ 2 _

2.0 7.43
R, 0.1 (7.43)

The skin effect is responsible for this increase.
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Separating the two leakage reactances Xjgare and X'ygiare from X, is hardly
possible. In general, Xq. is affected at start by leakage saturation, if the stator
slots are not open, while X', is affected by both leakage saturation and skin
effect. However, at low voltage (at about rated current), the stator leakage and
rotor leakage reactances are not affected by leakage saturation; only skin effect
affects both R’ g and X' jygare. In this case it is common practice to consider

1
_Xsc ~X'

> (7.44)

rlstart

7.5 NO-LOAD MOTOR OPERATION

When no mechanical load is applied to the shaft, the IM works on no-load.
In terms of energy conversion, the IM input power has to cover the core,
winding, and mechanical losses. The IM has to develop some torque to cover
the mechanical losses. So there are some currents in the rotor. However, they
tend to be small and, consequently, they are usually neglected.

The equivalent circuit for this case is similar to the case of ideal no-load,
but now the core loss resistance R, may be paralleled by a fictitious resistance
R Which includes the effect of mechanical losses.

The measured values are Py, Iy, and V. Voltages were tested varying from,
in general, 1/3V, to 1.2V, through a Variac.

ys le
%1%(0.02 -0.1)
n
a.)
A 2
P0'3Rs10
B _ _
_ X/X/ b piron
X~ X} pCOS core F)C()l’ pmec
}pmeC# 1 0 ; > N;‘j ;E :Q{‘:
1/9 (Vs /Vsn)2 o en N
b) c )
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Figure 7.5 No-load motor operation
a.) equivalent circuit, b.) no-load loss segregation, c.) power balance, d.) test arrangement

As the core loss (eddy current loss, in fact) varies with (0,¥,)% that is
approximately with V%, we may end up with a straight line if we represent the
function

PO - 3RSIOZ = Piron T Pmec = f(Vsz) (744)

The intersection of this line with the vertical axis represents the mechanical
losses pmec Which are independent of voltage. But for all voltages the rotor speed
has to remain constant and very close to synchronous speed.

Subsequently the core losses pjo, are found. We may compare the core
losses from the ideal no-load and the no-load motoring operation modes. Now
that we have pne. and the rotor circuit is resistive (R,'/Sg, >>X"), we may
calculate approximately the actual rotor current L.

R 1
g - IrO'z Vsn (745)
On
?)Rr'IrO'2 ?)RrvIrO'2 '
Pmec ® (l - SOn ) ~ ~ 3VsnIrO (746)
S()n S()n

Now with R,/ known, Sj, may be determined. After a few such calculation
cycles, convergence toward more precise values of I ;o' and Sy, is obtained.

Example 7.3. No-load motoring

An induction motor has been tested at no-load at two voltage levels: Vg, =
220V, Py = 300W, I, = SA and, respectively, V' = 65V, Py’ = 100W, I’ = 4A.
With R, = 0.1Q, let us calculate the core and mechanical losses at rated voltage
Piron> Pmec- 1t 18 assumed that the core losses are proportional to voltage squared.
Solution
The power balance for the two cases (7.44) yields

2
P() - 3RSIO = (piron )n * Pmec
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V,

sn

' | \A
PO _3RSIO 2 = (piron )n (_SJ * Pmec (747)

300-3-0.1-5* = (pion ), + Prnec = 292.5
2
2 65
100-3-0.1-4 =(pimn)n(E + Pree =95.2

From (7.47),

292.5-95.25
=22 Tt 016.17TW
Piron 1-0.0873 (7.48)

=292.5-216.17=76.328W

p mec

Now, as a bonus, from (7.46) we may calculate approximately the no-load
current I’

\ Pmee  76.328

Dmec. =0.1156A (7.49)
3V, 3-220

IrO

It should be noted the rotor current is much smaller than the no-load stator
current Iy = SA! During the no-load motoring tests, especially for rated voltage
and above, due to teeth or/and back core saturation, there is a notable third flux
and emf harmonic for the star connection. However, in this case, the third
harmonic in current does not occur. The 5th, 7th saturation harmonics occur in
the current for the star connection.

For the delta connection, the emf (and flux) third saturation harmonic does
not occur. It occurs only in the phase currents (Figure 7.6).

As expected, the no-load current includes various harmonics (due to mmf
and slot openings).

LM a 1.2 Iy(t) 4

v

Figure 7.6 No-load currents, a.) star connection, b.) delta connection
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They are, in general, smaller for larger q slot/pole/phase chorded coils and
skewing of rotor slots. More details in Chapter 10. In general the current
harmonics content decreases with increasing load.

7.6 THE MOTOR MODE OF OPERATION

The motor mode of operation occurs when the motor drives a mechanical
load (a pump, compressor, drive-train, machine tool, electrical generator, etc.).
For motoring, T, > 0 for 0 < n < fi/p; and T, < 0 for 0 > n > —f}/p;. So the
electromagnetic torque acts along the direction of motion. In general, the slip is
0 < S <1 (see paragraph 7.2). This time the complete equivalent circuit is used
(Figure 7.1).

The power balance for motoring is shown in Figure 7.7.

Pie > IPelm

| P

pCLlS I)ir()l'l pS pcor pmec
stator core stray rotor mechanical
copper  losses load  winding losses
losses losses losses

Figure 7.7 Power balance for motoring operation

The motor efficiency 1 is
shaft power P P
P S m (7.50)

- input eleCtriC power Ple - Pm + pCos + piron + pCor + ps + pmec

The rated power speed n is

n=}f)—11(1—s) (7.51)

The rated slip is S, = (0.08 — 0.006), larger for lower power motors.

The stray load losses p; refer to additional core and winding losses due to
space (and eventual time) field and voltage time harmonics. They occur both in
the stator and in the rotor. In general, due to difficulties in computation, the
stray load losses are still assigned a constant value in some standards (0.5 or 1%
of rated power). More on stray losses in Chapter 11.

The slip definition (7.15) is a bit confusing as Py, is defined as active
power crossing the airgap. As the stray load losses occur both in the stator and
rotor, part of them should be counted in the stator. Consequently, a more
realistic definition of slip S (from 7.15) is

S — pcor — pcor (752)

Pe:lm - ps Ple - pCos - pimn - ps
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As slip frequency (rotor current fundamental frequency) f,, = Sf}, it means
that in general for f; = 60(50) Hz, f,, = 4.8(4) to 0.36(0.3) Hz.

For high speed (frequency) IMs, the value of f, is much higher. For
example, for f}, = 300 Hz (18,000 rpm, 2p; = 2) £,, = 4 — 8 Hz, while for f}, =
1,200 Hz it may reach values in the interval of 16 — 32 Hz. So, for high
frequency (speed) IMs, some skin effect is present even at rated speed (slip).
Not so, in general, in 60(50) Hz low power motors.

7.7 GENERATING TO POWER GRID

As shown in paragraph 7.2, with S < 0 the electromagnetic power travels
from rotor to stator (P, < 0) and thus, after covering the stator losses, the rest
of it is sent back to the power grid. As expected, the machine has to be driven at
the shaft at a speed n > fi/p, as the electromagnetic torque T, (and P,) is
negative (Figure 7.8).

n>f/p f)
Driving \ s Induction 3~
motor ¥ i generator power
grid

Figure 7.8 Induction generator at power grid

The driving motor could be a wind turbine, a Diesel motor, a hydraulic
turbine etc. or an electric motor (in laboratory tests).

The power grid is considered stiff (constant voltage and frequency) but,
sometimes, in remote areas, it may also be rather weak.

To calculate the performance, we may use again the complete equivalent
circuit (Figure 7.1) with S < 0. It may be easily proved that the equivalent
resistance R, and reactance X., as seen from the power grid, vary with slip as
shown on Figure 7.9.

X$) 1 R()
/
/
/
7
- w - ~ -
— Sogl
Sew 0 1 S
actual
generating

< ideal generating | motoring | braki

Figure 7.9 Equivalent IM resistance R, and reactance X. versus slip S
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It should be noted that the equivalent reactance remains positive at all slips.
Consequently, the IM draws reactive power in any conditions. This is necessary
for a short-circuited rotor. If the IM is doubly fed as shown in Chapter 19, the
situation changes as reactive power may be infused in the machine through the
rotor slip rings by proper rotor voltage phasing, at f, = Sf;.

Between Sy, and Spg, (both negative), Figure 7.9, the equivalent resistance
R, of IM is negative. This means it delivers active power to the power grid.

The power balance is, in a way, opposite to that for motoring (Figure 7.10).

P Zelecmc
Pshaft
pCos 1r0n pCor mec
Figure 7.10. Power balance for generating
The efficiency 1, is now
_ electricpower output Py P, tectric (7.53)
Shaft pOWer input P] shaft PZelectric + pCos + piron + pCor + ps + pmec
Above the speed (12800} Soen <0 7.54
ove the spee Npax =3 =S 0g2 <0, (7.54)

1

as evident in Figure 7.9, the IM remains in the generator mode but all the
electric power produced is dissipated as loss in the machine itself.

Induction generators are used more and more for industrial generation to
produce part of the plant energy at convenient timing and costs. However, as it
still draws reactive power, “sources” of reactive power (synchronous generators,
or synchronous capacitors or capacitors) are also required to regulate the voltage
in the power grid.

Example 7.4 Generator at power grid
A squirrel cage IM with the parameters Rg=R,’ =0.6 Q, X=X =2 Q, X5 =
60 Q, and R, = 3 Q (the equivalent series resistance to cover the core losses,
instead of a parallel one)-Figure 7.11 — works as a generator at the power grid.
Let us find the two slip values Sy,; and Sy, between which it delivers power to
the grid.
Solution

The switch from parallel to series connection in the magnetization branch,
used here for convenience, is widely used.

The condition to find the values of Sy, and Sy for which, in fact, (Figure
7.9) the delivered power is zero is

R, (So, )= 0.0 (1.55)

© 2002 by CRC Press LLC



v parallel

B

Figure 7.11 Equivalent circuit with series magnetization branch

Equation (7.55) translates into

2
(les + Rs{sr J + Rr (les2 + les + 2];{lms]E{S)

0g 0g (756)
+R, X' 4R, R AR (X, + X, ) =0
In numbers:
2
2 1 2 2 1
3.6-0.6° — | +0.6[32+60%+2-3-0.6)—
0 0e (7.57)

+3-22432.0.6+0.6(60+2) =0

with the solutions Sog = —0.33-10" and Sy = —0.3877.
Now with f; = 60 Hz and with 2p, = 4 poles, the corresponding speeds (in
rpm) are

"Ul"h

( Spp1)-60 = : 99 -(-033-10*))-60 = 1800.594rpm
; (7.58)
n,,, = Fl(l Sy )60 = 620 (1-(~0.3877)) 60 = 2497.861pm

0g2
7.8 AUTONOMOUS INDUCTION GENERATOR MODE

As shown in paragraph 7.7, to become a generator, the IM needs to be
driven above no-load ideal speed n; (n; = fi/p; with short-circuited rotor) and to
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be provided with reactive power to produce and maintain the magnetic field in
the machine.

As known, this reactive power may be “produced” with synchronous
condensers (or capacitors)-Figure 7.12.

The capacitors are A connected to reduce their capacitance as they are
supplied by line voltage. Now the voltage V; and frequency f; of the IG on no-
load and on load depend essentially on machine parameters, capacitors C,, and
speed n. Still n > fi/p;.

Let us explore the principle of IG capacitor excitation on no-load. The
machine is driven at a speed n.

n>f,/p, % 3~

Driving 3 phase
motor 1—@ load

2p, poles

EE:

Q=
Ca ZH

Figure 7.12 Autonomous induction generator (IG) with capacitor magnetization

The d.c. remanent magnetization in the rotor, if any (if none, d.c.
magnetization may be provided as a few d.c. current surges through the stator
with one phase in series with the other two in parallel), produces an a.c. emf in
the stator phases. Then three-phase emfs of frequency f; = p;-n cause currents to
flow in the stator phases and capacitors. Their phase angle is such that they are
producing an airgap field that always increases the remanent field; then again,
this field produces a higher stator emf and so on until the machine settles at a
certain voltage V; and frequency f| = pin. Changing the speed will change both
the frequency f; and the no-load voltage V. The same effect is produced when
the capacitors C, are changed.

E

=rem

I
m @ flzl’lpl
I é
VSO _]X m

2
i

Figure 7.13 Ideal no-load IG per phase equivalent circuit with capacitor excitation
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A quasiquantitative analysis of this selfexcitation process may be produced
by neglecting the resistances and leakage reactances in the machine. The
equivalent circuit degenerates into that in Figure 7.13.

The presence of rotor remanent flux density (from prior action) is depicted
by the resultant small emf E., (E.en = 2 to 4 V) whose frequency is f; = np;.
The frequency f; is essentially imposed by speed.

The machine equation becomes simply

. .1
Vs() = .]lelm +Erem =-] lm = VSO (Im) (759)
o,Cy

As we know, the magnetization characteristic (curve)—Vy(I)is, in general,
nonlinear due to magnetic saturation (Chapter 5) and may be obtained through
the ideal no-load test at f; = pin. On the other hand, the capacitor voltage
depends linearly on capacitor current. The capacitor current on no-load is,

however, equal to the motor stator current. Graphically, Equation (7.59) is
depicted on Figure 7.14.

A L,.d.)

5

VSO (Im) \/SO
, A

f=pn

\ff:pﬂl’ | n’<n
-
oGy

rem

>
»

I

m

Figure 7.14 Capacitor selfexcitation of IG on no-load

Point A represents the no-load voltage V, for given speed, n, and capacitor
Cy. If the selfexcitation process is performed at a lower speed n’ (n’ < n), a
lower no-load voltage (point A’), V', at a lower frequency f,' = pn’ is
obtained.

Changing (reducing) the capacitor Cy produces similar effects. The
selfexcitation process requires, as seen in Figure 7.14, the presence of remanent
magnetization (E., # 0) and of magnetic saturation to be successful, that is, to
produce a clear intersection of the two curves.

When the magnetization curve Vi,(I,) is available, we may use the
complete equivalent circuit (Figure 7.1) with a parallel capacitor Cy over the
terminals to explore the load characteristics. For a given capacitor bank and
speed n, the output voltage V; versus load current Iy depends on the load power
factor (Figure 7.15).
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Figure 7.15 Autonomous induction generator on load
a.) equivalent circuit b.) load curves

The load curves in Figure 7.15 may be obtained directly by solving the
equivalent circuit in Figure 7.15a for load current, for given load impedance,
speed n, and slip S. However, the necessary nonlinearity of magnetization curve
Lim(I), Figure 7.14, imposes an iterative procedure to solve the equivalent
circuit. This is now at hand with existing application software such Matlab, etc.

Above a certain load, the machine voltage drops gradually to zero as there
will be a deficit of capacitor energy to produce machine magnetization. Point A
on the magnetization curve will drop gradually to zero.

As the load increases, the slip (negative) increases and, for given speed n,
the frequency decreases. So the IG can produce power above a certain level of
magnetic saturation and above a certain speed for given capacitors. The voltage
and frequency decrease notably with load.

A variable capacitor would keep the voltage constant with load. Still, the
frequency, by principle, at constant speed, will decrease with load.

Only simultaneous capacitor and speed control may produce constant
voltage and frequency for variable load. More on autonomous IGs in Chapter
19.

7.9 THE ELECTROMAGNETIC TORQUE

By electromagnetic torque, T., we mean, the torque produced by the
fundamental airgap flux density in interaction with the fundamental rotor
current.
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In paragraph 7.1, we have already derived the expression of T, (7.14) for
the singly fed IM. By singly fed IM, we understand the short-circuited rotor or
the wound rotor with a passive impedance at its terminals. For the general case,
an R|L,C, impedance could be connected to the slip rings of a wound rotor
(Figure 7.16).

Even for this case, the electromagnetic torque T, may be calculated (7.14)
where instead of rotor resistance R,’, the total series rotor resistance R,’ + R/’ is
introduced.

Notice that the rotor circuit and thus the R;, C,, L; have been reduced to
primary, becoming R/, C//, L.

Both rotor and stator circuit blocks in Figure 7.16 are characterized by the
stator frequency ;.

L K joky Ik jo Ly I8
aY —— R;

R;
S

1

S©C
A . ,
< 4 jo L,

Figure 7.16 Singly — fed IM with additional rotor impedance

Again, Figure 7.16 refers to a fictitious IM at standstill which behaves as
the real machine but delivers active power in a resistance (R, + R/)(1 — S)/S
dependent on slip, instead of producing mechanical (shaft) power.

T,=Re e P R ZR 4R, (7.60)
S ,

In industry the wound rotor slip rings may be connected through brushes to
a three-phase variable resistance or a diode rectifier, or a d.c. — d.c. static
converter and a single constant resistance, or a semi (or fully) controlled
rectifier and a constant single resistance for starting and (or) limited range speed
control as shown later in this paragraph. In essence, however, such devices have
models that can be reduced to the situation in Figure 7.16. To further explore
the torque, we will consider the rotor with a total resistance R’ but without any
additional inductance and capacitance connected at the brushes (for the wound
rotor).

From Figure 7.16, with V,’ = 0 and R, replaced by R,’, we can easily
calculate the rotor and stator currents I, and I as
R L2 (7.61)

Sre + jXr] '+Zlm
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v,

I = (7.62)
- R, .« .
Zl ( - +.]Xrl j
R, +jX,+ R ..
T‘i_ -]Xrl +Zlm
l()a +lm = ls +lr': 105 (763)
R ,iX .
Z,,=—m"Im__R . +iX 7.64
£im Ry, + Xy 1ml +J&9ml (7.64)
With constant parameters, we may approximate
Z +jX, X X
Zw 0% B TR ¢~ (1.02-1.08) (7.65)
Zlm le]
v
In this case I = == (7.66)

=S '

R~ + % + j(Xsl + CIXrl')

s

Substituting I from (7.66) into (7.61) and then I’ from (7.61) into (7.60), T,
becomes

er'
2
s P,
7 =3V R S (7.67)
m '
l (Rs + (%;ij + (Xsl + Cl)(rl')2
As we can see, T, is a function of slip S. Its peak values are obtained for
+ Al
ot =0->S, = - CR, - (7.68)
6S \/R: + (Xsl + CIXrl')

Finally, the peak (breakdown) torque T, is obtained from the critical slip Sy in
(7.67)

). = 3P, %

=1 (7.69)
@1 2C1[Rs * \/Rsz + (Xsl + CIXrl'):|

The whole torque/slip (or speed) curve is shown in Figure 7.17.

Concerning the T, versus S curve, a few remarks are in order

e The peak (breakdown) torque T value is independent of rotor equivalent
(cumulated) resistance, but the critical slip Sy at which it occurs is
proportional to it.
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e  When the stator resistance Ry is notable (low power, subkW motors), the
generator breakdown torque is slightly larger than the motor breakdown
torque. With R, neglected, the two are equal to each other.

Te / Tan
Am
Tokm/Ten fl -0
rated _fi1-s)
1 n=p
torque 1
+00 n Sk ng 0% -
-© S 0/'s, S, 1 S + o
-1
generat motor brake
Ag Tekg / T;:n

Figure 7.17 The electromagnetic torque T, (in relative units) versus slip (speed)

e  With R, neglected (large power machines above 10 kW) S,, from (7.68) and
T from (7.69), become
fCR," +CR,.' R '

~ r—= 7.70
(Xsl + CIXrl') (’01 (le + ClLrl ') (’OIL ( )

S, =

sc

2 2
T, =+3p, A/ I = 3p, A (7.71)
W 2C1(le +C1Lrl') o ) 2L,

e In general, as long as [[Ry/V, < 0.05, we may safely approximate the
breakdown torque to Equation (7.71).

e The critical slip speed in (7.70) Sym; = + R..'/L. is dependent on rotor
resistance (acumulated) and on the total leakage (short-circuit) inductance.
Care must be exercised to calculate Ly and L' for the actual conditions at
breakdown torque, where skin and leakage saturation effects are notable.

e The breakdown torque in (7.71) is proportional to voltage per frequency
squared and inversely proportional to equivalent leakage inductance L.
Notice that (7.70) and (7.71) are not valid for low values of voltage and
frequency when V < 0.05R.

e  When designing an IM for high breakdown torque, a low short-circuit
inductance configuration is needed.

e In(7.70) and (7.71), the final form, C, = 1, which, in fact, means that L, =
oo or the iron is not saturated. For deeply saturated IMs, C; # 1 and the first
form of T in (7.71) is to be used.
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e Stable operation under steady state is obtained when torque decreases with
speed:

ﬂ<00r£>0 (7.72)
on oS

o With R;=0, C; =1, the relative torque T./T is
T, 2

Tek i_*_sik

S, S

(7.73)

This is known as simplified Kloss’s formula.
e The margin of stability is often defined as the ratio between breakdown
torque and rated torque.

Ty / (Te )s" >1.6; (Te )Sn —rated torque (7.74)

e Values of T, /(T, )sn

larger than 2.3-2.4 are not easy to obtain unless very
low short-circuit inductance designs are applied. For loads with unexpected,
frequent, large load bursts, or load torque time pulsations (compressor
loads), large relative breakdown torque values are recommended.

e On the other hand, the starting torque depends essentially on rotor
resistance and on the short-circuit impedance Z for given voltage and
frequency:

T 3Py R, Py Re g 05

es s s 2

(Dl (Rs + Cere ')2 + (Xsl + Cl)(rl')2 ('01

—sc

Cage rotor IMs have a relative starting torque Tey/Te, = 0.7 to 1.1 while deep bar
or double cage rotor (as shown in the next chapter) have large starting torque
but smaller breakdown torque and larger critical slip Sy because their short-
circuit inductance (reactance) is larger.

Slip ring rotors (with the phases short-circuited over the slip rings) have
much lower starting torque T.y/T., < 0.3 in general, larger peak torque at lower
critical slip S;.

e  The current/slip curve for a typical single cage and, respectively, wound or

short-circuited rotor are shown on Figure 7.18.

Due to negative slip the stator current increases even more with absolute
slip value in the generator than in the motor operation mode.

Also, while starting currents of (5 to 7)I, (as in squirrel cage rotors) are
accepted for direct starting values in excess of 10, typical for wound short-
circuited rotor are not acceptable. A wound rotor IM should be started either
with a rotor resistance added or with a rotor power supply to absorb part of rotor
losses and reduce rotor currents.
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generator motor brake

Figure 7.18 Current versus slip (V= ct, f; = ct)

On the other hand, high efficiency motors favor today for energy saving are
characterized by lower stator and rotor resistances under load, but also at start.
Thus higher starting currents are expected: I/, = 6.5 to 8. To avoid large
voltage sags at start, the local power grids have to be strengthened (by

additional transformers in parallel) to allow for large starting currents.
These additional hardware costs have to be added to high efficiency motor
costs and then compared to the better efficiency motor energy savings and

maintenance, and cost reductions. Also, high efficiency motors tend to have

slightly lower starting torque (Figure 7.19).

T T I
I, 18

de , )
Tek N Tek

p—

high efficiency motor
standard efficiency motor

v

Figure 7.19 Torque and stator current versus slip for motoring

More on these aspects are to be found in chapters on design methodologies

(Chapters 14 through 18).
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7.10 EFFICIENCY AND POWER FACTOR

The efficiency m has already been defined, both for motoring and
generating, earlier in this chapter. The power factor cosp; may be defined in
relation to the equivalent circuit as
R|

€

cosQ, = (7.76)

&

Figure 7.9 shows that Re is negative for the actual generating mode. This
explains why in (7.76) the absolute value of R, is used. The power factor,
related to reactive power flow, has the same formula for both motoring and
generating, while the efficiency needs separate formulas (7.50) and (7.53).

The dependence of efficiency and power factor on load (slip or speed) is
essential when the machine is used for variable load (Figure 7.20).

n Cose
1 €
///,/// I
L)
S/s,
1.5
1 1
9 3238 8 3 Bh
(e} () () — — —

Figure 7.20 IM efficiency, n, power factor, cosg, and slip, S/S, versus relative power load at the
shaft: P,,/P,

Such curves may be calculated strictly based on the equivalent circuit
(Figure 7.1) with known (constant or variable) parameters, and given values of
slip. Once the currents are known all losses and input power may be calculated.
The mechanical losses may be lumped into the core loss resistance Ry, or, if
not, they have to be given from calculations or tests performed in advance. For
applications with highly portable loads rated from 0.25 — to 1.5 the design of the
motor has to preserve a high efficiency.

A good power factor will reduce VAR compensation hardware ratings and
costs, as an industrial plant average power factor should not be lagging below
0.95 to avoid VAR penalties.

Example 7.5. Motor performance

An induction motor with deep bars is characterized by rated power P, = 20 kW,
supply line voltage Vi = 380 V (star connection), f; = 50 Hz, n, = 0.92, prec =
0.005 Py, Piron = 0.015 P, ps = 0.005 Py, peosn = 0.03 Py, cosp, = 0.9, p; = 2,
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starting current I, = 5.21,,, power factor cosgs. = 0.4, and no-load current I, =

0.31,.

Let us calculate

a.) Rotor cage losses peom, electromagnetic power P, slip, Sy, speed, n,, rated
current I,, and rotor resistance R,’, for rated load

b.) Stator resistance R and rotor resistance at start R’

c.) Electromagnetic torque for rated power and at start

d.) Breakdown torque

Solution

a.) Based on (7.50), we notice that, at rated load, we lack the rotor cage losses,
Peora from all losses.

P
Peorn = - (pcosn *+Psn * Piron + Piron )_ Pn =

n 7.77
20000 777
= (0.03 +0.005+0.015 + 0.015)~ 20000-20000 = 639.13W

0.92

On the other hand, the rated current In comes directly from the power input
expression

I, = Py = 20000 =36.742A (7.78)
N, V3V, cosp, 0.92-+/3-380-0.9
The slip expression (7.52) yields
Sn — pcom —
- pcosn _pSn _piron
M (7.79)
E— 639.13 — 0.0308
e (0.03+0.005+0.015)20000
0.92
The rated speed n,, is
f, 50
n, = P—(l -S,)= 7(1 ~0.0308) = 24.23rps = 1453.8rpm (7.80)
1
The electromagnetic power Py, is
p, = Peom _ 63913 5000y (7.81)

“mTUS T 0.0308

To easily find the rotor resistance, we need the rotor current. At rated slip,
the rotor circuit is dominated by the resistance R,'/S, and thus the no-load (or
magnetizing current) Iy, is about 90° behind the rotor resistive current I,/. Thus,
the rated current I, is
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I :Jloj +1 7 (7.82)

Ly'=y1,2 —Ip,” =4/36.7422 —(0.3:36.672) =35.05A  (7.83)

Now the rotor resistance at load R’ is

R ‘= Peom _ 63913 _ 1000 (7.84)

bo3,? 3-35.05°
b.) The stator resistance Rg comes from

R - Peosn _ 0:03-20000 _
S 2 >
3.1, 3-36.742

0.1480Q (7.85)

The starting rotor resistance R’ is obtained based on starting data:

_ V| cos @, R - 380 0.4

'

N ST 35236742

~0.148=0.31186Q  (7.86)

R, 031186

Notice that K, =—"F-= =1.758 (7.87)
R,' 0.1734
This is mainly due to skin effect.
c.) The rated electromagnetic torque T, is
P
T, =" p, =20739- =132.095Nm (7.88)

®, 2150
The starting torque T, is

R’ -0.31186-(5.2-36.742)
1, o RL 3031186 (52-36.742) _ | oo

o, 2n50 (7.89)
T, /T, =108.76/132.095 = 0.833

d.) For the breakdown torque, even with approximate formula (7.71), the short-
circuit reactance is needed. From starting data,

_ Vysing,, _ 380 1-04°
M3 I, 435236672

The rotor leakage reactance X = Xsc — Xg = 1.0537 — 0.65 = 0.4037 Q.
Due to skin effect and leakage saturation, this reactance is smaller than the one
“acting” at rated load and even at breakdown torque conditions. Knowing that
K. = 1.758 (7.87), resistance correction coefficient value due to skin effect, we
could find K, = 0.9 from Chapter 8, for a rectangular slot.

X =1.0537Q2 (7.90)
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With leakage saturation effects neglected the rotor leakage reactance at
critical slip Sy (or lower) is

X =KX = 0.4 = 04440 (7.91)
rl X rls 0.9

Now, with C1 = 1 and Rs = 0, from (7.71) the breakdown torque Ty is

2
Vil p 1
T, =3 —L | 2~ -
* [\/5] 0)1 2()(sl +Xrl')

2
-3 20} 2 : = 422.68Nm
V3 ) 2150 2(0.65+0.444)

The ratio Te/Tey, 18

(7.92)

1T, = 42268 o
132.095

This is an unusually large value facilitated by a low starting current and a
high power factor at start; that is, a low leakage reactance X, was considered.

7.11 PHASOR DIAGRAMS: STANDARD AND NEW

The IM equations under steady state are, again,

LR, +jX,)-V, =E,

' A\
Ir' &_ijr]' +__r:Es
= S g =
Es = _Zlm (ls +lr ') = _ZlmlOS
le : lem

=—0-— 1 =R +jX
=lm le + lem 1ms .] Ims

le >> le; les << les; les << le; les z>(lm (793)

They can be and have been illustrated in phasor diagrams. Such diagrams
for motoring (S > 0) and generating (S < 0) are shown in Figure 7.21a and b, for
V.’ = 0 (short-circuited rotor).

As expected, for the short-circuited rotor, the reactive power remains
positive for generating (Q; > 0) as only the active stator current changes sign
from motoring to generating.

P =3V I cos¢p; <>0

7.94
Q, =3V, Ising, >0 799
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Today the phasor diagrams are used mainly to explain IM action, while, before
the occurrence of computers, they served as a graphical method to determine
steady-state performance without solving the equivalent circuit.

However, rather recently the advance of high performance variable speed
a.c. drives has led to new phasor (or vector) diagrams in orthogonal axis models
of an ac machine. Such vector diagrams may be accompanied by similar phasor
diagrams valid for each phase of a.c. machines. To simplify the derivation let us
neglect the core loss (Ry, = o or Ry = 0). We start by defining three flux
linkages per phase: stator flux linkage ¥, rotor flux linkage V., and airgap
(magnetizing) ¥,,.

ﬂs = lels +£m
v '=Ly'Ly (7.95)
ﬂm = le(ls +lr'): lelm

E,=-joLinl, = —jmlym (7.96)

-m

ys szlls
- motoring -
$>0 P>0
LR/ Q0
JXali
a.)
- generating -
S<0
7o 1 P,<0
JXrler Ql>0
4R
szlIs

b.)

Figure 7.21 Standard phasor diagrams, a.) for motoring, b.) for generating
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The stator and rotor equations in (7.93) become

LR -V =-joy, (7.97)
RV
L= =lay, (7.98)

For zero rotor voltage (short-circuited rotor), Equation (7.98) becomes:

R, . oo
L S’ =—joy s V,'=0 (7.99)

Equation (7.99) shows that at steady state, for V,' = 0, the rotor current I/
and rotor flux ;' are phase shifted by 90°.
Consequently, the torque T, expression (7.60) becomes:

12
1= Rl Pgp (7.100)
S o

Equation (7.100) may be considered the basis for modern (vector) IM
control. For constant rotor flux per phase amplitude (RMS), the torque is
proportional to rotor phase current amplitude (RMS). With these new variables,
the phasor diagrams based on Equations (7.97) and (7.98) are shown in Figure
7.22.

Such phasor diagrams could be instrumental in computing IM performance
when fed from a static power converter (variable voltage, variable frequency).

R,Ig
- motoring - 5>0
0
¢ <90
I; :
<A
Y 180°>y>90°
IR}
J O T Ty
_Lrll—,r L |
SI= s
a.)

Figure 7.22 Phasor diagram with stator, rotor and magnetization flux linkages, ¥/, Wi, ¥s
a.) motoring  b.) generating (continued)
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S<0

- generating - 90°<p <180’

-180%>y>-90°

b.)

Figure 7.22 (continued)

The torque expression may also be obtained from (7.97) by taking the real
part of it after multiplication by I,

Re[3lsls*Rs +3jw,ysl:]: 3Re(ysls*) (7.101)

The second term in (7.101), with core loss neglected, is, in fact, the
electromagnetic power P,

Pe:lm = 3("‘)l Imag \Vqls*): Te(wl /pl) (7102)
T, =3p, Imagly 1.')=3p,L,, Imag(,'L,") (7.103)
or T, =3p,L,, L L siny; [y >90° (7.104)

In (7.104), y is the angle between the rotor and stator phase current phasors
with y > 0 for motoring and y < 0 for generating.

ry @Iy
180° EE—
Generating 90—
-1 0 N
0
o - 90 Motoring
T -180’

Figure 7.23 Angle y (I, L") versus slip S
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Now, from the standard equivalent circuit (Figure 7.1 with Ry, = ),

lr': _ls .]O)lle

(7.105)

Sr +jo, (le + Lrl')

So the angle y between I’ and I," depends on slip S and frequency ®; and
motor parameters (Figure 7.23). It should be noted that the angle y is close to
+180° for S = +1 and close to +£90° toward |S| =

7.12 ALTERNATIVE EQUIVALENT CIRCUITS

Alternative equivalent circuits for IMs abound in the literature. Here we
will deal with some that have become widely used in IM drives. In essence [2],
a new rotor current is introduced.

I '=l—' (7.106)

=ra
a

Using this new variable in (7.95) through (7.98), we easily obtain:
LR, +jo L, ~aL, . -V =E,

Ea :_jo‘)l\v ¥ :ale(qurlra'); lma :li +l_l’
—ma’ —ma S S a

v (7.107)
lra'lzr'a2 + j(’ol (aLrv_le )alra '+rTa = Ea
Ls = le +le; Lr': Lr1'+L1m
. . 2
R. jo(Lgal, ) > jo@L;-al, )
ls S ~ fl\ﬂ 1 A I‘Lr/a ) 1
I R; a’

VapTjo, ¥

1= ma

stator side rotor side S ?

Figure 7.24 General equivalent circuit (core loss neglected)

For a = 1, we reobtain, as expected, Equations (7.95) through (7.98). L,, L
represent the total stator and rotor inductances per phase when the IM is three-
phase fed.

Now the general equivalent circuit of (7.107), similar to that of Figure 7.1,
is shown in Figure 7.24. For a = 1, the standard equivalent circuit (Figure 7.1)
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is obtained. If a = Ly/L;, = 1.02 — 1.08, the whole inductance (reactance) is
occurring in the rotor side of equivalent circuit and ¥, = ¥, (Figure 7.25a).
The equivalent circuit directly evidentiates the stator flux.

V.p=io ¥

Vi[L
S L
a‘) Imy

L R I, Lr ,
7 <4 1 9
e—}—M/\/—/\/\/\ m R le)
S (L’,
Vap=io. % Lim o Lty

?Vi; le
S L’r)

b.)

Figure 7.25 Equivalent circuit
a.) with stator flux shown b.) with rotor flux shown

Fora=L,, /L~ 0.93 -0.97, Vo= Lﬁm' y,', the equivalent circuit is said
T
to evidentiate the rotor flux.

Advanced IM control is performed at constant stator, ‘P, rotor ¥, or
magnetization flux, ¥, amplitudes. That is voltage and frequency, Vi, f, are
changed to satisfy such conditions.

Consequently circuits in Figure 7.25 should be instrumental in calculating
IM steady-state performance under such flux linkage constraints.

Alternative equivalent circuits to include leakage and main saturation and
skin effect are to be treated in Chapter 8.
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Example 7.6. Flux linkage calculations

A cage-rotor induction motor has the following parameters: Ry = 0.148Q,
Xg = Xi' = 0.5Q, X, = 20Q, 2p,; = 4poles, Vi = 220V/phase (RMS)-star
connection, f; = 50Hz, rated current Iy, = 36A, cosp, = 0.9. At start, the current

Lyt = 5.81,, cOS@giare = 0.3.

Let us calculate the stator, rotor and magnetization flux linkages ¥, V.. V1,
at rated speed and at standstill (core loss is neglected). With S = 0.02, calculate
the rotor resistance at full load.

Solution

To calculate the RMS values of ¥, W,. ¥, we have to determine, in fact,

Vg on Figure 7.24, for a; = Ly/L,n, a, = L1n/L," and a,,, = 1, respectively.
J_ V2[v, LR,

\lfb (7.108)
Wy

wr‘ﬁ:ﬁus “LR ~Ljor(Ly Ly ) (7.109)
© [lej
1
L

v V2|V, - LR, - Ljo,Ly|
2=

]

(7.110)

I, = I (cosp — jsin o) (7.111)

These operations have to be done twice, once for I = I,,, cosg, and once for

L5 = Liart, COSQstant.
For I, = 36A, cosp, = 0.9,

2|220-36-(0.9—j4359)0.148
\V\/E=\/_| ( J )0 |

. =0.9654Wb
2750
2|220-36-(0.9— j4359)0.148 + jl (7.112)
,'\/_:*/_l ( 120 NO148+) _ ;0314w
mo(j
20.5
2[220-36-(0.9 — j4359)0.148 + jl
wmﬁ;/_' ( . 5Jo Y0148+ 3N _ ) 0360w (7.113)
T

The same formulas are applied at zero speed (S = 1), with starting current
and power factor,
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2|1220-36-5.8-(0.3—j0.888)-0.148
), - L0-2055 03 ) 01

=0.9523Wb
27150
(\Vr'ﬁlum _ V2[220-36-5.8-(0.3- j0.888)(0.148 + j1  0.1998Wb (7.114)
20
2150 ——

(20.5)
( m\/—)mn _ \/5|220—36-5.8-((2).35—0]0.888)(0.148+11] 05306 Wh

T

The above results show that while at full load the stator, magnetization and
rotor flux linkage amplitudes do not differ much, they do so at standstill. In
particular, the magnetization flux linkage is reduced at start to 55-65% of its
value at full load, so the main magnetic circuit of IMs is not saturated at
standstill.

7.13 UNBALANCED SUPPLY VOLTAGES

Steady state performance with unbalanced supply voltages may be treated
by the method of symmetrical components. The three-wire supply voltages V,,
Vy, V. are decomposed into forward and backward components:

2T
V=2V, +av, +a’V,} a=c'?
3 (7.115)

1 2
Xab zg(ya +a yb +aycl
Ve = aZYaf; Vi=aVes Vip=aVys Vo = aZYab; (7.116)

Note also that the slip for the forward component is S¢ = S, while for the
backward component, Sy, is

flJ

-+ 1|-n

sbz—(plf =2-58 (7.117)
1)

So, in fact, we obtain two equivalent circuits (Figure 7.26) as

V.=Vu+Vy (7.118)

L =T + 1 (7.119)
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Figure 7.26 Forward and backward component equivalent circuits per phase

For S = 0.01 — 0.05 and f; = 60(50) Hz, the rotor frequency for the
backward components is f, = (2 - S)f; = 100(120) Hz. Consequently, the rotor
parameters R, and L are notably influenced by the skin effect, so

R,'>R,"; X'<X,' (7.120)

Also for the backward component, the core losses are notably less than
those of, forward component. The torque expression contains two components:

T = :;]Rx"(lrf')2 pl +3Rrb'(1rb')2 pl
s o (2-5) (-w)

(7.121)

With phase voltages given as amplitudes and phase shifts, all steady-state
performance may be calculated with the symmetrical component method.
The voltage imbalance index Viypatance (in %) may be defined as

v AV (V, +V, +V,)
3

imbalance — -V Vave =

ave

M 100%; AV, = V.

max

(7.122)

min »
ave

Vimax = maximum phase voltage; V., = phase with minimum voltage.
An alternative definition would be
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Vab

V0 [%] = —2100 (7.123)
af
40
Motor B
-+ A
A Nl
8 by /‘ .
[ [ "
o -] .
3 E Y4
5 5 / /
: F
: 5 ; /
4 o // /a’
0 I 0 L T
0 | ] 3 4 5 0 | 1 3 4 3
Voltage unbalance (%) Voltage unbalance (%)

Figure 7.27 Current imbalance versus voltage imbalance [2]
a.) cost optimized motor (motor A)
b.) premium motor (motor B)

Due to very different values of slip and rotor parameters for forward and
backward components, a small voltage imbalance is likely to produce a rather
large current imbalance. This is illustrated in Figure 7.27.

Also, for rated slip (power), the presence of backward (braking) torque and
its losses leads to a lower efficiency n.

T,2H(1-3)
S — 7.124
TS AN 7129

—ab=ab

e

Apparently cost-optimised motors—with larger rotor skin effect in general—
are more sensitive to voltage imbalances than premium motors (Figure 7.28). [2]

As losses in the IM increase with voltage imbalance, machine derating is to
be applied to maintain rated motor temperature. NEMA 14.35 standards
recommend an IM derating with voltage imbalance as shown in Figure 7.29. [3]

Voltage imbalance also produces, as expected, 2f; frequency vibration. As
small voltage imbalance can easily occur in local power grids, care must be
exercised in monitoring it and the motor currents and temperature.

An extreme case of voltage imbalance is one phase open.

© 2002 by CRC Press LLC



% ‘ I n
Motor A
9 High phase 9
+ A -
-~ B \— ) %Gﬁb—q
% ~ % ~4
g + ¢ £
b Ed
] gy
g g
i . =
5w ‘%‘\S\ Eow Motor B
High phase
4 A
e \i\\ o — B
\\ -
8 = 8 T T
0 1 1 3 4 5 0 1 ! 3 4 §
Voltage unbalance (%) Voltage unbalance (%)

Figure 7.28. Efficiency versus voltage imbalance
a.) cost optimised motor
b.) premium motor
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Figure 7.29. Derating versus voltage imbalance (NEMA Figure 14.1)

7.14 ONE STATOR PHASE IS OPEN

Let us consider the IM under steady state with one stator phase open (Figure
7.30a).

This time it is easy to calculate first the symmetrical current components Ly,
lab: la0~
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_q2 il
L v
3 (7.125)

I

2p T T laf

a J lb
i,=0 § — 1 Z — %

2y
b, %
c—>

I

a.) b.)

Figure 7.30 One stator phase is open
a.) phase a is open
b.) equivalent single phase circuit

Let us replace the equivalent circuits in Figure 7.26 by the forward and
backward impedances Zy, Zy,.

Var =ZeLyes Vo =Zp 1y (7.126)

Similar relations are valid for Vir = a*Va, Vip = aVap , Ver = aVap, Ve, =
a’Vy

Vo=V =V +V, -V, -V, =a’Z ], +aZl, -aZ ] -a’Z], = (7.127)
= (az _a)laf@f +Zb)
With (7.125),
Vy -V, :lb(gf +Zb) (7.128)

The electromagnetic torque still retains Equation (7.121), but (7.128) allows
a handy computation of current in phase b and then from (7.115) through
(7.126), I,r and 1, are calculated.

At standstill (S = 1) Z; = Zy, = Zs. (Figure 7.26) and thus the short-circuit
current Iy is

YL :£thase _ \/EI

lscl = ZZ 2 7 7-sc3

sC —SC

(7.129)

The short-circuit current Iy, with one phase open is thus \/5 /2 times
smaller than for balanced supply. There is no danger from this point of view at

start. However, as (Zf)S:1 :(Zb)szl, I/ = I’ and thus the forward and
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backward torque components in (7.121) are cancelling each other. The IM will
not start with one stator phase open.

The forward and backward torque/slip curves differ by the synchronous
speed: ®1/p; and -o/py, respectively, and consequently, by the slips S and 2 — S,
respectively. So they are anti-symmetric (Figure 7.31).

Te A

T. (3 phase)

v

Figure 7.31 Torque components when one stator phase is open

If the IM is supplied by three-phase balanced voltages and works in point
A; and one phase is open, the steady state operation point moves to A;.

So, the slip increases (speed decreases). The torque slightly decreases. Now
the current in phase b is expected to increase. Also, the power factor decreases
because the backward equivalent circuit (for small S) is strongly inductive and
the slip increases notably.

It is therefore not practical to let a fully loaded three-phase IM operate a
long time with one phase open.

Example 7.7 One stator phase is open
Let us consider a three-phase induction motor with the data Vi, = 220V, f; = 60
Hz, 2p, = 4, star stator connection Rgy=R,/ =1 Q, X3 =X, =2.5Q, X, =75
Q, Ry, = © (no core losses). The motor is operating at S = 0.03 when one stator
phase is opened. Calculate: the stator current, torque, and power factor before
one phase is opened and the slip, current, and power factor for same torque with
one phase open.
Solution

We make use of Figure 7.26a.
With balanced voltages, only Z; counts.

Xg+X,, 75425

Ya:Zfla; C = 75

=1.033 (7.130)

1Im
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(7.131)

= 2\/5 =3.55A ; cosp =0.989!
141,033 +(2.5+1.033-2.5)
0.03

The very high value of cos¢ indicates that (7.131) does not approximate the

phase of stator current while it correctly calculates the amplitude. Also,

L':;SR,Lzs.ss- 275 =3.199A  (7.132)
T (X, X)) 1 2
S tm A —— | +(75+2.5)
0.03
From (7.121),
Tﬂ:&yzﬂ:&#a.mz 2 _54338Nm (7.133)
S "o 003 2760

It is not very simple to calculate the slip S for which the IM with one phase

open will produce the torque of (7.133).

To circumvent this difficulty we might give the slip a few values higher

than S = 0.03 and plot torque T,; versus slip until Te; = Tes.

Here we take only one slip value, say, S = 0.05 and calculate first the

current I, from (7.128), then I, = — I, from (7.125), and, finally, the torque T,
from (7.121).

L= Vi \f =
’ |Zt +Zb| Rr'jX
Ta 1m '
2(Rs +szl)+ R 1 S + 2_rs +jXer
. +j(X1m +Xrl ')
S
220 220 (7.134)
- . =370 =9.2789A
——j75 ! :
201+j2.5)+—0:05 rogti2s
— +j(75+2.5) “~
0.05 i )
0S(P, = 20.34 =0.858
P =300
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From (7.125),

I 9.2789
L =1y :ﬁ: =5.3635A (7.135)
Figure (7.26) yields
Ly'= Ly U f’3635'1'7‘5 ‘=5.0258A 7136
C i X + X | —=+i75+25 )
S .]( Im rl) ‘005 .]( )‘
I,'= I, =5.3635A
Now, from (7.121), the torque T, is
2 2
el:3 2-115.0258" 53635 _ 7 809Nm (7.137)
2160 | 0.05 2-0.05

In this particular case, the influence of a backward component on torque has
been small. A great deal of torque is obtained at S = 0.05, but at a notably large
current and smaller power factor. The low values of leakage reactances and the
large value of magnetization reactance explain, in part, the impractically high
power factor calculation. For more correct calculations, the complete equivalent
circuit is to be solved. The phase b current is I, = 9.2789A for phase a open at S
=0.05 and only 3.199A for balanced voltages at S = 0.03.

7.15 UNBALANCED ROTOR WINDINGS

Wound rotors may be provided with external three-phase resistances which
may not be balanced. Also, broken bars in the rotor cage lead to unbalanced
rotor windings. This latter case will be treated in Chapter 13 on transients.

T.a

T

Zar cr

Zo
@ S
Cr 3~
a
A

=

ATA

a.)

Figure 7.32 Induction motor with unbalanced wound rotor winding a.) and
torque / speed curve b.)
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However, the wound rotor unbalanced windings (Figure 7.32) may be
treated here with the method of symmetrical components.

We may start decomposing the rotor phase currents L, I, and I into
symmetrical components:

f

—ar

1 2
:g Iar +albr +a lcr)

1
b :5(;“+a21br+a1u) (7.138)

—ar

—ar

1
0
I :g Iar+lbr+lcr):0

Also, we do have

V =-Z1:V =-Z1:V =-7Z1 (7.139)

ar Zarzar® Lbr T Zbrobrd Ler Zer=cr

In a first approximation, all rotor currents have the frequency f, = Sf; at
steady state. The forward mmf, produced by larf, 1brf, lcrf, interacts as usual with
the stator winding and its equations are

if ' of : of . of i oof f
lr Rr _Yr = —sz1yr > Yr = Lr lr +L1mls (7 140)
f . f f f ' ’
ls Rs _ys = —J@1£S 5 YS = les + lelr !

The backward mmf component of rotor currents rotates with respect to the
stator at the speed ny’.
nl'zn—sizi(l—zs) (7.141)
P P

So it induces stator emfs of a frequency fi" = fj(1 — 2S). The stator may be
considered short-circuited for these emfs as the power grid impedance is very
small in relative terms. The equations for the backward component are

LRV, P =—jSony "y 0= L L, L
b b b b b (7.142)
ls Rs = _J(l - 2S)(Dlﬂ5 5 ys = les + lelr'

For given slip, rotor external impedances Z,, Zy, Z., motor parameters
stator voltage and frequency, Equation (7.139) and their counterparts for rotor
voltages, (7.140) through (7.142) to determine L', 1°, 1", I, V.'", V,"*. Note that
(7.140) and (7.142) are, per-phase basis and are thus valid for all three phases in
the rotor and stator.

The torque expression is

T.=3PL, [Imagﬁf lr'f*)+ Imagﬁsb L‘b*) =T, +T, (7.143)
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The backward component torque is positive (motoring) for 1 —2S <0 or S
> 15 and negative (braking) for S < '4. At start, the backward component torque
is motoring. Also for S = L? = 0 and, thus, the backward torque is zero. This
backward torque is also called monoaxial or Geodrge’s torque.

The torque/speed curve obtained is given in Figure 7.33. A stable zone, AA’
around S = %2 occurs, and the motor may remain “hanged” around half ideal no-
load speed.

The larger the stator resistance R;, the larger the backward torque
component is. Consequently, the saddle in the torque-speed curve will be more
visible in low power machines where the stator resistance is larger in relative
values ry = RyI,/V,,. Moreover the frequency f}’ of stator current is close to f; and
thus visible stator backward current pulsations occur. This may be used to
determine the slip S as f — f; = 2Sf}. Low frequency and noise at 2Sf; may be
encountered in such cases.

7.16 ONE ROTOR PHASE IS OPEN

An extreme case of unbalanced rotor winding occurs when one rotor phase
is open (Figure 7.33). Qualitatively the phenomenon occurs as described for the
general case in paragraph 7.13. After reducing the rotor variables to stator, we
have:

[y b__ I

=ar zar Ibr' (7144)
3
Vi) (7.145)

lbr:_ lcr
Vor Ve,

Figure 7.33 One rotor phase is open

Now, with (7.140) and (7.142), the unknowns are 1", 1.”, I, 1", and, V,".
This time we may get (from (7.142) with (7.144 and 7.145)):
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b_ — jml(l — 2S)lelr'b

= 7.146
= R +jo,(1-2S)L, (7.146)
It is again clear that with Ry = 0, the stator backward current is
@Sb)kszo _ _iﬁlr'b (7.147)
S

Consequently the backward torque component in (7.143) becomes zero.
7.17 WHEN VOLTAGE VARIES AROUND RATED VALUE

It is common practice that, in industry, the local power grid voltage varies
around rated values as influenced by the connection (disconnection) of other
loads and of capacitors used for power factor correction. Higher supply
voltages, even when balanced, notably influence the induction machine under
various load levels.

A +10% voltage variation around the rated value is, in general, accepted in
many standards. However, the IMs have to be designed to incur such voltage
variations without excessive temperature rise at rated power.

In essence, if the voltage increases above the rated value, the core losses
Piron 1N the machine increase notably as

piron R (Chfl + Ceflz)v2 (7148)

In the same time, with the core notably more saturated, L, decreases
accordingly.

The rated torque is to be obtained at lower slips. The power factor decreases
so the stator current tends to increase while, for lower slip, the rotor current
does not change much. So the efficiency, not only the power factor, decreases
for rated load.

The temperature tends to rise. In the design process, a temperature reserve is
to be allowed for nonrated voltage safe operation.

On the other hand, if low load operation at higher than rated voltage occurs,
the high core losses mean excessive power loss. Motor disconnection instead of
no-load operation is a practical solution in such cases.

If the voltage decreases below rated value, the rated torque is obtained at
higher slip and, consequently, higher stator and rotor currents occur. The
winding losses increase while the core losses decrease, because the voltage (and
magnetizing flux linkage) decreases.

The efficiency should decrease slowly, while the power factor might also
decrease slightly or remain the same as with rated voltage.

A too big voltage reduction leads, however, to excessive losses and lower
efficiency at rated load. With partial load, lower voltage might be beneficial in
terms of both efficiency and power factor, as the core plus winding losses
decrease toward a minimum.
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When IMs are designed for two frequencies — 50 or 60Hz — care is
exercised to meet the over temperature limitation for the most difficult situation
(lower frequency).

7.18 SUMMARY

e The relative difference between mmf speed n; = f/p, and the rotor speed n
is called slip, S = 1-np,/f].

e The frequency of the emf induced by the stator mmf field in the rotor is f, =
Sfi.

e  The rated slip S,, corresponding to rated n,, S, = 0.08 — 0.01; larger values
correspond to smaller power motors (under 1 kW).

e At zero slip (S = 0), for short-circuited rotor, the rotor current and the
torque is zero; this is called the ideal no-load mode n = n; = f/p;.

e  When the rotor windings are fed by balanced three-phase voltages V," of
frequency f, = Sfj, the zero rotor current and zero torque is obtained at a
slip Sy = V//E;, where E; is the stator phase emf. Sy may be positive
(subsynchronous operation) or negative (supersynchronous operation)
depending on the phase angle between V,’ and E;.

e The active power traveling through an airgap (related to Pointing’s vector)
is called the electromagnetic power Peyy,.

e The electromagnetic torque, for a short-circuited rotor (or in presence of a
passive, additional, rotor impedance) is

T,=P, —

e elm (Dl

e At ideal no-load speed (zero torque), the value of P, is zero, so the
machine driven at that speed absorbs power in the stator to cover the
winding and core loss.

e  Motor no-load mode is when there is no-load torque at the shaft. The input
active power now covers the core and stator winding losses and the
mechanical losses.

e The induction motor operates as a motor when (0 <S < 1).

e  For generator mode S < 0 and for braking S > 1.

e In all operation modes, the singly fed IM motor “absorbs” reactive power
for magnetization.

e Autonomous generating mode may be obtained with capacitors at terminals
to produce the reactive power for magnetization.

e At zero speed, the torque is nonzero with stator balanced voltages. The
starting torque Tes = (0.5 — 2.2)Te,. Ten — rated torque; starting current at
rated voltage is I = (5 — 7(8))I,; I, — rated current. Higher values of
starting current correspond to high efficiency motors.

e At high currents (S >> S,), the slot leakage flux path saturates and the
short-circuit (zero speed) inductance decreases by 10 to 40%. In the same
time the rotor frequency f, = Sf; = f} and the skin effect causes a reduction
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of rotor slot leakage inductance and a higher increase in rotor resistance.
Lower starting current and larger starting torque are thus obtained.

e The closed-slot rotor leakage inductance saturates well below rated current.
Still, it remains higher than with half-closed rotor slots.

e No-load and short-circuit (zero speed) tests may be used to determine the
IM parameters—resistances and reactances.

e The electromagnetic torque T, versus slip curve has two breakdown points:
one for motoring and one for generating. The breakdown torque is inversely
proportional to short-circuit leakage reactance X, but independent of rotor
resistance.

e Efficiency and power factor also have peak values both for motoring and
generating at distinct slips. The rather flat maxima allow for a large plateau
of good efficiency for loads from 25 to 150%.

e Adequate phasor diagrams evidentiating stator, rotor, and airgap
(magnetization) flux linkages (per phase) show that at steady-state, the rotor
flux linkage and rotor current per phase are time-phase shifted by 90°. It is
+90° for motor and —90° for generating. If the rotor flux amplitude may also
be maintained constant during transients, the 90° phase shift of rotor flux
linkage and rotor currents would also stand for transients. Independent rotor
flux and torque control may thus be obtained. This is the essence of vector
control.

e Unbalanced stator voltages cause large imbalances in stator currents.
Derating is required for sustained stator voltage imbalance.

e Higher than rated balanced voltages cause lower efficiency and power
factor for rated power. In general, IMs are designed (thermally) to stand
+10% voltage variation around the rated value.

e Unbalanced rotor windings cause an additional stator current at the
frequency fi(1 — 2S), besides the one at f;. Also an additional rotor-initiated
backward torque which is zero at S = % (n = f}/2p;), Gedrge’s torque, is
produced. A saddle in the torque versus slip occurs around S = % for IMs
with relatively large stator resistance (low-power motors). The machine
may be “hanged” (stuck) around half the ideal no-load speed.

e In this chapter, we dealt only with the single-cage rotor IM and the
fundamental mmf and airgap field performance during steady state for
constant voltage and frequency. The next chapter treats starting and speed
control methods.
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Chapter 8

STARTING AND SPEED CONTROL METHODS

Starting refers to speed, current, and torque variations in an induction motor
when fed directly or indirectly from a rather constant voltage and frequency
local power grid.

A “stiff” local power grid would mean rather constant voltage even with
large starting currents in the induction motors with direct full-voltage starting
(5.5 to 5.6 times rated current is expected at zero speed at steady state). Full-
starting torque is produced in this case and starting over notable loads is
possible.

A large design KVA in the local power grid, which means a large KVA
power transformer, is required in this case. For starting under heavy loads, such
a large design KVA power grid is mandatory.

On the other hand, for low load starting, less stiff local power grids are
acceptable. Voltage decreases due to large starting currents will lead to a
starting torque, which decreases with voltage squared. As many local power
grids are less stiff, for low starting loads, it means to reduce the starting
currents, although in most situations even larger starting torque reduction is
inherent for cage rotor induction machines.

For wound-rotor induction machines, additional hardware connected to the
rotor brushes may provide even larger starting torque while starting currents are
reduced. In what follows, various starting methods and their characteristics are
presented. Speed control means speed variation with given constant or variable
load torque. Speed control can be performed by either open loop (feed forward)
or close loop (feedback). In this chapter, we will introduce the main methods for
speed control and the corresponding steady state characteristics.

Transients related to starting and speed control are treated in Chapter 13.
Close loop speed control methods are beyond the scope of this book as they are
fully covered by literature presented by References 1 and 2

8.1 STARTING OF CAGE-ROTOR INDUCTION MOTORS

Starting of cage-rotor induction motors may be performed by:
e Direct connection to power grid

Low voltage auto-transformer

Star-delta switch connection

Additional resistance (reactance) in the stator

Soft starting (through static variacs)

8.1.1 Direct starting

Direct connection of cage-rotor induction motors to the power grid is used
when the local power grid is off when rather large starting torques are required.
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Typical variations of stator current and torque with slip (speed) are shown
in Figure 8.1.

For single cage induction motors, the rotor resistance and leakage
inductance are widely influenced by skin effect and leakage saturation. At start,
the current is reduced and the torque is increased due to skin effect and leakage
saturation.

In deep-bar or double-cage rotor induction motors, the skin effect is more
influential as shown in Chapter 9. When the load torque is notable from zero
speed on (> 0.5 T,) or the inertia is large (Jior > 3Jmotor), the starting process is
slower and the machine may be considered to advance from steady state to
steady state until full-load speed is reached in a few seconds to minutes (in large
motors).

T I
oA 1,

3 ]

1.0 0.0 S

Figure 8.1 Current and torque versus slip (speed) in a single induction motions

If the induction motor remains at stall for a long time, the rotor and stator
temperatures become too large, so there is a maximum stall time for each
machine design.

On the other hand, for frequent start applications, it is important to count the
rotor acceleration energy.

Let us consider applications with load torque proportional to squared speed
(fans, ventilators). In this case we may, for the time being, neglect the load
torque presence during acceleration. Also, a large inertia is considered and thus
the steady state torque/speed curve is used.

J do,

" = T,(0,);0, =0,(1-5) (8.1)
1

The rotor winding 1oss pe,; 1S
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Peor =SP,, = S-Te[&j (8.2)
P
with T, from (8.1), the rotor winding losses W, are

2

ty t 0
W, = | [STe '&Jdt = ILE&‘S‘“ 2 [wrsds =
0

p1 Opl dt pl pl !

" (8.3)
= +—(&J 5 sinitial = 107 Sﬁnal =00

2\ p

On the other hand, the stator winding losses during motor acceleration
under no load W are:

t
¢ 2 . R R
W, =3[E(S)Rdt = 3[I R, —>dt = W,,— (8.4)
‘ 0 Rr Rr
Consequently, the total winding energy losses W, are
(o), R
WCO = WCOS + WCO]’ =7 ﬂ l+_'q (8’5)
2 pl Rr

A few remarks are in order.

e The rotor winding losses during rotor acceleration under no load are

equal to the rotor kinetic energy at ideal no-load speed

e Equation (8.5) tends to suggest that for given stator resistance Ry, a

larger rotor resistance (due to skin effect) is beneficial

e The temperature transients during such frequent starts are crucial for

the motor design, with (8.5) as a basic evaluation equation for total
winding losses

e The larger the rotor attached inertia J, the larger the total winding

losses during no load acceleration.

Returning to the starting current issue, it should be mentioned that even in a
rather stiff local power grid a voltage drop occurs during motor acceleration, as
the current is rather large. A 10% voltage reduction in such cases is usual.

On the other hand, with an oversized reactive power compensation
capacitor, the local power grid voltage may increase up to 20% during low
energy consumption hours.

Such a large voltage has an effect on voltage during motor starting in the
sense of increasing both the starting current and torque.

Example 8.1 Voltage reduction during starting

The local grid power transformer in a small company has the data S, = 700
KVA, secondary line voltage Vi, = 440 V (star connection), short circuit
voltage Vsc = 4%, cospsc = 0.3. An induction motor is planned to be installed
for direct starting. The IM power P, = 100 kW, V| = 440 V (star connection),
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start __

rated efficiency m, = 95%, cosp, = 0.92, starting current , and

65
N 1

COSPytare = 0.3.

Calculate the transformer short circuit impedance, the motor starting current
at rated voltage, and impedance at start. Finally determine the voltage drop at
start, and the actual starting current in the motor.

Solution
First we have to calculate the rated transformer current in the secondary I,

n

L = =
"BV, W3-440

The short circuit voltage Vgc corresponds to rated current

S, 700x10°

=919.6A (8.6)

VL2 =1

\/5 2n

Vg, =0.04-

Ze,| (8.8)

0.04-440

Zeo|=————— =11.0628x107°Q 8.8
[2:c: V3919.6 ®.8)

Ry =|Zg|cos psc =11.0628107°:0.3 =3.3188107°Q (8.9)

Xge =|Zse| sin @ge =11.0628107-y1-0.3* =10.5532:107°Q
For the rated voltage, the motor rated current I, is

3
I = P, 100>10° 5034 (8.10)

" Bn,cose. V., +/3:0.950.92-440

The starting current is
Ly = 6.5%150.3 =977 A (8.11)
Now the starting motor impedance Zg; = Ry + j Xstare 18

= W0 53-78097x1070 (8.12)

\/
R% art — —LCOS Py -
Bl 3977

v, . 440
Xt = B SIN Qg = o7

start

A1-0.37 =0.24833Q (8.13)

Now the actual starting current in the motor/transformer I;m is

© 2002 by CRC Press LLC



VL
\/§|RSC + Rslart + j(XSC +X

start
start

440
= - (8.14)
1074/3[3.3188+ 78.097 + j(10.5542 + 248.33)
== 937[0.3+j0.954]
The voltage at motor terminal is:
ﬁzlst_mzﬁzo_gsg (8.15)
Vi L. 977
. A
Consequently the voltage reduction is
L
A L
AV ViV 1.0-0.959 = 0.04094 (8.16)
VL VL

A 4.1% voltage reduction qualifies the local power grid as stiff for the
starting of the newly purchased motor. The starting current is reduced from 977

'\ 2
A to 937 A, while the starting torque is reduced [%] times. That is, 0.959° ~
L
0.9197 times. A smaller KVA transformer and/or a larger shortcircuit
transformer voltage would result in a larger voltage reduction during motor
starting, which may jeopardize a safe start under heavy load.
Notice that high efficiency motors have larger starting currents so the
voltage reduction becomes more severe. Larger transformer KVA is required in
such cases.

8.1.2 Autotransformer starting

Although the induction motor power for direct starting has increased lately,
for large induction motors (MW range) and not so stiff local power grids
voltage, reductions below 10% are not acceptable for the rest of the loads and,
thus, starting current reduction is mandatory. Unfortunately, in a cage rotor
motor, this means a starting torque reduction, so reducing the stator voltage will

reduce the stator current K; times but the torque K.

A\
A T K 3 (8.17)
SRV T

¢

because the current is proportional to voltage and the torque with voltage
squared.
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Autotransformer voltage reduction is adequate only with light high starting
loads (fan, ventilator, pump loads).

A typical arrangement with three-phase power switches is shown on Figure
8.2.

torque
A
—T- T.
Cl 3 CZ L"‘/ C3
AJ‘ i to
! Ji 1 motor
| ! [ o [ _Y !
3~ | \ c — L ngl/fl
__ ! Fm&y—“ — Lo ! 111 speed
B ! ! | ! current Tl 133
S I P oy
. E = R ~\
C g | | - N\
ﬂ = = | PN n;i/f1
0 1 speed

Figure.8.2 Autotransformer starting

Before starting, C, and C; are closed. Finally, the general switch C,; is
closed and thus the induction motor is fed through the autotransformer, at the
voltage

\'A [& =0.5, 0.65,0.8J
\Y

L

To avoid large switching current transients when the transformer is
bypassed, and to connect the motor to the power grid directly, first C4 is opened
and C, is closed with C; still closed. Finally, Cs is opened. The transition should
occur after the motor accelerated to almost final speed or after a given time
interval for start, based on experience at the commissioning place.
Autotransformers are preferred due to their smaller size, especially with
A/ 0.5 when the size is almost halved.

L

8.1.3 Wye-delta starting

In induction motors that are designed to operate with delta stator connection
it is possible, during starting, to reduce the phase voltage by switching to wye
connection (Figure 8.3).

During wye connection, the phase voltage V becomes

V= A (8.18)

NG
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so the phase current, for same slip, Ly, is reduced \/5 times

= A (8.19)

Isl_ \/g

Figure 8.3 Wye-delta starting

Now the line current in A connection I}, is
I\= \EISA =3y (8.20)

so the line current is three times smaller for wye connection. The torque is
proportional to phase voltage squared

2
h: & :l (8.21)
T v, 3

cA

L . 3 .
therefore, the wye-delta starting is equivalent to an — reduction of phase

voltage and a 3 to 1 reduction in torque. Only low load torque (at low speeds)
and mildly frequent start applications are adequate for this method.
A double-throw three-phase power switch is required and notable transients
are expected to occur when switching from wye to delta connection takes place.
An educated guess in starting time is used to figure when switching is to
take place.
The series resistance and series reactance starting methods behave in a similar
way as voltage reduction in terms of current and torque. However, they are not
easy to build especially in high voltage (2.3 kV, 4 kV, 6 kV) motors. At the end
of the starting process they have to be shortcircuited. With the advance of
softstarters, such methods are used less and less frequently.
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8.1.4 Softstarting

We use here the term softstarting for the method of a.c. voltage reduction
through a.c. voltage controllers called softstarters.

In numerous applications such as fans, pumps, or conveyors, softstarters are
now common practice when speed control is not required.

Two basic symmetric softstarter configurations are shown in Figure 8.4.
They use thyristors and enjoy natural commutation (from the power grid).
Consequently, their cost is reasonably low to be competitive.

In small (sub kW) power motors, the antiparallel thyristor group may be
replaced by a triac to cut costs.

&

a.) b.)

Figure 8.4 Softstarters for three-phase induction motors: a.) wye connection, b.) delta connection

Connection a.) in Figure 8.4 may also be used with delta connection and
this is why it became a standard in the marketplace.
Connection b.) in Figure 8.4 reduces the current rating of the thyristor by

\/5 in comparison with connection a.). However, the voltage rating is basically
the same as the line voltage, and corresponds to a faulty condition when
thyristors in one phase remain on while all other phases would be off.

To apply connection b.), both phase ends should be available, which is not
the case in many applications.

The 6 thyristors in Figure 8.4 b.) are turned on in the order Ty, Ty, T, Ty,
Ts, Tg every 60°. The firing angle o is measured with respect to zero crossing of
V.n (Figure 8.5). The motor power factor angle is .

The stator current is continuous if oo < ¢@; and discontinuous (Figure 8.5) if
o> .

As the motor power factor angle varies with speed (Figure 8.5), care must
be exercised to keep a > @ as a current (and voltage) reduction for starting is
required.
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So, besides voltage, current fundamentals, and torque reductions, the soft
starters produce notable voltage and current low-order harmonics. Those
harmonics pollute the power grid and produce additional losses in the motor.
This is the main reason why softstarters do not produce notable energy savings
when used to improve performance at low loads by voltage reduction. [3]

However, for light load starting, they are acceptable as the start currents are
reduced. The acceleration into speed time is increased, but it may be
programmed (Figure 8.6).

150">a. > ¢ - for motoring T

Figure 8.5 Softstarter phase voltage and current

During starting, either the stator current or the torque may be controlled.
After the start ends, the soft starter will be isolated and a bypass power switch
takes over. In some implementations only a short-circuiting (bypass) power
switch is closed after the start ends and the softstarter command circuits are
disengaged (Figure 8.7). Dynamic braking is also performed with softstarters.
The starting current may be reduced to twice rated current or more.

800
600
4001
200
0
-200}- : .

-600 i i i
0.0 0.2 0.4 0.6 0.8 1.0

Time [s]
Figure 8.6 Start under no load of a 22 kW motor
a) direct starting; b) softstarting (continued)

Utility grid Pmotor = 22 kW

Current [A]
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Figure 8.6 (continued)

8.2 STARTING OF WOUND-ROTOR INDUCTION MOTORS
A wound-rotor induction motor is built for heavy load frequent starts and

(or) limited speed control motoring or generating at large power loads (above a
few hundred kW).
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Here we insist on the classical starting method used for such motors:
variable resistance in the rotor circuit (Figure 8.8). As discussed in the previous
chapter, the torque/speed curve changes with additional rotor resistance in terms
of critical slip Sy, while the peak (breakdown) torque remains unchanged

(Figure 8.8.b.).

main power
switch

Cohmone-

switch se

short - circuiting

ction

SW

isolation
itch secti

n

Soft
starter

Figure 8.7 Softstarter with isolation and short-circuiting power switch C,

()

Cl (R'r +R'ad )

3p, V2
Tek _ pl s .,

\/Rsz + (Xs] + C]X'rl )2

1

2C o R, +yR2+(X,+CX,)’

(8.22)

As expected, the stator current, for given slip, also decreases with R’y
increasing (Figure 8.8 c.). It is possible to start (S” = 1) with peak torque by
providing S¢” = 1.0. When R’y increases, the power factor, especially at high
slips, improves the torque/current ratio. The additional losses in R’;; make this
method poor in terms of energy conversion for starting or sustained low-speed

operation.

However, the peak torque at start is an extraordinary feature for heavy starts
and this feature has made the method popular for driving elevators or overhead

crances.
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Figure 8.8 Starting through additional rotor resistance R’y
a.) general scheme, b.) torque/speed, c.) current/speed

There a few ways to implement the variable rotor resistance method as
shown in Figure 8.9 a,b,c.

The half-controlled rectifier and the diode-rectifier-static switch methods
(Figure 8.8 a,b) allow for continuous stator (or rotor) current close loop control
during starting. Also, only a fix resistance is needed.

The diode rectifier-static-switch method implies a better power factor and
lower stator current harmonics but is slightly more expensive.

A low cost solution is shown on Figure 8.9 c, where a three-phase pair of
constant resistances and inductances lead to an equivalent resistance R, (Figure
8.9 ¢), which increases when slip increases (or speed decreases).

The equivalent reactance of the circuit decreases with slip increases. In this
case, there is no way to intervene in controlling the stator current unless the
inductance L, is varied through a d.c. coil which controlls the magnetic
saturation in the coil laminated magnetic core.
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Figure 8.9 Practical implementations of additional rotor resistance

a.) with half-controlled rectifier;

resistance

b.) with diode rectifier and static switch; c.) with self-adjustable

8.3 SPEED CONTROL METHODS FOR CAGE-ROTOR INDUCTION
MOTORS

Speed control means speed variation under open loop (feedforward) or
close loop conditions. We will discuss here only the principles and steady-state
characteristics of speed control methods.

For cage-rotor induction motors, all speed control methods have to act on
the stator windings as only they are available.

To start, here is the speed/slip relationship.
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n= i(1 -S) (8.23)
b
Equation (8.23) suggests that the speed may be modified through
e Slip S variation: through voltage reduction
e  Pole number 2p; change: through pole changing windings
e Frequency f; control: through frequency converters

8.3.1 The voltage reduction method

When reducing the stator phase (line) voltage through an autotransformer or
an a.c. voltage controller as inferred from (8.22), the critical slip sx remains

constant, but the peak (breakdown) torque varies with voltage V; squared
(Figure 8.10).

N1 e
S"S'S0 S
a.) b.)
Figure 8.10 Torque versus speed for different voltage levels V;
a.) standard motor: Sx=0.04 — 0.10
b.) high rotor resistance (solid iron) rotor motor Sx > 0.7 — 0.8
T, = £(S)- V2 (8.24)

The speed may be varied downward until the critical slip speed ng is
reached.

ng ZE(I—SK) (8.25)
P

In standard motors, this means an ideal speed control range of
(n-ny)/n; = Sk < 0.1 =10% (8.26)

On the contrary, in high rotor resistance rotor motors, such as solid rotor

motors where the critical slip is high, the speed control range may be as high as
100%.
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However, in all cases, when increasing the slip, the rotor losses increase
accordingly, so the wider the speed control range, the poorer the energy
conversion ratio.

- load; -
25%  50% 75% 100% 25%  50% 75%  100%

a) b.)

Figure 8.11 Performance versus load for reduced voltage
a.) voltage V/V,, and efficiency n
b.) cos ¢, and stator current

Finally, a.c. voltage controllers (soft starters) have been proposed to reduce
voltage, when the load torque decreases, to reduce the flux level in the machine
and thus reduce the core losses and increase the power factor and efficiency
while stator current also decreases.

The slip remains around the rated value. Figure 8.11. show a qualitative
illustration of the above claims.

The improvement in performance at light loads, through voltage reduction,
tends to be larger in low power motors (less than 10 kW) and lower for larger
power levels. [3] In fact, above 50% load the overall efficiency decreases due to
significant soft starter losses.

For motor designs dedicated to long light load operation periods, the
efficiency decreases only 3 to 4% from 100% to 25% load and, thus, reduced
voltage by soft starters does not produce significant performance improvements.
In view of the above, voltage reduction has very limited potential for speed
control.

8.3.2 The pole-changing method.

Changing the number of poles, 2p;, changes the ideal no-load speed n; =
fi/p; accordingly. In Chapter 4, we discussed pole-changing windings and their
connections of phases to produce constant power or constant torque for the two
different pole numbers 2p, and 2p; (Figure 8.12).

The IM has to be sized carefully for the largest torque conditions and with
careful checking for performance for both 2p, and 2p, poles.
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Figure 8.12 Pole-changing torque/speed curves
a.) constant torque; b.) constant power; c.) dual winding

Switching from 2p, to 2p, and back in standard pole-changing (p./p; = 2
Dahlander) windings implies complicated electromechanical power switches.

Better performance, new pole-changing windings (Chapter 4) that require
only 2 single throw power switches have been proposed recently.

For applications where the speed ratio is 3/2, 4/3, 6/4, etc. and the power
drops dramatically for the lower speed (wind generators), dual windings may be
used. The smaller power winding will occupy only a small part of slot area.
Again, only two power switches are required-the second one of notably smaller
power rating.

Pole-changing windings are also useful for wide speed range ®ma/®, > 3
power induction motor drives (spindle drives or electric (or hybrid) automobile
electric propulsion). This solution is a way to reduce motor size for ®mpa/®, > 3.

8.4 VARIABLE FREQUENCY METHODS

When changing frequency fj, the ideal no-load speed n,=f}/p; changes and
so does the motor speed for given slip.
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Frequency static converters are capable of producing variable voltage and
frequency, Vi, f;. A coordination of Vi with f; is required.

Such a coordination may be “driven” by an optimization criterion or by flux
linkage control in the machine to secure fast torque response.

The various voltage-frequency relationships may be classified into 4 main
categories:

- V/fscalar control

- Rotor flux vector control

- Stator flux vector control

- Direct torque and flux control

Historically, the V/f scalar control was first introduced and is used widely
today for open loop speed control in driving fans, pumps, etc., which have the
load torque dependent on speed squared, or more. The method is rather simple,
but the torque response tends to be slow.

For high torque response performance, separate flux and torque control
much like in a d.c. machine, is recommended. This is called vector control.

Either rotor flux or stator flux control is performed. In essence, the stator
current is decomposed into two components. One is flux producing while the
other one is torque producing. This time the current or voltage phase and
amplitude and frequency are continuously controlled. Direct torque and flux
control (DTFC) [2] shows similar performance.

Any torque/speed curve could thus be obtained as long as voltage and
current limitations are met. Also very quick torque response, as required in
servodrives, is typical for vector control.

All these technologies are now enjoying very dynamic markets worldwide.

8.4.1 V/f scalar control characteristics

The frequency converter, which supplies the motor produces sinusoidal
symmetrical voltages whose frequency is ramped for starting. Their amplitude is
related to frequency by a certain relationship of the form

V=V, +K,f)-f, (8.27)

V, is called the voltage boost destined to cover the stator resistance voltage
at low frequency (speed).

Rather simple Ko(f)) functions are implemented into digitally controlled
variable frequency converters (Figure 8.13).

As seen in (Figure 8.13 a), a slip frequency compensator may be added to
reduce speed drop with load (Figure 8.14).
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speed fi . .
reference 4 Va =V/§cos(27rf1* )
| V' Vi =V/2cos(2rf| t-21t/3)
1 V(f) V. =V/2cos(2nf] t=2m/3)
Sty

3 (Sfiy ‘ variable -t
'slip frequency frequency

- calculajtq . converter _

b.)

fl b f1 max

Figure 8.13 V/f speed control
a) structural diagram b) V/f relationship c) torque/speed curve
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Figure 8.14 Torque/speed curves with slip compensation

Safe operation is provided above fi,,;, = 3 Hz as torque response is rather
slow (above 20 milliseconds).

Example 8.2 V/f speed control

An induction motor has the following design data: P, = 10 kW, V|, =380V
(Y), fi, = 50 Hz, n, = 0.92, cos@, = 0.9, 2p; = 4, Liu/I, = 6/1, Iy/Ig, = 0.3, Prec =
0.015P,, p.aa = 0.015P,; core losses are neglected and Ry = R’; and Xy = X';;.
Such data are known from the manufacturer. Let us calculate: rated current,
motor parameters Ry, X, Xy, critical slip Sg and breakdown torque Tk at fjy,

and fj,,x for rated voltage; voltage for critical slip Sx and minimum frequency

fimin = 3 Hz to provide rated breakdown torque.

Find the voltage boost V, for linear V/f dependence up to base speed.
Solution

f1,=50Hz
Based on the efficiency expression

P

n
n

=t (8.28)
\/nglsn Cos (pn
The rated current

J3-0.92-380-0.9

The rotor and stator winding losses peos + Peor are

P
Peos T Peor = T]n - Pn ~Pmec 7 Pada (829)
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1
Peos T Peor = lOOOO(W— 1-0.015- 0.015] =569.56W

Now:

Peos + Peor = 3R ,12 +3R 1’2 (830)

s7sn rorm

I~ 5 12, =1837-41-03% =17.52A (8.31)

From (8.30) and (8.31)

R =R 569.56

=R, = - — = 043160
3-(18.37> +17.52)

Neglecting the skin effect,

2 2
X, =X, +X',~ \/[V—) -(R,+R") = \/{380/*5} —0.86322 =1.80Q2(8.32)

6-18.37

start
Therefore,
Xy =X",=0.9Q

The critical slip Sk (8.22) and breakdown torque Tk (8.22) are, for f; = fj,,
=50 Hz,

R' 0.4316
(S sor, = L = =0.233 (8.33)
e REexE V043167 4187
3p, (v, /3] 1
(o, =555 = Xl
1b Rs +\/RS +XSC (834)
2
=3.2.22% 4378 =202.44Nm
2 27150

for fi . = 100 Hz

R, = 04316 =0.119(8.35)

(SK )IOOHZ = > 2
R2 4+ X2 | oo \/0.43162+1.82-[100j
S SC flb 50
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_3p (VLn/\/E)Z . 1

(TeK )lOOHz = =

2 2mf) £ 2
R, + R§+(Xsc-lfm“]
b (8.36)

220> 1

27100 2
04316+ \/0.43162 +1.82[150(;)j

=113.97Nm

_3.2.
2

( K)flmin = % = 04316 =0.97! (8.37)

- 2 2
R2 4| x_ - fumo 0.43162 +(1.8 : 3)
S G 50

From (8.36), written for f},;, and (Tek)sonz, the stator voltage (V)sy, is

2
2(TcK )SOHZ : 27'Cf1 min \/I{s2 + [Xsc : flmm) + Rs

1b

(VS)SHZ = 3p1 (838)

2
_ [2:20243-27-3) 1o 431621 (182 | 404316 | = 3338V
3-2 50

And, according to (8.27), the voltage increases linearly with frequency up to

base (rated) frequency fj, = 50 Hz,

3338=V,+K,3

(8.39)
220=V, +K, -50

K, =3.97V/Hz;V, = 21.47V

202Nm 202 Nm

|
ifl
100 Hz 3

Figure 8.15 V/f and peak torque for V/f control
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The results are synthesized on Figure 8.15. Toward minimum frequency
fimn = 3 Hz, the neglect of magnetizing reactance branch in the critical slip
calculation may produce notable errors.

A check of stator current and torque at (Sk);u, = 0.97, Vi, =33.38 V, fiin =
3 Hz is recommended. This aspect suggests that assigning a value for voltage
boost V, is a sensitive issue.

Any variation of parameters due to temperature (resistances) and magnetic
saturation (inductances) may lead to serious stability problems. This is the main
reason why V/f control method, though simple, is to be used only with light load
start applications.

8.4.2 Rotor flux vector control

As already mentioned, when firm starting or stable low speed performance
is required, vector control is needed. To start, let us reconsider the IM equations
for steady state (Chapter 7, paragraph 7.10, Equations (7.97) and (7.98)).

lsRs - Vs = _jo‘)lis

IR~ —joSY. for V', =0 (cage rotor) (8.40)
Also from (7.95),
Y, = Lin ‘W' 4L LT = X, —ﬁ-ls (8.41)
L' L' L\
The torque (7.100) is,
T, =3p,¥' I, (8.42)

It is evident in (8.40) that for steady state in a cage rotor IM, the rotor flux
and current per equivalent phase are phase-shifted by n/2. This explains the
torque formula (8.42) which is very similar to the case of a d.c. motor with
separate excitation.

Separate (decoupled) rotor flux control represents the original vector
control method. [4]

Now from (8.41) and (8.40),

1 ' Al

I :Lﬂ-sml%.im ~L' /R (8.43)

=s

Im r Im
or, with ', along real axis,

I =1,+jl;1,=¥./L =jSo,T, (8.44)

T? M lm’ T

Equations (8.43) and (8.44) show that the stator current may be
decomposed into two separate components, one, Iy in phase with rotor flux ¥,
called flux current, and the other, shifted ahead 900, Ir, called the torque current.

With (8.43) and (8.44), the torque equation (8.42) may be progressively
written as
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L’im 3p, %" So
T =3p1L—"IM'IT =? (845)
Consequently, for constant rotor flux, the torque/speed curve represents a
straight line for a separately excited d.c. motor (Figure 8.16).

T
1,=S0 T,y Y, = const
motoring f|decreases
S>0
-
| >0
generating \ \ \ \ \ \ \ \fl/pl
S<0
I
a.) b)

Figure 8.16 Rotor flux vector control: a) stator current components; b) torque versus speed curves
for variable frequency f; at constant rotor flux

As expected, keeping the rotor flux amplitude constant is feasible until the
voltage ceiling in the frequency converter is reached. This happens above the
base frequency fj,. Above fj;,, P, has to be decreased, as the voltage is constant.
Consequently, a kind of flux weakening occurs as in d.c. motors.

The IM torque-speed curve degenerates into V/f torque/speed curves above
base speed.

As long as the rotor flux transients are kept at zero, even during machine
transients, the torque expression (8.45) and rotor Equation (8.40) remain valid.
This explains the fastest torque response claims with rotor flux vector control.
The bonus is that for constant rotor flux the mathematics to handle the control is
the simplest. This explains enormous commercial success.

A basic structural diagram for a rotor flux vector control is shown on Figure
8.17.

The rotor flux and torque reference values are used to calculate the flux and
torque current components Iy and It as amplitudes. Then the slip frequency
(Sw,;) is calculated and added to the measured (or calculated on line) speed
value @, to produce the primary reference frequency o, *. Its integral is the angle
0, of rotor flux position. With Iy, I, 0; the three phase reference currents i,*,
ip*, i.* are calculated.

Then a.c. current controllers are used to produce a pulse width modulation
(PWM) strategy in the frequency converter to copy the reference currents. There
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are some delays in this “copying” process but they are small, so fast response in
torque is provided.

Flux / torque
Coordination

37|

, Iy i
b ilye= [BAE/2

cos [0—(i- I)ZTT[] 1y cui-rcént 4\ frequency|
£ controller| / converter

oF T[ tL Ir| =123 forisipde | if
speed T3 I
©r controller Pibh i i
o i |
| L/ iy ioy by |
x - IRy Ll
vy - ) : :
(o} r . speed :
(Sw,) = R i ; calculator !
VT, }
[oN

Figure 8.17 Basic rotor flux vector control system

Three remarks are in order.

e to produce regenerative braking it is sufficient to reduce the reference speed
o * below o,; It will become negative and so will be the torque

e The calculation of slip frequency is heavily dependent on rotor resistance
(T,) variation with temperature.

e For low speed, good performance, the rotor resistance has to be corrected
on line.

Example 8.3 Rotor flux vector speed control
For the induction motor in example 8.2 with the data 2p; = 4, R, = R, =

0.4316 Q, L,=L Xy 1.8

T T ) ot 202150
andle zL_le :$
I, 2n-f, 18.37-0.3-314
rotor flux magnetizing current Iy; = 6A and the torque current It = 20A.
For speed n = 600 rpm, calculate the torque, rotor flux ¥,, stator flux slip
frequency So,, frequency ®,, and voltage required.

=2.866-10"H,

-2.866x107° =0.12427H,  the

Solution
The rotor flux V', (8.44) is
Y' =L, -1,=0.12427-6=0.74256Wb

Im

Equation (8.45) yields
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L2 0.12427°
T =3p =] .[ =3.2.
e =P it 2.866x10° +0.12427

T

-6x20=87.1626Nm

The slip frequency is calculated from (8.44)

11, 20 0.4316

Sw, = —
T L, 6 0.12417+2.866x107

=11.30rad/s

Now the frequency ®; is

®, =2mn - p; + S, =2n-@-2+11.30=136.9rad/s
60

To calculate the voltage, we have to use Equations. (8.40) and (8.41)
progressively.

woobm Lo eL 1+l =L, 4L (8.46)

—s L, Im™M se” T

r

So the stator flux has two components, one produced by Iy through the no-
load inductance Lg = Ly + Ly, and the other produced by the torque current
through the shortcircuit inductance L.

Y, =(2.866x107 +0.12427)-6+j-2-2.866x107 - 20 =0.7628 + j- 0.11464

(8.47)
1310 4
Rl
JoFs
©¢,- power factor angle
¥, =0.7628+j0.11464
d
CL=6A rotor flux axis
| M
‘ JSo
Vo= PR =194

Figure 8.18 Phasor diagram with rotor and stator fluxes shown

The results in terms of fluxes and voltage are summarized in Figure 8.18

© 2002 by CRC Press LLC



For negative torque (regenerative braking) only It becomes negative and so
does the slip frequency Sw;.
Now from (8.40):

V. =jo, ¥, + 1R, =j-136.9-(0.7628 + j-0.11464) + (6 + j- 20)-0.4316 =
=-13.10+j-113.06
V, =+13.10> +113.06 =113.81 V

Let us further exploit the torque expression T, which may be alternative to
(8.42).

Te = 3p1 Re(.]gqls*) = 3p1(Lq - Lsc)IM ' IT (848)
Also the rotor current (8.38) is

I' =So, Ly (8.49)
R'T

Torque Equation (8.48) may be interpreted as pertaining to a reluctance
synchronous motor with constant high magnetic saliency as Ly/Ls. > 10 — 20 in
general.

This is true only for constant rotor flux.

The apparent magnetic saliency is created by the rotor current I'. which is
opposite to jIr in the stator (Figure 8.18) to kill the flux in the rotor along axis q.
The situation is similar to the short-circuited secondary effect on the transformer
equivalent inductance.

Stator flux vector control may be treated in a similar way. For detailed
information on advanced IM drives see References [5,6].

8.5 SPEED CONTROL METHODS FOR WOUND ROTOR IMs

When the rotor of IMs is provided with a wound rotor, speed control is
performed by

e Adding a variable resistor to the rotor circuit

e Connecting a power converter to the rotor to introduce or extract power

from the rotor. Let us call this procedure additional voltage to the rotor.

As the method of additional rotor resistance has been presented for starting,

it will suffice to stress here that only for limited speed control range (say 10%)
and medium power such a method is still used in some special applications. In
the configuration of self-adjustable resistance, it may also be used for 10 to
15% speed variation range in generators for windpower conversion systems.

In general, for this method, a unidirectional or a bidirectional power flow
frequency converter is connected to the rotor brushes while the stator winding is
fed directly, through a power switch, to the power grid (Figure 8.19).

Large power motors (2-3 MW to 15 MW) or very large power
generators/motors, for pump-back hydropower plants (in the hundreds of
MW/unit), are typical for this method.
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A half-controlled rectifier-current source inverter has constituted for a long
while one of the most convenient ways to extract energy from the rotor while
the speed decreases 75 to 80% of its rated value. Such a drive is called a slip
recovery drive and it may work only below ideal no-load speed (S > 0).

8.5.1 Additional voltage to the rotor (the doubly-fed machine)

. power flow T
power grid S ‘
l Voltage —
T adaptation
- transformer|
Dual stage
frequency
converter
AT half-controlled
unidirectional rectifier current source
power flow inverter
a.)
power grid
l ! Voltage
- i T adaptation
— " |transformer
Direct
frequency
converter
(cycloconverter)
bidirectional
power flow
b)

Figure 8.19 Additional voltage to the rotor
a.) with unidirectional power flow; b.) with bidirectional power flow

On the other hand, with bidirectional power flow, when the phase sequence
of the voltages in the rotor may be changed, the machine may work both as a
motor or as a generator, both below and above ideal no-load speed f/p;.

With such direct frequency converters, it is possible to keep the rotor slip
frequency f, constant and adjust the rotor voltage phase angle & with respect to
stator voltage after reduction to stator frequency.
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The speed is constant under steady state and the machine behaves like a
synchronous machine with the torque dependent on the power angle & (S = f,/f;
= ct).

On the other hand, the frequency f, may be varied with speed such that

f, =f, —np,; s=1,/f, —variable (8.50)

In this case, the phase angle & may be kept constant.
The rotor equation is

'

1 Ry o jsew =SE, 851)
S

For V, in phase (or in phase oposition for V', < 0) with E';
I R, =SE, -V, (8.52)

For zero rotor current, the torque is zero. This corresponds to the ideal no-
load speed (slip, So)
Vl
$,E',—V' =0;s, =—* (8.53)
E'
So, may be positive if V', > 0, that is V', and E’; are in phase while it is
negative for V';<0 or V'; or V', and E'; in phase opposition.
For constant values of V', (+ or - ), the torque speed curves obtained by
solving the equivalent circuit may be calculated as

T, = FamPr _ P12 pe v 1 coser ] (8.54)
So, So,

0'; is the angle between V', and I';. In our case, 6, = 0 and V', is positive or
negative, and given.

It is seen (Figure 8.20) that with such a converter, the machine works well
as a motor above synchronous conventional speed f; /p; and as a generator
below f; /p. This is true for voltage control. A different behavior is obtained for
constant rotor current control. [7]

However, under subsynchronous motor and generator modes, all are
feasible with adequate control.

Example 8.4 Doubly - fed IM
An IM with wound rotor has the data: Vg, = 220 V/phase, f; = 50 Hz, R, =
R'=0.01 Q, X4=X"1=0.03 Q, X;, =2.5Q, 2p; =2, V,, =300 V/phase, S, =
0.01. Calculate
e the stator current and torque at s, = 0.01 for the short-circuited rotor;
e for same stator current at n =1200 rpm calculate the rotor voltage V, in
phase with stator voltage Vg, (Figure 8.21) and the power extracted
from the rotor by frequency converter.
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hypersynchronous
motoring

\
Er— -0.2

"\ p, /f,
08 \12 g

Figure 8.20 Torque speed curves for V/E, =+0.2,0. =0

Solution
The stator current (see chapter 7) is
: V,
(Is)v,':o ~ — =
\/(RS +C, Rf] +(Xls +C, X, )2
s
= 2220 =217.17A
0.01 2
0.01+1.012—— | +(0.03+1.012-0.03)
0.01
with
C1:£+1=l+m:1.012 (8.55)
m 2.5
The actual rotor current I, per phase is
I =T- V. =217.17-ﬁz152A (8.56)
V., 300
The torque T, is
' '2 . .
T - 3RVIT 3-0.01-217.172 — 450.60Nm (8.57)

So, P77 0.01-21-50

If V', is in phase with V§,, then
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(I') ~] = Vs+V'r/S' _
r/s T s T =

R'Y
\/(Rs + Cl S,r ] + (Xsl + CIX'rl )2

~ 220+ V', /0.2 1717

2
\/(0.01+1.012%021) +(0.03+1.012-0.03)

(8.58)

s'=1—ﬂ=1—@-%=0.2;f2 =S'f, =0.2-50 = 10Hz

f 60

So V', =-40.285V
In this case the angle between V', and I'; corresponds to the angle + Vs and

- I's (from 8.58)
0 (V' ,I')~—-45"+180" =135’ (8.59)

Now the torque (8.54) is

__ 32 ol (- _ -
20350 [0.01-217.17% + (- 40.28)(217.17)~ 0.707)] = 635.94Nm

(8.60)

Note that the new torque is larger than for S = 0.01 with the short —
circuited rotor.
jX'rl

I R X I

power in
—
R

Figure 8.21 Equivalent circuit with additional rotor voltage V',

The input active power P, electric power out of rotor P, and mechanical
power Py, are

P =3VI cosq, =3-220x217.17x0.707 =101.335x10°W
P =3VI cos6, =3-40.38x217.17-0.707 ~ 18.6 x 10°'W (8.61)
P, =T -27n =635.94-27-1200/60 = 79.874x10°W

The efficiency at 1200 rpm 1 is
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no—to __ TO8TF 965y (8.62)
P-P 101.335-18.6

Note that core, mechanical, and stray load losses have been neglected.

“jo¥, =—( o, —Lsclstml [V R L) XL EL (5.69)

Im

Im

E = —M[zzo— (217.17 - j217.17)0.707(0.01 + j0.06036)]

=r

(8.64)
= —(209.49 — j7.74)

Now [';is recalculated from (8.51)
SEI;TX . _ —02Q211.767 —OJZ).174) —(-40.300) _ (<158.88+ 154.8) =

T

I=

_ls

(8.65)

Both components of I'; are close to those of (8.58).

When the rotor slip frequency f, is constant, the speed is constant so only
the rotor voltage sequence, amplitude, and phase may be modified.

The phase sequence information is contained into S, sign:

S, =f,/f ><0 (8.66)

We may calculate the stator current I and the rotor current I'; (reduced to
the stator) from the equivalent circuit (Figure 8.21) is:
V(R /s+iX')-jX,, V. /s

I = mr %X =X, +X 8.67
= O(ROFGXR s+ X)X T T (8:67)

V' (R, +jX,)/s—jX

' = m—s X' =X' +X 8.68
TR HXR SsHjX )X T (5.65)
The stator and rotor power input powers are
PS = 3 Re(ysls *); TC ~ (PS - 3RSI§ )&
o, (8.69)
Q,=3Im ag(ysls *)
Similarly the powers out of rotor are
P, =3Re(V' I, *)
(8.70)

Q, =3Imag(V'I', %)
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With S = const, such a control method can work at constant rotor voltage
V', but with variable phase y (V,, V',). Alternatively, it may operate at constant
stator or rotor current [8,9]. Finally, vector control is also feasible. [6] Such
schemes are currently proposed for powers up to 300 MW in pump-storage
power plants where, both for pumping and for generating, a 10 to 25% of speed
control improves the hydroturbine-pump output.

The main advantage is the limited rating of the rotor-side frequency
converter S, =S, -S,. As long as Sy, < 0.2 — 0.15, the savings in converter

costs are very good. Notice that resistive starting is required in such cases.

For medium and lower power limited speed control, dual stator winding
stator nest cage rotor induction motors have been proposed. The two windings
have different pole numbers p;, p,, and the rotor has a pole count p, = p;+p;.
One winding is fed from the power grid at the frequency f; and the other at
frequency f, from a limited power frequency converter. The machine speed n is

f+f,
n=——2=x
P, +Pp,

(8.71)

The smaller f,, the smaller the rating of the corresponding frequency
converter. The behavior is typical to that of a synchronous machine when f; is
const. Low speed applications such as wind generators or some pump
applications with low initial cost for very limited speed control range (less than
20%) might be suitable for those configurations with rather large rotor losses.

8.6 SUMMARY

e  Starting methods are related to IMs fed from the industrial power grid.

o  With direct starting and stiff local power grids, the starting current is in
the interval of 580 to 650% (even higher for high efficiency motors).

e For direct starting at no mechanical load, the rotor winding energy
losses during machine acceleration equals the rotor-attached kinetic
energy at no load.

e For direct frequent starting at no load, and same stator, rotors with
higher rotor resistance lead to lower total energy input for acceleration.

e To avoid notable voltage sags during direct starting of a newly installed
IM, the local transformer KVA has to be oversized accordingly.

e For light load, starting voltage reduction methods are used, as they
reduce the line currents. However, the torque/current ratio is also
reduced.

e Voltage reduction is performed through an autotransformer, wye/delta
connection, or through softstarters.

e  Softstarters are now built to about 1MW motors at reasonable costs as
they are made with thyristors. Input current harmonics and motor
additional losses are the main drawbacks of softstarters. However, they
are continually being improved and are expected to be common
practice in light load starting applications (pumps, fans) where speed
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control is not required but soft (low current), slow but controlled,
starting are required.

e Rotor resistive starting of wound rotor IMs is traditional. The method
produces up to peak torque at start, but at the expense of very large
additional losses.

e Self adjustable resistance-reactance paralleled pairs may also be used
for the scope to cut the cost of controls.

e Speed control in cage rotor IMs may be approached by voltage
amplitude control, for a very limited range (up to 10 to 15%, in
general).

e Pole changing windings in the stator can produce two speed motors
and are used in some applications, especially for low power levels.

e Dual stator windings and cage rotors can also produce two speed
operations efficiently if the power level for one speed is much smaller
than for the other.

e Coordinated frequency/voltage speed control represents the modern
solution to adjustable speed drives.

e V/f scalar control is characterized by an almost linear dependence of
voltage amplitude on frequency; a voltage boost Vo = (V)g = 0 is
required to produce sufficient torque at lowest frequency f;~ 3 Hz. Slip
feedforward compensation is added. Still slow transient response is
obtained. For pumps, fans, etc., such a method is adequate. This
explains its important market share.

e Rotor flux vector control keeps the rotor flux amplitude constant and
requires the motor to produce two stator current components: a flux
current Iy and a torque current Ir, 90° apart. These two components are
decoupled to be controlled separately. Fast dynamics, quick torque
availability, stable, high performance drives are built and sold based on
rotor flux vector control or on other related forms of decoupled flux
and torque control.

e Linear torque/speed curves, ideal for control, are obtained.

e Flux, torque coordination through various optimization criteria could
be applied to cut energy losses or widen the torque-speed range.

e For constant rotor flux, the IM behaves like a high saliency reluctance
synchronous motor. However, the apparent saliency is produced by the
rotor currents phase- shifted by 90° with respect to rotor flux for cage
rotors. As for the reluctance synchronous motor, a maximum power
factor for the loss, less motor can be defined as

1-L,/L

cos =——2 .7 /L_>15+20 8.72
(\Dmax 1+LSC/LS S sC ( )

L, — no-load inductance; Ly, — short-circuit inductance.

e Wound rotor speed control is to be approached through frequency
converters connected to the rotor brushes. The rotor converter rating is
low. Considerable converter cost saving is obtained with limited speed
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control so characteristic to such drives. With adequate frequency
converter, motoring and generating over or under conventional
synchronous speed (n; = fi/p;) is possible. High and very high power
motor/generator systems are main applications as separated active and
reactive power control for limited speed variation at constant frequency
is feasible. In fact, the largest electric motor with no-load starting has
been built for such purposes (for pump storage power plants).

e Details on control of electric drives with IMs are to be found in the rich
literature dedicated to this very dynamic field of engineering.
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Chapter 9

SKIN AND ON - LOAD SATURATION EFFECTS

9.1. INTRODUCTION

So far we have considered that resistances, leakage and magnetization
inductances are invariable with load.

In reality, the magnetization current I, varies only slightly from no-load to
full load (from zero slip to rated slip S, = 0.01 — 0.06), so the magnetization
inductance L, varies little in such conditions.

However, as the slip increases toward standstill, the stator current increases
up to (5.5 — 6.5) times rated current at stall (S = 1).

In the same time, as the slip increases, even with constant resistances and
leakage inductances, the magnetization current I, decreases.

So the magnetization current decreases while the stator current increases
when the slip increases (Figure 9.1).

1. E A 4 1 A
I m
s — Llm(DIIm

5
1l

v

a.) b.)

Figure 9.1 Stator I/I;, and magnetization I,, current, magnetization inductance (l,,) in p.u. a.),
leakage inductance and rotor resistance versus slip b.)

When the rotor (stator) current increases with slip, the leakage magnetic
field path in iron tends to saturate. With open slots on stator, this phenomenon is
limited, but, with semiopen or semiclosed slots, the slot leakage flux path
saturates the tooth tops both in the stator and rotor (Figure 9.2) above (2-3)
times rated current.

Also, the differential leakage inductance which is related to main flux path
is affected by the tooth top saturation caused by the circumpherential flux
produced by slot leakage flux lines (Figure 9.2). As the space harmonics flux
paths are contained within t/nt from the airgap, only the teeth saturation affects
them.
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Figure 9.2 Slot leakage flux paths Figure 9.3 Zig-zag flux lines

Further on, for large values of stator (and rotor) currents, the zig-zag flux
becomes important and contributes notably to teeth top magnetic saturation in
addition to slot leakage flux contribution.

Rotor slot skewing is also known to produce variable main flux path
saturation along the stack length together with the magnetization current.
However the flux densities from the two contributions are phase shifted by an
angle which varies and increases towards 90° at standstill. The skewing
contribution to the main flux path saturation increases with slip and dominates
the picture for S > Sy as the magnetization flux density, in fact, decreases with
slip so that at standstill it is usually 55 to 65% of its rated value.

A few remarks are in order.

e The magnetization saturation level in the core decreases with slip, such that
at standstill only 55 — 65% of rated airgap flux remains.

e  The slot leakage flux tends to increase with slip (current) and saturates the
tooth top unless the slots are open.

e Zig — zag circumpherential flux and skewing accentuate the magnetic
saturation of teeth top and of entire main flux path, respectively, for high
currents (above 2 to 3 times rated current).

e The differential leakage inductance is also reduced when stator (and rotor)
current increases as slot, zig-zag, and skewing leakage flux effects increase.

e As the stator (rotor) current increases the main (magnetising) inductance
and leakage inductances are simultaneously influenced by saturation. So
leakage and main path saturation are not independent of each other. This is
why we use the term: on-load saturation.

As expected, accounting for these complex phenomena simultaneously is
not an easy tractable mathematical endeavour. Finite element or even refined
analytical methods may be suitable. Such methods are presented in this chapter
after more crude approximations ready for preliminary design are given.

Besides magnetic saturation, skin (frequency) effect influences both the
resistances and slot leakage inductances. Again, a simultaneous treatment of
both aspects may be practically done only through FEM.
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On the other hand, if slot leakage saturation occurs only on the teeth top and
the teeth, additional saturation due to skewing does not influence the flux lines
distribution within the slot, the two phenomena can be treated separately.

Experience shows that such an approximation is feasible. Skin effect is
treated separately for the slot body occupied by a conductor. Its influence on
equivalent resistance and slot body leakage geometrical permeance is accounted
for by two correction coefficients, Kr and Kyx. The slot neck geometry is
corrected for leakage saturation.

Motor geometry and
S=K:S,, initial (constant)
“w_ 5 *  parameters for L motor
K=1,2,.... geometry

equivalent circuit

v v v v Y v
Procedure to calculate | Main flux |
equivalent parameters ' path ‘

» ofequivalent circuit ILl m (I | nonlinear
as influenced by skin ' model

and on - load }
saturation effects [

error check
Calculate new values of . .
) ILG)-LG-DI
IS Jr Y _» s IS(SD <€

as 15(), I+ (), () —

LG-LGDI
LR
Iy ) G-
NGO
LG+D=L 6K, (L)L G-1) -
PG D=1 G) K (G- G1)
YG+D=YG) K (rG)vG-1) -

v
1i(S), 1:(S), y(S), cosp(S)
Te(s): Im(s)s le(s)’ Lm(s)

L (8), RX(S)

Figure 9.4 Iterative algorithm to calculate IM performance and parameters as influenced by skin and
on-load saturation effects.

Finally, the on load saturation effects are treated iteratively for given slip
values to find, from the equivalent circuit with variable parameters, the steady
state performance. The above approach may be summarized as in Figure 9.4.

The procedure starts with the equivalent circuit with constant parameters
and calculates initial values of stator and rotor currents I, I.” and their phase
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shift angle y. Now that we described the whole picture, let us return to its
different facets and start with skin effect.

9.2. THE SKIN EFFECT

As already mentioned, skin effects are related to the flux and current density
distribution in a conductor (or a group of conductors) flowed by a.c. currents
and surrounded by a magnetic core with some airgaps.

Easy to use analytical solutions have been found essentially only for
rectangular slots, but adaptation for related shapes has also become traditional.

More general slots with notable skin effect (of general shape) have been so
far treated through equivalent multiple circuits after slicing the conductor(s) in
slots in a few elements.

A refined slicing of conductor into many sections may be solved only
numerically, but within a short computation time. Finally, FEM may also be
used to account for skin effect. First, we will summarize some standard results
for rectangular slots.

9.2.1. Single conductor in rectangular slot

Rectangular slots are typical for the stator of large IMs and for wound
rotors of the same motors. Trapezoidal (and rounded) slots are typical for low
power motors.

The case of a single conductor in slot is (Figure 9.5) typical to single
(standard) cage rotors and is commonplace in the literature. The main results are
given here.

The correction coefficients for resistance and slot leakage inductance Ky
and K are

_, (sinh2&+sin28) R,
B ?(cosh2g—cos28) Ry’

U3 fsinh2e-sin2)  (Lu), o
- 28 (cosh 2& —cos 2&) B (leq) .

s /dc

c

with

h / . .
E=Pph,=—;B= L M&; G, —electrical conductivity (9.2)
6Al 6Al 2 bs

The slip S signifies that in this case the rotor (or secondary) of the IM is
considered.

Figure 9.5 depicts Ky and K as functions of &, which, in fact, represents the
ratio between the conductor height and the field penetration depth 54 in the
conductor for given frequency Sw;. With one conductor in the slot, the skin
effects, as reflected in Ky and K,, increase with the slot (conductor) height, hy,
for given slip frequency Sw;.
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Figure 9.5 Rectangular slot
a.) slot field (H(x)) and current density (J(x)) distributions
b.) resistance Ky and slot leakage inductance Ky skin effect correction factors

This rotor resistance increase, accompanied by slot leakage inductance
(reactance) decrease, leads to both a lower starting current and a higher starting
torque.

This is how the deep bar cage rotor has evolved. To increase further the
skin effects, and thus increase starting torque for even lower starting current
(Lstart = (4.5-5)]14eq), the double cage rotor was introduced by the turn of this
century already by Dolivo — Dobrovolski and later by Boucherot.

The advent of power electronics, however, has led to low frequency starts
and thus, up to peak torque at start, may be obtained with (2.5-3) times rated
current. Skin effect in this case is not needed. Reducing skin effect in large
induction motors with cage rotors lead to particular slot shapes adequate for
variable frequency supply.

9.2.2. Multiple conductors in rectangular slots: series connection

Multiple conductors are placed in the stator slots, or in the rotor slots of
wound rotors (Figure 9.6).

b,

e,

= b

— 0000 » % ‘
= 0000

Figure 9.6 Multiple conductors in rectangular slots

According to Emde and R.Richter [1,2] who continued the classic work of
Field [3], the resistance correction coefficient Kgp for the p™ layer in slot (Figure
9.6) with current I,, when total current below p™ layer is I, is
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Iu(Iu cosy + Ip)

K = p(e) =——=—"v(¢) 9:3)
p
()= (sinh 2¢& +sin 2¢) ()= (sinh & —sin &) ©.4)
Pe)= (cosh 2& —cos 2¢)’ B (cosh& +cos&) '

S®HyG Al N

E=Poh; B,= 2 b

S

There are n conductors in each layer and y is the angle between I, and I,
phasors.

In two-layer windings with chorded coils, there are slots where the current
in all conductors is the same and some in which two phases are located and thus
the currents are different (or there is a phase shift y = 60°).

For the case of y = 0 with I, = I(p - 1) Equation (9.3) becomes

Ky = 0(&)+ (o> —p(e) 9.5)

This shows that the skin effect is not the same in all layers. The average
value of Kgp for m layers,

m 2 _
Kim =— 3 Ko (p) = 0(8)+ 2L y() > 1 9.6)
1

" m 3

Based on [4], for y # 0 in (9.6) (m?—1)/3 is replaced by

2
m (5+3005y)_l 9.6")
24 3
A similar expression is obtained for the slot-body leakage inductance
correction K, [4].
m? —1y'(¢)

K, =¢'(&)+ : <1 9.7)
m

() 3 (sinh2& —sin 2¢)
¢ (&)_ 28 (cosh 2& —cos 2&) ©8)

sinh &+ sin &)

(&)= 9.9
v (&) écosh§+cos§) ©9)
Please note that the first terms in Ky, and K, are identical to Ky and K, of
(9.1) valid for a single conductor in slot. As expected, Ky, and K,,, degenerate
into Kg and K, for one layer (conductor) per slot. The helping functions

0, v, ©', y' are quite general (Figure 9.7).
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For a given slot geometry, increasing the number of conductor layers in slot
reduces their height h = hy/m and thus reduces &, which ultimately reduces (&)
in (9.6). On the other hand, increasing the number of layers, the second term in
(9.6) tends to increase.

¢ a4 A
o’ 15 Kgm .
37 v h,-given
v L4 S, -given
1.5
27 3
® 12
1 4
0.5] ® :
i ; > £ 1 >
0.0 1 2 25 K m
) ) (critical)

Figure 9.7 Helping functions ¢, ‘P, ¢, P’ versus &

It is thus evident that there is a critical conductor height h, for which the
resistance correction coefficient is minimum. Reducing the conductor height
below h, does not produce a smaller Kg,.

In large power or in high speed (frequency), small/medium power machines
this problem of critical conductor height is of great importance to minimize the
additional (a.c.) losses in the windings.

A value of Kg,, = (1.1 — 1.2) is in most cases, acceptable. At power grid
frequency (50 — 60 Hz), the stator skin effect resistance correction coefficient is
very small (close to 1.0) as long as power is smaller than a few hundred kW.

Inverter-fed IMs, however, show high frequency time harmonics for which
Krm may be notable and has to be accounted for.

Example 9.1. Derivation of resistance and reactance corrections
Let us calculate the magnetic field H(x) and current density J(x) in the slot of an
IM with m identical conductors (layers) in series making a single layer winding.
Solution

To solve the problem we use the field equation in complex numbers for the
slot space where only along slot depth (OX) the magnetic field and current
density vary.

H(x) (9.10)
The solution of (9.10) is

H(x)=Ce (b o et g= |2

(9.11)

o
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Figure 9.8 Stator slot with single coil with m layers (conductors in series) a.) and
two conductors in series b.)

The boundary conditions are

H(Xp)'bs =Lp; X=X, X, =ph
H(Xp _h)'bs :ls(p—l); x=x,-h (9.12)

From (9.11) and (9.12), we get the expressions of the constants C; and C,

I (1+)px (1+7)plxp-h)
=—— = |p-=1 P _ P
&= 26, simh[(1+ Jph] (-1 pe ]

I (13) (1Bl O
_ 1 _ -1 =(1+])Bxp, =(1+j)Blxp—h
€2 =55 sinb[(1+ j)ph] Fo-1k Tpe ]
The current density J(x) is
1) - -2 ) By ctoms g ctom] 01a

For m = 2 conductors in series per slot, the current density distribution
(9.14) is as shown qualitatively in Figure 9.8.

The active and reactive powers in the p™ conductor S, is calculated using
the Poyting vector [4].

. bL|[JH JH
§a.c. = Pa.c. + JQa.Q =— [;__J - [;__J (9.15)
=Xp—h X

Geo |12 2

Denoting by R;,, and X, the a.c. resistance and reactance of conductor p, we
may write

P, =R, I° Q. =X,I’ (9.16)

ac ac—s
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The d.c. resistance Ry, and reactance Xy, of conductor p,

1 L

T Dde
Gc, hb

de —

= O, b;}{“ ; L -stack length 9.17)

The ratios between a.c. and d.c. parameters Kg,, and K, are

KRP:%; xp:% (9.18)
de dc

Making use of (9.11) and (9.14) leads to the expressions of Kg, and K,
represented by (9.5) and (9.6).

9.2.3. Multiple conductors in slot: parallel connection

Conductors are connected in parallel to handle the phase current, In such a
case, besides the skin effect correction Ky, as described in paragraph 9.3.2 for
series connection, circulating currents will flow between them. Additional losses
are produced this way.

When multiple round conductors in parallel are used, their diameter is less
than 2.5(3) mm and thus, at least for 50(60) Hz machines, the skin effect may be
neglected altogether. In contrast, for medium and large power machines, with
rectangular shape conductors (Figure 9.9), the skin effect influence has at least
to be verified. In this case also, the circulating current influence is to be
considered.

A simplified solution to this problem [5] is obtained by neglecting, for the
time being, the skin effect of individual conductors (layers), that is by assuming
a linear leakage flux density distribution along the slot height. Also the inter-
turn insulation thickness is neglected.

At the junction between elementary conductors (strands), the average a.c.
magnetic flux density B,y = B/4 (Figure 9.11a). The a.c. flux through the cross
section of a strand ®,, is

(Dac = Bavehlstack (919)

The d.c. resistance of a strand Ry, is

11
Rac ~ Rdc = G_ﬁ (920)
Co

Now the voltage induced in a strand turn E,. is
E,=0D, 9.21)

So the current in a strand Iy, with the leakage inductance of the strand
neglected, is:

Ist = Eac /Rac (922)
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Figure 9.9 Slot leakage flux density for coil sides: two turn coils
a.) two elementary conductors in parallel (strands) b.) three elementary conductors in parallel

The loss in a strand Pgnq 18

Ezac szzavehzlstack
Pstrand - Rac - 1 ltum (923)
Gc, bh

As seen from Figure 9.9a, the average flux density B,y is

B — Bm _ l’l'Oncoilehase(l + COS’Y)

ave

9.24
4 4b 29

S

Iphase is the phase current and y is the angle between the currents in the upper
and lower coils. Also, n. is the number of turns per coil (in our case ny =
2,3).

The usual d.c. loss in a strand with current (two vertical strands / coil) is

2
1.
Py =Ry [%j (9.25)

We may translate the circulating new effect into a resistance additional
coefficient, Kg,q.
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s

2,4 2 5 2
KRad ~ Pstrand :(,02 2 2 b’h (lstack] ncoil(l+COSY) (926)

turn

Expression (9.26) is strictly valid for two vertical strands in parallel.
However as B,, seems to be the same for other number of strands/turn,
Equation (9.26) should be valid in general.

Adding the skin effect coefficient Ky, as already defined to the one due to
circulating current between elementary conductors in parallel, we get the total
skin effect coefficient Kg;.

1
K =K 15"“" + Kgag (9.26")

turn

Even with large power IMs, Kg; should be less than 1.25 to 1.3 with Kg,q <
0.1 for a proper design.

Example 9.2. Skin effect in multiple vertical conductors in slot

Let us consider a rather large induction motor with 2 coils, each made of 4
elementary conductors in series, respectively, and, of two turns, each of them
made of two vertical strands (conductors in parallel) per slot in the stator. The
size of the elementary conductor is h-b = 5-:20 [mm-mm] and the slot width by =
22 mm; the insulation thickness along slot height is neglected. The frequency f;
= 60 Hz. Let us determine the skin effect in the stack zone for the two cases, if
lslack/ltum =0.5.
Solution

As the elementary conductor is the same in both cases, the first skin effect
resistance correction coefficient Kg,, may be computed first from (9.6) with &
from (9.4),

&=pB,h; h=8mm

-6
B - w1u06C0£:J2n60 1.256-10° 20 00 25
2 b, 2-18-10° 22

£=109.32-5-10" =0.5466

The helping functions @(§) and y(&) are (from (9.7)): ¢(§) = 1.015, y(&) =
0.04. Now with m = 8 layers in slot Kg,, (9.6) is

82 -1

Kg, =1.015+ 0.04=1.99

Now, for the parallel conductors (2 in parallel), the additional resistance
correction coefficient Kg,q (9.26) for circulating currents is
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2
K, =(1.256-10°f (2 602;(£) .
v =l Fexso) (1.8-10° (22

(5-107) 0.5 -2 (1+1)
4

=0.3918!

The coefficient Kg,q refers to the whole conductor (turn) length, that is, it
includes the end-turn part of it. Kg,, is too large, to be practical.

9.2.4. The skin effect in the end turns

There is a part of stator and rotor windings that is located outside the
lamination stack, mainly in air: the end turns or endrings.

The skin effect for conductors in air is less pronounced than in their
portions in slots.

As the machine power or frequency increases, this kind of skin effect is to
be considered. In Reference [6] the resistance correction coefficient Ky for a
single round conductor (dc,) is also a function of B in the form (Figure 9.10).

®1O o
£ = dm/% (9.27)

2.0 hy/b=1
4 101
1.3 hl@ 5
by
o7

1.1+

5
10 f f f f f f E"; } } >
1234567 8 16 20 bh(enr)
f=50Hz
a.) b.)

Figure 9.10 Skin effect correction factor Ky for a round conductor in air:
a.) circular b.) rectangular

On the other hand, a rectangular conductor in air [7] presents the resistance
correction coefficient (Figure 9.10) based on the assumption that there are
magnetic field lines that follow the conductor periphery.

In general, there are m layers of round or rectangular conductors on top of
each other (Figure 9.11).
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b=B+1.2H
«————»
a.) b.)

Figure 9.11 Four layer coil in air a.) and its upper part placed in an equivalent (fictious) slot

Now the value of & is

E=dc, @13 00 ﬁ for round conductors
+1.
(9.28)
E=h, Qe B for rectangular conductors
2 B+12H

As the skin effect is to be reduced, & should be made smaller than 1.0 by
design. And, in this case, for rectangular conductors displaced in m layers [2],
the correction coefficient Kgp, is

2 —
Ko =1+£m—0'8)&,4 (9.29)

¢ 36
For a bundle of Z round conductors [24] Ky is

K

Rme

=1+0.005-Z-(d/cm)*(f/50Hz)’ (9.29°)

The skin effect in the endrings of rotors may be treated as a single
rectangular conductor in air. For small induction machines, however, the skin
effect in the endrings may be neglected. In large IMs, a more complete solution
is needed. This aspect will be treated later in this chapter.

For the IM in example 9.2, with m = 4, & = 0.5466, the skin effect in the end
turns Kgpe (9.29) is

42038

Kgpe =1+ 0.5466 =1.0377!

As expected, Kgpne << Kgy, corresponding to the conductors in slot. The total
skin effect resistance correction coefficient Ky, is

KRt — Klestack + I<1Rme (lcoil - lstack) + KRad (930)

coil

For the case of example 9.2,
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1.99+1 .0377(1 L

1.5) +0.3918=1.5572+0.3918 = 1.949

K =
Rt 15

for 2 conductors in parallel and K, = 1.5572, for all conductors in series.
9.3. SKIN EFFECTS BY THE MULTILAYER APPROACH

For slots of more general shape, adopted to exploit the beneficial effects of
rotor cages, a simplified solution is obtained by dividing the rotor bar into n
layers of height h, and width b; (Figure 9.12). The method originates in [1].

For the p™ layer Faraday’s law yields

R,1, R, L, =—jSoAD, (9.31)
|_|
'} ® n 1l
5 "
by PYECH R oA >
* < o rbp b t* D E lp
h, op ] —» >
X ORI >
) >
® o L
© 1 alls
Zero resistance
ring
Figure 9.12 More general shape rotor bars
R :L stack : Rp+1 — L lstack : A(Dp — “Olstackht ilj (932)
SN bpht SN bp+lht bp j=1

R, and Ry represent the resistances of p™ and (p+1)" layer and L, the
inductance of p™ layer.

L = uOlstackht (933)
p bp

With (9.33), Equation (9.31) becomes

R So,L, &
P P71 p
1 —Ip+J—E I (9.34)

p+l =
Rp+1 Rp+1 j=1

Let us consider p = 1,2 in (9.34)
.SoL;

I, = &11 +]
R, R,

I 935)
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I +1,) (9.36)

If we assign a value to I; in relation to total current I, say,

1
(11 )mni;ﬂ = ?b > 9.37)

we may use Equations (9.34) through (9.36) to determine the current in all
layers. Finally,

(9.38)

As expected, I, and I,/ will be different. Consequently, the currents in all
layers will be multiplied by I,/I,’ to obtain their real values. On the other hand,
Equations (9.35) — (9.36) lead to the equivalent circuit in Figure 9.12.

Once the layer currents I, ... I, are known, the total losses in the bar are

P, = Zn:|1j|2Rj (9.39)

AN AARZ _
—

Figure 9.13 Equivalent circuit for skin effect evaluation

In a similar manner, the magnetic energy in the slot W, is

2
Woe = — ZL Z (9.40)
The d.c. power loss in the slot (for given total bar current) Pg, is
L
e =2 TR T, = —hb; (9.41)

bar
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Also the d.c. magnetic energy in the slot

i
Z Ikdc
1

Now the skin effect resistance and inductance correction coefficients Ky, K,
are

2
(9.42)

1 &
Wmdc = EZLJ
=

P -
Ky = P_ac == (9.43)
d
‘ ZI?dCRJ
j=1
n j 2
> L, I
K, == L (9.44)
n J
Lj ZIkdc
j=1 k=1

Example 9.3. Let us consider a deep bar of the shape in Figure 9.12 with the
dimensions as in Figure 9.14.

Let us divide the bar into only 6 layers, each 5 mm high (h; = 5 mm) and
calculate the skin effects for S =1 and f; = 60 Hz.

y b.=b_ =14mm
10 6 56
\ 5 stack length
5 3 —» 4 8mm 1stackzlrn
1 3 b,=8mm
15 2
v | 1 b,=b,=b,=20mm
20mm
\
Figure 9.14 Deep bar geometry
Solution
From Figure 9.14, the layer resistances and inductances are (9.32 — 9.33).
1
R, =R, =R, SRR ! =0.333-10°Q

G bihy 3:107 20-107%-5.107°
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R, = 1 =0.833-107°Q
oA bshy  3-1078:107°-5-107°
Rs=Rg= R : =0.476-107°Q
G bsh,  3-107 14.107° 5107
From (9.33)

L1=L2=L3=%=1256~10*.1 %:0314 10°°H

1

L, = Mol 55610760005 _ 265 1o
S 0.008

6 0.005

Ly =1, = Hobsadle _y 55619760005 _ 445571070k

5

Let us now consider that the bar current is I, = 3600A and I, = I,/n =1,/6 =
600A. Now L, (in the second layer from slot bottom) is

6
L= Ry 11+JS“’1L111=600+j-1-2n60 M 600 = 600+ j213.18A
R, R, 0.333-107°
|L,| = 634.74A

I, - 11:2 L+ SO;LZ (I, +1,)=600+j213.18 +
3 3

6
+-1-2760- w (600 + 600 + j213.18) = 524.25 + j640A

0.333-1073
I, =827.3A
R Sco L 0.333-1073 )
==L+ I3 (L + 1, + 1 ) =—————(524.25+ j426.26)+
TR TR, 0L+ = s 10 42626)

6
+-1-2160- w (600 + 600+ j213.18 + 524 + j640)
0.833-107°

=55.5+ j490.2A

IL,|=49327A
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R L 107
=Rag 30 (g g e o) = 23200 (5554 ja90.2)+
R, 7 R, 0.476-1073

6
+j-1-2160- m (1779.75 + j1342)
0.4485-107

=-712.088+ j2030.4A
|5 =2151.2A

I, - R51 ;i .So,L;

R S (L + L+ L+ 1) =

6
-3
= %(— 712.088 + j2030.4)+

-6
+j-1- 2n60.w (= 712.088 + j2030.4 +1724.25 + j853)
0.476-10

=-1735.75+j2389.4A

[l = 2953.31A

Now the total current

L'=1 +1, + 1, +1, +1; +1, = —712.088 + j2030.4 —1735.75 + j2389 =
=-2447.75 + j4419.4A

I,'~ 5050A

The a.c. power in the bar is

= > 1{R; =0333- 102(600% + 636.742 + 827.30% ) +

j=1

+0.833-107 493272 + 04761072 (215122 + 295531 ) =
= 482 + 202.68 + 6360 = 7044.68W

The d.c. current distribution in the 6 layer is uniform, therefore

'

I 5050-20.5
L = lhge = I3 =—2—bjh, = =1052.08A
lde 7 rade e A T T (14,10 + 8.5+ 15.20)

I' 5050-8.5
lyge =—2—bgh, =——=

=420.83A
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L'

5050145

Lsgo = Igge =—2—bsh, = 736.458A

bar

Py =D T5R;=0333-107-3-1052.08> +
j=1

+0.833-107°-420.83% +0.476-107° - 2-736.458% =1768.81W
and the skin effect resistance correction factor Ky is

_ P, _ 7044.68

R = =3.9827!
P, 1768381

The magnetic energy ratio K is

A
Ko=%
A= L1Q11|2 +|11 “‘12|2 +|11 +1, +l3|2)+ L4|l1 +1, +l3|2 +

AL+ L+ L+ L+ L A Ll 4 L+ L+ I+ L+ 1

B=L, [Imc2 + (Ildc +1h4e )2 + (Ildc + e +Lage )2J+

2 ' 2 12
+L, (Ildc +1p4e +1agc + I4dc) +L;s (Ib _16) +LsI,

A=0314-10"° (6002 +1.217°10° + 1.92372106)+ 0.785-107°2.229°10° +
+0.44857.107°(3.0554%10° +5.050%10°)

B=0314- 10*6(1.0522106 +2.104710° + 3.1562106)+
+0.785-107°3.576710° +0.44857-107° (4.3 128°10° + 5.052106)

21267
34685

The inductance coefficient refers only to the slot body (filled with
conductor) and not to the slot neck, if any.
A few remarks are in order.
e The distribution of current in the various layers is nonuniform when the
skin effect occurs.
e Not only the amplitude, but the phase angle of bar current in various layers
varies due to skin effect (Figure 9.14).
e AtS=1 (f; = 60 Hz) most of the current occurs in the upper part of the slot.

=0.613!
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e The equivalent circuit model can be easily put into computer form once the
layers geometry—h, (height) and b; (width)-are given. For various practical
slots special subroutines may provide bj, h; when the number of layers is
given.

e To treat a double cage by this method, we have only to consider zero the
current in the empty slot layers between the upper and lower cage (Figure
9.15).

empty layers

Figure 9.15 Treating skin effect with equivalent circuit (or multilayer) method

Now that both Ky and K, are known, the bar resistance and slot body
leakage geometrical specific permeance Agoqy is modified to account for skin
effect.

(ksbody )ac = (Xsbody )dc Kx (945)
From d.c. magnetic energy W4 (9.42), we write
1 W,
de = EIL,SC = “()lstack (ksbody )dc (9.46)
b
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The slot neck geometrical specific permeance is still to be added to account
for the respective slot leakage flux. This slot neck geometrical specific
permeance is to be corrected for leakage flux saturation discussed later in this
chapter.

9.4. SKIN EFFECT IN THE END RINGS VIA THE MULTILAYER
APPROACH

As the end rings are placed in air, although rather close to the motor
laminated stack, the skin effect in them is routinely neglected. However, there
are applications where the value of slip goes above unity (S = up to 3.0 in
standard elevator drives) or the slip frequency is large as in high frequency
(high speed) motors to be started at rated frequency (400 Hz in avionics).

For such cases, the multilayer approach may be extended to end rings. To
do so we introduce radial and circumpherential layers in the end rings (Figure
9.16) as shown in Reference [7].

Re())
—>

1) |
"0 1)

LOL R, G) Ro-) oL N

a.)

<+rJ Re(j) h, j-layer

\\Rc(j-l) j-1-layer’

! 2
N\ bar contour

c.)

Figure 9.16 Bar-end ring transition
a.) slot cross — section b.) radial and circumpherential layer end ring currents
c.) geometry of radial and circumpherential end ring layers

In all layers, the current density is considered uniform. It means that their
radial dimension has to be less than the depth of field penetration in aluminum.
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The currents in neighboring slots are considered phase-shifted by 2mnp;/N;
radians (N,—number of rotor slots).
The relationship between bar and end ring layer currents (Figure 9.16) is

.27p;

21
Ty + Loy +Lpe ™ =L + 1L ©.47)
2.2

Kpe 16 poles
2.0
L3 ?v?
1.6
1.4
1.2
0 50 100 150
Frequency (Hz)
Figure 9.17 End ring skin effect resistance coefficient Kg,
_jZmeL
N, _
Reg L + R Lie =R inley + R L) (948)

The circumpherential extension of the radial layer r; is assigned a value at
start. Now if we add the equations for the bar layer currents, we may solve the
system of equations. As long as the radial currents increase, v; is increased in the
next iteration cycle until sufficient convergence is met. Some results, after [2],
are given in Figure 9.17.

As the slot total height is rather large (above 25 mm), the end ring skin
effect is rather large, especially for rotor frequencies above 50(60) Hz. In fact, a
notable part of this resistance rise is due to the radial ring currents which tend to
distribute the bar currents, gathered toward the slot opening, into most of end
ring cross section.

9.5. THE DOUBLE CAGE BEHAVES LIKE A DEEP BAR CAGE

In some applications, very high starting torque—T/ Traea = 2.0—is required.
In such cases, a double cage is used. It has been proved that it behaves like a
deep bar cage, but it produces even higher starting torque at lower starting
current. For the case when skin effect can be neglected in both cages, let us
consider a double cage as configured in Figure 9.18. [8]
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hox
A A (I)W
h A
Rbs jswlLbS
AN
iSo(L. +L
& e }JSwlel
wa jSO)lLbW
aVa

Z, =R, So)HX, (So)

Figure 9.18 Double cage rectangular-shape geometry a.) and equivalent circuit b.)

The equivalent single bar circuit is given in Figure 9.18b. For the common
ring of the two cages

Rr = Rring: Rbs = Rbs upper bars wa = wa lower bar (949)
For separate I'iIlgS
Rr = 0, Rbs = Rbs + Rerings: wa = wa + Reringw (950)

The ring segments are included into the bar resistance after approximate
reduction as shown in Chapter 6. The value of L, is the common ring
inductance or is zero for separate rings. Also for both cases, L(®.) refers to the
slot neck flux.

h
Le(q)e): uolstack — (951)
ay

We may add into L, the differential leakage inductance of the rotor.
The start (upper) and work (lower) cage inductances Ly and Ly, include the
end ring inductances only for separate rings. Otherwise, the bar inductances are

_ s
Lbs - p'Olstack

3a
. h . 9.52)
wa = uolslack(?)_w+_ +_S]
a, a ag
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There is also a flux common to the two cages represented by the flux in the
starting cage. [3]

h
Lml = uolstack ﬁ (953)
s

In general, L., is neglected though it is not a problem to consider in solving
the equivalent circuit in Figure 9.18. It is evident (Figure 9.18a) that the starting
(upper) cage has a large resistance (Ry) and a small slot leakage inductance Ly,
while for the working cage the opposite is true.

Consequently, at high slip frequency, the rotor current resides mainly in the
upper (starting) cage while, at low slip frequency, the current flows mainly into
the working (lower) cage. Thus both Ry, and X, vary with slip frequency as
they do in a deep bar single cage (Figure 9.19).

A

Figure 9.19 Equivalent parameters of double cage versus slip frequency

9.6. LEAKAGE FLUX PATH SATURATION-A SIMPLIFIED
APPROACH

Leakage flux path saturation occurs mainly in the slot necks zone for
semiclosed slots for currents above 2 to 3 times rated current or in the rotor slot
iron bridges for closed slots even well below the rated current (Figure 9.20).

Consequently,
aos': aos +(TS%SaOS)MO; Tss :%
aor':aor-‘r(’ts;aor) 0; Tsr:M (954)
M, N,
aor': borub
ubr

The slot neck geometrical permeances will be changed to: a’,s/hys, @' o/hor, OF
a'y/h,, dependent on stator (rotor) current.
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@ @ Bts(r)
H >
] O\S L_I s T hOS H E‘I
» A ts(r)
Qos b
a(‘)zi 4 or
>/ h -
T X By (Hyr)
® r ® ®
Tsr
L oo 3 L 0.1-0.2
Iratcd ( ) ) Iratcd ( T )

Figure 9.20 Leakage flux path saturation conditions
With ng the number of turns (conductors) per slot, and I and I, the stator
and rotor currents, the Ampere’s law on I, I, trajectories in Figure 9.20 yields

Hts (Tss - aos)+ H a ~ nsIs \/5’ I"LsHts = Bts = I"LOHOS

os™ os

Htr(Tsr _aor)+ Horaor ~ Ib \/59 l"ertr = Btr = ”’()Hor (955)
Htrbor = Ib\/z’ ubr :%

tb

The relationship between the equivalent rotor current I, (reduced to the
stator) and I, is (Chapter 8)

ICLN S (9.56)
N TN

T r

Ib :Ir'

Ns—number of stator slots; K,,;—stator winding factor.

When the stator and rotor currents I and I’ are assigned pertinent values,
iteratively, using the lamination magnetization curves, Equations (9.55) may be
solved (Figure 9.20) to find the iron permeabilities of teeth tops or of closed
rotor slot bridges. Finally, from (9.54), the corrected slot openings are found.

With these values, the stator and rotor parameters (resistances and leakage
inductances) as influenced by the skin effect (in the slot body zone) and by the
leakage saturation (in the slot neck permeance) are recalculated. Continuing
with these values, from the equivalent circuit, new values of stator and rotor
currents I, I" are calculated for given stator and voltage, frequency and slip.

The iteration cycles continue until sufficient convergence is obtained for
stator current.
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Example 9.4. An induction motor has semiclosed rectangular slots whose
geometry is shown in Figure 9.21.

The current density design for rated current is jc, = 6.5 A/mm” and the slot
fill factor Kg; = 0.45. The starting current is 6 times rated current. Let us
calculate the slot leakage specific permeance at rated current and at start.

a,=10mm
< )

he=35mm

L TsT18mm

h51:2.0mm4'_‘ﬁ_‘ [
e

hOSIZ.OmmaOS:LLSmm

v

Figure 9.21 Slot geometry

Solution
The slot mmf ngl; is obtained from

I, =(ha,)Kzjc, =10-35-0.45-6.5=1023.75Ampereturns
Making use of (9.54),

{H (18—-4.5)+ ﬁ4.5} 107 =1023.75V2

Ho

-6
B, = (1023.75\/5 ~H,-13.5-107 )% =0.4029 — H,,3u,

It is very clear that for rated current By < 0.4029, so the tooth heads are not
saturated. In (9.54), a,' = a,s and the slot specific geometrical permeance A; is

pomde A M 35, 223 3 455
3a, a,+a, a, 3-10 45+10 45

0s

For the starting conditions,

{Hn (18-4.5)-107 + &4.5} 107 =6142.5¢2
Ko

Bistart = 2:41 = Higar 310

Now we need the lamination magnetization curve. If we do so we get By
~ 2.16T, Hyare ® 70,000 A/m. The iron permeability i is
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B _ Bart -1 _ 2.16

) Ee——— o —2456
wy  Hy 70000-1.256-10

Consequently, a_'=a  + Mpo =45+ M =5.05mm
IR 24.56

The slot geometric specific permeance is, at start,

., hy 2h,, h,, 35 2-2.5 2
A= + £ 4= = + +
3a, a_'ta, a ' 3-10 5.05+10 5.05

s os s 0s

=1.895

The leakage saturation of tooth heads at start is not very important in our
case. In reality, it could be more important for semiclosed stator (rotor) slots.

Example 9.5. Let us consider a rotor bar with the geometry of Figure 9.21. The
bar current at rated current density ja, = 6.0 A/mm? is

Lye = Jjarh: a. ;b’) =25 (11+5)-6 =1200A
23mm
‘hbr=1.0mm a,
h=25mm Z P # }
CNF
\
/
\L/
ar=5mm abr:1 IIHI]]

Figure 9.22. Closed rotor slots

Calculate the rotor bridge flux density for 10%, 20%, 30%, 50%, 100% of
rated current and the corresponding slot geometrical specific permeance.
Solution

Let us first introduce a typical magnetization curve.

B(T) | 005| 01 |015] 02 |025] 03 |035]| 04 | 045 | 0.5
H(A/m) | 22.8 35 45 49 57 65 70 76 83 90

B(T) | 055 ] 06 | 065 | 07 | 075 ] 08 | 085 ] 09 | 0.95 1
H(A/m) | 98 106 | 115 124 | 135 148 162 177 198 | 220

B(T) 1.05 | 1.1 1.15 1.2 | 1.25 1.3 135 | 14 | 145 | 15
H(A/m) | 237 | 273 | 310 | 356 | 417 | 482 | 585 | 760 | 1050 | 1340
B(T) 1.55 | 1.6 | 165 | 1.7 | 1.75 | 1.8 | 1.85 | 1.9 | 195 | 2.0
H(A/m) | 1760 | 2460 | 3460 | 4800 | 6160 | 8270 | 1117015220 22000 | 34000
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Neglecting the tooth top saturation and including only the bridge zone, the
Ampere’s law yields

I
Hyay, =1,; Hy, :—b; ay, =11mm

Apr

For various levels of bar current, Hy, and By, become

I, (A) 120 240 360 600 1200
Hy, 10909 21818 32727 54545 109090
By 1.84 1.95 1.98 2.1 2.2
Hy, 134.28 71.16 48.165 30.653 16.056
_ Pbr
Hrel = N
0
a, 0.0819 0.1546 0.2284 0.3588 0.6851
a,'=—% (mm)
Mrel
A B 2hr h 14.293 75.1 5.42 3.8287 2.5013
slot ™ 3(a +a ) a,.'
r br or

Note that at low current levels the slot geometrical specific permeance is
unusually high. This is because the iron bridge is long (ay, = 11mm); so Hy, is
small at small currents.

Also, the iron bridge is Imm thick in our case, while 0.5 to 0.6 mm would
produce better results (lower Aq,). The slot height is quite large (h, =25 mm) so
significant skin effect is expected at high slips. We investigated here only the
currents below the rated one so Sf; < 3 Hz in general. Should the skin effect
occur, it would have reduced the first term in Ay, (slot body specific
geometrical permeance) by the factor K.

As a conclusion to this numerical example, we may infer that a thinner
bridge with a smaller length would saturate sooner (at smaller currents below
the rated one), producing finally a lower slot leakage permeance Agy. The
advantages of closed slots are related to lower stray load losses and lower noise.

9.7. LEAKAGE SATURATION AND SKIN EFFECTS-A
COMPREHENSIVE ANALYTICAL APPROACH

Magnetic saturation in induction machines occurs in the main path, at low
slip frequencies and moderate currents unless closed rotor slots are used when
their iron bridges saturate the leakage path.

In contrast, for high slip frequencies and high currents, the leakage flux
paths saturate as the main flux decreases with slip frequency for constant stator
voltage and frequency.

The presence of slot openings, slot skewing, and winding distribution in
slots, make the problem of accounting for magnetic saturation, in presence of
rotor skin effects, when the induction machine is voltage fed, a very difficult
task.
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Ultimately a 3D finite element approach would solve the problem, but for
prohibitive computation time.

Less computation, intensive, analytical solutions have been gradually
introduced [9—-15]. However, only the starting conditions have been treated
(with Iy = I known), with skin effect neglected. Main flux path saturation level,
skewing, zig-zag leakage flux have all to be considered for a more precise
assessment of induction motor parameters for large currents.

In what follows, an attempt is made to allow for magnetic saturation in the
main and leakage path (with skin effect accounted for by appropriate correction
coefficients Ky, K,) for given slip, frequency, voltage, motor geometry, no-load
curve, by iteratively recalculating the stator magnetization and rotor currents
until sufficient convergence is obtained. So, in fact, the saturation and skin
effects are explored from no-load to motor stall conditions.

The computation algorithm presupposes that the motor geometry and the
no-load curve as L(I,), magnetising inductance versus no-load current, is
known based on analytical or FEM modeling or from experiments.

L joLi(Swy)
PWAVAVAY

Figure 9.23 Equivalent circuit with main flux path saturation and skin effects accounted for

The leakage inductances are initially considered unsaturated (as derived in
Chapter 6) with their standard expressions. The influence of skin effect on slot—
body specific geometric permeance and on resistances is already accounted for
in these parameters.

Consequently, given the slip value, the equivalent circuit with the variable
parameter L,,(I,,), Figure 9.23, may be solved.

The phasor diagram corresponding to the equivalent circuit in Figure 9.23 is
shown in Figure 9.24.

From the equivalent circuit, after a few iterations, based on the L (I,)
saturation function, we can calculate I, @, L', ¢y, Ly, Q.

As expected, at higher slip frequency (Sw,;) and high currents, the main flux
Wy, decreases for constant voltage V, and stator frequency ;. At start (S = 1,
rated voltage and frequency), due to the large voltage drop over (R, + j o,Ly),
the main flux ¥, decreases to 50 to 60% of its value at no-load.

This y,, decreasing with slip and current rise led to the idea of neglecting
the main flux saturation level when leakage flux path saturation was
approached. However, at a more intrusive view, in the teeth top main flux (\V,),
slot neck leakage flux (®y, @), zig-zag leakage flux (D, D,,), the so-called
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skewing flux (@, D), and the differential leakage flux (D, Pyy) all meet to
produce the resultant flux and saturation level (Figure 9.25). It is true that these
fluxes have, at a certain point of time, their maxima at different positions along
rotor periphery.

= 2skew

o

@,

Elmz\g

Ry
—rrar_ \lj
ST e
LI

Figure 9.24 The phasor diagram

In essence, the main flux phase angle is ¢y, , while @y, ©@,;, Og;, Py, D2,
@y,, have the phase angles @, ¢;, while @y, Dy, are related to rotor current
uncompensated mmf and thus is linked to @, again. As slip varies, not only I, I/,
I, vary but also their phase angles: especially ¢ and ¢,” with ¢, about the same.

The differential leakage fluxes (®g4;, Py) are not shown in Figure 9.25
though they also act within airgap and teeth top zones, AB and DE.

To make the problem easy and amenable to computation, it is assumed that
when saturation occurs in some part of the machine, the ratios between various
flux contributions to total flux remain as they were before saturation.

The case of closed rotor slots is to be treated separately. Let us now define
the initial expressions of various fluxes per tooth and their geometrical specific
leakage permeances.

The main flux per tooth @, is

Y 2P, >
ml WIK Ns \Vm m( m) m ( )

wl

On the other hand, noticing that the stator slot mmf AT, = nSIm\E , the
main flux per stator tooth is
N
iy (9.58)

T

CI)ml :ATlmuolstack}“m; (DmZ =0

where A, is the equivalent main flux geometrical specific permeance.
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Figure 9.25 Computational flux lines

In a similar manner, the zig-zag fluxes @, and @, are

q)zl = ATlu'Olslack}\‘zl
q)z2 = ATZl’LOlstack}\’ZZ (959)

AT, = nSIS\E; AT, =n,I', \/5;
From (9.56) and (9.59) n, is

— Ib\/z _ Ns

n, = n K, (9.60)
r I'r \/5 sTNW Nr
The unsaturated zig-zag specific permeances A,; and A, are [5]
K, ’nD
g =— 72 (1.2a,-0.2) (9.61)
12N.g
K, ’nD
App=— £ (1.2a,-0.2 9.62
2= o 1222702) 9.62)
2
a, = tI(Sg"'bos)_bor (963)

tI(Sg + bos)
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tZ(Sg + bor)_b052

a, = (9.64)
t2 (Sg + bor)
The slot neck fluxes @, and D, are straightforward.
h,.
(Dstl = ATluolstack}”sll; }”sll == (965)
bOS
. hor
(Dstz = ATZ“OISIackk‘stZ’ }\‘stZ = b_ (966)

or

The differential leakage, specific permeance A4, may be derived from a
comparison between magnetization harmonic inductances L,,, and the leakage
inductance expressions Ly and L' (Chapter 7).

L — % (‘E / v)lstack (WIKWV )2 (967)
" TEZ (plv)ch (l + Ksteeth )

2

le = 2“0 Wl (}\‘ss +}\‘zl + }\’endconl +}\’stl + }\’dl) (968)
pid
W 2
Lsr = 2""’0 : (7\‘sr +7\’z2 +7\‘endcon2 + 7\‘d2 +7\‘st2 + k‘skZ) (969)

P9

© K 2 q <
hg = 23— ———~h -A
! le gk v (1+K ) o (Tar = ATy)

2 0
_ 2 l0g?+2) . 5(30° 1 At =K,
27 ,2

q;

Tal

ml
r

[m]z [Tcp1 -skew]
N N
T2 = - - -1
sin? TPy sin? ip, -skew
Nr N]'

The coefficient K,; and K, are found from Figure 9.26.
The slot-specific geometric permeances Ay and A, for rectangular slots,
with rotor skin effect, are

9
Ay = %(‘rdz _At,) At, =K, [ZPIJ (9.70)
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h

Mo =30+ 9.71)
s
h, . .
Ay = 3b Ky +Xy,; K, —skin effect correction 9.72)
T
0.45
0.4
0.35
i 0.3 4
< 025 8
S 02
g —@-— slot opening/airgap = 8
g 0.15 4 —e— slot/opening/airgap = 15
g 0.1 1 —a— slot opening/airgap = 20
= —¢slot opening/airgap = 30
0.05 ] —e— slot opening/airgap = 30
0 T

0 01 02 03 04 05 06 07
Slot opening / slot pitch ratio

Figure 9.26 Correction coefficient for differential leakage damping

The most important “ingredient” in leakage inductance saturation is, for
large values of stator and rotor currents, the skewing (uncompensated) mmf.

9.7.1. The skewing mmf

The rotor (stator) slot skewing, performed to reduce the first slot harmonic
torque (in general) has also some side effects such as: a slight reduction in the
magnetization inductance L,, accompanied by an additional leakage inductance
component, L' y.,. We decide to “attach” this new leakage inductance to the
rotor as it “disappears” at zero rotor current.

R FZ (X7 m7t)
y ST

P .
A > AN

A Fxb) >

0 /*I ymzlstack( 2 X

F2 (Xf_ym 5t)

Figure 9.27. Phasing of stator and rotor mmfs for skewed rotor slots
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To account for L, alteration due to skewing, we use the standard skewing

conv

factor Koy, -

(m
sm(2 skew / m,qu
K = ; Ko ~0.98-1.0 (9.73)
gskew/mlql

and include a rotor current linear dependence to make sure that the influence
disappears at zero rotor current,
I '
I<skew =1- (1 - gﬁ:\;’/ )I_r (974)
S
skew—is the skewing in stator slot pitch counts.
To account for the skewing effect, we first consider the stator and rotor
mmf fundamentals for a skewed rotor.
As the current in the bar is the same all along the stack length (with interbar
currents neglected), the rotor mmf phasing varies along OY, beside OX and
time (Figure 9.27) so the resulting mmf fundamental is

F(x,y,t)=F,, Sin[ﬁx - 2nfltj +
T

+E, sin[zx —2nfit- ((pS - (pr)— skew — J (9.75)
T

rnlql 1smck
_ lstack < y < lstack

2 2

We may consider this as made of two terms, the magnetization mmf Fj,,
and the skewing mmf Fpgey.

F(%, ¥, t)= Fng + Fageew (9.76)

Fimag = Fim sin[%x - 2nfltj +

skew — J -sin(ﬁx —2nfit— ((pS -, )J
m;q, stack T

(9.77)

+En COS(

skew — J -COS(E x —2nfjt— ((pS - q)r)j (9.78)

FZskew = _FZm Sln[
m;q, stack T

Fimag 1s only slightly influenced by skewing (9.77) as also reflected in (9.73).
On the other hand, the skewing (uncompensated) mmf varies with rotor
current (Fy,) and with the axial position y. It tends to be small even at rated
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current in amplitude (9.78) but it gets rather high at large rotor currents. Notice
also that the phase angle of Fiag (@) and Fogew (¢r) are different by slightly
more than 90° (Figure 9.24), above rated current,

Pskew = Pr =Py (979)

We may now define a skewing magnetization current [gyew:

I, =] :TTZ sin(2p,SKW, /N, ) (9.80)

mskew m
Im

Example 9.6. The skewing mmf

Let us consider an induction motor with the following data: no-load rated
current: I, = 30% of rated current; starting current. 600% of rated current; the
number of poles: 2p; = 4, skew = 1 stator slot pitch; number of stator slots Ny =
36. Assessment of the maximum skewing magnetization current Igew/Inm for
starting conditions is required.
Solution

Making use of (9.80), the skewing magnetization current for SKW; =
tskew.

I AT, N 36

m Im s m

L ckew . AT, Sin(nzpl(SkeW/z)j=i[1—"]sin[n'4'l/2jz

0,
~+ Lo -0.15643 ==+ 600%
I 30%

(]

-0.15643 = +£3.1286!

m

This shows that, at start, the maximum flux density in the airgap produced
by the skewing magnetization current in the extreme axial segments will be
maximum and much higher than the main flux density in the airgap, which is
dominant below rated current when Iy, becomes negligible (Figure 9.28).

A
B gsker

10T S=1 (start)

S=§, (}r/ated load)

>

R

7 segments !

Figure 9.28 Skewing magnetization current produced airgap flux density
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Airgap flux densities in excess of 1.0 T are to be expected at start and thus
heavy saturation all over magnetic circuit should occur.

Let us remember that in these conditions the magnetization current is
reduced such that the airgap flux density of main flux is (0.6 — 0.65) of its rated
value, and its maximum is phase shifted with respect to the skewing flux by
more than 90° (Figure 9.24). Consequently at start (high currents), the total
airgap flux density is dominated by the skewing mmf contribution! This
phenomenon has been documented recently through FEM [16].

Dividing the stator stack in (N, + 1) axial segments, we have:

SKW, = 0.0, 5kew skew
N 2

seg

(9.81)

Now, based on I,gew, from the magnetization curve (L.(I,)), we may
calculate the magnetization inductance for skewing magnetization current
Liu(Inskew)- Finally we may define a specific geometric permeance for skewing
7\'sk1'

Lm (Imskew ) (982)

Kkl —
) NK,, Wingpl

stack
W,—turns/phase.
sk1 depends on the segment considered (6 to 10 segments are enough) and

on the level of rotor current.
Now the skewing flux/tooth in the stator and rotor is

(Dskl = ATZ Sin(WJuolsmckxskl (983)
N
chkZ = (Dskl Ns (984)

T

In (9.83), the value of @, is calculated as if the value of segmented
skewing is valid all along the stack length. This means that all calculations will
be made ny, times and then average values will be used to calculate the final
values of leakage inductances.

Now if the skewing flux occurs both in the stator and in the rotor, when the
leakage inductance is calculated, the rotor one will include the skewing
permeance Ag.

NS
}\‘skZ }\‘skl N (985)

T

9.7.2. Flux in the cross section marked by AB (Figure 9.25)

The total flux through AB, @45 is
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Dy :%+%+®Zl +O,,+ Dy, (9.86)
Let us denote
()
Coi = P Caa = - Ca :—(DZI 9-87)
20,5 20 ,p Dup
() ()
Cyi = q)s“ Co=g 2 (9.88)
AB AB

These ratios, calculated before slot neck saturation is considered, are also
taken as valid for a total leakage saturation condition.

There are two different situations: one with the stator tooth saturating first
and the second with the saturated rotor teeth.

9.7.3. The stator tooth top saturates first

Making use of Ampere’s and flux laws, the slot neck zone is considered
(Figure 9.29).

bOS B
h %ﬂ Al Psu
os iy e T
? HlO tl

Figure 9.29. Stator slotting geometry

(t) = b JH, + b Hyg = AT, (9-89)
The total flux through AB is
(DABsat =AB- 1stack ! Bl (990)

On the other end, with Cy; known from unsaturated conditions, the slot
neck flux @ is

D1 = CsuP asar = HoHioNoskstack (9.91)
From (9.89) — (9.91), we finally obtain
B, =pohg M; t'= 1t —bgg (9.92)
b, C AB
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Equation (9.92) corroborated with the lamination B;(H;) magnetization
curve leads to B1 and H1 (Figure 9.30).

An iterative procedure as in Figure 9.30 may be used to solve (9.92) for B,
and H;. Finally, from (9.90), the saturated value of (D 4p)sy is obtained.
A
B,(H)
b C ,AB v

os stl

>
»

H,

Figure 9.30 Tooth top flux density

Further on, new values of various teeth flux components are obtained.

(O]
(Tml) =Cy (CDAB )sat
sat

(@t = Cotr (P s (9.93)
((DZI )sa[ = CZ] ((DAB )sat
(q)stl )sa( = Cstl(q)AB )sm

The new (saturated) values of stator leakage permeance components are

(x‘stl) = ((I)Sﬂ )Sat

sat AT .l
1Holstack (994)
(7\’ ) _ (q)zl)sat
A st ATI“OISIack

The end connection and differential geometrical permeances Aeydcon and Ag;
maintain, in (9.68), their unsaturated values, while (Agi)se and (A)sa (Via
(9.94)) enter (9.68) and thus the saturated value of stator leakage inductance L
for given stator and rotor currents and slip is obtained.

We have to continue with the rotor. There may be two different situations.
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9.7.4. Unsaturated rotor tooth top

In this case the saturation flux from the stator tooth is “translated” into the
rotor by the ratio of slot numbers N¢/N;.

N
(q)stl )sat N
oy
st2 Jsat AT polgaek
N
(q)zl )sat NiS
: Pakar 9.95
( z2 )sal ATI].J.()lstack ( )
N,
()LskZ)sal = )LSkl I\I_5

T

In Equation (9.95) it is recognised that the skewing flux “saturation” is not
much influenced by the tooth top flux zone saturation as it represents a small
length flux path in comparison with the main flux path available for skewing
flux.

By now, with (9.69), the saturated rotor leakage inductance L, may be
calculated. With these new, saturated, leakage inductances, new stator,
magnetization, and rotor currents are calculated.

The process is repeated until sufficient convergence is obtained with respect
to the two leakage inductances. A new slip is then chosen and the computation
cycle is repeated.

9.7.5. Saturated rotor tooth tip

In this case, after the AB zone was explored as above the DE cross section
is investigated (Figure 9.31). Again the Ampere’s law across tooth tip and slot
neck yields

(tz by )Hz +b,Hyy = AT, (9.96)

b D by
]

or

Figure 9.31 Rotor slot neck flux @y,

The flux law results in

Dpp =D, + (‘Dstz )sat; B, =uoHy 9.97)
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N

where D =D ygo — (9.98)
N,
Also (chtZ )sat =DE- lstack : BZ(HZ); t2': t2 - bor (999)
(AT, -t,'H,)
(CDSIZ )sat = ”'OHZOhoslstack = H()hor b—lstack (9100)
or
. 1 N, (AT, —t,'H,)
Finally, BZ(HZ):—{(DAH — 4 poh,, 2221 k} 9.101)
1slackDE " Nr ° bor e

Equation (9.101), together with the rotor lamination magnetization curve,
B,(H,), is solved iteratively (as illustrated in Figure 9.30 for the stator).
Then,

(@2 ) A h,,

(M2 e =“;+;“2; Mo =30 (9.102)
st or

(DstZ = I"LOATZIStaCk}\'StZ (9103)

The other specific geometrical permeances in the rotor leakage inductance
(Az2)sar and (Agp)sae are calculated as in (9.95). Now we calculate the saturated
value of L,y in (9.69). Then, from the equivalent circuit, new values of currents
are calculated and a new iteration is initiated until sufficient convergence is
reached.

9.7.6. The case of closed rotor slots

Closed rotor slots (Figure 9.32) are used to reduce starting current, noise,
vibration, and windage friction losses though the breakdown and starting torque
are smaller and so is the rated power factor.

bor

Figure 9.32 Closed rotor slot bridge discretisation
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The slot iron bridge region is discretized in 2n + 1 zones of constant (but
distinct) permeability p;. A value of n = (4 — 6) suffices. The Ampere’s and flux
laws for this region provide the following equations:

b{H0 +22Hj] = AT, (9.104)
]

Bghy =Bjh; =B,h, =...=B,h, (9.105)

Given an initial value for By, for given AT,, By, ..., B, are determined from

(9.105). From the lamination magnetization curve, Hy, Hy, ..., H, are found. A

new value of AT, is calculated, then compared with the given one and a new B,
is chosen. The iteration cycle is revisited until sufficient convergence is
obtained.

Finally, the slot bridge geometrical specific permeance (Agp)sa 1S

(s ) = 1

n

hy woHy  hy poH,y h, weH,

(9.106)

All the other permeances are calculated as in previous paragraphs.
9.7.7. The algorithm

The algorithm for the computation of permeance in the presence of
magnetic saturation and skin effects, as unfolded gradually so far, can be
synthesized as following:

e Load initial data (geometry, winding data, name-plate data etc.)
Load magnetization file: B(H)
Load magnetization inductance function L(I,,) — from FEM, design or tests
Compute differential leakage specific permeances
for S = Smins Sstcpa Smax
for SKW,; = 0:skew/n,c,:skew
compute unsaturated specific permeances
while magnetization current error < 2%
compute induction motor model using nonlinear L (1)
function
end;
Save unsaturated parameters
1. if case = closed rotor slots;
compute closed rotor case;
else
while H; error < 2%;
compute stator saturation case;
end;
compute unsaturated rotor case;
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if case = saturated rotor;
while H, error < 2%;
compute saturated rotor case
end;
end.
Compute saturated parameters; compare them with those of
previous cycle and go to 1. Return to 1 until sufficient
convergence in Ly and L' is reached.
end.
end (axial segments cycle)
end (slip cycle)
Save saturated parameters
for SKW1 = 0:skew/nseg:skew;
Compute saturated parameters average values; plot the IM
parameters (segment number, slip);
Compute IM equivalent circuit using an average value for each
parameter (for the ny,, axial segments);

Compute stator, rotor, magnetization current, torque, power factor
versus slip;

Plot the results
end.
Applying this algorithm for S = 1 an 1.1 kW, 2 pole, three-phase IM with
skewed rotor, the results shown on Figure 9.33 have been obtained [18]. Heavy

saturation occurs at high voltage level. The model seems to produce satisfactory
results.

- o VaZE ‘
- .__~._...fe:-:-:‘.~:c11!1ﬂ
6

e X5 (measured - no skew)

Reactance (ohm)

4 4 - - @ - - Xs (Rotor saturation first - no skew)

« « & - - Xs (Rotor saturation first - 1.5 stator slot skew)

Xs (measured - with 1.5 stator slot skew)

0 5.0 100 150 200
Phase Voltage (V)

Figure 9.33 Leakage reactance for a skewed rotor versus voltage at stall
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9.8. THE FEM APPROACH

The FEM has so far proved successful in predicting the main path flux
saturation or the magnetization curve L (I,,). It has also been used to calculate
the general shape deep bar [17] and double cage bar [19] resistance and leakage
inductance for given currents and slip frequency (Figure 9.34).

The essence of the procedure is to take into consideration only a slot sector
and apply symmetry rules (Figure 9.34b).

A B A B

shaft

b))

Figure 9.34 a.) Deep bar and double-cage rotor geometry; b.) FEM flux line

The stator is considered slotless and an infinitely thin stator current mmf,
placed along AB, produces the main flux while the stator core has infinite
permeability. Moreover, when the stator (and rotor) mmf have time harmonics,
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for inverter-fed situations, they may be included, but the saturation background
is “provided” by the fundamental to simplify the computation process.

Still the zig-zag and skewing flux contributions to load saturation (in the
teeth tips) are not accounted for.

The entire machine, with slotting on both sides of the airgap and the rotor
divided into a few axial slices to account for skewing, may be approached by
modified 2D-FEM. But the computation process has to be repeated until
sufficient convergence in saturation then in stator and rotor resistances and
leakage inductances is obtained for given voltage, frequency, and slip.

This enterprise requires a great amount of computation time, but it may be
produced more quickly as PCs are getting stronger every day.

9.9. PERFORMANCE OF INDUCTION MOTORS WITH SKIN EFFECT

As already documented in previous paragraphs and in Chapter 7, the
induction machine steady state performance is illustrated by torque, current,
efficiency, and power factor versus slip for given voltage and frequency.

These characteristics may be influenced many ways. Among them the
influences of magnetic saturation and skin effects are paramount.

It is the locked-rotor (starting) torque, breakdown torque, pull-up torque,
starting current, rated slip, rated efficiency, and rated power factor that interest
both manufacturers and users.

In an effort to put some order into this pursuit, NEMA has defined 5
designs for induction machines with cage rotors. They are distinguishable
basically by the torque/speed curve (Figure 9.35).

A

300+

200

100 |

Torque (% of rated torque)

v

"s0 100
Speed (% of rated speed)

Figure 9.35 Torque/speed curve designs

Design A.
The starting in-rush current is larger than for general use design B
motors, However, starting torque, pull-up and breakdown torques are
larger than for design B.

© 2002 by CRC Press LLC



While design A is allowed for larger starting current for larger starting
torque, it also larger. These characteristics are obtained with a lower
leakage inductance, mainly in the rotor and notable skin effect. Mildly
deep rotor bars will do it in general.

Design B.

Design B motors are designed for given maximum lock — rotor current
and minimum breakdown, locked-rotor and pull-up torques to make sure
the typical load torque/speed curve is exceeded for all slips. They are
called general purpose induction motors and their rated slip varies in
general from 0.5 to 3 (maximum 5)%, depending on power and speed.

A normal cage with moderate skin effect is likely to produce design B
characteristics.

Design C.

Design C motors exhibit a very large locked-rotor torque (larger than
200%, in general) at the expense of lower breakdown torque and larger
rated slip—lower efficiency and power factor-than design A & B. Also
lower starting currents are typical (I, < 550%). Applications with very
high break-away torque such as conveyors are typical for Design C.

Rather deep bars (of rather complex shape) or double cages are required
on the rotor to produce C designs.

Design D.

Design D induction motors are characterized by a high breakdown slip,
and large rated slip at very high starting torque and lower starting current
(Tstart <450%).

As they are below the torque/speed curve D (Figure 9.35) it means that
the motor will accelerate a given load torque/speed plant the fastest. Also
the total energy losses during acceleration will be the lowest (see Chapter
8, the high rotor resistance case).

The heat to be evacuated over the load acceleration process will be less
stringent. Solid rotors made of iron without or with axial slits or slots with
copper bars are candidates for design D motors. They are designated to
applications where frequent accelerations are more important than running
at rated load. Punch presses are typical applications for D designs as well
as very high speed applications.

Design E.

Design E induction motors are characterized as high efficiency motors
and their efficiency is 1 to 4% higher than the B designs for the same
power and speed. This superior performance is paid for by larger volume
(and initial cost) and higher starting current (up to 30%, in general).

Lower current density, lower skin effect, and lower leakage inductances
are typical for design E motors. It has been demonstrated that even a 1%
increase in efficiency in a kW range motor has the payback in energy
savings, in a rather loaded machine, of less than 3 years. As the machine
life is in the range of more than 10 to 15 years, it pays off to invest more in
design E (larger in volume) induction motor in many applications.
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The increase in the starting current, however, will impose stronger local
power grids which will tend to increase slightly the above-mentioned 3
year payback time for E designs.

9.10. SUMMARY

e As the slip (speed) varies for constant voltage and frequency, the IM
parameters: magnetization inductance (L), leakage inductances (L, L"),
and rotor resistance R’ vary.

e In general, the magnetization flux decreases with slip to 55 to 65% of its
full load value at stall.

e As the slip frequency (slip) increases, the rotor cage resistance and slot
body leakage inductance vary due to skin effect: the first one increases and
the second one decreases.

e Moreover at high slips (and currents), the leakage flux path saturate to
produce a reduction of stator and rotor leakage inductance.

e In rotors with skewed slots, there is an uncompensated skewing rotor mmf
which varies from zero in the axial center of the stack to maximum positive
and negative values at stack axial ends. This mmf acts as a kind of
independent magnetization current whose maximum is phase shifted by an
angle slightly over 90° unless the rotor current is notably smaller than the
rated value.

e At stall, the skewing magnetization current g may reach values 3 times
the rated magnetization current of the motor in the axial zones close to the
axial stack end.

As the main flux is smaller than usual at stall, the level of saturation seems
to be decided mainly by the skewing magnetization current.

e By slicing the stack axialy and using the machine magnetization curve
Lu(Iy), the value of L, (Iykew) In each segment is calculated. Severe
saturation of the core occurs in the marginal axial segments. The skewing
introduces an additional notable component in the rotor leakage inductance.
It reduces slightly the magnetization inductance.

e By including the main flux, slot neck flux, zig-zag flux, differential leakage
flux, and skewing flux per tooth in the stator and rotor, for each axial
segment of stack, the stator and rotor saturated leakage inductances are
calculated for given stator, rotor, and magnetization current and slip
frequency.

e The skin effect is treated separately for stator windings with multiple
conductors in slots and for rotor cages with one bar per slot. Standard
correction coefficients for bar resistance and leakage inductance are
derived. For the general shape rotor bar (including the double cage), the
multiple layer approach is extended both for the bar and for the end ring.

e The end ring skin effect is notable, especially for S > 1 in applications such
as freight elevators, etc.
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10.

Skin and leakage saturation effects in the rotor cage are beneficial for
increasing the starting torque with less starting current. However, the slot
depth tends to be high which leads to a rather high rotor leakage inductance
and thus a smaller breakdown torque and a larger rated slip. Consequently,
the efficiency and power factor at full load are slightly lower.

Skin effect is to be avoided in inverter-fed induction motors as it only
increases the winding losses. However, it appears for current time
harmonics anyway. Leakage saturation may occur only in servodrives with
large transient (or short duration) torque requirements where the currents
are large.

In closed slot cage rotor motors, the rotor slot iron bridge saturates at values
of rotor current notably less than the rated value.

Skin and leakage saturation effects may not be neglected in line-start
motors when assessing the starting, pull-up or even breakdown-torque. The
larger the motor power, the more severe is this phenomenon.

Skin and leakage saturation effects may be controlled to advantage by slot
geometry optimization. This way, the 5 NEMA designs (A, B, C, D, E)
have been born.

While skin and leakage (on load) saturation effects can be treated with
modified 2D and 3D FEMs [19, 21], the computation time is still
prohibitive for routine calculations. Rather sophisticated analytical tools
should be used first with FEM and then applied later for final refinements.
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Chapter 10

AIRGAP FIELD SPACE HARMONICS, PARASITIC
TORQUES, RADIAL FORCES, AND NOISE

The airgap field distribution in induction machines is influenced by stator
and rotor mmf distributions and by magnetic saturation in the stator and rotor
teeth and yokes (back cores).

Previous chapters introduced the mmf harmonics but were restricted to the
fundamentals. Slot openings were considered but only in a global way, through
an apparent increase of airgap by the Carter coefficient.

We first considered magnetic saturation of the main flux path through its
influence on the airgap flux density fundamental. Later on a more advanced
model was introduced (AIM) to calculate the airgap flux density harmonics due
to magnetic saturation of main flux path (especially the third harmonic).

However, as shown later in this chapter, slot leakage saturation, rotor static,
and dynamic eccentricity together with slot openings and mmf step harmonics
produce a multitude of airgap flux density space harmonics. Their consequences
are parasitic torque, radial uncompensated forces, and harmonics core and
winding losses. The harmonic losses will be treated in the next chapter.

In what follows we will use gradually complex analytical tools to reveal
various airgap flux density harmonics and their parasitic torques and forces.
Such treatment is very intuitive but is merely qualitative and leads to rules for a
good design. Only FEM-2D and 3D—could depict the extraordinary involved
nature of airgap flux distribution in IMs under various factors of influence, to a
good precision, but at the expense of much larger computing time and in an
intuitiveless way. For refined investigation, FEM is, however, “the way”.

10.1. STATOR MMF PRODUCED AIRGAP FLUX HARMONICS

As already shown in Chapter 4 (Equation 4.27), the stator mmf per-pole-
stepped waveform may be decomposed in harmonics as

F(x,t)= m K., cos(ﬁx - mltj +&cos(5—nx + mltj +
Tp, T 5 T

K,/ T K 11w Kuis 131
+—"~cos| — X — ot [+—"-cos| — X+ ot |[+—%=cos| — X — ot
7 T 11 T 13 T

(10.1)

where Ky, is the winding factor for the v harmonic,
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- . _ 6 . —an YY
va = vaKyv’ va _ﬁ’ Kyv —SIH7 (102)
qsm-—
6q

In the absence of slotting, but allowing for it globally through Carter’s
coefficient and for magnetic circuit saturation by an equivalent saturation factor
K,y , the airgap field distribution is

Bgl(e,t):ﬂlowlll\/z{ Koy cos(G—mlt)+&cos(59+mlt)+

TfpngC 1 + Ksl 5(1 + KSS)
+hcos(79—mt)+Lcos(119+mt)+ (10.3)
7(1+K,,) YU+ K,) !

wi3
_ K 130 — . g==
13(1 Sl3)cos( 30 mlt)}, 0 . X

In general, the magnetic field path length in iron is shorter as the harmonics
order gets higher (or its wavelength gets smaller). K, is expected to decrease
with v increasing.

Also, as already shown in Chapter 4, but easy to check through (10.2) for
all harmonics of the order v,

v=C,—t+] (10.4)

the distribution factor is the same as for the fundamental.

For three-phase symmetrical windings (with integer q slots/pole/phase),
even order harmonics are zero and multiples of three harmonics are zero for star
connection of phases. So, in fact,

v=06C, £l (10.5)
As shown in Chapter 4 (Equations 4.17 — 4.19) harmonics of 5th, 11th,
17th, ... order travel backwards and those of 7th, 13th, 19th, ... order travel

forwards — see Equation (10.1).
The synchronous speed of these harmonics o, is

O =—r=— 10.6
Voodt v (106)

In a similar way, we may calculate the mmf and the airgap field flux density
of a cage winding.
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10.2. AIRGAP FIELD OF A SQUIRREL CAGE WINDING

A symmetric (healthy) squirrel cage winding may be replaced by an
equivalent multiphase winding with N, phases, % turns/phase and unity winding
factor. In this case, its airgap flux density is

ervloll\/z N COS(MG tot- ‘Plzv) _ B (t)
TEpngC u=l “’(1 + st) gK

B,,(6,t)= (10.7)

c

The harmonics order which produces nonzero mmf amplitudes follows from
the applications of expressions of band factors Kg; and Kgy for m = N;:
p=C, N, *1 (10.8)
P

Now we have to consider that, in reality, both stator and rotor mmfs
contribute to the magnetic field in the airgap and, if saturation occurs,
superposition of effects is not allowed. So either a single saturation coefficient
is used (say K, = Kj; for the fundamental) or saturation is neglected (K, = 0).

We have already shown in Chapter 9 that the rotor slot skewing leads to
variation of airgap flux density along the axial direction due to uncompensated
skewing rotor mmf. While we investigated this latter aspect for the fundamental
of mmf] it also applies for the harmonics. Such remarks show that the above
analytical results should be considered merely as qualitative.

10.3. AIRGAP CONDUCTANCE HARMONICS

Let us first remember that even the step harmonics of the mmf are due to the
placement of windings in infinitely thin slots. However, the slot openings
introduce a kind of variation of airgap with position. Consequently, the airgap
conductance, considered as only the inverse of the airgap, is

$ =£(0) (10.9)

Therefore the airgap change A(D) is
A(@):L—g (10.10)

With stator and rotor slotting,

g(e):g+A1(9)+A2(9—9,)=$6)+@—g (10.11)

A1(0) and Ay(0 —0,) represent the influence of stator and rotor slot openings
alone on the airgap function.

As f1(0) and (0 —6,) are periodic functions whose period is the stator
(rotor) slot pitch, they may be decomposed in harmonics:
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f, (O)z a, — iav cos VN 0
. (10.12)
£,(6-6,)=b,—> b, cosvN (6-0,)

v=l1

Now, if we use the conformal transformation for airgap field distribution in
presence of infinitely deep, separate slots—essentially Carter’s method—we
obtain [1]

b
a,.b, = EF[t—] (10.13)
s,r
2
[Vbos,rJ
b t b
f Posr |14 0o sin| 16— | (10.14)
Yt VT 2 t
S,r O 18_2 m S,r
s,T
Bis[2]
Table 10.1 B(bes,/g)
bos/8 0 0.5 1.0 1.5 2.0 3.0 4.0 5.0

B 0.0 0.0149 | 0.0528 0.1 0.1464 | 0.2226 | 0.2764 | 0.3143
bos,/g| 6.0 7.0 8.0 10.0 12.0 40.0 0
B ]0.3419 | 0.3626 | 0.3787 | 0.4019 | 0.4179 | 0.4750 0.5

Equations (10.13 — 10.14) are valid for v =1, 2, ... . On the other hand, as
expected,

1 by ~ 1
I<c1g I<c2g

a, ~ (10.15)

where K.; and K, are Carter’s coefficients for the stator and rotor slotting,
respectively, acting separately.
Finally, with a good approximation, the inversed airgap function 1/g(0,6,) is

T

Kg(G,Gr): ! zl{ L3 costi—icosN M+

g(e, 6r) g KiK., Ko P: cl 1
(10.16)
+ albllzcos(we —LGIJ + COS[MG + N, Grﬂ}
P P P: P

As expected, the average value of A4,(6,6,) is
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1 1
s (06 I S 10.17
( g( ’ r))average Kcchzg ch ( )

0, 0, — electrical angles.

We should notice that the inversed airgap function (or airgap conductance)
A has harmonics related directly to the number of stator and rotor slots and their
geometry.

10.4. LEAKAGE SATURATION INFLUENCE ON
AIRGAP CONDUCTANCE

As discussed in Chapter 9, for semiopen or semiclosed stator (rotor) slots at
high currents in the rotor (and stator), the teeth heads get saturated. To account
for this, the slot openings are increased. Considering a sinusoidal stator mmf
and only stator slotting, the slot opening increased by leakage saturation b’
varies with position, being maximum when the mmf is maximum (Figure 10.1).

Abs(F,(0,1))
IISI8[8[RININ] o §
&
bos r‘:l—,—,i‘\—\—\_l—,—,i‘\—\—\; bos’r
q pole pitch T 2n
Figure 10.1 Slot opening by, variation due to slot leakage saturation
We might extract the fundamental of b, ,(0) function:
b' .= bgs’r —b",. cos(29 - (x)lt); 0 - electric angle (10.18)

The leakage slot saturation introduces a 2p; pole pair harmonic in the airgap
permeance. This is translated into a variation of ay, b.

ay,by =ag, by —ag, by sin(20 — ;) (10.19)

a,’, by’ are the new average values of ay(0) and by(0) with leakage saturation
accounted for.

This harmonic, however, travels at synchronous speed of the fundamental
wave of mmf. Its influence is notable only at high currents.
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Example 10.1. Airgap conductance harmonics

Let us consider only the stator slotting with b,s/t; = 0.2 and b,/g = 4 which
is quite a practical value, and calculate the airgap conductance harmonics.
Solution

Equations (10.13 and 10.14) are to be used with 3 from Table 10.1, B(4) =
0.2764,

with K ~— s = ! ~1.097
t,—1.6Bb,, 1-1.6-0.2764-0.2
Lol 1 1 1 091155
T gK, g1.097 g
2
a, ~Lo276ad o.er(l'L)2 sin(1.6n~1~0.2)=10.1542
g T 0.78-2-(0.2) g

2
a, —Looreat 0.5+(2'$)2 sin(1.6n~2~o.2)=lo.o4886
g 2n 0.78-2-(2-0.2) g

The airgap conductance A,(0) is

2,(0)= ﬁ ~Looriss—o.1542 cos(N0)—0.04886 cos(2N,0)]
g6) g

If for the vth harmonics the “sine” term in (10.14) is zero, so is the vth
airgap conductance harmonic. This happens if

b b
l.onv—=L =q; v—2L =0.625

s,r ts,r

Only the first 1, 2 harmonics are considered, so only with open slots may
the above condition be approximately met.

10.5. MAIN FLUX SATURATION INFLUENCE ON
AIRGAP CONDUCTANCE

In Chapter 9 an iterative analytical model (AIM) to calculate the main flux
distribution accounting for magnetic saturation was introduced. Finally, we
showed the way to use AIM to derive the airgap flux harmonics due to main
flux path (teeth or yokes) saturation. A third harmonic was particularly visible
in the airgap flux density.

As expected, this is the result of a virtual second harmonic in the airgap
conductance interacting with the mmf fundamental, but it is the resultant
(magnetizing) mmf and not only stator (or rotor) mmfs alone.
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The two second order airgap conductance harmonics due to leakage slot
flux path saturation and main flux path saturation are phase shifted as their
originating mmfs are by the angle ¢,, — ¢, for the stator and ¢ ,, — @ , for the
rotor.

¢ 1, ¢ 2, ¢, are the stator, rotor, magnetization mmf phase shift angle with
respect to phase A axis.

1 1 1
A = in(20 — ot — - 10.20
0 S| e sl =(ow 0| 1020

The saturation coefficients K, and Ky, result from the main airgap field
distribution decomposition into first and third harmonics.

There should not be much influence (amplification) between the two second
order saturation-caused airgap conductance harmonics unless the rotor is
skewed and its rotor currents are large (> 3 to 4 times rated current), when both
the skewing rotor mmf and rotor slot mmf are responsible for large main and
leakage flux levels, especially toward the axial ends of stator stack.

10.6. THE HARMONICS-RICH AIRGAP FLUX DENSITY

It has been shown [1] that, in general, the airgap flux density By(6,t) is
B, (0,t)= ok, (O)F, cos(vO F ot —o,) (10.21)

where F, is the amplitude of the mmf harmonic considered, and A(0) is the
inversed airgap (airgap conductance) function. A(6) may be considered as
containing harmonics due to slot openings, leakage, or main flux path
saturation. However, using superposition in the presence of magnetic saturation
is not correct in principle, so mere qualitative results are expected by such a
method.

10.7. THE ECCENTRICITY INFLUENCE ON
AIRGAP MAGNETIC CONDUCTANCE

In rotary machines, the rotor is hardly ever located symmetrically in the
airgap either due to the rotor (stator) unroundedness, bearing eccentric support,
or shaft bending.

An one-sided magnetic force (uncompensated magnetic pull) is the main
result of such a situation. This force tends to increase further the eccentricity,
produce vibrations, noise, and increase the critical rotor speed.

When the rotor is positioned off center to the stator bore, according to
Figure 10.2, the airgap at angle 0, is

g(@m)st—Rr—ecosem =g—-ecos0,, (10.22)

where g is the average airgap (with zero eccentricity: e = 0.0).
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R,
Y Om =0/p,
g(0,,) | mechanical

angle

AR

Figure 10.2 Rotor eccentricity R, — stator radius, R, — rotor radius
The airgap magnetic conductance A(6,,) is
1 1 e

O o) ) e O

Now (10.23) may be easily decomposed into harmonics to obtain

k(em):l(co+c1 cos0,, +) (10.24)
g
with Co :—1 ;€ :—2(c0 _l) (10.25)
1-¢2 €

Only the first geometrical harmonic (notice that the period here is the entire
circumpherence: 6,,, = 6/p,) is hereby considered.

The eccentricity is static if the angle 0,, is a constant, that is if the rotor
revolves around its axis but this axis is shifted with respect to stator axis by e.

In contrast, the eccentricity is dynamic if 6,, is dependent on rotor motion.
"’—rt:em—M (10.26)
P P

6,=06,-

m m

It corresponds to the case when the axis of rotor revolution coincides with
the stator axis but the rotor axis of symmetry is shifted.

Now using Equation (10.21) to calculate the airgap flux density produced
by the mmf fundamental as influenced only by the rotor eccentricity, static and
dynamic, we obtain

B, (9, t)=u,F cos(@ - mlt)l{co +c, cos[E - (pSJ + cl'cos[m -y H
g p

1 P

(10.27)
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As seen from (10.27) for p; = 1 (2 pole machines), the eccentricity produces
two homopolar flux densities, Bgy(t),

{H()Flcl cos((x)lt — Qs ) + i COS(Smlt b )}
g g

1+Ch

By, (t)= (10.28)

These homopolar components close their flux lines axially through the
stator frame then radially through the end frame, bearings, and axially through
the shaft (Figure 10.3).

The factor ¢, accounts for the magnetic reluctance of axial path and end
frames and may have a strong influence on the homopolar flux. For
nonmagnetic frames and (or) insulated bearings ¢, is large, while for magnetic
steel frames, ¢y, is smaller. Anyway, c;, should be much larger than unity at least
for the static eccentricity component because its depth of penetration (at ®;), in
the frame, bearings, and shaft, is small. For the dynamic component, c; is
expected to be smaller as the depth of penetration in iron (at S, ) is larger.

The d.c. homopolar flux may produce a.c. voltage along the shaft length
and, consequently, shaft and bearing currents, thus contributing to bearing
deterioration.

homopolar flux paths (due to eccentricity)

Figure 10.3 Homopolar flux due to rotor eccentricity

10.8. INTERACTIONS OF MMF (OR STEP) HARMONICS AND
AIRGAP MAGNETIC CONDUCTANCE HARMONICS

It is now evident that various airgap flux density harmonics may be
calculated using (10.21) with the airgap magnetic conductance A;,(0) either
from (10.16) to account for slot openings, with ay, by from (10.19) for slot
leakage saturation, or with Ay(0,) from (10.20) for main flux path saturation, or
AM0y,) from (10.24) for eccentricity.

© 2002 by CRC Press LLC



Bg(x,t):ﬁ{Fl(G,t)-er(G,t)} 0 +xs(e)+x[3] (1029)
g | (o) (10.16)with (10.19) ~ (10.20) (p1)
10.24

As expected, there will be a very large number of airgap flux density
harmonics and its complete exhibition and analysis is beyond our scope here.

However, we noticed that slot openings produce harmonics whose order is a
multiple of the number of slots (10.12). The stator (rotor) mmfs may produce
harmonics of the same order either as sourced in the mmf or from the interaction
with the first airgap magnetic conductance harmonic (10.16).

Let us consider an example where only the stator slot opening first
harmonic is considered in (10.16).

B, (G,t)z@cos(v@'—m,t){L+al cos NSG} (10.30)
v K
g ol P
with 0'= e+Nip1 (10.31)

s

0’ takes care of the fact that the axis of airgap magnetic conductance falls in a
slot axis for coil chordings of 0, 2, 4 slot pitches. For odd slot pitch coil
chordings, 6’ = 0. The first step (mmf) harmonic which might be considered has
the order

vee Neapo Ny (10.32)

Writing (10.30) into the form

_ HoF, Tp
B, (6, t)= Lcos{v(e + N_]] - wlt} +

chl s
(10.33)
+Mcos v[6+n—p‘]+N—se—mlt +cos v(6+n—p‘J— N, —ot
2 N, ) P Ny p

For v= % +1, the argument of the third term of (10.33) becomes

1
£&+1](9+&]—n—mlt
pl Ns

But this way, it becomes the opposite of the first term argument, so the first

S

Py

step, mmf harmonic

+1, and the first slot opening harmonics subtract each
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other. The opposite is true for v = N, —1 when they are added. So the slot
P:

openings may amplify or attenuate the effect of the step harmonics of order

N, _ .
v =—2%F1, respectively.

b

Other effects such as differential leakage fields affected by slot openings
have been investigated in Chapter 6 when the differential leakage inductance
has been calculated. Also we have not yet discussed the currents induced by the
flux harmonics in the rotor and in the stator conductors.

In what follows, some attention will be paid to the main effects of airgap
flux and mmf harmonics: parasitic torque and radial forces.

10.9. PARASITIC TORQUES

Not long after the cage-rotor induction motors reached industrial use, it was
discovered that a small change in the number of stator or rotor slots prevented
the motor to start from any rotor position or the motor became too noisy to be
usable. After Georges (1896), Punga (1912), Krondl, Lund, Heller, Alger, and
Jordan presented detailed theories about additional (parasitic) asynchronous
torques, Dreyfus (1924) derived the conditions for the manifestation of parasitic
synchronous torques.

10.9.1. When do asynchronous parasitic torques occur?

Asynchronous parasitic torques occur when a harmonic v of the stator mmf
(or its airgap flux density) produces in the rotor cage currents whose mmf
harmonic has the same order v.

The synchronous speed of these harmonics o, (in electrical terms) is

_ o
,=—L

o, (10.34)

v
The stator mmf harmonics have orders like: v =—5,+7,-11,+13,-17,+19, ...,
in general, 6¢; £ 1, while the stator slotting introduces harmonics of the order

ﬂi 1. The higher the harmonic order, the lower its mmf amplitude. The slip

P,
S, of the vth harmonic is

S, =2 =0 _j_y(1-8) (10.35)
Oy

For synchronism S, = 0 and, thus, the slip for the synchronism of harmonic
vis

S=1-— (10.36)
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For the first mmf harmonic (v = —5), the synchronism occurs at

sszl_L:gzl,z (10.37)

(-5)

For the seventh harmonic (v = +7)

S, :1—L=g (10.38)

(+7)

All the other mmf harmonics have their synchronism at slips

Ss>S, >8S, (10.39)

In a first approximation, the slip synchronism for all harmonics is S ~ 1.
That is close to motor stall, only, the asynchronous parasitic torques occur.

As the same stator current is at the origin of both the stator mmf
fundamental and harmonics, the steady state equivalent circuit may be extended
in series to include the asynchronous parasitic torques (Figure 10.4).

The mmf harmonics, whose order is lower than the first slot harmonic

N . . .
Vemn = —=*£1, are called phase belt harmonics. Their order is:—5, +7, .... They
1
are all indicated in Figure 10.4 and considered to be mmf harmonics.
One problem is to define the parameters in the equivalent circuit. First of all
the magnetizing inductances X,,s, X7, ... are in fact the “components” of the up
to now called differential leakage inductance.

2

6p,TL WK,

= ( 1 ) (10.40)
T pngc (1+Kst) v

The saturation coefficient K in (10.40) refers to the teeth zone only as the
harmonics wavelength is smaller than that of the fundamental and therefore the
flux paths close within the airgap and the stator and rotor teeth/slot zone.

The slip S, ~ 1 and thus the slip frequency for the harmonics S,®; » ;.
Consequently, the rotor cage manifests a notable skin effect towards harmonics,
much as for short-circuit conditions. Consequently, R, = (R')sars L'itv =
(L’rl)stan-

As these harmonics act around S = 1, their torque can be calculated as in a
machine with given current I = Iy

' 2
T R 2 Lo _ (10.41)

ev SVQ)] start R'
[(L'Fl )Starl + Loy ]2 + [mm]

Sv(}‘)l

In (10.41), the starting current I, has been calculated from the complete
equivalent circuit where, in fact, all magnetization harmonic inductances Ly,
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have been lumped into X = m,L as a differential inductance as if S, = . The
error is not large.

R Xy

S

iX
R} /S

=1

g

iX

m5

b}

]
1+5(1-S)

g

X

m7

7

P o A
1-7(1-S)

] il
X
_ Ry
1+11(1-S)

Ly

>
. rl13
Xz

_ Riz
1-13(1-S)

o

—
5 e
<

rlv

R

1+v(1-S)

L><..
g
M

Figure 10.4 Equivalent circuit including asynchronous parasitic torques due to mmf harmonics
(phase band and slot driven)

Now (10.41) reflects a torque/speed curve similar to that of the fundamental
(Figure 10.5). The difference lies in the rather high current, but factor K,,,/v is
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rather small and overcompensates this situation, leading to a small harmonic
torque in well-designed machines.

v

Figure 10.5 Torque/slip curve with 5th and 7th harmonic asynchronous parasitic torques

We may dwell a little on (10.41) noticing that the inductance L, is of the
same order (or smaller) than (L';))s.: for some harmonics. In these cases, the
coupling between stator and rotor windings is small and so is the parasitic
torque.

Only if (L'y)starr < Ly @ notable parasitic torque is expected. On the other
hand, to reduce the first parasitic asynchronous torques Tes or T.7, chording of
stator coils is used to make K5 = 0.

K =— 0 _in2™ <, 1:% (10.42)

As y/t = 4/5 is not feasible for all values of q, the closest values are y/t =
5/6, 7/9, 10/12, and 12/15. As can be seen for q = 5, the ratio 12/15 fulfils
exactly condition (10.42). In a similar way the 7th harmonic may be cancelled
instead, if so desired.

The first slot harmonics torque (v, = N, +1) may be cancelled by using
1
skewing.
sinivs“gnTc N Sin Vg i Eg
Ky = sin —Smin—=. L2~0  (1043)
) : Vsminn 27 Voo EE
g sm 76(1 smin 2
From (10.43),
o SE Ky S22 2K (10.44)
T2 T Vsmin —s 41
b
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In general, the skewing c/t corresponds to 0.5 to 2 slot pitches of the part
(stator or rotor) with less slots.

For Ny =36, p1 =2, m =3, q = Ny/2pym = 36/(2:2-3) = 3: ¢/t = 2/17(19) =
1/9. This, in fact, means a skewing of one slot pitch as a pole has ¢gm =3-3=9
slot pitches.

10.9.2. Synchronous parasitic torques

Synchronous torques occur through the interaction of two harmonics of the
same order (one of the stator and one of the rotor) but originating from different
stator harmonics. This is not the case, in general, for wound rotor whose
harmonics do not adapt to stator ones, but produces about the same spectrum of
harmonics for the same number of phases.

For cage-rotors, however, the situation is different. Let us first calculate the
synchronous speed of harmonic v, of the stator.

n, = i (10.45)
PV,

The relationship between a stator harmonic v and the rotor harmonic v’
produced by it in the rotor is

v-vVv'=c, N, (10.46)
P

This is easy to accept as it suggests that the difference in the number of
periods of the two harmonics is a multiple of the number of rotor slots N.,.

Now the speed of rotor harmonics v’ produced by the stator harmonic v
with respect to rotor ny,, is

My = pit = ﬂ{l - } (10.47)
pyv Vv 1-S

With respect to stator, ny,, is

N, =n+n,, = i'[l +(v=v)1-9)] (10.48)
pv

With (10.46), Equation (10.48) becomes

n,, = i{l +c, N, (1- s)} (10.49)
pv P:

Synchronous parasitic torques occur when two harmonic field speeds

n;, and ny,,. are equal to each other.

N, =Ny, (10.50)
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or i:l[ucz N, (1—s)} (10.51)
ViV P

It should be noticed that v; and v’ may be either positive (forward) or
negative (backward) waves. There are two cases when such torques occur.

vy =+V'

]

VII_V

(10.52)

When v; = +V', it is mandatory (from (10.51)) to have S = 1 or zero speed.
On the other hand, when v, = -V/,

(S),<sv =1 standstill (10.53)
(S), ., =1+-2P (10.54)
I C2Nr

As seen from (10.54), synchronous torques at nonzero speeds, defined by
the slip (S) occur close to standstill as N, >> 2p;.

vi=-V'>

Example 10.2. Synchronous torques

For the unusual case of a three-phase IM with N = 36 stator slots and N, =
16 rotor slots, 2p; = 4 poles, frequency f; = 60Hz, let us calculate the speed of
the first synchronous parasitic torques as a result of the interaction of phase belt
and step (slot) harmonics.
Solution

First, the stator and rotor slotting-caused harmonics have the orders

Vi =6 N, +1; v ':c2&+1; cc, <>0 (10.55)

P, ; b,

The first stator slot harmonics v, occur for ¢; = 1.
vlf=+1§+1=19; v1b=—1%+1=—17 (10.56)

On the other hand, a harmonic in the rotor v{/ = +17 = -vy; is obtained from
(10.55) for c, =2.

vf'=+2%+1=+17 (10.57)

The slip S for which the synchronous torque occurs (10.54),

2:2 9 f, 60 9
==;n, =—\1-S4;)=—|1-=1-60=-255rpm 10.58
216 8 M7 Pl( (17)) 2( 8) p ( )

S(17) =1+
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Now if we consider the first (phase belt) stator mmf harmonic (6¢; = 1), v, =
+7 and v, = -5, from (10.55) we discover that for ¢, = —1.

V=141 =7 (10.59)

So the first rotor slot harmonic interacts with the 7th order (phase belt)
stator mmf harmonic to produce a synchronous torque at the slip.

22 3 f 60(, 3
Sy =l+——~—==3;n,="L(1-S))=—|1-=|-60=450 10.60
(7) Cite 4™ Pl( (7)) 2( 4] rpm  (10.60)

These two torques occur as superposed on the torque/speed curve, as
discontinuities at corresponding speeds and at any other speeds their average
values are zero (Figure 10.6).

v

1800rpm

Figure 10.6 Torque/speed curve with parasitic synchronous torques

To avoid synchronous torques, the conditions (10.52) have to be avoided
for harmonics orders related to the first rotor slot harmonics (at least) and stator
mmf phase belt harmonics.

6¢c,+1#c, N, +1
P, (10.61)

¢, =*1,+2 and ¢, = +1,12

For stator and rotor slot harmonics

c, N, +l#c, N, +1 (10.62)
P P:

Large synchronous torque due to slot/slot harmonics may occur for ¢, = ¢, =
+1 when

N,-N,=0; v,=v,' (10.63)

N,-N, =2p; v, =—v,' (10.64)
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When N = N,, the synchronous torque occurs at zero speed and makes the
motor less likely to start without hesitation from any rotor position. This
situation has to be avoided in any case, so N # N..

Also from (10.61), it follows that (cy, ¢, > 0), for zero speed,

c,N, #6¢,p, (10.65)

Condition (10.64) refers to first slot harmonic synchronous torques
occurring at nonzero speed:

f f 2p, -2f
n,_, =—(1-8)=2L P - (10.66)
b, p &N, N,

In our case, ¢, = +1. Equation (10.66) can also be written in stator harmonic
terms as

ny_g=—=t 1 _._h (10.67)
bV Py [CIZI+1] ¢Z+p
P

with ¢; = £1.

The synchronous torque occurs at the speed n, __ if there is a

v,'

geometrical phase shift angle yg.,m between stator and rotor mmf harmonics v,
and —v,', respectively. The torque should have the expression Ty, .

Tsvl :(Tsvl )max Sin(CIZI +P ) Ygeom (1068)

The presence of synchronous torques may cause motor locking at the
respective speed. This latter event may appear more frequently with IMs with
descending torque/speed curve (Design C, D), Figure 10.7.

A

Figure 10.7 Synchronous torque on descending torque/speed curve

So far we considered mmf harmonics and slot harmonics as sources of
synchronous torques. However, there are other sources for them such as the
airgap magnetic conductance harmonics due to slot leakage saturation.
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10.9.3. Leakage saturation influence on synchronous torques

The airgap field produced by the first rotor mmf slot harmonic v'=+ N, +1
P

due to the airgap magnetic conduction fluctuation caused by leakage saturation
(second term in (10.19)) is

20 in(20 - w,t) (10.69)
P, g

B,, =k, -cosHi N, + 1]61 (0, N, Q, )t

If By, contains harmonic (term) multiplied by cos(v9$ o)lt) for any n =

+6¢; + 1 that corresponds to the stator mmf harmonics, a synchronous torque
condition is again obtained. Decomposing (10.69) into two terms we find that
only if

A (6¢,£1) (10.70)
P:

such torques are avoided. Condition (10.70) becomes
N, #2p,(3¢, F1); ¢, =1,2.3,... (10.71)
The largest such torque occurs in interaction with the first stator slot mmf

S

. N
harmonic v, =—-=*1 unless

b,
lil;ﬁli3 (10.72)
Py P:
So, N, # N, F+4p, (10.73)

As an evidence of the influence of synchronous torque at standstill with
rotor bars skewed by one stator slot pitch, some experimental results are given
on Table 10.2. [1]

Table 10.2. Starting torque (maximum and minimum value)

Motor power (kW) N N, Starting torque
f, = 50Hz (Nm)
2p; = 2 poles max min
0.55 24 18 1.788 0
0.85 24 22 0.75 0.635
1.4 24 26 0.847 0.776
2 24 28 2 1.7647
3 24 30 5.929 2.306

As Table 10.2 shows the skewing of rotor bars cannot prevent the
occurrence of synchronous torque and a small change in the number of rotor
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slots drastically changes the average starting torque. The starting torque
variation (with rotor position) is a clear indication of synchronous torque
presence at stall.

The worst situation occurs with N, = 18 = 6¢;p; (10.65). The speed for this
synchronous torque comes from (10.69) as

30, + N,Q, =+, (10.74)
or
o -+d0. 4 (10.75)
N, N

r

Calculating the synchronous torques (even at zero speed) analytically is a
difficult task. It may be performed by calculating the stator mmf harmonics
airgap field interaction with the pertinent rotor current mmf harmonic.

After [1], the maximum tangential force fou. per unit rotor area due to
synchronous torques at standstill should be

NM (10.76)

Omax ~ 4Y

slot

where nsIS\E is the peak slot mmf, y4,, is the stator slot angle, and d is the

greatest common divisor of Ny and N,.

From this point of view, the smaller d, the better. The number d = 1 if Ns
and Nr are prime numbers and it is maximum for Ny =N, =d.

With Ny = 6p,q;, for q integer, that is an even number with N, an odd
number, with d = 1 the smallest variation with rotor position (safest start) of
starting torque is obtained.

However, with N; an odd number, the IM tends to be noisy, so most IMs
have an even number of rotor slots, but with d = 2 if possible.

10.9.4. The secondary armature reaction

So far in discussing the synchronous torques, we considered only the
reaction of rotor currents on the fields of the fundamental stator current.
However, in some cases, harmonic rotor currents can induce in the stator
windings additional currents of a frequency different from the power grid
frequency. These additional stator currents may influence the IM starting
properties and add to the losses in an IM. [4,5] These currents are related to the
term of secondary armature reaction. [4]

With delta stator connection, the secondary armature reaction currents in the
primary windings find a good path to flow, especially for multiple of 3 order
harmonics. Parallel paths in the stator winding also favor this phenomenon by
its circulating currents.
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For wound (slip ring) rotor IMs, the field harmonics are not influenced by
delta connection or by the parallel path. [6] Let us consider the first step (slot)

stator harmonic —*1 whose current I, produces a rotor current I,

Ne, Ny,
pl I,] » +l

I1

B
I, ) (10.77)
[mﬂ} I+1,
Py

14 is the differential leakage coefficient for the rotor cage. [1]

— n(Ns ipl) ’ . 1 _
T, ]_{ N } AN Zp) 1 (10.78)
N

r

sin

As known, N and N, are numbers rather close to each other, so T, .

o)
might be a large number and thus the rotor harmonic current is small. A strong
secondary armature reaction may change this situation drastically. To

demonstrate this, let us notice that I, can now create harmonics of order v’
N,

—S4]

Pl

(10.46), forc, =1 and v :(NS il}:
P:

N_(LJ (10.79)
P P

The V' rotor harmonic mmf F,, has the amplitude:
N, +
FV. — F2 . S p 1
[kﬂ] N, N, +p,

Py

(10.80)

If these harmonics induce notable currents in the stator windings, they will,
in fact, reduce the differential leakage coefficient from 1, to Ty (1]

Ny, Ny
Py Py

(10.81)
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Now the rotor current I, of (10.77) will become T',
N,

—S4 ﬁtl
Py Py
I1
i
r, =—>0 (10.82)
I
Y
Py
The increase of rotor current I', is expected to increase both

asynchronous and synchronous torques related to this harmonic.
In a delta connection, such a situation takes place. For a delta connection,
the rotor current (mmf) harmonics

v'=i—(&ilJ=3c c=1,3,5,... (10.83)
Py P:

can flow freely because their induced voltages in the three stator phases are in
phase (multiple of 3 harmonics). They are likely to produce notable secondary
armature reaction.

To avoid this undesirable phenomenon,

IN, =N | (BcF1)p, =2p,.4p,.... (10.84)

An induction motor with 2p; = 6, Ny = 36, N, = 28 slots does not satisfy
(10.84), so it is prone to a less favourable torque-speed curve in A connection
than it is in star connection.

In parallel path stator windings, circulating harmonics current may be
responsible for notable secondary armature reaction with star or delta winding
connection.

These circulating currents may be avoided if all parallel paths of the stator
winding are at any moment at the same position with respect to rotor slotting.

However, for an even number of current paths, the stator current harmonics

N - e
of the order N, —&—1 or &——5+1 may close within the winding if the
P P P P
two numbers are multiples of each other. The simplest case occurs if

IN,-N,

=3p, (10.85)

When (10.85) is fulfilled, care must be exercised in using parallel path
stator windings.

We should also notice again that the magnetic saturation of stator and rotor
teeth lead to a further reduction of differential leakage by 40 to 70%.
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10.9.5. Notable differences between theoretical and experimental
torque/speed curves

By now the industry has accumulated enormous data on the torque/speed
curves of IM of all power ranges.

In general, it was noticed that there are notable differences between theory
and tests especially in the braking regime (S > 1). A substantial rise of torque in
the braking regime is noticed. In contrast, a smaller reduction of torque in the
large slip motoring regime appears frequently.

A similar effect is produced by transverse (lamination) rotor currents
between skewed rotor bars.

However, in this latter case, there should be no difference between slip ring
and cage rotor, which is not the case in practice.

Finally these discrepancies between theory and practice occur even for
insulated copper bar cage rotors where the transverse (lamination) rotor currents
cannot occur (Figure 10.8).

A T (torque)
3.5
3 .
5 : fundamental)
1 ,
‘ ‘ ‘ slip,
I I I I S v
2 1.0 1 0.5 0

Figure 10.8 Torque-slip curve (relative values)
for Ny =36, N, = 28, 2p, = 4, skewed rotor (one slot pitch), insulated copper bars

What may cause such a large departure of experiments from theory?
Although a general, simple, answer to this question is still not available, it
seems intuitive to assume that the airgap magnetic conductance harmonics due
to slot openings and the tooth head saturation due leakage path saturation are the
main causes of spectacular braking torque augmentation and notable reduction
high slip motoring torque in.

This is true when the contact resistance of rotor bars (practically insulated
rotor bars) is high and, thus, the transverse (lamination) currents in skewed
rotors are small.

Slot openings have been shown to increase considerably the parasitic
torques. (Remember we showed earlier in this chapter that the first slot (step)

stator mmf harmonic v =

smin

—1 is amplified by the influence of the first
1

airgap magnetic conductance—due to slot openings — (10.33)).
Now the leakage path saturation produced airgap magnetic conductance
(10.11) may add further to amplify the parasitic torques.
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For skewed rotors, at high slips, where parasitic torques occur, main path
flux saturation due to the uncompensated (skewing) rotor mmf may lead to a
fundamental torque increase in the braking region (due to higher current, for
lower leakage inductance) and to the amplification of parasitic torque through
main path saturation-caused airgap conductance harmonics (10.20). And,
finally, rotor eccentricity may introduce its input to this braking torque
escalation.

We have to stress again that leakage flux path saturation and skin effects
alone, also cause important increases in rotor resistance, decreases in motor
reactance, and thus produce also more fundamental torque.

In fact, the extreme case on Figure 10.8 with a steady increase of torque
with slip (for S > 1) seems to be a mixture of such intricated contributions.
However, the minimum torque around zero speed shows the importance of

parasitic torques as the skin effect and leakage saturation depend on \/g ; SO
they change slower with slip than Figure 10.7 suggests.

10.9.6. A case study: N¢/N, =36/28, 2p; =4,y/t=1and 7/9; m =3 [7]

As there is no general answer, we will summarize the case of a three-phase
induction motor with P, = 11 kW, N¢/N, = 36/28, 2p, = 4, y/t = 9/9 and 7/9
(skewed rotor by one stator slot pitch).

For this machine, and y/t = 9/9, with straight slots, condition (10.71) is not
satisfied as

N, =28=2p,(3¢F1)=2-2(3c¢ +1); forc=2 (10.86)
This means that a synchronous torque occurs at the speed

4f, _ 4-50-60
N 28

=215rpm (10.87)

T

Other synchronous, but smaller, torques may be detected. A very large
synchronous torque has been measured at this speed (more than 14 Nm, larger
than the peak torque for 27% voltage). This leads to a negative total torque at
215 rpm; successful acceleration to full speed is not always guaranteed. It is also
shown that as the voltage increases and saturation takes place, the synchronous
torque does not increase significantly over this value.

Also, a motor of 70 kW, Ny¢/N, = 48/42, y/t = 10/12 with A connection and
4 parallel current paths has been investigated. As expected, a strong
synchronous torque has been spotted at standstill because condition (10.65) is
not met as

c, 7
N, =6—"Lp, =6=—-2=42 (10.88)
c, 2

The synchronous torque at stall is amplified by A connection with 4 paths in
parallel stator winding as Ny — N, =48 —42 = 6 =3p, = 3-2.
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The situation is so severe that, for 44% voltage and 30% load torque, the
motor remains blocked at zero speed.

Strong variations of motor torque with position have been measured and
calculated satisfactorily with the finite difference method. Saturation
consideration seems mandatory for realistic torque calculations during starting
transients.

It has also been shown that the amplification of parasitic torque due to slot
openings is higher for N, > N because the differential leakage coefficient
T, is smaller in this case, allowing for large rotor mmf harmonics. From

P1

the point of view of parasitic torques, the rotor with N, < Ny is recommended
and may be used without skewing for series-connected stator windings.

For N, > N; skewing is recommended unless magnetic wedges in the stator
slots are used.

10.9.7. Evaluation of parasitic torques by tests (after [1])

To assist potential designers of IMs, here is a characterization of
torque/speed curve for quite a few stator /rotor slot numbers of practical interest.
For N; = 24 stator slots, f; = 50 Hz, 2p, =4

e N, = 10; small synchronous torques at n = 150, 300, 600 rpm and a large
one at n = -300 rpm

e N, = 16; unsuitable (high synchronous torque at n = 375 rpm)

e N, = 18; very suitable (low asynchronous torque dips at n = 155 rpm and at
—137 rpm)

e N, = 19; unsuitable because of high noise, although only small
asynchronous torque dips occur at n = 155 rpm and n = —137 rpm

e N, = 20; greatest synchronous torque of all situations investigated here at n
= -300 rpm, unsuitable for reversible operation.

e N, =22; slight synchronous torques at n = 690, 600, £550, 214, -136 rpm

e N, =24; unsuitable because of high synchronous torque at n = 0 rpm

e N, = 26; larger asynchronous torque deeps at n = 115, =136 rpm and
synchronous one at n = -300 rpm

e N, =27; high noise

e N, = 28; high synchronous torque dip at n = 214 rpm and slight torque dips
at n = 60, =300, —430 rpm. Asynchronous torque dips at n = 115, —136
rpm. With skewing, the situation gets better, but at the expense of 20%
reduction in fundamental torque.

e N, = 30; typical asynchronous torque dips at n = 115, =136 rpm, small
synchronous ones at n = 600, £400, £300, 214, £200, —65, —100, —128 rpm.
Practically noiseless.

e N, =31; very noisy.

Number of slots Ny = 36, f; = 50Hz, 2p, =4
This time, the asynchronous torques are small. At n = 79 to 90 rpm, they

become noticeable for higher number of rotor slots (44, 48).
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N, = 16; large synchronous torque at n = —188, +376 rpm

N; = 20; synchronous torque at n =—376 rpm

N, = 24; large synchronous torque at n = 0 rpm, impractical

N, = 28; large synchronous torque at n = —-214 rpm, —150, —430 rpm

N, =31; good torque curve but very noisy

N, = 32; large synchronous torque at n = —188 rpm and a smaller one at n =

—375 rpm;

N, = 36; impractical, motor locks at zero speed;

e N, =44; large synchronous torque at n = —136 rpm, smaller ones at n = 275,
—40, =300 rpm

e N, =48; moderate synchronous torque dip at zero speed

Number of slots Ny =48, f; =50 Hz, 2p, =4

e N, = 16; large synchronous torque at n = —375, a smaller one at n=-188 rpm

e N, = 20; large synchronous torque at n = =300 rpm, small ones at n = 600,
375, 150, 60, —65, —136, —700 rpm

e N, = 22; large synchronous torque dip at n = —136 rpm due to the second

. . B 26, -2-50-60

rotor slip harmonic (c; =2, n= N, =~y 136 rpm )

e N, = 28; high synchronous torque at n = 214 rpm, smaller ones at n = 375,
150, —65, —105, -136, —214rpm

e N, = 32; high synchronous torque at n = —188 rpm, small ones at n = 375,
188, —90, 90, =300 rpm

e N, =36; large torque dip at zero speed, not good start

e N, =44; very large synchronous torque at n = —136 rpm, smaller ones at n =
275, 214, 60, =300 rpm

e N, = 48; motor locks at zero speed (N; = N, = 48!), after warming up,

however, it starts!

10.10. RADIAL FORCES AND ELECTROMAGNETIC NOISE

Tangential forces in IMs are producing torques which smoothly drive the
IM (or cause torsional vibrations) while radial forces are causing vibration and
noise.

This kind of vibration and noise is produced by electromagnetic forces
which vary along the rotor periphery and with time. Using Maxwell tensor, after
neglecting the tangential field component in the airgap (as it is much lower than
the radial one), the radial stress on the stator is

2
p, =B (9_m’t); 0=6 p, (10.89)
2p,

where B(0,t) is the resultant airgap flux density.
The expression of B(0,,,t) is, as derived earlier in this chapter,

© 2002 by CRC Press LLC



B(em’t) = &(FI (em’ t)+ FZ (em’t))’ x‘(em’ t) (1090)
g

with F;(0,,t) and F,(0,,t) the stator and rotor mmf and A(0,.t) the airgap
magnetic conductance as influenced by stator and rotor slot openings, leakage,
and main path saturation and eccentricity.

o=1 1

AMO,t) =2, + ikc cos(aB,, + o, )+ ikp cos{p[em - mft} + (pp] +...(10.91)
p=1 p

F(0,,.t)= D F, cos(v0,, + o,t) (10.92)

Fy (O, t)= 3 By cos(uf,, £, t 40, ) (10.93)

In (10.89 through 10.93) we have used the mechanical angle 0,, as the
permeance harmonics are directly related to it, and not the electrical angle 0 =
P16m. Consequently, now the fundamental, with p; pole pairs, will be v; = p; and
notv=1.

Making use of (10.92 and 10.93) in (10.89) we obtain terms of the form

p, = A, cos(y0,, —Q,t) (10.94)

y = 0,1,2,.... The frequency of these forces is f, = ;)‘ , which is not be
P
confused to the rotor speed ®,/p;.

If the number of pole pairs (y) is small, stator vibrations may occur due to
such forces. As inferred from (10.90), there are terms from same harmonic
squared and interaction terms where 1(2) mmf harmonics interact with an airgap
magnetic conductance. Such combinations are likely to yield low orders for y.

For y = 0, the stress does not vary along rotor periphery but varies in time
producing variable radial pressure on the stator (and rotor).

For y =1 (10.94) yields a single-sided pull on the rotor which circulates
with the angular velocity of Q.. If Q; corresponds to a mechanical resonance of
the machine, notable vibration will occur.

Case v = 1 results from the interaction of two mechanical harmonics whose
order differs by unity.

Fory=2, 3,4, ... stator deflections occur. In general, all terms p, with y < 4
should be avoided, by adequately choosing the stator and rotor slot number pairs
N; and N,.

However, as mechanical resonance of stators (without and with frames
attached) decreases with motor power increase, it means that a certain N, N,
combination may lead to low noise in low power motors but to larger noise in
large power motors.
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Now as in (10.90), the mmf step harmonics and the airgap magnetic
conductance occur, we will treat their influence separately to yield some
favourable N, N, combinations.

10.10.1. Constant airgap (no slotting, no eccentricity)

In this case A(0y,t) = A¢ and a typical p, term occurs from two different
stator and rotor mmf harmonics.

FVF _
(Pr)«,:v_H = %7\02 cos[(y F u)@m + (wv +o, )— (Pu] (10.95)

In this case y = v — p, that is the difference between stator and rotor mmf
mechanical harmonics order.
Now if we are considering the first slot (step) mmf harmonics v, p,

V= N< * pl
) (10.96)
l’l' = Nr * pl
It follows that to avoid such forces withy =0, 1, 3, 4,
IN, - N,|#0,,2,34
(10.97)

IN, =N, |#2p,,2p, £1,2p, £2,2p, £3,2p, + 4

The time variation of all stator space harmonics has the frequency o, = ®; =
2xf;, while for the rotor,

o, =0, FcN,o, = m{l SR (1- s)} (10.98)
P

Notice that o, is the rotor mechanical speed here.
Consequently the frequency of such forces is o, * o,

o,C N, (I—S)
0, =0, 0, = plN (10.99)
2m, +wlc—r(1—S)

Py

In general, only frequencies w; low enough (c = 1) can cause notable stator
vibrations.

The frequency w; is twice the power grid frequency or zero at zero speed (S
= 1) and increases with speed.
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10.10.2. Influence of stator/rotor slot openings, airgap deflection and
saturation

As shown earlier in this chapter, the slot openings introduce harmonics in
the airgap magnetic conductance which have the same order as the mmf slot
(step) harmonics.

Zero order (y = 0) components in radial stress p, may be obtained when two
harmonics of the same order, but different frequency, interact. One springs from
the mmf harmonics and one from the airgap magnetic conductance harmonics.
To avoid such a situation simply,

N, £p, #N,

or |NS -N,
N, £p, # N;

#4p, (10.100)

Also, to avoid first order stresses fory =2,

2(N, =N, Fp,)#2 (10.101)

IN, =N, |#£p, £1 (10.102)

The frequency of such stresses is still calculated from (10.100) as

o, = |:col + o, N (1—5)}2 (10.103)
P

The factor 2 above comes from the fact that this stress component comes
from a term squared so all the arguments (of space and time) are doubled.

It has been shown that airgap deformation itself, due to such forces, may
affect the radial stresses of low order.

In the most serious case, the airgap magnetic conductance becomes

k(@m, t) - [ao +a;cosNO, +a,cos Nr(em - (x)rt)]
g0, 1)
: [1 +B cos(KGm - Qt)]

' (10.104)

The last factor is related to airgap deflection. After decomposition of A(0,,,t)
in simple sin(cos) terms for K = p;, strong airgap magnetic conductance terms
may interact with the mmf harmonics of orders p;, N + p;, N; £ p; again. So we
have to have

(Ns ipl)_(Nr ip1)¢ P
or [N, =N |=p, (10.115)
and |Ns -N,

#3p,
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In a similar way, slot leakage flux path saturation, already presented earlier
in this chapter with its contribution to the airgap magnetic conductance, yields
conditions as above to avoid low order radial forces.

10.10.3. Influence of rotor eccentricity on noise

We have shown earlier in this chapter that rotor eccentricity—static and
dynamic—introduces a two-pole geometrical harmonics in the airgap magnetic
conductance. This leads to a p; £+ 1 order flux density strong components
(10.90) in interaction with the mmf fundamentals. These forces vary at twice
stator frequency 2f;, which is rather low for resonance conditions. In interaction
with another harmonic of same order but different frequency, zero order (y = 0)
vibrations may occur again. Consider the interference with first mmf slot
harmonics Ng £ p;, N, + py

(Ns ipl)_(Nr ipl)ipl £l
or [N, -N,|#3p, +1 (10.106)
IN,-N,|#p, £1

These criteria, however, have been found earlier in this paragraph. The
dynamic eccentricity has been also shown to produce first order forces (y = 1)
from the interaction of p; £ 1 airgap magnetic conductance harmonic with the
fundamental mmf (p,) as their frequencies is different. Noise is thus produced
by the dynamic eccentricity.

10.10.4. Parallel stator windings

Parallel path stator windings are used for large power, low voltage
machines (now favored in power electronics adjustable drives). As expected, if
consecutive poles are making current paths and some magnetic asymmetry
occurs, a two-pole geometric harmonic occurs. This harmonic in the airgap
magnetic conductance can produce, at least in interaction with the fundamental
mmf, radial stresses with the order y = p; £ 1 which might cause vibration and
noise.

On the contrary, with two parallel paths, if north poles make one path and
south poles the other current path, with two layer full pitch windings, no
asymmetry will occur. However, in single layer winding, this is not the case and
stator harmonics of low order are produced (v = Ny/2c¢). They will never lead to
low order radial stress, because, in general, Ny and N, are not far from each
other in actual motors.

Parallel windings with chorded double layer windings, however, due to
circulating current, lead to additional mmf harmonics and new rules to eliminate
noise, [1]

© 2002 by CRC Press LLC



IN,-N,

; a-odd

Py 4
a

(10.107)
IN, - N,

2
:‘%iplil; a-even

where a is the number of current paths.
Finally, for large power machines, the first slot (step) harmonic order N +

p1 is too large so its phase belt harmonics n = (6¢; £ 1)p; are to be considered in
(10.117), [1]

N, ++L—(6¢c, £1)p,

s

#1; a>2,0dd

a
N, 2P (6, +1)p,

T

#1; a>2,even (10.108)

a
|Nr +2p, —(6c1 il)p1| #1; a=2
with ¢; a small number ¢, =1,2,....
Symmetric (integer q) chorded windings with parallel paths introduce, due
to circulating current, a 2p; pole mmf harmonic which produces effects that may

be avoided by fulfilling (10.108).
10.10.5. Slip-ring induction motors

The mmf harmonics in the rotor mmf are now v = ¢,N; £ p; only. Also, for
integer q, (the practical case), the number of slots is N; = 2-:3-p;-q,. This time the
situation of N; = N; is to be avoided; the other conditions are automatically
fulfilled due to this constraint on N,. Using the same rationale as for the cage
rotor, the radial stress order, for constant airgap, is

r=v=p=(6c, £1)p, —(6¢c, +1)p, (10.109)

Therefore y may only be an even number.

Now as soon as eccentricity occurs, the absence of armature reaction leads
to higher radial uncompensated forces than the cage rotors. The one for y =p, £
I—that in interaction with the mmf fundamental, which produces a radial force at
2f) frequency—may be objectionable because it is large (no armature reaction)
and produces vibrations anyway.

So far, the radial forces have been analyzed in the absence of magnetic
saturation and during steady state. The complexity of this subject makes
experiments in this domain mandatory.

Thorough experiments [8] for a few motors with cage and wound rotors
confirm the above analysis in general, and reveal the role of magnetic saturation
of teeth and yokes in reducing these forces (above 70 to 80% voltage). The
radial forces due to eccentricity level off or even decrease.
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During steady state, the unbalanced magnetic pull due to eccentricity has
been experimentally proved much higher for the wound rotor than for the cage
rotor! During starting transients, both are, however, only slightly higher than for
the wound rotor under steady state. Parallel windings have been proven to
reduce the uncompensated magnetic pull force (y = 0).

It seems that even with 20% eccentricity, UMP may surpass the cage rotor
mass during transients and the wound rotor mass even under steady state. [§]

The effect of radial forces on the IM depends not only on their amplitude
and frequency but also on the mechanical resonance frequencies of the stator, so
the situation is different for low medium power and large power motors.

10.10.6 Mechanical resonance stator frequencies

The stator ring resonance frequency for r = 0 (first order) radial forces F is
(1]
_8-10° Gyoke

R G + Gteeth

(10.110)

a yoke

with R,—average stator yoke radius, Gy, and Gien Stator yoke and teeth weight.

Forr=0,
F —F,—— Y°“eir—_) (10.111)
"243 R, {741

hyoxe—yoke radial thickness.
K; =1 for hyoxe/R, > 0.1 and 0.66 < K, <1 for hy,e/R, <0.1.

The actual machine has a rather elastic frame fixture to ground and a less
than rigid attachment of stator laminations stack to the frame.

This leads to more than one resonance frequency for a given radial force of
order r. A rigid framing and fixture will reduce this resonance “multiplication”
effect.

To avoid noise, we have to avoid radial force frequencies to be equal to
resonance frequencies. For the step harmonics of mmfs contribution (10.100)
applies.

for r =0, atS =0 (zeroslip),
Eic& or &ic&iz c=1.2
f, P: f, b

(10.122)

We may proceed, for r = 1, 2, 3, by using F, instead of Fy in (10.112) and
withc=1.

In a similar way, we should proceed for the frequency of other radial forces
(derived in previous paragraphs).

In small power machines, such conditions are easy to meet as the stator
resonance frequencies are higher than most of radial stress frequencies. So
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radial forces of small pole pairs r = 0, 1, 2 are to be checked. For large power
motors radial forces with r = 3, 4 are more important to account for.

The subject of airgap flux distribution, torque pulsations (or parasitic
torques), and radial forces has been approached recently by FEM [9,10] with
good results, but at the price of prohibitive computation time.

Consequently, it seems that intuitive studies, based on harmonics analysis,
are to be used in the preliminary design study and, once the number of
stator/rotor slots are defined, FEM is to be used for precision calculation of
parasitic torques and of radial forces.

10.11. SUMMARY

e The fundamental component of resultant airgap flux density distribution in
interaction with the fundamental of stator (or rotor) mmf produces the
fundamental (working) electromagnetic torque in the IM.

e The placement of windings in slots (even in infinitely thin slots) leads to a
stepped-like  waveform of stator (rotor) mmfs which exhibit space
harmonics besides the fundamental wave (with p; pole pairs). These are
called mmf harmonics (or step harmonics); their lower orders are called
phase-belt harmonics v =5, 7, 11, 13, ... to the first “slot” harmonic order

N
Vemin = ——*1.In general, v =(6¢c; £ 1).
1
e A wound rotor mmf has its own harmonic content p = (6¢; + 1).
e A cage rotor, however, adapts its mmf harmonic content (p) to that of the
stator such that

e v and p are electric harmonics, so v = p = 1 means the fundamental
(working) wave.

e The mechanical harmonics vy, W, are obtained if we multiply v and p by
the number of pole pairs,

Vm :plv; “’m :pﬂ";

e In the study of parasitic torques, it seems better to use electric harmonics,
while, for radial forces, mechanical harmonics are favored. As the literature
uses both concepts, we thought it appropriate to use them both in a single
chapter.

e The second source of airgap field distribution is the magnetic specific
airgap conductance (inversed airgap function) A;,(0n,t) variation with
stator or/and rotor position. In fact, quite a few phenomena are accounted
for by decomposing A;,(8,,,t) into a continuous component and various
harmonics. They are outlined below.
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The slot openings, both on the stator and rotor, introduce harmonics in
A12(Bm,t) of the orders ¢Ny/p;, coN/py and (¢Ng = coN)p; with ¢y =¢, =1
for the first harmonics.

At high currents, the teeth heads saturate due to large leakage fluxes
through slot necks. This effect is similar to a fictitious increase of slot
openings, variable with slot position with respect to stator (or rotor) mmf
maximum. A A;»(0,,t) second order harmonic (4p; poles) traveling at the
frequency of the fundamental occurs mainly due to this aspect.

The main flux path saturation produces a similar effect, but its second order
harmonic (4p, poles) is in phase with the magnetization mmf and not with
stator or rotor mmfs separately!

The second permeance harmonic also leads to a third harmonic in the airgap
flux density.

The rotor eccentricity, static and dynamic, produces mainly a two-pole
harmonic in the airgap conductance. For a two-pole machine, in interaction
with the fundamental mmf, a homopolar flux density is produced. This flux
is closing axially through the frame, bearings, and shaft, producing an a.c.
shaft voltage and bearing current of frequency f; (for static eccentricity) and
St (for the dynamic eccentricity).

The interaction between mmf and airgap magnetic conductance harmonics
is producing a multitude of harmonics in the airgap flux distribution.

Stator and rotor mmf harmonics of same order and same stator origin
produce asynchronous parasitic torques. Practically all stator mmf
harmonics produce asynchronous torques in cage rotors as the latter adapts
to the stator mmf harmonics. The no-load speed of asynchronous torque is
o, = O/V.

As v > 5 in symmetric (integer q) stator windings, the slip S for all
asynchronous torques is close to unity. So they all occur around standstill.
The rotor cage, as a short-circuited multiphase winding, may attenuate
asynchronous torques.

Chording is used to reduce the first asynchronous parasitic torques (for v =
-5 or v = +7); skewing is used to cancel the first slot mmf harmonic v = 6q;
+ 1. (q-slots/pole/phase).

Synchronous torques are produced at some constant specific speeds where
two harmonics of same order v; = v’ but of different origin interact.
Synchronous torques may occur at standstill if vi =+v' and at

s=1+-P . i>c, 21
CZNr

for vi=-Vv'.

Various airgap magnetic conductance harmonics and stator and rotor mmf

harmonics may interact in a cage rotor IM many ways to produce

synchronous torques. Many stator/rotor slot number Ny/N, combinations are

to be avoided to eliminate most important synchronous torque. The main
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benefit is that the machine will not lock into such speed and will accelerate
quickly to the pertinent load speed.

The harmonic current induced in the rotor cage by various sources may
induce certain current harmonics in the stator, especially for A connection
or for parallel stator windings (a >1).

This phenomenon, called secondary armature reaction, reduces the
differential leakage coefficient t4 of the first slot harmonic vgmi, = Ny/p; £ 1
and thus, in fact, increases its corresponding (originating) rotor current.
Such an augmentation may lead to the amplification of some synchronous
torques.

The stator harmonics currents circulating between phases (in A connection)
or in between current paths (in parallel windings), whose order is multiples
of three may be avoided by forbidding some N, N, combinations (Ns—Nr) #
2py, 4py, .-

Also, if the stator current paths are in the same position with respect to rotor
slotting, no such circulating currents occur.

Notable differences, between the linear theory and tests have been
encountered with large torque amplifications in the braking region (S > 1).
The main cause of this phenomenon seems to be magnetic saturation.

Slot opening presence also tends to amplify synchronous torques. This
tendency is smaller if N, < Ng; even straight rotor slots (no skewing) may be
adopted. Attention to noise for no skewing!

As a result of numerous investigations, theoretical and experimental, clear
recommendations of safe stator/rotor slot combinations are now given in
some design books. Attention is to be paid to the fact that, when noise is
concerned, low power machines and large power machines behave
differently.

Radial forces are somehow easier to calculate directly by Maxwell’s stress
method from various airgap flux harmonics.

Radial stress (force per unit stator area) p, is a wave with a certain order r
and a certain electrical frequency €. Only r = 0, 1, 2, 3, 4 cases are
important.

Investigating again the numerous combination contributions to the
mechanical stress components coming from the mmfs and airgap magnetic
conductance harmonics, new stator/rotor slot number N¢/N, restrictions are
developed.

Slip ring IMs behave differently as they have clear cut stator and rotor mmf
harmonics. Also damping of some radial stress component through induced
rotor current is absent in wound rotors.

Especially radial forces due to rotor eccentricity are much larger in slip ring
rotor than in cage rotor with identical stators, during steady state. The
eccentricity radial stress during starting transients are however about the
same.
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10.

11.

The circulating current of parallel winding might, in this case, reduce some
radial stresses. By increasing the rotor current, they reduce the resultant
flux density in the airgap which, squared, produces the radial stress.

The effect of radial stress in terms of stator vibration amplitude manifests
itself predominantly with zero, first, and second order stress harmonics (r =
0,1,2).

For large power machines, the mechanical resonance frequency is smaller
and thus the higher order radial stress r = 3, 4 are to be avoided if low noise
machines are to be built.

For precision calculation of parasitic torques and radial forces, after
preliminary design rules have been applied, FEM is to be used, though at
the price of still very large computation time.

Vibration and noise is a field in itself with a rich literature and
standardization. [11,12]
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Chapter 11

LOSSES IN INDUCTION MACHINES

Losses in induction machines occur in windings, magnetic cores, besides
mechanical friction and windage losses. They determine the efficiency of energy
conversion in the machine and the cooling system that is required to keep the
temperatures under control.

In the design stages, it is natural to try to calculate the various types of
losses as precisely as possible. After the machine is manufactured, the losses
have to be determined by tests. Loss segregation has become a standard method
to determine the various components of losses, because such an approach does
not require shaft-loading the machine. Consequently, the labor and energy costs
for testings are low.

On the other hand, when prototyping or for more demanding applications, it
is required to validate the design calculations and the loss segregation method.
The input-output method has become standard for the scope. It is argued that,
for high efficiency machines, measuring of the input and output P;,, Py to
determine losses Xp on load

2p:Pin_Pout (111)

requires high precision measurements. This is true, as for a 90% efficiency
machine a 1% error in Py, and P, leads to a 10% error in the losses.

However, by now, less than (0.1 to 0.2)% error in power measurements is
available so this objection is reduced considerably.

On the other hand, shaft-loading the IM requires a dynamometer, takes
time, and energy. Still, as soon as 1912 [1] it was noticed that there was a
notable difference between the total losses determined from the loss segregation
method (no-load + short — circuit tests) and from direct load tests. This
difference is called “stray load losses.” The dispute on the origin of “stray load
losses” and how to measure them correctly is still on today after numerous
attempts made so far. [2 - §]

To reconcile such differences, standards have been proposed. Even today,
only in the USA (IEEE Standard 112B) the combined loss segregation and
input-output tests are used to calculate aposteriori the “stray load losses” for
each motor type and thus guarantee the efficiency.

In most other standards, the “stray load losses” are assigned 0.5 or 1% of
rated power despite the fact that all measurements suggest much higher values.

The use of static power converters to feed IMs for variable speed drives
complicates the situation even more, as the voltage time harmonics are
producing additional winding and core losses in the IM.

Faced with such a situation, we decided to retain only the components of
losses which proved notable (greater than (3 to 5%) of total losses) and explore
their computation one by one by analytical methods.
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Further on numerical, finite element, loss calculation results are given.
11.1. LOSS CLASSIFICATIONS

The first classification of losses, based on their location in the IM, includes:

e  Winding losses — stator and rotor

e  (Core losses — stator and rotor

e  Friction & windage losses — rotor

Electromagnetic losses include only winding and core losses.

A classification of electromagnetic losses by origin would include

e Fundamental losses

e Fundamental winding losses (in the stator and rotor)
e Fundamental core losses (in the stator)
e Space harmonics losses
e  Space harmonics winding losses (in the rotor)
e  Space harmonic core losses (stator and rotor)
e  Time harmonic losses
e Time harmonics winding losses (stator and rotor)
e Time harmonic core losses (stator and rotor)

Time harmonics are to be considered only when the IM is static converter
fed, and thus the voltage time harmonics content depends on the type of the
converter and the pulse width modulation used with it. The space harmonics in
the stator (rotor) mmf and in the airgap field are related directly to mmf space
harmonics, airgap permeance harmonics due to slot openings, leakage, or main
path saturation.

All these harmonics produce additional (stray) core and winding losses
called

e Surface core losses (mainly on the rotor)

e Tooth flux pulsation core losses (in the stator and rotor teeth)

e Tooth flux pulsation cage current losses (in the rotor cage)

Load, coil chording, and the rotor bar-tooth contact electric resistance
(interbar currents) influence all these stray losses.

No-load tests include all the above components, but at zero fundamental
rotor current. These components will be calculated first; then corrections will be
applied to compute some components on load.

11.2. FUNDAMENTAL ELECTROMAGNETIC LOSSES

Fundamental electromagnetic losses refer to core loss due to space
fundamental airgap flux density— essentially stator based—and time fundamental
conductor losses in the stator and in the rotor cage or winding.

The fundamental core losses contain the hysteresis and eddy current losses
in the stator teeth and core,
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where C; [W/kg], C. [W/kg] n = (1.7 — 2.0) are material coefficients for
hysteresis and eddy currents dependent on the lamination hysteresis cycle shape,
the electrical resistivity, and lamination thickness; Giee, and Geore, the teeth and
back core weights, and B, B the teeth and core fundamental flux density
values.

At any instant in time, the flux density is different in different locations and,
in some regions around tooth bottom, the flux density changes direction, that is,
it becomes rotating.

Hysteresis losses are known to be different with alternative and rotating,
respectively, fields. In rotating fields, hysteresis losses peak at around 1.4 to 1.6
T, while they increase steadily for alternative fields.

Moreover, the mechanical machining of stator bore (when stamping is used
to produce slots) is known to increase core losses by, sometimes, 40 to 60%.

The above remarks show that the calculation of fundamental core losses is
not a trivial task. Even when FEM is used to obtain the flux distribution,
formulas like (11.2) are used to calculate core losses in each element, so some
of the errors listed above still hold. The winding (conductor) fundamental losses
are

(11.2)

P, =3R,,,>+3R,I,’ (11.3)

The stator and rotor resistances R and R,” are dependent on skin effect. In
this sense Ry(f}) and R,’(Sf}) depend on f; and S. The depth of field penetration
in copper d¢,(f)) is

SCo(fl)zJ 22f _ | 2 - =0.94-107* /%m (11.4)
Ho<ThiOco \/1.256-10621160(610] !

If either the elementary conductor height dc, is large or the fundamental
frequency f; is large, whenever

S¢co > deo (11.5)
2
the skin effect is to be considered. As the stator has many layers of conductors
in slot even for 8¢, = dco/2, there may be some skin effect (resistance increase).
This phenomenon was treated in detail in Chapter 9.
In a similar way, the situation stands for the wound rotor at large values of
slip S. The rotor cage is a particular case for one conductor per slot. Again,
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Chapter 9 treated this phenomenon in detail. For rated slip, however, skin effect
in the rotor cage is, in general, negligible.

In skewed cage rotors with uninsulated bars (cast aluminum bars), there are
interbar currents (Figure 11.1a).

The treatment of various space harmonics losses at no-load follows.

C
(skewing)

Ry, - bar resistance
R, - end ring segment resistance
R - bar to core resistance

. itr nﬂgllt bars
\skew ed bars
S=Sn
J
stack

Figure 11.1 Interbar currents (I,(Y)) in a skewed cage rotor a.)
and the resultant airgap flux density along stack length b.)

Depending on the relative value of the transverse (contact) resistance Ry and
skewing c, the influence of interbar currents on fundamental rotor conductor
losses will be notable or small.

The interbar currents influence also depends on the fundamental frequency
as for f; = 500 Hz, for example, the skin effect notably increases the rotor cage
resistance even at rated slip.

On the other hand, skewing leaves an uncompensated rotor mmf (under
load) which modifies the airgap flux density distribution along stack length
(Figure 11.1b).

As the flux density squared enters the core loss formula, it is obvious that
the total fundamental core loss will change due to skewing.

As skewing and interbar currents also influence the space harmonics losses,
we will treat their influence once for all harmonics. The fundamental will then
become a particular case.

Fundamental core losses seem impossible to segregate in a special test
which would hold the right flux distribution and frequency. However a standstill
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test at rated rotor frequency f, = Sf; would, in fact, yield the actual value of
R.’(S,f}). The same test at various frequencies would produce precise results on
conductor fundamental losses in the rotor. The stator fundamental conductor
losses might be segregated from a standstill a.c. single-phase test with all phases
in series at rated frequency as, in this case, the core fundamental and additional
losses may be neglected by comparison.

11.3. NO-LOAD SPACE HARMONICS (STRAY NO-LOAD) LOSSES IN
NONSKEWED IMs

Let us remember that airgap field space harmonics produce on no-load in
nonskewed IMs the following types of losses:

e  Surface core losses (rotor and stator)

e Tooth flux pulsation core losses (rotor and stator)

e Tooth flux pulsation cage losses (rotor)
The interbar currents produced by the space harmonics are negligible in
nonskewed machines if the rotor end ring (bar) resistance is very small (R./R;, <
0.15).

11.3.1. No-load surface core losses

As already documented in Chapter 10, dedicated to airgap field harmonics,
the stator mmf space harmonics (due to the very placement of coils in slots) as
well the slot openings produce airgap flux density harmonics. Further on, main
flux path heavy saturation may create third flux harmonics in the airgap.

It has been shown in Chapter 10 that the mmf harmonics and the first slot
opening harmonics with a number of pole pairs v = N * p; are attenuating and
augmenting each other, respectively, in the airgap flux density.

For these mmf harmonics, the winding factor is equal to that of the
fundamental. This is why they are the most important, especially in windings
with chorded coils where the 5th, 7th, 11th, and 17th stator mmf harmonics are
reduced considerably.

J pole pitch >
< ts stator slotting
,JN%LI L L L L i i i

Figure 11.2 First slot opening (airgap permeance) airgap flux density harmonics

Let us now consider the fundamental stator mmf airgap field as modulated
by stator slotting openings (Figure 11.2).
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By iy, (Sm,t):mcos(wlt—plem)cos N6, (11.6)
A a,

This represents two waves, one with N + p; pole pairs and one with N — p;
pole pairs, that is, exactly, the first airgap magnetic conductance harmonic.

Let us consider that the rotor slot openings are small or that closed rotor
slots are used. In this case, the rotor surface is flat.

The rotor laminations have a certain electrical conductivity, but they are
axially insulated from each other by an adequate coating.

For frequencies of 1,200 Hz, characteristic to N = p; harmonics, the depth
of field penetration in silicon steal for pg, = 200 py is (from 11.4)  ~ 0.4 mm,
for 0.6 mm thick laminations. This means that the skin effect is not significant.

Therefore we may neglect the rotor lamination-induced current reaction to
the stator field. That is, the airgap field harmonics (11.6) penetrate the rotor
without being disturbed by induced rotor surface eddy currents. The eddy
currents along the axial direction are neglected.

But now let us consider a general harmonic of stator mmf produced field
B,

X,

piT

B, =B, cos(V - SvmtJ =B, cos[ Vl);‘“ - SvmtJ (11.7)

R-rotor radius; T—pole pitch of the fundamental.
The slip for the v mmf harmonic, S., is

(SV)S(,:(l—l(l—S)J —1-~ (11.8)
pl S=0 p1

For constant iron permeability p, the field equations in the rotor iron are

rotB, =0, divB, =0, B, =0 (11.9)
This leads to
2 2 o’B, o°B
6]32X+6BZX=0 L+—-=0 (11.10)
ox oy ox oy

In iron these flux density components decrease along y (inside the rotor)
direction

vX
B, = fy(y)cos[ Rm —Svmtj (11.11)

0
According to oB, +—L=0.
ox
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B, = ¥ sin[vx—m—svmtj (11.12)
v R
R
From (11.10),
o°f (Y) vY
a;Z _[Ej f,(y)=0 (11.13)
vy
or f,(y)=B,eR (11.14)

Equation (11.14) retains one term because y < 0 inside the rotor and fy(y) should
reach zero for y = —oo.
The resultant flux density amplitude in the rotor iron B, is

B,, =B,eR (11.15)
But the Faraday law yields
rotE = rot[LiJ __%B (11.16)
Oy dt

In our case, the flux density in iron has two components B, and By, so

al, s 0B,
e
oz ot (11.17)
oy s 0B,
oz e ot
The induced current components J, and Jy are thus
vy
- VX
J, =—0pS,0B,eRz cos[ Rm - Svmtj
(11.18)

A%
- VX
J, =—0pS,0BeRz sin[ Rm - Svmtj

The resultant current density amplitude J,, is
ﬂ
Ty =410 +1,7 =0pS,0BeRz (11.19)

The losses per one lamination (thickness dg.) is
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1 dg. /2 y=—02gR
Pam =— | [ [1 dxdydz (11.20)
OFe —dp, /2 y=0 x=0

For the complete rotor of axial length 1y,

~Skep 2 0P dp Ronri

POV 24 N stack

(11.21)
Now, if we consider the first and second airgap magnetic conductance
harmonic (inversed airgap function) with a, , (Chapter 10),

a, = Zpu[bos] (11.22)

tS

B(bos/g) and Fip (bes,/tsy) are to be found from Table 10.1 and (10.14) in
Chapter 10 and

B, =B, M2, , ! (11.23)
h ¢l ag n ch .
where By, is the fundamental airgap flux density with
+
v=N, +p, and svzl—Mzi (11.24)
P P

The no-load rotor surface losses P, are thus

2 2 2
Ore N, R a,” +2a
(P()v )Nsipl ~ 2—F Bglz(_J (ZTCfl )2 dFe2 I\?l 2Td{lstackli : 2 .

11.25
24 pl s :|( )

4y

Example 11.1.

Let us consider an induction machine with open stator slots and 2R = 0.38 m, N
= 48 slots, t; = 25 mm, by = 14 mm, g = 1.2 mm, dg. = 0.5 mm, B, = 0.69 T,
2p; = 4, no = 1500 rpm, N, = 72, t, = 16.6 mm, by, = 6 mm, o, = 10%/45 (Qm)™.
To determine the rotor surface losses per unit area, we first have to determine a;,
a,, a9 from (11.22). For byy/g = 14/1.2 = 11.66 from table 10.1 B = 0.4. Also,
from Equation (10.14), F;(14/25) = 1.02, F,(0.56) = 0.10.

Also, a, = ;; K. (from Equations (5.3 — 5.5)) is K.;, = 1.85.

cl,28
Now the rotor surface losses can be calculated from (11.25).

6
Poo  _2:222007 o2 (48 )5 60 0.5 10 0.19-
27RI 24 2

_{(0-4 1.02) +2(0.4-0.17

stack

T } =8245.68W /m’
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As expected, with semiclosed slots, a; and a, become much smaller; also,
the Carter coefficient decreases. Consequently, the rotor surface losses will be
much smaller. Also, increasing the airgap has the same effect. However, at the
price of larger no-load current and lower power factor of the machine. The
stator surface losses produced by the rotor slotting may be calculated in a
similar way by replacing F(bos/ts), Fa(bos/ts), B(bos/g) With B(bo/g), Fi(bo/ts),
Fy(b,/ts), and Ny/p; with N,/p;.

As the rotor slots are semiclosed, b, << b,,, the stator surface losses are
notably smaller than those of the rotor, They are, in general, neglected.

11.3.2. No-load tooth flux pulsation losses

As already documented in the previous paragraph, the stator (and rotor) slot
openings produce variation in the airgap flux density distribution (Figure 11.3).

t

< s N
bOS
v ¢ A
g tooth ¢0
1 T\
0 \/
max ¢
max B, max min Qm
stat(:_l tooth € T Zit 31 i
X
‘ N Nre Ni
gmax
v
minimum
stator tooth
flux
a.) b.)

Figure 11.3 Airgap flux density as influenced by rotor and stator slotting a.)
and stator tooth flux versus rotor position b.)

In essence, the total flux in a stator and rotor tooth varies with rotor position
due to stator and rotor slot openings only in the case where the number of stator
and rotor slots are different from each other. This is, however, the case, as N #
N; at least to avoid large synchronous parasitic torques at zero speed (as
demonstrated in Chapter 10).

The stator tooth flux pulsates due to rotor slot openings with the frequency

fos = N.f w =N, i, for S = 0 (no-load). The flux variation coefficient K,

b, b,
is
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_ (I)max - (I)min
K, = oo (11.26)

The coefficient K, as derived when the Carter coefficient was calculated in [6]

V28
K, =128 11.27
b= (11.27)
with v, as
Vh = g—b (11.28)
54 oL
g

Now, by denoting the average flux density in a stator tooth with By, the
flux density pulsation By, in the stator tooth is

V28
Bp, =B —= (11.29)
S ots 2ts
B.,.=B L (11.30)
=B,, .
ots g ts —bos

Byp—airgap flux density fundamental.

We are now in the classical case of an iron region with an a.c. magnetic flux
density Bp, at frequency fps = Nif/p;. As N, f/p; is a rather high frequency, eddy
current losses prevail, so

2 2
Ppo = Cep(%j (ELOSJ Gieeths Gieetn — Stator teeth weight  (11.29)

In (11.31), C,, represents the core losses at 1T and 50Hz. It could have been
for 1T and 60 Hz as well.

Intuitively, the magnetic saturation of main flux path places the pulsation
flux on a local hysteresis loop with lower (differential) permeability, so
saturation is expected to reduce the flux pulsation in the teeth. However,
Equation (11.31) proves satisfactory even in the presence of saturation. Similar
tooth flux pulsation core losses occur in the rotor due to stator slotting.

Similar formulas as above are valid.

By \(fer ) f
PPrO = Cep (%) (S_I;;j Gteeth; fpr = Ns p_
1
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Y18 r
Bp, =By =—=; Byy =B, 11.32
Pr otr 2t ot g0 tr _bor ( )
2
g
="y
5+ -9
g

As expected, C,, — power losses per Kg at 1T and 50 Hz slightly changes

. . f f .
when the frequency increases, as it does at N,— or N, —. Co, = C.K, with K
b, Py

= 1.1 — 1.2 as an empirical coefficient.

Example 11.2
For the motor in Example 10.1, let us calculate the tooth flux pulsation losses
per Kg of teeth in the stator and rotor.
Solution

In essence, we have to determine the flux density pulsations Bp,, Bp,, then
fps, fpr and apply Equation (11.31).

From (11.26) and (11.32),

Yy = = =2.5
5+ 54+—
g 2
2
) ()
y =B - 1'214 —~8.166
5+ S5+ —
g 1.2

B, = t, 7,8 _069-25:1.2

B =0.094T
ST b, 2t, 2(25-14)

=0.3189T

B _p _ lr mg_069-8166:1.2
e p, 2t 2(16.6-6)
T or T :

With C, =3.6 W/Kg at 1T and 60 Hz,

2 2 2 2
Pp, :cep[%) @Lo] :3.6[M] (wj =59.3643W/Kg

1 2-50
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2 2 2 2
p, —c, [Bee|[fes] 54 03189)748-60 =303.66W/Kg
Pr e 50 1 2.50

The open slots in the stator produce large rotor tooth flux pulsation no-load
specific losses (Ppy).

The values just obtained, even for straight rotor (and stator) slots, are too
large.

Intuitively we feel that at least the rotor tooth flux pulsations will be notably
reduced by the currents induced in the cage by them. At the expense of no-load
circulating cage-current losses, the rotor flux pulsations are reduced.

Not so for the stator unless parallel windings are used where circulating
currents would play the same role as circulating cage currents.

When such a correction is done, the value of By, is reduced by a subunitary
coefficient, [4]

B, - B, K, -sin(%) —K,B,; K=u (1133)

P:

Lmk + L2dk

1
Lmk +L2dk +leot +Lmk£ 2 _lj
K skewk

K, =1- (11.34)

where L is the magnetizing inductance for harmonic K, L,y the differential
leakage inductance of Ky, harmonic, K.k the skewing factor for harmonic K,
and L, — rotor slot leakage inductance.

L, ~L — (11.35)

(11.36)

mk

; dg. — lamination thickness;

Spo = |— 2 (11.37)
U pedifr Sk OO e

where preqr 1S the the iron differential permeability for given saturation level of
fundamental.

S,0=2nf, =2n N, (11.38)
P,
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np,K

Toak = —7}: K -1 (11.39)
sin[plj
R
Sm(l@lcj
R
skewk T KPIC (1 140)
R

Skewing is reducing the cage circulating current reaction which increases
the value of Ky and, consequently, the teeth flux pulsation core losses stay
undamped.

Typical values for Ky—the total damping factor due to cage circulating
currents—would be in the range Kg = 1 to 0.05, depending on rotor number
slots, skewing, etc.

A skewing of one stator slot pitch is said to reduce the circulating cage
reaction to almost zero (Kg ~ 1), so the rotor tooth flux pulsation losses stay
high. For straight rotor slots with Ky ~ 0.1 — 0.2, the rotor tooth flux pulsation
core losses are reduced to small relative values, but still have to be checked.

11.3.3. No-load tooth flux pulsation cage losses

Now that the rotor tooth flux pulsation, as attenuated by the corresponding
induced bar currents, is known, we may consider the rotor bar mesh in Figure
11.4.

O Ady @

bk A @ A bk
R

Figure 11.4 Rotor mesh with two bars

Ad)rk = deBprk (tr - bor )lstack (1 141)

s

b,

In our case, K=

. For this harmonic, the rotor bar resistance is

increased due to skin effect by Ky (f, = lf1 ).
P
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The skin effect in the end ring is much smaller, so the ring resistance may
be neglected. If we also neglect the leakage reactance in comparison with rotor
bar resistance, the equation of the mesh circuit in Figure 11.4 becomes

2nfKAG, = RyKy (1) 1)) (11.42)

The currents Iy in the neighbouring bars (1) and (2) are phase shifted by an

S

angle ZnE , SO

T

1) ~12) =21, sin n% (11.43)

T

From (11.41) and (11.42),
A, 2nfK

I, = (11.44)
. mN,
2(s1n NJRbKRk
Finally, for all bars, the cage losses for harmonic K are
LY
Pocagek = NerKRk[%J (1 145)
or
N 2
(30, F st
N, ! (11.46)

P =
s sin? n& R K
N bRk

r

Expression (11.46) is valid for straight rotor slots. In a skewed rotor, the
rotor tooth flux pulsation is reduced (per stack length) and, thus, the
corresponding no-load cage losses are also reduced. They should tend to zero
for one stator slot pitch skewing.

Example 11.3. Consider the motor in Example 11.1, 11.2 with the stack length
lywer = 0.4 m, rotor bar class section Ay, = 250 mm?, (Ng=48,N,=72,2p; =4).

N, f =£-60=1440HZ is Kgy =
P: 2

15. Let us calculate the cage losses due to rotor tooth flux pulsations if the
attenuating factor of Ky = 0.05.
Solution

With Kg = 0.05 and By, = 0.3189, from Example 11.2 we may calculate Ady
(from 11.41).

The rotor bar skin effect coefficient for f, =
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Ady =Ky B (t, = b, )l =0.05-0.3189-(16.6-6)-107 0.4 =
=0.067-10° Wb
The d.c. bar resistance Ry, is

1stack L _ 04 1
G, 250-107°3.0-107

R, ~ =0.533-10*Q

A

bar

So the bar current (Ibk) N, i (11.43)

K==L
p1

0.067-107 - 2160 23
Iy = 18 2 _443A
2sinn5-o.533~10*4 .15

This is indeed a large value, but let us remember that the rotor bars are
many (N; >> N;) and the stator slots are open, with a small airgap.
Now the total rotor flux pulsation losses Pocger are (11.45)

2
POcagek =72 [ﬂ] -0.533- 10_4 -15=5682.2W

N)

Let us compare this with the potential power of the IM under consideration
(f, = 3-10*N/cm? — specific force),
P, ~f, 7R -L-R-2M 310 270,19 0.4
P

2130 4o7kcw

In such a case, the no-load cage losses would represent more than 1% of all
power.

11.4. LOAD SPACE HARMONICS (STRAY LOAD) LOSSES
IN NONSKEWED IMs

Again, slot opening and mmf space harmonics act together to produce space
harmonics load (stray load) losses in the presence of larger stator and rotor
currents.

In general, the no-load stray losses are augmented by load, component by
component. The mmf space harmonics of the stator, for integral-slot windings, is

v=(6ct1)p, (11.47)
The slot opening (airgap magnetic conductance) harmonics are
v, =c¢, N, +p, (11.48)

As expected, they overlap. The first slot harmonics (¢; = 1) Vgmin = Ny £ py
are most important as their winding factor is the same as for the fundamental.
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The mmf harmonic F, amplitude is

F,=F Sw P (11.49)
K, Vv

where K,,; and K,,, are the winding factors of the fundamental and of harmonic
v, respectively.

If the number of slots per pole and phase (q) is not very large, the first slot
(opening) harmonics N * p; produce the largest field in the airgap.

Only for full — pitch windings may the phase belt mmf harmonics (v =35, 7,
11, 13) produce airgap fields worthy of consideration because their winding
factors are not small enough (as they are in chorded coil windings). However,
even in such cases, the losses produced by the phase belt mmf harmonics may
be neglected by comparison with the first slot opening harmonics N £ p;. [6]

Now, for these first slot harmonics, it has been shown in Chapter 10 that
their mmf companion harmonics of same order produce an increase for N — p;
and a decrease for N + py, [6]

By =(1+Np—_p%jKi >1 (11.50)
1 0

Cc

N,+p, a 1
=l-——1 1 | <]
E—’(Nsﬂ)])o ( P, 2a0jK

c

where ay, ay, K have been defined earlier in this chapter for convenience.
For load conditions, the amplification factors & ), and & .,y are to be

replaced by [6]

1 I, N I, N ’

o = 1+ 2sin g, ) =P 2o S P

o K, L, p 2a, L, p 2a,

(11.51)

2

Eimm =1~ 2sing, )1 P B Lo R P

o K, I, p 2a L, p 2a

Iy is the no-load current, I, the current under load, and ¢, the power factor
angle on load.

From now on using the above amplification factors, we will calculate the
correction coefficients for load to multiply the various no-load stray losses and
thus find the load stray losses.

Based on the fact that losses are proportional to harmonic flux densities
squared, for N £ P slot harmonics we obtain
e Rotor surface losses on load

The ratio between load Py, and no-load P, surface losses Cjguqs 1S
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Pon =P - Croaass Cioaas > 1 (11.52)

loads

2 2
P, 2 P, 2
R — .—]n+ — stppn
C [IHJZ [[N;_plj EJ(Na p) (N;"'le E.’(N p)]
loads — | T
IO 2 2
b, 2 P 2
_ _ +| ——— o+
HNS—DJ E N (Nsﬂvlj &, p1)0]

e Tooth flux pulsation load core losses
For both stator and rotor, the no-load surface Pgy, Py are to be augmented
by amplification coefficients similar to Cyyyq,

(11.53)

Pspn = PspO : Cloadr

(11.54)
Prpn = Trpo - Cloads
where C,,q; 1 calculated with N, instead of Nj.
e  Tooth flux pulsation cage losses on load
For chorded coil windings the same reasoning as above is used.
Pncage = POcage : Cloadr (11.55)

For full pitch windings the 5" and 7 (phase belt) mmf harmonics losses are
to be added.
The cage equivalent current I, produced by a harmonic v is
Fv K P

~ = F —w 11.56
l+t, 'K, l+1, (11.56)

v

T, is the leakage (approximately differential leakage) coefficient for harmonic v

(Tv ~ Tdv)'
The cage losses,

P, ~1.°R Kqg, (11.57)

v

Ky is, again, the skin effect coefficient for frequency f,.

f,=Sf; S, =1-—(1-5) (11.58)
P

The differential leakage coefficient for the rotor (Chapter 6),

2
o :(ﬂj S (11.59)
.2
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Equation (11.57) may be applied both for 5™ and 7™ (5p,, 7p;), phase belt,
mmf harmonics and for the first slot opening harmonics N + p;.
Adding these four terms for load conditions [6] yields

ZEKWSI (1+th§)2 6p,
1

K, 1+, ) | N,
ncage ~ Ocage " loadr 21 ( 36) (1 160)
E.,(NS—PI Jn + i(Nﬂ )n
2 2
6mp, nN,
N, N,
; (11.61)

L W0 R T SV
: sinz(éTEpl j - sinz(nNS]
N N,

r

Magnetic saturation may reduce the second term in (11.60) by as much as
60 to 80%. We may use (11.61) even for chorded coil windings, but, as K is
almost zero, the factor in parenthesis is almost reduced to unity.

Example 11.4. Let us calculate the stray load amplification with respect to no-
load for a motor with nonskewed insulated bars and full pitch stator winding;
open stator slots, ay = 0.67/g, a; = 0.43/g, [/, = 0.4, cos¢, = 0.86, N, =48, N, =
40,2p, =4,=0.41,K.=1.8.
Solution

We have to first calculate from (11.50) the amplification factors for the
airgap field N; £ P; harmonics by the same order mmf harmonics.

| N,-p, a 1 (48-2) 043 ) 84

- l+ S | e N l+—.— = —

E—’(Ns*l’l)(’ K, [ D, 2a0 J K, ( 2 2-0.67 K,
e o L[ Newpoa ) 1) (48-2) 043 ) -7
(Ng+p1)o K, P 2a, K, 2 2-0.67 K,

Now, the same factors under load are found from (11.51).

8—2 043 48-2 043 ) 3.6
: + 04 : =
2 2067 2

c

1 4
EA(NS—p])n = K_\/l +2-0.53-04-

1
Enormn :K—Jl—z-o.53-o.4-

Cc

48+2 043 [04.48+2. 0.43 T__zs

+ —
2 2-0.67 2 2-0.67 K,

The stray loss load amplification factor C,g,gs is (11.53)
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LY €200 mm + Evemn | (1 Y[ 3.60% +2.802
Cronss =| = — | = (_j —————|=1.0873!
Lo ) [ & (Npo +E (Nwmo | (0.4 8.47+7
So the rotor surface and the rotor tooth flux pulsation (stray) load losses are
increased at full load only by 8.73% with respect to no-load.

Let us now explore what happens to the no-load rotor tooth pulsation (stray)
cage losses under load. This time we have to use (11.60),

2
Kys (1 * Tan, )Z 6p,
2K, P I e
K (1 + Tda) N,
= Cload : 1 + 2 2
POcage EJ (Ng=py)n +E,a (Nsﬂ’l)“

ncage wl

with K a saturation factor (K = 0.2), K5 = 0.2, K,,; = 0.965. Also t443 and 146
from (11.61) are Ty =42, 146 = 0.37. Finally,

2.02( 0.2 )2 (1+42) [6-2
Pocae “10.965 2\ 48
neage _y 08731+ _ (”0'327)

Pocage 3.60% +2.80

=1.43!

As expected, the load stray losses in the insulated nonskewed cage are
notably larger than for no-load conditions.

11.5. FLUX PULSATION (STRAY) LOSSES IN SKEWED INSULATED
BARS

When the rotor slots are skewed and the rotor bars are insulated from rotor
core, no interbar currents flow between neighboring bars through the iron core.

In this case, the cage no-load stray losses Py, due to first slot (opening)
harmonics N; £ p; are corrected as [6]

2 2
C TC
sin (N, +p,) sin (N,-p,)
POcageS = PO;ge TEZ:Nb * TE;NS (1 162)
W(N#Pl) W(Ns—Pl)

where c/t; is the skewing in stator slot pitch t units.
When skewing equals one stator slot pitch (c/t; = 1), Equation (11.62)
becomes

2
p
(P0cages )c/tszl =~ POcage N (?J (1 1 63)

s
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Consequently, in general, skewing reduces the stray losses in the rotor
insulated (on no-load and on load) as a bonus from (11.60). For one stator pitch
skewing, this reduction is spectacular.

Two things we have to remember here.

e  When stray cage losses are almost zero, the rotor flux pulsation core losses
are not attenuated and are likely to be large for skewed rotors with insulated
bars.

e Insulated bars are made generally of brass or copper.

For the vast majority of small and medium power induction machines, cast
aluminum uninsulated bar cages are used. Interbar current losses are expected
and they tend to be augmented by skewing.

We will treat this problem separately.

11.6. INTERBAR CURRENT LOSSES IN
NONINSULATED SKEWED ROTOR CAGES

For cage rotor IMs with skewed slots (bars) and noninsulated bars,
transverse or cross-path or interbar additional currents occur through rotor iron
core between adjacent bars.

Measurements suggest that the cross-path or transverse impedance Z is, in
fact, a resistance Ry up to at least =1 kHz. Also, the contact resistance between
the rotor bar and rotor teeth is much larger than the cross-path iron core
resistance. This resistance tends to increase with the frequency of the harmonic
considered and it depends on the manufacturing technology of the cast
aluminum cage rotor. To have a reliable value of Ry, measurements are
mandatory.

N C
(skewing) Lim: end ring
X 4
Ibm+1(y+Ay)
Q L1 (Y FAY)
3
v0 :
i bar m bar m+1 Lo/ Tomer
v I;m end ring

Figure 11.5 Bar and interbar currents in a rotor cage with skewed slots
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To calculate the interbar currents (and losses), a few analytical procedures
have been put forward [9, 6, 10]. While [9, 10] do not refer especially to the
first slot opening harmonics, [6] ignores the end ring resistance.

In what follows, we present a generalization of [9, 11] to include the first
slot opening harmonics and the end ring resistance.

Let us consider the rotor stack divided into many segments with the interbar
currents lumped into definite resistances (Figure 11.5).

The skewing angle vy is

tany =

(11.64)

stack

What airgap field harmonics are likely to produce interbar currents? In
principle, all space harmonics, including the fundamental, do so. Additionally,
time harmonics have a similar effect. However, for chorded coil stator windings,
the first slot harmonic N — p; is augmented by the same stator mmf harmonic;
Ns + p; harmonic is attenuated in a similar way as shown in previous
paragraphs.

Only for full-pitch stator windings, the losses produced by the first two 5™
and 7™ phase belt stator mmf harmonics are to be added. (For chorded coil
windings, their winding factors, and consequently their amplitudes, are
negligible).

At 50(60) Hz apparently the fundamental component losses in the cross-
path resistance for skewed noninsulated bar rotor cages may be neglected.
However, this is not so in high (speed) frequency IMs (above 300Hz
fundamental frequency). Also, inverter fed IMs show current and flux time
harmonics, so additional interbar current losses due to the space fundamental
and time harmonics are to be considered. Later in this chapter, we will return to
this subject.

For the time being, let us consider only one stator frequency f with a general
space harmonic v with its slip S,.

Thus, even the case of time harmonics can be dealt with one by one
changing only f, but for v = p; (pole pairs), the fundamental.

The relationship between adjacent bar and cross-path resistance currents on
Figure 11.5 are

_jmv
Lo (¥) =T (v) = 24 ™ Ty (y)sin 2=
T

v

g (Y)= g () = 2je ™ Idm(y)sin;—V (11.65)
T
_jmv
Ly —Loey =2je N1, sin%

r
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Kirchoff’s first law in node A yields

(y + Ay)— Ibm+1(Y) (11.66)

I
Lo (Y + AY) = Ty (y + Ay) ~ b Ay

Note that the cross path currents Iy, o refer to unity stack length.

With (11.65) in (11.66), we obtain

i
e N d

Idm(Y)z—Je—nv-d—Ibm(y) (11.67)
2sin y

T

Also, for the ring current I,

-1 . = (Ibmﬂ)y:lsgck (11.68)
with (11.65), (11.68) becomes
_inv
€ N:
L = Jﬁ(lbm)ygs% (11.69)
2sin—

T

The second Kirchoff’s law along the closed path ABCD yields

Rdlstack (Idm (y + AY)_ Idm (Y)) + (va + jSVXOV (l + Tav ))

_grvy (11.70)
) (Ibm (Y) —Ipma (Y)) &y

—EY Lstack Ay
_Em.e stack , <

stack stack

1

E.." represents the stator current produced induced voltage in the contour
ABCD. X, represents the airgap reactance for harmonic v seen from the rotor
side; 14, is the differential leakage coefficient for the rotor (11.59).

Making use of (11.67) into (11.70) yields

2 _ jﬂ
Rt Sl 71 ) e a1y
y

stack

The boundary conditions at y = +ly,./2 are

— R
(Irm )y:ilsmck /2" Zer = +(Idm ))’:ilslack/z Rdlslack; Rde = 2 VT (1 172)
4 Sin2 Ni

T

Z. represents the impedance of end ring segment between adjacent bars.
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z, -—Z« .7 -R_+iX, (L73)

erv’ ere
. 2 VT
4sin” —
N

r

Z, =R, +jX

Rerv, Xery are the resistance and reactance of the end ring segment. Zy,. is bar
equivalent impedance.

Solving the differential Equation (11.71) with (11.72) yields [10]
-E

mv

Z,. +V7'R,1

de stack

-[cos vy _]smny Acosh Y f Bsmh Y / be
lstack lstdck 5tdck stdck

The formula of the cross-path current Iy, (y) is obtained from (11.67) with

Lo (Y) (

(11.74)

(11.74).
Also,
Z e cos[vzyj -vYR e sin(\gj
A= (11.75)
Z .o cOSh 1 fﬁ +Ry, bee inh| L [ Zoe
2 Rde Rde 2 Rde

Z e sin(vzyj - VYR cos(vzy)
B=-j (11.76)
Z. sinh 112w | g de Zhe cosh| L | Zoe
2 Rde Rde 2 Rde

When the skewing is zero (y = 0), B = 0 but A is not zero and, thus, the bar
current in (11.74) still varies along y (stack length) and therefore some cross-
path currents still occur. However, as the end ring impedance Z.. tends to be
small with respect to Ry, the cross-path currents (and losses) are small.

However, only for zero skewing and zero end ring impedance, the interbar
current (losses) are zero (bar currents are independent of y). Also, as expected,
for infinite transverse resistance (Rde ~ o), again the bar current does not
depend on y in terms of amplitude. We may now calculate the sum of the bar

losses and interbar (transverse) losses together, P¢

cagev *
p lslack
Pcagev _N J Istack
2

Although (11.77) looks rather cumbersome, it may be worked out rather
comfortably with Iy, (bar current) from (11.74), 14y, from (11.67), and I, from
(11.69).

Lstack

dy J Istack Rdlstack
2

(11.77)

m

1) Re

1 dm( ] dy+2R I

stack
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We still need the expressions of emfs E,," which would refer to the entire
stack length for a straight rotor bar pair.

.2ve

J
V| B, -B,e N |l

stack

E; = ; (RMS value) (11.78)

72

V., is the field harmonic v speed with respect to the rotor cage and B, the v
airgap harmonic field. For the case of a chorded coil stator winding, only the
first stator slot (opening) harmonics v = N £ p; are to be considered.

For this case, accounting for the first airgap magnetic conductance
harmonic, the value of B, is

B, =B, —; N, =(N, £p,)¥p, (11.79)
: 2a,
a; and ay from (11.22 and 11.23).
The speed V,, is
v, -r2 [r_rﬂj (11.80)
p,60 v
with V=N tp, V., ~R2" _vy (11.81)
A p,60 ’

The airgap reactance for the v = N £ p; harmonics, Xj,, is

Xoy, ® xop% (11.82)

Xop, the airgap reactance for the fundamental, as seen from the rotor bar,

X
Xoy =—2: o
®T g2 N

2 2
:% (11.83)

r

where X, is the main (airgap) reactance for the fundamental (reduced to the
stator),

_ 6“00)1 lelezrlstack (1184)

X — W1  stacX
" n’ pngc(l+Ks)

(For the derivation of (11.83), see Chapter 5.) W —turns/phase, K,,;—winding
factor for the fundamental, K—saturation factor, g—airgap, p;—pole pairs, T—pole
pitch of stator winding.

Now that we have all data to calculate the cage losses and the transverse
losses for skewed uninsulated bars, making use of a computer programming
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environment like Matlab etc., the problem could be solved rather comfortably in
terms of numbers.

Still we can hardly draw any design rules this way. Let us simplify the
solution (11.74) by considering that the end ring impedance is zero (Z, = 0) and
that the contact (transverse) resistance is small.

e Small transverse resistance
Let us consider Ry = Ryrlack, the contact transverse resistance per unit rotor
length and that R is so small that

2
Rq(ﬂj << 4sin2[v—nJ—X°V(l+TdV) (11.85)
R N

1

r stack

For this case in [6], the following solution has been obtained:
vy S vy

quack 1 v 1
) . _.]Em ©

> tdm —
XOV(I * TdV) 2sin[l\;an0v(l + ’tdv)

_ E v stack
Ibm(Y): w2

y lstack 11{ (1 186)
n

r

n—the number of stack axial segments.
The transverse losses Py are

R 3 v)? 2
pdoz_qN_r2 E. | 1 (<& (11.87)
Ly 477\ X, | 1+74, \R

stack

The bar losses Py are:

E v
P,=NR o 11.88
b0 r“be X20V(1+Tdv)2 ( )

Equations (11.87 and 11.88) lead to remarks such as
e For zero end ring resistance and low transverse resistance Ry, the transverse
(interbar) rotor losses P4 are proportional to R4 and to the skewing squared.
e The bar losses are not influenced by skewing (11.88), so skewing is not
effective in this case and it shall not be used.
e Large transverse resistance
In this case, the opposite of (11.85) is true. The final expressions of
transverse and cage losses Py, Py are

v 2
Em 1 _lsinz[\/lstack )
- 27‘[2 lstack 3 1 ) 3 2R

q0 ~ N, B 5 stack (1+Tdv) &
R

(11.89)
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2
E v 2
P,=NR, | ————— | K ; 11.90
b0 r b{XOV(l+‘CdV)j skewv ( )

sin( YVlstack j
o 2R

skewv T
v 1 stack

2R

The situation is now different.

The transverse losses are proportional to the third power of stack length, to
the square of skewing factor, and inversely proportional to transverse
resistance per unit length Ro(Qm) (Ry-lyack = Ry).

The rotor bar losses Py, are proportional with skewing squared and, thus, by
proper skewing for the first slot (opening) harmonics v ~ N, this harmonic
bar losses are practically zero; skewing is effective. Also, with long stacks,
only chorded windings are practical.

With long stacks, large transverse resistivities have to be avoided by good
contact between bars and tooth walls or by insulated bars. Plotting the
transverse losses by the two formulas, (11.87) and (11.89), versus
transverse resistance per unit length Ry shows a maximum (Figure 11.6).

So there is a critical transverse resistance Ry for which the transverse losses

are maximum. Such conditions are to be avoided.

Pd A

Figure 11.6 Transverse losses versus transverse resistance Rq

In [6] the critical value of Rg, Rqo, is

Xovlitack 47[2 1 —lsin2 VIS&
’ 3 2R

R, ~ (11.91)

q0 2
er Sy
R

XKon> Rbe, Zer, Rg are in Q and E,,,, in volt.
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Increasing the stack length tends to increase the critical transverse resistivity
R,. R, is inversely proportional with skewing. Also, it seems that (P, )R Lo or
q

maximum transverse rotor losses, do depend on skewing.
11.7. NO-LOAD ROTOR SKEWED NONINSULATED CAGE LOSSES

For small or high transverse resistivity (R,) expressions (11.87 —11.90), use
the computation of transverse and cage no-load stray losses with E," from
(11.78) and v = N + p;. It has been shown that for this case, with v = N, the
transverse losses have a minimum of 0.9 <N/N;<1.1.

It means that for low contact (transverse) resistivity, the rotor and stator slot
numbers should not be too far away from each other. Especially for N/N < 1,
small transverse rotor losses are expected.

11.8. LOAD ROTOR SKEWED NONINSULATED CAGE LOSSES

While under no-load, the airgap permeance first harmonic was important as
it acted upon the airgap flux distribution; under load, it is the stator mmf
harmonics of same order Ny + p; that are important as the stator current
increases with load. This is true for chorded pitch stator windings when the 5th
and 7th pole pair phase belt harmonics are small.

The airgap flux density B, will now be coming from a different source:

11.92
' v le ch(l+Ks) ( )

F, is the stator mmf fundamental amplitude.

For full pitch windings however, the 5th and 7th (phase belt) harmonics are
to be considered and the conditions of low or high transverse resistivity (11.85)
has to be verified for them as well with v = 5py, 7p;.

Transverse cage losses for both smaller or higher transverse resistivity Rg
are inversely proportional to differential leakage coefficient t4, which, for v =

N, is
2
7N,
NI'
. =———-1 (11.93)
sin? LAN
Nl‘

It may be shown that 74y increases when Ny/N,> 1.

Building IMs with N¢/N; > 1 seems very good to reduce the transverse cage
losses with skewed noninsulated rotor bars. For such designs, it may be
adequate to even use non-skewed rotor slots when the additional transverse
losses are almost zero.
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Care must be exercised to check if the parasitic torques are small enough to
secure safe starts. We should also notice that skewing leads to a small
attenuation of tooth flux pulsation core losses by the rotor cage currents.

In general, the full load transverse cage loss Py, is related to its value under
no-load Py by the load multiplication factor Cy,.gs (11.53), for chorded pitch
stator windings.

Pdn = PdOCloads (1 194)

For a full pitch (single layer) winding Cy,.4s has to be changed to add the 5t
and 7" phase belt harmonics in a similar way as in (11.60 and 11.61).

2 KWS ’ (1+Tst)
K (1+746)
2

(N-p)n T §(2N5+P| )n

wl

Py =PioCroads| 1+ (11.95)

with & ), and & from (11.51).

Ng+py Jn
Example 11.5. For the motor with the data in Example 11.4, let us determine
the Py, /Pyo (load to no-load transverse rotor losses).

Solution

We are to use (11.95).

From Example 11.4, & _, ), =3.6/K,, K¢ = 1.8, Kys = 0.2, K1 = 0.965, Cioaas

=1.0873, & pn =28/K,, I+tgy, =43, 1+746=1.37.
We have now all data to calculate
2( 0.2 )2 43
i:1.0873 1+ 0.965) 1.37 =1.54!

P, 3.6 (28Y
- + -
1.8 1.8

11.9. RULES TO REDUCE FULL LOAD STRAY (SPACE HARMONICS)
LOSSES

So far the rotor surface core losses, rotor and stator tooth flux pulsation core
losses, and space harmonic cage losses have been included in stray load losses.
They all have been calculated for motor no-load, then corrected for load
conditions by adequate amplification factors.

Insulated and noninsulated, skewed and nonskewed bar rotors have been
investigated. Chorded pitch and full pitch windings cause differences in terms of
stray losses. Other components such as end-connection leakage flux produced
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losses, which occur in the windings surroundings, have been left out as their
study by analytical methods is almost impractical. In high power machines, such
losses are to be considered.

Based on analysis, such as the one corroborated above, with those of [12],

we line up a few rules to reduce full load stray losses

Large number of slots per pole and phase, q, if possible, to increase the first
phase belt and first slot (opening) harmonics.

Insulated or large transverse resistance cage bars in long stack skewed
rotors to reduce transverse cage losses.

Skewing is not adequate for low transverse resistance as is does not reduce
the stray cage losses while the transverse cage losses are large. Check the
tooth flux pulsation core losses in skewed rotors.

N; < N; to reduce the differential leakage coefficient of the first slot
(opening) harmonics N £ py, and thus reduce the transverse cage losses.
For N, < N, skewing may be eliminated after the parasitic torques are
checked and found small enough. For q = 1, 2, skewing is mandatory.
Chorded coil windings with y/t ~ 5/6 are adequate as they reduce the first
phase belt harmonics.

With full pitch winding, use large numbers of slot/pitch/phase whenever
possible.

Skewing seems efficient for noninsulated rotor bars with high transverse
resistance as it reduces the transverse rotor losses.

With delta connection (Ni—N,) # 2py, 4p1, 8p;.

With parallel path winding, the circulating stator currents induced by the
bar current mmf harmonics have to be avoided by observing a certain
symmetry.

Use small stator and rotor slot openings, if possible, to reduce the first slot
opening flux density harmonics and their losses. Check the starting and
peak torque as they tend to decrease due to slot leakage inductance
increase.

Use magnetic wedges for open slots, but check for the additional eddy
current losses in them and secure their mechanical ruggedness.

Increase the airgap, but maintain good power factor and efficiency.

For one conductor per layer in slot and open slots, check that the slot
opening by, to elementary conductor ds, are b,y/ds < 1, b,/d, < 3. This way,
the stray load conductor losses by space harmonics fields are reduced.

Use sharp tools and annealed lamination sheets (especially for low power
motors), to reduce surface core losses.

Return rotor surface to prevent laminations to be short-circuited and thus
reduce rotor surface core losses.

As storing the motor with cast aluminum (noninsulated) cage rotors after
fabrication leads to a marked increase of rotor bar to slot wall contact
electrical resistivity, a reduction of stray losses of (40 to 60)% may be
obtained after 6 months of storage.
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11.10. HIGH FREQUENCY TIME HARMONICS LOSSES

High frequency time harmonics in the supply voltage of IMs may occur
either because the IM itself is fed from a PWM static power converter for
variable speed or because, in the local power grid, some other power electronic
devices produce voltage time harmonics at IM terminals.

For voltage-source static power converters, the time harmonics frequency
content and distribution depends on the PWM strategy and the carrier ratio c,
(2c¢, switchings per period). For high performance symmetric regular sampled,
asymmetric regular sampled, and optimal regular sampled PWM strategies, the
main voltage harmonics are (c, £ 2)f; and (2¢, £ 1)fj, respectively, [13], Figure
11.7.

It seems that accounting for time harmonics losses at frequencies close to
carrier frequency suffices. As of today, the carrier ratio c, varies from 20 to
more than 200. Smaller values relate to larger powers.

Switching frequencies up to 20 kHz are typical for low power induction
motors fed from IGBT voltage-source converters. Exploring the conductor and
core losses up to such large frequencies becomes necessary.

High carrier frequencies tend to reduce the current harmonics and thus
reduce the conductor losses associated with them, but the higher frequency flux
harmonics may lead to larger core loss. On the other hand, the commutation
losses in the PWM converter increase with carrier frequency.

The optimum carrier frequency depends on the motor and the PWM
converter itself. The 20 kHz is typical for hard switched PWM converters.
Higher frequencies are practical for soft switched (resonance) converters. We
will explore, first rather qualitatively and then quantitatively, the high frequency
time harmonics losses in the stator and rotor conductors and cores.

—_
(=]

o
)
f

Harmonic voltage (p.u.)
=]
(=)}

04 +
I 23
02 + 19
L 17

t t t i f f t t t }31 t t

0 02 04 06 08 1.0 12

Modulation index

a.)

Figure 11.7 Harmonic voltages with modulation index for cr = 21
a.) symmetric regular sampled PWM b.) asymmetric regular sampled PWM (continued)
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Figure 11.7 (continued)

At high carrier frequency, the skin effect, both in the conductors and iron
cores, may not be neglected.

11.10.1. Conductor losses

The variation of resistance R and leakage L, inductance for conductors in
slots with frequency, as studied in Chapter 9, is at first rapid, being proportional
to . As the frequency increases further, the field penetration depth gets smaller
than the conductor height and the rate of change of R and L, decreases to
become proportional to f* (Figure 11.8).

R,Ll‘k
L,

¢ Y3
A\

“R

v

Figure 11.8 R and L, variation with frequency

For the end connections (or end rings), the skin effect is less pronounced,
but it may be calculated with similar formulas providing virtual larger slots are
defined (Chapter 9, Figure 9.10).

For high frequencies, the equivalent circuit of the IM may be simplified by
eliminating the magnetization branch (Figure 11.9).
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[, R(vf) j2nviLy(vf) R (vf) j2nviL, (vf)

j2mv i
Vv eJ 1

Figure 11.9 Equivalent circuit for time harmonic v

Notice that the slip S, = 1.
In general, the reactances prevail at high frequencies,

V,

~—Y - _ 1
Iv ZTCfVLG(fV)’ Lc(fv) le(fv)+ Lrl(fv) ( 95)

The conductor losses are then

P :nﬁ(m(fmr(fv»zﬁmsmrm» (11.96)

For a given (fixed) value of the current harmonic I,, the conductor losses
will increase steadily with frequency. This case would be typical for current
control.

For voltage control, when voltage harmonics V, are given, however,
(11.96) shows that it is possible to have conductor losses increasing with
frequency if the decrease of leakage inductance Ly(f,) with f, and the increase
factors of (R,(f, )+ R, (f, )) with f, are less than proportional to f,’.

Measurements have shown that the leakage inductance decrease to 0.5 to
0.3 of the rated frequency (60 Hz) value at 20 kHz.

So, in general,

L, (f,)~K £, (11.97)

For high frequencies R, variation with frequency is in the f,*° range,
approximately, so the rotor conductor losses are

3V, 05 Vi’

v

(2nf K )£,

Peonr * e~ (11.98)

A%

The rotor conductor losses drop notably as the time harmonic frequency
increases.

The situation in the stator is different as there are many conductors in every
slot (at least in small power induction machines).

So the skin effect for R will remain f, dependent in the initial stages (Kgs =
CRs' fv)a

Pcons ~ szfvojz (11.99)
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The stator conductor losses tend to increase slightly with frequency. For
large power IMs (MW range) the stator conductor skin effect is stronger and the
situation comes closer to that of the rotor: the stator conductor losses slightly
decrease at higher frequencies. We should also mention that the carrier
frequency in large power is only 1 to 3 kHz.

For low and medium power motors, as the carrier frequency reaches high
levels (20 kHz or more), the skin effect in the stator conductors enters the f,*°
domain and the stator conductor losses, for given harmonic voltage, behave like
the rotor cage losses (decrease slightly with frequency (11.98)). This situation
occurs when the penetration depth becomes smaller than conductor height.

11.10.2. Core losses

Predicting the core loss at high frequencies is difficult because the flux
penetration depth in lamination becomes comparable with (or smaller than) the
lamination thickness.

The leakage flux paths may then prevail and thus the reaction of core eddy
currents may set up significant reaction fields.

The field penetration depth in laminations Jg. is

Spe = /; (11.100)
anGFe“Fe

Gre—iron electrical conductivity; tg.—iron magnetic permeability.

For f= 60 Hz, o, = 2:10°(Qm)", pge = 800 po, 8. = 1.63 mm, while at 20
kHz 8. = 0.062 mm. In contrast for copper (8co)sor, = 9.31 mm, (8c¢o)r0k1z =
0.51 mm and in aluminum (3 ;)son, = 13.4 mm, (341)20kn, = 0.73 mm.

The penetration depth at 800u, and 20 kHz, 8, = 0.062 mm, shows the
importance of skin effect in laminations. To explore the dependence of core
losses on frequency, let us distinguish three cases.

e Case 1 — No lamination skin effect: &, >>d
This case corresponds to low frequency time harmonics. Both hysteresis
and eddy current losses are to be considered.

P = (Km'Bv"fv +K31'BV2fV2)A11 (11.101)
where B, is the harmonic flux density:

B =% W (11.102)
A] 2TCfVA|

A, is the effective area of the leakage flux path and I is its length.
With (11.102), (11.101) becomes

Pre = (Kva"fvl*n + Kele)All (11.103)
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Since n > 1, the hysteresis losses decrease with frequency while the eddy
current losses stay constant. P, is almost constant in these conditions.

e Case 2 — Slight lamination skin effect, .~ d

When &g, = d, the frequency f, is already high and thus 84 < da and a
severe skin effect in the rotor slot occurs. Consequently, the rotor leakage flux is
concentrated close to the rotor surface. The “volume” where the core losses
occur in the rotor decreases. In general then, the core losses tend to decrease
slowly and level out at high frequencies.

e Case 3 — Strong lamination skin effect, g, < d

With large enough frequencies, the lamination skin depth &g, < d and thus
the magnetic field is confined to a skin depth layer around the stator slot walls
and on the rotor surface (Figure 11.10).

The conventional picture of rotor leakage flux paths around the rotor slot
bottom is not valid in this case.

The area of leakage flux is now, for the stator, A = I O, with I the length
of the meander zone around the stator slot.

I; = (2h + b, N, (11.104)
Now the flux density B, is
1
B, = KW Kf, 2 (11.105)
f\/lfaFe

stator leakage flux

regions carrying leakage flux

—~ T~ 2
hs
Z/\/\A

——— mutual flux

rotor leakage flux

Figure 11.10 Leakage flux paths at high frequency

Consequently, the core losses (with hysteresis losses neglected) are

1
Pre, = KB, f el gadre ~ K V12 (11.106)

A slow steady state growth of core losses at high frequencies is thus
expected.
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11.10.3. Total time harmonics losses

As the discussion above indicates, for a given harmonic voltage, above
certain frequency, the conductor losses tend to decrease as f,”? (11.98) while
the core losses (11.106) increase.

y
total losses

/
time
on set of stator

A
harmonic /rw/
losses ﬁ conductor core loss

skin effect

stator conductor loss
— r uctor

rotor conductor loss
roK

on set of rotor
on set of

/ skin effect lamination

skin effect

»
»

frequency

Figure 11.11 Time harmonic IM losses with frequency (constant time harmonic voltage)

Consequently, the total time harmonics may level out above a certain
frequency (Figure 11.11). Even a minimum may be observed. At what
frequency such a minimum occurs depends on the machine design, power, and
PWM frequency spectrum.

11.11. COMPUTATION OF TIME HARMONICS CONDUCTOR
LOSSES

As Equation (11.96) shows, to compute the time harmonics conductor
losses, the variation of stator and rotor leakage inductances and resistances with
frequency due to skin effect is needed. This problem has been treated in detail,
for a single, unassigned, frequency in Chapter 9, both for the stator and rotor.

Here we simplify the correction factors in Chapter 9 to make them easier to
use and interpret.

In essence, with different skin effect in the slot and end-connection (end
ring) zones, the stator and resistance Ry(f,) is

Rs(fv): dec|:KRss(fv )ISth+KRse(fv )M} (11107)

coil 1coil

leoi—coil length, lepgcon—coil end connection length.

Krss > 1 is the resistance skin effect correction coefficient for the slot zone
and Ky corresponds to the end connection. A similar expression is valid for the
stator phase leakage inductance.
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I, 1
le (fv ) = ledc |:KXlss (fv )fLCk + I<Xlse (fv )Mi| (1 L. 108)

coil 1coi1

Kxiss and Ky are leakage inductance correction factors.

<—>bs n conductors <—>{3 77777777 g
h m layers HI Lo A
'l g ot cooo
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<v | 0000 |

lb=B+1. 2H]

<—»

a.) b.)

Figure 11.12 Stator slots a.) and end connection b.) geometries

Now with m layers of conductors per slot from Chapter 9, Equation (9.6),

m? -1

3 W(§)>1 (11.109)

KRss = (P(é)*'

nb
é': Bnh: Bn = TCfVHOGCo b_

h — conductor height, n — conductors per layer, b — conductor width (or
diameter), bs — slot width. Equation (11.109) is strictly valid for rectangular slots
(Figure 11.12). More evolved methods, as described in Chapter 9, may be used
for general shape slots.

The same formula (11.109) may be used for end connections coefficient
Krse but with by, instead of b, hy. instead of hg,and m/2 instead of m.

In a similar way, the reactance correction coefficient Ky, is (Equation (9.7))

Kxgs = (p'(§)+(m22—1)q/'(§) <1 (11.110)
m

Also, from (9.4) and (9.8), (9.9)

_, (sinh(28)+sin(28)) .\ . (sinh(2)-sin
()_ (cosh(Zﬁ)—coS(za)))), W(EJ)_ZEJW-I—COS(()))) (11.111)

(). 3 (sinh(2€)-sin(2g)) . (sinh(§)+sin(&))
® ( )_ 2¢ (cosh(2€_,)—c0s(2E_,))’ v (E’)_ &(cosh(E_,)+ cos(&)) (11.112)

As the number of layers in the virtual slot of end connection is m/2 and the
slot width is much larger than for the actual slot by, — by = 1.2hg ~ (4 — 6)by, the
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skin effect coefficients for the end connection zone are smaller than for the slot
zone but still, at high frequencies, they are to be considered.

For the cage rotor resistance R, and leakage inductance L,, expressions
similar to (11.107 — 11.108) are valid.

Rr(fv):RbchRb(fV)+RerchRe(fv) (11113)

Lrl(fv): LbchXb(fv)+LerchXe(fv) (l 1114)

Again, expressions (11.109) and (11.110) are valid, but with m = 1, with ny
=b,, and 6,4 in (11.109).

Also, in (11.110), & is to be calculated with hg, = h, by, = by + Kyh. In other
words, the end ring has been assimilated to an end connection, but the factor K,
should be 1.2 for a distant ring and less than that for an end ring placed close to
the rotor stack.

Example 11.6. Time harmonics conductor losses. An 11 kW, 6 pole, f; =50 Hz,
220 V induction motor is fed from a PWM converter at carrier frequency f, =20
kHz. For this frequency, the voltage V, = 126 V (see [14]).

For the rotor: & = 18.38, Kx, = 0.0816, Kz, = 18.38, R/’(f,) = 2.2 Q (end
ring resistance neglected), X’ = 2nf,-Ly(f,) = 47.9 Q, and for the stator: & =
3.38, Kgss = Kree = 79.4, Ry(f,) = 11.9 Q, Ky = Kxse = 0.3, X = 27f,-Ly(f,) =
63.3Q

The harmonic current I, is

I, = V. = 126 ~1.12A

JRHR P + (X, + X, (224119 +(47.9+63.3F

Now the conductor losses at 20 kHz are

(Poow o, = 3R AR =3(2.2+11.9)1.12% = 53.06W

We considered above V, ~ V,which is not the case, in general, although in
some PWM strategies at some modulation factor values, such a situation may
occur.

11.12. TIME HARMONICS INTERBAR ROTOR CURRENT LOSSES

Earlier in this chapter we dealt with space harmonic induced losses in
skewed noninsulated bar rotor cages. This phenomenon occurs also due to time
harmonics. At the standard fundamental frequency (50 or 60 Hz) the additional
transverse rotor losses due to interbar currents are negligible. In high frequency
motors (f; > 300 Hz), these losses count. [11] Also, time harmonics are likely to
produce transverse losses for skewed noninsulated bar rotor cages.

To calculate such losses, we may use the theory developed in Paragraph
11.6, with S =1, v =1 but for given frequency f, and voltage V,.
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However, to facilitate the computation process, we adopt the final results of
Reference [11] which calculates the rotor resistance and leakage reactance
including the skin effect and the transverse (interbar currents) losses,

Rr* (fv ) = (RbchRb (fv )+ RerchRe (fv )) ' |0“0 | cos YO +

+2nf, (LbchXb (fv ) + Lo Kxre (fv )) ) |a0|sin Yo+ X (fv ) sin YO (11.115)
n’[K

Xrl* (fv ) = 2TEfV (LbchXb (fv )+ LerchXRe (fv )) : |Q,0| cos YO -

11.116)
. cosy (
_(RbchRb(fv)+ RerchRe(fv))'|a0|SlnY0 +Xm(fv)' .0 -1
2
N K
with
! ( TE J
5 sin N—
4.3.2nf K . ol .
oy = ToPwl g kledt ne——" (11.117)
N, K o
NI'
sinh;[ Ebe +jy]
. Z..+R B
K:—(_)be+ «_|1_(A+B) L
Zbe+Rde' y Zb
P
Rde
(11.118)

where y is the skewing angle.

A and B are defined in (11.75) and (11.76). Z,. and Ry are defined in
(11.73) and refer to rotor bar impedance and equivalent rotor end ring and bar
tooth wall resistance Ry, is reduced to the rotor bar.

Xm(f)) is the airgap reactance for frequency f, and fundamental pole pitch,
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fy (11.119)
1

X, (0)= X, (6)-

In [11], for a 500 Hz fundamental, high speed, 2.2 kW motor, the variation
of rectangular bar rotor resistance Rr*(Rdc) for various frequencies was found to
have a maximum whose position depends only slightly on frequency (Figure
11.13a).

The rotor leakage reactance X' (Rge) levels out for all frequencies at high
bar-tooth wall contact resistance values (Figure 11.13b).

We should note that Equations (11.115) and (11.116) and Figure 11.13 refer
both to skin effect and transverse losses.

Rz [Q] Sk=1.0
2.0
9500 [Hz]
1.5
1.0
0.5
3500[Hz] pkng (2]
0.0
10% 10* 10 102 107" 10° 10' 102 RelQ)
(a)
X2 (Q) s=1.0
5.0
i 9500 [Hz)
" 8500 (H2] gen (14z)
2.0 5500[H2] 3500 (Hz)
1.0 2500 [Hz]
0.0

105 10 10° 102 107" 10° 10' 10?2 Ry[Q)]
(b)

Figure 11.13 Rotor cage resistance and leakage reactance versus bar-tooth wall contact resistance
Rdé:»
for various time harmonics

As the skin effect at, say, 9500 Hz is very strong and only the upper part of
the rotor bar is active, the value of transverse resistance Rde is to be increased in
the ratio
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Rde = Rdedc S—(f)
Al\ty

(11.120)

This is as if we would read values of R,", X,;" in Figure 11.13 calculated for
(Rye)qc at the abscissa Ry, of (11.120).

Also, as X, increases with Ry, the harmonic current and conductor losses
tend to decrease for large Rge.

Increasing the frequency tends to push the transverse resistance Rg to larger
values, beyond the critical value and thus lower interbar currents and losses are
to be obtained.

However, such a condition has to be verified up to carrier frequency so that
a moderate influence of interbar currents is secured.

11.13. COMPUTATION OF TIME HARMONICS CORE LOSSES

The computation of core losses for high frequency in IMs is a very difficult
task. However, for the case when 8, < d (large skin effect) and all the flux paths
are located around stator and rotor slots and on rotor surface in a thin layer (due
to airgap flux pulsation caused by stator slot openings), such an attempt may be
made easily through analytical methods.

Core losses may also occur due to axial fluxes, in the stack-end laminations
because of end connection high frequency leakage flux. So we have three types
of losses here.

a. Slot wall time harmonic core losses
b. Airgap flux pulsation (zig-zag) time harmonic core losses
c¢. End connection leakage flux time harmonic core losses

11.13.1. Slot wall core losses

Due to the strong skin effect, the stator and rotor currents are crowded
toward the slot opening in each conductor layer (Figure 11.14).

yA

A r T
I I [¢) C

It |

vV ¥

‘ I BEY)

Figure 11.14 Stator a.) and rotor b.) slot leakage flux path and flux density distribution (continued)
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Figure 11.14 (continued)
The stator average leakage flux ¢, is
¢VS:L leslot—(fv)lv ';[Wb/m] (11.121)

wi|” No [,
3 g
where W, — turns per phase
Ny/3 — slots per stator phase
hy/€ — the total height of m skin depths

m conductor layers in slot
From [14] the surface core losses, with skin effect considered for the stator, are

5 sinh| — |—sin| —

P - (I)vs . 5Fe 5Fe
™ S%eGFeMIZTe 2d 2d
cosh| — |—cos| —

6Fe 8Fe

K. is the reaction-field factor: K., = ¢’ (see (11.112)) for

K Nyl (2h +b, )8k, (11.122)

-4 (11.123)

In a similar way, we may proceed for the rotor slot, but here m = 1
(conductors per slot). The rotor average slot leakage flux ¢, is

1 Lrlslot (fv )Iv 1
=— . Wb/m 11.124
¢vr Wz & & [ ] ( )
m, 3
W—turns per rotor phase, m,—rotor equivalent phases. For a cage rotor we may
consider W, = W, and m, = 3 as L;j5(V) is already reduced to the stator.
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The rotor slot wall losses P, are
. 2d . [ 2d
, sinh 5 —sin| 5
Prw _ - ¢vr - . Fe Fe
5FeGFeMFe 2d 2d
cosh| — [—cos| —
6Fe 8Fe

11.13.2. Zig-zag rotor surface losses

.Kererstack(Zhr +br )6]:5 (11125)

The time harmonic airgap flux density pulsation on the rotor tooth heads,
similar to zig-zag flux, produces rotor surface losses.
The maximum airgap flux density pulsation B,k, due to stator slot opening is

n B
By :ZEBV”’ (11.126)

The factor B (bos/g) has been defined in Chapter 5 (Figure 5.4) or Table
10.1. Tt varies from zero to 0.41 for b,s/g from zero to 12. The frequency of B,k
is fy(N¢/p; £ 1). B,y is the f, frequency airgap space fundamental flux density.

To calculate B,,, we have to consider that all the airgap flux is converted
into leakage rotor flux. So they are equal to each other.

[%Bmﬂmm}ﬁﬁgﬂzlL (11.127)

\/E vy

Based on (11.126 and 11.127) in Reference [14], the following result has
been obtained for zig-zag rotor surface losses:

. [Zdj .(Zdj

5 sinh| — |—sin| —

ln_z[ B jB 212 . Kercvlr . BFE 81:6
816(2-B) " ™ 8lophi 2d 2d
cosh| — |—cos| —

6Fe 6Fe

(11.128)

Pzr = Z(RDSFe)

4 (KnKZJ (. (KTEKQJ ?

S smf ——

2R R'

Cvlr = + -

(Knsz (KTEKQJ
2R R’ (11.129)

. (KnK,) . (K=K,
sin sin
2R R' KK,
- . - COS <

KK, KK, 2R
2R R'

<1
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k=N g, < l=bu) g Ne

(11.130)
b, t, 2p,

where t—rotor slot pitch; b,—rotor slot opening.

Zig-zag rotor surface losses tend to be negligible, at least in small power
motors. End connection leakage core losses proved negligible in small motors.
In high power motors, only 3D FEM are able to produce trustworthy results.

In fact, it seems practical to calculate only the slot wall time harmonics core
losses in the stator and rotor. For the motor, in Example 11.6 in [14], it was
found that Py, + P, = 6.8 + 7.43 = 14.23W. This is about 4 times less than
conductor losses at 20 kHz.

11.14. LOSS COMPUTATION BY FEM

The FEM, even in its 2D version, allows for the computation of magnetic
field distribution once the stator and rotor currents are known. Under no-load,
only the stator current waveform fundamental is required. It is thus possible to
calculate the additional currents induced in the rotor cage by conjugating field
distribution with circuit equations.

1200 - -
B Core losses
P[W] in rotor
E Resistive rotor
1000 losses ——t
= Core losses
in stator

. Resistive stator
- losses

600

400

200

75 15 225 30 40 50 70 100

Figure 11.15 No-load losses (37 kW IM) at 7.5 Hz, ..., 100 Hz fundamental frequency.
Left column for sinusoidal voltage and right column for PWM voltage.
Measured losses marked by cross bars [16]

The core loss may be calculated only from the distribution of field in the
machine with zero electrical conductivity in the iron core. This is a strong
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approximation, especially at high time harmonic frequencies (see previous
paragraphs). In References [15, 16] such a computation approach is followed for
both sinusoidal and PWM voltages. Sample results of losses for a 37 kW motor
on no-load are shown on Figure 11.15. [16]

More important, the flux density radial (B,) and tangential (B,) flux density
hodographs in 3 points a, b, ¢ (Figure 11.16¢) are shown on Figure 11.16a, b.
[16] This is proof that the rotor slot opening (point a) and tooth (point b)
experience a.c. field while point ¢ (slot bottom) experiences a quasi-traveling
field. Although such knowledge is standard, a quantitative proof is presented
here.

When the motor is under load, for sinusoidal voltage supply, FEM has been
also used to calculate the losses for a skewed bar cage rotor machine. Insulated
bars have been used for the computation. This time, again, but justified, the iron
skin effect was neglected as time harmonics do not exist. Semiempirical loss
formulas, as used with analytical models, are still used with FEM.

The influence of skewing in the rotor is considered separately, and then by
using the coupling field-circuit FEM. The stack was sliced into 5 to 8 axial
segments properly shifted to consider the skewing effects. [17]

The already documented axial variation of airgap and core flux density due
to skewing changes the balance of losses by increasing the stator fundamental
and especially the rotor (stray) core losses and decreasing the rotor stray
(additional) cage losses.

In low power induction motors, where conductor losses dominate, skewing
tends to reduce total losses on load, while for large machines where core loss is
relatively more important, the total losses on load tend to increase slightly due
to skewing. [17]

The network — field coupled time — stepping finite element 2D model with
axial stack segmentation of skewed-rotor cage IMs has been used to include also
the interbar currents [18].

The fact that such complex problems can be solved by quasi 2D-FEM
today is encouraging as rather reasonable computation times are required,
However, all the effects are mixed and no easy way to derive design hints seems
in sight.

? :MINUI ALY z| .\ "
F wWilvw v u _u v‘ hv
§ . . |
é -2 -2 l :
" tmerd " Teepd

Figure 11.16 No-load flux density hodograph in points a, b, c, at 40 Hz,
left — sinusoidal voltage, right - PWM voltage (continued)
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Figure 11.16 (continued)

For other apparently simpler problems, however, as the usage of magnetic
wedges for stator slots in large machines, FEM is extremely useful. [19] A
notable reduction of rotor stray core losses is obtained. Consequently, higher
efficiency for open stator slots is expected.
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A similar situation occurs when the hysteresis losses in a cage IM are
calculated by investigating the IM from rated to zero positive and negative slip.
[20]

A pertinent review of FEM usage in the computation of IM performance
(and losses) is given in Reference [21].

11.15. SUMMARY

e  Conductor, core, frictional, and windage losses occur in IMs.

e Conductor and core losses constitute electromagnetic losses.

e  Electromagnetic losses may be divided into fundamental and harmonic
(space and/or time harmonics) losses.

o Fundamental conductor losses depend on skin effect, temperature, and the
machine power and specific design.

e Fundamental core losses depend on the airgap flux density, yoke and teeth
flux densities, and the supply voltage frequency.

e Inareal IM, fundamental electromagnetic losses hardly exist separately.

e Nonfundamental electromagnetic losses are due to space or/and time
harmonics.

e The additional (stray) losses, besides the fundamental, are caused by space
airgap flux density harmonics or by voltage time harmonics (when PWM
converters are used to feed the IM).

e  The airgap flux density space harmonics are due to mmf space harmonics,
airgap magnetic conductance space harmonics due to slot opening, and
leakage or main flux path magnetic saturation.

e No-load stray losses are space harmonics losses at no-load. They are
mainly: surface core losses, tooth flux pulsation core losses and tooth flux
pulsation cage losses.

e For phase-belt (mmf first) harmonics, 5, 7, 11, 13 and up to the first slot
opening harmonic (Ny/p; £ 1), the skin depth in laminations is much larger
than lamination thickness. So the reaction of core eddy currents on airgap
harmonic field is neglected., This way, the rotor (stator) surface core losses
are calculated.

e As the number of stator and rotor slots are different from each other N #
N,, the stator and rotor tooth flux pulsates with N, and Ny pole pairs,
respectively, per revolution. Consequently, tooth flux pulsation core losses
occur both in the stator and rotor teeth.

However, such tooth flux pulsations and losses are attenuated by the
corresponding currents induced in the rotor cage.

e For the rotor slot skewing by one stator slot pitch, the reaction of cage
currents to rotor tooth flux pulsation is almost zero and thus large rotor
tooth flux pulsation core losses persist (undamped).

e For straight slot rotors, the rotor tooth flux pulsation produces, as stated
above, no-load tooth flux pulsation cage losses. They are not to be
neglected, especially in large power motors.
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e All space harmonics losses under load are called stray load losses.

e Under load, the no-load stray losses are “amplified”. A load amplification
factor Cjyaq is defined and used to correct the stator and rotor tooth flux
pulsation core losses. A distinct load correction factor is used for
calculating rotor tooth flux pulsation cage losses. For full pitch stator
winding when calculating stray losses, besides the first slot harmonics Ny +
p1, the first phase belt harmonics (5, 7) are contributing to losses. In skewed
rotors, the load stray cage losses are also corrected by a special factor.

e Cast aluminum cages are used with low to medium power induction
machines. Their bars are noninsulated from slot walls and thus a transverse
(cross-path) resistance between bars through iron occurs. In this case,
interbar current losses occur especially for skewed rotors. Thus, despite of
the fact that with proper skewing, the stray cage losses are reduced, notable
interbar current losses may occur making the skewing less effective.

e There is a critical transverse resistance for which the interbar current losses
are maximum. This condition is to be avoided by proper design. Interbar
current losses occur both on no-load and on load.

e A number of rules to reduce stray losses are presented. The most interesting
is Ns > N; where even straight rotor slots may be used after safe starting is
secured.

e  With the advent of power electronics, supply voltage time harmonics occur.
With PWM static power converters, around carrier frequency, the highest
harmonics occur unless random PWM is used. Frequencies up to 20 kHz
occur this way.

e  Both stator and rotor conductor losses, due to these voltage time harmonics,
are heavily influenced by the skin effect (frequency). In general, as the
frequency rises over 2 to 3kHz, for given time harmonic voltage, the
conductor losses decrease slightly with frequency while core losses increase
with frequency.

e The computation of core losses at high time frequencies (up to 20 kHz) is

made accounting for the skin depth in iron &g, as all field occurs around
slots and on the rotor surface in a thin layer (3, — thick). These slot wall
and rotor surface core losses are calculated. Only slot wall core losses are
not negligible and they represent about 20 to 30% of all time harmonic
losses.
FEM has been applied recently to calculate all no-load or load losses, thus
including implicitly the space harmonics losses. Still the core losses are
determined with analytical expressions where the local flux densities
variation in time is considered. For field distribution computation, the
laminated core electrical conductivity is considered zero. So the
computation of time harmonic high frequencies (20 kHz) core losses
including the iron skin depth is not available yet with FEM. The errors vary
from 5 to 30%.
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10.

11.

12.

13.

14.

However, the effect of skewing, interbar currents, magnetic wedges, and
relative number of slots N¢/N; has been successfully investigated by field-
coupled circuit 2D FEMs for reasonable amounts if computation time.

New progress with 3D FEM is expected in the near future.

Measurements of losses will be dealt with separately in the chapter
dedicated to IM testing.
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Chapter 12

THERMAL MODELING AND COOLING

12.1. INTRODUCTION

Besides electromagnetic, mechanical and thermal designs are equally
important.

Thermal modeling of an electric machine is in fact more nonlinear than
electromagnetic modeling. Any electric machine design is highly thermally
constrained.

The heat transfer in an induction motor depends on the level and location of
losses, machine geometry, and the method of cooling.

Electric machines work in environments with temperatures varied, say from
—20°C to 50°C, or from 20° to 100° in special applications.

The thermal design should make sure that the motor windings temperatures
do not exceed the limit for the pertinent insulation class, in the worst situation.
Heat removal and the temperature distribution within the induction motor are
the two major objectives of thermal design. Finding the highest winding
temperature spots is crucial to insulation (and machine) working life.

The maximum winding temperatures in relation to insulation classes shown
in Table 12.1.

Table 12.1. Insulation classes

Insulation class Typical winding temperature limit [°C]
Class A 105
Class B 130
Class F 155
Class H 180

Practice has shown that increasing the winding temperature over the
insulation class limit reduces the insulation life L versus its value L, at the
insulation class temperature (Figure 12.1).

Longa+% (12.1)

It is very important to set the maximum winding temperature as a design
constraint. The highest temperature spot is usually located in the stator end
connections. The rotor cage bars experience a larger temperature, but they are
not, in general, insulated from the rotor core. If they are, the maximum
(insulation class dependent) rotor cage temperature also has to be observed.

The thermal modeling depends essentially on the cooling approach.
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Figure 12.1 Insulation life versus temperature rise

12.2. SOME AIR COOLING METHODS FOR IMs

For induction motors, there are four main classes of cooling systems
e Totally enclosed design with natural (zero air speed) ventilation
(TENV)

e Drip-proof axial internal cooling

e Drip-proof radial internal cooling

e Drip-proof radial-axial cooling

In general, fan air-cooling is typical for induction motors. Only for very
large powers is a second heat exchange medium (forced air or liquid) used in the
stator to transfer the heat to the ambient.

TENV induction motors are typical for special servos to be mounted on
machine tools etc., where limited space is available. It is also common for some
static power converter-fed IMs, that operate at large loads for extended periods
of time at low speeds to have an external ventilator running at constant speed to
maintain high cooling in all conditions.

The totally enclosed motor cooling system with external ventilator only
(Figure 12.2b) has been extended lately to hundreds of kW by using finned
stator frames.

Radial and radial-axial cooling systems (Figure 12.2¢, d) are in favor for
medium and large powers.
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However, axial cooling with internal ventilator and rotor, stator axial
channels in the core, and special rotor slots seem to gain ground for very large
power as it allows lower rotor diameter and, finally, greater efficiency is
obtained, especially with two pole motors (Figure 12.3). [2]

* zeroaiffspeed * smooth frame

< «@ @4
i PRy
<—1

end ring vents

R

a.)

finned frame

external
ventilator

Figure 12.2 Cooling methods for induction machines
a.) totally enclosed naturally ventilated (TENV);
b.) totally enclosed motor with internal and external ventilator
c¢.) radially cooled IM d.) radial — axial cooling system

The rotor slots are provided with axial channels to facilitate a kind of direct
cooling.
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Figure. 12.3 Axial cooling of large IMs

The rather complex (anisotropic) structure of the IM for all cooling systems
presented in Figures 12.2 and 12.3 suggests that the thermal modeling has to be
rather difficult to build.

There are thermal circuit models and distributed (FEM) models. Thermal
circuit models are similar to electric circuits and they may be used both for
thermal steady state and transients. They are less precise but easy to handle and
require a smaller computation effort. In contrast, distributed (FEM) models are
more precise but require large amounts of computation time.

We will define first the elements of thermal circuits based on the three basic
methods of heat transfer: conduction, convection and radiation.

12.3. CONDUCTION HEAT TRANSFER

Heat transfer is related to thermal energy flow from a heat source to a heat
sink.

In electric (induction) machines, the thermal energy flows from the
windings in slots to laminated core teeth through the conductor insulation and
slot line insulation.

On the other hand, part of the thermal energy in the end-connection
windings is transferred through thermal conduction through the conductors
axially toward the winding part in slots. A similar heat flow through thermal
conduction takes place in the rotor cage and end rings.

There is also thermal conduction from the stator core to the frame through
the back core iron region and from rotor cage to rotor core, respectively, to shaft
and axially along the shaft. Part of the conduction heat now flows through the
slot insulation to core to be directed axially through the laminated core. The
presence of lamination insulation layers will make the thermal conduction along
the axial direction more difficult. In long stack IMs, axial temperature
differentials of a few degrees (less than 10°C in general), (Figure 12.4), occur.
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Figure 12.4 Heat conduction flow routs in the IM

So, to a first approximation, the axial heat flow may be neglected.

Second, after accounting for conduction heat flow from windings in slots to
the core teeth, the machine circumferential symmetry makes possible the
neglecting of circumferential temperature variation.

So we end up with a one-dimensional temperature variation, along the
radial direction. For this crude approximation defining thermal conduction,
convection, and radiation, and of the equivalent circuit becomes a rather simple
task.

The Fourier’s law of conduction may be written, for steady state, as

V(-KA8)=q (12.2)

where q is heat generation rate per unit volume (W/m’); K is thermal
conductivity (W/m, °C) and 0 is local temperature.

For one-dimensional heat conduction, Equation (12.2), with constant
thermal conductivity K, becomes:

~K<2 =g (12.3)

A Dbasic heat conduction element (Figure 12.5) shows that power Q
transported along distance 1 of cross section A is

Q~q-1-A (12.4)

with g, A — constant along distance 1.
The thermal conduction resistance R.,, may be defined as similar to
electrical resistance.
1

Reon :E[OC/W] (12.5)

© 2002 by CRC Press LLC



Area A l/s;k
o/
Q | 7
Q2 hs < fA N
p 4l Ains
X= x=1
0=0 0=0

Figure 12.5 One dimensional heat conduction

Temperature takes the place of voltage and power (losses) replaces the
electrical current.
For a short 1, the Fourier’s law in differential form yields

AB

f ~ ~-K—; f —heat flow density [W/mz] (12.6)
X

If the heat source is in a thin layer,

p
f== 12.7
A (12.7)
Peos in Watts is the electric power producing losses and A the cross-section area.
For the heat conduction through slot insulation A;,s (total, including all
conductor insulation layers from the slot middle (Figure 12.5)), the conduction
area A is

A =(2h, +b.)l,, N,; N, —slots/stator (12.8)

stack
The temperature differential between winding in slots and the core teeth
AGCO is

AeCos = pcosR =i (129)

C()n; RCOn AK

In well-designed IMs, A®,y < 10°C with notably smaller values for small
power induction motors.

The improvement of insulation materials in terms of thermal conductivity
and in thickness reduction have been decisive factors in reducing the slot
insulation conductor temperature differential. Thermal conductivity varies with
temperature and is constant only to a first approximation. Typical values are
given in Table 12.2. The low axial thermal conductivity of the laminated cores
is evident.
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Table 12.2. Thermal conductivity

Material Thermal conductivity Specific heat coefficient C;
(W/m’C) WJ/Kg/'C)

Copper 383 380
Aluminum 204 900
Carbonsteel 45
Motor grade steel 23 500
Si steel lamination 490
—  Radial; 20-30
—  Axial 2.0
Micasheet 0.43 -
Varnished cambric 2.0 -
Press board Normex 0.13 -

12.4. CONVECTION HEAT TRANSFER

Convection heat transfer takes place between the surface of a solid body
(the stator frame) and a fluid (air, for example) by the movement of the fluid.

The temperature of a fluid (air) in contact with a hotter solid body rises and
sets a fluid circulation and thus heat transfer to the fluid occurs.

The heat flow out of a body by convection is

Qe = hAAD (12.10)

where A is the solid body area in contact with the fluid; A0 is the temperature
differential between the solid body and bulk of the fluid, and h is the convection
heat coefficient (W/m?-°C).

The convection heat transfer coefficient depends on the velocity of the
fluid, fluid properties (viscosity, density, thermal conductivity), the solid body
geometry, and orientation. For free convention (zero forced air speed and
smooth solid body surface [2])

he, = 2.158(A0)"*  vertical up - W/(m2°c)
he, = 0.496(A8)*  vertical down-W/(mZOC)
he, = 0.67(A8)"* horizontal - W/ (mZOC)

(12.11)

where A6 is the temperature differential between the solid body and the fluid.
For AB = 20°C (stator frame 0, = 60°C, ambient temperature 0, = 40°C) and
vertical — up surface

he, = 2.158(60 — 40)* = 4.5W/(m20C)

When air is blown with a speed U along the solid surfaces, the convection
heat transfer coefficient h, is

he(u)= e, (1 + KU

(12.12)
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with K = 1.3 for perfect air blown surface; K = 1.0 for the winding end
connection surface, K = 0.8 for the active surface of rotor, K = 0.5 for the
external stator frame.

Alternatively,

W/(m20c) for U > Sm/s (12.13)

U in m/s and L is the length of surface in m.
For a closed air blowed surface — inside the machine:

hC°(U):hC0(1+K\/EX1—a/2); a:% (12.14)

a

0.;—local air heating; 6,—heating (temperature) of solid surface.

In general, 0,, = 35 — 40°C while 0, varies with machine insulation class.
So, in general, a < 1.

For convection heat transfer coefficient in axial channels of length, L
(12.13) is to be used.

In radial cooling channels, h.°(U) does not depend on the channel’s length,
but only on speed.

h,*(U)~23.110°7 (W/m2°c) (12.15)

12.5. HEAT TRANSFER BY RADIATION

Between two bodies at different temperatures there is a heat transfer by
radiation. One body radiates heat and the other absorbs heat. Bodies which do
not reflect heat, but absorb it, are called black bodies.

Energy radiated from a body with emissivity € to black surroundings is

Qo = 02A(07 —0%)= 52A (0, +0, [07 +02 )6, —0,) (12.16)

o-Boltzmann’s constant: o = 5.67-10® W/(m’K*); € — emissivity; for a black
painted body € = 0.9; A—radiation area.

In general, for IMs, the radiated energy is much smaller than the energy
transferred by convection except for totally enclosed natural ventilation (TENV)
or for class F(H) motor with very hot frame (120 to 150°C).

For the case when 6, = 40° and 6, = 80°C, 90°C, 100°C, £ = 0.9, h,,q = 7.67,
8.01, and 8.52 W/(m*°C).

For TENV with h¢, = 4.56 W/(m?, °C) (convection) the radiation is superior
to convection and thus it cannot be neglected. The total (equivalent) convection
coefficient
h(c+r)0 = hCo + hrad =12 W/(m2= OC)'

The convection and radiation combined coefficients hn = 14.2W/(m2, °C)
for steel unsmoothed frames, hciro = 16.7W/(m2, °C) for steel smoothed frames,
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heino = 13.3W/(m?, °C) for copper/aluminum or lacquered or impregnated
copper windings. In practice, for design purposes, this value of h¢, which
enters Equations (12.12 through 12.14), is, in fact, heio, the combined
convection radiation coefficient.

It is well understood that the heat transfer is three dimensional and as K, h,
and h,,4 are not constants, the heat flow, even under thermal steady state, is a
very complex problem. Before advancing to more complex aspects of heat flow,
let us work out a simple example.

Example 12.1. One — dimensional simplified heat transfer

In an induction motor with pce; = 500 W, pcor = 400 W, piron = 300 W, the
stator slot perimeter 2h, + by = (2.25 + 8) mm, 36 stator slots, stack length: Iy,
=0.15 m, an external frame diameter D, = 0.30 m, finned area frame (4 to 1 area
increase by fins), frame length 0.30m, let us calculate the winding in slots
temperature and the frame temperature, if the air temperature increase around
the machine is 10°C over the ambient temperature of 30°C and the slot
insulation total thickness is 0.8 mm. The ventilator is used and the end
connection/coil length is 0.4.

Solution

First, the temperature differential of the windings in slots has to be
calculated. We assume here that all rotor heat losses crosses the airgap and it
flows through the stator core toward the stator frame.

In this case, the stator winding in slot temperature differential is (12.3)

1
A. pC 1[1 __ “endcon j
instCo 1. .1072-500-
Aecos — coil _ 08 10 500 06 :383 OC
K, N, (2h, +b )l 2.0-0.36-0.058-0.15

stack

Now we consider that stator winding in slot losses, rotor cage losses, and
stator core losses produce heat that flows radially through stator core by
conduction without temperature differential (infinite conduction!).

Then all these losses are transferred to ambient through the motor frame
through combined free convection and radiation.

0 -0 —— Qo _ (500 +400+300)
core air h( A - 1427[03003(4/1)

c+r)0 X frame

=74.758 °C

with 0, = 40°, O,4mpient = 30°, the frame (core) temperature 0., = 40 + 74.758 =
114.758°C and the winding in slots temperature Ocos = Ocore + ABcos = 114.758 +
3.83 = 118.58°C. In such TENV induction machines, the unventilated stator
winding end turns are likely to experience the highest temperature spot.
However, it is not at all simple to calculate the end connection temperature
distribution.
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12.6. HEAT TRANSPORT (THERMAL TRANSIENTS) IN
A HOMOGENOUS BODY

Although the IM is not a homogenous body, let us consider the case of a
homogenous body — where temperature is the same all over.

The temperature of such a body varies in time if the heat produced inside,
by losses in the induction motor, is applied at a certain point in time—as after
starting the motor. The heat balance equation is

d(T-T1,)
P, =Mc,——+  Ah_ (T-T,) (12.17)
losses X (conv)
per unit heat accumulation heat transfer from the body
timein W in the body through convection, conduction, radiation

M-body mass (in Kg), c—specific heat coefficient (J/(Kg-°C))
A-—area of heat transfer from (to) the body
h-heat transfer coefficient

Denoting by

C,=Mc, and R, :L; R o L (12.18)
md Ah KA

equation (12.17) becomes

(12.19)

This is similar to a R,, C, parallel electric circuit fed from a current source
Pyss with a voltage T — T, (Figure 12.6).

T Tmax"];) A

T-T,
b &S -t

v

Figure 12.6 Equivalent thermal circuit

For steady state, C, does not enter Equation (12.17) and the equivalent
circuit (Figure 12.6).
The solution of this electric circuit is evident.

t t
T=(T,, —TO)[l—e T‘J+Toe i (12.20)
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The thermal time constant t, = CR, is very important as it limits the
machine working time with a certain level of losses and given cooling
conditions. Intermittent operation, however, allows for more losses (more
power) for the same given maximum temperature, T ax-

The thermal time constant increases with machine size and effectivity of the
cooling system. A TENV motor is expected to have a smaller thermal time
constant than a constant speed ventilator-cooled configuration.

12.7. INDUCTION MOTOR THERMAL TRANSIENTS AT STALL

The IM at stall is characterized by very large conductor losses. Core loss
may be neglected by comparison. If the motor remains at stall the temperature of
the windings and cores increases in time. There is a maximum winding

temperature limit TS given by the insulation class, (155°C for class F) which
should not be surpassed. This is to maintain a reasonable working life for
conductor insulation. The machine is designed for lower winding temperatures
at full continuous load.

To simplify the problem, let us consider two extreme cases, one with long
end connection stator winding and the other a long stack and short end
connections.

For the first case we may neglect the heat transfer by conduction to the
winding in slots portion. Also, if the motor is totally enclosed, the heat transfer
through free convection to the air inside the machine is rather small (because
this air gets hot easily). In fact, all the heat produced in the end connection
(Pcoena) serves to increase end winding temperature.

AB

endcon ~ pCoend .

At C H endcon

endcon

Wwith peoend = 1000 W, Mengeon = 1 Kg, Cieopper = 380 Jng/OC, the winding would
heat up 115°C (from 40 to 155°C) in a time interval At.

=M (12.21)

endcon ¢ tcopper

(At)yy1s50c = % = 43.7seconds (12.22)

Now if the machine is already hot at, say, 100°C, ABengeon = 155° — 100° =
55°C. So the time allowed to keep the machine at stall is reduced to
55-1-380

(At)1004>155(]c = T =20.9seconds

The equivalent thermal circuit for this oversimplified case is shown on
Figure 12.7a.

On the contrary, for long stacks, only the winding losses in slots are
considered. However, this time some heat accumulated in the core and the same
heat is transferred through thermal conduction through insulation from slot
conductors to core.
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R condinsul

initial Tambient
a.) b.)

Figure 12.7 Simplified thermal equivalent circuits for stator winding temperature rise at stall
a.) long end connections; b.) long stacks

Wlth Pcostot = 1000 W Mslotcopper 1 Kg, Cg]o[cnpper 380 J/Kg/OC insulation
thickness 0.3 mm K, = 6 W/m/°C, Cieore = 490 J/Kg/ C, slot height hy = 20 mm,

slot width b, = 8 mm, slot number: Ny = 36, M. = 5 Kg, stack length lg, = 0.1
m’

-3
Rcondinsul A‘"‘ = 03 . 17(3) = 868 . 1074 (Oc/m)
' (2h, +b o NK,.  (2:20+8)-107-0.1-36-2
(12.23)
C,...=M =1-380=380J/°C
slotcon slotcon tcopper (1224)
C.. =M =5.490=2450J/°C

core core tcore

The temperature rise in the copper and core versus time (solving the circuit
of Figure 12.7b) is

2 t
t T, N
Tcopper - Tambiem = PCos]ot C + C + C T [1 -e

slotcon core slotcon “con

(12.25)

t

P ——

— Coslot T

Tcore _Tambiem - ﬁ t—1, l—e ™

slotcon + core
with
C -C
— . — slot
Teon = Cslotcochondinsu]’ T _%Rcondinsul (1226)
slotcon + core

As expected, the copper temperature rise is larger than core temperature
rise. Also, the core accumulates a good part of the winding-produced heat, so
the time after which the conductor insulation temperature limit (155°C for class
F) is reached at stall is larger than for the end connection windings.
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The thermal time constant T, is

_380-2450

=— " .8.68-10"* = 0.2855seconds (11.27)
2450+ 380

TI
The second term in (12.25) dies out quickly so, in fact, only the first, linear
term counts. AS Ceore >> Cgoreon, the time to reach the winding insulation

temperature limit is increased a few times: for Tympient = 40°C and Teopper = 155°C
from (12.25).

(155-40)380+2450)
1000

=325.45seconds

(At)4o° co155°C =

Consequently, longer stack motors seem advantageous if they are to be used
frequently at or near stall at high currents (torques).

12.8. INTERMITTENT OPERATION

Intermittent operation with IMs occurs both in line-start constant frequency
and voltage, and in variable speed drives (variable frequency and voltage).

In most line-start applications, as the voltage and frequency stay constant,
the magnetization current I, is constant. Also, the rotor circuit is dominated by
the rotor resistance term (R,/S) and thus the rotor current I, is 90° ahead of I,
and the torque may be written as

T, ~3pL_I.I =3pL

m m-r

1°-17 (12.28)

mI m s m

The torque is proportional to the rotor current, and the stator and rotor
winding losses and core losses are related to torque by the expression

2 2
Pdis = pcore + pCostator + pComtor ~ 3RSIS + 3RrIr + pcore =

’ ’ : (1229
= 3Rs Im2 + L +3Rr Te + 3((’OILmIm) ( )
3pleIm 3P1L R

mIm m]||

For fractional power (sub kW) or low speed (2p; = 10, 12), motors I,
(magnetization current) may reach 70 to 80% of rated current I, and thus
(12.29) remains a rather complicated expression of torque, with I, = const.

For medium and large power (and 2p, = 2, 4, 6) IMs, in general I, < 30%,
and I, may be neglected in (12.29), which becomes

2
T
o N 12.30
dis (core)const+ ( S+ r{:})pleImj ( )

Electromagnetic losses are proportional to torque squared. For variable

speed drives with IMs, the magnetization current is reduced with torque
reduction to cut down (minimize) core and winding losses together.
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Thus, (12.29) may be used to obtain OPg/0l,, = 0 and obtain I,(T.) and,
again, from (12.29), P4;(Te). Qualitatively for the two cases, the electromagnetic
loss variation with torque is shown on Figure 12.8.

As expected, for an on-off sequence (ton, torr), more than rated (continuous
duty) losses are acceptable during on time. Therefore, motor overloading is
permitted. For constant magnetization current, however, as the losses are
proportional to torque squared, the overloading is not very large but still similar
to the case of PM motors [3], though magnetization losses 3R’ are additional
for the IM.

A
dis

line start IM
———— variable frequency & voltage
supplied IMs

Ty

= \\?ln

O AT

P!

®,, (constant)

Figure 12.8 Electromagnetic losses Py;; and magnetisation current I, versus torque

The duty cycle d may be defined as

d=—tov (12.31)

tON + tOFF

Complete use of the machine in intermittent operation is made if, at the end
of ON time, the rated temperature of windings is reached. Evidently the average
losses during ON time Py may surpass the rated losses Py, for continuous
steady state operation. By how much depends both on the toy value and on the
machine equivalent thermal time constant t,.

1, =R,C, (12.32)
C—thermal capacity of winding (J/°C); R—thermal resistance between windings
and the surroundings (°C/W). The value of T, depends on machine geometry,

rated power and speed, and on the cooling system, and may run from tens of
seconds to tens of minutes or even several hours.
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12.9. TEMPERATURE RISE (Ton) AND FALL (Togr) TIMES

The loss (dissipated power) Pgs may be considered approximately
proportional to load squared.

Pdis
P

disn

2
~ ( L J =Kj (12.33)

en

The temperature rise, for an equivalent homogeneous body, during toy time
is (12.19),

_toNn

_ton ton.
T—TO:RPdis[l—e * }L(TC—TO)e “ (12.34)

where T, is the initial temperature and T, the ambient temperature (T — To =
R'Pdis)s Wlth Pdisn (Kload = 1), T(tON) = Trated~ Replacing il’l (1234) Pdis by

. K2 _ (Trated - TO) . KZ

load — load
R

P

dis

=P

disn

(12.35)

Wlth Tmax = Trated9
_ton lon
(Trated _TO 1_I<12t)ad 1-e E = (Tc _T(Jk B (1236)

Equation (12.36) shows the dependence of toy time, to reach the rated
winding temperature, from an initial temperature T, for a given overload factor
Kioaa- As expected toy time decreases with the rise of initial winding temperature
T..

During togr time, the losses are zero, and the initial temperature is T, = T..
So with Ky, =0 and T, = T,, (12.36) becomes

_torr

T-T,=(T,-T,)-e ™ (12.37)

For steady state intermittent operation, however, the temperature at the end
of OFF time is equal, again, to T..

_torr

T.-T,=(T.-T,)e ™ (12.38)

For given initial (low) T,, final (high) T y.q temperatures, load factor Kj,g,
and thermal time constant t, Equations (12.36) and (12.38) allow for the
computation of toy and topr times.

. . t ..
Now, introducing the duty cycle d= ON to climinate topp, from
1:ON + tOFF

(12.36) and (12.38) we obtain
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(12.39)

It is to be noted that using (12.36)—(12.38) is most practical when toy < T as
it is known that the temperature stabilizes after 3 to 4t,.

For example, with toy = 0.2 1, and d = 25%, Kj,,q = 1.743, 1, = minutes, it
follows that ton = 15 minutes and topr = 45 minutes.

For very short on-off cycles ((toy + torr) < 0.2 7,), we may use Taylor’s

formula to simplify (12.39) to
Kiw = 1/—1 (12.40)
load d .

For short cycles, when the machine is overloaded as in (12.40), the medium
loss will be the rated one.
For a single pulse, we may use d =0 in (12.39) to obtain

1
_ton.

l-e ™

Kload = (1241)

As expected for one pulse, Kj,,q allowed to reach rated temperature for
given toy is larger than for repeated cycles.

With same start and end of the cooling period temperature T., the toy and
torr times are again obtained from (12.39) and (12.38), respectively, even for a
single cycle (heat up, cool down).

ton
torr =T, ln|»K120ad - (Klzoad _1)3 A ‘| (12.42)

For given K,,,q from (12.41), we may calculate ton/t, while from (12.42)
torr time, for a single steady state cycle, T, to T, to T, temperature excursion (T,
> T,) is obtained. It is also feasible to set topr and, for given Ky,qg, to determine
from (12.42), ton.

Rather simple formulas as presented in this chapter, may serve well in
predicting the thermal transients for given overload and intermittent operation.

After this almost oversimplified picture of IM thermal modeling, let us
advance one more step by building more realistic thermal equivalent circuits.

12.9 MORE REALISTIC THERMAL EQUIVALENT CIRCUITS FOR
IMs

Let us consider the overall heating of the stator (or rotor) winding with
radial channels. The air speed and temperatures inside the motor are taken as
known. (The ventilator design is a separate problem which, produces the airflow

© 2002 by CRC Press LLC



rate and temperatures of air as its output, for given losses in the machine and its
geometry.)

A half longitudinal cross section is shown in Figure 12.9a for the stator and
in Figure 12.9b for the rotor.

stator frame

Is bs
[TTTTTTTTTT [TTTTTTTTTT [TTTTTTTTIT b‘Ai‘r:s 2
@‘ ©
1s/4 hg,|h,
[ p—— v
LI LLLLILLLLLL PLLLLLILLLL v
D, i
a.)
©)
(QO0) [TTTTTTTTTT [TTTTTTTTTT [TTTTTTTITT
ol C—-
©) @ ©
A A
@ [INNRARENNY [IRERERENNN] [IRRRRNRNNN
| 6D |
shaft

rotor
or bar
(uninsulated)

wound rotor cage rotor
b.)

Figure 12.9 IM with radial ventilating channels
a.) stator winding, b.) rotor winding

The objective here is to set a more realistic equivalent thermal circuit and
explicitate the various thermal resistances Ry, ... Ry.
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To do so a few assumptions are made.
e The winding end connection losses do not contribute to the stator (rotor)

stack heating

e The end-connection and in-slot winding temperature, respectively, do not
vary axially or radially

e The core heat center is placed /4 away from elementary stack radial
channel

The equivalent circuit with thermal resistances is shown in Figure 12.10.
T'air

|
? Peoston) R P..
tl
A

pCo(endcon)

Ry R Ry Ry Ris Ry Ry Ry

Figure 12.10 Equivalent thermal circuit for stator or rotor windings

T’ — air temperature from the entrance into the machine to the winding
surface.
In Figure 12.10,

Pcosion — winding losses for the part situated in slots

Pcoendeo