
Electric Machines for Smart 
Grids Applications 

Design, Simulation and Control

Edited by Adel El-Shahat

Edited by Adel El-Shahat

In this book, highly qualified scientists present their recent research motivated by the 
importance of electric machines. It addresses advanced studies for high-speed electrical 
machine design, mechanical design of rotors with surface-mounted permanent magnets, 

design of motor drive for brushless DC motor, single-phase motors for household 
applications, battery electric propulsion systems for competition racing applications, 
robust diagnosis by observer using the bond graph approach, a DC motor simulator 

based on virtual instrumentation, start-up of a PID fuzzy logic embedded control system 
for the speed of a DC motor using LabVIEW, advanced control of the permanent magnet 

synchronous motor and optimization of fuzzy logic controllers by particle swarm 
optimization to increase the lifetime in power electronic stages.

Published in London, UK 

©  2018 IntechOpen 
©  Birdlkportfolio / iStock

ISBN 978-1-78984-596-9

Electric M
achines for Sm

art G
rids A

pplications - D
esign, Sim

ulation and C
ontrol



ELECTRIC MACHINES FOR
SMART GRIDS

APPLICATIONS - DESIGN,
SIMULATION AND

CONTROL

Edited by Adel El-Shahat



ELECTRIC MACHINES FOR
SMART GRIDS

APPLICATIONS - DESIGN,
SIMULATION AND

CONTROL

Edited by Adel El-Shahat



Electric Machines for Smart Grids Applications - Design, Simulation and Control
http://dx.doi.org/10.5772/intechopen.74089
Edited by Adel El-Shahat

Contributors

Sanath Alahakoon, Mark Burridge, Abderrahmene Sallami, Nicolae Patrascoiu, Ruthber Rodriguez, Vadim Azhmyakov, 
Jorge Luis Aroca Trujillo, Roberto Sagaro Zamora, Marian Gaiceanu, Pedro Ponce, Luis Arturo Soriano, Manuel Garcia, 
Arturo Molina, Simon Barrans, Levi Mallin, Viacheslav Vavilov, Flyur Ismagilov, Valentina Ayguzina, Tze-Yee Ho, Fabrizio 
Marignetti, Damiano D’Aguanno, Adel El-Shahat

© The Editor(s) and the Author(s) 2018
The rights of the editor(s) and the author(s) have been asserted in accordance with the Copyright, Designs and 
Patents Act 1988. All rights to the book as a whole are reserved by INTECHOPEN LIMITED. The book as a whole 
(compilation) cannot be reproduced, distributed or used for commercial or non-commercial purposes without 
INTECHOPEN LIMITED’s written permission. Enquiries concerning the use of the book should be directed to 
INTECHOPEN LIMITED rights and permissions department (permissions@intechopen.com).
Violations are liable to prosecution under the governing Copyright Law.

Individual chapters of this publication are distributed under the terms of the Creative Commons Attribution 3.0 
Unported License which permits commercial use, distribution and reproduction of the individual chapters, provided 
the original author(s) and source publication are appropriately acknowledged. If so indicated, certain images may not 
be included under the Creative Commons license. In such cases users will need to obtain permission from the license 
holder to reproduce the material. More details and guidelines concerning content reuse and adaptation can be 
foundat http://www.intechopen.com/copyright-policy.html.

Notice

Statements and opinions expressed in the chapters are these of the individual contributors and not necessarily those 
of the editors or publisher. No responsibility is accepted for the accuracy of information contained in the published 
chapters. The publisher assumes no responsibility for any damage or injury to persons or property arising out of the 
use of any materials, instructions, methods or ideas contained in the book.

First published in London, United Kingdom, 2018 by IntechOpen
eBook (PDF) Published by IntechOpen, 2019
IntechOpen is the global imprint of INTECHOPEN LIMITED, registered in England and Wales, registration number: 
11086078, The Shard, 25th floor, 32 London Bridge Street  
London, SE19SG – United Kingdom
Printed in Croatia

British Library Cataloguing-in-Publication Data
A catalogue record for this book is available from the British Library

Additional hard and PDF copies can be obtained from orders@intechopen.com

Electric Machines for Smart Grids Applications - Design, Simulation and Control
Edited by Adel El-Shahat

p. cm.

Print ISBN 978-1-78984-596-9

Online ISBN 978-1-78984-597-6

eBook (PDF) ISBN 978-1-83881-770-1



Selection of our books indexed in the Book Citation Index 
in Web of Science™ Core Collection (BKCI)

Interested in publishing with us? 
Contact book.department@intechopen.com

Numbers displayed above are based on latest data collected. 
For more information visit www.intechopen.com

3,900+ 
Open access books available

151
Countries delivered to

12.2%
Contributors from top 500 universities

Our authors are among the

Top 1%
most cited scientists

116,000+
International  authors and editors

120M+ 
Downloads

We are IntechOpen,
the world’s leading publisher of 

Open Access books
Built by scientists, for scientists

 





Meet the editor

Dr. Adel El-Shahat is an Assistant Professor in the 
Department of Electrical and Computer Engineering 
at Georgia Southern University, USA. He is a Found-
er and Director of Innovative Power Electronics and 
Nano-Grids Research Lab (IPENG). His research focuses 
on Electric Machines; Renewable Energy Systems; Smart 
Grid Systems; Power Electronics; Power Systems; Neu-

ral Networks; Energy Storage and Optimization. He has received several 
awards, recognition and honors due to his work. He is a Senior Member 
of IEEE, IRED, and member of twenty-five professional organizations. He 
is Editor-in-Chief of the International Journal of Convergence Computing 
and Reviewer for sixty journals and conferences. He has authored more 
than one hundred papers in journals and conferences plus eight books and 
five book chapters with ninety other publications.



Contents

Preface VII

Section 1 Introduction    1

Chapter 1 Introductory Chapter: Electric Machines for Smart Grids and
Electric Vehicles Applications   3
Adel El-Shahat

Section 2 Electric Machines Design    13

Chapter 2 Basics of High-Speed Electrical Machines   15
Flyur R. Ismagilov, Viacheslav Ye. Vavilov and Valentina V. Ayguzina

Chapter 3 Materials Used in High-Speed Electrical Machines   51
Flyur R. Ismagilov, Viacheslav Ye. Vavilov and Valentina V. Ayguzina

Chapter 4 The Design of Motor Drive for Brushless DC Motor   73
Tze-Yee Ho

Chapter 5 Mechanical Design of Rotors with Surface Mounted
Permanent Magnets   87
Simon Barrans and Levi Mallin

Section 3 Electric Machines Efficient Simulation and
Advanced Control    107

Chapter 6 Designing a DC Motor Simulator Based on Virtual
Instrumentation   109
Nicolae Patrascoiu



Contents

Preface XI

Section 1 Introduction    1

Chapter 1 Introductory Chapter: Electric Machines for Smart Grids and
Electric Vehicles Applications   3
Adel El-Shahat

Section 2 Electric Machines Design    13

Chapter 2 Basics of High-Speed Electrical Machines   15
Flyur R. Ismagilov, Viacheslav Ye. Vavilov and Valentina V. Ayguzina

Chapter 3 Materials Used in High-Speed Electrical Machines   51
Flyur R. Ismagilov, Viacheslav Ye. Vavilov and Valentina V. Ayguzina

Chapter 4 The Design of Motor Drive for Brushless DC Motor   73
Tze-Yee Ho

Chapter 5 Mechanical Design of Rotors with Surface Mounted
Permanent Magnets   87
Simon Barrans and Levi Mallin

Section 3 Electric Machines Efficient Simulation and
Advanced Control    107

Chapter 6 Designing a DC Motor Simulator Based on Virtual
Instrumentation   109
Nicolae Patrascoiu



Chapter 7 Battery Electric Propulsion Systems for Competition Racing
Applications   131
Sanath Alahakoon and Mark Burridge

Chapter 8 Single-Phase Motors for Household Applications   149
Damiano D’Aguanno, Fabrizio Marignetti and Francesco Faginoli

Chapter 9 Start-Up of a PID Fuzzy Logic-Embedded Control System for the
Speed of a DC Motor Using LabVIEW   175
Ruthber Rodriguez Serrezuela, Jorge Luis Aroca Trujillo, Roberto
Sagaro Zamora and Vadim Azhmyakov

Chapter 10 Advanced Control of the Permanent Magnet
Synchronous Motor   191
Marian Găiceanu

Chapter 11 Optimization of Fuzzy Logic Controllers by Particle Swarm
Optimization to Increase the Lifetime in Power
Electronic Stages   213
Pedro Ponce, Luis Arturo Soriano, Arturo Molina and Manuel Garcia

Chapter 12 Robust Diagnosis by Observer Using the Bond Graph
Approach   235
Abderrahmène Sallami

X Contents

Preface

This book addresses recent efforts and advanced applications of electric machines in the field
of smart grids and electric vehicles. It has three main sections including eleven peer-selected
chapters besides the introduction. The electric machine is the horsepower of all industries
and the legal mother of the power system field. The rule of electromechanical energy change
was first shown by Michael Faraday in 1821. The first electric machine, a DC machine, was
imagined by William Sturgeon in 1832. Nikola Tesla considered the turning attractive field in
1882 and utilized it to develop the first AC machine in 1883. As of now, all electric machines
for sustainable power source collecting are reached from non-renewable energy source con‐
trol plants. This book supplies the reader with an integrative view of the latest research on
electric machines regarding design, modeling, simulation, and control. It is highly recom‐
mended for graduates, senior-level undergraduate students, professionals, and researchers
looking to gain foundational and advanced knowledge of electric machines. It presents both
theoretical and hands-on experience from distinguished researchers. In this book, highly
qualified scientists in this field present their most recent research motivated by the impor‐
tance of electric machines of various fields. The chapters are selected for this book to reflect
current technologies, new concepts, advanced applications and methods related to the book’s
topic from different perspectives. The book introduces innovative recent case studies and
novel solutions for high-speed electrical machine design, mechanical design of rotors with
surface mounted permanent magnets, design of motor drive for brushless DC motor, single-
phase motors for household applications, battery electric propulsion systems for competition
racing applications, robust diagnosis by observer using the bond graph approach, a DC mo‐
tor simulator based on virtual instrumentation, start-up of a PID fuzzy logic embedded con‐
trol system for the speed of a DC motor using LabVIEW, advanced control of the permanent
magnet synchronous motor and optimization of fuzzy logic controllers by particle swarm
optimization to increase the lifetime in power electronic stages. These advanced studies are
well prepared and presented in the form of twelve chapters as the following:

1. Introductory Chapter: Electric Machines for Smart Grids and Electric Vehicles
Applica

2. Basics of High-Speed Electrical Machines
3. Materials Used in High-Speed Electrical Machines
4. Materials Used in High-Speed Electrical Machines
5. Mechanical Design of Rotors with Surface Mounted Permanent Magnets
6. Designing a DC Motor Simulator Based on Virtual Instrumentation
7. Battery Electric Propulsion Systems for Competition Racing Applications
8. Single-Phase Motors for Household Applications
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1. Introduction

The rule of electromechanical vitality change was first shown by Michael Faraday in 1821. The
first electric machine, really a DC one, was imagined by William Sturgeon in 1832. Nikola Tesla
considered the turning attractive field in 1882 and utilized it to develop the first AC machine,
really an enlistment engine, in 1883. Now the AC machines, including synchronous genera-
tors and enlistment generators, have been broadly acknowledged to function admirably for
nonrenewable energy source control age. As of now, all electric machines for sustainable
power source collecting are reached out from nonrenewable energy source control plants.
Conventional generators are moderately ineffectual to change over sustainable power sources
into power, especially inefficient for tackling wind power or wave one [1].

In September 1821, Faraday constructed a first electric motor utilizing a compartment of mer-
cury with a permanent magnet in its inside. At that point, Faraday spent the following decade, 
on and off, attempting to comprehend the material science behind electromagnetism. At that 
time, he depicted various fizzled analyses in which he attempted to show what is called “elec-
tromagnetic induction.” From that point onward, Faraday’s superseding inspiration was to 
“change over magnetism into electricity,” and it was “Arago’s disk” that was the platform 
for his delightful analyses. His analysis demonstrated that a current could be actuated all the 
time when there was relative movement between the conductor and the attractive field. We 
presently know this impact as “electromagnetic induction.” He next found an undeniably 
compelling method for changing the magnetic field: by moving two wires, one associated 
with a battery and the other to a galvanometer. Faraday’s induction ring was, essentially, the 
simple first electrical transformer. It gets by right up till the present time and is in plain view 
in the Royal Institution’s historical center as shown in Figure 1 [2].

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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The American researcher, Joseph Henry (1797–1878), from numerous points of view, reflected 
that of Michael Faraday, was additionally working autonomously on electromagnetism on 
the opposite side of the Atlantic—in spite of the fact that enthusiasm for the subject was abso-
lutely circling over the Atlantic by the 1830s. Henry in certainty beat Faraday to the disclosure 
of inductance by a couple of months in 1831, yet it was Faraday who distributed first and, 
in spite of the defers that so baffled him, is in this way credited with the revelation. The 
French instrument producer, Hippolyte Pixii (1808–1835), constructed an unrefined electric 
generator as ahead of schedule as 1832, constructed specifically in light of Faraday’s thoughts 
of enlistment. A recommendation by Ampère and others prompted the presentation of the 
commutator—a revolving switch that inverts the association with the outer circuit when 
the present turns around, giving a beating DC current rather than an AC one. A business, 
substantial-scale use of Faraday’s disclosure was made by the electroplaters of Birmingham 
as right on time as 1844. The pace of innovation at that point got in the 1850s as plans for 
evermore groundbreaking generators known as “magnetoelectric machines” were produced 
fully expecting the business uses of the electric machine [2].

By the mid-1860s, some researchers and innovators were creating handy outlines for the dyn-
amoelectric machine. These gadgets were utilizing self-controlling electromagnetic field curls 
rather than lasting magnets to empower far more noteworthy power age out of the blue. By the 
1880s, the alleged “war of the streams” was going all out between those, for example, Thomas 
Edison, who favored DC current for control age and those, drove by George Westinghouse 
and Nikola Tesla, who trusted that AC current was the path forward. The last two would, 
in the end, unequivocally win that intense war. The advancement of AC control transmis-
sion, utilizing transformers (whose causes lie in Faraday’s straightforward enlistment ring) 
to transmit power at high voltage and with low misfortune, permitted focal influence stations 
to wind up financially down to earth. Today, the alternator overwhelms huge-scale power 
production and depends on a liquid, normally steam, that goes about as a transitional vitality 
transporter, to drive the turbines and produce power.

Figure 1. Faraday’s induction ring (1831) [2].
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2. Permanent magnet (PM) machine overview

PM synchronous machines have been a point of enthusiasm for the last quarter century. 
Previously, AC synchronous machines were utilized for the most part of generator applica-
tions. Their utilization as a motor was restricted because of the trouble of controlling the 
frequency of their supply voltages. The presentation of intensity gadgets PWM inverters has 
enabled the motor drive to have finish control over the extent and recurrence of machine 
stage to stage voltages. Another factor that helped the improvement of PM synchronous 
machines is the development of mechanical creation of permanent magnets. The permanent 
magnet composed to be delivered on a modern scale was the Alnico in the mid-twentieth 
century. The rotor of line-begin PMSM is made of lasting magnet installed inside a squirrel-
confine winding. Enlistment of current in the squirrel confine produces torque at zero or 
higher paces; a similar way torque is created in acceptance engines. PMSM with line-starting  
can create torque at zero speed and keep running as an enlistment engine, until the point 
that the synchronous speed is reached [3, 4]. Once the synchronous speed is achieved the 
rotor is synchronized with the power source. After this, the motor keeps running as a syn-
chronous motor.

However, high-speed PM machines permit a lessened framework weight, higher working 
proficiency, diminished upkeep costs, and a littler envelope than a customary arrangement 
in a similar power rating. Notwithstanding with the higher-power thickness and frequency 
likewise comes higher-power misfortune thickness. Exceptional consideration should then 
be paid to the decision of overlay material, loop development, and cooling component for 
what might somehow be a normal stator and lodging plan. On account of a rapid PM motor, 
temperature affectability of the magnet material is an extra factor. Hence, samarium cobalt is 
frequently the decision to acknowledge higher-temperature plans [3, 4]. Permanent magnetic 
machines can be generally divided into subgroups as shown in Figure 2. In addition, Figure 3 
illustrates schematic cross section of a four-pole motor with surface-mounted permanent 
magnets and an interior PM motor.

Figure 2. Permanent magnetic machine subgroups.
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3. Editor’s contributions to this field

This book has recent advances of modeling, control, optimization, analysis, and design 
of electric machines especially for smart grid applications and electric vehicles. However, 
the editor himself has some contributions for different types of electric machines in many 
applications as the following: electric machines (EM) in nano-power grids [5]; EM in 
smart home systems [6]; performance improvement for induction motor [7]; PM syn-
chronous machine new aspects for modeling, control, and design [8]; sizing high-speed 
micro-generators for smart grid systems [9]; high-speed PM generator for optimized 
sizing based on particle swarm for smart grids [10]; EM in small-scale hydropower 
generator electrical system modeling [11]; for ANN robot energy modeling [12]; small-
scale wind power dispatchable energy source modeling [13]; PMSM sensorless speed 
control drive [14]; ANN interior PM synchronous machine performance improvement 
unit [15]; PMSM performance improvement [16]; sizing a high-speed PM generator for 
green energy applications [17]; 400 kW six analytical high-speed generator designs for 
smart grid systems [18]; nonlinear global sizing of high-speed PM synchronous genera-
tor for renewable energy applications [19]; micro-generator design for smart grid system 
(comparative study) [20]; PM synchronous motor drive system for automotive applica-
tions [21]; high-speed PM synchronous machine [22]; PM synchronous motor dynamic 
modeling with genetic algorithm performance improvement [23]; spacecraft flywheel 
high-speed PM synchronous motor design (classical and genetic) [24]; high fundamental 
frequency PM synchronous motor design neural regression function [25]; PM synchro-
nous motor control strategies with their neural network regression functions [26]; high-
speed PM generator optimized sizing based on particle swarm optimization for smart 

Figure 3. Schematic cross section of a motor with surface-mounted permanent magnets (PM; left) and of an interior PM 
motor (right) [3].
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grids [27]; energy modeling of differential drive robots [28]; high-speed micro-turbine 
modeling and control for micro-grid applications [29]; optimized sizing of high-speed 
PM generator for renewable energy applications [30]; PM synchronous motor genetic 
algorithm performance improvement for renewable energy applications [31]; high-speed 
synchronous motor basic sizing neural function for renewable energy applications 
[32]; PM synchronous motor genetic algorithm performance improvement for green 
energy applications [33]; high-speed PM synchronous motor basic sizing neural regres-
sion function for renewable energy applications [34]; permanent magnet synchronous 
motor dynamic modeling [35]; generating basic sizing design regression neural func-
tion for HSPMSM in aircraft [36]; neural unit for PM synchronous machine performance 
improvement used for renewable energy [37]; PM synchronous machine stabilization 
control for electric vehicle [38]; neural unit for PM synchronous machine performance 
improvement used for renewable energy [39]; PM synchronous machine stabilization 
control for electric vehicle [40]; PM synchronous machine stabilization control for aircraft 
and spacecraft [41]; dynamic modeling of permanent magnet synchronous motor using 
MATLAB-Simulink [42]; speed sensorless neural controller for induction motor efficiency 
optimization [43]; neural model of three-phase induction motor [44]; and high-speed 
switched reluctance motor generator for automotive turbocharger applications [45].
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3. Editor’s contributions to this field

This book has recent advances of modeling, control, optimization, analysis, and design 
of electric machines especially for smart grid applications and electric vehicles. However, 
the editor himself has some contributions for different types of electric machines in many 
applications as the following: electric machines (EM) in nano-power grids [5]; EM in 
smart home systems [6]; performance improvement for induction motor [7]; PM syn-
chronous machine new aspects for modeling, control, and design [8]; sizing high-speed 
micro-generators for smart grid systems [9]; high-speed PM generator for optimized 
sizing based on particle swarm for smart grids [10]; EM in small-scale hydropower 
generator electrical system modeling [11]; for ANN robot energy modeling [12]; small-
scale wind power dispatchable energy source modeling [13]; PMSM sensorless speed 
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(comparative study) [20]; PM synchronous motor drive system for automotive applica-
tions [21]; high-speed PM synchronous machine [22]; PM synchronous motor dynamic 
modeling with genetic algorithm performance improvement [23]; spacecraft flywheel 
high-speed PM synchronous motor design (classical and genetic) [24]; high fundamental 
frequency PM synchronous motor design neural regression function [25]; PM synchro-
nous motor control strategies with their neural network regression functions [26]; high-
speed PM generator optimized sizing based on particle swarm optimization for smart 

Figure 3. Schematic cross section of a motor with surface-mounted permanent magnets (PM; left) and of an interior PM 
motor (right) [3].

Electric Machines for Smart Grids Applications - Design, Simulation and Control6

grids [27]; energy modeling of differential drive robots [28]; high-speed micro-turbine 
modeling and control for micro-grid applications [29]; optimized sizing of high-speed 
PM generator for renewable energy applications [30]; PM synchronous motor genetic 
algorithm performance improvement for renewable energy applications [31]; high-speed 
synchronous motor basic sizing neural function for renewable energy applications 
[32]; PM synchronous motor genetic algorithm performance improvement for green 
energy applications [33]; high-speed PM synchronous motor basic sizing neural regres-
sion function for renewable energy applications [34]; permanent magnet synchronous 
motor dynamic modeling [35]; generating basic sizing design regression neural func-
tion for HSPMSM in aircraft [36]; neural unit for PM synchronous machine performance 
improvement used for renewable energy [37]; PM synchronous machine stabilization 
control for electric vehicle [38]; neural unit for PM synchronous machine performance 
improvement used for renewable energy [39]; PM synchronous machine stabilization 
control for electric vehicle [40]; PM synchronous machine stabilization control for aircraft 
and spacecraft [41]; dynamic modeling of permanent magnet synchronous motor using 
MATLAB-Simulink [42]; speed sensorless neural controller for induction motor efficiency 
optimization [43]; neural model of three-phase induction motor [44]; and high-speed 
switched reluctance motor generator for automotive turbocharger applications [45].
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Abstract

The high-speed electrical machines are widely used in different industries, such as mach-
ine tools, aerospace engineering, autonomous power engineering, etc. This chapter is
devoted to the basics of high-speed electrical machines with high-coercitivity permanent
magnets. It is considered in the application areas of high-speed electrical machines and
their classifications. In addition, design problems of high-speed electrical machines are
shown. To estimate the efficiency, loss calculations are performed. The obtained results
can be used in the design of high-speed electrical machines with high-coercitivity perma-
nent magnets and in their future development.

Keywords: high-speed electrical machine, high-coercitivity permanent magnets,
amorphous magnetic material, eddy-current losses, windage losses

1. Introduction

The main task of electrical machine (EM) design is to provide maximum power with a minimum
energy loss and volume of active and constructive elements. Reduction of the material consump-
tion and the production technology improvement can significantly reduce the cost of electrical
machines, and subsequently, the cost of the systems, where they are used (e.g., aircrafts and
machine tools), or resources obtained with their help (e.g., electricity and oil). In addition, the
development of new industries and the implementation of macro- and microresearch projects
lead to an emergence of new tasks to reduce mass-and-size parameters and to increase the
efficiency of electrical machines.

The directions that allow the solution of these problems can be determined from the analysis of
the mathematical formula proposed by Engelbert Arnold in 1896 [1]:
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Abstract

The high-speed electrical machines are widely used in different industries, such as mach-
ine tools, aerospace engineering, autonomous power engineering, etc. This chapter is
devoted to the basics of high-speed electrical machines with high-coercitivity permanent
magnets. It is considered in the application areas of high-speed electrical machines and
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shown. To estimate the efficiency, loss calculations are performed. The obtained results
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1. Introduction
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machine tools), or resources obtained with their help (e.g., electricity and oil). In addition, the
development of new industries and the implementation of macro- and microresearch projects
lead to an emergence of new tasks to reduce mass-and-size parameters and to increase the
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The directions that allow the solution of these problems can be determined from the analysis of
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P ¼ π2

60 � 1010ke
αδD2laBδAnkm:fkw,

where P is EM power, A is a linear current load, D is a rotor diameter, la is a length of the EM,
Bδ is a magnetic flux density in the air gap, n is a rotational speed, km:f is a coefficient of the
magnetic field shape in the air gap, ɑδ is a pole pitch coefficient, and kw is a winding coefficient.

From Arnold’s equation, it can be seen that at the invariable volume of the EM elements, its
power can be increased in three ways or their combinations: to increase linear current load, to
increase magnetic flux density in an air gap, and to increase rotational speed of EM rotor.

All these three ways have found the niche in different industries. One of the directions is the
high-speed and ultra-high-speed EMs, which are widely used in machine tools, aerospace
engineering, autonomous power engineering, etc. In this chapter, high-speed and ultra-high-
speed EMs are frequency-controlled EMs with high-coercitivity permanent magnets (HCPM).
Section 2 presets the classification of high-speed EMs. The main application areas are presented
in Section 3. Section 4 is devoted to calculation of losses and efficiency of the high-speed EMs.

2. Classification of high-speed EMs

To develop and generalize the high-speed EM theory, their classification should be considered.
In general, high-speed EMs can be classified according to the operation principle, design
features, frequency or output voltage, the stator type (slotted or slotless), etc. Table 1 shows
the basic designs of high-speed EMs. The slotless stator designs are not given in Table 1.
However, the design nos. 1–6 and 8–12 can be made with a slotless stator. The hysteresis motor
designs are not presented in Table 1, although they are also high speed and are used in
gyroscopes.

High-speed EM with electromagnetic excitation and designs nos. 5, 8, 9, 10, 11 are inferior to
the high-speed EM with HCPM for reliability, specific parameters, and efficiency. However,
they have some development prospects; for example, the design possibility of high-speed EM
with rotating rectifiers and a rotational speed of 50,000 rpm is presented in [1, 2].

Axial EMs with HCPM can be promising for power supply systems for rocket and space
equipment due to their small axial dimensions. The design and prospect review of axial EMs
are presented in [3, 4]. At the same time, axial EMs have been created with rotational speed of
30,000–48,000 rpm.

In addition, the use of HCPM made of NdFeB and SmCo alloys for high-speed damping
elements is promising to develop the space systems due to improving their energy character-
istics [5]. To develop the alternative energy, the ship and transport systems (railway trains),
including the cargo location tracking, the use of single-coordinate and multicoordinate vibra-
tional EMs with HCPM is of interest [6, 7]. To develop the ship power supply systems, energy
conversion systems of detonation engines and automotive systems, the use of high-speed
linear EM with HCPM as the main generators of the power supply system is topical.

Electric Machines for Smart Grids Applications - Design, Simulation and Control16

EM type Design

1. High-speed EM with a star-type rotor: 1 is a star-type
rotor, 2 is a stator magnetic core, and 3 is a stator
winding

2. High-speed EM with an assembled star-type rotor: 1
is a cylindrical HCPM, 2 is a stator magnetic core, 3 is
a stator winding, 4 is a rotor sleeve, and 5 is a rotor
back

3. High-speed EMwith interior permanent magnets: 1 is
the HCPM, 2 is a stator magnetic core, 3 is a stator
winding, and 4 is a rotor back
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EM type Design

4. High-speed EM with combined rotor magnetic
systems (including the Halbach magnetic system): 1 is
the combined rotor magnetic system, 2 is the stator
magnetic core, and 3 is a stator winding

5. High-speed synchronous EM with rotating rectifiers:
1 is a rotor, 2 is a stator, 3 is a block of rotating
rectifiers, and 4 is an excitation system

6. Axial EM with HCPM: 1 is the HCPM, 2 is a stator
magnetic core, and 3 is a stator winding
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EM type Design

7. High-speed synchronous EM with combined
excitation: 1 is a rotor, 2 is a stator magnetic core, and
3 is an additional excitation system

8. High-speed asynchronous motors with squirrel-cage
rotor: 1 is a rotor, 2 is a stator magnetic core, and 3 is
rotor bars

9. High-speed liquid-metal asynchronous motor: 1 is a
annular channel, 2 is a ring winding, and 3 is a
magnetic core
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EM type Design

10. High-speed induction EM: 1 is a rotor, 2 is a stator
magnetic core, and 3 is a stator winding

11. High-speed damping elements with HCPM: 1 is an
external HCPM, 2 is an internal HCPM, 3 is a hollow
rotor, and 4 is a bearing

12. High-frequency oscillating EM with HCPM: 1 is a
casing, 2 is a moving part, and 3 is a winding

Table 1. Basic designs of high-speed EMs.

Electric Machines for Smart Grids Applications - Design, Simulation and Control20

The presented classification shows that areas and prospects for the use of high-speed EM with
HCPM are quite broad. The improvement of this EM type leads to an expansion of its applica-
tion areas. Therefore, it seems expedient to consider in more detail the application areas of
high-speed EM and to reveal their development prospects.

3. Application areas of high-speed electrical machines and a review of
known works

To use the high-speed EMs, it is necessary to have a high-speed drive (for generator mode) or a
high rotational speed (for motor mode). Therefore, the main application areas of high-speed
EMs are high-speed machine tool, aviation and space power engineering, as well as autono-
mous power engineering. The initial application of high-speed EMs is associated with the
development of rocket and space technology. High-speed induction and hysteresis motors
with a rotational speed of 30,000–60,000 rpm have found wide application as a gyro-motor
for spinning the gyroscope. In autonomous power engineering, high-speed EMs are developed
as a microturbine component. Elliott Group serially produces decentralized power plants with
68,000-rpm magnetoelectric generators [8]. Capstone produces microturbines with high-speed
magnetoelectric generators. A distinctive feature of these generators is that the rotor is
installed on two air bearings, and the third air bearing is located between the compressor and
turbine working wheels [9].

In decentralized energy, the high-speed EMs have found a wide industrial application. Their
development is aimed to reduce bearing losses, to increase the working temperature and
efficiency. In addition, the high-speed EMs with a power below 250 kW find application in
the power supply systems of aircrafts and space vehicles. There are two main variants of high-
speed EMs for aircrafts: switched-reluctance EM and EM with HCPM. Comparison of these
EM types is presented in different works. It is shown that the high-speed EMs with HCPM
have smaller mass-and-size parameters than in switched-reluctance EMs. This determines
their preferred use in aircrafts.

The development of such industries as robotics, machine tool, turbomolecular pumps, high-
tech medical equipment, etc. and the development of new-generation unmanned aircraft
require the creation of ultra-high-speed EMs with a rotational speed from 200,000 to
1,000,000 rpm or more and a power from 50 W to 2 kW [10]. The main advantage of this EM
type is a high power density with overall miniature dimensions, which causes wide prospects
for their use in various microsystems. In addition, a significant advantage of ultra-high-speed
EMs is the uniqueness of the tasks they solve. For example, the application of motor with a
400,000-rpm rotational speed in the machine tool improves the quality of surface treatment
[11]. The 500-W microgenerator for an autonomous robotic complex allows abandoning bat-
tery cells that have high mass-and-size parameters. Table 2 shows a comparison of various
electricity sources for the electrical supply of robots.

With all the technical advantages of ultra-high-speed EMs with HCPM, this area began to
develop relatively recently. The development of this area was facilitated by the emergence of
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new electrical materials and the development of microelectronics. Therefore, theoretical stud-
ies on this topic are limited and represent a disparate material, which describes individual
design solutions for ultra-high-speed EMs for a particular application. It is necessary to con-
sider the main development trends of this EM type and to consider in more detail examples of
their practical application.

One of the application areas of ultra-high-speed EMs is autonomous system. Microturbines
with ultra-high-speed EMs are planned to be used instead of storage batteries in robotic
complexes, unmanned aerial vehicle, cryogenics, etc.

The main developers of ultra-high-speed EMs for microturbine installations are several
countries: Japan (IHI Corporation), France (Onera), Switzerland (Power Electronic Systems
Laboratory and ETH Zurich), USA, Germany (High-Speed Turbomaschinen GMBH). It
seems advisable to consider their development in more detail.

Onera [12] (France, DecaWatt research program) developed a microturbine system with a
microgenerator. The purpose of the program is the creation of a microturbine engine with a
power of 50–100 W to provide electrical energy for ammunition and equipment for future
soldiers. The microgenerator has a power of 55 W and a rotational speed of 840,000 rpm.
The generator tests were performed at a rotational speed of 700,000 rpm. It was used in the
mechanical high-speed bearings. The pole number of this high-speed EM is equal to 1. The
frequency of the output voltage is 14,000 Hz. Ultra-high-speed EMs should be considered as a
complex of interconnected systems, since the full efficiency of a high-speed EM and mass-and-
size parameters are determined not only by material parameters and geometric dimensions of
EM but also by parameters of its control system. In addition, a separate EM with an output
frequency of 14 kHz without a power electronics unit is unlikely to find practical application.
A similar conclusion was noted in [13, 14]. To achieve the maximum efficiency, Onera used the
following technical solutions: amorphous magnetic materials (AMM) as a stator core material
to minimize stator losses; a slotless stator design to simplify the manufacturing technology of
the stator magnetic core, to reduce the inductance of the stator winding scattering and to
minimize the demagnetizing effect of the armature reaction; and a cylindrical permanent
magnet (PM) to simplify the rotor manufacturing technology.

According to a similar technology, Power Electronic Systems Laboratory and ETH Zurich
developed and implemented two ultra-high-speed PM starter-generators for microturbines
[15, 16]; one of which has a power of 500 W and a rotational speed of 500,000 rpm, and the
second one has a power of 1 kWand a rotational speed of 500,000 rpm. To implement the ultra-
high-speed EM, Power Electronic Systems Laboratory and ETH Zurich used the same technical

Electricity sources Power-to-mass ratio [kW/kg]

Ultra-high-speed microgenerator with microturbine including the fuel mass 0.55

Batteries 0.50

Fuel cells 0.05

Ultra-high-speed microgenerator with flywheel system 0.50

Table 2. Comparison of various electricity sources for the electrical supply of robots.
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solutions as Onera. It was a slotless stator, a cylindrical PM and AMM were also used. For the
implementation of the starter mode, sensorless control was used.

The same technical solutions are used by High Speed Turbomaschiner, which develops a 150-W
high-speed magnetoelectric EM with a rotational speed of 490,000 rpm [17]. The stator magnetic
core is slotless and made of AMM.

IHI Corporation developed a microturbine system with a microgenerator [18]. It contains an
oil-free gas turbine with a 400-W ultra-high-speed magnetoelectric generator integrated into it.
The rotational speed of the microgenerator is 400,000 rpm. Kerosene, propane, light oil, etc. can
be used as fuel in the proposed system. Expected applications are power generation for
charging portable devices and the use as a power source for robots.

Robot/Mechatronics Research Center [19] is working on the development of a microturbine
with a 500-W microgenerator with a rotational speed of 400,000 rpm for unmanned aerial
vehicles and robotic complexes. The stator of this generator is made with six slots in which a
three-phase winding is laid. The rotor sleeve is made of Inconel 718 alloy. The HCPM type is
Sm2Co17. The disadvantages of this generator are the slotted stator design, which considerably
complicates the manufacturing technology of the stator magnetic core made of AMM. If the
AMM is not used as a stator core material, the hysteresis losses in the stator magnetic core can
significantly reduce the efficiency. For unmanned aerial vehicles and robotic complexes,
Stanford University and MDOTAeronautics develops an ultra-high-speed permanent-magnet
EM with a power of 400 W and a rotational speed of 800,000 rpm [20].

For all the above-considered ultra-high-speed EMs for autonomous power supply systems, the
shaft and the rotor back are made of nonmagnetic material to increase its mechanical strength.
However, this leads to a decrease in its power and in the magnetic flux density in the EM air
gap. Therefore, to increase the energy characteristics of ultra-high-speed EMs, it would be
more expedient to use a magnetic material, for example, the cobalt alloy Vacodur S Plus, which
is close to some titanium brands by its mechanical characteristics [1].

Thus, the ultra-high-speed EMs for autonomous power supply systems are actively develop-
ing abroad. They all practically have a common design: a slotless stator made of AMM and a
rotor with cylindrical HCPMs.

The publication analysis shows that the research and optimization of the design of all the above-
mentioned ultra-high-speed EMs was carried out together with power electronics and control
systems [21]. The tendency to reduce number of manufactured parts in mechanical engineering
by improving the quality of the treated surface poses the task of creating miniature machines and
spindles of small power with ultra-high-speed EMs. In particular, [22] presents a design and
prospects of using an ultra-high-speed EM with a 200,000-rpm rotational speed in machine tool
to produce electronic components. The stator magnetic core is slotless and made of electrical
steel 10SNEX 900 with a sheet thickness of 0.1 mm. The rotor speed is controlled by sensorless
algorithms. The rotor sleeve is made of a carbon fiber.

Westwind [23] (United Kingdom) produces PCB spindles with ultra-high-speed EMs with
rotational speeds from 85,000 to 370,000 rpm. All spindles are made with foil bearings. EMs
with rotational speed of 370,000 rpm are used in a drilling machine to make holes with a
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new electrical materials and the development of microelectronics. Therefore, theoretical stud-
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soldiers. The microgenerator has a power of 55 W and a rotational speed of 840,000 rpm.
The generator tests were performed at a rotational speed of 700,000 rpm. It was used in the
mechanical high-speed bearings. The pole number of this high-speed EM is equal to 1. The
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EM but also by parameters of its control system. In addition, a separate EM with an output
frequency of 14 kHz without a power electronics unit is unlikely to find practical application.
A similar conclusion was noted in [13, 14]. To achieve the maximum efficiency, Onera used the
following technical solutions: amorphous magnetic materials (AMM) as a stator core material
to minimize stator losses; a slotless stator design to simplify the manufacturing technology of
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solutions as Onera. It was a slotless stator, a cylindrical PM and AMM were also used. For the
implementation of the starter mode, sensorless control was used.

The same technical solutions are used by High Speed Turbomaschiner, which develops a 150-W
high-speed magnetoelectric EM with a rotational speed of 490,000 rpm [17]. The stator magnetic
core is slotless and made of AMM.

IHI Corporation developed a microturbine system with a microgenerator [18]. It contains an
oil-free gas turbine with a 400-W ultra-high-speed magnetoelectric generator integrated into it.
The rotational speed of the microgenerator is 400,000 rpm. Kerosene, propane, light oil, etc. can
be used as fuel in the proposed system. Expected applications are power generation for
charging portable devices and the use as a power source for robots.

Robot/Mechatronics Research Center [19] is working on the development of a microturbine
with a 500-W microgenerator with a rotational speed of 400,000 rpm for unmanned aerial
vehicles and robotic complexes. The stator of this generator is made with six slots in which a
three-phase winding is laid. The rotor sleeve is made of Inconel 718 alloy. The HCPM type is
Sm2Co17. The disadvantages of this generator are the slotted stator design, which considerably
complicates the manufacturing technology of the stator magnetic core made of AMM. If the
AMM is not used as a stator core material, the hysteresis losses in the stator magnetic core can
significantly reduce the efficiency. For unmanned aerial vehicles and robotic complexes,
Stanford University and MDOTAeronautics develops an ultra-high-speed permanent-magnet
EM with a power of 400 W and a rotational speed of 800,000 rpm [20].

For all the above-considered ultra-high-speed EMs for autonomous power supply systems, the
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diameter of 75 μm. In addition, ETH Zurich and Power Electronic Systems Laboratory [15] for
the first time in the world developed a 100-W electrical motor with a rotational speed of
1,000,000 rpm, which was a breakthrough in rotational speeds of up to 1 million rpm. The
electrical motor was made with HCPM and ceramic ball bearings.

One of the important applications of ultra-high-speed EMs is a high-tech medical equipment.
Ultra-high-speed EMs are used in blood pumps, dental instruments, surgical operations, etc.
For example, Sinotech Motors [24] developed the ultra-high-speed EMs for blood pumps.
These motors are slotless. Their control system is integrated, which allows achieving minimum
mass-and-size parameters. Sirona has developed the ultra-high-speed EMs for dental instru-
ments [25]. EM data are executed with rotational speeds from 250,000 to 400,000 rpm. In [26],
the design of an ultra-high-speed medicine pump based on the ultra-high-speed EM with a
rotational speed of 200,000 to 600,000 rpm is described. The stator design of this EM is also
slotless. In addition, sensorless control methods are used.

To analyze trends in the high-speed EMs, the EM parameters are listed in Table 3. It shows that
all ultra-high-speed EMs are operated jointly with power electronics and control systems,
which confirms the need to study them not as a separate electrical machine. In addition, all
ultra-high-speed EMs have HCPMs, and their stators are slotless.

4. Efficiency of high-speed electrical machines

The EM efficiency is one of the main EM parameters and largely determines the EM design.
For example, to increase the EM efficiency, slot skewing or contactless bearings are used, i.e.,
technical solutions that lead to the complication of the EM design and the production technol-
ogy. Therefore, for the economic and technical justification of these complications, it is espe-
cially important to determine the EM losses and to select the effective EM design.

4.1. Winding losses in the high-speed EM

Total winding losses in the high-speed EM can be present as follow:

Parameter Onera ETH Robot/mechatronics
research center

Electric motor

EM type PM generator PM generator PM generator PM motor

Power [W] 55 1000 500 —

Rotational speed [rpm] 800,000 300,000–500,000 400,000 200,000

The need of a control system Yes Yes Yes Yes

Stator design Slotless Slotless Slotted Slotless

Stator magnetic core material AMM AMM — Electrical steel 10SNEX 900 with
a sheet thickness of 0.1 mm

Table 3. Parameters of ultra-high-speed EMs.

Electric Machines for Smart Grids Applications - Design, Simulation and Control24

Pcu ¼ Pm þ Pad, (1)

where Pm is the winding losses and Pad is additional eddy-current losses in winding.

Due to the uneven magnetization of the HCPM and the nonlinearity of loads, the current curve
differs from the sinusoidal, i.e., the third, fifth, seventh spatial harmonics have appeared. In
this case, the total winding losses are formed as the sum of the losses from these harmonics:

Pm ¼ I21 þ I23 þ I25 þ I27
� �

mra, (2)

where I1 is the first harmonic current, I3 is the third harmonic current, I5 is the fifth harmonic
current, and I7 is the seventh harmonic current.

To determine the eddy-current losses in winding, the following equation can be used:

Pad ¼ π3H2
s maxμ

2
0f

2d4sσculcu
4

, (3)

where Hs max the maximum value of the magnetic field strength in the slot, f is the current
frequency in the EM winding, ds is the strand diameter, σcu is the specific electric conductivity
of the winding, and lcu is the total strand length.

The maximum value of the eddy-current losses in the winding is in the slotless EM design. For
the slotted EMs, they are much smaller, but they also require calculation to determine and
select the optimal cooling system. The most convenient calculation way is the computer
simulation of the EM magnetic field and determination of the magnetic field crossing the
winding in the slots. Analytical calculation methods are known, but they are cumbersome for
engineering calculations.

4.2. Stator core losses of the high-speed EM

To determine the stator core losses in the EM, there is no general calculation methodology. In
[27, 28], to determine the stator core losses in a wide frequency range, the following equation is
proposed:

Ps:c ¼ kmPs:c50=1
f
50

� �β

B2, (4)

where Ps:c is the stator core losses [W/kg], Ps:c50=1 is the stator core losses at a 50 Hz frequency
and a 1 T magnetic flux density, km is a coefficient of the increase in the stator core losses
during processing, B is the magnetic flux density in the stator core, and β = 1.3, …, 1.5.

For a frequency of 400 Hz or more, the following equation [29, 30] is recommended for the
stator core loss calculation:

Ps:c ¼ Psz þ Psj ¼ kmPs:c:sB2
j Mj

f
400

� �1:5

þ kmPs:c:sB2
zMz

f
400

� �1:5

, (5)
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where Ps:c, Psz, Psj are stator core losses, losses in the stator teeth, and losses in the stator back,
respectively; km is a coefficient that takes into account the increase in the stator core losses
during processing; Ps:c:s are stator core specific losses at a frequency of 50 Hz and a magnetic
flux density of 1 T; Bj,Mj are the magnetic flux density and mass of the stator back, respec-
tively; Bz,Mz are the magnetic flux density and mass of the stator teeth, respectively; f is the
current frequency or magnetization reversal frequency of the stator back and teeth.

In [31], the following equation was proposed to determine the stator core losses:

Ps:c ¼ khystBβf þ keddyB2f 2
� �

Ms, (6)

where β = 1.7–2; kgyst, kvih are hysteresis and eddy-current factors, respectively, and Ms is a
stator mass.

A method for determining the stator core losses is proposed in [32], in which three coefficients
characterizing the properties of the stator core material are used: the hysteresis loss coefficient
khyst, the eddy-current loss coefficient keddy, and excess loss coefficient ke:

Ps:c ¼ khystB2f þ keddyB2f 2 þ ke Bfð Þ32: (7)

These coefficients are often indicated by manufacturers of electrotechnical steels and soft
magnetic alloys.

In [22], an empirical equation is presented for calculating the stator core losses of high-speed
EM, which is the approximated dependence of the stator core losses on the current frequency
of the 10JNEX900 steel:

Ps:c ¼ 7 � 10�4B1:75f 1:5 þ 4:7 � 10�4B1:86f 1:53
� �

: (8)

For analytical calculations of the stator core losses in the high-speed EMs in a wide frequency
range, Eq. (5) is the most optimal. Coefficients of this equation should be determined based on
the experimental studies or data of the specialized literature.

4.3. Influence of heating of EM with HCPM on specific losses in electrotechnical steels and
precision soft magnetic alloys

During the operation of the EM with HCPM, their stator core will heat up under the influence
of the ambient temperature, and because of the specific losses. An increase in the stator
core temperature leads to a change in its magnetic properties. Therefore, it is necessary to
evaluate the effect of the EM temperature on the stator core losses.

Measurements of the stator core losses were made under normal climatic conditions at sample
temperatures below 23�C, relative air humidity of 25%, and at a temperature below 70�C. For
studies at a temperature below 70�C, the sample was heated in a muffle furnace. Then, it was
repeatedly measured in a cold state at a temperature below 23�C. Experimental studies have
measured specific losses at different temperatures in two annular samples made of AMM (type
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E and type T of 5BDSR grade) produced by the Ashinsky metallurgical plant (Russia). The
saturation magnetic flux density of these AMMs is 1.3 T. The experimental results at a magnetic
flux density of 0.5 T are shown in Figure 1. It shows that with the temperature increase of the
stator core made of AMM, 5BCDR grade, type T (linear hysteresis loop) to 50�C, the stator core
losses decrease by 15%. For temperature increase of the stator core made of AMM, 5BCDR
grade, type E (rectangular hysteresis loop) to 50�C, the stator core losses decrease by 14%. Thus,
with the temperature increase of the stator core made of AMM, its losses decrease by 15%.

In addition to changing the losses in the EM stator core due to its heating, the losses in the EM
stator core during operation will also decrease due to the decrease in the HCPM energy
characteristics, and, accordingly, in magnetic flux density of the stator core. The study of this
process will be given below. To assess this decrease, a computer model was developed in the
Ansoft Maxwell software package, and a computer simulation for the magnetic field distribu-
tion along the section of the EM stator core was made. Simulation results for EM at a temper-
ature of 23�C are presented in Figure 2. It was found that with an increase of the HCPM to
150�C, the magnetic flux density in the stator core decreases by 6–6.5%. Taking into account the
dependence of the stator core losses on magnetic flux density for various materials, this can
lead to reducing losses in the stator core by 13–15%. Thus, heating of the stator core leads to a
significant loss reduction in the EM.

4.4. Eddy-current losses in the HCPM and rotor sleeve

In the high-speed EMs, spatial harmonics caused by the EM design, the winding type, or the
distribution coefficient, as well as the time harmonics caused by an external circuit (for

Figure 1. Dependence of the stator core losses on the frequency: curve 1 is for AMM, 5BCDR grade, type T at 20�C; curve
2 is for AMM, 5BCDR grade, type E at 20�C; curve 3 is for AMM, 5BCDR grade, type T at 70�C; and curve 4 is for AMM,
5BCDR grade, type E at 70�C.
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example, an inverter or rectifier) will induce significant eddy-current losses in the rotor sleeve
or HCPM. This can lead to overheating of the HCPM and to demagnetization of the HCPM. To
reduce these losses, HCPMs are usually laminated in the axial direction. To determine these
losses, it is necessary to determine separately the losses due to time harmonics (external circuit)
and losses due to spatial harmonics (EM design features). Usually, losses caused by time
harmonics are greater than the losses caused by spatial harmonics. This statement is valid only
for a number of the high-speed EM designs. For example, the EM with a tooth-coil winding
has significant spatial harmonics, and losses caused by these harmonics are higher than the
losses caused by time harmonics.

In the literature, there is no unambiguous opinion on the loss nature. Some authors argue that
the losses in the HCPM are only due to eddy currents. At the same time, several authors argue
that these losses are caused by eddy currents and magnetization reversal. In this chapter, the
losses in the HCPM and rotor sleeve are considered as created only by eddy currents.

a. Eddy-current losses in the HCPM and rotor sleeve created by time harmonics. As noted
above, these losses are formed by an external circuit (rectifier or inverter), which are
installed at the EM output for transmission to a standard frequency network. The EM
calculation scheme is presented in Figure 3. To estimate these losses, expressions obtained
by Poliender are convenient to use:

PHCPM ¼ rlhmb2m
12rm

pam þ sin pam
� �� � d

dt
bB cos pβ

� �� �� �� �2
(

þ pam � sin pam
� �� � d

dt
bB cos pβ

� �� �� �� �2
) (9)

where p is a number of pole pairs, l is the HCPM length, hm is the HCPM height, rm is the
HCPM resistivity, r is an average air gap radius, am is a pole angle, bm is a pole arc length, and
bB is a magnetic flux density created by time harmonics.

Figure 2. Simulation results for EM at a temperature of 23�C.
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To determine the magnetic flux density produced by time harmonics, it is necessary to under-
stand the time harmonics magnitude produced by different types of nonlinear load in the EM
windings. To solve this problem, a simulation EM model with an external network was
developed in the LTSpice IV. It contains a three-phase EM with HCPM, an uncontrolled
rectifier, and a DC load (Figure 4). The EM was represented by three single-phase sources
and three pairs of magnetically coupled inductors forming a three-phase voltage.

Simulation was carried out for a system with a three-phase 115/200 V source (EM with HCPM)
with a frequency of 400 Hz, a grounded neutral and a load connected via a single-phase or a
three-phase rectifier. In Figures 5 and 6, the simulated circuits for the inclusion of three-phase
and single-phase nonlinear loads are presented. As a simulation result, the current and voltage
curves of the EM and the load are shown in Figures 7–14.

To simplify the comparative analysis and to determine the influence of a certain nonlinear load
inclusion scheme, the obtained data were summarized in Table 4. It shows that when a three-
phase rectifier is connected, the phase current of the EM with the HCPM contains spatial
harmonics with the numbers 5, 7, 11, 13, 17, 19 in addition to the fundamental harmonic.

Figure 3. EM calculation scheme.

Figure 4. EM simulation model with external network for determining time harmonics and losses generated by them.
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Harmonics that are multiples of three are absent. For the studied numerical parameters, the
worst case scenario is for a three-phase active-capacitive load and a single-phase active-
capacitive load. In this case, the harmonic coefficient reaches 95.2%. For an active nonlinear

Figure 5. The simulated circuits for the inclusion of three-phase nonlinear loads: (a) active load, (b) active-capacitive load,
(c) active-inductive load, and (d) active-inductive-capacitive load.

Figure 6. The simulated circuits for the inclusion of single-phase nonlinear loads: (a) active load, (b) active-capacitive
load, (c) active-inductive load, and (d) active-inductive-capacitive load.
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three-phase load, the total harmonic distortion (THD) is 29%. For an active-inductive nonlinear
load, the THD is 31.1%. It is obvious that the voltage harmonic composition of the EM with
nonlinear load characterizes the harmonic composition of the magnetic flux density created by
the time harmonics.

To confirm the computer simulation data, an experimental setup was developed. It consists of
a DCmotor with independent excitation, EM, pulse width modulation (PWM) controller of the

Figure 7. Curves of the voltage, total current, and fundamental current harmonic for the circuit in Figure 5a.
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Harmonics that are multiples of three are absent. For the studied numerical parameters, the
worst case scenario is for a three-phase active-capacitive load and a single-phase active-
capacitive load. In this case, the harmonic coefficient reaches 95.2%. For an active nonlinear

Figure 5. The simulated circuits for the inclusion of three-phase nonlinear loads: (a) active load, (b) active-capacitive load,
(c) active-inductive load, and (d) active-inductive-capacitive load.

Figure 6. The simulated circuits for the inclusion of single-phase nonlinear loads: (a) active load, (b) active-capacitive
load, (c) active-inductive load, and (d) active-inductive-capacitive load.
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rotational speed for the DC motor, and rectifier with an active load. The PWM controller sets
the rotational speed of DC motor, which the armature winding is connected to the PWM
controller. The excitation winding is supplied from a constant current source with a voltage of
27 V and a current of 2 A. The PWM controller is powered by a 27 V DC source with a current
of 15 A. The DC shaft is mechanically connected to the EM shaft. The rotational speed of EM is
8000 rpm, the output voltage is 36 V, and the output current is 3.2 A. The outputs of the EM

Figure 10. Curves of the voltage, total current, and fundamental current harmonic for the circuit in Figure 5d.

Figure 11. Curves of the voltage, total current, and fundamental current harmonic for the circuit in Figure 6a.

Figure 12. Curves of the voltage, total current, and fundamental current harmonic for the circuit in Figure 6b.
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stator winding through a three-phase rectifier are connected to a resistive load of 100 W with
the LTS-6NP-type series-connected current transformers.

The experimental results correspond to the simulation data, which indicate the adequacy of
the developed simulation model and the obtained theoretical results: the frequency of the
fundamental harmonic is 396 Hz, THD is 29.6%, cos φ = 0.95, and cos φ(1) = 1.0.

Figure 13. Curves of the voltage, total current, and fundamental current harmonic for the circuit in Figure 6c.

Figure 14. Curves of the voltage, total current, and fundamental current harmonic for the circuit in Figure 6d.

Scheme Total power [kVA] Power [kW] сos φ cos φ(1) THD [%]

Three-phase active load 18.0 17.3 0.96 1.00 29.0

Three-phase active-capacitive load 24.7 17.5 0.71 0.99 95.2

Three-phase active-inductive load 17.9 17.1 0.95 1.00 31.3

Three-phase active-inductive-capacitive load 18.0 17.1 0.95 1.00 31.7

Single-phase active load 3.1 3.1 1.00 1.00 2.4

Single-phase active-capacitive load 6.9 4.5 0.65 0.90 93.3

Single-phase active-inductive load 3.1 3.1 1.00 1.00 3.6

Single-phase active-inductive-capacitive load 6.2 4.7 0.76 0.97 76.9

Table 4. Comparison of simulation results of connection schemes.
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In addition, it is possible to determine the losses in the HCPM and rotor sleeve by using the
obtained data. For example, calculations were made for EM with rotational speeds of 5000 and
32,000 rpm at active-inductive load. It was found that for nonlaminated HCPM, the eddy-
current losses are above 280 W at a frequency of 5000 rpm and above 8 W at a frequency of
32,000 rpm.

a. Eddy-current losses in the HCPM and rotor sleeve created by spatial harmonics. These
losses are determined by the slot type, the slot size, and the winding type; i.e., it depends
on many different factors. Analytically, the definition of these losses is difficult and does
not give the necessary accuracy. Therefore, it is more expedient to use the finite element
method (FEM) to analyze the losses in the HCPM and rotor sleeve.

To solve this task in Ansys Maxwell software package, it is necessary to specify the specific
HCPM conductivity. It is 1,100,000 S/m for SmCo and 625,000 S/m for NdFeB. In the project
window, in the excitation section, the eddy-current calculation (Set Eddy Effects) is carried out,
and HCPM and the rotor sleeve are selected. In a simulation result, the distribution of eddy-
current losses in the HCPM and rotor sleeve on the spatial harmonics will be obtained in the
Fields Overlaps-Field-Ohmic_loss tab. Figures 15–17 show the distribution of the magnetic
field and the eddy-current losses in theHCPMcaused by spatial harmonics for 250-kW60,000-rpm
EMs with a distributed winding, a tooth-coil winding, and a slotless design. The number of pole
pairs for all considered EMs was equal to 4. In addition, the minimum eddy-current losses in the
HCPM caused by spatial harmonics have the slotless EM and the EMwith a distributed winding.
The maximum eddy-current has the EM with a tooth-coil winding. The difference between the
losses in EMwith distributed and tooth-coil winding is above 500%. Therefore, it is obvious that in
the high-speed EMs with a tooth-coil winding, the eddy-current losses in the HCPM caused by
spatial harmonics exceed the eddy-current losses in the HCPM and the rotor sleeve caused by time
harmonics.

Figure 15. Distribution of the magnetic field (a) and the eddy-current losses (b) in the HCPM of the slotless EM with a
distributed winding.
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In addition, it seems advisable to estimate the influence of the rotor magnetic system (MS) type
on the eddy-current losses of HCPM in the high-speed EM.

This task was also solved by computer simulation methods. The results are shown in Figure 18.
It can be seen that the MS type does not significantly affect the HCPM losses. This is explained
by the fact that the HCPM losses are formed by the stator magnetic field. In the case of a
constant slot zone, the stator magnetic field remains unchanged. With an increase in the
rotational speed, the HCPM losses have a maximum point, after which they begin to decrease.
This is because with rotational speed increase, the magnetic field penetration depth in the

Figure 16. Distribution of the magnetic field and the eddy-current losses in the HCPM of the slotless EM with a tooth-coil
winding.

Figure 17. Distribution of the magnetic field (a) and the eddy-current losses (b) in the HCPM of the slotless EM.
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HCPM and rotor sleeve is reduced, and thereby the losses are reduced. Thus, the MS type has no
significant effect. The eddy-current losses in the HCPM can vary considerably due to the change
in the load angle. This should be taken into account in the design of the EMwith HCPM.

The reduction of the eddy-current losses in the HCPM and rotor sleeve of the high-speed EMs
can be achieved by the following ways.

For losses created by time harmonics:

• increasing the number of phases and thereby reducing pulsations,

• lamination of the HCPM and rotor sleeve in the axial direction,

• increasing the air gap and reducing the magnetic field penetration depth into the HCPM
and the rotor sleeve.

For losses created by spatial harmonics:

• slot skewing and the selection of a large winding distribution coefficient,

• lamination of the HCPM and rotor sleeve in the axial direction,

• increasing the air gap and reducing the magnetic field penetration depth into the HCPM
and the rotor sleeve.

For the EM with a tooth-coil winding, the minimization of the eddy-current losses created by
spatial harmonics can be achieved by the correct selection of the number of stator slots and the
number of rotor poles.

4.5. Eddy-current losses in bearings of the high-speed EM

For limited axial dimensions of the EM rotor and insignificant bearing removal from the
HCPM in the high-speed EM, the bearing balls can be magnetized under the influence of the
HCPM stray magnetic field. In a result, eddy currents are induced. This leads to overheating of
the bearing caused by its hysteresis losses. With increase in the rotational speed, the
overheating increases significantly. Therefore, the study of these processes is important for the
high-speed EMs.

Figure 18. Dependence of eddy-current losses in the HCPM on the frequency and MS type: A—MS with cylindrical
HCPM and B—MS with semicircular HCPM.
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The magnitude of the magnetic field flowing through the bearing is determined by the bearing
removal from the HCPM. For a numerical evaluation, a computer simulation of the three-
dimensional magnetic field of the EM with HCPM was performed. The results of this simula-
tion are presented in Figure 19. It shows that the magnetic flux density is 0.32 T at a distance
from HCPM. That is quite a sufficient value for the magnetization of the bearing balls and the
appearance of eddy-current losses in the bearing.

The object of study is the EM with HCPM. The geometric dimensions of the rotor are shown in
Figure 20. The shaft is made of steel with a saturation magnetic flux density of 1.7 T. In
this case, the effective value of magnetic flux density in the rotor steel is close to saturation
(1.6–1.65 T).

The following assumptions are used:

• the magnetic permeability of the environment and air gap is equal to the magnetic
permeability of the vacuum; and the magnetic permeability of the magnetic core, shaft,
and bearings are equal to infinity;

• the stator winding is represented as a thin electrically conductive layer distributed along
the stator core diameter;

• the density of the induced currents along the winding and bearing is constant;

• the mutual influence of temperature and magnetic fields is not taken into account;

• the influence of winding ends on the ball bearing magnetization is not taken into account.

Figure 19. The three-dimensional magnetic field of the EM with HCPM.
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To develop analytical equations for the loss analysis in the bearing, the EM calculation scheme
presented in Figure 21 is considered.

The mathematical analysis of eddy-current losses includes the determination of the three
magnetic field components of the EM with the finite-length HCPM. Maxwell’s equations are
considered here:

Figure 20. Calculation and experimental models of the research object.

Figure 21. The EM calculation scheme.
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rotH
! ¼ j

! þjex
!

, rotE
!¼ � ∂ B

!

∂t
, j
!¼ σ E

! þ V
! � B

!� �h i
, div B

! ¼ 0,div j
!¼ 0, H

!¼ μ0 B
!

(10)

where B
!

is a magnetic flux density vector, E
!
, H

!
are vectors of electric and magnetic fields,

respectively, V
!
is a rotor velocity vector, σ is an electric conductivity of the stator winding, j

!
is

an induced current density vector, and jex
!

is an external current density vector.

Since there are no currents in the air gap δ, the magnetic field in the air gap is described by the
Laplace’s equation in partial derivatives:

ΔH ¼ 0,
∂2Hz

∂z2
þ ∂2Hz

∂x2
þ ∂2Hz

∂y2
¼ 0,

∂2Hx

∂z2
þ ∂2Hx

∂x2
þ ∂2Hx

∂y2
¼ 0,

∂2Hy

∂z2
þ ∂2Hy

∂x2
þ ∂2Hy

∂y2
¼ 0: (11)

The components Нх, Ну, Нz provide the continuity conditions of the magnetic field lines, while
Нz provides the energy conversion.

The magnetic field on the HCPM surface is given as a normal tension component:

Hz0 ¼ Hz0 cos q1x cos q2y, (12)

where q1 ¼ π
τ , q2 ¼ π

l , q3 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
q12 þ q32

p
, τ is a pole pitch, l is a rotor length, and Hz0 is a function

of coercive force and residual magnetic flux density and is determined by their magnetization.

The mathematical description of HCPM is represented as a dependence of the coercive force,
residual magnetic flux density, and magnetization:

B
! ¼ μμ0 M

! þ H
!� �

, (13)

where M
!

is the HCPM magnetization vector and μ is the HCPM magnetic permeability.

The solution of Laplace's equations is sought in the form:

Hz ¼ C1shq3zþ C2chq3z
� �

cos q1x cos q2y,

Hx ¼ C3shq3zþ C4chq3z
� �

sin q1x cos q2y, (14)

Hy ¼ C3shq3zþ C4chq3z
� �

cos q1x sin q2y:

The initial conditions determine the integration constants:

1. z ¼ 0

2. z ¼ δ, yC1chq3δþ yC2shq3δ ¼ 0, C1 ¼ �C2thq3δ;

3. divH ¼ ∂Hz
∂z þ ∂Hx

∂x þ ∂Hy

∂y ¼ 0—magnetic field continuity conditions.
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Then:

Hz ¼ q3 C1shq3zþ C2chq3z
� �

cos q1x cos q2yþ q1 C3shq3zþ C4chq3z
� �

cos q1

x cos q2yþ q2 C3shq3zþ C4chq3z
� �

cos q1x cos q2y:
(15)

Equal terms can be obtained for the same functions sh and ch:

q3C1 þ q1C4 þ q2C4 ¼ 0, q3C2 þ q1C3 þ q2C3 ¼ 0: (16)

Hence, the following is obtained:

С4 ¼ �С1
q3

q1 þ q2
,С3 ¼ �С2

q3
q1 þ q2

¼ �С2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
q12 þ q22

p
q1 þ q2

:

Taking into account the relations for С1,С2,С3,С4, the components of the three field strength
vectors have the form:

Hz ¼ Hz0m chq3z� thq3δshq3z
� �

cos q1x cos q2y,

Hx ¼ �Hz0m
q3

q1 þ q2
chq3z thq3δ� thq3z

� �
sin q1x cos q2y, (17)

Hy ¼ �Hz0m
q3

q1 þ q2
chq3z thq3δ� thq3z

� �
cos q1x sin q2y:

It is obvious that the component Hz is the primary magnetic field for the rotating bearing balls
at l = l1. This component magnetizes the bearing balls and induces eddy-currents in the
bearing. In this case, the bearing is represented as an EM. It is assumed that the pole number
of a given EM is equal to the number of bearing balls (Figure 22). The air gap in this case tends
to zero. It should be noticed that the process of the ball magnetization has a complex character,
taking into account possible interactions between neighboring balls, and the pole number of
the EM cannot be equal to the number of bearing balls.

Figure 22. Calculation scheme of the bearing.

Electric Machines for Smart Grids Applications - Design, Simulation and Control40

The resulting bearing magnetic field can be represented by the sum of two magnetic fields:

bearing ball field and bearing cage field: H
!¼ H1

! þH2
!

and B
!¼ B1

! þB2
!
.

The system of Maxwell’s equations for the bearing is presented as:

rot H
!¼ jþ jex; rot E

!¼ � ∂B1

∂t
� ∂B2

∂t
; j
!¼ σ E

! þ V
! � B

!� �h i
;div B

!¼ 0,div j
!¼ 0; H

!¼ μ0 B
!
:

(18)

The field on the bearing ball surface (primary field) is presented as following:

H1p ¼ Hz0m chq3D0 � thq3δshq3D0
� �

cos q1x cos q2l1: (19)

Solving the system of Maxwell’s equations concerning the intensity of the secondary field,
there is the following:

ΔH2
! �μ0σ d

H2
!

dt
� rot V

! �H2
!� � !

¼ �μ0σ d
H1
!

dt
� rot V

! �H1
!� � !

: (20)

The final solution of this system is not given here. The losses in the bearing cage are deter-
mined based on that j2y ¼ � ∂H2z

∂x .

Losses in the bearing cage are defined as P ¼ j2y
2=σs, where σS is the conductivity of the

bearing cage material. Since the bearing is represented as an EM, the bearing cage field will
create a demagnetizing reaction (armature reaction) that can demagnetize the bearing balls
and induce eddy currents in the bearing balls. By analogy of the eddy-current losses in the EM
with the HCPM, eddy-current losses can be defined as:

Psh ¼ lsd2
Xn
n¼1

d2

12r
d
dt

B2 cos p a� β
� �� �� �� �2

: (21)

where r is a specific resistance of the bearing cage material, d is a bearing ball diameter, and p
is the number of pole pairs of the EM, which is equivalent to the bearing.

The developed mathematical equations provide a general understanding of the loss occurrence
processes in the bearing cage. They are obtained with a variety of assumptions, and the main
one is that the number of poles is equal to the number of bearing balls. Therefore, the devel-
oped mathematical apparatus can be used for preliminary loss calculations in bearings and the
selection of their location on the shaft of the EM with the HCPM.

4.6. Winding losses in the high-speed EMs

In addition to energy losses in the stator windings and stator сore, windage losses are impor-
tant to determine the efficiency of high-speed EMs with slotted and slotless stator design.
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Then:
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,С3 ¼ �С2

q3
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¼ �С2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
q12 þ q22

p
q1 þ q2
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Hz ¼ Hz0m chq3z� thq3δshq3z
� �

cos q1x cos q2y,
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� �
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Hy ¼ �Hz0m
q3
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� �
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at l = l1. This component magnetizes the bearing balls and induces eddy-currents in the
bearing. In this case, the bearing is represented as an EM. It is assumed that the pole number
of a given EM is equal to the number of bearing balls (Figure 22). The air gap in this case tends
to zero. It should be noticed that the process of the ball magnetization has a complex character,
taking into account possible interactions between neighboring balls, and the pole number of
the EM cannot be equal to the number of bearing balls.

Figure 22. Calculation scheme of the bearing.
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where r is a specific resistance of the bearing cage material, d is a bearing ball diameter, and p
is the number of pole pairs of the EM, which is equivalent to the bearing.

The developed mathematical equations provide a general understanding of the loss occurrence
processes in the bearing cage. They are obtained with a variety of assumptions, and the main
one is that the number of poles is equal to the number of bearing balls. Therefore, the devel-
oped mathematical apparatus can be used for preliminary loss calculations in bearings and the
selection of their location on the shaft of the EM with the HCPM.

4.6. Winding losses in the high-speed EMs

In addition to energy losses in the stator windings and stator сore, windage losses are impor-
tant to determine the efficiency of high-speed EMs with slotted and slotless stator design.
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Winding loss analysis is considered in different works. In [29], the model proposed takes into
account the effect of environmental pressure on the windage losses. Another model proposed
in [33] describes the winding losses that are analogous to the model proposed by M. Mack,
which has experimental confirmation to use in the EM. In this model, winding losses are
determined by the equation:

Pf ¼ сfπrairΩ
3R4

r l, (22)

where сf is a friction coefficient between rotor end environment, rair is an air density, Rr is a
rotor radius, Ω is a rotational speed [rad/s], and l is a length of the site on which losses are
determined.

This model does not take into account the windage loss dependence on the environment
pressure, the air gap temperature, and the stator and rotor slots, for example in the induction
EMs. Analysis of Eq. (7) shows that the winding losses depend to the rotational speed.
Consequently, the negligence of the air gap temperature, pressure and structural features of
the stator, and rotor can cause errors in calculations and can also lead to incorrect selection of
the rotor design and to decrease the efficiency of the high-speed EM.

Thus, this model needs refinements. For this, two designs are considered: EM with a smooth
rotor and a slotted stator and EM with a slotted rotor and a slotted stator (Figure 23).

Figure 23. EM designs: (а) smooth rotor and slotted stator and (b) slotted rotor and slotted stator.
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The friction coefficient is determined by the Reynolds and Taylor numbers:

Re ¼ R2
rΩ
ς

, Ta ¼ RrΩδ
ς

ffiffiffiffiffi
δ
Rr

r
, сf ¼ 1:8

Re
δ
R2

� ��0:25 R2
s:r

R2
s:r � R2

r

, (23)

where ς is a kinematic air viscosity, Rs:r is an initial stator radius, δ is an air gap of the EM, and
Ω is the rotational speed.

The model with a smooth rotor and a slotted stator is initially considered. The space between
the stator and the rotor is represented in the form of two zones: a tooth and a slot, each of
which is characterized by a different air gap.

The friction coefficient for slot zone is considered as following:

сf1 ¼ 1:8
Re

δþ δt
R2

� ��0:25 R2
s:r

Rs:r þ δt½ �2 � R2
r

, (24)

where δt is a distance from the tooth to the winding.

For the tooth zone, the friction coefficient is determined from Eq. (9).

Taking into account that the kinematic air viscosity depends on its temperature, the Reynolds
number can be rewritten in a general form:

Re ¼ R2
iΩ

ς T; pa
� � , (25)

where ς T; pa
� �

is a kinematic air viscosity at a certain temperature and pressure, Ri is a rotating
part radius of rotor or shaft, and pa is an air gap pressure.

Taking into account that the air density also depends on the temperature, the windage losses
for the slot zone are determined in the following form:

Pslot ¼ 1:8
Re R2ð Þ

δþ δt
R2

� ��0:25 Rs:r þ δt½ �2
Rs:r þ δt½ �2 � R2

r

" #
rair T; pa
� �

Ω3R3
рl3

zbп
2

, (26)

and, accordingly, for the tooth zone:

Ptooth ¼ 1:8
Re R2ð Þ

δ
R2

� ��0:25 R2
s:r

R2
s:r � R2

r

" #
rair Т; pa
� �

Ω3R3
рl3

zbz
2

, (27)

where z is a number of stator teeth, bz is a tooth width, bslot is a slot width, and rair Tð Þ is an air
density at a certain temperature.

Taking into account that the air temperature is the same over the entire surface of the air gap,
the total windage losses in the design of Figure 23a are defined as:
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where ς is a kinematic air viscosity, Rs:r is an initial stator radius, δ is an air gap of the EM, and
Ω is the rotational speed.

The model with a smooth rotor and a slotted stator is initially considered. The space between
the stator and the rotor is represented in the form of two zones: a tooth and a slot, each of
which is characterized by a different air gap.

The friction coefficient for slot zone is considered as following:

сf1 ¼ 1:8
Re

δþ δt
R2

� ��0:25 R2
s:r

Rs:r þ δt½ �2 � R2
r

, (24)

where δt is a distance from the tooth to the winding.

For the tooth zone, the friction coefficient is determined from Eq. (9).

Taking into account that the kinematic air viscosity depends on its temperature, the Reynolds
number can be rewritten in a general form:

Re ¼ R2
iΩ

ς T; pa
� � , (25)

where ς T; pa
� �

is a kinematic air viscosity at a certain temperature and pressure, Ri is a rotating
part radius of rotor or shaft, and pa is an air gap pressure.

Taking into account that the air density also depends on the temperature, the windage losses
for the slot zone are determined in the following form:

Pslot ¼ 1:8
Re R2ð Þ

δþ δt
R2

� ��0:25 Rs:r þ δt½ �2
Rs:r þ δt½ �2 � R2

r

" #
rair T; pa
� �

Ω3R3
рl3

zbп
2

, (26)

and, accordingly, for the tooth zone:

Ptooth ¼ 1:8
Re R2ð Þ

δ
R2

� ��0:25 R2
s:r

R2
s:r � R2

r

" #
rair Т; pa
� �

Ω3R3
рl3

zbz
2

, (27)

where z is a number of stator teeth, bz is a tooth width, bslot is a slot width, and rair Tð Þ is an air
density at a certain temperature.

Taking into account that the air temperature is the same over the entire surface of the air gap,
the total windage losses in the design of Figure 23a are defined as:

Basics of High-Speed Electrical Machines
http://dx.doi.org/10.5772/intechopen.78851

43



PPwindage ¼
1:8

Re R2ð Þ
δ
Rr

� ��0:25 R2
s:r

R2
s:r � R2

r

" #
rair Т; pa
� �

Ω3R3
r l3

zbz
2

þ 1:8
Re R2ð Þ

δþ δt
Rr

� ��0:25 Rs:r þ δt½ �2
Rs:r þ δt½ �2 � R2
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" #
rair Т; ра
� �

Ω3R3
r l3

zbz
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Re Rδ1ð Þ

δ1
Rδ1

� ��0:25 Rδ1 þ δ1ð Þ2
2Rδ1δ

2
1 þ δ21

" #
rair Т; pa
� �

Ω3R4
δ1l2

þ 3:6
Re Rδ2ð Þ

δ2
Rδ2

� ��0:25 Rδ2 þ δ2ð Þ2
2Rδ2δ

2
2 þ δ22

" #
rair Т; pa
� �

Ω3R4
δ2l1:

(28)

As examples, the energy loss calculations of the EM rotors have been performed at various
temperatures in the air gap. The calculations were carried out using two EMs produced by
Turbec, which are used in microturbine installations T-100: the 100-kW 60,000-rpm EM with a
rotor diameter of 60 mm and the 100-W 500,000 rpm micro-EM with a rotor diameter of 5 mm.

Thus, calculations show that the windage losses largely depend on temperature. With a tempera-
ture increase in the air gap from 20 to 60�C, the windage losses increase by 6–7%. The known
models of windage losses have a significant error because they do not take into account the stator
slots, as well as the temperature influence and pressure in the air gap. Minimal windage losses
occurwhen the inner stator surface is smooth, for example,when slots are filledwith a compound.

Minimization of winding losses caused by the stator slots can be achieved by pouring the
stator teeth with a compound, or by performing closed stator slots, or by inserting a screen
over the entire surface of the air gap. At the same time, the screen will be a technological
complication of the EM design. And if it is made of an electrically conductive material, eddy
currents will be induced in it and will significantly reduce its efficiency.

For the slotted rotor, the winding loss calculation is similar. However, the slotted rotor surface
will cause additional winding losses. Therefore, the rotor and stator surfaces should be
smooth; that is, the slots should be filled with a compound or other nonelectrically conductive
substances with minimal mass parameters.

Minimal winding losses can be achieved by the operation of high-speed EM with HCPM in
vacuum, but it should be taken into account that only certain bearing designs can work stably
in a vacuum.

4.7. Efficiency of the high-speed EMs

The efficiency of high-speed EM is determined by the well-known formula:

η ¼ 100 1�
P

Ploss

PþPPloss

� �
, (29)

where η is the EM efficiency,
P

Ploss is the total losses, and P is the EM power.
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The efficiency of modern EMs reaches high values from 90 to 95%. Even the well-known ultra-
high-speed EMs with a rotational speed of up to 800,000 rpm and a power of 50–500 W have
an efficiency of 80–90%. The main losses that significantly reduce the efficiency of high-speed
EM are the stator magnetic core losses, which increase significantly with increasing magneti-
zation reversal frequency, windage losses, and bearing losses. To reduce these losses and
increase the efficiency of ultra-high-speed EMs, various technical solutions are used. For
example, AMMs are used to reduce losses in the stator magnetic core. To reduce the friction
losses in the rotor, various antifriction coatings or vacuuming of the internal EM cavity are
used. To minimize bearing losses, contactless bearings are used.

4.8. Influence of the EM thermal state on the efficiency

As it was shown in the previous sections, the EM temperature has a significant effect on the
losses in various EM active elements. Heating of electrical steel leads to a decrease in its
specific losses; increasing of the rotor temperature leads to an increase in the friction losses;
and heating the winding leads to an increase in resistance. Thus, the EM efficiency is signifi-
cantly dependent on temperature. Therefore, it seems reasonable to evaluate the dependence
of the EM efficiency on temperature. An analysis of the dependence of the EM efficiency on
temperature was made by using the example of the high-speed micro-EM produced by Onera
[12]. The parameters of this micro-EM are presented in Table 5.

It is important to notice that the main consumers of micro-EMs are systems with constant
power consumption such as computer systems, navigation systems of unmanned aircrafts.
This type of load will lead to the fact that with the decrease of the HCPM energy characteris-
tics, the magnetic flux density in the air gap decreases under the temperature influence. In the
calculation result, it was found that for the indicated numerical parameters, the magnetic flux
density in the air gap will decrease by 6% at a temperature of 150�C. Under conditions of
constant input mechanical power and constant electric power consumption, this will lead to an

Parameters Value

Power [W] 55

Rotational speed [rpm] 840,000

Outer stator diameter [mm] 25

Active length [mm] 22

Shaft diameter [mm] 4.5

Efficiency [%] 91

Bearing losses [W] 9.7–9.8

Stator magnetic core losses [W] 0.18

Friction losses [W] 2.63

Winding losses [W] 2.33

Total losses [W] 14.84

Table 5. Parameters of the high-speed micro-EM produced by Onera.
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temperatures in the air gap. The calculations were carried out using two EMs produced by
Turbec, which are used in microturbine installations T-100: the 100-kW 60,000-rpm EM with a
rotor diameter of 60 mm and the 100-W 500,000 rpm micro-EM with a rotor diameter of 5 mm.

Thus, calculations show that the windage losses largely depend on temperature. With a tempera-
ture increase in the air gap from 20 to 60�C, the windage losses increase by 6–7%. The known
models of windage losses have a significant error because they do not take into account the stator
slots, as well as the temperature influence and pressure in the air gap. Minimal windage losses
occurwhen the inner stator surface is smooth, for example,when slots are filledwith a compound.

Minimization of winding losses caused by the stator slots can be achieved by pouring the
stator teeth with a compound, or by performing closed stator slots, or by inserting a screen
over the entire surface of the air gap. At the same time, the screen will be a technological
complication of the EM design. And if it is made of an electrically conductive material, eddy
currents will be induced in it and will significantly reduce its efficiency.

For the slotted rotor, the winding loss calculation is similar. However, the slotted rotor surface
will cause additional winding losses. Therefore, the rotor and stator surfaces should be
smooth; that is, the slots should be filled with a compound or other nonelectrically conductive
substances with minimal mass parameters.

Minimal winding losses can be achieved by the operation of high-speed EM with HCPM in
vacuum, but it should be taken into account that only certain bearing designs can work stably
in a vacuum.
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high-speed EMs with a rotational speed of up to 800,000 rpm and a power of 50–500 W have
an efficiency of 80–90%. The main losses that significantly reduce the efficiency of high-speed
EM are the stator magnetic core losses, which increase significantly with increasing magneti-
zation reversal frequency, windage losses, and bearing losses. To reduce these losses and
increase the efficiency of ultra-high-speed EMs, various technical solutions are used. For
example, AMMs are used to reduce losses in the stator magnetic core. To reduce the friction
losses in the rotor, various antifriction coatings or vacuuming of the internal EM cavity are
used. To minimize bearing losses, contactless bearings are used.

4.8. Influence of the EM thermal state on the efficiency

As it was shown in the previous sections, the EM temperature has a significant effect on the
losses in various EM active elements. Heating of electrical steel leads to a decrease in its
specific losses; increasing of the rotor temperature leads to an increase in the friction losses;
and heating the winding leads to an increase in resistance. Thus, the EM efficiency is signifi-
cantly dependent on temperature. Therefore, it seems reasonable to evaluate the dependence
of the EM efficiency on temperature. An analysis of the dependence of the EM efficiency on
temperature was made by using the example of the high-speed micro-EM produced by Onera
[12]. The parameters of this micro-EM are presented in Table 5.

It is important to notice that the main consumers of micro-EMs are systems with constant
power consumption such as computer systems, navigation systems of unmanned aircrafts.
This type of load will lead to the fact that with the decrease of the HCPM energy characteris-
tics, the magnetic flux density in the air gap decreases under the temperature influence. In the
calculation result, it was found that for the indicated numerical parameters, the magnetic flux
density in the air gap will decrease by 6% at a temperature of 150�C. Under conditions of
constant input mechanical power and constant electric power consumption, this will lead to an
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Outer stator diameter [mm] 25

Active length [mm] 22

Shaft diameter [mm] 4.5
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increase in the linear current load of EM and the current value by also 6%. Taking into account
that the copper resistance at a temperature of 100–110�Сwill also increase by 38%, the winding
losses will increase by 55%.

To evaluate the change in the linear current load and the magnetic flux density, an idealized
linear dependence of the current and magnetic flux density in the air gap of the micro-EM was
adopted. In real EMs, an increase in the linear current load will lead to an increase in the
demagnetizing armature reaction action, to additional winding heating, and, consequently, to
an increase in the resistance caused by this heating. Preliminary calculations show that in the
cold state and 10 min after the start of operation, the winding losses of the real EM can differ by
60–65%. The efficiency comparison of the micro-EM in the cold and heated states (after 10 min of
operation without a cooling system) is presented in Table 6. With the increase in the EM heat
emissions, losses in the active elements increase and, accordingly, the EM efficiency decreases.
For the studied numerical values, the efficiency of the micro-EM decreases by 2.8%. This sug-
gests that in the EM design, the efficiency should be calculated at the operating temperature.

5. Conclusion

In this chapter, basics of high-speed EMs with HCPM are presented. The application areas of
high-speed EMs are shown. The EM classification is proposed to generalize the theory of high-
speed EMs. Practical recommendations for the selection of active and structural components of
high-speed EMs are given. The loss determination in high-speed EMs is presented, including
methods for determining losses in the stator magnetic cores at high frequencies.

The obtained results can be used in practice in the EM design and in further research.
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Losses Temperature of the
active parts is below
23�C

Temperature of the active parts is 100–110�С after
10 min of operation without a cooling system

Stator magnetic core losses [W] 0.18 0.13

Friction losses [W] 2.63 3.02

Winding losses [W] 2.33 3.88

Efficiency without the bearing losses [%] 91.4 88.6

Table 6. The efficiency comparison of the micro-EM in the cold state and after 10 min of operation without a cooling
system.
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increase in the linear current load of EM and the current value by also 6%. Taking into account
that the copper resistance at a temperature of 100–110�Сwill also increase by 38%, the winding
losses will increase by 55%.

To evaluate the change in the linear current load and the magnetic flux density, an idealized
linear dependence of the current and magnetic flux density in the air gap of the micro-EM was
adopted. In real EMs, an increase in the linear current load will lead to an increase in the
demagnetizing armature reaction action, to additional winding heating, and, consequently, to
an increase in the resistance caused by this heating. Preliminary calculations show that in the
cold state and 10 min after the start of operation, the winding losses of the real EM can differ by
60–65%. The efficiency comparison of the micro-EM in the cold and heated states (after 10 min of
operation without a cooling system) is presented in Table 6. With the increase in the EM heat
emissions, losses in the active elements increase and, accordingly, the EM efficiency decreases.
For the studied numerical values, the efficiency of the micro-EM decreases by 2.8%. This sug-
gests that in the EM design, the efficiency should be calculated at the operating temperature.

5. Conclusion

In this chapter, basics of high-speed EMs with HCPM are presented. The application areas of
high-speed EMs are shown. The EM classification is proposed to generalize the theory of high-
speed EMs. Practical recommendations for the selection of active and structural components of
high-speed EMs are given. The loss determination in high-speed EMs is presented, including
methods for determining losses in the stator magnetic cores at high frequencies.

The obtained results can be used in practice in the EM design and in further research.
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Abstract

The high-speed electrical machines are widely used in different industries, such as machine
tools, aerospace engineering, autonomous power engineering, etc. This chapter devoted to
materials used in high-speed electrical machines with high-coercitivity permanent magnets
(HCPMs). It is considered to be materials of rotor sleeve, shaft, stator magnetic core, and
permanent magnet. Material selection methods are presented. In addition, mechanical
strength calculation of the rotor sleeve is shown. The obtained results can be used in the
design of high-speed electrical machines with high-coercivity permanent magnets and in
their future development.

Keywords: high-speed electrical machine, high-coercivity permanent magnets, rotor
magnetic system, amorphous magnetic material, eddy-current losses, windage losses

1. Introduction

Mass and size and energy parameters, reliability, and efficiency of high-speed and ultra-high-
speed electric machines (EMs) are determined and ensured by the properties of the materials
used in them. Therefore, special attention should be given to the selection of materials with the
necessary properties in the high-speed EM design process.

Materials used in the static components of high-speed EM (housing, bearing shields, cooling
elements, etc.) are no different from the materials of the traditional industrial EMs. But mate-
rials used in rotating parts (shaft, rotor shroud, rotor back, etc.) of high-speed EMs with high-
coercivity permanent magnet (HCPM) should have increased strength characteristics, from
which the EM operating conditions, limiting rotational speed, and power are determined. For
example, the air gap value is determined by the rotor sleeve strength of the high-speed EM

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons

Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,

distribution, and eproduction in any medium, provided the original work is properly cited.

DOI: 10.5772/intechopen.79627

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



Chapter 3

Materials Used in High-Speed Electrical Machines

Flyur R. Ismagilov, Viacheslav Ye. Vavilov and
Valentina V. Ayguzina

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.79627

Provisional chapter

Materials Used in High-Speed Electrical Machines

Flyur R. Ismagilov, Viacheslav Ye. Vavilov and
Valentina V. Ayguzina

Additional information is available at the end of the chapter

Abstract

The high-speed electrical machines are widely used in different industries, such as machine
tools, aerospace engineering, autonomous power engineering, etc. This chapter devoted to
materials used in high-speed electrical machines with high-coercitivity permanent magnets
(HCPMs). It is considered to be materials of rotor sleeve, shaft, stator magnetic core, and
permanent magnet. Material selection methods are presented. In addition, mechanical
strength calculation of the rotor sleeve is shown. The obtained results can be used in the
design of high-speed electrical machines with high-coercivity permanent magnets and in
their future development.

Keywords: high-speed electrical machine, high-coercivity permanent magnets, rotor
magnetic system, amorphous magnetic material, eddy-current losses, windage losses

1. Introduction

Mass and size and energy parameters, reliability, and efficiency of high-speed and ultra-high-
speed electric machines (EMs) are determined and ensured by the properties of the materials
used in them. Therefore, special attention should be given to the selection of materials with the
necessary properties in the high-speed EM design process.

Materials used in the static components of high-speed EM (housing, bearing shields, cooling
elements, etc.) are no different from the materials of the traditional industrial EMs. But mate-
rials used in rotating parts (shaft, rotor shroud, rotor back, etc.) of high-speed EMs with high-
coercivity permanent magnet (HCPM) should have increased strength characteristics, from
which the EM operating conditions, limiting rotational speed, and power are determined. For
example, the air gap value is determined by the rotor sleeve strength of the high-speed EM

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons

Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,

distribution, and eproduction in any medium, provided the original work is properly cited.

DOI: 10.5772/intechopen.79627

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



with the HCPM. Therefore, materials used in rotating parts of the high-speed EM with HCPM
are discussed in the following sections in more detail.

2. Rotor sleeve materials of the high-speed EM

At high rotor rotational speeds, the centrifugal forces acting on the HCPM tend to tear them
away from the shaft. To counteract these forces and to ensure the rotor mechanical strength,
the rotor sleeve is used. The rotor sleeve is installed over the HCPM with a certain shrink fit
and can be made as a single nonmagnetic sleeve or wound on the HCPM with a composite
material filament glued with epoxy resin. Figure 1a shows a rotor with a rotor sleeve made of
composite material, and Figure 1b shows the rotor sleeve made of composite material. Prop-
erties of composite materials used in the rotor sleeve [1] are presented in Table 1.

The use of composite materials in the high-speed EMs is more technological than the use of
solid non-magnetic sleeves, but this technology requires specialized winding equipment,
which limits its wide application. Therefore, in a number of cases, one-piece sleeves are used
that are installed with a certain shrink fit on the rotor. Titanium or Inconel 718 is used as a
material of the rotor sleeve. Table 2 shows the main characteristics of these materials.

In addition, to select the rotor sleeve material, it is necessary to take into account that the outer
surface of the rotor sleeve determines the friction coefficient, which affects the friction losses.
To minimize these losses, special antifriction coatings can be used of which the application
increases the efficiency of high-speed EM to 0.5% according to [2].

In the rotor sleeve design, it is necessary to take into account the thermal and mechanical
extensions of the rotor sleeve during operation. These extensions in some cases can reach 0.3–
0.5 mm. If the air gap is incorrectly selected, the expansion can lead to a mechanical contact
between the stator and the rotor, which is unacceptable. That is, this criterion also plays an
important role in the material selection of the rotor sleeve.

Figure 1. Rotor (a) with a rotor sleeve made of composite material (b).
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It is also important to notice that almost all the materials that are used in the rotor sleeve
have electrical conductivity, which leads to eddy currents and heating of the rotor sleeve
and HCPM. Therefore, the rotor sleeve should have a minimum electrical conductivity.

2.1. Mechanical strength calculation of the rotor sleeve

In [3], equations for the rotor sleeve thickness calculations are given. These equations do not
take into account thermal expansions of the rotor sleeve and shrink fit. Therefore, they are
approximate and do not satisfy the specified design accuracy. It seems expedient to consider in
more detail the design process of the rotor sleeve of high-speed EM.

In the rotor sleeve calculation, the nominal and maximum rotational speeds are assumed to be
set. The material properties, the shrink fit value, and the main rotor geometric dimensions are
considered to be known.

It is important to notice that the selection of the rotor sleeve thickness is an important compo-
nent of the high-speed EM design process. In Figure 2, the stress dependencies of the HCPM
and the rotor sleeve made of titanium and Inconel 718 obtained in [4] for the EM with a
rotational speed of 30,000 rpm are given as an example. It can be seen that an increase in the
rotor sleeve shrink fit by 100% leads to a reduction in mechanical stresses in the HCPM by
260% and an increase in mechanical stresses in the rotor sleeve by 60%. The shrink fit value
should be selected that the maximum stresses in the rotor sleeve are below the maximum
permissible stresses of the material used by 20–30%, and stresses in the HCPM are below the
maximum permissible stresses by 20–30%.

Characteristics Titanium Inconel 718

Tensile strength (MPa) 1191–1230 (depending on the treatment
type)

1443–1553 (depending on the treatment
type)

Density (kg/m3) 4600 8190

Thermal expansion
coefficient

7.7–10.4 (depending on the treatment type) 9.5–20.5 (depending on the treatment type)

Table 2. The main characteristics of Titanium and Inconel 718.

Property GFRP DW 210 AFRP DW 152 CFRP DW 231 CFRP DW260

Tensile strength (MPa) 1440 1880 2420 2420

Density (kg/m3) 2100 1330 1520 1520

Maximum operating temperature (�С) <110 <140 <140 >300

Thermal expansion coefficient 7 0.2 0.2 0.2

Table 1. Properties of composite materials used in the rotor sleeve [1].
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The centrifugal forces of the rotor sleeve are determined by the following:

Fr:s ¼ 11:1mr:srr
n

1000

� �2
, (1)

where Fr:s is the centrifugal force of the rotor sleeve; mr:s is the rotor sleeve mass; n is a
rotational speed; and rr is a rotor radius.

The inertia radius is determined by the known equation: rr ¼ 2
3 r2

1þαrþα2
r

1þαr
, where αr ¼ r1

r2
is a

rotor radius ratio.

The centrifugal force of the rotor: Fr ¼ 2, 93
8 rrlr2

3 1� α3
r

� �
n

1000

� �2, where rr ¼ r1þr2
2 is the average

density of rotor materials, r1 and r2 are, respectively, the density of the HCPM and shaft material.

The preliminary thickness of the rotor sleeve is determined without taking into account the
rotor sleeve mass (Figure 3):

b ¼ Ω2r1 r1 þ r2ð Þ D2
4 �D2

3
� �

16σM
kσ, (2)

where Ω is a rotor rotational speed, (rad/s); σM is the tensile strength of the rotor sleeve
material; D3, D4 are, respectively, the inner and outer HCPM diameters; kσ is the rotor sleeve
safety factor, which is taken in the range from 1.2 to 1.5.

Radial sectional area of the rotor sleeve: Sr:s ¼ π 8r2bþ4b2ð Þ
4 .

Tangential stresses on the inner surface of the rotor sleeve: σ ¼ η1Fs:r
2πS6

n
1000

� �2, where η1 is the

coefficient of tangential forces on the inner surface of the rotor sleeve, which is determined
from Figure 4.

Figure 2. The stress dependences of the HCPM and the rotor sleeve made of titanium and Inconel 718 [4].
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Tangential stresses on the outer surface of the rotor sleeve: σ0 ¼ η2Fs:r
2πSr:s

n
1000

� �2, where η2 is the

coefficient of tangential forces on the outer surface of the rotor sleeve.

Then calculations are carried out according to the calculation scheme shown in Figure 3 and
the method presented in [5].

Stresses in the rotor sleeve should be less than the tensile strength of the rotor sleeve material,
and the rotor sleeve should create a pressure for the HCPM [5]:

pN ¼ pp þ pt � pz > 0, kσ σp þ σt þ σz
� �

< σM; (3)

where pN is the residual rotor sleeve pressure on the permanent magnets; pp, σp are, respec-

tively, the pressure and mechanical stress produced by the rotor sleeve preload; pt, σt are,
respectively, the pressure and mechanical stress produced by the thermal expansion of the
rotor and permanent magnets; pz, σz are, respectively, the pressure and mechanical stress
produced by centrifugal forces.

Figure 3. Calculation scheme of the high-speed EM.

Figure 4. Dependence of the coefficient of tangential forces on the rotor radius coefficient.
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The centrifugal forces of the rotor sleeve are determined by the following:
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where Ω is a rotor rotational speed, (rad/s); σM is the tensile strength of the rotor sleeve
material; D3, D4 are, respectively, the inner and outer HCPM diameters; kσ is the rotor sleeve
safety factor, which is taken in the range from 1.2 to 1.5.

Radial sectional area of the rotor sleeve: Sr:s ¼ π 8r2bþ4b2ð Þ
4 .

Tangential stresses on the inner surface of the rotor sleeve: σ ¼ η1Fs:r
2πS6

n
1000

� �2, where η1 is the

coefficient of tangential forces on the inner surface of the rotor sleeve, which is determined
from Figure 4.

Figure 2. The stress dependences of the HCPM and the rotor sleeve made of titanium and Inconel 718 [4].
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Tangential stresses on the outer surface of the rotor sleeve: σ0 ¼ η2Fs:r
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coefficient of tangential forces on the outer surface of the rotor sleeve.

Then calculations are carried out according to the calculation scheme shown in Figure 3 and
the method presented in [5].

Stresses in the rotor sleeve should be less than the tensile strength of the rotor sleeve material,
and the rotor sleeve should create a pressure for the HCPM [5]:

pN ¼ pp þ pt � pz > 0, kσ σp þ σt þ σz
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< σM; (3)

where pN is the residual rotor sleeve pressure on the permanent magnets; pp, σp are, respec-

tively, the pressure and mechanical stress produced by the rotor sleeve preload; pt, σt are,
respectively, the pressure and mechanical stress produced by the thermal expansion of the
rotor and permanent magnets; pz, σz are, respectively, the pressure and mechanical stress
produced by centrifugal forces.

Figure 3. Calculation scheme of the high-speed EM.

Figure 4. Dependence of the coefficient of tangential forces on the rotor radius coefficient.
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Pressure and mechanical stress produced by the preload are defined by [5]:

σp ¼ 2ΔDr:s

D
Er:s, pp ¼ σp

r21
r21 � r22

1þ r22
r23

� �� ��1

; (4)

where ΔDr:s is the rotor sleeve preload; r1 ¼ Dr:s
2 ; r2 ¼ D

2 ; r3 ¼ Dm
2 .

The pressure andmechanical stress produced by the rotor thermal expansion are determined [5]:

σt ¼ 2ΔDT

D
Er:s, pt ¼ σt

b
Rr:s

; (5)

where ΔDT ¼ αBtD T2 � T1ð Þ is the linear expansion of permanent magnets under the temper-
ature; αBt is the linear expansion coefficient of permanent magnets; T2, T1 are the tempera-
tures of permanent magnets at the ultra-high-speed electrical machine (UHSEM) operation
beginning and the steady UHSEM temperature, respectively.

The pressure and the mechanical stress produced by centrifugal forces [5]:

σz ¼ Ω2r23r
2
r:s, pz ¼ rr:sΩ

2r3b; (6)

where rr:s is the density of the bandage material.

After determining the pressure and mechanical stress in the bandage, checking its mechanical
strength is performed according to Eq. [5]:

pN ¼ pp þ pt � pz > 0, kσ σp þ σt þ σz
� �

< σM: (7)

3. Shaft materials of the high-speed EMs

The shaft of the high-speed EM provides the necessary rotor stiffness, its mechanical strength,
andmagnetic properties. The magnetic field of the HCPM should not be closed through bearings
to avoid the occurrence of bearing currents. Therefore, it is advisable to use a prefabricated shaft
with a back made of magnetic material and a shaft made of a nonmagnetic material. The use of
fully nonmagnetic shafts is recommended only for the combined andHalbachmagnetic systems.
In all other cases, the use of a nonmagnetic shaft will reduce the magnetic flux density in the air
gap by 15–25%. For fully magnetic shafts, it is necessary to insulate the bearings. For the
nonmagnetic part of the shaft, either titanium or Inconel 718 is usually used.

4. Stator magnetic core materials of the high-speed EMs

Prospects for the use of a particular material of the stator magnetic core in high-speed EMs are
determined by the minimum losses, mass and size parameters of the stator magnetic core and
EM, maximum EM power and maximummagnetic flux density in the air gap, cost of the stator
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magnetic core, and manufacturability. Thus, the selection task of the optimal stator magnetic
core material is the task of multicriteria optimization. As a selection criterion, the mass and size
EM parameters, magnetic flux density, efficiency, manufacturability, and cost of the of the
stator magnetic core are used. Since each of these criteria can be represented as a function of
magnetic flux density in the stator back and teeth, it is possible to formulate a mathematical
function of the stator magnetic core material selection. By using this function for the specified
maximum values of the specific losses in the stator back and teeth, the cost of the stator
magnetic core, production technology, and effectiveness of a given material can be numerically
justified. Taking into account that this is an optimization task, it should be solved after
preliminary EM calculations, which will determine the geometric dimensions of the stator
magnetic core and electromagnetic loads (linear current load, magnetic flux density in the air
gap, etc.). All the aforementioned criteria should be presented as functions of the steel proper-
ties. For example, such dependence for magnetic flux density in the air gap is determined from
the magnetic circuit calculation:

FM ¼ 2Fδ þ 2Fz þ Fj þ Fr, (8)

where FM ¼ HMlM is the magnetomotive force (MMF) of the HCPM; HMlM is a product of the
magnetic field strength in the HCPM by the length of the average magnetic line in the HCPM;
Fδ is the MMF of the air gap; Fj is the MMF of the stator back; Fz is the MMF of the stator teeth;
and Fr is the MMF of the rotor back and shaft.

Eq. (15) is represented in the form of the MMF dependences on the magnetic flux density and
the magnetic field strength:

FM ¼ 2Bδkδδþ 2Hzhz þHjhj þHrhr, (9)

where Bδ is a magnetic flux density in the air gap; δ is an air gap; Hz ¼ Bz=μsμ0 is the
magnetic field strength in the stator teeth; Hj ¼ Bj=μsμ0 is the magnetic field strength in the
stator back; Hr ¼ Br=μrμ0 is the magnetic field strength in the rotor back; hz, hj, hr are the
height of the stator tooth, stator back, and rotor back, respectively; and kδ is an air gap
coefficient.

One of the features of the EM with HCPM is that it is necessary to perform a check of the
magnetic circuit saturation in the idle mode, since under load, the armature reaction magnetic
field and the HCPM heating reduce the magnetic flux density in the air gap but do not
demagnetize the HCPM. Therefore, in selection of the stator magnetic core material of the
high-speed EM, the MMF of the HCPM can be considered as constant. The dependence of the
magnetic flux density in the air gap can be represented as a function of magnetic flux density
in the stator back and in the stator teeth according to Eq. (16).

The mass of the stator magnetic core is determined by the magnetic flux density in the stator
back and teeth, as well as the density of the stator magnetic core material, and can be represented
as a function of these parameters. The efficiency is determined by the specific losses of the stator
magnetic core material, which can be approximated as a function of frequency, empirical coeffi-
cients, andmagnetic flux density in the stator back and teeth. The cost of the stator magnetic core
is determined by the total mass of the material used in its manufacture (taking into account the
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Pressure and mechanical stress produced by the preload are defined by [5]:

σp ¼ 2ΔDr:s

D
Er:s, pp ¼ σp

r21
r21 � r22

1þ r22
r23

� �� ��1

; (4)

where ΔDr:s is the rotor sleeve preload; r1 ¼ Dr:s
2 ; r2 ¼ D

2 ; r3 ¼ Dm
2 .

The pressure andmechanical stress produced by the rotor thermal expansion are determined [5]:

σt ¼ 2ΔDT

D
Er:s, pt ¼ σt

b
Rr:s

; (5)

where ΔDT ¼ αBtD T2 � T1ð Þ is the linear expansion of permanent magnets under the temper-
ature; αBt is the linear expansion coefficient of permanent magnets; T2, T1 are the tempera-
tures of permanent magnets at the ultra-high-speed electrical machine (UHSEM) operation
beginning and the steady UHSEM temperature, respectively.

The pressure and the mechanical stress produced by centrifugal forces [5]:

σz ¼ Ω2r23r
2
r:s, pz ¼ rr:sΩ

2r3b; (6)

where rr:s is the density of the bandage material.

After determining the pressure and mechanical stress in the bandage, checking its mechanical
strength is performed according to Eq. [5]:

pN ¼ pp þ pt � pz > 0, kσ σp þ σt þ σz
� �

< σM: (7)

3. Shaft materials of the high-speed EMs

The shaft of the high-speed EM provides the necessary rotor stiffness, its mechanical strength,
andmagnetic properties. The magnetic field of the HCPM should not be closed through bearings
to avoid the occurrence of bearing currents. Therefore, it is advisable to use a prefabricated shaft
with a back made of magnetic material and a shaft made of a nonmagnetic material. The use of
fully nonmagnetic shafts is recommended only for the combined andHalbachmagnetic systems.
In all other cases, the use of a nonmagnetic shaft will reduce the magnetic flux density in the air
gap by 15–25%. For fully magnetic shafts, it is necessary to insulate the bearings. For the
nonmagnetic part of the shaft, either titanium or Inconel 718 is usually used.

4. Stator magnetic core materials of the high-speed EMs

Prospects for the use of a particular material of the stator magnetic core in high-speed EMs are
determined by the minimum losses, mass and size parameters of the stator magnetic core and
EM, maximum EM power and maximummagnetic flux density in the air gap, cost of the stator
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magnetic core, and manufacturability. Thus, the selection task of the optimal stator magnetic
core material is the task of multicriteria optimization. As a selection criterion, the mass and size
EM parameters, magnetic flux density, efficiency, manufacturability, and cost of the of the
stator magnetic core are used. Since each of these criteria can be represented as a function of
magnetic flux density in the stator back and teeth, it is possible to formulate a mathematical
function of the stator magnetic core material selection. By using this function for the specified
maximum values of the specific losses in the stator back and teeth, the cost of the stator
magnetic core, production technology, and effectiveness of a given material can be numerically
justified. Taking into account that this is an optimization task, it should be solved after
preliminary EM calculations, which will determine the geometric dimensions of the stator
magnetic core and electromagnetic loads (linear current load, magnetic flux density in the air
gap, etc.). All the aforementioned criteria should be presented as functions of the steel proper-
ties. For example, such dependence for magnetic flux density in the air gap is determined from
the magnetic circuit calculation:

FM ¼ 2Fδ þ 2Fz þ Fj þ Fr, (8)

where FM ¼ HMlM is the magnetomotive force (MMF) of the HCPM; HMlM is a product of the
magnetic field strength in the HCPM by the length of the average magnetic line in the HCPM;
Fδ is the MMF of the air gap; Fj is the MMF of the stator back; Fz is the MMF of the stator teeth;
and Fr is the MMF of the rotor back and shaft.

Eq. (15) is represented in the form of the MMF dependences on the magnetic flux density and
the magnetic field strength:

FM ¼ 2Bδkδδþ 2Hzhz þHjhj þHrhr, (9)

where Bδ is a magnetic flux density in the air gap; δ is an air gap; Hz ¼ Bz=μsμ0 is the
magnetic field strength in the stator teeth; Hj ¼ Bj=μsμ0 is the magnetic field strength in the
stator back; Hr ¼ Br=μrμ0 is the magnetic field strength in the rotor back; hz, hj, hr are the
height of the stator tooth, stator back, and rotor back, respectively; and kδ is an air gap
coefficient.

One of the features of the EM with HCPM is that it is necessary to perform a check of the
magnetic circuit saturation in the idle mode, since under load, the armature reaction magnetic
field and the HCPM heating reduce the magnetic flux density in the air gap but do not
demagnetize the HCPM. Therefore, in selection of the stator magnetic core material of the
high-speed EM, the MMF of the HCPM can be considered as constant. The dependence of the
magnetic flux density in the air gap can be represented as a function of magnetic flux density
in the stator back and in the stator teeth according to Eq. (16).

The mass of the stator magnetic core is determined by the magnetic flux density in the stator
back and teeth, as well as the density of the stator magnetic core material, and can be represented
as a function of these parameters. The efficiency is determined by the specific losses of the stator
magnetic core material, which can be approximated as a function of frequency, empirical coeffi-
cients, andmagnetic flux density in the stator back and teeth. The cost of the stator magnetic core
is determined by the total mass of the material used in its manufacture (taking into account the
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mass of waste during stamping or cutting), as well as the manufacture complexity. The task of
the stator magnetic core material selection can be represented as a mathematical function:

Bδ Bz;Bj
� �! max

MM Bz;Bj
� �! min

η Bz;Bj
� �! max

C Bz;Bj
� �! min

Mwaste Bz;Bj
� �! min

,

8>>>>>><
>>>>>>:

(10)

where Bδ Bz;Bj
� �

is a magnetic flux density in the air gap; MM Bz;Bj
� �

is the EM mass; η Bz;Bj
� �

is the EM efficiency; C Bz;Bj
� �

is the cost of the stator magnetic core; and Mwaste Bz;Bj
� �

is a
mass of the waste.

Thus, after determining the maximum permissible values of the magnetic flux density for the
stator teeth and back for a specific stator magnetic core material and approximating the
specific loss function, the value of each criterion included in Eq. (17) can be determined. Then,
a comparative multicriteria analysis of the material expediency and the optimal selection of the
stator magnetic core material can be made.

To reduce the number of compared criteria, Eq. (17) can be reduced to a task with one criterion
by determining the weight of each function in Eq. (17):

f Bz;Bj
� � ¼ λ1Bδ Bz;Bj

� �� λ2MM Bz;Bj
� �þ λ3η Bz;Bj

� �� λ4C Bz;Bj
� �� λ4Mwaste Bz;Bj

� �! max, (11)

where λ1…λ5 is, respectively, the weight of each criterion in the overall efficiency function of
using a particular stator magnetic core material.

In conversion from the multicriteria comparison task to the function of one variable, which
characterizes the effectiveness of the material application, it is necessary to replace the dimen-
sional units in Eq. (17) by the relative units:

y∗ ¼ Y Bz;Bsð Þ
Ym Bz;Bsð Þ , (12)

where y∗ is a criterion in relative units; Y Bz;Bsð Þ is a criterion in dimensional units; and
Ym Bz;Bsð Þ is a base value in dimensional units.

Since the efficiency of using a known electrotechnical steel or a precision soft magnetic alloy is
determined, the base values are parameters in Eq. (18) at a saturation magnetic flux density for
a given electrical steel or a precision soft magnetic alloy:

Ef Bz;Bj
� � ¼ �λ1

Bδ Bz;Bj
� �

Bδ Bzn;Bjn
� �þ λ2

MM Bz;Bj
� �

MM Bzn;Bjn
� ��

�λ3
η Bz;Bj
� �

η Bzn;Bjn
� �þ λ4

C Bz;Bj
� �

C Bzn;Bjn
� �þ λ4

Mwaste Bz;Bj
� �

Mwaste Bzn;Bjn
� �! min,

(13)

where Ef Bz;Bj
� �

is the efficiency of stator material use.
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Thus, the general condition for the stator magnetic core material selection can be formulated as
follows. From two stator magnetic core materials, more effective is one with less Ef Bz;Bj

� �
for

the same λ1…λ4. For practical application of the proposed technique, different stator magnetic
core material types of the high-speed EMs are considered.

4.1. Electrical steels and soft magnetic alloys

Figure 5 shows the dependences of the specific losses on frequency for various electrical steels. In
the high-speed EM, silicon electrical steels are widely used. The main advantages of electrical
steels are the simple production technology of the statormagnetic core of the high-speed EM. The
disadvantage is a low-saturation magnetic flux density, which leads to an increase in the mass
and size parameters of the EM. Higher saturation magnetic flux density has soft magnetic alloys
based on cobalt or nickel, for example, VACOFLUX 50, VACOFLUX 48, VACODUR S Plus,
VACODUR 50, VACODUR 49, VACOFLUX 18HR, and VACOFLUX 17. The saturationmagnetic
flux density for these types of alloys varies from 2.14 to 2.35 T. Figure 6 shows the magnetization
curves for VACOFLUX 48 and VACODUR 49 alloys. The soft magnetic alloys with high satura-
tion induction have significant specific losses that can be reduced by reducing the sheet thickness.
In this case, evenwith a sheet thickness of 0.1 mm, it is inferior to electrical steels. In addition, soft
magnetic alloys have a complex production technology and require special treatment. Therefore,
these alloys predominantly find wide application in EM with magnetization frequencies below
400 Hz. At higher frequencies, the use of this alloy type requires justification.

4.2. Amorphous magnetic materials (AMMs)

AMM is a kind of alloy, which lacks the periodicity in the atom arrangement. AMMs are
produced in the form of thin tape. The thickness of the tape is 25–30 μm.

Figure 5. The dependences of the specific losses on frequency for various electrical steels.
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mass of waste during stamping or cutting), as well as the manufacture complexity. The task of
the stator magnetic core material selection can be represented as a mathematical function:
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8>>>>>><
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is the EM mass; η Bz;Bj
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is the EM efficiency; C Bz;Bj
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is the cost of the stator magnetic core; and Mwaste Bz;Bj
� �

is a
mass of the waste.

Thus, after determining the maximum permissible values of the magnetic flux density for the
stator teeth and back for a specific stator magnetic core material and approximating the
specific loss function, the value of each criterion included in Eq. (17) can be determined. Then,
a comparative multicriteria analysis of the material expediency and the optimal selection of the
stator magnetic core material can be made.

To reduce the number of compared criteria, Eq. (17) can be reduced to a task with one criterion
by determining the weight of each function in Eq. (17):
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where λ1…λ5 is, respectively, the weight of each criterion in the overall efficiency function of
using a particular stator magnetic core material.

In conversion from the multicriteria comparison task to the function of one variable, which
characterizes the effectiveness of the material application, it is necessary to replace the dimen-
sional units in Eq. (17) by the relative units:

y∗ ¼ Y Bz;Bsð Þ
Ym Bz;Bsð Þ , (12)

where y∗ is a criterion in relative units; Y Bz;Bsð Þ is a criterion in dimensional units; and
Ym Bz;Bsð Þ is a base value in dimensional units.

Since the efficiency of using a known electrotechnical steel or a precision soft magnetic alloy is
determined, the base values are parameters in Eq. (18) at a saturation magnetic flux density for
a given electrical steel or a precision soft magnetic alloy:
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is the efficiency of stator material use.
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Thus, the general condition for the stator magnetic core material selection can be formulated as
follows. From two stator magnetic core materials, more effective is one with less Ef Bz;Bj
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for

the same λ1…λ4. For practical application of the proposed technique, different stator magnetic
core material types of the high-speed EMs are considered.

4.1. Electrical steels and soft magnetic alloys

Figure 5 shows the dependences of the specific losses on frequency for various electrical steels. In
the high-speed EM, silicon electrical steels are widely used. The main advantages of electrical
steels are the simple production technology of the statormagnetic core of the high-speed EM. The
disadvantage is a low-saturation magnetic flux density, which leads to an increase in the mass
and size parameters of the EM. Higher saturation magnetic flux density has soft magnetic alloys
based on cobalt or nickel, for example, VACOFLUX 50, VACOFLUX 48, VACODUR S Plus,
VACODUR 50, VACODUR 49, VACOFLUX 18HR, and VACOFLUX 17. The saturationmagnetic
flux density for these types of alloys varies from 2.14 to 2.35 T. Figure 6 shows the magnetization
curves for VACOFLUX 48 and VACODUR 49 alloys. The soft magnetic alloys with high satura-
tion induction have significant specific losses that can be reduced by reducing the sheet thickness.
In this case, evenwith a sheet thickness of 0.1 mm, it is inferior to electrical steels. In addition, soft
magnetic alloys have a complex production technology and require special treatment. Therefore,
these alloys predominantly find wide application in EM with magnetization frequencies below
400 Hz. At higher frequencies, the use of this alloy type requires justification.

4.2. Amorphous magnetic materials (AMMs)

AMM is a kind of alloy, which lacks the periodicity in the atom arrangement. AMMs are
produced in the form of thin tape. The thickness of the tape is 25–30 μm.

Figure 5. The dependences of the specific losses on frequency for various electrical steels.
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The AMM technology was developed in 1960 by a research group of the California Institute of
Technology. In 1988, Hitachi Metals first developed a nanocrystalline alloy (metal glass).

The composition of the AMM includes two groups of elements: transition metals (Fe and Co) and
amorphous elements (B, C, and Si). The amorphous alloy structure is obtained only at a certain
cooling rate. In the AMM structure, there is no periodicity in the atom arrangement. Despite the
fact that the AMM density is lower than the density of crystalline analogs, their strength is higher
by 400–900% [6]. The higher strength is because the AMMs have no defects such as dislocations
and grain boundaries inherent in the crystalline state. The presence of such defects greatly
complicates the diffusion (penetration of atoms) through amorphous metallic layers.

The AMM advantages are high wear resistance, high corrosion resistance, high electrical
resistivity (ϱ = 1–1.5 Ω∙mm2), low coercive force Hc (less than 8 A/m), high values of magnetic
permeability (initial magnetic permeability μin is up to 8000, and maximum magnetic perme-
ability μmax is up to 300,000–700,000), and low specific losses.

The AMM disadvantage is that it is produced in the form of a thin tape. And it is impossible to
make a stator magnetic core by using traditional design technologies. Therefore, slotless stator
magnetic core designs or designs with a large area and a small number of slots are used. In
addition, AMMs has low saturation induction. For example, the maximum saturation induc-
tion value is 1.8 T for Metglas Alloy 2605CO.

Nevertheless, the development of the AMM production technologies makes it possible to talk
about their prospects of using in the EM stator magnetic cores. For example, Hitachi has
already created an induction motor with the energy efficiency class IE 4 with an AMM stator
magnetic core. Radam and Celeroton also actively create the high-speed EMs with the AMM
stator magnetic core.

The main AMM features are associated with several facts:

• The fill factor of the AMM stator magnetic core varies from 0.7 to 0.8 because in the AMM
production, various defects are formed on the tape.

• AMM tape thickness does not exceed 25–30 μm; therefore, AMM magnetic cores are
usually wound.

Figure 6. Magnetization curves for VACOFLUX 48 and VACODUR 49 alloys.
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• AMM has a low saturation magnetic flux density, which usually varies from 1.3 to 1.6 T.
For the cobalt-doped AMM, the magnetic flux density increases to 1.8 T. However, the
specific losses also increase due to the increase in electrical conductivity.

• The AMM layers in the magnetic cores are not isolated from each other.

These features do not allow the use of known designs in the EMs with the AMM magnetic
cores. Therefore, further, it seems appropriate to consider in more detail the AMM magnetic
core designs and their technological approaches.

It is promising to use AMM in the high-speed EMs with a rotational speed of below
120,000 rpm and in the ultra-high-speed EMs with a rotational speed above 1,200,000 rpm.
For the high magnetization reversal frequency, AMMs are practically the only correct technical
solution. In micro-EM with rotational speeds above 700,000 rpm and magnetic flux density in
the air gap of 0.2–0.25 T, the use of ferrites is effective, but a low saturation magnetic flux
density is limited only by this narrow application field.

Due to the technological complexity of the AMM stator cores, several designs are used:

• EM with a tooth-coil stator magnetic core made of AMM, which forms from U-shaped
AMM cores (Figures 7–9). The disadvantage of these cores is the technological complexity,
and they are mainly performed with a large area and a small number of slots. The
problem solution of a small number of slots can be the use of a sectional design of the
EM with a stator magnetic core made of AMM (Figure 10).

• EM with prefabricated designs of the AMM stator magnetic cores. These designs are
characterized by the fact that the magnetic core parts are made separately from
simple geometric shapes, after which they are assembled. This technology is of par-
ticular interest for axial EM. Various designs of these magnetic cores are shown in
Figure 11.

In addition, individual geometric figures can be performed not wound but by typing from
plates. Further, these sets are inserted into the stator. For example, in [8], a radial EM for this
technology is proposed (Figure 12).

Figure 7. EMwith a tooth-coil winding and a stator magnetic core made of AMM: 1 is a stator magnetic core; 2 is a tooth-
coil winding; 3 is the HCPM; 4 is a shaft; and 5 is a rotor sleeve.
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• Slotless EM with the AMM stator magnetic core. This type of AMM magnetic cores is
the simplest in the manufacturing technology and has a minimum manufacturing cost.
Figure 13 shows the slotless EM designs.

Special advantages of the slotless EM are for various high-speed systems. The use of the AMM
allows not only to minimize losses in the stator magnetic core but also to increase the number
of poles to 8–10. This allows reducing the mass of the stator magnetic core of the slotless EM by
20–25%. In the high-speed EMs with a stator magnetic core made of electrical steel or Co-Fe
alloy, the number of poles should be minimal. To reduce losses in the stator magnetic core,
2-or 4-pole EMs are used, whose stator magnetic core mass is higher than the stator magnetic
core mass of multipolar EMs.

Figure 8. Stator magnetic core made of AMM (a) and its formation technology (b).

Figure 9. EM with a tooth-coil winding and a stator magnetic core made of AMM [7].
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Figure 10. Sectional EM with a tooth-coil winding and a stator core made of AMM: 1 is a stator magnetic core; 2 is a
tooth-coil winding; 3 is the HCPM; 4 is a shaft; and 5 is a rotor sleeve.

Figure 11. Prefabricated design of the AMM stator magnetic core.

Figure 12. Assembly of the stator magnetic core made of AMM [8]
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Another advantage of the slotless EM is the use of magnetic bearings in Lorentz forces, which
are integrated directly into the air gap. This reduces the axial length and, thus, provides the
necessary rotor dynamics and stiffness in comparison with other designs.

In addition, the slotless EM has the simple technology of producing a slotless stator magnetic
core, which makes this EM class practically the only technical solution that allows the creation
of ultra-high-speed micromotors and microgenerators. The slot absence results in minimiza-
tion losses in the HCPM caused by tooth harmonics.

The main disadvantage of the slotless EM is that the entire winding is located in the air gap,
and this leads to its significant increase. At the same time, losses to the skin effect and eddy
currents in strands appear in the winding, as the entire magnetic field in the air gap crosses the
winding.

The efficiency of the slotless EM with HCPM is largely determined by the number of poles,
winding type, and also manufacturing method of the slotless stator magnetic core (wound or
stamped). The winding type of the slotless EM with HCPM determines:

• the air gap value and energy characteristics of the slotless EM, since the entire winding is
located in the air gap;

• the efficiency, which is largely determined by winding and additional losses (loss of
proximity effect and eddy currents), as well as thermal loads on various EM elements;

• overall dimensions and mass of the slotless EM: mass and size parameters of the slotless
EM depend on the end winding axial protrusion length and its mass);

• working capacity of the slotless EM under load and overload: the structural scheme of the
winding determines the scattering resistance (xs) and accordingly the magnitude of the
armature reaction demagnetizing field;

• a structural diagram of the power electronics used in conjunction with the slotless EM; the
harmonic composition of the voltage determines the size of the filters and depends on the
winding type).

Figure 13. The slotless EM with the AMM stator magnetic core: 1 is a winding; 2 is a stator magnetic core; 3 is a rotor
sleeve; 4 is the HCPM; and 5 is a shaft.
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The manufacturing technology of the stator magnetic core determines:

• stator magnetic core losses; and

• the technological complexity of its manufacture, as well as the mass and size parameters
of the slotless EM, which are determined by the fill factor of the stator magnetic core.

Thus, all the main parameters, which characterize the efficiency of the slotless EM, depend on
the winding type, number of poles and stator magnetic core design. Therefore, the selection of
these elements should be made with particular accuracy.

Typically, either a distributed winding or a toroidal winding is used in the slotless EM. Each of
these windings has its disadvantages. The distributed winding is characterized by technolog-
ical complexity of manufacturing, and the toroidal winding provides higher losses in copper
due to the inability to use half of the winding. The possibility of using a tooth-coil winding in
the slotless EM, and also a comparison of the effectiveness of a tooth-coil winding and a
toroidal one in a two-pole and 10-poles slotless EM is considered in this work.

Two-pole slotless EM with a tooth-coil winding and its connection scheme is presented in
Figure 14a and b accordingly. Ten-pole slotless EM with a toroidal winding and its connection
scheme is presented in Figure 14c and d accordingly.

The tooth-coil winding allows achieving a minimum end winding axial protrusion length, and
its manufacturing technology is simpler than the toroidal winding. At the same time, due to
the MMF spatial harmonic, the tooth-coil winding should have a distorted voltage shape,
which will lead to additional losses in the HCPM.

To evaluate the effectiveness of the design, four experimental slotless EMs were designed and
manufactured: a 2-pole and a 10-pole slotless EMs with a HCPM and a toroidal winding, and a
2-pole and a 10-pole slotless EMswith a HCPM and a tooth-coil winding (Figure 15). To simplify
the laboratory studies, the experimental models were performedwith a low power for a reduced
rotational speed of 3000 rpm, which also simplifies the requirements for bearings. The stator
magnetic core of prototypes was low saturated. Thus, four stators and two rotors were made.

Figure 14. Slotless EM with a concentrated winding (a) and its connection scheme (b) and slotless EM with a toroidal
winding (c) and its connection scheme (d): 1 is a rotor core; 2 is a slotless stator magnetic core; 3 is the HCPM; and 4 is a
winding.
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Analysis of various winding types of slotless EMs with HCPM can be made using only
computer simulation methods, but at the same time, it does not allow to assess the technolog-
ical manufacturing complexity. From the known works, it can be concluded that the main
operating mode of the slotless EM with HCPM is the generator mode. One of the main
characteristics of the generator mode for aerospace EMs is the voltage dependence on the load
current, which is determined by the inductive resistance of the winding. According to the
experimental results, four models and four computer models were developed in the Ansys
Maxwell software package, and the simulation and experimental results are compared.

Therefore, the procedure for the design selection was as follows:

1. Design calculation and creation of experimental prototypes and its research under load in
the generator mode. An external characteristic, oscillograms of current and voltage, har-
monic composition of current and voltage, and estimation of the winding losses are
obtained.

2. Creation of a computer model in the Ansys Maxwell software package. The discrepancy
between the experimental and computer simulation data should not exceed 5%. At this
stage, the magnetic field distribution patterns are obtained for each considered slotless
EM, and losses in permanent magnets are estimated.

3. Experimental studies of losses in a stator core made of AMM at different frequencies.

4. Selection of topology. According to the experimental and computer results obtained,
different topologies of slotless EMs with HCPM are evaluated.

As a research result, it was established that the two-pole slotless EM with a tooth-coil
winding has the less steep external characteristic and the voltage decreasing is below

Figure 15. (a) The stator core with toroidal winding; (b) the stator core with concentrated winding; (c) 2-pole rotor; and
(d) multi-pole rotor.
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10–15% at a load. The steepest external characteristic is in 10-pole slotless EM with a tooth-
coil winding. The open circuit voltage is different from the voltage at one-and-a half
overload by 210%. This is explained by the fact that with increasing number of poles, the
inductive scattering resistance increases significantly; thus, the multi-pole slotless EM with
HCPM is essentially a high-reactance permanent magnet EM. This EM type is most applica-
ble in aerospace engineering, since it provides the most reliable short-circuit protection of the
slotless EM and the system in which it is installed. Thus, from the analysis of the experimen-
tal external characteristics, it can be concluded that the 10-pole slotless EM with a HCPM
and a tooth-coil is most effective.

4.3. Soft magnetic composite materials (Somaloy)

Somaloy is a soft magnetic composites produced by Höganäs in the powder form for sintering
and pressing. The advantage of these materials is the nonwaste-producing technology. The
technological process of producing magnetic cores has a certain complexity. Figure 16 shows
the magnetization curves for 1P Somaloy 500P and 1P Somaloy 700P. Table 3 presents charac-
teristics of different soft magnetic composite materials. It can be seen that soft magnetic
composite materials have significant specific losses, which limits their use in high-speed EMs.
Due to the high adaptability of this material, it can find wide application in the EM with low
rotational speeds.

4.4. Ironless stator magnetic cores

The ironless stator magnetic cores are magnetic cores made of nonmagnetic nonconductive
materials. The ironless stator magnetic cores are used in superconducting EMs when signifi-
cant magnetic flux density in the air gap leads to a supersaturation of the magnetic core. In
addition, the ironless stator magnetic cores can find application in ultra-high-speed EMs with
rotational speed above 1,000,000 rpm.

Figure 16. The magnetization curves for 1P Somaloy 500P (a) and 1P Somaloy 700P (b).
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5. Permanent magnet types

To select permanent magnets of high-speed EMs, the demagnetization curve of permanent
magnets at different temperatures (Figures 17 and 18), residual magnetic flux density (Br),
coercive force by magnetic flux density (HcB) and magnetization (Hcj), maximum operating
temperature, Curie temperature, temperature coefficients by magnetic flux density and coer-
cive force were used.

5.1. Temperature coefficients by magnetic flux density and coercive force

Under the temperature influence, the coercive force and the residual magnetic flux density of
the permanent magnets decrease (Figure 18). It is analytically determined as follows:

Br Θð Þ ¼ Br 1� kBr ΘВПМ � 20ð Þ
100

� �
, (14)

Hc Θð Þ ¼ Hc 1� kHc ΘВПМ � 20ð Þ
100

� �
, (15)

where Br Θð Þ, HC Θð Þ are, respectively, the values of the magnetic flux density and coercive
force of the HCPM; Br, HC are, respectively, the values of the residual magnetic flux density
and coercive force of the HCPM, indicated in the technical characteristics; ΘВПМ is the HCPM
temperature; kBr is a temperature coefficient by residual magnetic flux density; and kHc is a
temperature coefficient by coercive force.

In Eqs. (20) and (21), temperature coefficients are used constant, while the temperature coeffi-
cients of the HCPM are constant only at temperatures below 100–120�C. At higher temperatures,

Material type Magnetic flux density at a magnetic field strength of
10,000 A/m (T)

Specific losses (W/kg)

5 � 5 mm 15 � 15 mm

100 Hz 400 Hz 1000 Hz 1000 Hz

1PSomaloy 130i 1.4 12 54 145 147

1PSomaloy 700 1.56 10 44 131 158

1PSomaloy 700
HR

1.53 10 46 134 145

3PSomaloy 700 1.61 10 46 137 189

3PSomaloy 700
HR

1.57 11 48 137 157

3P Somaloy
1000

1.63 10 46 144 287

5PSomaloy 700
HR

1.57 6 32 104 115

Table 3. Characteristics of different soft magnetic composite materials.
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coefficients vary with temperature. Thus, the temperature characteristic of the HCPM demagne-
tization is nonlinear at temperatures above 100–120�C.

In modern high-speed EMs, several HCPM types are used: SmCo, SmCoFeCuZr, and NdFeB
alloys. The main advantage of the HCPM based on SmCo and SmCoFeCuZr is their high
temperature stability as well as corrosion resistance compared to NDFeB. The SmCo Curie
temperature is above 800�C; the temperature coefficients by induction and coercive force are
�0.04 and �0.3, respectively. The Curie temperature of NdFeB is above 300�C, and tempera-
ture coefficients by induction and coercive force are�0.11 and �0.6, respectively. NdFeBs have
higher energy characteristics than SmCo by 20–30%. Nevertheless, their low temperature
stability does not allow the efficient use of these high-energy characteristics. Figure 19 shows

Figure 17. The demagnetization curve of Sm2Co17 permanent magnets.

Figure 18. The demagnetization curve of Sm2Co17 at different temperatures.
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temperature; kBr is a temperature coefficient by residual magnetic flux density; and kHc is a
temperature coefficient by coercive force.

In Eqs. (20) and (21), temperature coefficients are used constant, while the temperature coeffi-
cients of the HCPM are constant only at temperatures below 100–120�C. At higher temperatures,

Material type Magnetic flux density at a magnetic field strength of
10,000 A/m (T)

Specific losses (W/kg)

5 � 5 mm 15 � 15 mm

100 Hz 400 Hz 1000 Hz 1000 Hz

1PSomaloy 130i 1.4 12 54 145 147

1PSomaloy 700 1.56 10 44 131 158

1PSomaloy 700
HR

1.53 10 46 134 145

3PSomaloy 700 1.61 10 46 137 189

3PSomaloy 700
HR

1.57 11 48 137 157

3P Somaloy
1000

1.63 10 46 144 287

5PSomaloy 700
HR

1.57 6 32 104 115

Table 3. Characteristics of different soft magnetic composite materials.

Electric Machines for Smart Grids Applications - Design, Simulation and Control68

coefficients vary with temperature. Thus, the temperature characteristic of the HCPM demagne-
tization is nonlinear at temperatures above 100–120�C.

In modern high-speed EMs, several HCPM types are used: SmCo, SmCoFeCuZr, and NdFeB
alloys. The main advantage of the HCPM based on SmCo and SmCoFeCuZr is their high
temperature stability as well as corrosion resistance compared to NDFeB. The SmCo Curie
temperature is above 800�C; the temperature coefficients by induction and coercive force are
�0.04 and �0.3, respectively. The Curie temperature of NdFeB is above 300�C, and tempera-
ture coefficients by induction and coercive force are�0.11 and �0.6, respectively. NdFeBs have
higher energy characteristics than SmCo by 20–30%. Nevertheless, their low temperature
stability does not allow the efficient use of these high-energy characteristics. Figure 19 shows

Figure 17. The demagnetization curve of Sm2Co17 permanent magnets.

Figure 18. The demagnetization curve of Sm2Co17 at different temperatures.
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the characteristic dependences of SmCo, SmCoFeCuZr, and NdFeB at various temperatures. For
comparison, the most energetically powerful NdFeB sample Vacodym 745 HR with Br = 1.44 T,
HcB = 1065 kA/m were selected. Dependencies are constructed for a product Br �HсВ. It was
found that the use of NdFeB is expedient at temperatures of the HCPM below 60–70�C. Table 4
presents properties of the SmCo and NdFeB.

In addition, the high-temperature HCPMs based on SmCoFeCuZr alloys with operation tem-
peratures up to 700�C (T 500 and T 550) have been developed.

In the HCPM manufacture, resin-bonded magnet and rubber ferrite are often used. They
have higher temperature coefficients than ordinary magnets and have mechanical properties
similar to plastics, but their energy characteristics are lower than the ceramic or metal HCPM
obtained by sintering.

Figure 19. Characteristic dependences of SmCo, SmCoFeCuZr, and NdFeB at various temperatures.

Property NdFeB SmCo5 Sm2Co17

Density (g/cm3) 7.4 8.3 8.4

Young’s modulus (GPa) 150 — —

Cross-breaking strength (MPa) 210–290 180 150

Rupture strength (MPa) 70–130 40 35

Vickers hardness (HV) 600 450–
500

500–600

Electrical resistance (Ohm/m) 1:6 � 10�6 5 � 10�7 8:6 � 10�7

Specific heat (J=kg � K) 440 370 340–390

Thermal conductivity (W=m � К) 9 12 13

The temperature coefficient of linear expansion along the magnetization direction
(10�6=К)

5 6 8

Temperature coefficient of linear expansion across the magnetization direction (10�6=К) �1 13 11

Table 4. Mechanical, electrical, and thermal of the SmCo and NdFeB.
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5.2. Climate testing and long-term storage of various HCPM types

Results of corrosion and climate tests of Sm2Co17, SmCo5, and NdFeB are presented in [9]. It is
shown that Sm-Co alloys are susceptible to corrosion both during storage and in a heated storage
room, but their magnetic properties change insignificantly (� 1–2%). The greatest changes both
in magnetic properties and in corrosion occur in the first storage year, and SmCo5 alloys are
more resistant to long-term storage than Sm2Co17 alloys. In addition, NdFeB is significantly
susceptible to corrosion and practically has not been tested for long-term storage.

5.3. Radiation resistance of HCPM

For EM with HCPM for special areas of industry, including the space and nuclear industries,
an important criterion in the HCPM selection is their resistance to radiation exposure. In [10],
studies of the radiation resistance of Sm2Co17, SmCo5, and NdFeB are presented. It was
established that the radiation resistance of the SmCo is above 1018 neutrons/cm2 and the
radiation resistance of the NdFeB is lower. The magnetic property loss of NdFeB in radiation
irradiation is in most cases caused not by the weak stability of NdFeB to neutron radiation but
by their radiation heating. Therefore, it is not recommended to use NdFeB in EMs, which can
be exposed to significant radiation exposure.

6. Conclusion

In this chapter, materials used in high-speed EMs with HCPM are presented. The application
areas of high-speed EMs are shown. Practical recommendations for the selection of active and
structural components of high-speed EMs are given. The mechanical strength calculation of the
rotor sleeve is shown. The obtained results can be used in practice in the EM design and in the
further research.
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Abstract

The electric machines have been applied to the industrial and commercial areas for 
several decades. The high performance of control and fast dynamic response of electric 
machines can be achieved via motor drive because of high development of semicon-
ductors such as the microcontroller and power transistors. Brushless DC motor (BLDC) 
and permanent magnet AC synchronous motors drives have many advantages such as 
high efficiency, small size, less rotor losses, and fast torque response over the induc-
tion motor drives. Therefore, this chapter will focus on the design and implementation 
of a motor drive as well as its realization of control algorithm. At the beginning of 
chapter, the fundamental of energy conversion for electric machines is introduced. The 
dynamic model for brushless dc motor is derived and explained in detail in section 
two. The 120° conduction and 180° conduction of switching device for an inverter are 
also described and illustrated. The control design of a speed-controlled motor drive is 
described in section three. The hardware and software design of a motor drive based on 
a microcontroller is given in section four. The experimental results are also presented 
and discussed. Finally, a conclusion is made in section five.

Keywords: brushless DC motor, motor drive, inverter, 120° conduction

1. Introduction

The electrical machine is the bridge of energy conversion between the electrical system and 
mechanical system, as shown in Figure 1. The electrical machine can be an electric motor. For 
an electric motor, the input is electrical energy represented by voltage and current, and the 
output is mechanical energy delivered to the mechanical load, which is represented by speed 
and torque. On the contrary, the mechanical energy can be converted to electric energy and 
transferred to electrical system by electrical machine, which is called as electric generator.
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Abstract

The electric machines have been applied to the industrial and commercial areas for 
several decades. The high performance of control and fast dynamic response of electric 
machines can be achieved via motor drive because of high development of semicon-
ductors such as the microcontroller and power transistors. Brushless DC motor (BLDC) 
and permanent magnet AC synchronous motors drives have many advantages such as 
high efficiency, small size, less rotor losses, and fast torque response over the induc-
tion motor drives. Therefore, this chapter will focus on the design and implementation 
of a motor drive as well as its realization of control algorithm. At the beginning of 
chapter, the fundamental of energy conversion for electric machines is introduced. The 
dynamic model for brushless dc motor is derived and explained in detail in section 
two. The 120° conduction and 180° conduction of switching device for an inverter are 
also described and illustrated. The control design of a speed-controlled motor drive is 
described in section three. The hardware and software design of a motor drive based on 
a microcontroller is given in section four. The experimental results are also presented 
and discussed. Finally, a conclusion is made in section five.
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1. Introduction

The electrical machine is the bridge of energy conversion between the electrical system and 
mechanical system, as shown in Figure 1. The electrical machine can be an electric motor. For 
an electric motor, the input is electrical energy represented by voltage and current, and the 
output is mechanical energy delivered to the mechanical load, which is represented by speed 
and torque. On the contrary, the mechanical energy can be converted to electric energy and 
transferred to electrical system by electrical machine, which is called as electric generator.
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A simplified block diagram of an electrical drive is shown in Figure 2. It mainly consists of 
power source, converter, motor, load, sensing module, and control module. Power source 
can be supplied by AC line supply or DC battery. Load can be washing machine, range hood, 
pumps, air conditioners, fans, machine tools, or electric drills. The motor has the character-
istics required by the load and the capability to transfer the energy from the source to the 
load. Most commonly used electrical motors are DC motors, brushless DC motors, induction 
motors, permanent magnet synchronous motors, stepper motors, and switched reluctance 
motors. The converter converts the electrical energy of the input source in the form suitable 
to the motor. Depending on the energy from required by the input power source and motors, 
AC to DC converters (rectifiers or controlled rectifiers), DC to DC converters (step-up con-
verters or step-down converters), inverters, and cycloconverters are commonly used in the 
electrical drives design [1, 2]. Sensing module is employed to detect rotor position, rotor 
speed, motor current, or motor terminal voltages. It is required for the closed-loop control. 
The control module is the core controller of the overall electrical drive. Due to the high 
development of power semiconductors, the control module such as microcontrollers, DSPs, 
ARMs, or FPGA are widely adopted according to the complexity functions for the motor 
drive requirements.

1.1. Torque equation

A motor generally drives a load through some transmission systems as shown in Figure 3. 
The energy keeps balance, which performs the operation of transmission. Hence, torque 
developed by motor is counter balanced by a load torque TL and a dynamic torque. The 
energy transferred from the motor to load is maintained constant. It can be expressed by the 
following torque equation [3]:

   T  e   = J   
d  ω  m  

 ____ dt   + B  ω  m   +  T  L    (1)

Figure 1. The structure of energy conversion.

Figure 2. The block diagram of an electrical drive.
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Te is instantaneous value of developed motor torque, N m. ωm is instantaneous angular veloc-
ity of motor shaft, rad/s. J is inertia of motor-load system, kg m2 and TL is the instantaneous 
value of load torque, N m.

1.2. The conduction of switching device

In recent decade, because of the high developments of power electronics and advanced semi-
conductor devices, the adjustable speed drive such as brushless DC motor (BLDC) drives, has 
been well developed and widely employed to the industrial and commercial applications. A 
typical motor drive consisting of an AC/DC converter, LC DC link, and an inverter is shown 
in Figure 4. The AC/DC conversion of electric power converts AC input power source to the 
DC link voltage. The DC to AC conversion is known as inverter, which converts the DC power 
to AC power required by motor and is normally accomplished by pulse width modulation 
technique [4]. The inverter may receive DC power from a battery but in most applications it 
is fed by a rectifier. The switching devices (Q1–Q6) can be BJTs, MOSFETs, IGBTs, GTOs, or 
thyristors with external commutation circuits and accompanied with six diodes [5].

Assume the inverter feeds a balanced three-phase wye connected resistor load. Two modes 
of control signals can be applied to the switching transistors: 120° conduction mode and 180° 
conduction mode.

1.2.1. 120° conduction mode

Each switching device is turned on for one-third of a cycle, or 120°. Consequently, only two 
switching devices can conduct simultaneously at any instant. It is most suitable for a delta 
connected load because it has a six-step output voltage waveform across any of its phases. 
The gating signals of each switching device are shown in Figure 5(a) and the corresponding 
three-phase line voltages are shown in Figure 5(b). The output voltage waveforms of an ideal 

Figure 3. Motor load system.

Figure 4. A typical three phase bridge inverter.
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value of load torque, N m.
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Figure 5. (a) Gating signals of 120° conduction mode and (b) the line-to-line voltages for 120° conduction mode.

Electric Machines for Smart Grids Applications - Design, Simulation and Control76

inverter should be sinusoidal. However, the output voltages are usually square waveform 
or quasi square waveform. This means that the output voltage inherently contains harmonic 
contents. The rms value of fundamental phase voltage is 0.39 VDC and can be found from the 
calculation of Fourier series for line voltages [5, 6].

1.2.2. 180° conduction mode

For 180° conduction mode, each switching device conducts is turned on and off at 180° interval. 
At any instant of time, three switching devices always remain turn-on state. The gating signals for 

Figure 6. (a) Gating signals of 180° conduction mode and (b) the line-to-line voltages for 180° conduction mode.
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each switching device are phase displacement of 120° as shown in Figure 6(a). Consequently, a 
three-phase output voltage can be obtained with respect to the corresponding switching sequence 
pattern, as shown in Figure 6(b). The rms value of fundamental phase voltage is 0.45 VDC. 
Compared to the 120° conduction mode, it has much higher output voltage under any operating 
condition. In other words, it has better voltage utilization of switching devices [5–7].

2. The dynamic model of a BLDC motor

The equivalent circuit of a BLDC motor is shown in Figure 7. The stator phase voltage equa-
tions (Van, Vbn, and Vcn) related to the stator phase currents (ia, ib, and ic) and back electromotive 
force (ea, eb, and ec) for a BLDC motor, are expressed by (1) [5, 6].

  (2)

where Ra, Rb, and Rc, represent the phase resistance for each phase, Laa, Lbb, and Lcc represent 
the self-inductance for each phase, Lab, Lbc, and Lca represent the mutual inductance between 
either of two phases, and ea, eb, ec, represent the back EMF for each phase. If a three-phase 
balanced system is considered, that is, ia + ib + ic = 0, the stator voltages in (1) can be rearranged 
to matrix form as
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In steady state, the air gap power in terms of the electromagnetic torque and speed is expressed 
by
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The electromagnetic torque is then given by
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Assume the flux linkage is continuous. The induced emfs are derivatives of the flux linkage. 
By proper control of the motor, the electromagnetic torque can be expressed by

  (6)

The electromagnetic torque expressed in (6) indicates that it can be controlled by the stator 
current with the torque constant, Kt. This is very similar to the control of separately DC motor 
drive. The load model can be expressed in terms of the motor speed, ωm, a moment of inertia, J, 
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in kg m2/s2 with a viscous friction B, in N m/rad/s. The electromagnetic torque, Te, in N m then 
drives the load torque, TL, in N m as represented in (1) and repeated here.

  (7)

3. The design of a speed controller

For a speed-controlled motor drive, the time constants of the current loop are usually 
much smaller than that of the load and the speed controller. In such situation, the control 
system with simplified current loop for a motor drive is shown in Figure 8. If the 3-dB 
frequency of current control loop is properly selected, the current controller, Gi(s) can be 
approximated to [8].

  (8)

Assume that Tc is very small in the operating frequency interval, Gi(s) is approximate to be 
unity. The PI control is usually employed to the speed controlled motor drive system and has 
proved to achieve good performance. The transfer function of speed controller, Gs(s), can then 
be expressed by [9].

  (9)

where Kps is the proportional gain and Kis is the integrator gain. As we observe the speed 
control loop, the open-loop transfer function of the speed response has three poles, which can 
be obtained from the integrator time delay constant, current loop time delay, and the load 
time constant, respectively.

Figure 7. The equivalent circuit of a BLDC motor.
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For a speed-controlled drive system, the 3-dB frequency generated from the current loop 
time delay is always designed to be higher than the rotor frequency. In addition, the 3-dB 
frequency is obtained from the integrator time delay of PI controller is usually chosen to 
be smaller than the rotor frequency. From the approximation of current loop crossover 
frequency and the corner frequency of PI controller, the complete speed-controlled drive 
system is redrawn in Figure 9. The system is inherently stable since the maximum phase 
angle of the complete control system is −90°. Adjusting the proportional gain of speed 
controller, Kps, can be applied to meet the requirements of the overshoot for the overall 
control system [8, 9].

4. The implementation of a BLDC motor drive

The system structure with control algorithm of motor drive based on a microcontroller is 
shown in Figure 10. It consists of a microcontroller, protection circuit, optical coupling isola-
tion, inverter, current sensor, Hall effect sensor, and communication interface. For the design 
and implementation of an electric bicycle, the AC power source and rectifier are replaced by 
DC battery. The microcontroller dsPIC 30FXX series manufactured by Microchip technology 
incorporate is the core controller of the electric bicycle. It is a 16-bit CPU with the capability 
of digital signal processing. Moreover, it supports many powerful modules such as built-
in PWM module, addressable encoder interface module, and input capture module; these 
make the design friendly and thus shorten the development schedule. The three-phase bridge 
inverter comprises six switching power MOSFETs. The photocoupler is used for electrical 
isolation between the microcontroller system and bus voltage. The motor currents from the 
DC bus are sensed through the current detection circuit. The magnet pole and rotor position 
are detected by the Hall effect sensor. The speed and rotor position can be calculated and 
precisely controlled, accordingly. The 120° conduction of pulse width modulation technique 
for MOSFETs switching, is employed to drive the thee-phase inverter.

Figure 9. The overall control system of speed-controlled motor drive.

Figure 8. The current loop for motor drive.
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Figure 11 is the main program of a motor drive for electric bicycle design. The initializations 
for I/O configuration, Timer 1, Timer 2, ADC, and PWM settings are firstly processed in the 
main program. Most of the functions for electric bicycle are programmed in the microcon-
troller firmware, which includes the circuit protection mechanism, PWM generation, motor 
currents calculation, rotor position and speed calculation, and rotor pole position [8, 10].

The speed and currents are usually implemented in the PWM interrupt routine, as shown 
in Figure 12. The sensing current is firstly calculated and fed to the current controller. Since 
PWM frequency is 20 kHz, the current controller is updated for every 50 μs. After the calcula-
tion of current controller, the speed calculation is then performed by speed controller. The 
speed is constrained by the limiter in the operating speed range [11].

In order to obtain the proper control of the BLDC motor, the timing between rotor position detected 
by Hall effect sensor and the corresponding back emf, must always be kept in a fixed sequence. 
Figure 13 shows the timing sequence between the rotor position (Ch1–Ch3) and the correspond-
ing back emf (Ch4). The motor parameters for the experimental test are Kt = 0.0761021 N m/A, 
JL = 0.000245 kg m2, and BL = 0.00731 N m s/rad. The magnitude frequency response of Bode plot 
with different Kps is shown in Figure 14. Observing the Figure 14, it can be found that the 3-dB 
rotor frequency is around 800 rad/s. Figure 15 shows the step response of the speed from zero to 

Figure 10. The system structure of a motor drive.
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Figure 12. The PWM interrupt routine.

Figure 11. Main program of a motor drive for electric bicycle.
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200 rpm under the load of 10 kg cm. It can be observed that the motor drive can reach the com-
mand speed within the 1.5 s. The phase currents under the load of 10 kg cm is shown in Figure 16, 
where Ch1, Ch2, and math represent phase currents A, B, and C, respectively.

Figure 13. The timing sequence of Hall effect sensing signals and back emf.

Figure 14. The magnitude response of rotor frequency [8].
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Figure 15. The step response of speed under the load of 10 kg cm.

Figure 16. The phase currents under the load of 10 kg cm.

5. Conclusions

In summary, the speed control of motor drive for an electric bicycle is described in this chapter. 
The hardware structure including a microcontroller, protection circuit, optical coupling isolation, 
three-phase inverter, current sensor, and communication interface is well designed. Further, the 
system software and firmware of microcontroller are programmed and described in detail.

Based on the proposed simple method to find the rotor corner frequency, the range of proportional 
gain of speed controller can be determined so as to avoid the system oscillation. This result can not 
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only speed up the design and implementation of speed controlled motor drive, but also reduce 
the development time. Further, the contents presented in this chapter about basic knowledge and 
fundamentals of a motor drive system are suitable for college graduate students. Moreover, I hope 
it can help engineers and researchers when design and implement a motor drive.
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Abstract

Electric machines with permanent magnet rotors are becoming increasingly popular due
to the high power density that they offer relative to other configurations. Where the speed
of rotation is high, the magnets are typically mounted on the surface of the rotor and
retained by an outer sleeve. In the literature, a variety of analytical models have been
proposed to aid the mechanical design process. Many of these models contain inherent
assumptions about the stress and strain field in the rotor which may not always be
apparent. In this article the range of rotor stress models are presented and explained and
the limitations due to the inherent assumptions are investigated. This will allow the
designer of such rotors to assess mechanical performance without introducing unforeseen
errors.

Keywords: plane stress, plane strain, generalized plane strain, surface mounted
permanent magnets, rotor stress, rotor failure, rotor sleeve

1. Introduction

High speed electric machines are increasingly being used in place of mechanical drive systems.
As [1–3] observe, they are more efficient and reliable than their mechanical equivalents and
have high power densities. Gerada et al. [4] observe that this makes them an attractive choice
across a number of areas including flywheel energy storage and high speed spindles. A
particularly demanding application is in electrically assisted turbochargers [5].

In order to achieve the increasingly high speeds being demanded by a number of applications,
synchronous machines with permanent magnet rotors are typically used. These machines can
be broadly categorized as having interior permanent magnets (IPM’s) embedded within the
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iron core of the rotor or surface-mounted permanent magnets (SPM) attached to the outer
surface of the rotor. When considering the mechanical design of these rotors, SPM rotors allow
higher rotational speeds than IPM rotors and will be the focus of this article.

The materials used for the permanent magnets include samarium cobalt (SmCo5 or Sm2-
Co17) and neodymium (Nd2Fe14B). These materials are formed from sintering or bonding
and are typically very weak in tension. If the magnets were simply glued to the outer surface
of the rotor, the tensile stresses induced by rotation would cause them to fail. They are
therefore typically retained onto the rotor shaft or core with a sleeve, as shown in Figure 1.
The interference fit between the sleeve and the magnets places the magnets into compres-
sion. A sufficiently large interference will ensure that this initial compressive state will
prevent tensile stresses being generated under rotation. However, a large interference can
induce large circumferential forces in the sleeve. Increasing the sleeve thickness increases the
effective air gap between the rotor and the stator which reduces electromagnetic efficiency.
The mechanical design of SPM rotors is therefore challenging and has been approached in a
number of ways using both analytical and numerical approaches: The analytical approaches
treat the sleeve as either a thin walled or thick walled cylinder. Where a thick walled cylinder
approach is used, it may be approximated as being in plane stress, plane strain or general-
ized plane strain. All of these approaches incorporate some degree of approximation which
may limit their applicability to a particular rotor design. This article will explore these
approximations and limitations.

Figure 1. SPM rotor assembly.
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2. Classical analytical methods

2.1. Thin shell approach

One of the simplest approaches to SPM rotor mechanical design is to assume that the sleeve
acts as a thin walled cylinder, wall thickness t and radius R, as proposed in [6] and illustrated
in Figure 2. When the rotor is stationary, the radial interference, δ, between the sleeve and the
magnets generates a circumferential strain, εθ and stress, σθ, in the rotor and an interference
pressure, S, between the sleeve and the magnets, given respectively by Eqs. (1)–(3).

εθ ¼ δ
R

(1)

σθ ¼ Eεθ ¼ E
δ
R

(2)

S ¼ σθt
R

¼ Eδt
R2 (3)

where E is the Young’s modulus of the sleeve material. It is important to note here that all the
deformation required to assemble the sleeve onto the magnets is assumed to take place in the
sleeve, i.e. the magnets, back iron (if present) and shaft are assumed to be rigid.

The ‘thin walled’ cylinder approximation used here assumes that there is no variation in
circumferential stress and strain through the thickness of the sleeve. Hence, in Eq. (1)–(3) only
a single value for these factors is generated. The rather misleadingly termed ‘thick walled’
cylinder approach correctly allows for variation in stress and strain through the sleeve wall.
The ‘thin walled’ model is therefore an approximation to the ‘thick walled’ model and for any

Figure 2. Thin cylinder theory.
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magnets generates a circumferential strain, εθ and stress, σθ, in the rotor and an interference
pressure, S, between the sleeve and the magnets, given respectively by Eqs. (1)–(3).

εθ ¼ δ
R

(1)

σθ ¼ Eεθ ¼ E
δ
R

(2)

S ¼ σθt
R

¼ Eδt
R2 (3)

where E is the Young’s modulus of the sleeve material. It is important to note here that all the
deformation required to assemble the sleeve onto the magnets is assumed to take place in the
sleeve, i.e. the magnets, back iron (if present) and shaft are assumed to be rigid.

The ‘thin walled’ cylinder approximation used here assumes that there is no variation in
circumferential stress and strain through the thickness of the sleeve. Hence, in Eq. (1)–(3) only
a single value for these factors is generated. The rather misleadingly termed ‘thick walled’
cylinder approach correctly allows for variation in stress and strain through the sleeve wall.
The ‘thin walled’ model is therefore an approximation to the ‘thick walled’ model and for any

Figure 2. Thin cylinder theory.
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sleeve thickness, will introduce an error in the calculation of interference pressure. The various
forms of the thick walled cylinder approach will be discussed in the following sections. Taking
either the plane stress approach or the generalized plane strain approach gives the relationship
between interference pressure and interference as:

S ¼ δE R2
o � R2

C

� �

RC R2
O 1þ νð Þ þ R2

C 1� νð Þ� � (4)

where RO and RC are the outer and inner radii of the sleeve respectively and ν is the Poisson’s
ratio of the sleeve material and the magnets, back iron and shaft are assumed to be rigid.

Assuming that the radius of the ‘thin walled’ sleeve, R, is the mean of the outer and inner radii:

RC ¼ R� t
2
and RO ¼ Rþ t

2
(5)

Taking typical properties for an Inconel sleeve (E ¼ 205GPa, ν ¼ 0:294) and δ ¼ 0:1 mm, the
error in the shrinkage pressure introduced by the ‘thin walled’ cylinder approximation is as
shown in Figure 3. For small sleeve thicknesses, the errors are small. However, as sleeve thickn-
ess increases and sleeve diameter reduces, the thin cylinder approach significantly underesti-
mates the circumferential stress.

Having established the interference pressure acting between the sleeve and the magnets
when the rotor is stationary, the effect at maximum rotor speed must be determined. Various
approaches can be taken with different criteria being used to assess the mechanical integrity
of the rotor. The method proposed in [6] assumes that the interference pressure between the
magnets and the back iron is the same as that between the sleeve and the magnets and then

Figure 3. Thin cylinder approximation error.
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determines the centripetal force required to reduce this pressure to zero (indicating that the
magnets may then slip on the back iron). This approach introduces two further approxima-
tions: Firstly, to maintain force equilibrium in the radial direction, the inner surface area of
the magnet must be identical to the outer surface area. Secondly, the magnets must have a
sufficiently small circumferential dimension (i.e. be segmented) for no significant circumfer-
ential stress and no bending to be generated during rotation. The impact of the first effect can
be readily determined and indeed can be corrected for. The impact of the second effect is
more difficult to determine. If the permanent magnet is a single cylinder, it will resist
circumferential expansion during rotation and there will be a smaller reduction in the
interference pressure between the magnets and the back iron. However, if the magnet is
formed from segments which abut in the circumferential direction, the centripetal forces will
tend to separate them. This will lead to a substantial increase in the stresses in the sleeve at
the point of separation and the generation of tensile stresses due to bending in the magnets.
Whilst the magnet segments remain in full contact in the circumferential direction, their
behavior will be identical to that of a single cylinder. This article will be restricted to rotors
with magnets which are either single cylinders or are formed from segments which abut and
remain in full contact during rotation.

2.2. Thick walled cylinder or disk analysis

All ‘thick walled’ approaches to the mechanical analysis of rotors are founded on the fundamen-
tal principles of force equilibrium, compatibility and the constitutive relationship between stress
and strain within the material. These relationships are initially applied to a two dimensional

Figure 4. Internal stresses in the cylinder/disc.
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cross section of the rotor, perpendicular to the axis and are presented in many text books (see for
example [7]). This theoretical material is repeated here to allow the reader to appreciate the
differences between the different analysis approaches.

Figure 4 shows a segment, angle dθ and thickness dr, of an annular ring, radius r, taken from a
cylinder or disk which may be rotating at an angular velocity, ω, and may be subjected to
either internal or external pressures. The disk material has a density, r. It is assumed that the
radial stress, σr, and circumferential stress vary with radius.

Considering equilibrium of forces on this segment in the radial direction, the following rela-
tionship is obtained:

σθ � σr � r
dσr
dr

¼ rω2r2 (6)

The constitutive relationship can then be expressed as Eqs. (7)–(9) where εr is the radial strain,
εz the axial strain, α the coefficient of thermal expansion of the material and ΔT the change in
temperature imposed on the material.

εr ¼ ds
dr

¼ 1
E

σr � νσθ � νσzð Þ þ ΔTα (7)

εθ ¼ s
r
¼ 1

E
σθ � νσr � νσzð Þ þ ΔTα (8)

εz ¼ 1
E

σz � νσr � νσθð Þ þ ΔTα (9)

In Eqs. (7) and (8), s is the change in radius of the segment and ds is the change in the radial
dimension, as indicated in Figure 5.

Figure 5. Change in radial dimensions of the segment.
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To maintain compatibility:

d rεθð Þ
dr

¼ ds
dr

¼ εr (10)

or, with reference to Eqs. 7 and 8:

σr � σθð Þ 1þ νð Þ ¼ r
dσθ
dr

� ν
dσr
dr

þ dσz
dr

� �� �
þ Eαr

dΔT
dr

(11)

As Li et al. [8] determined, the thermal barrier resisting heat transfer from the outer surface of the
rotor to the air gap is much larger than the thermal resistance within the rotor components. Hence,
temperatures are essentially uniform with respect to radius and vary only slightly along the axis.
Assuming that dΔT=dr ¼ 0 and combining Eq. 11 with the equilibrium equation (6), gives:

dσr
dr

þ dσθ
dr

þ dσz
dr

¼ � 1þ νð Þrrω2 (12)

It is worth emphasizing that Eq. 12 is common to all the analytical approaches presented.
However, further development of the analysis requires additional information and the solution
paths diverge.

2.2.1. Plane stress approach

An approach previously used in some work [9–12] has been to assume that the axial cross
section is in a state of plane stress, where σz ¼ 0. Introducing this condition into Eq. (12) gives:

dσr
dr

þ dσθ
dr

¼ � 1þ νð Þrrω2 (13)

which can be integrated to give:

σθ þ σr ¼ � 1þ νð Þrω2r2

2
þ 2A (14)

where A is a constant of integration. Reintroducing the equilibrium equation, 6, and further
integrating leads to:

σr ¼ A� B
r2

� 3þ νð Þ
8

rω2r2 (15)

σθ ¼ Aþ B
r2

� 1þ 3ν
8

rω2r2 (16)

with B being a further constant of integration.

In [10–12] the plane stress assumption is justified by the fact that there is no significant axial
stress in the rotor as there is nothing to constrain axial extension or compression. However,
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However, further development of the analysis requires additional information and the solution
paths diverge.

2.2.1. Plane stress approach

An approach previously used in some work [9–12] has been to assume that the axial cross
section is in a state of plane stress, where σz ¼ 0. Introducing this condition into Eq. (12) gives:
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which can be integrated to give:
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integrating leads to:

σr ¼ A� B
r2
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8

rω2r2 (15)

σθ ¼ Aþ B
r2
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8

rω2r2 (16)

with B being a further constant of integration.

In [10–12] the plane stress assumption is justified by the fact that there is no significant axial
stress in the rotor as there is nothing to constrain axial extension or compression. However,
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as will be demonstrated later, the lack of an external force does not prevent an axial stress
being generated in the rotor under rotation. The only valid justification for the plane stress
assumption is that the rotor is in the form of a disk which is of insufficient thickness for axial
stress to develop.

Where the rotor is modeled as a pair of interfering cylinders, there are two sources of stress:
stresses due to the interference and stresses due to rotation. Assuming linear behavior, these
stresses can be determined separately and then simply summed to determine the total stress.
There are also two load cases to consider:

• Stationary rotor with stress due only to interference.

• Rotating rotor with stresses generated by both rotation and interference.

For the second load case it is important to account for the change in interference due to rotation [13].

Considering Figure 6, the two interfering cylinders must achieve a common radius, Rc, and an
interference or shrinkage pressure, S, is generated. Treating the two cylinders separately, the
boundary conditions are:

Inner cylinder : At r ¼ Ri;σrii ¼ 0

r ¼ Rc; σric ¼ �S

Outer cylinder : At r ¼ Ro; σroo ¼ 0

r ¼ Rc;σroc ¼ �S

where σrii is the radial stress in the inner cylinder at the inner radius, σric is the radial stress in
the inner cylinder at the common radius, σroo is the radial stress in the outer cylinder at the
outer radius and σroc is the radial stress in the outer cylinder at the common radius.

Substituting these boundary conditions into Eq. (15) allows the constants of integration to be
found and Eqs. (15) and (16) become:

Figure 6. Interference condition.
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Inner cylinder : σri ¼ SR2
c

R2
i � R2

c

1� R2
i

r2

� �
(17)

σθi ¼ SR2
c

R2
i � R2

c

1þ R2
i

r2

� �
(18)

Outer cylinder : σro ¼ SR2
c

R2
o � R2

c
1� R2

o

r2

� �
(19)

σθo ¼ SR2
c

R2
o � R2

c

1þ R2
o

r2

� �
(20)

The compatibility requirement that the two cylinders establish a common radius can be expre-
ssed as:

Rci 1þ εθicsð Þ ¼ Rco 1þ εθocsð Þ (21)

where εθic is the circumferential strain in the inner cylinder at the common radius, εθoc is the
circumferential strain in the outer cylinder at the common radius, Rci is the outer radius of the
inner cylinder prior to shrinkage and Rco is the inner radius of the outer cylinder prior to
shrinkage.

Noting that σz ¼ 0, Eqs. (17)–(20) can be used with Eq. (8) to determine the strain terms in
Eq. (21) in terms of the dimensions of the cylinders and the shrinkage pressure. The shrinkage
pressure can then be determined from:

S ¼ Rci � Rco þ ΔT Rciαi � Rcoαo½ �
Rco R2

o 1þνoð ÞþR2
c 1�νoð Þf g

Eo R2
o�R2

cð Þ þ Rci R2
c 1�νið ÞþR2

i 1þνið Þf g
Ei R2

c�R2
ið Þ

(22)

where the subscripts i and o on the material properties E, ν and α indicate different properties
for the inner and outer cylinders respectively.

Having determined the shrinkage pressure, the stresses due to shrinkage can be determined
from Eqs. (17)–(20).

To determine the stresses due to rotation, Eqs. (15) and (16) can again be used, with the
boundary conditions:

Inner cylinder : At r ¼ Ri;σrii ¼ 0

r ¼ Rc; σric ¼ 0

Outer cylinder : At r ¼ Ro; σroo ¼ 0

r ¼ Rc; σroc ¼ 0

being used to determine the constants of integration.
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Eo R2
o�R2
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where the subscripts i and o on the material properties E, ν and α indicate different properties
for the inner and outer cylinders respectively.

Having determined the shrinkage pressure, the stresses due to shrinkage can be determined
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2.2.2. Plane strain approach

Perhaps the first application of plane strain to the analysis of electric machine rotors is in [6]
with reference to this paper being made by [14–16]. In this approach it is assumed that the axial
strain is zero and therefore also that dεz=dr ¼ 0. Hence, differentiating Eq. (9) gives:

1
E

dσz
dr

� ν
dσr
dr

þ dσθ
dr

� �� �
þ α

dΔT
dr

¼ 0 (23)

As before, assuming dΔT=dr ¼ 0:

dσz
dr

¼ ν
dσr
dr

þ dσθ
dr

� �
(24)

and introducing this into Eq. (12) gives:

dσr
dr

þ dσθ
dr

� �
1� νð Þ ¼ � 1þ νð Þrrω2 (25)

As with the plane stress case, this equation is integrated, the equilibrium condition (Eq. (6))
reintroduced and a further integration leads to:

σr ¼ A� B
r2

� 3� 2ν
8 1� νð Þ rω

2r2 (26)

σθ ¼ Aþ B
r2

� 1þ 2ν
8 1� νð Þ rω

2r2 (27)

For the case of no rotation, Eqs. (26) and (27) are identical to Eqs. (15) and (16) so Eqs. (17)–(20)
can be used to determine the stresses. However, with rotation present, the stresses and strains
will not be the same. In order to determine the circumferential strain due to rotation (and
hence the change in interference), the axial stress, σz, is required in Eq. (8). To determine this
stress, the condition of plane strain is imposed on Eq. (9) to give:

σz ¼ ν σr þ σθð Þ � EΔTα (28)

To determine the shrinkage pressure, Eqs. (26)–(28) are substituted into Eq. (8) for each
cylinder at the common radius and then Eq. (21) is used to enforce compatibility between the
cylinders. This leads to:

S ¼ Rci � Rco þ ΔT αi 1þ νið ÞRci � αo 1þ νoð ÞRco½ �
Rco R2

c 1�νo�2ν2oð ÞþR2
o 1þνoð Þf g

Eo R2
o�R2

cð Þ þ Rci R2
c 1�νi�2ν2ið ÞþR2

i 1þνið Þf g
Ei R2

c�R2
ið Þ

(29)

The analysis methodology is otherwise identical to that for the plane stress case with stresses
due to interference and rotation being found individually and then summed. Again, as [13]
observe, it is important to account for the change in interference when analyzing the combined
rotation and interference load case. The impact of this can be seen in Figure 7 for a cylinder
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pair with the properties given in Table 1 and an initial interference of 0.03 mm. It can be seen
that if the interference is not updated to account for rotation, the compressive stress at the
outer radius of the magnet, σθic, is overestimated and similarly, the von Mises stress on the
inner radius of the sleeve, σVMoc, is overestimated as speed increases.

A criticism of the plane strain approach is the requirement for axial strain to be zero. Although
a rotor assembly maybe mounted on a solid shaft with end caps to retain the magnet and
sleeve, this shaft will be a deformable body. Hence, it will be possible for the rotor components
to change in length.

3. Generalized plane strain approach

3.1. Axial stress generation

The generalized plane strain approach is similar to the plain strain approach and Eq. (24) can
be applied. Using this in conjunction with Eq. (12), the variation of axial stress with radius is
given by:

Inner radius, Ri 6.35 mm

Common radius, Rc 11.4 mm

Outer radius, Ro 13 mm

Inner Poisson’s ratio, νi 0.27

Outer Poisson’s ratio, νo 0.284

Inner density, ri 8400 kg/m3

Outer density, ro 8220 kg/m3

Table 1. Properties for axial stress study.

Figure 7. Impact of not updating interference.
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To determine the shrinkage pressure, Eqs. (26)–(28) are substituted into Eq. (8) for each
cylinder at the common radius and then Eq. (21) is used to enforce compatibility between the
cylinders. This leads to:

S ¼ Rci � Rco þ ΔT αi 1þ νið ÞRci � αo 1þ νoð ÞRco½ �
Rco R2

c 1�νo�2ν2oð ÞþR2
o 1þνoð Þf g

Eo R2
o�R2

cð Þ þ Rci R2
c 1�νi�2ν2ið ÞþR2

i 1þνið Þf g
Ei R2

c�R2
ið Þ

(29)

The analysis methodology is otherwise identical to that for the plane stress case with stresses
due to interference and rotation being found individually and then summed. Again, as [13]
observe, it is important to account for the change in interference when analyzing the combined
rotation and interference load case. The impact of this can be seen in Figure 7 for a cylinder
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pair with the properties given in Table 1 and an initial interference of 0.03 mm. It can be seen
that if the interference is not updated to account for rotation, the compressive stress at the
outer radius of the magnet, σθic, is overestimated and similarly, the von Mises stress on the
inner radius of the sleeve, σVMoc, is overestimated as speed increases.

A criticism of the plane strain approach is the requirement for axial strain to be zero. Although
a rotor assembly maybe mounted on a solid shaft with end caps to retain the magnet and
sleeve, this shaft will be a deformable body. Hence, it will be possible for the rotor components
to change in length.

3. Generalized plane strain approach

3.1. Axial stress generation

The generalized plane strain approach is similar to the plain strain approach and Eq. (24) can
be applied. Using this in conjunction with Eq. (12), the variation of axial stress with radius is
given by:

Inner radius, Ri 6.35 mm

Common radius, Rc 11.4 mm

Outer radius, Ro 13 mm

Inner Poisson’s ratio, νi 0.27

Outer Poisson’s ratio, νo 0.284

Inner density, ri 8400 kg/m3

Outer density, ro 8220 kg/m3

Table 1. Properties for axial stress study.

Figure 7. Impact of not updating interference.
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dσz
dr

¼ �rνiriω
2

1� νið Þ (30)

Integrating gives the axial stress as:

σz ¼ νiriω
2

2 1� νið Þ C� r2
� �

(31)

where C is a constant of integration.

Assuming that an external axial force acts on the cylinders, as indicated in Figure 6, and taking
the inner cylinder as an example, there must be equilibrium between the internal and external
axial forces, expressed as:

Fzi ¼ 2π
ðRc

Ri

rσzdr (32)

where Fzi is the external axial force acting on the inner cylinder. Carrying out the integration
allows the constant C to be determined and the axial stress is then given by:

σzi ¼ Fzi
π R2

c � R2
i

� �þ νiriω
2

4 1� νið Þ R2
c þ R2

i � 2r2
� �

(33)

Similarly, for the outer cylinder:

σzo ¼ Fzo
π R2

o � R2
c

� �þ νoroω
2

4 1� νoð Þ R2
c þ R2

o � 2r2
� �

(34)

where Fzo is the external axial force acting on the outer cylinder.

Figure 8. Axial stress generation.
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As an aside at this point, it is worth considering the possible impact of axial stress
generation. Taking a cylinder pair with the dimensions and material properties shown in
Table 1 and assuming that no axial force is applied (Fzi ¼ Fzo ¼ 0Þ, the axial stress due to
rotation alone, over a range of speeds is shown in Figure 8. With no rotation applied, no
axial stress is generated and the generalized plane strain approach is then identical to the
plane stress approach. However, once rotation is introduced, axial stress is generated with
peak values at the inner and outer radii. These are the positions where the circumferential
strain needs to be calculated, according to Eq. (8), in order to determine the degree of
interference and shrinkage pressure. The axial stress will therefore impact on these critical
values.

A further point worth noting is that at the end of the cylinder axial stress cannot exist as this
would place the material out of equilibrium. On the end face, a state of plane stress must exist.
This change in stress state may be responsible for the end failure noted by [17].

3.2. Combining the cylinders

To account for the interaction between the cylinders, two equilibrium and two compatibility
conditions need to be considered:

A. In the radial direction there must be force equilibrium at the interface between the cylinders.

B. At the interface there must be circumferential strain compatibility. With reference to Figure 6,
this is expressed as Eq. (21).

C. Assuming that there is sufficient friction acting between the two cylinders to prevent a
differential change in length, there must be axial strain compatibility. This change in length
is shown in Figure 6 as εzL where L is the rotor length. This compatibility condition
therefore becomes:

εzi ¼ εzo (35)

Where εzi and εzo are the axial strains of the inner and outer cylinders respectively.

D. There must be equilibrium of forces in the axial direction between the two cylinders. With
reference to Figure 6:

Fzi ¼ �Fzo (36)

To enforce condition A, the constants in Eqs. (26) and (27) are determined with the shrinkage
pressure, S, applied at the common radius for the inner and outer cylinders. A pair of simulta-
neous equations are then determined by considering conditions D and C together and then D
and B together. Details of this analysis are given in [18], the result being:

U V
X Y

� �
Fzo
S

� �
¼ W

Z

� �
(37)

where:
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where Fzo is the external axial force acting on the outer cylinder.

Figure 8. Axial stress generation.
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rotation alone, over a range of speeds is shown in Figure 8. With no rotation applied, no
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peak values at the inner and outer radii. These are the positions where the circumferential
strain needs to be calculated, according to Eq. (8), in order to determine the degree of
interference and shrinkage pressure. The axial stress will therefore impact on these critical
values.

A further point worth noting is that at the end of the cylinder axial stress cannot exist as this
would place the material out of equilibrium. On the end face, a state of plane stress must exist.
This change in stress state may be responsible for the end failure noted by [17].

3.2. Combining the cylinders

To account for the interaction between the cylinders, two equilibrium and two compatibility
conditions need to be considered:

A. In the radial direction there must be force equilibrium at the interface between the cylinders.

B. At the interface there must be circumferential strain compatibility. With reference to Figure 6,
this is expressed as Eq. (21).

C. Assuming that there is sufficient friction acting between the two cylinders to prevent a
differential change in length, there must be axial strain compatibility. This change in length
is shown in Figure 6 as εzL where L is the rotor length. This compatibility condition
therefore becomes:
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Where εzi and εzo are the axial strains of the inner and outer cylinders respectively.

D. There must be equilibrium of forces in the axial direction between the two cylinders. With
reference to Figure 6:

Fzi ¼ �Fzo (36)

To enforce condition A, the constants in Eqs. (26) and (27) are determined with the shrinkage
pressure, S, applied at the common radius for the inner and outer cylinders. A pair of simulta-
neous equations are then determined by considering conditions D and C together and then D
and B together. Details of this analysis are given in [18], the result being:
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4. Comparison of models

4.1. Basic model parameters

The material properties used in the comparison of the various models are as shown in Table 1,
these being typical properties for samarium cobalt magnets and an Inconel sleeve. Analyses
were carried out for the parameters shown in Table 2.

For this study temperature was not treated as a variable so thermal expansion effects were
ignored.

A critical result is the circumferential stress on the outer radius of the magnet, σθic, at maxi-
mum speed. This is shown in Figure 9 for a magnet inner radius of 6 mm. When the degree of
interference and sleeve thickness are low there is insufficient compression generated in the
magnets by the sleeve and this stress becomes tensile. This may lead to magnet failure depen-
dent on the precise material used. Or, if magnets are segmented, it would lead to magnet
separation and localized over-loading of the sleeve.

Parameter Minimum Maximum (or discrete values)

Magnet inner radius, Ri, (mm) 4, 6, 8

Common radius, Rc, (mm) 14

Interference, δ, (mm) 0 0.1

Sleeve thickness (mm) 0 10

Rotor speed (ω) (krpm) 0 100

Table 2. Geometric parameters for comparative study.
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Figure 10 shows the von Mises stress generated at the inner surface of the sleeve, σVMoc, at zero
speed, again with a magnet inner radius of 6 mm. This stress or its equivalent at maximum
speed will be critical for the sleeve which is normally a ductile material. This stress becomes
larger as interference increases (and hence both radial and circumferential stress magnitudes
increase) but reduces as sleeve thickness increases.

Figure 9. Circumferential stress on the magnet outer radius at speed.

Figure 10. Von Mises stress at the inner radius of the sleeve at speed.
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4. Comparison of models

4.1. Basic model parameters

The material properties used in the comparison of the various models are as shown in Table 1,
these being typical properties for samarium cobalt magnets and an Inconel sleeve. Analyses
were carried out for the parameters shown in Table 2.

For this study temperature was not treated as a variable so thermal expansion effects were
ignored.

A critical result is the circumferential stress on the outer radius of the magnet, σθic, at maxi-
mum speed. This is shown in Figure 9 for a magnet inner radius of 6 mm. When the degree of
interference and sleeve thickness are low there is insufficient compression generated in the
magnets by the sleeve and this stress becomes tensile. This may lead to magnet failure depen-
dent on the precise material used. Or, if magnets are segmented, it would lead to magnet
separation and localized over-loading of the sleeve.

Parameter Minimum Maximum (or discrete values)

Magnet inner radius, Ri, (mm) 4, 6, 8

Common radius, Rc, (mm) 14

Interference, δ, (mm) 0 0.1

Sleeve thickness (mm) 0 10

Rotor speed (ω) (krpm) 0 100

Table 2. Geometric parameters for comparative study.
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Figure 10 shows the von Mises stress generated at the inner surface of the sleeve, σVMoc, at zero
speed, again with a magnet inner radius of 6 mm. This stress or its equivalent at maximum
speed will be critical for the sleeve which is normally a ductile material. This stress becomes
larger as interference increases (and hence both radial and circumferential stress magnitudes
increase) but reduces as sleeve thickness increases.

Figure 9. Circumferential stress on the magnet outer radius at speed.

Figure 10. Von Mises stress at the inner radius of the sleeve at speed.
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4.2. Comparing plane stress and plane strain models

Figure 11 shows the percentage difference in vonMises stress between the plane stress and plane
strain theories at maximum speed for a rotor with a magnet inner radius of 4 mm. For smaller
levels of interference, this difference is substantial. The percentage difference in circumferential

Figure 11. Percentage difference in σVMoc at maximum speed.

Figure 12. Percentage difference in σθic at maximum speed.
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stress in the magnet for the same case is shown in Figure 12. Where this stress approaches zero,
the results approach infinity and have been omitted from the figure for clarity. In order to
optimize rotor design it will be desirable to approach zero circumferential stress in the magnet
as maximum speed is reached. Hence, whilst the absolute differences between the two theories
are small (because the absolute values are small), they are still critical. These results highlight the
need for a theoretical approach that does not incorporate the conflicting approximations of the
plane stress and plane strain models.

4.3. Generalized plane strain model

The generalized plane strain model does not include any of the approximations of the plane stress
or plane strain theories. For the case of relatively long cylinders with high levels of friction between
the components, this theory can be regarded as accurate away from the ends of the rotor. Figure 13

Figure 13. Errors in plane stress and plane strain theories.
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shows a selection of results comparing the plane stress and plane strain models to the generalized
plane strainmodel for a rotorwith amagnet inner radius of 4mm.When stationary the error in σθic
increases with decreasing sleeve thickness for both the plane stress and plane strainmodels. This is
much more significant for the plane stress model. Looking at the von Mises stress at maximum
speed, the plane strain model shows increasing error as the interference is reduced but relatively
little dependence on sleeve thickness. The error in the plane stress result is dependent on both
sleeve thickness and interference but is never as large as the peak error value for the plane strain
theory.

5. Conclusions and further work

The work presented here has shown that:

• Using a thin walled cylinder model for the rotor sleeve will introduce increasing errors as
the sleeve thickness increases.

• Neglecting the change in interference due to rotation will introduce significant errors.

• The plane stress and plane strain models will often give similar results for rotors operating
well within their design limits. However, when rotors are optimized to minimize sleeve
thickness or increase speed such that the circumferential stress in the magnet becomes a
limiting factor, there is significant difference between the theories. Both theories incorpo-
rate approximations which are not generally true for this application.

• The plane stress and plane strain models show significant differences from the general-
ized plane strain model, particularly at the design limits.

Despite avoiding the limiting approximations of the other theories, the generalized plane
strain model still has limitations. Further development is required to consider:

• The impact of lower levels of friction where the cylinders may slip against each other in
the axial direction.

• Situations where more than two cylinders are interfering such as with magnets affixed to a
back iron and retained with a sleeve.

• Sleeves made from composite materials where the constitutive equations, 7 to 9, are not
applicable in the form given here.
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Abstract

This chapter proposes a state-space model for the DC motor built for separately excited
voltage and considering two inputs: supply voltage and load torque. The three states of
the resulted model are represented by angular speed, angular displacement, and current
supply, and either of these states can be an output variable for the simulation model.
Consequently, the system’s model has two inputs and three outputs. Using this model,
LabVIEW functions and programming structure of a simulator based on the virtual
instrument is built, through which it is possible to observe the dynamic characteristics of
the DC motor in different operating conditions. In this way, students can verify, by
simulation, the operation of the DC motor as a dynamic system observing and measuring
its reaction in different operating conditions.

Keywords: modeling, simulation, human-computer interface, front panel, diagram block
virtual instrument

1. Introduction

One of the most used actuators in control systems is direct current (DC) motor. It is the means by
which electrical energy is converted to mechanical energy. DC motors have a high ratio of
starting torque to inertia and therefore they have a faster dynamic response. DC motors are
constructed using rare earth permanent magnets, which have high residual flux density. As no
field winding is used, the field copper losses are zero and hence, the overall efficiency of the
motor is high. The speed-torque characteristic of this motor is flat over a wide range, as the
armature reaction is negligible. Moreover, speed is directly proportional to the armature voltage
for a given torque. The armature of a DC motor is specially designed to have low inertia [1].
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The speed of DC motors can be controlled by applying variable armature voltage. These are
called armature voltage controlled DC motors. Wound field DC motors can be controlled by
either controlling the armature voltage or by controlling the field current [2]. In this chapter,
we consider modeling and simulation of an armature controlled DC motor. There are many
types of DC motor and their detailed construction is quite complex, but it is possible to derive
the equations for a satisfactory dynamic model from basic electromagnetic relationships [3].

The general output variable of this actuator can be angular speed or angular displacement
motion, but coupling the motor axle with wheels or drums and cables, translational motion
can be obtained.

2. Building the simulation model

The physical model of an armature controlled DC motor [4] is given in Figure 1, where:

ea, ia—armature supply voltage and current; ef, if—field voltage and current; Ra, La—armature
winding resistance and inductance; e—back electromotive force (e.m.f.); ω(t)—angular speed;
Tm(t)—electromagnetic torque; TL(t)—load torque.

When the armature is supplied with a DC voltage of ea volts, the armature rotates and pro-
duces a back e.m.f eb. The armature current ia depends on the difference of ea and eb, so
applying Kirchhoff’s law it can obtain:

ea tð Þ � eb tð Þ ¼ Ra � ia tð Þ þ La � dia tð Þ
dt

(1)

The mathematical model of the mechanical system is:

Tm tð Þ ¼ J � dω tð Þ
dt

þ F � ω tð Þ þ TL tð Þ (2)

where Tm ¼ km � ia is the torque Tm produced by the motor, J is the moment of inertia, F is the
frictional coefficient and TL is the load torque applied to the shaft of the motor considered to be
time dependent. Based on these relationships considering that the back e.m.f. is proportional to

Figure 1. Armature controlled DC motor.
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the speed of the motor, i.e., eb tð Þ ¼ ke � ω tð Þ and also considering that in SI (commonly used)
ke ≈ km = k, is obtained:

dia tð Þ
dt

¼ 1
La

� ea tð Þ � Ra

La
� ia tð Þ � k

L
� ω tð Þ

dω tð Þ
dt

¼ �F
J
� ω tð Þ þ k

J
� ia tð Þ � 1

J
� TL tð Þ

(3)

Considering the angular displacement α(t) instead of angular speed ω(t) as output variable, it
is necessary to include the relationship between these:

ω tð Þ ¼ dα tð Þ
dt

(4)

Generally, the mathematical model used is the transfer function [4, 5], but in this chapter it is
proposed a Multiple Input Multiple Output (MIMO) mathematical model in a state-space
form. Based on Eqs. (3) and (4), this model can build for use into a program simulation.

To build the state-space MIMO model, the input, state, and output vectors are defined [6]:

1. input vector u(t), whose two components are represented by armature voltage ea(t) and load
torque TL(t), that is,

u tð Þ ¼ ea tð Þ
TL tð Þ
� �

(5)

2. state vector x(t), whose three components are represented by armature current ia(t), angular
displacement α(t) and angular speed ω(t), that is,

u tð Þ ¼
ia tð Þ
α tð Þ
ω tð Þ

2
64

3
75 (6)

3. output vector y(t), whose three components we consider to be the same with state vector
components (Relation (8)) so it is possible to simulate these three physical variables.

Having these vectors, it is possible to write Eqs. (3) and (4) in the matrix form:

_iS tð Þ
_α tð Þ
_ω tð Þ

�������

�������
¼

-
Ra

La
0 -

k
La

0 0 1

k
J

0 -
F
J

������������

������������

�
iS tð Þ
α tð Þ
ω tð Þ

�������

�������
þ

1
La

0

0 0

0 -
1
J

�����������

�����������

� ea tð Þ
TL tð Þ

����
���� (7)

Act on systems general equations, this matrix equation can be written in the compact form:

_x tð Þ ¼ A � x tð Þ þ B � u tð Þ (8)
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Bring on output vector definition, the input-output equation can be written in the matrix form:

y tð Þ ¼
1 0 0
0 1 0
0 0 1

�������

�������
�
iS tð Þ
α tð Þ
ω tð Þ

�������

�������
þ

0 0
0 0
0 0

�������

�������
� ea tð Þ
TL tð Þ

����
���� (9)

or in the compact form:

y tð Þ ¼ C � x tð Þ þD � u tð Þ (10)

Having now the mathematical model, described by matrices A, B, C, D:

A ¼
-
Ra

La
0 -

k
La

0 0 1
k
J

0 -
F
J

�����������

�����������

; B ¼

1
La

0

0 0

0 -
1
J

�����������

�����������

; C ¼
1 0 0
0 1 0
0 0 1

�������

�������
; D ¼

0 0
0 0
0 0

�������

�������
(11)

It is possible to simulate the DC motor. Several studies, such as [7] [8], show that computer
simulation enhances learning effectiveness especially in technical disciplines such as studying
the behavior of dynamic systems.

3. Designing of virtual simulation tool

A program developed in LabVIEW is called a virtual instrument (VI), and it has two compo-
nents: the block diagram that represents program itself and the front panel that is the user
interface [9].

3.1. Front panel of the virtual instrument

The front panel of the virtual instrument and is built with controls and indicators, which are
the interactive input and output terminals. The Controls simulate the instrument input devices
and supply data to the block diagram of the VI and the Indicators simulate the instrument
output devices and display data that are acquired or generated [10, 11].

The front panel has two components, one is used to set the parameters of the simulation and
another is used to collect the results obtained from simulation. The user via the Tab Control
button accomplishes switching between the two components.

The first component, called Simulation Process, contains elements (Control type) through
which the user can:

• set the motor parameters (DC Motor Parameters): Ra [Ω], La [H], k [N �m=A], J [kg �m2], F
[ N �mð Þ= rad � sð Þ];
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• set simulation time:

• choose, from the list, the shapes for the input variables and set their parameters (ampli-
tude and duration);

• choose simulation previews for current and/or displacement and/or speed

An overview of the entire first component of the front panel is shown in Figure 2.

This part of the front panel also contains elements of graph indicator type through which a
preview of the input and output variables can be displayed.

The second component, called Simulation Results, allows the user to the acquisition of infor-
mation about the dynamic behavior of DC motor.

This contains Controls through which the user:

• can select the display state-space equations form and select the transfer function, both
models are represented by coefficients calculated based on the DC motor parameters sets
on the front panel, Figure 3; and

• can select and display the graphical results of the simulation, that is, the graphical
responses for the imposed outputs shown in Figure 4.

For each selected output variable, a window opens, which displays parameters that are rele-
vant to this dynamic system, such as the peak value (maximum value) and time of its occur-
rence, the steady-state value and its determining time, rise time, falling time, overshoot. For
displacement, in case the load torque is greater than the active torque occurs motor reversing, a
flashing message (OVER TORQUE) and a proper light indicator, also displaying the time of its
occurrence, signal this situation like as shown in Figure 4.

Figure 2. (a) Controls used to set the simulation parameters; (b) indicators used to preview of the simulation.
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Figure 3. DC motor models.

Figure 4. DC motor simulation results.
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The entire component SIMULATION RESULTS of the front panel is shown in Figure 5.

3.2. Block diagram of the virtual instrument

After the front panel is built, the code using graphical representations of functions to control
the front panel objects is added. The block diagram represents the program under which the
simulator runs and contains the graphical source code. Front panel objects appear as terminals
on the block diagram. Block diagram objects include terminals, subVIs, functions, constants,
structures, and wires, which transfer data among other block diagram objects.

The basic structure in constructing the virtual instrument is a While Loop that continues to run
the program until the user presses the STOP SIMULATOR button on the front panel.

The program is running in two sequences according to the main algorithm shown in Figure 6.
The user selects one of the shapes (step, pulse or ramp) and the values for the two variables
input ua and TL and depending on constructive parameters of the DC motor, whose all values
are set also by the user on the front panel, the state-space model is generated. By numerical
simulation, based on this model, output variables are determined, and also, state-space and
transfer functions models of the DC motor are displayed. The chosen output variables that
represent the dynamic parameters of the system (maximum value, steady-state value, rise
time, falling time, overshoot) are calculated.

The first sequence of the program and the MathScript Node are used to introduce the DC
motor model into the program, and it is shown in Figure 7. The main element of the first
sequence is the Control and Simulation Loop in conjunction with MathScript Node. Control
and Simulation Loop is one of the components of the LabVIEW Control Design and Simulation
Module. With this module, the plant and control models using transfer function, state-space

Figure 5. Second component of the front panel of the simulator.
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model, or zero-pole-gain model can be constructed, and also system performance with tools
such as step response, pole-zero maps, and Bode plots can be analyzed through simulation
techniques. The simulation time is set from corresponding control on the front panel, and this
is the only parameter of the loop.

The state-space model of the DC motor is placed into Control and Simulation Loop through a
MathScript. MathScript is a high-level, text-based programming language. MathScript includes
more than 800 built-in functions, and the syntax is similar to MATLAB and allows creating
custom-made m-file, like in MATLAB. To process scripts in LabVIEW, LabVIEW MathScript
Window or a MathScript Node can be used. If it is necessary to integrate MathScript functions
(built-in or custom-made m-files) as part of a LabVIEW application and combine graphical and
textual programming, as found in this application, MathScript Node is used [12, 13].
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DC motor parameters are introduced into the model, and these can be changed interactively
via the corresponding buttons on the front panel. The output from the MathScript Node is SS
(state-space) object called motor and is a 2D matrix, which is a representation of the state-space
system dynamic equations corresponding to the general forms (8) and (10). From this output,
the matrices A, B, C, and D can be extracted, but also other information, such as properties,
state names, transport delay. This object, together with the input vector, is used to generate the
output vector yT = [ia, α, ω] through the LabVIEW simulation function State-Space. Each of the
three components of the output vector can be identified using the Index Array function that
returns the element or subarray of the n-dimensional array corresponding to the index value.
After identifying any of these three components, these can be visualized on the front panel,
through a graphic indicator. The obtained vector is also processed through the Collector
function. This function collects a signal at each time step of the simulation and returns a history
of the signal value and the time at which this function recorded each value in the history. Based
on the signal history, the values of the dynamic regime, in the next sequence, can be identified.

For each of the two components of the input vector ua respectively TL standard signals are
established, used to time domain analysis, namely: step, pulse, and ramp. The user can choose
at any time and for each of the two components either of these signals through corresponding
controls on the front panel. This choice is made by using a case structure and for the input
selection, is used a control placed on the front panel button like is shown in Figure 8.

Figure 7. The first sequence of the simulator.

Figure 8. Selection of the input signals.
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In the second sequence, shown in Figure 9, an identification of values is performed that
characterize the operation in dynamic regime of the DC motor.

As mentioned earlier, the second sequence is used for extracting the information, obtained
through simulation. Display of the equations of these models is done through CD Draw State-
Space Function respectively CD Draw Transfer Function Equation, in Control Design and
Simulation Toolkit.

By considering the DC motor like a MIMO system, having two inputs and three outputs are
obtained six transfer functions that are displayed in a matrix form. To give to user the possi-
bility to choose any of the six transfer functions, a control is provided on the front panel (Select
transfer function) through which is generated the line and column index where the transfer
function can be found (Figure 10).

As already mentioned, extraction of values that characterize the dynamic regime is made from
the history signal. The history signal is a vector obtained as output from MathScript Node and
represents the result of simulation. Just as in the first sequence, extraction of components from
this vector is done through the Index Array function that returns the subarrays for the three
outputs. Each of the three subarrays is composed of the values of output variables and values
of the time variable on the simulation interval so that it is also possible to determine the
corresponding time for each value that characterizes the dynamic regime.

3.3. Determination of dynamic regime values

The peak value that is the maximum absolute value of each of the output variables is com-
puted using Array Max&Min function that returns the maximum and minimum values found
in subarrays, along with the indexes for each value [7]. Since the peak value can be positive or

Figure 9. The second sequence of the program.
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negative, depending on the direction of rotation, the maximum value is displayed for the
maximum positive value and the minimum value for the maximum negative value. Selection
is made through a CASE structure based on the comparison of absolute values corresponding
to the maximum and the minimum values of displacement. Once determined the maximum
value, based on its index, the moment of its appearance is searched.

The steady-state value Sv and the moment of its appearance TSv are computed using a SubVI
named Vstat whose algorithm is shown in Figure 11.

This value is determined for each of the three components of the output vector. It considers the
steady state to be reached if the difference between two consecutive absolute values for out-
puts variable is less than the constant c = 10�6.

The algorithm shown above applies to current, to displacement and/or to speed, and each of
them can be represented by the subarray S(n). The moment of appearance of the steady-state
value TSv is determined by reading the index i of the Sv in subarray S(n), and with this index,
the value with the same index i is searched in subarray T(n), which is an array of the time
values. Implementing of this algorithm in the virtual instrument structure is made by the
SubVI Vstat, and this is shown in Figure 12.

For extracting the values S(i) of the subarray S(n) a while loop is used, whose condition
terminal i is incremented until it fulfills the condition:

S ið Þj j- S i-1ð Þj j ≤ c (12)

The rise time is computed through the difference between time TSv, when is identified the
steady-state value, and the time when is generated the proper input variable. The time when is
generated the input variable is taken from controls which determine the moment of start
through a local variable or Property Node [9] StartS, as shown in Figure 13.

Figure 10. Functions used to display the equations of the model.
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Figure 12. Implementation of the algorithm Vstat.

Figure 11. Algorithm used to compute steady-state value.
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It is known that, if the load torque exceeds the active torque of the electrical machine, the
“overturn” occurs. Therefore, it is necessary that the simulator be able to determine the
overturning moment.

Identifying the phenomenon of “overturn” and the overturning moment is achieved using a
SubVI named SENS, whose algorithm is shown in Figure 14.

Identifying the phenomenon of overturning is done by analyzing the sequence of values Sd(n)
for angular displacement and the determination of the overturning moment is done by com-
paring the successive values Sd(k-1) and Sd(k) in the sequence considered. Thus, the phenom-
enon is considered to occur if:

Sd kð Þ-Sd k-1ð Þ ≤ c1 (13)

where c1 = �0.01 is a negative constant used to make the comparison.

If the torque shape is a pulse, the stop moment TTs and its index are identified in the sequence
of time values and based on this index are removed all values with the index higher than this,
from sequence Sd(n). Obviously, the comparison is done only if two successive values from the
sequence Sd(n) are different from zero.

By fulfilling the condition (13), the value Sot (=Sd(k-1)) is identified, corresponding to the
overturn, in the sequence of values for angular displacement Sd(n), starting with the appear-
ance of the inversion of rotation. To signal the state of overturn, the value “true” is assigned to
the boolean variable Ovt, otherwise the variable receives the value “false.”

Indication of the overturning state is made on the front panel by a red color of a LED indicator
(that otherwise is green) and by blinking message “OVERTURN,” that becomes visible only
when this phenomenon occurs.

Figure 13. Computation of the rise time.
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In cases where the torque is step or ramp shape, considering the fact that these shapes did not
have the stop time, it is not necessary to identify this moment in the times sequence values. In
these cases, the overturn moment Sot is searched by identifying the condition given by (15) for
successive values in sequence of values for angular displacement Sd(n). Completion of the
algorithm is carried on, as in the case of the torque having pulse shape.

After identifying the value Sot, corresponding to the overturning moment, its index is searched
in the sequence of values for angular displacement Sd(n). Based on the index j thus deter-
mined, the moment Tot, the moment when overturn occurs in the time array sequence T(n) is
searched.

Figure 14. Algorithm used to identify the phenomenon of “overturn” and overturning moment.
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Implementation of the algorithm in the virtual instrument structure is made by the SubVI Over
Torque, Figure 15, and this is realized through a While Loop that runs until the condition (13)
is reached or until all values from the sequence of values for the angular displacement Sd(n) are
tested. Depending on the shape of the input signal (Signal Type), one of the three cases is
selected, noting that cases 0 and 2 (step and ramp) are the same.

In the execution of the search operation in the array sequences, 1D Array Search Function is
used, that searches for the element (Sd(k-1)) in a 1D array (Sd(n)) starting at start index for that
is set with 0 value. Because the search is linear, it is no need to sort the array before calling this
function and LabVIEW stops searching as soon as the element is found. To make the index
increments after each test for two consecutive values from the sequence array, the iteration (i)
terminal of the While Loop is used that provides the current loop iteration count, which is zero
for the first iteration.

Another value of the dynamic regime of DC motor that can be determined by the simulator is
the fall time of the DC motor response. This value can be calculated, and it will be displayed as
well, only for a pulse shape input. To display the value of this variable, proper indicators are
used, which become visible on the front panel only if the input signal type is pulse shape.

To determine this value, the algorithm is used as shown in Figure 16.

Proper indicators became visible on the front panel only for a pulse shape input, when
choosing the value true for the boolean variables B1 and B, otherwise their values will be false.

In the sequence of the time values, the index j is identified, corresponding to the stop moment
TTs, so from the sequence of the current and speed values, all values that have the index greater
than j are removed. They are thus obtained for both current and speed variables, two sequences
of values each with S size, and the values in these sequences are reordered starting at index 0.

Determination of fall time of the DC motor response is accomplished by identifying the
moment when an absolute value for current or speed is zero (or less than a constant c2, close
to zero), according to the relations:

Sc ið Þj j < c2
Ss ið Þj j < c2

(14)

Figure 15. Implementation of the algorithm Over Torque.
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where |Sc(i)| and |Ss(i)| represent absolute values extracted from the sequences of values for
current and speed, respectively.

The corresponding indexes k1 and k2 are identified for that the conditions (16) are achieved,
and based on these indexes, the moments TSc and TSs are searched, corresponding to the
achievement of these conditions.

Implementing the algorithm in the virtual instrument structure is made by the SubVI Fall, and
this is shown in Figure 17.

The algorithm for determining the fall time of the DC motor response is made through a case
structure. The three cases of this structure, corresponding to the three types of signals gener-
ated for DC motor command, are selected by controlling the DC Motor voltage from front
panel through the value signal slide.

Figure 16. Algorithm used to identify the fall time of the DC motor response.
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As seen in Figure 17, actual implementation of the algorithm takes place only in the sequence
1, which corresponds to a step shape command type for which is possible the compute this
parameter of the dynamic regime. In the same sequence, boolean variables B1 and B2 are set to
true. In the other two sequences, only the boolean variables B1 and B2 are set to false values.

In the structure of this SubVI, there is another SubVI (Figure 18) called Stationary Value Fall
that determines just the moments in which the absolute values of current and displacement are
0 (or smaller than c2, constant very close to zero). Its operation is similar to determine the
stationary value in the SubVI Over Torque and consists in checking the differences between
two successive values for displacement or current and to determine when this difference is
zero (or less than constant c2 whose value is set in this case at 10�3).

4. Some results of simulation

To illustrate the operation of the simulator, several captures for the following elements of the
front panel are presented:

Figure 17. Implementation of the algorithm Fall.

Figure 18. The SubVI Stationary Value Fall.
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• DC motor voltage and torque, in the graphical form, used as inputs variable shapes;

• DC motor parameters;

• simulation results in the graphical form for current, displacement and velocity used as
outputs variables;

• numerical results and values for dynamical regime parameters, obtained from the simu-
lation process.

Two types of simulations are used as follows:

• DC motors with different parameters are used and their simulation is done under the
same conditions regarding the shape and parameters of input signals, that is, voltage DC
motor and respectively, load torque;

• for the same type of DC, motor forms and parameters of the input signals can be modified
or not, but in this case, one or more of the DC motor parameters are changed.

The simulation is performed for four DC motors with parameters presented in below table.

Motor A Motor B Motor C Motor D

R [Ω] 2.0 1 0.699 2.3

L [H] 0.0169 0.5 0.279 0.00845

Km [N.m/A] 0.283 0.01 0.215 0.66

J [kg.m2] 0.0112 0.01 0.00279 0.052

F [(N.m)/(rad.s)] 0.058 0.1 0.00415 0.002

Considering the first type of simulation, to the four DC motors, a voltage as the control signal
and a load torque having the shape and parameters, such as shown in Figure 19 are applied.
The voltage applied to the DC motors has a pulse shape, with an amplitude of 24 volts, from 2
to 8 s and the load torque increases linearly up to 1 N.m also from 2 s on an interval of 3.6 s.

In Figure 20a–d, the results of simulations corresponding to the four DC motors are presented.

As observed on the displacement graph, in the cases (a), (b), and (d), due to high load torque,
overturning phenomenon occurs, and this phenomenon is indicated by turning on a LED, a
blinking message, and identifying its moment of appearance. The peak values for current,

Figure 19. The inputs shapes used for simulation.
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displacement and speed with its moments of appearance and also, the overall displacement
are displayed. Evidently, the user can select, for each DC motor, any of the three output
variables or combinations thereof and the type of the transfer function.

For the second type of simulation, the DC motor D is chosen, and that it will be supplied with
voltage under the shape of a step, impulse and ramp and also, that will be under the influence
of a load torque that has a step shape with a front increased linearly.

Figure 20. The results of the motors simulation. (a) Motor A. (b) Motor B. (c) Motor C. (d) Motor D.

Figure 21. Increasing the load torque amplitude of 6–12 N.m.
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of a load torque that has a step shape with a front increased linearly.

Figure 20. The results of the motors simulation. (a) Motor A. (b) Motor B. (c) Motor C. (d) Motor D.

Figure 21. Increasing the load torque amplitude of 6–12 N.m.
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In Figures 21 and 22, the simulation results are compared for the DC motor powered by 24 V
for a load torque increasing from 6 to 12 N.m, respectively for a load torque at 6 N.m and
armature resistance decreasing from 2.3 to 0.3 Ω.

5. Conclusions

It is known that computer simulation is an experimental method based on a set of techniques
by which operating with virtual things, the functioning of a real system or process is under-
stood. To understand the functioning of systems dynamics, simulation environments such as
Matlab or Simulink are used, and these simulations can be made based on corresponding
mathematical models. These simulation environments are very powerful in terms of numerical
calculation but offer few facilities for interactive modification of model parameters and/or the
simulation conditions.

The simulator that we propose combines the computing power of the Matlab-Simulink envi-
ronment with interfacing facilities provided by the LabVIEW programming environment. In
this way, the users can understand the dynamics of a system such as a DC motor, following its
chart of response to different stimuli or different operating conditions. On the other hand, by
obtaining the mathematical model expressed by a transfer function in various operating
conditions of the DC motor, students in modeling complex systems in which the DC motor
represents a subsystem can use this one. Getting results in a graphical form allows users to
compact large amounts of information and easily recognize these phenomena then by other
modes of representation that would be more difficult to understand. They can also understand
the effects of changes in the dynamic system parameters of its operation.

Figure 22. Decreasing the armature resistance of 2.3–0.3 Ω.
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In addition, because LabVIEW is mainly a programming environment for data acquisition, it is
possible to make a comparison between data acquired from a real system and data obtained by
simulation from a mathematical model of this system by creating a hardware-in-the-loop
structure.

The simulator can be extended to study other systemswithminimal changes, using corresponding
mathematical models.
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Abstract

Electric propulsion systems applied in racing karts is a matured technology. This is 
confirmed by the fact that the Fédération Internationale de l’Automobile (FIA) has estab-
lished a recognised technical formula for sanctioned competitive electric kart racing. 
Electric kart racing was introduced into Europe in 2017 with a set of technical regulations 
that are quite open at this early stage. This allows for experimentation of different elec-
tric powertrain configurations to enhance their development. The recent introduction of 
electric kart racing has provided the incentive to further develop electric powertrains to 
maximise their performance potential. The design and construction procedure necessary 
that was undertaken in the process of engineering a high-performance battery electric 
powertrain for a racing kart application for competitions is presented in this chapter. 
The design ensures that the electric propulsion system is capable of matching the per-
formance characteristics of a comparable racing kart powered by an internal combustion 
engine (ICE). The implementation process of the design on a recognised, competition rac-
ing kart rolling chassis together with its performance evaluation data is also presented.

Keywords: battery, electric propulsion, racing kart, drive, controller

1. Introduction

Electric propulsion systems applied in competition racing karts are at a point of their develop-
ment such that the technology is ready to be introduced into electric kart racing for sanctioned 
competitions. The following discussion in this chapter provides a basic approach to the design 
and construction process that is required in engineering an electric powertrain dedicated to a 
racing kart application for competitions. The procedure is demonstrated through a working 
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example of an electric propulsion system orientated for high performance. The objective is to 
make this a stimulus for encouraging further development of more advanced electric pow-
ertrains suited to competition applications.

The final objective of the design is to end up with an electric powertrain that is capable of at 
least matching the competition racing cart performance characteristics powered by an inter-
nal combustion engine (ICE) with similar capacity. The chapter presents the documentation 
of the design procedure required, construction, and testing carried out to determine the actual 
performance. The electric powertrain will be installed into an existing rolling kart chassis, 
which has been designed specifically for the sport of kart racing.

In order to ensure functionality, reliability and minimised project costs at this introductory 
level, only proven electric vehicle (EV) technologies, which are readily commercially available 
have been integrated in the design and construction process.

The following main outcomes will be delivered by the overall research project:

• Specifications of an EV propulsion system applicable on an electric kart platform suitable 
for the lower levels of competition kart racing

• Produce a working prototype of an electric vehicle powertrain from an engineering design 
to meet a specific vehicle performance specification suitable for racetrack competition

• Results obtained through experimental verifications to confirm the dynamic performance 
capabilities achieved by the complete electric powered vehicle system.

2. Methodology

This research project must work within the following parameters to assist in achieving the 
working prototype outcome:

• Proceed with a simple design with proven reliable technology to handle the continuous 
high speed operation inherent to a competition environment

• Designed and constructed from ‘off the shelf’ readily available commercial products and 
components to facilitate easy construction, reliable operation and regular maintenance 
requirements

• Robust and reliable components from reputable manufacturers and suppliers to survive 
the rigours of an unforgiving and sometimes punishing operating environment

• Minimising the cost

The above constraints lead into the inevitable comparison between a battery electric powered 
kart and an ICE powered machine. The latter is indeed a very simple yet powerful mechanical 
vehicle for its compact size, with a high power to weight ratio indicative of the sport. It is these 
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performance attributes that make the ICE powered racing kart so attractive as an introduction 
to the sport of competitive motor racing. In order to compete with the status quo, and present 
an attractive viable alternative, the proposed electric kart must exhibit similar characteristics.

This research project requires achieving three main work functions:

1. The design that includes modelling of the components and verification through simulations

2. The fabrication followed by assembly of the powertrain into the kart chassis

3. Testing and evaluation from on track performance data

The flow chart in Figure 1 summarises the method of how the design and development was 
carried out to achieve the final outcomes.

The process commences with the establishment of the preferred EV platform and architecture 
[1] followed by an initial performance specification to set the performance goals for the elec-
tric vehicle as a complete unit with the powertrain installed.

This is followed by an initial determination of all resistive forces acting on the kart to establish 
the tractive effort [2] required to propel the vehicle forward to comply with the intended 

Figure 1. Methodology flow chart.
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performance specification. Otherwise known as force modelling, this is a well-known and 
extensively documented design method employed by electric vehicle designers.

The main components identified in the architectural arrangement are either modelled or 
simulated individually with alternate options from different manufacturers to select the most 
appropriate items to achieve the vehicle’s performance criteria. All chosen components are 
then brought together into the powertrain simulation to confirm their performance potential 
as a complete system.

The selected components represent the final design and are subsequently sourced from both 
national and international suppliers for assembly into the electric powertrain mounted within 
the rolling kart chassis. The complete vehicle is then bench tested and finally road tested to 
confirm the actual performance data with the initial specifications set down at the beginning 
of the research project.

3. Platform and architecture

In current practice, pure DC motor-powered drivetrains are in decline [3] and are limited to 
light recreational type electric vehicles only. AC motor-driven powertrains are without doubt 
the preferred method for all new battery electric vehicle (BEV) and hybrid electric vehicle 
(HEV) drive systems. This is especially true when designing both full-size passenger road 
vehicles as well as racetrack performance orientated-type vehicles.

However, there is a small exception to the above rule particularly when the financial cost, 
robustness, reliability, powertrain simplicity and commercial availability are factored into the 
argument. It all centres around the development of a particular type of DC motor—the axial 
flux (AF) brushed permanent magnet DC (PMDC) motor. With this particular motor installed 
as part of a DC powertrain platform, it is especially suited for high-performance light electric 
vehicles such as the competition-configured racing karts and motor bikes.

Therefore, the motor selection should be undertaken while determining the vehicles platform 
and architecture. Inevitably, the selected motor type will determine the platform and hence 
the make-up of the powertrain system. Section 6 of this chapter titled “Battery, BMS, control-
ler and final drive” provides further detail on the approach taken.

Combined with the PMDC motor selection, the DC architecture has been chosen since this 
technology is matured and simple in its operation and construction and also because of the 
availability of light weight electric vehicle components that are suitable and compact. An AC 
system, with all of its inherent performance and maintenance advantages lacks a suitable small 
capacity motor (less than 20 kW), which can compete with the AF PMDC motor at this stage.

The BEV DC architecture consists of the following: a battery pack as the power source, DC-DC 
motor controller handling speed regulation and torque, a PMDC traction motor generat-
ing the angular velocity and torque, and a coupling mechanism to transfer the mechanical 
power output of the motor to the rear axle for the purpose of driving the vehicle forward. An 
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optional inclusion could be an auxiliary circuit that controls any other vehicle accessories not 
directly associated with the operation of the electric drivetrain. Figure 2 diagrammatically 
summarises this arrangement.

4. Initial specification

Since the objective of this research project is targeted at the introductory stage of sport karting, 
it is assumed that the only necessary requirement is to produce an electric kart system that has 
similar performance characteristics that are comparable with an equivalent ICE-powered kart 
competing in the senior entry-level classes of the sport at present. Performance characteristics 
of this class are the following:

Power plant: Yamaha or IAME air-cooled 100 cc ICE, restricted to 11 hp. (8.2 kW), or unre-
stricted to 16 hp (11.9 kW) [4].

Top speed: 77–104 km/h depending on port restrictions and track layout [5].

Acceleration: ICE acceleration figures unavailable. The recently released Bosch® e-kart rated 
at 20 kW 48 V has a claimed acceleration figure of 5.5 ms−2 for 0–100 km/h [6].

The above speed and acceleration figures are very much dependent on mass, engine horse-
power, gear ratio, and the combined forces retarding forward motion. Bearing in mind these 
limitations, they do however provide a realistic base line from which this research project can 
aim for in its attempt to at least replicate comparable performance data. With the unavailabil-
ity of any acceleration figures for an ICE powered kart, the Bosch® e-kart acceleration figure 
has been utilised instead and scaled according to the rated output power of the motor.

Figure 2. BEV DC drivetrain architecture.
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Component Type

Platform and architecture BEV with DC powertrain

System voltage 48–72 V

Rated motor power and type 10–15 kW PMDC brushed

Controller ‘Chopper’ PWM 1–4 quadrant

Battery pack Lithium-ion

Battery management system (BMS) Cell balancing with pack voltage limits

Final drive Single gear chain/belt drive

Table 2. Powertrain specification.

Vehicle range, or the total distance travelled before battery recharge is required is not a major 
concern with this particular EV application, due to the short track distance and limited num-
ber of laps associated with each race for such vehicles. A nominal range of 10 km has been 
nominated based on the short driving cycle experienced by these machines. Performance 
specifications of the vehicle are listed in Table 1.

The electric powertrain parameters are specified according to the desired platform operating 
voltage level and the main architecture component requirements, that is, the battery pack, bat-
tery management system (BMS), controller, traction motor and final drive. The desired volt-
age level is a trade-off between maximum power requirements and project cost. The higher 
voltage level results in more expensive powertrain components to handle the increased load 
currents. Commercially available components for light electric vehicles are readily available 
up to 72 and 96 V in some cases depending on the platform adopted. At the other end of the 
voltage scale, system levels at 36 V and below are more suited to the slower-paced recre-
ational leisure type vehicles, which are definitely well short of performance objectives of the 
scope of this research project.

Consequently, a voltage range of between 48 and 72 V appears to be the level which is sustain-
able for vehicle type and DC platform of this research project. The remainder of the powertrain 
components are specified from a review of the available technology and their suitability to the 
DC platform. Table 2 summarises the powertrain parameters.

Criteria Objective

Velocity 75–85 km/h

Acceleration 2.7–4 ms−2

Range 10 km min

Table 1. Vehicle performance specification.
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5. Modelling and simulation

Intended operating environment must first be evaluated for the design of the EV powertrain to 
satisfy the given design specifications. There are a number of opposing forces resisting the for-
ward motion of any electric vehicle by virtue of its application. There is a direct impact of these 
same forces on the capability of the powertrain to overcome them, while producing high enough 
momentum in the forward direction to drive the vehicle forward, meeting a predetermined cruis-
ing velocity and rate of acceleration [6]. Hence, it is crucial to determine the feasible final velocity 
and acceleration performance characteristics associated with a particular powertrain configura-
tion in relation to the vehicle, to which the power train is going to provide traction drive capability.

The force modelling procedure in its various formats is well known to vehicle designers and 
has been extensively documented elsewhere. The procedure is summarised in the main equa-
tions described below:

The main Equations [2] associated with the force modelling procedure and applied to the 
design of the powertrain system include the following:

   F  rr   =  μ  rr   mg  (rolling resistance force)   (1)

   F  ad   =   1 __ 2   𝜌𝜌A  C  d    v   2   (aerodynamic drag)   (2)

   F  hc   = mg sin  (ψ)   (hill climbing force)   (3)

    F  la   = ma  (  linear acceleration force  ) (4)

   F  𝜔𝜔𝜔𝜔   = I    G   2  ____  n  g    r   2    a  (motor angular acceleration force)   (5)

Combining Eqs. (1)–(5) results in the total tractive effort described in Eq. (6) to propel the kart 
forward

   F  te   =  F  rr   +  F  ad   +  F  hc   +  F  la   +  F  𝜔𝜔a    (6)

The motor power requirements at a given velocity is then determined from Eq. (7) taking into 
account efficiency losses in the drivetrain and can be described as

   P  te   =   
 F  te   × v

 _____  η  g      (7)

Motor torque and speed relationship for a DC motor is given by Eq. (8), which takes into 
account the back EMF generated by the motor.
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Component Type

Platform and architecture BEV with DC powertrain

System voltage 48–72 V

Rated motor power and type 10–15 kW PMDC brushed

Controller ‘Chopper’ PWM 1–4 quadrant

Battery pack Lithium-ion

Battery management system (BMS) Cell balancing with pack voltage limits

Final drive Single gear chain/belt drive

Table 2. Powertrain specification.
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Figure 3. Vehicle acceleration under maximum load.

  T =   
 K  m   φ  E  s   ______  R  a  

   −   
  ( K  m   φ)    2 

 ______  R  a  
   ω  (8)

The equation describes the linear correlation between a decreasing speed with increasing 
torque depending on the rotor or armature resistance and the resultant back EMF. This type 
of torque-speed relationship creates an ideal condition for the regulation of motor speed via 
a DC motor controller.

Eq. (8) can subsequently be modified into the characteristic torque Eq. (9) below with the 
inclusion of the rated current specified by the motor manufacturer to calculate the rated 
torque value:

  T =  K  m   𝜙𝜙I  (9)

The all-important acceleration potential of the vehicle can then be modelled using Eq. (10)

    G __ r    T  max    n  g   =  μ  rr   mg +   1 __ 2   𝜌𝜌A  C  d    v   2  +  (m + 1    G   2  ____  η  g    r   2   )    
 d  v   __  d  t  

    (10)

The force modelling and simulation were performed using a combination of calculations in 
MS Excel®, which were then applied into the Matlab/Simulink® applications for evaluation of 
the dynamic behaviour of the vehicle.

Simulated output velocity results for the acceleration process are displayed below in Figure 3.

The modelling and simulation from Figure 3 confirmed that a minimum motor power rating 
of 10 kW will be required for this application and hence three commercially available AFPM 
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motors were selected for comparison. Table 3 presents the ratings of one example of the three 
motor types, which were evaluated for the project kart. The motors listed in Table 3 are by no 
means limited to these three examples. A limited number of model variants are available for 
selection from each manufacturer, with varying levels of power, torque and voltage ratings 
depending on the design requirement.

The selection of a traction motor for this project required the following points in the order of 
priority to be taken into consideration:

• Cost and commercial availability

• Performance characteristics, such as power to weight ratio, power density, efficiency, 
torque, speed.

• Compact, robust, proven and reliable design

• Motor control technology and simplicity

• Motor cooling requirements, air or liquid cooled.

• Motor to driven wheel final drive mechanical coupling arrangement.

Motor type PM DC PM SM Yokeless DD

Manufacturer LMC® Motenergy® YASA Motors®

Model No. LEM-200 95 ME-1114 YASA-400

Voltage rated (V) 48 48 400

Voltage peak (V) 60 72

Power rated (kW) 10 10 50–70

Power peak (kW) 18 24 90

Current cont. (A) 250 180 DC/125 AC

Current max. (A) 400 600 DC/420 AC

Efficiency peak (%) 92 92 95

Power to weight rated/peak 
(kW/kg)

0.90/1.636 0.63/1.512 2.1/3.75

Torque rated (Nm) 28 65 250

Commutation Brushed Sine/cosine encoder

Control technology PWM voltage/speed current/
torque

PWM frequency inverter

Country of origin UK USA/China UK

Application examples 
(published)

Sodikart®, Zerokart® EV power®

An equivalent motor is also manufactured by Saietta Group Limited in the UK.

Table 3. Motor comparison.
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5.1. A motor with similar characteristics is also manufactured by Magnax in 
Belgium. Yokeless DD motor

The Yokeless DD motor has been a recent innovation designed for full-size electric vehicles in 
mind with a higher voltage level and with the preferred mechanical coupling via ‘in wheel’ 
direct drive. This drive method eliminates the requirement for a geared coupling, should that 
be the desired outcome. Clearly, this method is not currently practical for an electric kart situ-
ation, due to the small diameter wheels fitted onto the rolling chassis. For an electric kart to 
take advantage of a DD-type motor, it will require a complete redesign of the rear axle assem-
bly. This will involve mounting the motor directly onto the rear axle through a splined hub, 
thus eliminating the need for the pinion drive and chain driven sprocket assembly currently 
in existence. This arrangement will have the added benefit of increasing drivetrain efficiency 
with the elimination of the geared reduction drive.

The DD motor typically operates between 200 and 400 V. Installed into a kart chassis, the 
motor will need to run at a lower system voltage level of around 100 V or less. This is neces-
sary to maintain an acceptable battery mass within the limitations of the physical dimensions 
of the vehicle. This motor requires oil cooling to maintain a desirable operating temperature. 
The addition of an oil reservoir, pump, power supply and associated hosing may be problem-
atic with available space limitations and increased weight penalty.

Though the topology of the motor is quite simple, the manufacturing process required to pro-
duce such a motor can be quite complex and expensive depending on the design adopted by the 
particular manufacturer. This motor has been included because it represents the future direction 
in electric vehicle powertrains with its high performance capabilities and compact design [7, 8].

5.2. Permanent magnet synchronous motor

On the other hand, the axial flux permanent magnet synchronous motor (AF PMSM) is very 
adaptable for an electric kart application, albeit from only a single manufacturer. Readily avail-
able from commercial retailers in a number of different power ratings, it provides a very cost-
effective alternative. It also displays superior torque speed characteristics compared to its DC 
counterpart. Previous models of the motor listed in Table 3 employed a single stator and a single 
rotor topology with an inbuilt cooling fan using Hall sensor control feedback on rotor position. 
Later versions of the same motor have been upgraded with a single stator dual rotor with the 
Hall sensors replaced with a sine/cosine encoder for higher resolution rotor position feedback.

The disadvantages of the PMSM include a lower power to weight ratio and a requirement for 
an internal fan for cooling purposes. The control of these types of electrical machines requires 
feedback algorithms incorporating famous synchronous frame (dq) control strategies with 
variable speed drives. The AC platform, which the PMSM finds integral to its operation, could 
be somewhat more susceptible to the effects of the harsh operating environment, typified 
for racing karts. The sensitive feedback electronics in the motor and controller will need to 
withstand a high impact, high vibration environment of risk and early failure.

5.3. Brushed PMDC motor

The obvious disadvantage with this type of motor is the brushed commutation, which hindered 
the efficiency in the older traditional radial flux (RF) motors. With advances in brush metallurgy 

Electric Machines for Smart Grids Applications - Design, Simulation and Control140

and an inclined brushed mounting arrangement, this problem has been somewhat reduced 
[10]. Regular brush maintenance is still required to maintain the motor at its peak efficiency [11].

The advantages of this motor outweigh the brush maintenance issue at least at the beginning 
of its serviceable life. With a high power to weight ratio, good torque speed characteristics, 
unforced air cooling, compact aspect ratio and robust high quality construction, it is an ideal 
motor for electric kart applications. In addition, with the motor operating at the lower voltage 
levels of 48 and 60 V, it is still possible to obtain respectable overall vehicle performance. The 
lower voltages require less battery mass, thereby assisting in reducing the total powertrain 
weight. In conjunction with a light weight AF PMDC motor, the end result is a kart with a 
gross vehicle mass of 82 kg, which is of similar weight to an equivalent ICE powered machine 
and meets the FIA minimum weight restriction of 80 kg [12].

Combined with simple open-loop torque/speed control from a matched controller, the 
brushed PMDC motor is a straight forward installation with minimal complexity involved. 
This simplicity is in line with the overall philosophy of competitive kart racing, which is noted 
for its minimalist yet robust engineering.

6. Battery, BMS, controller and final drive

6.1. Battery pack

The lithium-ion based chemistry is the most viable chemistry with high power density [9], 
which can be applied to the battery pack requirements for high performance vehicle applica-
tions [13].

There were two common types of lithium-ion chemistries available to choose from when 
determining the battery pack configuration; Lithium-ion phosphate (LiFePO4) and the lithium-
nickel-cobalt-manganese-oxide (LNCM) [14, 15]. The latter has a higher specific energy and 
performance ratings but can be considerably more expensive to obtain. The LiFePO4 was 
selected due to lower cost and a recent upgrade in the manufacturers production techniques 
resulted in an increase in specific energy.

The LiFePO4 battery pack consists of 16 cells with 20 Ah rating at a nominal voltage of 3.2 V 
for a total nominal pack voltage of 48 V. Various constant current discharge (C) rates have 
been modelled in Matlab® to provide an estimation of time to 80% Depth of Discharge (DoD) 
for the battery pack. Figure 4 provides the details. It must be noted here that it is possible to 
obtain similar information readily from the battery manufacturers.

It is important to choose the battery supplier/manufacturer wisely by doing some preliminary 
research on failure rates experienced in the field on any particular brand of battery. Other 
factors to consider are

• The chemical stability of lithium based batteries is limited over a narrow temperature range

• Maintain each cell voltage within manufacturers upper and lower limits during both 
charging and discharging

• Maintain voltage and charge equilibrium between individual battery cells
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• Installation of a battery management system (BMS) is mandatory (in order to successfully 
maintain the conditions mentioned in the two previous points) to avoid premature battery 
cell/pack failure.

• The battery pack must be housed in a robust IP54 rated housing to prevent mechanical 
damage

6.2. Battery management system

The BMS consists of 2 × (120 A 51.2 V) modules connected in parallel with each module hav-
ing the following specification:

• Overvoltage protection 3.75 V per cell

• Under voltage protection 2.1 V per cell

• Full battery pack charge voltage 3.6 V × 16 = 57.6 V

• Balance voltage 3.6 V

• Continuous rated current 120 A

• Over current protection 240 A

• Short circuit protection 320 μs

• Over temperature protection 70°C

Figure 4. Battery discharge rates.
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6.3. Controller

The PMDC motor requires the simplest of electronic semi-conductor control circuits of all the 
motor variants previously listed. In a PMDC motor, the speed is governed by output voltage 
from the controller, which in turn determines armature current for motor torque. The voltage 
output from controller to the motor is a square wave pulse width modulated (PWM) signal, 
which produces the voltage variation and hence motor speed regulation, otherwise known as 
a ‘chopper’, where the switching frequency of a MOSFET controls the average voltage output 
with a segmented square waveform.

A DC 450 A controller with single quadrant (Q1) forward motoring capability only was ini-
tially selected with the following representative circuit in Figure 5.

The controller circuit depicted in Figure 5 does not provide regeneration capability, whereby 
when the motor is producing negative torque it will act as a generator and recharge the bat-
tery pack via the DC controller. To achieve this function and enhance the charge capability 
of the battery in the order of 15% or more, a controller with the full bridge circuit depicted in 
Figure 6 is required.

Otherwise known as a four quadrant (Q4) controller, it will provide both forward and reverse 
motoring as well as forward and reverse regeneration capability.

The controller is the one critical device in the complete powertrain which is susceptible to early 
failure, or underperformance, from poor workmanship, abuse or incorrect setup. Therefore 
when selecting a suitable controller, the following points were taken into consideration:

• Preference given to controllers which are built for Q4 operation.

• Controllers and their respective circuitry are manufactured to operate with a specific type 
of electric motor. Each motor type listed above in Section 6 Traction Motor requires its own 
individually matched controller for successful operation.

• The high frequency switching operation from the MOSFETs can generate considerable heat 
during high vehicle speed, and high amperage loading situations so inherent in a competition 
setting. The controller must be mounted in a location with good airflow for heat dissipation.

Figure 5. DC Q1 drive circuit.
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Otherwise known as a four quadrant (Q4) controller, it will provide both forward and reverse 
motoring as well as forward and reverse regeneration capability.

The controller is the one critical device in the complete powertrain which is susceptible to early 
failure, or underperformance, from poor workmanship, abuse or incorrect setup. Therefore 
when selecting a suitable controller, the following points were taken into consideration:

• Preference given to controllers which are built for Q4 operation.

• Controllers and their respective circuitry are manufactured to operate with a specific type 
of electric motor. Each motor type listed above in Section 6 Traction Motor requires its own 
individually matched controller for successful operation.

• The high frequency switching operation from the MOSFETs can generate considerable heat 
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Figure 5. DC Q1 drive circuit.

Battery Electric Propulsion Systems for Competition Racing Applications
http://dx.doi.org/10.5772/intechopen.78976

143



• The controller must be rated above the maximum current rating of the motor.

• Most controllers are programmable for various functions relating to the operation of the 
motor. The programming software can either be freely available and user friendly with 
minimum hardware requirements or quite expensive with specific hardware and software 
requiring complicated programming techniques. Support from the manufacturer/supplier 
may not be forthcoming in some instances.

• The controller for the project kart was selected from a well-known brand name manufac-
turer with an established reputation in the electric vehicle industry. The additional cost 
paid dividends with ease of setup, technical support and reliability.

6.4. Final drive

The final drive fitted to the kart consists of a pinion gear on the output shaft of the motor 
driving a chain driven sprocket on the rear axle—a very simple arrangement though subject 
to drivetrain losses particularly with the chain drive component.

The final drive arrangement can be utilised to modify the speed and torque characteristics of 
the electric motor to values more in tune to the kart’s performance potential to suit a particu-
lar racetrack setting. That is to say that the kart can be provided with additional top speed at 
the expense of torque on a fast-flowing racetrack where maximum velocity is more important 
than acceleration. And the opposite is the case when the situation is reversed. A slow track 
with many corners will demand more torque for acceleration as opposed to a high terminal 
velocity for the vehicle. A simple change in gear ratio between the motor output shaft pinion 
gear and rear axle sprocket will achieve this result.

This requirement could be somewhat negated should the kart be fitted with a motor exhibit-
ing sufficient torque speed capabilities such that all that would be required is a direct 1:1 ratio 
final drive.

This ideal situation does not exist in this instance, so a final drive consisting of a single reduc-
tion gear and chain drive onto the rear axle with a ratio of 2.3:1 is necessary to accommodate 
the above requirements. This particular gear ratio favours maximum velocity at the expense 
of torque (i.e., fast track setup) when taken from the rear axle.

Figure 6. DC Q4 drive circuit.
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7. Final design

The final design of the electric kart powertrain is a result of direct performance comparisons 
through modelling and simulation and the evaluation of particular products marketed for 
light electric vehicles. The technical and production expertise of each manufacturer was an 
important consideration, when evaluating competing products to ensure a reliable and robust 
powertrain. The final result is depicted in the schematic of Figure 7.

8. Construction

The complete vehicle with the main powertrain components are depicted in Figures 8 and 9.

9. On-track testing

The electric kart has been road tested to determine its performance drive potential. Figure 10 
provides a plot of velocity over distance for one such test session. A maximum speed of just 
over 90 km/h was obtained on a short road section with the vehicle still under acceleration.

Figure 7. Final design summary.

Figure 8. PMDC 10 kW motor and Q1 450 A controller.
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Figure 9. 48 V Lithium-ion battery pack with BMS and the prototype electric kart.

Figure 10. Vehicle velocity plot.

Figure 11. Vehicle performance test data.
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A summary of all road test data is presented in Figure 11 with a comparison against initial 
design data.

10. Conclusion

The DC 48–72 V platform with the brushed axial flux PMDC motor with a high power to 
weight ratio, simple torque speed control and compact construction is ideal at the introduc-
tory level for the sport of kart racing. However with the exception of the lithium-ion battery 
pack, the remaining DC components have probably limited scope for further development to 
improve their performance levels.

For the more advanced levels of the sport, preference should be given to a higher system volt-
age of 96 V using a PMSM with an axial flux design and closed-loop motor control. This will 
ensure the maximum performance potential is extracted from the electric vehicle platform 
utilising readily available EV technology.

The development of the DC electric powertrain detailed above for the application of com-
petition karting provides an insight into what can be achieved with what is essentially well 
established, proven and reliable technology. Consequently, this particular DC powertrain 
should be ahead in the reliability stakes whenever it is required to operate at its maximum 
capability out on the racetrack. The harsh operating environment will quickly destroy any 
components, which are the least bit fragile in both their construction and operation. A light 
vehicle AC high-performance powertrain will also need to demonstrate the same qualities as 
its DC counterpart for it to succeed in this environment.
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Abstract

Single-phase motors are widely used in household applications. Shaded-pole and split-
phase capacitor-start single-phase induction motors are very popular for their ruggedness
and their comparatively low cost. Recently, line-start single-phasemotors are gaining market
shares. However, their superior efficiency and torque density are counterbalanced by the
higher cost of the rotor construction due to the magnets. This chapter compares the main
structures of single-phase line-start motors, presenting their lumped parameter models and
the finite element analysis. The equivalent circuits of the single-phase induction motor and
of the line-start permanent magnet are derived. Different rotor structures for single-phase
line-start permanent magnet (PM)motors are compared. The finite element method (FEM) is
used to compare the characteristics of the motors. Motors with the same stator have been
tested. No-load and load tests have been performed and compared to the FEM simulations
and to the analytical model. Finally, the performances of line-start PM motors are compared
to the shaded-pole induction motors in terms of torque density and efficiency.

Keywords: single-phase line-start permanent magnet motors, shaded-pole induction
motor, performance analysis, permanent magnets, energy efficiency

1. Introduction

Energy saving is an important aspect of sustainable development in modern society. In this
field, electrical machines play a fundamental role in industrial, commercial and residential
applications. It is well known that the energy consumed by electrical machines represents the
largest part of the total consumption of electricity in the industrial sector. Higher efficiency can
lead to the significant reduction of fossil fuel consumption and also of the environmental
impact of human activities. For this reason, nowadays and worldwide, all products for indus-
try or residential applications are classified on the basis of their energy efficiency.
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Single-phase induction motors are used in household applications due to their robust and
simple construction and to their capability for being attached directly to the single-phase grid
without using power converters [1, 2]. Split-phase and shaded-pole single-phase induction
motors (SPIM) represent today the most common single-phase general purpose motors. As
SPIM are inherently not self-starting when directly connected to the grid, they use an auxiliary
winding to improve the starting capability. The most significant characteristics of the SPIM are
as follows: robust and relatively cheap construction and capability to withstand large over-
loads. In comparison with three-phase induction motors [3] and to other machine types, SPIMs
have a much lower efficiency due to their higher copper and core losses [4].

The motors used in domestic appliances often have a small-rated power, less than 2 kW and
run at a constant speed [5].

In this power range, the smaller the motor, the lower the efficiency of the machine. This is
mainly due to the fact that both the iron loss and the copper loss are significant in comparison
with the rated power. In fact, the stator core of small motors is generally not annealed; the air-
gap length is relatively large and the resistance of the stator windings is comparatively large.

Permanent magnet synchronous motors (PMSMs) provide higher efficiency and high-torque
density, although they need an inverter for normal operation [6]. Due to dramatic improve-
ments in the magnetic and thermal properties of permanent magnet (PM), materials over the
past 40 years, alongside with considerable cost reduction, PM synchronous motors have
gained popularity both in the inverter-fed and in the line-start categories [7, 8].

Due to their simple structure and direct connection to the grid, single-phase line-start PM
motors (SPLSPMM) represent a good alternative to the induction motor as they produce
significant energy savings in the long term. SPLSPMMs are structurally similar to single-
phase induction motors with the addition of permanent magnets glued or embedded in the
rotor. Line-start PMmotors have higher efficiency than SPIMs and operate at near unity power
factor [9]. Also, they can be supplied by a three-phase supply source and may be provided
with a rotor cage [10, 11]. This motor type is suitable for use in devices such as drain pumps
and electric fans [12]. Line-start PM motors start like induction motors and run synchronously
like any other type of synchronous motor.

Compared to the widespread induction motors, PM motors with direct online starting ability
have higher efficiency, high power factor, low sensitivity towards voltage variations and com-
pact size. They also have the additional advantage of achieving higher power density, besides
the capacity to operate at synchronous speed [13, 14].

In particular, the SPLSPMM can be used instead of conventional induction motors for applica-
tions like pumps, air conditioners and fans [15]. However, the PM synchronous motor working
at line frequency has a major drawback during the starting transient as the stator iron bore
must be accurately profiled to increase the starting torque and improve the ability to synchro-
nise with a load attached to its shaft.

During motor start-up, the acceleration torque of the SPLSPMM motor is the average cage
torque (if the cage is present) minus the load torque. The permanent magnets on the rotor also
generate a braking torque which decreases the starting torque and reduces the ability of the
rotor to synchronise. The optimisation of the design of these motors improves the output
torque as well as their overall efficiency.
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The technical literature has dealt with this issue, and different works have investigated how to
improve the efficiency of SPLSPMM [16, 17].

Even if the superiority of SPLSPMMs with regard to SPIM is well known, SPIMs are still
widely used in many different home appliances.

This chapter analyses the main structures of single-phase motors and compares different rotor
structures suitable for SPLSPMM, characterised by different magnet arrangements.

One shaded-pole induction motor (as in Figure 1) used in home appliances is compared to
different structures of low-cost single-phase line-start PM motor (SPLSPMM) [18, 19] to
numerically assess its performance improvement.

The lumped parameter models of the single-phase induction motor and of the single-phase
line-start PM motor are presented [20, 21] alongside with their equivalent circuits.

The equivalent circuit of the SPLSPMM is very similar to that of the SPIM. Thanks to this,
the SPLSPMMcan be easily considered as a particular case of a SPIMwith the presence of perma-
nent magnets in the rotor; this leads to an easier comparison of their overall performances.

A comparison of the rotor structures is therefore made through FEM analysis. The optimal
solution is experimentally tested.

The study aims at numerically assessing the performances of SPLSPMM and its efficiency in
comparison with the shaded-pole SPIM with the same volume and weight [22]. The motors
compared basically share the same structure.

The comparison is made by using the finite element method (FEM), the analytical model and
the experiments.

Section 4 shows the mathematical model of the motor under test and Section 5 shows the
design procedure. The results of the experimental comparison are given in Section 6.

2. Efficiency of single-phase motors

Single-phase shaded-pole induction motors are widely used, but their efficiency is low. Their
low performances are due to their intrinsic characteristics. The need for sustainability has led
to international regulations on energy efficiency. The IEC 60034-30-1 standard, which was
published in March 2014 classifies the motors into four levels of energy efficiency (IE1–IE4).

Figure 1. Line-start prototype rotor (right), stator (centre), shaded-pole rotor (left).
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During motor start-up, the acceleration torque of the SPLSPMM motor is the average cage
torque (if the cage is present) minus the load torque. The permanent magnets on the rotor also
generate a braking torque which decreases the starting torque and reduces the ability of the
rotor to synchronise. The optimisation of the design of these motors improves the output
torque as well as their overall efficiency.
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The technical literature has dealt with this issue, and different works have investigated how to
improve the efficiency of SPLSPMM [16, 17].

Even if the superiority of SPLSPMMs with regard to SPIM is well known, SPIMs are still
widely used in many different home appliances.

This chapter analyses the main structures of single-phase motors and compares different rotor
structures suitable for SPLSPMM, characterised by different magnet arrangements.

One shaded-pole induction motor (as in Figure 1) used in home appliances is compared to
different structures of low-cost single-phase line-start PM motor (SPLSPMM) [18, 19] to
numerically assess its performance improvement.

The lumped parameter models of the single-phase induction motor and of the single-phase
line-start PM motor are presented [20, 21] alongside with their equivalent circuits.

The equivalent circuit of the SPLSPMM is very similar to that of the SPIM. Thanks to this,
the SPLSPMMcan be easily considered as a particular case of a SPIMwith the presence of perma-
nent magnets in the rotor; this leads to an easier comparison of their overall performances.

A comparison of the rotor structures is therefore made through FEM analysis. The optimal
solution is experimentally tested.

The study aims at numerically assessing the performances of SPLSPMM and its efficiency in
comparison with the shaded-pole SPIM with the same volume and weight [22]. The motors
compared basically share the same structure.

The comparison is made by using the finite element method (FEM), the analytical model and
the experiments.

Section 4 shows the mathematical model of the motor under test and Section 5 shows the
design procedure. The results of the experimental comparison are given in Section 6.

2. Efficiency of single-phase motors

Single-phase shaded-pole induction motors are widely used, but their efficiency is low. Their
low performances are due to their intrinsic characteristics. The need for sustainability has led
to international regulations on energy efficiency. The IEC 60034-30-1 standard, which was
published in March 2014 classifies the motors into four levels of energy efficiency (IE1–IE4).

Figure 1. Line-start prototype rotor (right), stator (centre), shaded-pole rotor (left).
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The IEC 60034-30-1 standard applies both to single- and three-phase motors. The classification
is different for motors with different number of pole pairs. The European Union has trans-
posed the IEC 60034-30-1 standard, introducing a timeline for energy efficiency of all motors
produced in the power range 0.75–375 kW. Since 2017, all the manufactured electric motors
must have efficiency at least equal to the IE3 class (or IE2 if the motor is supplied by an
inverter). It is expected that the range is extended in the future. Optimising the motors of
everyday use could save huge quantities of energy and keep the competitiveness of industries.

In the literature, many studies are aimed at improving the output characteristics of induction
motors [23, 24]. Single-phase line-start induction motors are of two main types:

• split-phase induction motors;

• shaded-pole induction motors.

The first use an auxiliary wining provided with an external impedance. The value of the
impedance is chosen by taking different aspects into consideration:

• Reverse field cancellation: A capacitor is chosen in order to cancel, as far as possible, the
inverse torque present in the machine, to obtain a circular field at the air gap and eliminate
the alternative torques with double pulsation with respect to the supply. This technique,
however, allows to optimise the performances at one operating speed;

• Minimisation of the reverse torque/direct torque ratio: The external impedance is chosen to
maximise the performance in a wide speed range;

• Maximisation of electromagnetic torque.

• Maximisation of the torque/current consumption ratio;

To achieve the same objectives, the shaded-pole induction motors use an auxiliary winding
which is generally short-circuited and spatially lagging from the main winding. The imped-
ance of the auxiliary winding introduces the necessary time-lag.

3. Line-start permanent magnet motors

Line-start permanent magnet synchronous motors are structurally similar to single-phase induc-
tion motors, except for the permanent magnets located on the rotor. The efficiency of SPLSPMM
is higher in comparison to conventional SPIM, and furthermore, they can operate with a close to
unity power factor. SPLSPMM are mainly used for household applications, such as refrigerators,
compressors or extractor hoods/fans. However, these advantages lead to an increase in produc-
tion costs. As the cost of high-energy permanent magnets is decreasing, it is possible to expect
SPLSPMM gained a wider share of the market, to meet the regulations on energy efficiency.

SPLSPMM combine the advantages of permanent magnet motors to those of the cage rotor.
The squirrel cage provides the asynchronous start capability, while the action of the magnets
disturbs the transient phase. Another advantage of cage-rotor SPLSPMM is that they can be
attached directly to the grid.
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At steady state, the motor operates at synchronous speed. At synchronous speed, the currents
can be reduced. In fact, in an induction machine, the torque is obtained at the price of the speed
difference between the main flux and the rotor. This phenomenon generates Joule losses in the
rotor bars and to a lesser extent rotor core loss. Furthermore, the magnetising current required to
generate the magnetic field, determines additional losses in the stator. In synchronous machines,
the magnetic field is produced by the armature winding and by the excitation, with the majority
of the magnetic flux produced by the excitation, while a smaller amount of the reactive power is
absorbed by the grid during operation. Moreover, in the case, the excitation field is obtained
using permanent magnets; there are no copper losses in the rotor and virtually no core loss.

The main limitations of line-start machines (similar to those of SPIM) are that the air-gap field
is elliptic and the starting capabilities are limited. Fortunately, the most limitations can be
solved by suitably shaping the magnetic circuit.

The mathematical models of the SPIM and of the SPLSPMM are based on the decomposition of
the main fluxes into direct and quadrature components [25–28].

In this chapter, the mathematical model of the shaded-pole induction machine and of the line-
start permanent magnet single-phase machine is presented. The performances of both motor
types are compared. The model uses the space vectors [23] to describe the distribution of the
induction in the air gap.

3.1. The equivalent circuit of the single-phase induction motor

Single-phase induction motors are widely used in low-power applications (up to a few kW). The
construction of these machines is similar to the three-phase version, with one single-phase stator
winding and one rotor cage. However, they achieve a lower power density. The stator winding,
which generally occupies the two-thirds of the stator periphery is supplied with a sinusoidal
voltage, which causes a sinusoidal MMF, too. The magnetic field distribution in the air gap has a
fixed position while its amplitude varies sinusoidally as the current.

3.1.1. MMF and torque generated by the main winding

The air-gap magnetic field generated by a single-phase winding is:

ð1Þ
where p is the number of pole pairs, and α is the angular coordinate in the stator reference.

If in Eq. 1 is set:

ð2Þ

with N number of turns per pole pair; ξ the winding factor; δ the width of the air gap; μo the
permeability of vacuum.

Considering the case of a sinusoidal supply:

ð3Þ

Using Eq. (1), one has:
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Electric Machines for Smart Grids Applications - Design, Simulation and Control152

At steady state, the motor operates at synchronous speed. At synchronous speed, the currents
can be reduced. In fact, in an induction machine, the torque is obtained at the price of the speed
difference between the main flux and the rotor. This phenomenon generates Joule losses in the
rotor bars and to a lesser extent rotor core loss. Furthermore, the magnetising current required to
generate the magnetic field, determines additional losses in the stator. In synchronous machines,
the magnetic field is produced by the armature winding and by the excitation, with the majority
of the magnetic flux produced by the excitation, while a smaller amount of the reactive power is
absorbed by the grid during operation. Moreover, in the case, the excitation field is obtained
using permanent magnets; there are no copper losses in the rotor and virtually no core loss.

The main limitations of line-start machines (similar to those of SPIM) are that the air-gap field
is elliptic and the starting capabilities are limited. Fortunately, the most limitations can be
solved by suitably shaping the magnetic circuit.

The mathematical models of the SPIM and of the SPLSPMM are based on the decomposition of
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construction of these machines is similar to the three-phase version, with one single-phase stator
winding and one rotor cage. However, they achieve a lower power density. The stator winding,
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3.1.1. MMF and torque generated by the main winding

The air-gap magnetic field generated by a single-phase winding is:

ð1Þ
where p is the number of pole pairs, and α is the angular coordinate in the stator reference.

If in Eq. 1 is set:

ð2Þ

with N number of turns per pole pair; ξ the winding factor; δ the width of the air gap; μo the
permeability of vacuum.

Considering the case of a sinusoidal supply:

ð3Þ

Using Eq. (1), one has:

Single-Phase Motors for Household Applications
http://dx.doi.org/10.5772/intechopen.79203

153



ð4Þ

which represents an electromagnetic wave varying its amplitude with time. Eq. (4) can be
easily rewritten by using trigonometric assumptions:

ð5Þ

This means that the magnetic field of a single-phase winding can be achieved as the sum of
two different fields with the same amplitude and with different verse of rotation (Figure 2).

These two fields produce the same effect on the rotor. The field rotating in the same direction
as the rotor is called direct field while the other reverse field. Similarly, the electromechanical
torque (T) can be considered as the sum of the direct torque Td, caused by the direct field and of
the reverse torque Ti, caused by the reverse field. Obviously, the values of these torques
depend on the speed of the rotor. Td and Ti are equal if the speed is zero, that is, the slip is
equal to one (because at zero slip the magnetic fields having equal amplitudes, rotate with
same speed but opposite directions). In all other operating points the values of torque are
different.

Hence, two slips can be defined, one direct and one reverse:

ð6Þ

ð7Þ

In order to study the SPIM, a simplification can be introduced by considering the motor as the
union of two three-phase machines. The system can be studied with the technique of the
superposition of the effects.

The main drawback of the pure single-phase induction machine is that is not self-starting,
because at the starting point the resulting torque is null. When the rotor rotates, a non-zero net
torque arises.

3.1.2. Reverse field cancellation

In order to solve the problemof cancelling the reverse field produced by the primarywinding of the
single-phase inductionmotor, different techniques can be applied. Generally, this is done by adding

Figure 2. Field rotation directions.
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an auxiliary winding with a magnetic axis displaced γ electric radians from the main winding and
supplying the twowindings with currents mutually displaced in time of an angle φ (Figure 3).

The auxiliary winding produces the additional field Ba:

ð8Þ

If γ is positive, then the auxiliary winding is lagging. If the auxiliary winding is supplied with
a current lagging φ behind the current in the main winding in Eq. 5, the flux density distribu-
tion becomes:

ð9Þ

The resultant flux density in the air gap is achieved summing Eq. (9) to Eq. (5) and consists of
two rotating fields, one in the direct direction:

ð10Þ

and the other one in the reverse direction:

ð11Þ

To ideally cancel the reverse field, two conditions must be considered:

1. The MMF amplitudes of the primary and auxiliary fields must be equal:

2. The following relationship between the geometrical and the time phase lags must hold:

Finally, the maximum direct field amplitude is achieved if:

ð12Þ

Figure 3. Simplified circuit diagram of a split-phase induction motor.
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In the case, the two conditions for reverse flux cancellation are achieved, the resultant flux
density in the air gap is achieved by summing Eq. (9) to Eq. (5):

ð13Þ

Eq. (13) represents one field rotating in one direction, like in a three-phase machine. Obviously,
the perfect cancellation may be achieved only at one working point, for example, at start-up or
at nominal load.

In split-phase machines, condition 2 is achieved by displacing the auxiliary winding of γ = π/2
that means φ = �π/2. The minus sign means that the auxiliary current leads the main current.

Therefore, the split-phase SPIM includes two stator windings: one main winding and one
auxiliary winding, displaced of 90�. If the auxiliary winding is used for starting, it can be
excluded when the machine reaches a fixed operating condition.

The current lag of π/2 is produced by introducing a capacitor in series to the auxiliary winding.
This is necessary to provide the self-starting capability and to improve its performance, so that
the phase displacement between the currents circulating in the two stator windings, creates an
imbalance between the direct torque and the reverse torque. This phase shift is possible because
the ohmic-capacitive nature of one of the winding (due to the presence of the capacitor).

Since the auxiliary winding can be disconnected over a fixed speed, capacitor-start induction
machine can be divided into permanent capacitor topology (Figure 4) and starter capacitor
topology (Figure 5).

Figure 4. Permanent capacitor induction motor.

Figure 5. Capacitor-start single-phase induction motor.
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For the capacitor-start motor, the value of the capacity is selected to achieve the desired
starting performance, while for the permanent capacitor motors, it is generally the result of
a trade-off between performances under different load conditions.

In shaded-pole SPIMS, the auxiliary winding is, instead, composed of two short-circuited
windings wound around the pole shoes. The angle ψ is varied by varying the number of the
short-circuited turns until the desired performance is reached.

3.2. Analysis of the single-phase induction motor

Based on the air-gap flux density distribution in Section 3.1.2, it is possible to compute the EMF
induced in the stator and rotor windings. Afterwards, the electromagnetic torque is obtained
and finally the equivalent circuit is derived.

3.2.1. Resultant air-gap flux density

The air-gap flux density is the sum of the flux density distribution of the stator windings and of
the cage:

ð14Þ

where Bstator and Bcage can be derived from Eqs. (10) and (11):

ð15Þ

where Ifs and Ifr are the direct and the reverse component of the stator currents system,
respectively. If the cancellation of the reverse flux is not perfect, the amplitudes of these current
components are different. The same is for the cage.

At sinusoidal steady state, the main harmonic of the air-gap flux density is:

ð16Þ

3.2.2. Stator back EMFs

The EMF of one stator winding can be obtained by summing the EMF of each coil.

ð17Þ

where D is the diameter of the machine; zνi is the number of conductors in slot.
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where D is the diameter of the machine; zνi is the number of conductors in slot.

Single-Phase Motors for Household Applications
http://dx.doi.org/10.5772/intechopen.79203

157



The EMF induced in the stator windings can be evaluated as:

ð18Þ

where the following equation was assumed:

3.3. Rotor back EMFs

The EMFs in the rotor bars are obtained in the same way as before.

ð19Þ

The EMF induced in each rotor bar is the sum of two sinusoidal components with pulsation
(ω + pωr) e (ω � pωr):

ð20Þ

3.4. Electromagnetic torque expression

The electromechanical torque can be evaluated as:

ð21Þ

with B(α, t) the distribution of the induction in the air gap andΘr (α, t) the rotor current density:

ð22Þ

where ΔFr (α, t) is the MMF caused only by the rotor currents:

ð23Þ

Eq. 22 becomes:

ð24Þ

By substituting Eq. 24 and Eq. 16 in Eq. 21 and finally solving, the expression of the electro-
magnetic torque is obtained:

ð25Þ

where the following equation was assumed: If = Ifs + rIfr and Ib = Ibs + rIbr.
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Therefore, the electromagnetic torque in a single-phase inductionmotor is the sum of three terms:

1. Direct electromagnetic torque:

2. Reverse electromagnetic torque:

3. Electromagnetic torque with pulsation 2ω:

3.5. Mathematical model

The mathematical model of the SPIM is obtained by considering the fundamental harmonic of
the air-gap flux density distribution.

The impedances of the two circuits (Figure 6), including the external impedance are: Z1 = R1 +
jX1 and Zt2 = R2 + Rc + j(X2 + Xc).

The currents I1 and I2 can be expressed as a function the direct and reverse components of the
stator currents:

ð26Þ

ð27Þ

The equations referred to the various nets of the equivalent circuits are:

where

ð28Þ

Figure 6. Grid connection of a capacitor-start single-phase induction motor.
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where

The expression of the electromagnetic torque is finally recalled.

ð29Þ

3.6. The equivalent circuit of the single-phase induction motor

The equations, which define the mathematical model of the single-phase induction motor with an
auxiliary winding and external impedance, can be graphically translated into equivalent circuits.

Referring to the model Eqs. (28) after some manipulations, one can write:

ð30Þ

4. The line-start permanent magnet synchronous motor

The model of the line-start PM machine is derived hereafter on the basis of the model of the
shaded-pole machine without any auxiliary winding.

4.1. Stator winding flux density distribution in the air gap

In a single-phase machine with p pole pairs, the magnetic field in the air gap is fixed in space
and variable in time due to the structure of the motor and its winding. The armature winding
is therefore unable to create a rotating field in time and space. The first harmonic of the stator
magnetic field can be written as:

ð31Þ

where K is

ð32Þ

with f form factor, which is
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ð33Þ

in the case of rectangular magnetomotive force (MMF). The equation of the stator winding flux
density is:

ð34Þ

This field can be divided into two components, namely, the direct and the reverse field.

4.2. Total air-gap flux density of SPLSPMMs

The air-gap flux density of line-start single-phase PM synchronous motors is the sum of two
contributions: the stator winding flux density and the permanent magnet flux density distri-
bution Bpm. In some cases, an incomplete squirrel cage may be added to improve the starting
performance and a further flux density distribution Bc is added:

Bp α; tð Þ ¼ Bs þ Bc þ Bpm (35)

with:

ð36Þ

ð37Þ

ð38Þ

At sinusoidal steady state and ωr rotor speed, one has:

ð39Þ

where Ifs and Ibs represent the forward and backward components of the stator current. Each
flux density component gives rise to a contribution to the back EMF.

The more accurate model of a SPLSPMM is that of Ref. [14], which is based on [1]. The model
analyses a SPLSPMM with an asymmetrical stator winding, an auxiliary winding and PMs on
the rotor causing braking and pulsating torques. The model is based on a combination of
symmetrical components and d-q axis theory. For a motor without an auxiliary winding, the
Vq symmetrical component is zero, while Vd ¼ 2Vm. At synchronous steady state, the forward
voltage is synchronised with the rotor, and the model can be simplified using the average of
the apparent d-axis impedance, while the q-axis part is unnecessary. The resulting d-axis
component model at steady state is represented as the equivalent circuit of Figure 7 for a SPIM
and Figure 8 for a SPLSPMM.
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where

The expression of the electromagnetic torque is finally recalled.

ð29Þ
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ð30Þ
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ð31Þ

where K is

ð32Þ

with f form factor, which is
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ð34Þ
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5. Selection of the optimum configuration

5.1. Machine specifications and no-load field simulation

Different machine configurations have been numerically compared with the help of the finite
element method (FEM). All configurations share the same stator core, which is the same as the
core of the SPIM used as a benchmark, while the number, the type and the shape of rotor
magnets are different. An incomplete cage is present on the rotor to improve the starting
capability of the motor.

Table 1 shows the main dimensions and specifications of the considered motors. The winding
is made of 1723 turns with a 0.2 mm copper wire, the material used for the cage is aluminium.

Figure 7. Equivalent circuit of a single-phase induction machine.

Figure 8. Equivalent circuits of a single-phase SPLSPMM machine, where Z1 is the stator impedance; Xmd is the d-axis
magnetisation reactance referred to the stator (main) winding; RI

r is the rotor resistance referred to the stator winding; XI
r

is the rotor leakage reactance referred to the stator winding; BEMF is the equivalent back EMF caused by the presence of
the magnets; Z2 is the average of the apparent d-axis impedance Z2 = [Z1 + jXmd] + [jXmd//(Rrl/2 + jXrl)] [14].
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The first configuration is directly derived from the shaded-pole induction motor and includes
two surface-mounted NdFeB magnets. The FEM motor model with the flux density contour is
shown in Figure 9(a). The volume of the magnets required by this structure is considerable and
also the manufacturing cost is larger than that of the following solutions; therefore, it will be
included here only for the sake of completeness. The incomplete cage is used to ensure starting
in all configurations.

The second configuration is similar to the first, it is made of two NdFeB magnets but instead of
being surface mounted they are buried inside the rotor. The FEM motor model with the flux
density contour is in Figure 9(b).

The third configuration is based on the second and includes two further inset NdFeB magnets
to increase the field in the d-axis of the rotor. The FEM motor model with the flux density
contour is in Figure 9(c).

In order to further investigate the role of the middle magnets, a fourth configuration is
proposed. It is the same as the third, although the two middle magnets are closer to the air
gap. The FEM motor model with the flux density contour is in Figure 9(d).

Finally, a low-cost configuration is presented. It is the same as the third configuration; it is
equipped with two ceramic middle magnets instead of the inset NdFeB magnets. The FEM
motor model with the flux density contour of this configuration is in Figure 9(e).

5.2. Flux linkage

The flux linkage is numerically calculated for each of the above structures. The flux linkages of
the different configurations are shown in Figure 10.

It can be seen that, while the first configuration produces the highest flux linkage, there is no
significant difference among the other configurations. Based on cost considerations, configu-
rations 2 and 4 must be preferred.

The configuration chosen is shown in Figure 1 and in Figure 9(b), with two Grade 32 NdFeB
magnets embedded in the rotor. This configuration offers the maximum flux density with the
lowest increase in the cost of manufacturing the machine. Furthermore, this configuration is
the easiest to produce.

Element Dimension

Stator height 67.6 mm

Stator width 84.6 mm

Rotor diameter 34.24 mm

Air gap 0.4 mm

Lamination length 19 mm

Poles 2

Turns 1723

Table 1. Prototypes main dimensions and specifications.
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The back EMF can be calculated from the flux linkages as:

ð40Þ

Figure 9. No load FEM simulations. (a) FEM simulation result of the first rotor configuration with two surface NdFeB
magnets (model 1). (b) FEM simulation result of the second rotor configuration with two inset NdFeB magnets (model 2).
(c) Third rotor configuration with with four NdFeB (position 1) simulation result (model 3). (d) Configuration with four
NdFeB magnets (position 2) simulation result (model 4). (e) Configuration with two NdFeB magnets and two ceramic
magnets (position 1) simulation result (model 5).

Figure 10. Flux linkages of the different structures for different rotor positions.
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Using Eq. (40), the back EMF is computed over a complete rotation of the rotor and its RMS
value is extracted. On the other hand, the trends for the predicted back EMF are shown in
Figure 11. The RMS value of the back EMF versus the speed (for the different solutions) is
shown in Figure 12. One can notice that the trend is, as expected, approximately linear. These
values are compared to the experimental results in Section 6 (for the chosen solution).

6. Experimental tests

To compare the SPLSPMM’s performances with the SPIM’s, the SPLSPMM has been supplied
with a single-phase inverter implementing a V/Hz ramp.

6.1. Parameter identification of SPLSPMMs

In order to obtain the machine model parameters and study its performances, both no-load
and load tests have been performed. The test bench is shown in Figure 13.

The equivalent circuit parameters, derived from tests, are shown in Table 2, while Figure 14
shows the trend of the magnetisation reactance as a function of the voltage (which has been
implemented in the mathematical model).

Figure 12. Back EMFs for different rotor speed different solutions.

Figure 11. Predicted back EMFs versus rotor position model 1, 2, 3, 4, 5.
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For the open circuit test, the machine is coupled to an induction machine and the terminals of the
motor under test (MUT) are open. The terminal voltages are measured at different values of the
speed. The trend of the back EMFs RMS amplitudes is approximately linear as shown in Figure 15.
From the same figure, it is possible to verify that the analytically predicted trend is very close to
the experimental results. The slight differences are caused by the manufacturing process (which
may have degraded the magnet superficially) and by the mathematical approximations.

Figure 13. Test bench.

Parameter Value

Rs 76.37 Ω

Xs 40.21 Ω

RI
r

10.19 Ω

XI
r

20.10 Ω

Xmd 113.34 Ω

Table 2. Equivalent circuit parameters.

Figure 14. Magnetisation reactance as a function of voltage.
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The value and waveform shape of the back EMF at 2710 rpm (45.2 Hz) are shown in Figure 16.
Considering the same operating point, a FEA simulation is performed, and the behaviour of
the machine is shown in Figure 11.

The predicted and the experimental voltage RMS values are the same and the shapes of the
back EMFs are approximately the same, except for the larger ripple presented by the experi-
mental data, which is due to the rotor cage slotting.

In Table 3, the rated operating point of the shaded-pole machine is compared with two operating
points of the prototype. Considering a fixed frequency of 50 Hz and a variable voltage, the
maximum torque is delivered when the motor is supplied with 230 V, while the maximum
efficiency is achieved when supplied with 190 V. More results are shown in Section 6.2.

The data shown in Table 3 demonstrate that only with a slightly different rotor configuration
of the machine, the performances improved considerably. This means that the motor can be
used both in a completely different field and in similar applications, as in the case we are
considering, with significantly better performances.

Figure 15. Back EMFs comparison.

Figure 16. Measured back EMFs versus rotor position.
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6.2. Characterisation of the SPIM

The SPIM has one stator winding (main winding) and one short-circuited winding, while the
rotor is of the squirrel-cage type. The single-phase induction motor without its auxiliary
winding is not self-starting. When the motor is connected to a single-phase supply, the main
winding carries the alternating current, which produces a pulsating magnetic field. To gener-
ate torque, an auxiliary winding is needed.

The SPIM used shares the same magnetic circuit as the SPLSPMM. The induction machine is
supplied with its rated voltage and frequency, hence 230 V and 50 Hz, and the load torque is
increased with steps between 0 and the maximum torque.

In order to have an idea of the performances of the shaded-pole motor here are some data.
The maximum torque achievable by the motor in these conditions is 1.26 kg cm at 2076 rpm.
The supply current of the motor is 0.82 A in this operating point. The input power is 107 W
and the output power is 27 W, hence the efficiency in this point is 25.23%. The maximum
SPIM efficiency of 28.16% is achieved at 2350 rpm, with an input current of 0.78 A and an
output torque of 1.14 kg cm. The same test has been performed with different values of
supply voltage between 180 V and 240 V. The highest value of torque, in these conditions, is
delivered at 240 V and it is 1.23 kg cm, while the highest efficiency of 27.03% is obtained at
210 V.

6.3. Characterisation of the SPLSPMM

The SPLSPMM has been supplied by a single-phase inverter implementing a V/f law. The test
has been performed with different values of the supply voltage ranging between 180 and 230
V. The torque trend versus the input current is shown in Figure 17. At 230 V and 3000 rpm the
achieved torque is 2.91 kg cm with an input current of 0.92 A. The torque has been experimen-
tally evaluated and compared with the analytical torque achieved using the equivalent circuit
(Figure 18). Figure 19 shows the trend of the efficiency of the SPLSPMM versus the input
current at different voltages and frequencies. The maximum efficiency is 62.44% with 0.75 A,
2.49 kg cm at 3000 rpm. The highest torque value is delivered at 220 Vand it is 2.6 kg cm, while
the most efficient point is obtained at 190 V with 73.59%.

Quantity Shaded-pole machine
(rated values)

Prototype maximum
torque O.P.

Prototype maximum
efficiency O.P.

Current [A] 0.214 0.92 0.75

Voltage [V] 230 230 190

Electric power [W] 68 148 123

Rated speed [RPM] 2600 3000 3000

Power [W] 27 76.8 89.6

Rated frequency [Hz] 50 50 50

Efficiency [%] 12.00 62.44 73.59

Table 3. Motors characteristics.
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6.4. Comparison between the SPLSPMM and the SPIM

To assess the performances of the two motor types, the SPLSPMM and the SPIM have been
tested in the same operating conditions. The performance comparison is made by connecting
the two motors to a sinusoidal power supply at 50 Hz frequency and variable voltage. The
efficiency characteristic and the torques are compared in Figures 20 and 21.

The two figures highlight the supremacy of the SPLSPMM in terms of torque density and
efficiency. The superiority is mainly due to the mechanism of torque production of the

Figure 18. SPLSPMM torque trend comparison between experimental results and mathematical model.

Figure 17. The SPLSPMM’s trend of the torque with the input current by V/f inverter supply.

Figure 19. The SPLSPMM’s efficiency at different frequencies.
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SPLSPMM. At fixed torque, the current of the SPLSPMM is lower, reducing the Joule loss in
the stator winding. Moreover, the loss component in the rotor cage is reduced and the absence
of the auxiliary winding (shaded pole) further reduces the Joule losses. The increase in iron
losses due to magnets is not significant. Hence, as was imaginable, thanks to a simple change
in the rotor structure, the overall performances get better.

7. Conclusion

This chapter has proposed a mathematical and experimental analysis of a SPLSPMM. Different
structures of SPLSPMMs have been simulated with FEM and compared. A prototype has been
built, analysed and tested.

Starting from the mathematical model of the single-phase shaded-pole motor, an equivalent
circuit has been proposed for the SPLSPMM. The equivalent circuit has taken into account the
presence of both magnets and rotor cage.

The experimental results include no-load and load tests carried out at different voltages and
frequencies. The results show a significant performance improvement of the SPLSPMM in
comparison to the classical SPIM. The maximum efficiency of the SPLSPMM is higher than
70%, while the efficiency of the SPIM is not higher than 30%.

Figure 20. Efficiency comparison.

Figure 21. Torque comparison.
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Nomenclature

α stator reference angular coordinate

N number of turns

ω grid pulsation

φ angle between the stator and rotor reference

p number of pole pairs

Kw winding factor

μ0 vacuum magnetic permeability

δ air-gap width

Bpd direct field

Bpi reverse field

Ifs direct component of the stator currents

Ifr direct component of the rotor currents

Ibs reverse component of the stator currents

Ibr reverse component of the rotor currents

BM residual magnet induction

β initial angle in rotor reference

ωr rated motor speed

r stator-to-rotor winding turns ratio

φ flux linkage

θ rotor mechanical angle
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Abstract

This work explains the speed control design for a DC motor using fuzzy logic with 
LabVIEW software. It is also a literature review about the design and the implementation 
environment and is presented using fuzzy logic to describe the materials and methods used. 
Various processes on the subject highlight the idea, creation, development, and implemen-
tation of intelligent control, and the results considering the application and development 
for this purpose are presented.

Keywords: fuzzy logic, LabVIEW, MATLAB, rules, industrial applications

1. Introduction

In the last decade, the use of various control techniques such as hybrid [1, 2] or artificial 
intelligence has grown exponentially in the fields of power electronics, control systems, 
and positioning systems. To carry out these development methods, a large database and 
understanding of control methods are necessary to describe the analysis system to facilitate 
decision-making. One of these methods is fuzzy logic [3, 4], which is necessary to realize 
improvements over classical logic and is basically a statement that can be understood as a 
logical value of 1 or 0.

In the control field, specifically in the DC motor, control can be applied by intelligent control 
techniques such as fuzzy logic, which is further applied in parallel with conventional control 
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techniques. In fuzzy logic there are two well-known algorithms: logarithm Mamdani and Takagi 
Sugeno; these are useful in applications such as microelectronics and power electronics [5, 6].

Since it is a more compact and computationally efficient representation than a Mamdani sys-
tem, the Sugeno system lends itself to the use of adaptive techniques for constructing fuzzy 
models [7, 8]. These adaptive techniques can be used to customize the membership functions 
so that the fuzzy system models the data with a significant improvement [9, 10].

2. Materials and methods

2.1. Process description

The device on which the fuzzy logic control will be applied is a 12 V DC motor as shown in 
Figure 1.

The block diagram of Figure 2 shows the control process. In the first stage, the input is the set-
point or reference rate to be applied to the motor. Next is the analog-digital converter, which 
is distinguished as a data acquisition card. The second stage is the fuzzy logic control devel-
oped in LabVIEW. The data acquisition card is used once again since this should act as both 
analog-digital converter at the input and digital-analog converter at the output. Hereafter, the 
analog signal passes through the actuator block, which is H-bridge pulse-width modulation 
(PWM) modified to the motor speed [11]. The next block in the plant is the DC motor. The 
tachometer, which is built into the DC motor, is a feedback system that checks whether the 
engine speed has altered and eliminates unwanted phenomena.

LabVIEW [12] (Figure 3) is the software used to develop the controller through its fuzzy logic 
blocks. To facilitate programming the LabVIEW toolbox contains toolkits. This software is 
mainly used for data acquisition, mathematical analysis, instrument control, and controller 
design. In 2008 the software was used to control the Large Hadron Collider [13], a particle 
accelerator designed by about 2000 scientists from 34 countries around the world. This appli-
ance is the largest of its kind and is located near Geneva.

Figure 1. 12 V DC motor.
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To interact with LabVIEW, the user needs a data acquisition card, e.g., a National Instruments 
NI myDAQ (Figure 4). The function of the data acquisition card is to collect physical signals 
during the process and transform them into electrical voltages that are subsequently scanned 
on a PC and can be processed. To make the transformation to a digital signal the card is 
needed at the adaptation stage [14–16]

Within the data acquisition process is the transducer, which is an element that converts the 
physical quantity to be measured into an output signal, usually a voltage or current that is 
then processed on a PC or other system.

Signal conditioning is the stage that is responsible for filtering and adapting the outgoing 
signal transducer, which is then sent to the analog-digital converter, which as we know is the 
stage responsible for converting an analog signal to the digital output stage to connect the 
data acquisition system to a PC (Figure 5).

In the initial window for the design of a new fuzzy controller, data such as name, designer 
name, date, and time are observed for the project. In the window in Figure 6, the fuzzy set 
editor and its consequences are introduced.

Figure 2. Process control (closed loop).

Figure 3. LabVIEW software programming.
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Figure 5. NI MyDAQ components may be changed or substituted without notice.

Figure 4. Data acquisition card.
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The input and output linguistic variables and their ranges are entered functionally. This takes 
into account the fuzzy set editor, which starts with a default configuration. The advantage 
over a conventional proportional-integral-derivative (PID) controller is that a fuzzy PD (pro-
portional and derivative) controller can implement nonlinear control strategies, which uses 
linguistic rules. The rules evaluate the difference between the measured value and the set 
value, the error signal, and the tendency of the error signal to determine whether to increment 
or decrement the control variable (Figure 7).

By deploying the box, it is necessary the input linguistic variables, where each one contains 
the following linguistic terms: NEx (term negative), ZOx (zero), POx (term positive), default 
data range is −1 to 1, variable name default: INX with x = 1, …, 4 (Figure 8).

The result is output linguistic variables, which contain the following linguistic terms: NEo 
(term negative), ZOo (zero) and POo (term positive), default data range is from −1 to 1, vari-
able name default: Output (Figure 9).

The interference method, the method of defuzzification and output default configuration, is 
determined because of the rule editor (Figure 10).

The block features input and output characteristics that simulate the controller and graphi-
cally display the output behavior regarding parameter rules in the rule editor (Figure 11).

At the end of this process, the fuzzy controller with all the information on the rules, which is 
observed in the graphical environment of LabVIEW as a block, is obtained (Figure 12).

Figure 6. Main window to start a new fuzzy controller in LabVIEW.
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Pulse width modulation (PWM) is a process in which the duty cycle of a periodic signal, pos-
sibly to transmit information, is modified through a communications channel or to control the 
amount of power sent to a load (Figure 13).

Figure 8. Input linguistic variables.

Figure 7. Fuzzy default settings set editor.
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The H-bridge implemented for controlling the DC motor is an LMD18200 [5], which is con-
structed with bipolar circuitry control complementary metal-oxide-semiconductor (CMOS) 
field-effect devices and a double-diffused metal-oxide-semiconductor (DMOS), and accom-
modates a peak output up to 6 A (Figure 14).

Figure 9. Output linguistic variables.

Figure 10. Rule editor.
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structed with bipolar circuitry control complementary metal-oxide-semiconductor (CMOS) 
field-effect devices and a double-diffused metal-oxide-semiconductor (DMOS), and accom-
modates a peak output up to 6 A (Figure 14).

Figure 9. Output linguistic variables.

Figure 10. Rule editor.
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Feedback should be between 0 and 5 V as it is the voltage that supports the data acquisi-
tion card; a tachometer generates voltages from 0 to 12 V. This does not serve as an input to 
the program, thus it designs and implements an actuator to condition the signal, taking into 
account that the behavior guarantees a range between 0 and 5 V, which is the optimal voltage 
for scanning the signal (Figures 15 and 16).

Figure 11. Input and output characteristics.

Figure 12. Fuzzy controller in LabVIEW graphical interface.
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Figure 13. PWM output in LabVIEW.

Figure 14. Datasheet for an LM18200T H-bridge.

Figure 15. Design of the transducer in PROTEUS software.
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Figure 16. Card and bridge transducer circuit H.

Figure 17. Block diagram for a DC motor controller in LabVIEW.
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Figure 17 shows the blocks of indicators and controls, such as the while loop; all the blocks 
work in a continuous cycle. The DAQ Assistant Express VI block communicates with the data 
acquisition card, the Merge Signals Function is the graphic indicator that shows the sign of 
the setpoint (red) control signal (green) and engine response (blue), and shift registers and 
the Feedback Node in loops are used to calculate the change of error. Time Domain Math 
Express VI is used to perform mathematical operations in time, in this case the change will be 
integrated with PWM and the output will be obtained from the desired range. The strip path 
function maintains the file path generated by the designer extension. Simulate Signal Express 
VI simulates square waves for PWM, the fuzzy logic controller, the controller, and the load 
fuzzy setpoint [7, 17].

A while loop encloses the set of all blocks, which is responsible for implementing everything 
inside continuously [18, 19].

Figure 18 is the front panel view, which is where the user runs the program, the results are 
seen graphically, and the values are obtained after the control action [20, 21].

3. Results and discussion

At the time of connecting the entire set of devices such as the engine, transducer, font, pro-
curing card data, and PC, configuration of the H-bridge pins and motor feedback are taken 
into account. After verifying that the assembly has the correct speed, control is executed in 
LabVIEW and the system is energized.

Figure 18. Front panel for a DC motor controller in LabVIEW.
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Within the controller, a value of 1600 RPM is entered to start the control engine speed, and 
on the graphic belonging to the GUI LabVIEW variation, PWM is observed in terms of engine 
speed in RPM. These results can be compared with a classic PID control showing that our 
fuzzy logic controller meets the design requirements. Achieving error values of 3% is accept-
able in a practical manner (Figures 19 and 20).

Figure 19. Front panel showing the resulting graph of the fuzzy controller.

Figure 20. Diffuse logic PID control response at different engine speeds in RPM.
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4. Conclusion

The foregoing is accomplished by designing a control system to understand alternative con-
trol applications that can used, for example, in an industrial sector. It is noted that fuzzy logic 
is a fast, solid, and robust control method for a system that is affected by constant instabilities, 
which in this case could be disturbances affecting a DC motor by applying opposing forces or 
weights within its axis rotation.

Fuzzy logic is a method of computing based on decision-making and is used for expert sys-
tems and process control. Fuzzy logic differs from traditional Boolean logic in that fuzzy logic 
allows for partial membership in a set. The great advantages and possibilities offered by the 
LabVIEW software for these applications are also stressed.

To implement real-time decision making or control of a physical system, data acquired by 
an A/D Converter must be obtained from a fuzzy controller. Which after making the corre-
sponding interpretation of the linguistic rules and the corresponding defusification leaves the 
diffuse logic controller by means of a D/A Converter with DAQ analog output hardware to 
implement real-time process control.
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Abstract

The electrical machines are the core of the electrical drives. By introducing the vector
control techniques for the alternative current machines, the high performances in drive
systems are attained. One on the alternative current machines is the permanent magnet
synchronous motor (PMSM). Due to their advantages, it becomes a very popular solution
in the electrical drive field. In this chapter, an optimal control solution applied on the
PMSM based on the Riccati solution is developed by the author. The objectives of the
optimal control drive system are regulation, stability, robustness to the load disturbance
variation and the energy reduction. Comparative with the conventional cascaded control,
the proposed solution conducts up to 10% to energy efficiency improvement in transient
regimes. The efficiency improvement depends on the chosen weighted matrices. Both the
conventional and optimal controllers are implemented in Matlab-Simulink. The real-time
solution based on the dSpace platform is provided.

Keywords: PMSM, PI control, quadratic control, Riccati, Matlab-Simulink, dSpace

1. The origins of the optimal control

Variational calculus uses multivariable functions and has the objective of obtaining a function
(maximum or minimum) of a functional. The optimal command consists of finding time-
varying functions or gain factors placed on the state feedback in order to find the extreme
point of a functional cost. Therefore, optimal control derives from variational calculus. Opti-
mization is a collection of methods and techniques for obtaining optimal solutions to automa-
tion problems.
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The issue of optimization has encountered several stages of development, marked by the emer-
gence of research areas. The optimization problem has been initiated since antiquity, continuing
in the Renaissance period (with remarkable progress in the development of the optimization
problem through the variational calculus), respectively, and its expansion to the optimal command
(born in 1697) by solving the brachistochrone problem [1]. The foundation of the optimal control
theory has been done by Semionovici Pontryagin’s maximum principle (1956).

Thus, Johann Bernoulli (1667–1748) launched a challenge to the problem of the minimum time
(“brachistochrone problem”, the problem of determining a curve to ensure the fastest descent
of a mass on its surface). By using variational calculation, Johann Bernoulli solved this problem
in 1697, originally formulated in 1638 by Galileo Galilei (1564–1642).

In June 1696, Bernoulli formulated the issue of the minimum time in Acta Eruditorum journal:
two points A and B are to determine the AMB curve of a moving point M, with the initial
velocity vA = 0, which under its own weight will move from A to B in the shortest possible
time. The shortest distance is the straight segment AB, but it is not the one that can be traversed
in the shortest possible time (Figure 1).

The Pontryagin maximum principle led to the birth of optimal control, a wider theory than
variational calculus.

The origins of the variational calculation, after Herman H. Goldstine (1980), originated in 1662,
when Pierre de Fermat (1601–1665), by posturing the Fermat’s principle by specifying that the
fastest path of a light beam passing through a single optical medium is the one in which light
passes “in minimum time” (Heron’s interpretation).

In consultation with Leibniz (Gottfried Wilhelm Freiherr von Leibniz, 1646–1716), the founder
of variational calculus alongside Newton, Bernoulli sets the deadline to refer to the solution in
the summer of 1697. Thus, besides Johann’s solution, the following mathematicians answer
this challenge: (1) Leibniz presents his solution in a letter addressed to Bernoulli in June of the
same year, (2) Jakob Bernoulli (1654–1705, with probabilistic theory distributions that bear his
name) offers another solution to the larger brother’s solution, (3) Tschirnhaus, (4) L’Hopital
and (5) Newton presents his solution in February 1697 to the Royal Society.

Figure 1. Brachistochrone problem.
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2. Modern optimal control

The optimal command appeared with the publication of Bernoulli’s solution in Acta Eruditorum.
The optimal control theory started with the Pontryagin maximum principle (USSR, 1956). Jacopo
Francesco Riccati (1676–1754) presented a scalar form of the equation that bears his name, an
equation used to solve the linear quadratic problems of today. The varied engineering calcula-
tions were developed by Placido Cicara (Torino, 1957), G. Newton and Gould Kaiser (1957),
Derek F. Lawden (London, 1963), Athans F. (1966) and D. McRuer (1973). The design of the
control by using a quadratic performance index was studied by G. Newton and Gould Kaiser
(the square error integrator); Kalman (1960) introduces quadratic penalty on control and output
error, obtaining optimal control by solving the inverse Riccati equation; and Chang (1961)
introduces a restriction, by a K2 weighting factor, into the composition of the quadratic perfor-
mance index. Athans had named this control type, both for monovariable linear systems and for
multivariable systems, as control based on a linear quadratic regulator.

Bellman (1950) developed dynamic programming by introducing optimal nonlinear control.
Bellman used the Hamilton-Jacobi theory and discrete systems. The disadvantage of dynamic
programming is the limitation of the variables used due to the need for an important memory
space to determine the solution.

Numerical solutions of optimal control were determined by Kalman and Athans (1960) for
linear dynamic systems. Moreover, Kalman (1963) determined solutions of multivariable,
linear quadratic optimal problems using Riccati matrix equations.

An optimization of dynamic systems has been strongly developed in the field of frequencies by
the emergence of robust H-infinite (H∞) and H2 control. Also their name, these optimal
commands are more robust to disturbance (due to high-frequency unmodified dynamics) and
variations in process parameters. Optimization research is growing fastly seeking to develop
modern theories that began in the 1980s, establishing robust optimal control laws for process
parameter variations and modeling uncertainties.

3. The problem of optimal control

The problem formulation of the optimization of a dynamic system should include [2–4]:

1. The dynamics of the system.

2. The objectives of the problem have to be formulated accordingly. Mandatory, one of the
objectives should be related to the specific energy of the discussed system (mechanical or
electrical in this case) to be related.

3. Determining the set of allowable control.

4. The performance criterion or index (mathematically is the functional cost), which integrates
the proposed objectives by combining the states and controls of the dynamic system.
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Figure 1. Brachistochrone problem.
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2. Modern optimal control
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3. Determining the set of allowable control.
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The problem of the optimal control is to find a solution, being an admissible control that
minimizes or maximizes the chosen performance criterion. That solution is called optimal control.

Depending on the objectives imposed, the following types of optimal problems can be highlighted:

A. Minimum time problem: the goal is to achieve the desired final state of a dynamic system in
minimum time.

B. The minimum fuel consumption aims to minimize the fuel consumed by a system to move to
the desired final state with minimum fuel consumption.

C. Minimum energy problem: if there is an electrical signal as control signal, part of the system
energy, by applying this control, the system energy will be minimized.

D. The optimal control problem of the final state will contain the final state error in the chosen
performance index. The resulting control will minimize the error.

Due to its applicability in the technique, the performance index based on quadratic energy
criteria is highly used.

Linear quadratic problems lead to minimal energy consumption and can be of three types:
state feedback control, output control problem and optimal tracking problem.

Linear quadratic problem leads to solving Riccati equations: algebraic and differential (contin-
uous time and discrete time).

The optimal control of the dynamic system involves the synthesis of the optimal control
directly from the extremes of the functional cost.

Depending on the final time, dynamic optimization problems can be:

• Infinite final time (infinite horizon), for linear time-invariant systems with state constraints.
In order to solve this problem type, the algebraic Riccati equation (ARE) is used.

• Finite final time (finite horizon) for linear time-variant systems. This type of optimization
problem requires the solution of the matrix Riccati differential equation (MRDE).

By taking into account the process constraints, optimization can be without constraints or free
state, with constraints or with free time.

4. Control of the synchronous machine with permanent magnets

The mathematical models of the PMSM in stator/rotor reference frame as well as a vector
control solution are presented succinctly.

4.1. The mathematical model of the synchronous machine with permanent magnets in fixed
reference frame

In order to determine the mathematical model of the PMSM in a fixed reference frame, the
following hypotheses are considered: the iron core is non-saturated (applying the superposition
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effect is valid); the symmetrical three-phase stator windings, the infinite permeability of the air
gap, constant air-gap width, the sinusoidal distribution of the magnetic field in the air gap and
iron losses are neglected; the permanent magnets are placed on the rotor; and the isotropic
machine is considered.

For the stator windings (Figure 2a), the second Kirchhoff Law conducts to

uA ¼ R1iA þ dψA

dt
, uB ¼ R1iB þ dψB

dt
, uC ¼ R1iC þ dψC

dt
(1)

where uA, uB and uC represent the phase voltages; iA, iB and iC the phase currents; ψA, ψB and
ψC the magnetic fluxes; and R1 the resistance of the stator phase.

By taking into consideration the magnetic flux ψ0 of the rotor permanent magnet, the magnetic
flux of each stator winding is as follows (LAA self-inductance and mutual inductances
LAB = LBC = LCA):

ψA ¼ LAAiA þ LABiB þ LACiC þ ψ0 cosθ

ψB ¼ LBAiA þ LBBiB þ LBCiC þ ψ0 cos θ� 2π
3

� �

ψC ¼ LCAiA þ LCBiB þ LCCiC þ ψ0 cos θ� 4π
3

� � (2)

or in the form:

ψA ¼ L1iA þ ψ0 cosθ

ψB ¼ L1iB þ ψ0 cos θ� 2π
3

� �

ψC ¼ L1iC þ ψ0 cos θ� 4π
3

� � (3)

where L1 ¼ 3
2 L0 is the synchronous inductance.

Figure 2. (a) The three-phase PMSM in stator reference frame and (b) the synchronous reference frame.
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effect is valid); the symmetrical three-phase stator windings, the infinite permeability of the air
gap, constant air-gap width, the sinusoidal distribution of the magnetic field in the air gap and
iron losses are neglected; the permanent magnets are placed on the rotor; and the isotropic
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dt
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where uA, uB and uC represent the phase voltages; iA, iB and iC the phase currents; ψA, ψB and
ψC the magnetic fluxes; and R1 the resistance of the stator phase.

By taking into consideration the magnetic flux ψ0 of the rotor permanent magnet, the magnetic
flux of each stator winding is as follows (LAA self-inductance and mutual inductances
LAB = LBC = LCA):

ψA ¼ LAAiA þ LABiB þ LACiC þ ψ0 cosθ
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3

� �
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where L1 ¼ 3
2 L0 is the synchronous inductance.

Figure 2. (a) The three-phase PMSM in stator reference frame and (b) the synchronous reference frame.
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The stator and rotor phasor equations:

us1 ¼ R1is1 þ
d
dt

L1is1 þ ψ0e
jθ� �

(4)

ur1 ¼ R1ir1 þ L1
dir1
dt

þ jθ L1ir1 þ ψ0

� �
(5)

in which the connection between the fixed reference frame and synchronously one is described
by the following transformation:

ir1 ¼ is1e
�jθ, ur1 ¼ us1e

�jθ (6)

By knowing the electromagnetic energy between the stator and rotor, the electromagnetic
torque can be found:

Te ¼ p
∂ ψ0iA cosθþ ψ0iB cos θ� 2π

3

� �þ ψ0iC cos θ� 4π
3

� �� �
∂θ

����
iA, iB, iC¼const

(7)

Taking into consideration that the stator windings are star connected:

iA þ iB þ iC ¼ 0 (8)

after some manipulations, the final form of the electromagnetic torque is obtained:

Te ¼ 3
2
pψ0 �iα sinθþ iβ cosθ

� � ¼ 3
2
pψ0iq (9)

The circular motion equation:

J
dΩ
dt

¼ Te � Tl � Tv (10)

where the combined inertia moment reduced to the rotor shaft J, the viscous torque Tv, load
torque Tl and angular velocity Ω.

The significances of the specific PMSM angles from Figure 1(b) are as follows:

• Angle of the stator current vector ωt.

• d-axis electric angle θ.

• Load angle δ.

Mechanical angular velocity:

Ω ¼
_θ
p

rad=s½ � (11)

p—pole pair number.
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4.2. Vector control of the synchronous machine with permanent magnets

Vector control in a synchronous reference frame is the best way to control the permanent
magnet synchronous machine (PMSM). The field-oriented control is used to control the spatial
vectors of magnetic flux, stator current and voltage. As with field-oriented vector control of the
three-phase asynchronous machine, the synchronous reference system chosen to drive PMSM
allows the stator current vector to decompose into the field-generating component and torque
component. The structure of the vector control leads to almost identical operation with the self-
excited DC machine, which simplifies the structure of the PMSM control. In order to achieve
the high dynamic performances in the PMSM drive, the vector control has been chosen. In this
way, the parameters of the PMSM become constant. The d-axis stator component determines
the magnetic flux changes, and the q-axis stator component is responsible to control the
mechanical units: torque and speed.

The block diagram for vector control of the permanent magnet synchronous machine is shown
in Figure 3 [5].

In order to make the vector control, the following methodology should be applied:

1. Measurement of the three-phase stator currents.

2. By using the direct (forward) Clarke transformation (in order to obtain the equivalent two-
phase PMSM model in fixed coordinates):

iα tð Þ ¼ iA tð Þffiffiffi
2

p

iβ tð Þ ¼ iA tð Þ þ 2iB tð Þffiffiffi
6

p :

(12)

The above-deducted equation is based on the existence of the isolated stator windings neutral (8).

3. Direct Park transformation (based on the measured or estimated rotor angle)

id tð Þ ¼ iα tð Þ cosθþ iβ tð Þ sinθ
iq tð Þ ¼ �iα tð Þ sinθþ iβ tð Þ cosθ (13)

4. The cascaded loop control of the two main axes: the mechanical and magnetic field.

5. The inverse (reverse) Park (IPARK) and Clarke (ICLARKE) transformations in order to
deliver the reference switching states to the three-phase power inverter:

iα tð Þ ¼ id tð Þ cosθ� iq tð Þ sinθ
iβ tð Þ ¼ id tð Þ sinθþ iq tð Þ cosθ (14)

iA tð Þ ¼ iα tð Þ ffiffiffi
2

p

iB tð Þ ¼
ffiffiffi
6

p
iβ tð Þ � iA tð Þ

2
iC tð Þ ¼ � iA tð Þ þ iB tð Þ½ �

(15)
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The voltage source power inverter supplies the stator windings of the PMSM with the ade-
quate reference voltages such that the objectives of the control are attained.

The general mathematical model of PMSM in a synchronous reference frame (d, q) is as follows:

did
dt

¼ � R
Ld

id þ
Lq
Ld

ωriq þ 1
Ld

ud

diq
dt

¼ �
_θrLd
Lq

id � R
Lq

iq � ψ0

Lq
ωr þ 1

Lq
uq

dωr

dt
¼ 1

J
Te � F

J
ωr � p

J
Tl

dθr

dt
¼ ωr

8>>>>>>>>>>>>><
>>>>>>>>>>>>>:

(16)

with the electromagnetic torque Te ¼ 3pψ0
2 iq þ 3p Lq�Ldð Þ

2 idiq.

Synchronous motors with permanent magnets (with permanent magnet rotor inside, aniso-
tropic PMSM) have different inductances q and d (Lsq > Lsd). For an isotropic PMSM, the
inductances are equal: Lsq = Lsd.

The used symbols in the mathematical PMSM model are: J [kg m2], the reduced inertia to the
rotor shaft; Te [Nm], Tl [Nm], the electromagnetic torque and load torque; ud, the direct axis
component of the stator voltage [Vrms]; uq, the quadrature axis component of the stator
voltage [Vrms]; id, the direct axis component of the stator current [Arms]; iq, the quadrature
axis component of the stator current [Arms]; θ, electric rotor angle [rad elect]; Ω, angular
mechanical velocity [rad/s]; p, pole pairs.

4.2.1. Design of the current controller

In order to design the current control, the second Kirchhoff Law is applied to the stator
equivalent circuit:

Figure 3. Block diagram for vector control of PMSM.
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Lph
di
dt

¼ �Rph � iþ u (17)

The corresponding transfer function is as follows:

G sð Þ ¼ I
U∗ ¼

1
Lphsþ Rph

¼ g
1þ sτ

(18)

where τ ¼ Lph
Rph

and g ¼ 1
Rph

.

By taking into consideration the step reference signal of the current loop, the proportional
integral control is involved:

C sð Þ ¼ U∗

EI
¼ Kp þ KI

s
(19)

The performance specifications of the PI control are:

• The bandwidth of the current loop (Hz) f c.

• The damping coefficient ζ.

The open loop transfer function is

L sð Þ ¼ C sð ÞG sð Þ, (20)

and the closed loop transfer function is

F sð Þ ¼ L sð Þ
1þ L sð Þ ¼

g KI þ KPsð Þ
τs2 þ s gKP þ 1

� �þ gKI
¼ gKI

τ

1þ s KP
KI

s2 þ s gKPþ1
τ þ gKI

τ

: (21)

The denominator of the closed loop transfer function could be written in the standard form of
the second-order system:

s2 þ 2ζω0sþ ω2
0 (22)

where the natural pulsation is denoted by ω0 (Table 1).

Switching frequency (kHz) The damping coefficient The bandwidth (Hz)

8 1.5 1200

4 1.5 850

2 1.5 600

Table 1. The bandwidth of the current loop at different switching frequency.
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By comparing Eq. (21) with Eq. (22), the parameters of the PI current control are obtained:

KI ¼ τ
g
ω2

0 ¼ Lphω2
0

KP ¼ 2ζω0τ� 1
g

¼ 2ζω0Lph � Rph

(23)

The calculated poles of the closed loop current system are as follows:

s1,2 ¼ ω0 �ζ�
ffiffiffiffiffiffiffiffiffiffiffiffiffi
ζ2 � 1

q� �
(24)

The connection between the bandwidth and the natural pulsation is based on the below-
mentioned equation:

ω0 ¼ 2π
f c
2ζ

� �
(25)

4.2.2. Design of the speed controller

Taking into account that the reference speed signal is the ramp type, the speed control design is
based on the symmetrical optimum, the PI controller can be deducted:

Cv sð Þ ¼ T∗
e

Ev
¼ Kpv þ KIv

s
(26)

τ3 ¼ 4TΣn, (27)

τ4 ¼ 8TΣn
2kTT

kTIJ
, (28)

with the specific constants [6]:

TΣn ¼ 2TΣi þ TTN, km ¼ 3
2
pψ0, kTT ¼ 10

1:2 �Ωr

rot=min
V

� �
, kTI ¼ 10

Iqmax

V
A

� �
: (29)

The equivalent controller parameters are as follows:

Kpv ¼ τ3
τ4

KIv ¼ 1
τ4

(30)

5. Optimal control of the electrical drives with PMSM

The high-efficiency PMSM during steady state is obtained at the rated load. During the
transient regime, the main loss component into the PMSM drive system is the stator copper
losses. For the PMSM operating in often dynamic regimes, the optimal control based on the
energetic criteria should be taken into account.
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5.1. Optimal control problem statement

The optimal control problem statement consists of defining the dynamic system, the objectives,
the initial and final conditions and the functional. The functional or the performance index
includes the combination of the independent states weighted by the matrices defined by the
designer of the drive system. In order to include the energy terms, the quadratic performance
index is chosen. The optimal control problem consists in finding the control which minimizes
the performance index. The optimal control problem is unconstrained. By adequately choosing
the weighted matrices, the boundary restriction of the states is provided.

The objectives of the optimal electric drive based on the PMSM are regulation (by obtaining
zero steady-state error), stability (admissible electrical and mechanical limits), rejection of the
perturbation and energy reduction.

The dynamic regimes of PMSM drive (starting, braking and reversing) are characterized by the
absorption of large currents, high slipping and a significant reduction in conversion efficiency
(below 50%).

Other side effects are increased power loss in the PMSM, therefore worsening of its thermal
regime, reducing life span and increasing the harmonic pollution of the power supply network.

For these reasons it is proposed an optimal control based on energy minimization. The optimal
controller has in view the minimization of the absorbed energy necessary to fulfil the required
dynamic regimes.

5.1.1. The dynamic system

The constant flux is considered. Therefore, the imposed reference of the d-axis stator current is
fixed at zero: i*sd = 0. Taking into account that the speed of the magnetic field wave is the same
as of the mechanical rotor in synchronous machine case, to implement the FOC, it is necessary
only to measure the mechanical speed, delivering the necessary angle for inverse Park trans-
formation (Figure 3).

The state-space mathematical model of the PMSM is as follows [7]:

ω
o
r tð Þ

isq
o
tð Þ

2
4

3
5 ¼

� Fv
J

3pΨ0

2J

�Ψ0

Ls
�Rs

Ls

2
664

3
775 � ωr tð Þ

isq tð Þ
� �

þ
0
1
Ls

2
4

3
5 � usq tð Þ þ � 1

J
0

2
4

3
5 � Tl tð Þ (31)

By noting the state vector x tð Þ ¼ ωm tð Þ
isq tð Þ

� �
, u is the control vector; u(t) = usq tð Þ� �

, and the

perturbation vector isw(t) = Tl tð Þ½ � ; the mathematical model of the PMSM in the standard state
space can be configured:

_x tð Þ ¼ Ax tð Þ þ Bu tð Þ þGw tð Þ (32)

The initial and final conditions are stated for a starting:

Advanced Control of the Permanent Magnet Synchronous Motor
http://dx.doi.org/10.5772/intechopen.80086

201



By comparing Eq. (21) with Eq. (22), the parameters of the PI current control are obtained:

KI ¼ τ
g
ω2

0 ¼ Lphω2
0

KP ¼ 2ζω0τ� 1
g

¼ 2ζω0Lph � Rph

(23)

The calculated poles of the closed loop current system are as follows:

s1,2 ¼ ω0 �ζ�
ffiffiffiffiffiffiffiffiffiffiffiffiffi
ζ2 � 1

q� �
(24)

The connection between the bandwidth and the natural pulsation is based on the below-
mentioned equation:

ω0 ¼ 2π
f c
2ζ

� �
(25)

4.2.2. Design of the speed controller

Taking into account that the reference speed signal is the ramp type, the speed control design is
based on the symmetrical optimum, the PI controller can be deducted:

Cv sð Þ ¼ T∗
e

Ev
¼ Kpv þ KIv

s
(26)

τ3 ¼ 4TΣn, (27)

τ4 ¼ 8TΣn
2kTT

kTIJ
, (28)

with the specific constants [6]:

TΣn ¼ 2TΣi þ TTN, km ¼ 3
2
pψ0, kTT ¼ 10

1:2 �Ωr

rot=min
V

� �
, kTI ¼ 10

Iqmax

V
A

� �
: (29)

The equivalent controller parameters are as follows:

Kpv ¼ τ3
τ4

KIv ¼ 1
τ4

(30)

5. Optimal control of the electrical drives with PMSM

The high-efficiency PMSM during steady state is obtained at the rated load. During the
transient regime, the main loss component into the PMSM drive system is the stator copper
losses. For the PMSM operating in often dynamic regimes, the optimal control based on the
energetic criteria should be taken into account.

Electric Machines for Smart Grids Applications - Design, Simulation and Control200

5.1. Optimal control problem statement

The optimal control problem statement consists of defining the dynamic system, the objectives,
the initial and final conditions and the functional. The functional or the performance index
includes the combination of the independent states weighted by the matrices defined by the
designer of the drive system. In order to include the energy terms, the quadratic performance
index is chosen. The optimal control problem consists in finding the control which minimizes
the performance index. The optimal control problem is unconstrained. By adequately choosing
the weighted matrices, the boundary restriction of the states is provided.

The objectives of the optimal electric drive based on the PMSM are regulation (by obtaining
zero steady-state error), stability (admissible electrical and mechanical limits), rejection of the
perturbation and energy reduction.

The dynamic regimes of PMSM drive (starting, braking and reversing) are characterized by the
absorption of large currents, high slipping and a significant reduction in conversion efficiency
(below 50%).

Other side effects are increased power loss in the PMSM, therefore worsening of its thermal
regime, reducing life span and increasing the harmonic pollution of the power supply network.

For these reasons it is proposed an optimal control based on energy minimization. The optimal
controller has in view the minimization of the absorbed energy necessary to fulfil the required
dynamic regimes.

5.1.1. The dynamic system

The constant flux is considered. Therefore, the imposed reference of the d-axis stator current is
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By noting the state vector x tð Þ ¼ ωm tð Þ
isq tð Þ

� �
, u is the control vector; u(t) = usq tð Þ� �

, and the

perturbation vector isw(t) = Tl tð Þ½ � ; the mathematical model of the PMSM in the standard state
space can be configured:

_x tð Þ ¼ Ax tð Þ þ Bu tð Þ þGw tð Þ (32)

The initial and final conditions are stated for a starting:
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x0 ¼
ωr t0ð Þ
isq t0ð Þ
����

���� ¼
0
0

����
����, t0 ¼ 0 s½ � (33)

x1 ¼
ωrN

0

����
����, t1 ¼ 0:4 s½ � (34)

The performance criterion is based on the quadratic functional having in view both the steady-
state and dynamic-state performances.

The chosen performance criterion [8] is as follows:

J ¼ 1
2
x t1ð Þ � x1½ �TS x t1ð Þ � x1½ �

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
Λjt¼t1

þ 1
2

ðt1
t0

xT tð Þ Qx tð Þ þ uT tð Þ Ru tð Þ� �
dt (35)

in which Λjt¼t1 is the terminal cost.

The weighting matrices are designed such that S ≥ 0 and Q ≥ 0 are positive semidefinite; S has
in view the minimization of the square error between the obtained final state and the imposed
one at the final time t1; Q has in view the smooth angular speed without oscillations and
minimization of the stator copper losses.

R > 0 is positive definite, in order to assure the minimum condition existence and to limit the
magnitude of the control.

The optimal problem consists of determining the control, u*(t), which minimizes the quadratic
functional (35):

Jmin ¼ J u∗ð Þ (36)

The electrical drive system based on the PMSM is completely controllable and observable.
Therefore, the existence of the minimum is assured.

By taking into consideration the above-mentioned conditions, the optimal problem is uncons-
trained, fixed time and free-end point.

5.2. The solution of the optimal control problem

The solution of the optimal control problem exists, and it is unique thanks to the complete
controllability and observability of the dynamic system by adequate choosing of the weighting
matrices: Q, S ≥ 0 and R > 0 [8].

5.2.1. Hamiltonian of the optimal problem

By knowing the dynamic system and the integral part of the performance index, the Hamilto-
nian of the proposed problem can be determined:
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H p; x; u; tð Þ ¼ 1
2

xT tð Þ Qx tð Þ þ uT tð ÞRu tð Þ þ pT tð Þ � xo tð Þ
h i

(37)

Through the Hamiltonian (37) the unknown co-state vector is introduced p(t)∈ℜ2.

By using the necessary conditions of the optimality:

∂Λ
∂x

����
x∗ t1ð Þ

� p t1ð Þ ¼ 0 (38)

∂H
∂x

����
∗
þ _p tð Þ ¼ 0 (39)

∂H
∂u

����
∗
¼ 0, (40)

both the canonical system and the optimal control are obtained:

_x∗ tð Þ ¼ ∂H
∂p

x∗ tð Þ;p tð Þ;u∗ tð Þ; t½ �

_p tð Þ ¼ � ∂H
∂x

x∗ tð Þ;p tð Þ;u∗ tð Þ; t½ �
(41)

By using Eq. (40), the optimal control is obtained:

u∗ tð Þ ¼ �R�1BTp tð Þ (42)

The canonical system can be solved by knowing the initial and final conditions: x(t0) = x0 and p(t1).

The final condition for the co-state vector is obtained by the transversality condition:

p∗ t1ð Þ ¼ ∂Λ
∂x

x∗ t1ð Þ½ � (43)

p∗ t1ð Þ ¼ S x t1ð Þ � x1½ � (44)

The co-state and state vectors are the solutions of the canonical system (41).

The adopted nonrecursive solution of the MRDE in numerical form [8] at any instant t has been
found:

usq∗ tð Þ ¼ R�1BT �P t1 � tð Þx tð Þ þK1 t1 � tð Þx1 þK2 t1 � tð Þw tð Þ½ �, (45)

where the feedback gain matrix P(t1 � t) is computed as the solution of the nonrecursive
MRDE, the matrix K1 takes into consideration the zero steady-state error at the final time t1
(i.e. to achieve the imposed reference x1 at the final time t1) and the matrix K2 has in view the
feedforward compensation of the load torque. The matricesK1 and K2 are calculated via P(t1 � t),
where t1 – tmeans the time remaining until the final time [8].
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6. Numerical results

Both the vector control and optimal control (45) of the PMSM drive system (31) have been
implemented in Matlab-Simulink, and numerical results based on the discretization using Z
transform and zero order hold for a starting of a 2.81 [kW] and 1420 [rpm] PMSM under a
rating load of 19 [Nm].

6.1. Vector control of the PMSM

For operation at rated regime, the magnetizing flux is maintained constant. Therefore, the d-
axis stator component is set to zero value, i∗sd tð Þ ¼ 0 [A].

By using an elevator prototype, the experimental results are provided. The optimal control has
been implemented on ControlDesk, the dSpace real-time interface.

The Matlab-Simulink vector control implementation of the PMSM is shown in Figure 4.
The performance of the speed controller is depicted in Figure 5 under a rated load torque
(Figure 6). The PMSM drive is tested in both dynamic and steady-state regimes. The starting,
breaking and speed reversal are shown in Figure 5. In Figures 5–10, the appropriate signals of
the PMSM drive system based on the vector control are shown.

In Figures 7 and 8, the stator current controller performances are shown. In Figure 9, the two-
phase stator currents are obtained. At the same time, in Figures 9 and 10, the appropriate d and
q stator voltage components are depicted.

Figure 4. The Simulink implementation of the PMSM vector control.
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6.2. Optimal control of the PMSM

The problem formulation supposes the initial and final condition specification. The initial
conditions are formulated for a starting: to = 0 [s], n(to) = 0 and isq(to) = 0. The final conditions
are t1 = 0.4 [s], n1 = 1420 [rpm] and isq(t1) = 0. The implemented optimal control of the PMSM

Figure 5. Speed reference and the actual speed.

Figure 6. The rated load torque of the elevator.
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conducts to the specific speed reference as in Figure 11. At the same time, the performances of
the speed controller are shown in Figure 11.

The performances of the speed and current (d-axis, q-axis) controllers are depicted in Figures 11–13.
The shape of the stator phase current (Figure 14) and the developed electromagnetic torque
(Figure 15) depend on the reference speed (Figure 11).

Figure 7. The d-axis stator current controller.

Figure 8. The q-axis stator current controller.
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Figure 9. The phase stator currents.

Figure 10. The stator voltage components.

Figure 11. The performances of the optimal speed controller.
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6.3. dSpace control of the PMSM: experimental results

For the PMSM the same speed profiles have been implemented as in simulation tool. The
optimal control has been implemented on the dSpace platform in order to control an elevator
(Figures 16–18).

Figure 12. The q-axis current controller.

Figure 13. The d-axis current controller.
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Figure 14. The stator phase current.

Figure 15. The electromagnetic torque.

Figure 16. The stator phase currents (U,V) for the PMSM [9].
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7. Conclusions

The field-oriented control of the PMSM has the main advantage of decoupling torque from the
magnetization flux. Therefore, the parameters of the PMSM do not depend on the rotor
position; the stator and rotor currents are treated as DC quantities. The PMSM control is in
cascaded manner, the torque control and magnetic flux control being independent; the quick
torque response is obtained.

The synchronous machine with permanent magnets is a serious contender for their use in
specific applications: irrigation, wind turbines, conveyor belts and elevators.

Figure 18. The ControlDesk real-time interface for controlling PMSM [9].

Figure 17. The stator voltage of the PMSM [9].
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It is noted that by introducing an optimal regulator, the state vector is limited due to the proper
choice of the weighting matrices. By minimizing the quadratic performance index, energy
saving is initiated.

In Figure 6, the removal of the system disturbance at t = 0.02 s in a relatively small period
compared to the evolution of the process is shown.

The reduction of the energy assures either an increase of the operational period of the electrical
drive components or the permanent magnet synchronous motor overload permission.
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The synchronous machine with permanent magnets is a serious contender for their use in
specific applications: irrigation, wind turbines, conveyor belts and elevators.

Figure 18. The ControlDesk real-time interface for controlling PMSM [9].

Figure 17. The stator voltage of the PMSM [9].
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It is noted that by introducing an optimal regulator, the state vector is limited due to the proper
choice of the weighting matrices. By minimizing the quadratic performance index, energy
saving is initiated.

In Figure 6, the removal of the system disturbance at t = 0.02 s in a relatively small period
compared to the evolution of the process is shown.

The reduction of the energy assures either an increase of the operational period of the electrical
drive components or the permanent magnet synchronous motor overload permission.
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In recent years, brushless direct current motor (BLDCM) applications have been
increased due to their advantages as low size, mechanical torque, high-speed range, to
mention some. The BLDCM control is required to operate at high frequency, high
temperature, large voltage, and quick changes of current; as a result of this kind of
operation, the power drive lifetime is affected. The power drives commonly utilized
insulated gate bipolar transistors (IGBTs) and metal oxide semiconductor field effect
transistors (MOSFETs), which present power losses, on-state losses, and switching
losses caused by temperature oscillations. Hence, the power losses are related to the
command signals generated by the controller. In this sense, the BLDC motor drive
controller design, frequently, does not take into account the power losses and the
temperature oscillations, which cause the IGBT lifetime decrease or premature fail. In
this chapter, a brushless DC motor drive is designed based on a fuzzy controller tuned
with the particle swarm optimization algorithm, where the temperature oscillations and
speed set points are considered in order to increase IGBT module lifetime. The valida-
tion of the proposed fuzzy-PSO controller is carried out by the co-simulation between
LabVIEW™ and Multisim™ and finally analysis and conclusion of the work.
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the speed set point and the second one is the power electronic lifetime. The BLDC motor
covers a wide range of applications in several fields as the robotic systems, aerospace
industry, medical industry, automotive industry, and electronic devices [8, 17, 25, 32].
Their structure of control is integrated by BLDC motor stage, power drive stage, and
sensor stage. The power drive is integrated by semiconductors as IGBTs and MOSFETs,
these semiconductors frequently work under high thermal stress to reach the mechanical
reference of speed, and in some cases, after a certain period of operation, they are dam-
aged due to the generation of command signals by the speed controller [7, 9, 12, 23, 34,
35]. There are several methods to predict and evaluate the lifetime of power electronics
devices [34], the manufactures develop these studies as an estimation of certain conditions
and operation features, but in some applications, these conditions are not always the same
and change according to the control objective, which affects the power electronics lifetime
used. For these reason, it is important that the controller design not only considers the
mechanical references such as position and velocity in the case of BLDCM, as well as the
lifetime of semiconductors [10, 22, 23, 24, 33, 34, 35]. Hence, a great effort for predicting
and improving the lifetime in semiconductors has been pushing to develop new control
algorithms that help to improve the conditions in the semiconductor [16]. In this chapter,
the designed controller uses an optimization process based on an objective function that
takes into account the temperature of the power electronic stages in order to increase their
lifetime, and tracking motor speed reference [1, 10]. Thus, PSO algorithm has been
implemented to optimize the controller proposed as in [13, 18, 21, 27, 30], due to its few
parameters that need to be tuned and its easy implementation. Finally, the proposed
controller in BLDCM is validated through co-simulation, which helps to combine two or
more specialized programs utilizing advanced models and avoiding implementation prob-
lems between the control systems and power electronics stage [11, 14, 15].

2. Structure and drive mode of BLDC motor

2.1. Types of BLDCM drives

The BLDC motor drive employs a permanent magnet alternating current; the stator windings are
commonly star connection, when voltage source is applied between any two terminals, the
current flows between two phases, leaving one of the three without energy, and as a result, only
one current at a time needs to be controlled. This kind of operation is known as back electromotive
force (EMF) and Figure 1 shows the waveform in the BLDC motor with two phases active.

According to their physical position, the output is related to 60� or 120� phase shift to each
other. To drive the windings, a sequence of commutation is necessary; this kind of operation is
commonly called “six-step commutation.” The trapezoidal waveform is due to the rotor
revolving in a counterclockwise direction, for example, to phase A, after the 120� rotation to
the top conductor of phase.

The motor position must be measured by three Hall effect sensors (A, B, and C) so a voltage
is sent to the specific coils to control the speed and position of the brushless motor [3, 25]. A
standard circuit to drive BLDCM in Multisim™ program is shown in Figure 2.
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Figure 1. Trapezoidal EMF.

Figure 2. BLDCM drive in Multisim™ for co-simulation.

Optimization of Fuzzy Logic Controllers by Particle Swarm Optimization to Increase the Lifetime in Power…
http://dx.doi.org/10.5772/intechopen.79212

215



the speed set point and the second one is the power electronic lifetime. The BLDC motor
covers a wide range of applications in several fields as the robotic systems, aerospace
industry, medical industry, automotive industry, and electronic devices [8, 17, 25, 32].
Their structure of control is integrated by BLDC motor stage, power drive stage, and
sensor stage. The power drive is integrated by semiconductors as IGBTs and MOSFETs,
these semiconductors frequently work under high thermal stress to reach the mechanical
reference of speed, and in some cases, after a certain period of operation, they are dam-
aged due to the generation of command signals by the speed controller [7, 9, 12, 23, 34,
35]. There are several methods to predict and evaluate the lifetime of power electronics
devices [34], the manufactures develop these studies as an estimation of certain conditions
and operation features, but in some applications, these conditions are not always the same
and change according to the control objective, which affects the power electronics lifetime
used. For these reason, it is important that the controller design not only considers the
mechanical references such as position and velocity in the case of BLDCM, as well as the
lifetime of semiconductors [10, 22, 23, 24, 33, 34, 35]. Hence, a great effort for predicting
and improving the lifetime in semiconductors has been pushing to develop new control
algorithms that help to improve the conditions in the semiconductor [16]. In this chapter,
the designed controller uses an optimization process based on an objective function that
takes into account the temperature of the power electronic stages in order to increase their
lifetime, and tracking motor speed reference [1, 10]. Thus, PSO algorithm has been
implemented to optimize the controller proposed as in [13, 18, 21, 27, 30], due to its few
parameters that need to be tuned and its easy implementation. Finally, the proposed
controller in BLDCM is validated through co-simulation, which helps to combine two or
more specialized programs utilizing advanced models and avoiding implementation prob-
lems between the control systems and power electronics stage [11, 14, 15].

2. Structure and drive mode of BLDC motor

2.1. Types of BLDCM drives

The BLDC motor drive employs a permanent magnet alternating current; the stator windings are
commonly star connection, when voltage source is applied between any two terminals, the
current flows between two phases, leaving one of the three without energy, and as a result, only
one current at a time needs to be controlled. This kind of operation is known as back electromotive
force (EMF) and Figure 1 shows the waveform in the BLDC motor with two phases active.

According to their physical position, the output is related to 60� or 120� phase shift to each
other. To drive the windings, a sequence of commutation is necessary; this kind of operation is
commonly called “six-step commutation.” The trapezoidal waveform is due to the rotor
revolving in a counterclockwise direction, for example, to phase A, after the 120� rotation to
the top conductor of phase.

The motor position must be measured by three Hall effect sensors (A, B, and C) so a voltage
is sent to the specific coils to control the speed and position of the brushless motor [3, 25]. A
standard circuit to drive BLDCM in Multisim™ program is shown in Figure 2.

Electric Machines for Smart Grids Applications - Design, Simulation and Control214

Figure 1. Trapezoidal EMF.

Figure 2. BLDCM drive in Multisim™ for co-simulation.

Optimization of Fuzzy Logic Controllers by Particle Swarm Optimization to Increase the Lifetime in Power…
http://dx.doi.org/10.5772/intechopen.79212

215



2.2. States space model

According to [25], the BLDCM can be represented by Eq. (1) where R is the stator resistance per
phase, ias, ibs, and, ics are the stator phase current, and eas, ebs, and ecs are the rotating back-EMF
that are produced by the winding flux linkage caused by rotating rotor.
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The induced EMF is given by the Eq. (2)

eas ¼ ωψmf as θð Þ
ebs ¼ ωψmf bs θð Þ
ecs ¼ ωψmf cs θð Þ

(2)

where f as θð Þ, f bs ¼ f as θ� 2π=3ð Þ and f cs ¼ f as θþ 2π=3ð Þ are the back-EMF waveform function
of phase, respectively. ψm is the maximum value of PM; the flux linkage of each winding as
ψm ¼ 2NSBm. On the other hand, the dynamic features of BLCDM are expressed in state
equations as shown in Eq. (3):
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where windings are symmetrical, the self-inductance will be equal, and so as the mutual
inductance, Las ¼ Lbs ¼ Lcs ¼ L and Lab ¼ Lbc ¼ Lca ¼ M. The electromagnetic torque is given
in Eq. (4):

Te ¼ ψm f as θrð Þias þ f bs θrð Þibs þ f cs θrð Þics
� �

N:mð Þ (4)

and, the complete model of the electromechanical system is described by Eq. (5):

Te � Tl ¼ J _ωm þ Bωm (5)

where Tl is the load torque, J is the rotor moment of inertia, and B is the viscous coefficient.
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3. Power losses

3.1. Semiconductor losses

Power losses can be classified as on-state losses and switching losses. The IGBT power losses in
on-state are calculated by Eq. (6):

PCT ¼ uCEO∗ICav þ rcI2Crms (6)

and the diode power losses in on-state are calculated by Eq. (7):

PCD ¼ uDO∗IDav þ rDI2Drms (7)

These can also be estimated using datasheet information of Figure 3. On the other hand, the
IGBT energy losses in turn-on are given by Eq. (8):

EonT ¼
ð

ton
uCEO∗iC tð Þð Þdt (8)

and, the energy losses in turn-off are given by Eq. (9):

Figure 3. The uCEO and rc rc ¼ ΔUce=ΔIcð Þ values of datasheet diagram.
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EoffT ¼
ð

toff
uCEO∗iC tð Þð Þdt (9)

On the other hand, the diode energy losses in turn-on are mostly presented when the reverse-
recovery energy occurs, and they are given by:

EonD ¼
ð

toff
uD tð Þ∗iF tð Þð Þdt (10)

The switch-off losses in the diode are commonly neglected EoffD ≈ 0. In consequence, the
switching losses in the IGBT are calculated in Eq. (11) as:

PswT ¼ EonT þ EoffT
� �

∗Fsw (11)

In the case of a diode, they are given as the product of switching energies and the switching
frequency Fsw as shown in Eq. (12).

Figure 4. The uDO and rD rd ¼ ΔUce=ΔIcð Þ values of datasheet diagram.
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PswD ¼ EonD þ EoffD
� �

∗ Fswð Þ ≈EonD∗ Fswð Þ (12)

Finally, the total losses are calculated by Eq. (13).

W ¼ PCT þ PswT þ PCD þ PswD (13)

Besides, the IGBT and diode switching losses can be estimated from characteristic curve
provided by datasheet of manufactures as shown in Figures 3, 4 and 5, respectively [5]. Using
the equivalent circuit of Figure 6(a), where W is a module power loss, Tj is the junction
temperature IGBT chip, Tf is the heat sink temperature, Tc is the module case temperature, Ta

is the ambient temperature, Rth j�cð Þ is the thermal resistance between case and heat sink, Rth c�fð Þ
is the contact thermal resistance between case and heat sink, and Rth f�að Þ is the thermal
resistance between heat sink and ambient air. The junction temperature Tj can be calculated
using the thermal Eq. (14), according to [1, 10].

Tj ¼ W∗ Rth j� cð Þ þ Rth c� fð Þ þ Rth f � að Þð Þ þ Ta (14)

Modeling of commutation and conduction losses as well as the temperature profiles on IGBT
junction is done by electrothermic networks considering averages on a modulation period as
shown in Figure 6(b).

Figure 5. Switching energy losses as a function of collector current.
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4. Power cycle life

The power cycle life can be calculated from the power cycle capability curve that shows the
relation between the temperature change ΔTj and the number cycles. An example of the
temperature changes is shown in Figure 7.

Figure 6. (a) Thermal resistance equivalent circuit, (b) electrothermal model.

Figure 7. Pattern diagram flow current of ΔTj power cycle and temperature change.
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During the ΔTj power cycle tests, the junction temperature goes up and down in a short time
cycle; as a consequence, the temperature difference between silicon and bonding wire results
in thermal stress. The ΔTj power cycle lifetime is mainly limited by the aluminum bonding
wire joints. Figure 8 shows the power cycle capability curve of the IGBT module to
ΔTjmin ¼ 25

�
C and to ΔTjmax ¼ 150

�
C according to [5].

On the other hand, the cycles before failure (CBF) can be calculated by Eq. (15), according to
[28, 29].

CBF ¼ 541162959016419∗ΔT�5:12121 (15)

where Δ T ¼ PtZth, Pt ¼ I2rmsRon, and Zth ¼ 2:3354F�0:165
r , and the time before failure (TBF) can

be calculate in years by Eq. (16).

TBF ¼ CF
Fr

∗60∗24∗265 years (16)

where Fr is the frequency of the thermal oscillations [5, 29]. Table 2 shows the parameters of
IGBTs, which are considered in Multisim co-simulation; these parameters are obtained from
datasheet of IGBT 10-0B066PA00Sb-M992F0 [24].

Figure 8. Power cycling lifetime curve.
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4. Power cycle life
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Figure 6. (a) Thermal resistance equivalent circuit, (b) electrothermal model.
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Electric Machines for Smart Grids Applications - Design, Simulation and Control220

During the ΔTj power cycle tests, the junction temperature goes up and down in a short time
cycle; as a consequence, the temperature difference between silicon and bonding wire results
in thermal stress. The ΔTj power cycle lifetime is mainly limited by the aluminum bonding
wire joints. Figure 8 shows the power cycle capability curve of the IGBT module to
ΔTjmin ¼ 25

�
C and to ΔTjmax ¼ 150

�
C according to [5].

On the other hand, the cycles before failure (CBF) can be calculated by Eq. (15), according to
[28, 29].

CBF ¼ 541162959016419∗ΔT�5:12121 (15)

where Δ T ¼ PtZth, Pt ¼ I2rmsRon, and Zth ¼ 2:3354F�0:165
r , and the time before failure (TBF) can

be calculate in years by Eq. (16).

TBF ¼ CF
Fr

∗60∗24∗265 years (16)

where Fr is the frequency of the thermal oscillations [5, 29]. Table 2 shows the parameters of
IGBTs, which are considered in Multisim co-simulation; these parameters are obtained from
datasheet of IGBT 10-0B066PA00Sb-M992F0 [24].

Figure 8. Power cycling lifetime curve.

Optimization of Fuzzy Logic Controllers by Particle Swarm Optimization to Increase the Lifetime in Power…
http://dx.doi.org/10.5772/intechopen.79212

221



5. Fuzzy logic controller

The fuzzy logic was proposed in [26] as a class of fuzzy sets with a continuum grade of
membership; hence, a useful methodology to design fuzzy logic controllers is based on a
linguistic phase plane [19, 20] as shown in Figure 9, where the error e tð Þ, change of error _e tð Þ ,
and the variation of current ic are considered as membership functions in the fuzzification
stage.

e tð Þ ¼ ec þ et (17)

_e tð Þ ¼ Δe tð Þ
Δt

¼ e tð Þ � e t� 1ð Þ (18)

Figure 9. Linguistic phase plane.

Rules Values Reference point

e _e ic

1 P Z P a,e,i

2 N N Z b,f,j

3 N Z N c,g,k

4 P P Z d,h,l

5 Z Z Z sp

6 P N P i(rt)v

7 N N N ii(os) vi

8 N P N iii,vii

9 P P P iv,viii

10 Z N P ix

11 Z P N xi

Note: The meaning of symbols is as follows, N: negative, Z: zero, P: positive, e: error, _e: error derivative, ic: output, sp: set
point, rt: rise time, os: overshot.

Table 1. Fuzzy control rules for Figure 12.
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Thus, Eq. (17) is defined as the sum of control error (ec) and error of temperature (et), where ec
is defined as the difference of the desired speed ed and the real speed er; on the other hand, et is
defined as et ¼ etd � etr, where etd is the desired temperature and etr is the real temperature.

The design of membership functions is according to Mamdani method; the knowledge base
can be expressed as if-then statements to design a rules base, which is shown in Table 1. At
last, the defuzzification stage gets a crisp value from the rule evaluation stage. Hence, the
method of the center of gravity is used to compute the crisp value and is given by Eq. (19).

z∗ ¼
Ð
μB zð Þ∙zdzÐ
μB zð Þdz (19)

So that, the fuzzy control design is carried out by means of the linguistic plane and the rules
presented in Table 1. Thus, the controller with small/big rise time as well as small/big over-
shoot is possible.

6. Particle swarm optimization

Particle swarm optimization (PSO) was developed by [4]; this method is based on the behavior
and movement of bird flocks looking for targets; this algorithm was developed to optimize
nonlinear and multidimensional functions as in [13, 18, 27, 30, 31]. PSO algorithm needs to
initialize the population in a random manner; each particle has a position xi tð Þ and velocity
vi tð Þ with respect to target; then in main loop stage, the xi tð Þ and vi tð Þ update each iteration;
this information is called best local position Pi tð Þ; on the other hand, between all population,
there exists a particle that is more closest with respect to the target and it is called global best
g tð Þ. Additionally, the position and velocity update are defined by:

vij kþ 1ð Þ ¼ ωvij kð Þ þ r1jC1 Pij kð Þ � xij kð Þ� �þ r2jC2 gj kð Þ � xij kð Þ
� �

(20)

xij kþ 1ð Þ ¼ xij kð Þ þ vij kþ 1ð Þ (21)

where

• i ¼ 1, 2,…, N, and N is the size of population;

• j ¼ 1, 2,…, D, and D is the number of dimensions;

• k ¼ 1, 2,…, iter, and iter is the maximum iteration number;

• xij kð Þ is the position of particle i, dimension j at iteration k;

• vij kð Þ is the velocity of particle i, dimension j at iteration k;

• Pij kð Þ is the local best position of particle i, dimension j at iteration k;

• gj kð Þ is the global best;

• ω is an inertia factor;
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• C is an acceleration constant; and

• r1, r2 are the independent random numbers, uniformly distributed in 0; 1ð Þ.
Thus, the primary objective is to find a minimal global value from the cost function to be
minimized as it is shown in the next pseudocode [31].

Step 1. Initialization.

For each particle of population N,

1. Initialize the position of each particle.

2. Initialize Pij kð Þ.
3. Initialize gj kð Þ.

4. Initialize vij kð Þ.

Step 2. Repeat until the criterion is satisfied.

For each particle of population N,

1. Set random numbers to r1j and r2j.

2. Update its velocity with Eq. (20).

3. Update its position with Eq. (21).

4. If xij kð Þ < Pij kð Þ, then
a. Update the best local position.

b. If Pij kð Þ < gj kð Þ, then update the best global position g kð Þ.

Step 3. Get the best solution g kð Þ:

7. Design of fuzzy-PSO controller

The design of controller considers two objectives, the first one reaches the desired motor speed,
and the second one is the increase of the semiconductor lifetime. The design of fuzzy-PSO
controller to the speed control of BLDCM is based on the diagram shown in Figure 11, where
μd is the desired speed and temperature, μt is the temperature sensed, and μc is the speed sensed.
Furthermore, one of the leading features is the definition of objective function; this is considered
as the sum of error of temperature et and error of speed ec, which is given by Eq. (22).

f c ¼ ec þ et (22)

where et is the difference between the desired temperature and the operating temperature; on the
other hand, ec is the difference between the desired speed and the real speed. In optimization

Electric Machines for Smart Grids Applications - Design, Simulation and Control224

Figure 10. Diagram of fuzzy-PSO control.

Figure 11. Input-output membership functions where e: error, _e : error derivative, and ic: output.
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process, Eq. (22) is defined as the cost function to be minimized, and each membership functions
proposed in Figure 10 are considered as a decision variable; finally, the mechanical capacity of
BLDC and thermal capacity of IGBT shown in Table 2 are the constraints of the controller
optimization.

8. Co-simulation design

The experimental frame is a set of assumptions to obtain the behavior trace and compare it with
a real world, which is carried out by co-simulation in order to analyze its dynamic response
during a specific period of time [6]. Hence, co-simulation helps to validate how it works under
specific assumptions [2, 6]. The problem solution of speed control and lifetime of power elec-
tronic components is developed with co-simulation tool of Labview™ and Multisim™, where
the BLDCM, the Hall effect sensors, and the six steps are simulated in Multisim™ and the

IGBT 10-0B066PA00Sb-M992F09

Parameter Value Unit

VCE 600 mH

RCE ONð Þ 0.1 Ω

IC 8–6 Vs/rad

TJ , junction temperature 80 to 175 Nm/A

RJ�S thermal resistance junction to sink 3.50 K/W

BLDC motor

Stator inductance 0.15 mH

Stator resistance 0.6 Ω

Velocity constant 0.03 Vs/rad

Torque constant 0.03 Nm/A

Number of poles 0.03

Parameter of IGBT in co-simulation Multisim™

IGBT control threshold 0.5 V

IGBT on resistance 0.1 meg Ω

IGBT off resistance 10 Ω

IGBT forward voltage drop 0.7 V

Diode on resistance 1 m Ω

Diode off resistance 10 meg Ω

Number of switches in parallel 1

Table 2. Experiment settings.
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parameter design of the BLDCM, the six IGBT 10-0B066PA00Sb-M992F09 [24], and the six-steps
inverter are shown in Table 2.

The proposal control is developed in Labview™ software and its response is shown in Figure 14,
and the PID and fuzzy control are developed with control design and simulation module and
fuzzy logic toolkit [19]; moreover, PSO algorithm is also developed in Labview™, and their
parameters are shown in Table 3.

Finally, the primary purpose of co-simulation is to analyze the complete behavior of the electric
drive with the proposed control.

Figure 12. BLDCM speed response.

Parameter Values

Population size 30

Social rate (c1) 0:005

Cognitive rate (c2) 0:002

Inertia factor (W) 0:002

Table 3. Parameters of PSO.
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9. Discussion and results

The proposed control considers two control objectives, the first one is to track the speed reference
and the second one is to keep the desired temperature to increase the lifetime of the IGBTs.
Furthermore, the fuzzy-PSO trade-off was tested with PID and fuzzy controllers in co-simulation
program, which were evaluated under 25, 30, 35, 40, 60, 80, and 100�C as a temperature desired,
10 and 5 m/s as the reference speed, respectively. As a result, the PID controller response reaches
set point of speed in a short time, but it does not present an improvement in the temperature of
semiconductors. The fuzzy logic controller improves the response when the desired temperature
values are at 40� and 60� and fuzzy-PSO controller presents the best response in order to accom-
plish the control objective because they reduce the overshoot of current when it reaches the
temperature and reference speed. Figures 13 and 14 show the response of controllers, and
Figure 12 shows the final membership function adaptation of fuzzy-PSO controller.

Table 4 shows the mean square error (MSE) of each controller under different desired temper-
atures, where the MSE of the fuzzy-PSO response shows good performance. To compare the
proposed control response with the traditional estimation, the cycles before failure (CBF) given
by Eq. (15) was computed to take into account the maximum temperature Tjmax, the change of
temperature, ΔT ¼ Tjmax � Tf , and the IGBT datasheet.

Table 5 shows the calculation of TBF of the PID, fuzzy, and fuzzy-PSO controllers according to
Eq. (16), and Figure 15 shows the behavior of the TBF versus temperature, where the fuzzy-
PSO controller reaches a longer lifetime.

Figure 13. PID, fuzzy, and fuzzy-PSO controllers under different temperatures.
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MSE/T 25� 30� 35� 40� 60� 80� 100�

PID 61.8 60.8 60.8 60.8 60.8 60.8 60.8

Fuzzy 44.4 44.9 44.5 33.2 39.0 43.7 44.5

Fuzzy-PSO 39.6 37.5 43.7 42.4 52.5 44.0 45.1

Table 4. MSE of controllers.

Figure 14. Tuning the input and output membership function parameters by means of the PSO.

Temperature TBF (in years) Temperature TBF (in years)

�
C PID �

C PID

25 0.004105201 25 0.004105201

30 0.005355432 30 0.005355432

35 0.005355432 35 0.005355432

40 0.00535696 40 0.00535696

60 0.00535696 60 0.00535696

80 0.00535696 80 0.00535696

100 0.00535696 100 0.00535696

Table 5. TBF of the controllers.
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10. Conclusions

In this chapter, a control design that takes into account the power electronics lifetime stage and
the speed set point for BLDCM is presented. The objective function of optimization is integrated
with the error of power stage temperature and the error of BLDCM speed. A voltage source
inverter with six IGBT to drive the BLDCM is considered as power stage, where the current
temperature in the power electronic stage, reference temperature, current motor speed, and
reference motor speed are considered in the controller design. The PID controller, fuzzy logic
controller, and fuzzy-PSO controller were designed and validated by NI Labview™ and
Multisim™ co-simulation software. As a result, the fuzzy-PSO controller obtains a good respo-
nse that increases the lifetime and reaches the set point desired due to the time that it takes to
reach the desired speed increases but it reduces the overshoot of current during the transition
time which produces minimal stress and degradation of the power electronic components.
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10. Conclusions

In this chapter, a control design that takes into account the power electronics lifetime stage and
the speed set point for BLDCM is presented. The objective function of optimization is integrated
with the error of power stage temperature and the error of BLDCM speed. A voltage source
inverter with six IGBT to drive the BLDCM is considered as power stage, where the current
temperature in the power electronic stage, reference temperature, current motor speed, and
reference motor speed are considered in the controller design. The PID controller, fuzzy logic
controller, and fuzzy-PSO controller were designed and validated by NI Labview™ and
Multisim™ co-simulation software. As a result, the fuzzy-PSO controller obtains a good respo-
nse that increases the lifetime and reaches the set point desired due to the time that it takes to
reach the desired speed increases but it reduces the overshoot of current during the transition
time which produces minimal stress and degradation of the power electronic components.
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Abstract

In this chapter, we have proposed a Luenberger observer linear systems diagnostic tech-
nique using the bond graph. Indeed, an observer can reconstruct or estimate the current
state of a real system using the available measurements, without prior knowledge of the
initial conditions. In addition, it allows to estimate the nonmeasurable states of a system.
The design of the observer is carried out using graphical methods from the structural
properties of the model bond graph becomes simple and practical to build. We presented
the bond graph approach for the construction of a full-order observer and proposed a new
BG-based observer diagnostic method. Subsequently, we presented the uncertain param-
eter systems modeled by the bond graph approach, and we also proposed a new method
for diagnosing systems with uncertain parameters by Luenberger observer. In the last part
of this chapter, we developed and proposed an observer bench diagnosis technique (BG-
DOS/BG-GOS) to detect and locate defects.

Keywords: robust diagnosis, bond graph, Luenberger observer, DC motor, generation of
robust residues

1. Introduction

Nowadays, the engineering sciences rely heavily on the estimation of the state of the systems.
Indeed, the complete knowledge of the state of a system is often necessary for the elaboration
of a control law or the setting up of a strategy of monitoring or diagnosis. In practice, the state
of a system is not always available and the input and output signals are the only quantities
accessible by measurement. The most widespread solution to this problem consists in coupling
to the system another auxiliary system, called estimator or observer of state. The observer
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provides an estimate of the state of the system based on its model and measurements of its
inputs and outputs. The observer conventionally used, within the framework of linear sys-
tems, is said to have proportional gain or Luenberger. In recent years, observer diagnosis is
used to estimate shareholder defects and sensor defects [1].

In this chapter, we show how the leap graph model can be used for modeling, simulation and
residual determination by Luenberger observers for diagnosis system.

2. Observer diagnosis

2.1. Observational diagnosis using the analytical model

The principle of diagnosis consists in estimating, by appropriate techniques, all the compo-
nents of the state vector or, more generally, the output of the process, using the error of
estimation as a residue [2].

This operation is carried out by means of a proportional observer. The functional diagram of
such a method is given in Figure 1.

The residue equations are defined as follows:

State estimation residue:

rx ¼ ~X ¼ x� x̂ (1)

Exit estimate residue:

ry ¼ ~Y ¼ y� ŷ ¼ C x� x̂ð Þ (2)

2.1.1. Residual in the case of normal operation

We consider a linear system whose equations of states are defined as follows:

_x tð Þ ¼ Ax tð Þ þ Bu tð Þ
y tð Þ ¼ Cx tð Þ

�
(3)

Figure 1. Observational diagnosis.
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The proportional state observer is defined by equations:

_̂x tð Þ ¼ Ax̂ tð Þ þ Bu tð Þ þ K y� ŷð Þ
ŷ tð Þ ¼ Cx̂ tð Þ

(
(4)

The state estimation or state reconstruction residual is by definition:

rx ¼ ~X ¼ x� x̂ (5)

For a proportional observer, the evolution of the residue r(t) is:

_rx ¼ A� KCð Þrx (6)

The Laplace transform of Eq. (6) is written:

rx pð Þ ¼ pI � Aþ KCð Þ�1r0 (7)

The output reconstruction residue is defined by:

ry ¼ ~Y ¼ y� ŷ ¼ C x� x̂ð Þ ¼ C~X ¼ Crx (8)

Hence using the previous result, Eq. (8) is written:

ry pð Þ ¼ C pI � Aþ KCð Þ�1r0 (9)

2.1.2. Residual with a sensor failure

We consider again the same linear system in which the measurements made are subjected to a
defect which we denote by fc(t) of unknown amplitude and appearing at an unknown time
(Figure 2):

Figure 2. Proportional observer with sensor fault.
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The equations of states become:

_x tð Þ ¼ Ax tð Þ þ Bu tð Þ
y tð Þ ¼ Cx tð Þ þ Ff c tð Þ

�
(10)

In order to diagnose the state of operation of the system, the states reconstruct or must be
sensitive to this bias and must highlight this sensor defect, isolate it and possibly quantify it.
The residue r(t) is:

_rx tð Þ ¼ A� KCð Þrx tð Þ þ Ff c tð Þ (11)

The equation is written using the Laplace transformation:

rx pð Þ ¼ pI � Aþ KCð Þ�1 r0 þ Ff c pð Þ� �
(12)

To see the error of reconstruction of output according to the biases of the sensors, we do not
take into account the initial conditions of or:

rx pð Þ ¼ I � C pI � Aþ KCð Þ�1KÞ
h i

Ff c pð Þ (13)

2.1.3. Residual with an actuator failure

In the case where the control applied to the system is misinterpreted by the actuator, the latter
introduces a fault which we denote by fa(t) (Figure 3).

The equation describing the faulty system is:

_x tð Þ ¼ Ax tð Þ þ Bu tð Þ þDf a tð Þ
y tð Þ ¼ Cx tð Þ þ Ff c tð Þ

�
(14)

For zero initial conditions, the expression of the state reconstruction residue is of the form:

rx pð Þ ¼ I � C pI � Aþ KCð Þ�1KÞ
h i

Ff c pð Þ þ C pI � Aþ KCð Þ�1Df a pð Þ (15)

Figure 3. Proportional observer with actuator fault.
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The output reconstruction residue is defined by equation:

rx pð Þ ¼ C pI � Aþ KCð Þ�1Df a pð Þ (16)

2.1.4. Residual with sensor and actuator failures

In this case, we have the addition of two defects at the system level:

• Fault at sensor fc(t);

• Fault at actuator fa(t).

The equations of the system are then written as follows:

_x tð Þ ¼ Ax tð Þ þ Bu tð Þ þDf a tð Þ
y tð Þ ¼ Cx tð Þ þ Ff c tð Þ

�
(17)

Applying the principle of superposition, since the system is linear, we can determine the
output reconstruction residue which is the sum of the residuals caused by the sensor alone
and the actuator alone. The expression of this residue is as follows:

rx pð Þ ¼ I � C pI � Aþ KCð Þ�1KÞ
h i

Ff c pð Þ þ C pI � Aþ KCð Þ�1Df a pð Þ (18)

This residue is sensitive to sensor and actuator defects.

2.2. Observational diagnosis using the bond graph model

2.2.1. Construction of a Luenberger observer based on model bond graph

To construct the observers, one must check the observability of the system. From a Bond Graph
perspective, proposed by [3], a system modeled by leap graph is structurally observable, if the
following two conditions are met:

• First condition: There is at least one causal path linking a sensor to each dynamic element I
or C in the integral causality when the hop graph is the preferred integral causal model.

• Second condition: All elements I or C admitting a derivative causality when we put the leap
graph model in derivative causality, and dualize the sensors.

Figure 4 presents, respectively, the proportional observer using the bond graph for elements I
and C [4].

2.2.2. Proportional observer diagnosis using the bond graph model

The observer provides an estimate of the state of the system based on its model and measure-
ments of its inputs and outputs. The observer conventionally used in linear systems is said to
have Proportional (P) or Luenberger gain [5].

Consider a continuous system described by the equation of state using the hop graph
represented in Figure 5:
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The output reconstruction residue is defined by equation:

rx pð Þ ¼ C pI � Aþ KCð Þ�1Df a pð Þ (16)

2.1.4. Residual with sensor and actuator failures

In this case, we have the addition of two defects at the system level:

• Fault at sensor fc(t);

• Fault at actuator fa(t).

The equations of the system are then written as follows:

_x tð Þ ¼ Ax tð Þ þ Bu tð Þ þDf a tð Þ
y tð Þ ¼ Cx tð Þ þ Ff c tð Þ

�
(17)

Applying the principle of superposition, since the system is linear, we can determine the
output reconstruction residue which is the sum of the residuals caused by the sensor alone
and the actuator alone. The expression of this residue is as follows:

rx pð Þ ¼ I � C pI � Aþ KCð Þ�1KÞ
h i

Ff c pð Þ þ C pI � Aþ KCð Þ�1Df a pð Þ (18)

This residue is sensitive to sensor and actuator defects.

2.2. Observational diagnosis using the bond graph model

2.2.1. Construction of a Luenberger observer based on model bond graph

To construct the observers, one must check the observability of the system. From a Bond Graph
perspective, proposed by [3], a system modeled by leap graph is structurally observable, if the
following two conditions are met:

• First condition: There is at least one causal path linking a sensor to each dynamic element I
or C in the integral causality when the hop graph is the preferred integral causal model.

• Second condition: All elements I or C admitting a derivative causality when we put the leap
graph model in derivative causality, and dualize the sensors.

Figure 4 presents, respectively, the proportional observer using the bond graph for elements I
and C [4].

2.2.2. Proportional observer diagnosis using the bond graph model

The observer provides an estimate of the state of the system based on its model and measure-
ments of its inputs and outputs. The observer conventionally used in linear systems is said to
have Proportional (P) or Luenberger gain [5].

Consider a continuous system described by the equation of state using the hop graph
represented in Figure 5:
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Figure 5. Schema of the continuous system described by bond graph.

Figure 4. Construction of a proportional observer case of: (a) element I and (b) element C.

Figure 6. Structure of a Luenberger observer using graph graph.
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The state observer of proportional type is represented by Figure 6. The equation of state is of
the following form:

_̂x tð Þ ¼
_̂pI
_̂qc

0
@

1
A ¼ A

pL
qC

 !
þ Bu tð Þ þ K y tð Þ � ŷ tð Þð Þ

ŷ ¼ C
p̂L
q̂C

 !

8>>>>><
>>>>>:

2.2.3. Generation of residues

The generation of residues from a proportional observer using the bond graph model is
summarized by the following steps:

Verify that the bond graph model of the system is structurally observable, if so, then continue
the next steps;

Construction of the observer using the graph;

The symbolic expression of residue is deduced from equation:

Figure 7. (a): Direct current motor, (b): Bond model of the DC motor.
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Figure 5. Schema of the continuous system described by bond graph.

Figure 4. Construction of a proportional observer case of: (a) element I and (b) element C.

Figure 6. Structure of a Luenberger observer using graph graph.
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2.2.3. Generation of residues

The generation of residues from a proportional observer using the bond graph model is
summarized by the following steps:

Verify that the bond graph model of the system is structurally observable, if so, then continue
the next steps;

Construction of the observer using the graph;

The symbolic expression of residue is deduced from equation:

Figure 7. (a): Direct current motor, (b): Bond model of the DC motor.
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r ¼ y� ŷ
:

(19)

After calculation, the residue is in the form:

r : Φ ̇R, I, C, TF, GY
� �

(20)

2.3. Determination of the gain of the Luenberger observer

2.3.1. Determination of the gain of the Luenberger observer by the analytical method

To guarantee the asymptotic convergence toward zero of the estimation error, choose the gain
K to stabilize the matrix (A-KC).

The gain K can be determined by two methods:

• Placement of the poles: This method makes it possible to have a stable observer and
allows playing on the criterion of rapidity of the convergence of the observer by choosing
eigenvalues greater or less in absolute values.

• LYAPUNOV criterion: This method guarantees the stability of the observer but gives no
idea about the speed of convergence of the observer since it does not allow to choose the
eigenvalues.

2.3.2. Determination of the gain of the Luenberger observer by the bond graph method

First, we will compute the coefficients of the characteristic polynomial of the linear system:

pA ¼ pn þ a1 � pn�1 þ :……þ an�1 � pþ an (21)

The calculation of the gain of the observer by leap graph is based on the Rahmani theorem, [6].

Theorem: The value of each coefficient (ai) of the characteristic polynomial PA isequal to the
total gain of families of causation cycles of order i of the model graph graph:

The gain of each affected family of causality cycles must be multiplied by (�1) d if the family is
constituted by disjoint causality cycles.

2.4. Example

Consider the electrical system of a DC motor and its model bond graph given in Figure 7. On
this system, we will detect and locate faults at the flow sensors (speed sensor Df1 and current
sensor Df2).

2.4.1. State equation

The equation of state of the DC motor is as follows:
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(22)

With R: armature resistance, L: armature inductance, m: torque coefficient, J: moment of
inertia, b: coefficient of friction.

R = 1 Ω; L = 5 mH; b = 10�4 Nm/rd. S�1; J = 10�3 Kg.m2, m = 0.2 Nm/A.
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2.4.2. Determination of the gain of an observer Luenberger by the analytical method

It is desired that the poles have the following values s1 = �160 and s1 = �75, then the
characteristic polynomial:

Let us calculate the polynomials characteristic of the observer P1(A-K1C1) and P2(A-K2C2)

• For the characteristic polynomial P1(A-K1C1)

C1 ¼ 1
L

0
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¼ 200 0½ �
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k12

2
4

3
5

! A� K1C1 ¼
�200� 200k11 �200
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det sI � A� K1C1ð Þð Þ ¼
sþ 200þ 200k11 200

�40þ 200k12 sþ 0:1

2
4

3
5 ¼ s2 þ 200:1þ k11ð Þsþ 8020þ 40000k22

!
200k21 þ 200:1 ¼ 235

40000k22 þ 8020 ¼ 12000

8<
: !

k11 ¼ 0:1745

k12 ¼ �0:099

8<
:
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After calculation, the residue is in the form:

r : Φ ̇R, I, C, TF, GY
� �

(20)

2.3. Determination of the gain of the Luenberger observer

2.3.1. Determination of the gain of the Luenberger observer by the analytical method

To guarantee the asymptotic convergence toward zero of the estimation error, choose the gain
K to stabilize the matrix (A-KC).

The gain K can be determined by two methods:

• Placement of the poles: This method makes it possible to have a stable observer and
allows playing on the criterion of rapidity of the convergence of the observer by choosing
eigenvalues greater or less in absolute values.

• LYAPUNOV criterion: This method guarantees the stability of the observer but gives no
idea about the speed of convergence of the observer since it does not allow to choose the
eigenvalues.

2.3.2. Determination of the gain of the Luenberger observer by the bond graph method

First, we will compute the coefficients of the characteristic polynomial of the linear system:

pA ¼ pn þ a1 � pn�1 þ :……þ an�1 � pþ an (21)

The calculation of the gain of the observer by leap graph is based on the Rahmani theorem, [6].

Theorem: The value of each coefficient (ai) of the characteristic polynomial PA isequal to the
total gain of families of causation cycles of order i of the model graph graph:

The gain of each affected family of causality cycles must be multiplied by (�1) d if the family is
constituted by disjoint causality cycles.

2.4. Example

Consider the electrical system of a DC motor and its model bond graph given in Figure 7. On
this system, we will detect and locate faults at the flow sensors (speed sensor Df1 and current
sensor Df2).

2.4.1. State equation

The equation of state of the DC motor is as follows:
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With R: armature resistance, L: armature inductance, m: torque coefficient, J: moment of
inertia, b: coefficient of friction.

R = 1 Ω; L = 5 mH; b = 10�4 Nm/rd. S�1; J = 10�3 Kg.m2, m = 0.2 Nm/A.
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It is desired that the poles have the following values s1 = �160 and s1 = �75, then the
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• For the characteristic polynomial P2(A-K2C2)

C2 ¼ 0
1
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>>>>:

! det sI � A� K2C2ð Þð Þ ¼
sþ 200 200þ 1000k21
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!
k21 ¼ �0:0750

k22 ¼ 0:0349

(

2.4.3. Determination the gain of a Luenberger observer by bond graph model

Using the theorem of Rahmani [6]:

• The coefficient a1 is equal to the total gain of families of first order causality cycles in the
jump graph model of Figure 8.

• The coefficient a2 is equal to the total gain of second-order families of the causation cycles
in the jump graph model of Figure 8.

To calculate the gains k11 and k12, it is necessary to use Table 1 that indicates the causality
cycles in the observer’s bond graph model.

• For the BGO1 model

The coefficient a1 is equal to the sum of the gains of the first order:

a1 = G1 + G2 + G3

200 k11 ¼ a1 � R=Lð Þ þ b=Jð Þ ¼ 235� 200þ 0:1ð Þ

So k11 = 0.1745.

To calculate k12, it is necessary to determine the coefficient of a2 (a2 equal to the sum of the gains
of the second order):

• For the BGO2 model

The coefficient a1 is equal to the sum of the gains of the first order:

a1 = G1 + G2 + G4

1000 k22 ¼ a1 � R=Lð Þ þ b=Jð Þ ¼ 235� 200þ 0:1ð Þ

So k22 = 0.0349

Figure 8. Schema of the LFT principle.
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First order of the causation cycle Gain

G1 = (�1)(�R/Ls)

G2 = (�1) (�b/Js)

G3 = (k11) (1/Ls)

Second order of causality cycle Gain

G4 = (m2/JLs2)

G5 = (Rb/JLs2)

G6 = (bk11/JLs
2)

G7 = (Rk12/JLs
2)

Table 1. Causation cycles in the bond graph model of observers BGO1 and BGO2.
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To calculate k21, it is necessary to determine the coefficient of a2 (a2 equal to the sum of the gains
of the second order):

a2 ¼ G5 þ G6 þ G8 þ G10 ¼ m2=JL
� �þ Rb=JLð Þ þ mk21=JLð Þ þ Rk22=JLð Þ

So k21 ¼ JL a2 � m2=JL
� �þ Rb=JLð Þ þ k22 R=JLð Þ� �� �

=m ¼ �0:0750

Table 2 represents the total earnings of i-order causal cycle families in the first and second
observer graph (BGO1 and BGO2).

3. Robust diagnosis using bond graph model

3.1. Introduction

The diagnosis of industrial systems with uncertain parameters has been studied by several
researchers in recent years. Indeed, the method most used is the method of the form linear
fractional transformations (LFT), this method offers several advantages such as the flexibility
of the diagnosis point of view that allows to model all the uncertainties. But unfortunately, the
transition to the LFT form is not always possible (e.g., the nonlinear state models) because the
separation of the nominal part from its uncertain part is very difficult (even impossible). Djeziri
[7] opted for bond graph modeling using the LFT form method, using a single leap graph
model in LFT form generates residuals and adaptive thresholds of normal operation with
perfect separation.

3.2. Building a bond graph

Two methods are proposed by Dauphin-Tanguy [8] and Sié Kam [9] to construct parametric
uncertainties by BG. The first is to represent uncertainty on a leap graph element as another
element of the same type, causally related to the nominal element or the rest of the model.
These uncertainties are kept in derived causality when the model is in integral preferential
causality so as not to modify the order of the model. The second method is linear fractional
transformation (LFT) introduced on mathematical models by Redheffer [10].

3.3. Representation LFT

Linear fractional transformations (LFTs) are widely used in the modeling of uncertain systems.
The universality of LFT is due to the fact that any rational expression can be written in this

Causal of order i Family of cycles

Total gain in BGO1 Total gain in BGO2

1 200.1 + 200 k11 200.1 + 1000 k22

2 8020 + 20 k11 + 4000 k12 8020 + 40,000 k21 + 200,000 k22

Table 2. Total gains of families of causal cycles in the bond graph model of observers BGO1 and BGO2.
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form according to Alazard [11]. This form of representation is widely used for the synthesis of
the control laws of uncertain systems using the principle of μ-analysis. It consists of separating
the nominal part of a model from its uncertain part as illustrated in Figure 8.

The nominal values are grouped in an augmented matrix denoted M, supposed to be proper, and
the uncertainties whatever their type (structured and unstructured parametric uncertainties,
modeling uncertainties, measurement noises, etc.) are combined in a matrix Δ of structure diago-
nal. In the linear case, this standard form leads to a state representation of the form (Figure 8):

_x ¼ A � xþ B1 � wþ B2 � u
z ¼ C1 � xþD11 � wþD12 � u
y ¼ C2 � xþD21 � wþD22 � u

(23)

• x ∈ Rn: the state vector of the system;

• u ∈ Rm: the vector combining the control inputs of the system;

• y ∈ Rp: the vector grouping the measured outputs of the system;

• w ∈ Rl and z ∈ Rl: group respectively the inputs and the auxiliary outputs;

• n, m, l and p are positive integers.

The matrices (A, B1, B2, C1, C2, D11, D12, D21, D22) are matrices of suitable dimensions.

3.4. Formatting assumptions LFT

Forming LFT requires that the model be clean and observable [12]. The bond graphmethodology
allows by causal manipulations to check these properties directly on the bond graph model.

Property 1: A leap graph is unique if and only if it contains no derivative causal dynamic
component when it is a preferential integral causality, and reciprocally.

Property 2: A leap graph is structurally observable if and only if the following conditions are met:

• On the bond graph model in integral causality, there exists a causal path between all
dynamic elements I and C in integral causality and a detector De or Df;

• All dynamic elements I and C admit causality derived on the leap graph model in
preferential derived causality. If dynamic elements I or C remain in integral causality, the
dualization of detectors De and Df must make it possible to put them into derivative
causality.

3.5. Modeling of BG elements by LFT

The modeling of linear systems with uncertain parameters has been developed in Djeziri’s
thesis [13], the modeling of uncertain graph leap elements (R, I, C, TF and GY) has been
determined. We will therefore limit ourselves in this section to show the two methods of
modeling uncertain BG elements, as well as the advantages of BG-LFT for robust diagnosis.
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To calculate k21, it is necessary to determine the coefficient of a2 (a2 equal to the sum of the gains
of the second order):

a2 ¼ G5 þ G6 þ G8 þ G10 ¼ m2=JL
� �þ Rb=JLð Þ þ mk21=JLð Þ þ Rk22=JLð Þ

So k21 ¼ JL a2 � m2=JL
� �þ Rb=JLð Þ þ k22 R=JLð Þ� �� �

=m ¼ �0:0750

Table 2 represents the total earnings of i-order causal cycle families in the first and second
observer graph (BGO1 and BGO2).
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3.1. Introduction
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perfect separation.
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Causal of order i Family of cycles

Total gain in BGO1 Total gain in BGO2

1 200.1 + 200 k11 200.1 + 1000 k22

2 8020 + 20 k11 + 4000 k12 8020 + 40,000 k21 + 200,000 k22

Table 2. Total gains of families of causal cycles in the bond graph model of observers BGO1 and BGO2.
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form according to Alazard [11]. This form of representation is widely used for the synthesis of
the control laws of uncertain systems using the principle of μ-analysis. It consists of separating
the nominal part of a model from its uncertain part as illustrated in Figure 8.

The nominal values are grouped in an augmented matrix denoted M, supposed to be proper, and
the uncertainties whatever their type (structured and unstructured parametric uncertainties,
modeling uncertainties, measurement noises, etc.) are combined in a matrix Δ of structure diago-
nal. In the linear case, this standard form leads to a state representation of the form (Figure 8):

_x ¼ A � xþ B1 � wþ B2 � u
z ¼ C1 � xþD11 � wþD12 � u
y ¼ C2 � xþD21 � wþD22 � u

(23)

• x ∈ Rn: the state vector of the system;

• u ∈ Rm: the vector combining the control inputs of the system;

• y ∈ Rp: the vector grouping the measured outputs of the system;

• w ∈ Rl and z ∈ Rl: group respectively the inputs and the auxiliary outputs;

• n, m, l and p are positive integers.

The matrices (A, B1, B2, C1, C2, D11, D12, D21, D22) are matrices of suitable dimensions.

3.4. Formatting assumptions LFT

Forming LFT requires that the model be clean and observable [12]. The bond graphmethodology
allows by causal manipulations to check these properties directly on the bond graph model.

Property 1: A leap graph is unique if and only if it contains no derivative causal dynamic
component when it is a preferential integral causality, and reciprocally.

Property 2: A leap graph is structurally observable if and only if the following conditions are met:

• On the bond graph model in integral causality, there exists a causal path between all
dynamic elements I and C in integral causality and a detector De or Df;

• All dynamic elements I and C admit causality derived on the leap graph model in
preferential derived causality. If dynamic elements I or C remain in integral causality, the
dualization of detectors De and Df must make it possible to put them into derivative
causality.

3.5. Modeling of BG elements by LFT

The modeling of linear systems with uncertain parameters has been developed in Djeziri’s
thesis [13], the modeling of uncertain graph leap elements (R, I, C, TF and GY) has been
determined. We will therefore limit ourselves in this section to show the two methods of
modeling uncertain BG elements, as well as the advantages of BG-LFT for robust diagnosis.
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3.5.1. BG element with a multiplicative uncertainty

The introduction of a multiplicative uncertainty on, for example, the element R in causality
resistance gives Eq. (25):

eR ¼ Rn � 1þ aRð Þ � f R ¼ Rn � f R þ aR � Rn � f R ¼ en þ aR � en ¼ en þ einc (24)

• Rn: The nominal value of the R element;

• aR: The multiplicative uncertainty on the parameter;

• eR and fR: represent the force and the flux in the element R, respectively;

• en and einc: represent respectively the effort provided by the nominal parameter and the
effort introduced by the multiplicative uncertainty.

The bond graph model equivalent to the mathematical model of Eq. (24) is given in Figure 9.

3.5.2. Construction of a BG-LFT model

The complete BG-LFT model is represented by the diagram in Figure 10.

Figure 10. Representation in form BG-LFT.

Figure 9. (a): Model BG-LFT of an element R causality resistance with multiplicative uncertainty, (b): Model BG-LFT of an
element R with conductance causation with multiplicative uncertainty.
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3.5.3. Rugged diagnosis by ARRs

The generation of robust analytical redundancy relationships (ARRs) from a clean, observable
and overdetermined leap graph is summarized by the following steps:

Step 1: Checking the state of the coupling on the model graph deterministic preferential
derived causality; if the system is overdetermined, then proceed with the following steps;

Step 2: The leap graph template is set to LFT;

Step 3: The symbolic expression of the RRA is deduced from the equations at the junctions.
This first form will be expressed by:

For junction 0 :
X

bi � f inc þ
X

Sf þ
X

wi

̇

¼ 0 (25)

For junction 1 :
X

bi � einc þ
X

Seþ
X

wi

̇

¼ 0 (26)

With _P Sf the sum of the flux sources linked to the junction 0, the _P Se sum of the force
sources linked to the junction 1, b = � 1 according to whether the half-arrow enters or leaves
the junction, ein and fin are the unknown variables .

Is the _Pwisum of the modulated inputs corresponding to the uncertainties on the elements
related to the junction.

Step 4: Unknown variables are eliminated by traversing causal paths between detectors or
sources and unknown variables;

Step 5: After removing the unknown variables, the uncertain RRAs are in the form:

RRA : Φ _XSe,
X

Sf, De, Df ,
X

wi, Rn, In, Cn, TFn, GYn

� �
(27)

TFn and GYn are, respectively, the nominal values of the modules of the elements TF and GY,
also Rn, Cn and In are the nominal values of the elements R, C and I.

3.5.4. Robust diagnosis by Luenberger observer using bond graph

The model BG-LFT of the system with the observer of Luenberger is represented by the
diagram in Figure 11.

3.5.5. Location of defects per observer bench

A single residue allows the detection of a fault. However, the location of a defect requires a set
of structured residues. These residues must be designed to be sensitive to certain defects and
insensitive to others. The use of observer banks constructed from only part of the inputs and/or
outputs of the system makes it possible to respond to this problem. The symptoms generated
are compared with fault signatures.
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the junction, ein and fin are the unknown variables .
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Step 5: After removing the unknown variables, the uncertain RRAs are in the form:
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(27)

TFn and GYn are, respectively, the nominal values of the modules of the elements TF and GY,
also Rn, Cn and In are the nominal values of the elements R, C and I.

3.5.4. Robust diagnosis by Luenberger observer using bond graph

The model BG-LFT of the system with the observer of Luenberger is represented by the
diagram in Figure 11.

3.5.5. Location of defects per observer bench

A single residue allows the detection of a fault. However, the location of a defect requires a set
of structured residues. These residues must be designed to be sensitive to certain defects and
insensitive to others. The use of observer banks constructed from only part of the inputs and/or
outputs of the system makes it possible to respond to this problem. The symptoms generated
are compared with fault signatures.
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There are two observer banks:

• The Dedicated Observer Scheme (DOS): the ith observer is controlled by the ith output
(input) and all inputs (outputs). The other outputs (inputs) are considered unknown.

• The Generalized Observer Scheme (GOS) structure: the ith observer is controlled by all
outputs (inputs) except the ith and all inputs (outputs).

For a given observer bank, the signature of the various defects is defined in the signature table.
The rows and columns of this table correspond, respectively, to defects and symptoms. The
cells in the table are filled with binary values. A zero (0) means that the symptom is not
sensitive to the defect. One (1) means that the symptom is sensitive to this defect.

Figures 12 and 13, respectively, present the principle of detection and localization of faults by
observers (DOS) and (GOS).

Tables 3 and 4 illustrate the signatures of the various defects as a function of the residuals.

3.6. Example

Consider the same example (DC motor) given in Figure 7.

Figure 11. Representation in BG-LFT form of the system with observer from Luenberger.
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Figure 12. Sensor faults with DOS structure.

Figure 13. Sensor faults with GOS structure.

Fs1 Fs2 .... Fsn

r1 1 0 0 0

r2 0 1 0 0

… 0 0 1 0

rn 0 0 0 1

Table 3. Signature of sensor faults with DOS structure.

Fs1 Fs2 .... Fsn

r1 0 1 1 1

r2 1 0 1 1

… 1 1 0 1

rn 1 1 1 0

Table 4. Signature of sensor faults with GOS structure.
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3.6.1. Proportional observer diagnosis using the bond graph model

The application of leap graph for the diagnosis of industrial systems is mainly justified by the
fact that the model can be fine-tuned by adding or removing jump graph elements (graphi-
cally) according to simplifying assumptions. It is therefore also desirable that for the state
estimation, the observer design is carried out using graphic methods and taking advantage of
the properties.

3.6.2. Requirements

For observer construction, we need to check the following conditions:

The first condition is satisfied: When the bond graph model of the DC motor is put into a
preferred integral causality, it is clear that there exists a causal path linking the sensors Df1 and
Df2 to each dynamic element I in the integral causality (Figure 14(a)). The second condition
is satisfied: when we put the jump engine model of the DC motor in derived causality, all
the elements I admit a derivative causality, and the sensors Df1 and Df2 are dualized
(Figure 14(b)).

3.6.3. Calculation of residues

Figure 15 represents a construction of the proportional observer of the system using the bond
graph approach.

We simulated the system with the 20sim software. Figure 16 shows the evolution of the real
and estimated state variables.

From model BG of Figure 15, the residues r1(t) and r2(t) can be deduced.

Residue r1: f 2 � f 2̂ ¼ Df 2 � f 2̂ ¼ 0.

Figure 14. (a): Bond model of the DC motor in integral causality, (b): bond model of the DC motor in derived causality.
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Therefore,

r1 tð Þ m2Rbþm2RK11 þmK12
� �þ dr1 tð Þ

dt
m2RJ þm2Lbþm2LK11
� �þ d2r1 tð Þ

dt
m2LJ
� �

þr2 tð Þ m2RK21 þmK22
� �þ dr2 tð Þ

dt
m2LK21
� � ¼ 0

(28)

Residue r2: f 6 � f 6̂ ¼ Df 1 � f 6̂ ¼ 0

We proceed in the same way, we end:

r2 tð Þ m2Rbþm2bK22 þmK21
� �þ dr2 tð Þ

dt
m2RJ þm2Lbþm2JK21
� �þ d2r2 tð Þ

dt
m2LJ
� �

r1 tð Þ m2bK12 þmK11
� �þ dr2 tð Þ

dt
m2JK12
� � ¼ 0

(29)

Figure 17 shows the convergence of residuals toward zero.

3.6.4. Génération des résidus avec défauts capteurs

The sensors Df1 and Df2 are affected by defects (FC1 and FC2), then:

Residue r1: Df 1 þ FC1
� �� f 6̂ ¼ 0

Figure 15. Proportional observer using bond graph of DC motor monitor.
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Figure 16. Output variables, (a): output variables y1 and ŷ1, (b): output variables y2 and ŷ2.

Figure 17. (a): Residue r1(t), (b): Residue r2(t) in the case of normal operation.

Figure 18. (a): Residue r1(t)with defects of the sensors Df1 and Df2, (b): Residue r2(t)with defects of the sensors Df1 and Df2.
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r1 tð Þ m2Rbþm2RK11 þmK12
� �þ dr1 tð Þ

dt
m2RJ þm2Lbþm2LK11
� �

þ d2r1 tð Þ
dt

m2LJ
� �þ r2 tð Þ m2RK21 þmK22

� �þ dr2 tð Þ
dt

m2LK21
� � ¼ FC1 tð Þ bm2� �

þ dFC1 tð Þ
dt

Lm2� �� FC2 tð Þ mð Þ

(30)

Residue r2: Df 2 þ FS2
� �� f 2̂ ¼ 0

r2 tð Þ m2Rbþm2bK22 þmK21
� �þ dr2 tð Þ

dt
m2RJ þm2Lbþm2JK21
� �

þ d2r2 tð Þ
dt

m2LJ
� �þ r1 tð Þ m2bK12 þmK11

� �þ dr2 tð Þ
dt

m2JK12
� � ¼

FC2 tð Þ bm2� �þ dFC2 tð Þ
dt

Jm2� �� FC1 tð Þ mð Þ

(31)

Eqs. (30) and (31) show that residues r1(t) and r2(t) are sensitive to sensor defects. Figure 18
confirms the sensitivity of the residuals to the defects of the sensors Df1 and Df2.

3.6.5. Robust diagnosis by observer from Luenberger

Figure 19 shows the Luenberger observer of the DC motor using the BG-LFT model.

From the BG-LFT model (Figure 19), residues R1(t) and R2(t) can be deduced.

Residue R1: f 2 � f 2̂ ¼ 0
"
r1 tð Þ m2Rbþm2RK11 þmK12

� �þ dr1 tð Þ
dt

m2RJ þm2Lbþm2LK11
� �

þ d2r1 tð Þ
dt

m2LJ
� �þ r2 tð Þ m2RK21 þmK22

� �þ dr2 tð Þ
dt

m2LK21
� ��

� wJ tð Þ m2Rn
� �þ dwJ tð Þ

dt
m2Ln
� �þ wL tð Þ mð Þ

� �
¼ 0

(32)

Eq. (32) is composed of two parts: the first part corresponds to the evolution of the normal
residue (r1n) and the second part represents the evolution related to the uncertainty of the
parameters (d1).

R1 ¼ r1n þ d1

r1n ¼ ½r1 tð Þ m2Rbþm2RK11 þmK12
� �þ dr1 tð Þ

dt
m2RJ þm2Lbþm2LK11
� �

þ d2r1 tð Þ
dt

m2LJ
� �þ r2 tð Þ m2RK21 þmK22

� �þ dr2 tð Þ
dt

m2LK21
� ��

d1j j ¼ wJ tð Þ m2Rn
� �þ dwJ tð Þ

dt
m2Ln
� �þ wL tð Þ mð Þ

8>>>>>>>><
>>>>>>>>:

Residue R2: f 6 � f 6̂ ¼ 0
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Figure 17. (a): Residue r1(t), (b): Residue r2(t) in the case of normal operation.
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(30)

Residue r2: Df 2 þ FS2
� �� f 2̂ ¼ 0

r2 tð Þ m2Rbþm2bK22 þmK21
� �þ dr2 tð Þ

dt
m2RJ þm2Lbþm2JK21
� �

þ d2r2 tð Þ
dt

m2LJ
� �þ r1 tð Þ m2bK12 þmK11
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dt
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confirms the sensitivity of the residuals to the defects of the sensors Df1 and Df2.

3.6.5. Robust diagnosis by observer from Luenberger

Figure 19 shows the Luenberger observer of the DC motor using the BG-LFT model.

From the BG-LFT model (Figure 19), residues R1(t) and R2(t) can be deduced.

Residue R1: f 2 � f 2̂ ¼ 0
"
r1 tð Þ m2Rbþm2RK11 þmK12

� �þ dr1 tð Þ
dt

m2RJ þm2Lbþm2LK11
� �

þ d2r1 tð Þ
dt

m2LJ
� �þ r2 tð Þ m2RK21 þmK22

� �þ dr2 tð Þ
dt

m2LK21
� ��

� wJ tð Þ m2Rn
� �þ dwJ tð Þ

dt
m2Ln
� �þ wL tð Þ mð Þ

� �
¼ 0

(32)

Eq. (32) is composed of two parts: the first part corresponds to the evolution of the normal
residue (r1n) and the second part represents the evolution related to the uncertainty of the
parameters (d1).

R1 ¼ r1n þ d1

r1n ¼ ½r1 tð Þ m2Rbþm2RK11 þmK12
� �þ dr1 tð Þ

dt
m2RJ þm2Lbþm2LK11
� �

þ d2r1 tð Þ
dt

m2LJ
� �þ r2 tð Þ m2RK21 þmK22

� �þ dr2 tð Þ
dt

m2LK21
� ��

d1j j ¼ wJ tð Þ m2Rn
� �þ dwJ tð Þ

dt
m2Ln
� �þ wL tð Þ mð Þ

8>>>>>>>><
>>>>>>>>:

Residue R2: f 6 � f 6̂ ¼ 0
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Figure 19. Luenberger observer of the DC motor using the BG-LFT model.

Figure 20. (a): Residue r1(t) and r2(t) for the DOS structure, (b): residue r1(t) and r2(t) for the DOS structure.
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½r2 tð Þ m2Rbþm2bK22 þmK21
� �þ dr2 tð Þ

dt
m2RJ þm2Lbþm2JK21
� �

þ d2r2 tð Þ
dt

m2LJ
� �þ r1 tð Þ m2bK12 þmK11

� �þ dr2 tð Þ
dt

m2JK12
� ��

�½wL tð Þ m2bn
� �þ dwL tð Þ

dt
m2Jn
� �þ wj tð Þm ¼ 0

(33)

Eq. (33) is composed of two parts: the first part corresponds to the evolution of the normal
residue (r2n) and the second part represents the evolution related to the uncertainty of the
parameters (d2).

R2 ¼ r2n þ d2

r2n ¼ r2 tð Þ m2Rbþm2bK22 þmK21
� �þ dr2 tð Þ

dt
m2RJ þm2Lbþm2JK21
� �

þ d2r2 tð Þ
dt

m2LJ
� �þ r1 tð Þ m2bK12 þmK11

� �þ dr2 tð Þ
dt

m2JK12
� ��

d2j j ¼ wL tð Þ m2bn
� �þ dwL tð Þ

dt
m2Jn
� �þ wj tð Þm

8>>>>>>>><
>>>>>>>>:

3.6.6. Detection and localization of sensor faults

Figure 20 shows the evolution of residues based on the BG model using the BG-DOS and BG-
GOS structures, the residue r1(t) is sensitive to the defects occurring on the Df1 sensor while the
residue r2(t) is sensitive to faults on the Df2 sensor.

Table 5(a) and (b) represents the binary signatures of the defects for the deduced DOS and
GOS structures to perfectly isolate the defects.

4. Conclusion

In this chapter, we proposed a technique for the diagnosis of linear systems by Luenberger
observer using the leap graph. We presented the leap graph approach for constructing a full-
order observer and proposed a new BG-based observer method. Subsequently, we presented
the systems with uncertain parameters modeled by the leap graph approach and we also
proposed a new method of diagnosis of systems with uncertain parameters by Luenberger
observer.

Structure DOS Structure GOS

Df1 Df2 Df1 Df2

r1 1 0 r1 1 0

r2 0 1 r2 0 1

Table 5. Signatures of faults. (a) Structure DOS and (b) structure GOS.
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In the last part of this chapter, we developed and proposed an observer-based diagnostic
technique (BG-DOS / BG-GOS) to detect and locate faults.
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